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Mònica Mir graduated with a degree in chemistry from the Rovira i Virgili University (Spain)

in 1998, and in 2006, she obtained her doctorate in biotechnology from the same University. She

carried out predoctoral stays in Greece and the United Kingdom and a postdoctoral stay at the Max

Planck Institute for Polymer Research (Germany). In 2008, she joined the Institute of Bioengineering

of Catalonia (IBEC) (Spain) as a senior researcher at the Center for Biomedical Research Network

on Bioengineering (CIBER-bbn) while also teaching as an Associate Professor at the University of

Barcelona. Her main research motivations are related to the areas of electrochemical biosensors

and implantable sensors for biomedical applications, integrated in microfluidic for lab-on-a-chip,

point-of-care, and organ-on-a-chip platforms. She is the co-author of more than 50 publications with

an h index of 15 and has 1242 citations (Scopus, 2021).

vii





Preface to “Biosensors for Diagnosis and Monitoring”

In recent decades, biosensor technologies have received great interest, and especially in recent

years due to the health alert caused by the COVID-19 pandemic. Increasingly sensitive and

selective biosensors are required with a fast and economical response in our daily life, increasing

the applications and market of this technology.

The book “Biosensors for Diagnosis and Monitoring” has been published thanks to contributions

from its authors and is dedicated to all areas of research related to biosensor technology. Reviews,

perspective articles and research articles in different areas of biodetection such as portable sensors,

point-of-care platforms, pathogen detection for biomedical applications as well as for environmental

monitoring will introduce the reader to these relevant topics in the field.

Mònica Mir

Editor
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Abstract: Molecular diagnostics has been the front runner in the world’s response to the COVID-19
pandemic. Particularly, reverse transcriptase-polymerase chain reaction (RT-PCR) and the quanti-
tative variant (qRT-PCR) have been the gold standard for COVID-19 diagnosis. However, faster
antigen tests and other point-of-care (POC) devices have also played a significant role in containing
the spread of SARS-CoV-2 by facilitating mass screening and delivering results in less time. Thus,
despite the higher sensitivity and specificity of the RT-PCR assays, the impact of POC tests cannot be
ignored. As a consequence, there has been an increased interest in the development of miniaturized,
high-throughput, and automated PCR systems, many of which can be used at point-of-care. This
review summarizes the recent advances in the development of miniaturized PCR systems with an
emphasis on COVID-19 detection. The distinct features of digital PCR and electrochemical PCR are
detailed along with the challenges. The potential of CRISPR/Cas technology for POC diagnostics is
also highlighted. Commercial RT–PCR POC systems approved by various agencies for COVID-19
detection are discussed.

Keywords: polymerase chain reaction; COVID-19; electrochemical; digital PCR; point-of-care

1. Introduction

The coronavirus disease 2019 (COVID-19) outbreak crisis has changed the shape
of our world since its first report in December 2019. While some countries seem to be
recovering from the crisis and are reporting fewer cases, others are still witnessing an
increasing number of cases [1]. Clinical diagnosis has been the forerunner in controlling
the COVID-19 pandemic. Molecular nucleic acid amplification tests (NAATs) were the first
to be developed for detecting SARS-CoV-2 RNA in patient samples. Particularly, reverse
transcriptase-polymerase chain reaction (RT-PCR) and its quantitative variant (qRT-PCR)
have been the keystone for diagnosis of SARS-CoV-2 with the capacity to detect target
nucleic acids (<100 copies/mL) with remarkable sensitivity [2]. However, the analysis
proved time-intensive, requiring up to a few hours, and could only be performed in a
centralized laboratory. The high false-negative rates with some RT-PCR assays also raised
concern. Thus, attention shifted to faster, cheaper, and equally sensitive (if not more)
point-of-care (POC) biosensing devices that could be deployed for mass screening.

Therein began a major shift in the clinical diagnostic industry, with point-of-care
testing (POCT) becoming the focus of attention almost overnight. Lateral flow assays
(LFAs), chemiluminescence, and nanoparticle-based colorimetric detection were developed
for detecting SARS-CoV-2-related antigens and antibodies produced in response to its
infection [3–8]. Faster, miniaturized isothermal amplification tests emerged that could
detect the virus within a few minutes and with sensitivity at par with RT-PCR assays [5,9,10].

Biosensors 2021, 11, 141. https://doi.org/10.3390/bios11050141 https://www.mdpi.com/journal/biosensors
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Although different types of POCT devices have been authorized in various countries for
emergency use, many novel biosensing strategies and designs still seek validation and are
currently subject to academic inquiry.

These devices have shorter response times and have cost-effectively enabled population-
wide mass screening. However, evidence suggests that the analytic performance (sensitivity,
specificity, positive and negative predictive values, etc.) of current antigen diagnostic tests
is not at par with that of RT-PCR and other NAATs [11]. Thus, while rapid antigen tests
and other POCT are being widely used for COVID-19 screening, it is still uncertain whether
such tests will be regularized and used in routine diagnostic procedures. In attempt to
synergize the sensitivity of NAATs and the ease of use of POCT assays, miniaturized
NAAT-based POCT devices and assays were devised for faster screening and diagnosis
of COVID-19. One of the first such devices was the Abbott ID Now, which integrates
isothermal amplification with colorimetric detection to yield results within 5 min. How-
ever, questions were soon raised about its utility as a singular diagnostic test due to its low
positive predictive value (PPA) and high false-negative rates, especially in samples with
low viral load [10]. More rapid devices based on isothermal amplification with improved
performance were devised. Thus, although the integration of isothermal amplification in
POC devices has gained some success, they are not as successful as RT-PCR for COVID-19
detection. In general, the high temperature requirements of RT-PCR prevent non-specific
amplification, which is more common in isothermal amplification techniques. Conversely,
these temperature requirements somewhat complicate the development of PCR-based
rapid devices.

Nonetheless, efforts have been directed toward miniaturizing PCR to make it an
automated, high-throughput device that can be applied at point-of-use. In this review,
we summarize studies related to the development of miniaturized, high-throughput PCR
biosensors for COVID-19 detection. The distinct features, limitations, and advantages of
various types of PCR biosensors and chips are discussed. The advantages and limitations of
PCR chips over biosensors based on other amplification assays are listed. The potential of
biosensing formats to be integrated with RT-PCR is explored, along with the path-breaking
integration of CRISPR/Cas technology with amplification assays toward the development
of faster, miniaturized devices and chips.

2. RT-PCR: The Gold Standard

RT-PCR is the first molecular diagnostic test to be employed for detecting SARS-CoV-2
RNA in patient samples and is currently considered the gold standard for COVID-19
diagnosis. Different RT-PCR assays have been designed for detecting SARS-CoV-2 virus
RNA in different body fluids, such as nasopharyngeal swabs, lower respiratory tract fluid,
sputum, saliva, etc. [12–14]. However, RT-PCR is prone to false-negative results that reduce
the overall sensitivity of the diagnosis. This may be because of various reasons such as
low viral load in the pharyngeal, nasal, and sputum samples; storage and transport of
samples; and improper handling [15,16]. Moreover, any mismatches between the primers
and probe–target regions compromise the assay performance, leading to false-negative
results [15,17]. Another major challenge faced by RT-PCR is that it can yield false-positive
results by amplifying RNA from dead, noninfectious viruses as well [18]. Thus, recovered
patients that no longer hold the threat of transmitting the disease may be positive per
RT-PCR tests.

The current challenges of the qRT-PCR method include the use of fluorescent label
binding to the source signal produced by the amplified DNA, which not only increases
the cost of the instrument, but also the complexities. This technology is less appealing to
developing nations or remote locations with limited resources. Commercial RT-PCR kits
have not been subject to rigorous quality control. Personnel skills and good laboratory
practice play an important role in Biosafety Level 3. Optimum sample types and timing
for peak viral load remain to be fully investigated as sputum or nasal swabs are the most
accurate sample for diagnosis of COVID-19, but not throat swabs.
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Despite these limitations, RT-PCR remains the gold standard for confirming the
diagnosis of COVID-19. There have been multiple attempts to develop portable PCR
systems since the inception of the pandemic. Lab-in-tube systems incorporating lysis,
reverse transcription, amplification, and detection in a single tube within 36 min were
demonstrated in May 2020 [19]. A lab-on-chip device, CovidNudge, can be used to perform
sample processing and real-time RT-PCR outside of a laboratory setting [20] (Figure 1).
The chip consists of detection arrays for seven SARS-CoV-2 genes and one host gene
as a sample adequacy control. This device detects the virus in 90 min and reduces the
collection-to-result turnaround time significantly by eliminating the requirement of sample
transport from the site of collection to a centralized lab. The sensitivity of this POC test
(94%) is comparable to that of lab-based tests in clinical settings. As of September 2020,
over 5 M CovidNudge kits had been deployed in the U.K. for COVID-19 testing. Of note
is a portable RT-PCR workstation for COVID-19 detection in under-served and remote
areas [21]. This workstation is a chip-based, battery-operated qRT-PCR system with the
capability of network data transfer and automated reporting. Almost 3.8% (2.7 million) of
the total tests conducted in India were performed on these workstations (as of September
2020). The average cost of an RT-PCR varies in different parts of the world. In India, for
example, the cost of a conventional RT-PCR test currently varies from INR 400 (~USD 5.30)
to INR 950 (~USD 12.6), and POC rapid antigen tests are free. While the CovidNudge test
(Table 1) deployed in the U.K. costs around GBP 10 (per test) (equivalent to ~USD 13.80),
which is almost 10 times cheaper than the average cost (~GBP 100) of a conventional
RT-PCR test in the country.

Figure 1. Schematic diagram depicting the various steps performed by the CovidNudge assay for
automated detection of SARS-CoV-2 RNA (Reprinted with permission from Ref. [20]).
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There have been several other innovations related to the fabrication of PCR chips and
biosensors for COVID-19 detection. The following sections cover some of these studies
and discuss the potential and challenges faced by such devices in emerging as viable
commercial products.

3. RT-PCR Biosensors

3.1. Digital RT-PCR

The concept of digital PCR (dPCR) was pioneered by Vogelstein and Kinzler in
1999 [24]. The principle of dPCR is to partition the reaction mixture into many sub-reactions
before amplification; the original numbers are determined by counting the partition show-
ing negative and positive reactions [25] (Figure 2). It does not require a standard curve
or reference genes and is more resistant to interference factors such as specific template
amplification inhibitors [26,27]. The quantification results are analyzed from Poisson’s
distribution and can achieve an accurate estimation of low concentrations of nucleic acid
samples [26]. Therefore, a method like dPCR offers high sensitivity, higher precision, and
resistance to inhibitors, which are required for an accurate SARS-CoV-2 diagnosis. The
dPCR method can be classified into three types based on liquid separation: droplet-based
(ddPCR), chip-based (cdPCR), and microfluidic digital PCR (mdPCR). The primary dif-
ference between these three types of digital PCR is the design of the sample partitioning
system in the detection platform: ddPCR combines several millions partitioning of the
PCR test into individual droplets in a water-in-oil emulsion [26,28], whereas cdPCR uses
an active partitioning approach. It has two chip halves with two arrays of microwells. The
chambers are aligned so that the opposite halves form continuous channels [28,29]. In
mdPCR, microfluidic chambers are used to split the samples. These chambers are fluidically
designed such that each sample can be partitioned into tens of thousands of wells [30].

 
Figure 2. Schematic depicting workflow of a ddPCR system: (A) preparation for amplification, (B) generation of water-in-oil
droplets using a microfluidic flow system, (C) collection of the droplets in PCR tubes, (D) PCR amplification, (E) analysis
of fluorescence in the droplets after amplification, and (F) fitting to Poisson distribution to determine the absolute copy
numbers of the target molecules (Reprinted from Ref. [28]).

dPCR can be used for the quantification of a low viral load, monitoring of the virus
in the environment, evaluation of anti-SARS-CoV-2 drugs [28], and the detection of viral
mutations [31]. Many types of clinical samples can be used for COVID-19 testing using
dPCR, including blood, urine, sputum, stool, nasal swabs, and throat swabs. Studies
have compared RT-PCR with RT-dPCR for the presence of SARS-CoV-2 in pharyngeal
swab samples and found RT-dPCR to be more sensitive and accurate than RT-PCR [32,33].
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Lu and group showed that RT-dPCR has a detection limit ten-fold lower than that of
RT-PCR [34]. They compared the RT-dPCR and RT-PCR of 36 COVID-19 patients with
108 specimens, including blood, pharyngeal swab, and stool, in which four pharyngeal
samples yielding negative results in RT-PCR were positive per RT-dPCR. Another study
demonstrated that suspected patients who tested negative by RT-PCR were found to be
positive by ddPCR [35]. The results of ddPCR were validated by the serological testing of
anti-COVID-19 antibodies in the samples. The ddPCR can yield better and more precise
quantitation of viral loads of SARS-CoV-2 [36–38]. However, most of the reported ddPCR
procedures included an RNA extraction and purification step, which can lead to potential
amplification errors [38]. Moreover, direct quantification by ddPCR targeting the envelope
(E) gene [39], ORF1ab gene [40], and nucleocapsid (N) [41] region have also been reported.
The viral load can be quantified in throat swabs, sputum, nasal swabs, blood, and urine [37].
Droplet-based dPCR was also used to detect SARS-CoV-2 RNA in airborne aerosols [42], in
which the viral load in the toilets used by some medical personnel and patients was found
to be high. This study indicated the significance of sanitization and room ventilation for
limiting COVID-19 spread. The primary advantage of dPCR is its good sensitivity and
high-throughput analysis, which has been the key requirement for COVID-19 detection.
Currently, there are three commercial dPCR tests authorized for emergency use by the
USFDA (Table 1).

However, a few challenges require the utmost attention before dPCR can be used in
routine diagnostics. Particularly, much like conventional PCR tests, dPCR also requires
expensive instruments, reagents, and professional experts to operate the system. The fabri-
cation of the dPCR chips requires complex steps, making it a costly operation. Moreover,
much like other POC tests, strict standards and guidelines need to be followed to assure
the quality of results obtained from dPCR systems.

3.2. Electrochemical PCR: Unexplored Potential

The integration of electrochemistry with RT-PCR aims to provide a rapid, miniatur-
ized, hand-held instrument. Electrochemical biosensors work by modification of a working
electrode with a biomolecule that interacts with a specific target analyte present in an
aqueous electrolyte and generates an electrical signal corresponding to its concentration.
In the case of an electrochemical PCR, there is an electroactive species whose oxidation
or reduction signal is correlated to the amount of PCR amplified product. A more chal-
lenging approach is the use of nanomaterials to tag the DNA primers used in the PCR
amplification step, such as gold nanoparticles (AuNPs) or semiconductor quantum dots
(QDs). The labeled amplified products are then further quantified via the generation of
electrochemical signals.

Electrochemical systems offer the benefits of being seamlessly implemented into com-
pact and intelligent systems, enabling high versatility and real-time detection. Moreover,
electrochemically active labels (such as metal-complex, organic molecules, etc.) are more
durable than fluorescent dyes (Cy5, FAM, etc.) and are a notable factor toward the com-
mercial applications of electrochemical-RT-PCR (EPCR). The power and sample volume
requirements are lower for electrochemical biosensors compared with RT-PCR. Despite the
considerable interest, electrochemical biosensors have garnered in the context of COVID-19
detection, the clinical industry appears reluctant to adopt this technology for practical and
commercial use.

The pre-COVID era witnessed the emergence of PCR-free electrochemical assays for
detecting different nucleic acid targets, including microRNA, viral RNA and DNA, and
cancer-related genes [43–45]. Perhaps the research community has been confident that
electrochemical assays can compete with the existing PCR technology in terms of sensitivity
and turnaround times and eliminate the use of costly reagents and dyes [46]. There have
been some studies on PCR-integrated electrochemical biosensors in the last 5 years. Some
of the recent studies have demonstrated innovative PCR-free electrochemical sensors for
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SARS-CoV-2 RNA detection with remarkable detection limits [47,48]; however, none has
yet achieved a commercial or authorized status.

Integrating PCR with electrochemical transducers poses various challenges; the pri-
mary challenge includes the capability of the sensing surface to withstand the harsh
temperature changes and salt concentrations required during PCR [49]. Isothermal ampli-
fication techniques are preferred over PCR for integration with electrochemical sensors.
A rapid electrochemical detection system based on rolling circle amplification (RCA) was
demonstrated for multiplex detection of the S and N genes of SARS-CoV-2 [50] (Figure 3).
Sandwich hybridization was employed in this study, with oligonucleotide probes con-
sisting of redox-active labels (methylene blue-and-acridine orange) for electrochemical
detection using differential pulse voltammetry. This assay detects the N or S viral gene at a
concentration as low as 1 copy/μL within 2 h with high selectivity and sensitivity.

Figure 3. Workflow of the RCA-based electrochemical sensor for SARS-CoV-2 detection (Reprinted from Ref. [50]).

The recent advances in microfluidics technology have enabled the integration of
electrochemical electrodes with miniaturized reaction chambers (or chips) designed for
PCR. The USFDA recently approved the GenMark ePlex® SARS-CoV-2 test, which auto-
mates RNA extraction and amplification, and then further integrates it into competitive
hybridization-based electrochemical detection [51]. This system uses the principle of elec-
trowetting (digital microfluidics) to manipulate the movement of samples and reagents on
a printed circuit board (PCB) (Table 1).

4. CRISPR/Cas-Based Sensors: The New Alternative

CRISPR stands for clustered regularly interspaced short palindromic repeat, which uti-
lizes genetic information of bacterial species as a part of an antiviral process. CRISPR/Cas
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is a genetic editing technology whose precise and specific DNA and RNA cleavage ability
makes it a useful tool in nucleic acid diagnostics. CRISPR/Cas-based sensors mainly utilize
single guide RNA in conjunction with the Cas system to bind to a target sequence or
cleave target DNA and RNA, resulting in signal generation. Owing to their high specificity,
they are an attractive alternative to POC RT-PCR devices. CRISPR/Cas-based diagnostics
circumvents the issue of long turnaround times and enhances the assay specificity [52].
Recently, Hou et al. developed a rapid assay known as CRISPR–COVID for detecting
SARS-CoV-2 with less turnaround time (~40 min) compared with RT-PCR and metage-
nomics sequencing [53]. Another advantage of using CRISPR/Cas systems is the exclusion
of RNA isolation and amplification, making it a faster analysis method. An ultrasensitive
RT-RPA CRISPR–fluorescence detection system (FDS) assay can eliminate the need for
RNA isolation for SARS-CoV-2 detection [54]. It uses a saliva sample that is subject to a mix
of chemicals that amplify the viral RNA, which is then subjected to CRISPR/Cas12a-based
fluorescence signal amplification. The linear range of this handheld CRISPR-based test
was found to be 1 to 105 copies/mL with a limit of detection of 0.38 copies/mL, which
is consistent with the result obtained using qRT-PCR. In another approach, the need for
SARS-CoV-2 RNA pre-amplification was eliminated with the use of CRISPR-Cas13a, which
aids the detection of SARS-CoV-2 RNA from nasal swabs [55]. The main highlight of this
study was the use of different sets of crRNAs to increase the sensitivity by activation of
a greater number of Cas13a per target RNA. Additionally, the study reported the ability
to directly translate the fluorescent signal into viral loads, thus resulting in remarkable
sensitivity compared with other CRISPR-based assays for COVID detection.

5. Future Outlook

COVID-19 diagnostics has evolved significantly since its first appearance. The range
and types of diagnostic devices that have emerged in the past year are immensely diverse.
Several earlier diagnostic devices and assays were only the subject of academic interest
and research but are now commercially available for use. However, since most of the POC
devices for COVID-19 detection have been authorized under emergency use, caution should
be taken when extrapolating the use of such devices for the diagnosis of other diseases.

Despite the advances, there are limitations associated with RT-PCR POC devices and
biosensors concerning sample preparation in ePCR, false negatives and positives, and
reagent evaporation in dPCR. Efforts to identify the limitations in current PCR devices
for COVID-19 detection can soon help in the design of improved diagnostic devices.
Additionally, different detection strategies and platforms can be integrated to develop
new, hybrid devices for improved performance. For example, electrokinetic focusing
on microfluidic chips was used to automate the process of nucleic acid purification and
amplification with a reduction in non-specific amplification [56]. A recent study used
isotachophoresis (ITP), an ionic focusing technique, on a microfluidic chip to automate
SARS-CoV-2 RNA purification and subsequent detection by CRISPR-based technique
within 35 min [57]. This on-chip device uses a smaller volume of reagents (<100 times
lower) and automates sample preparation and subsequent detection. Reduction in bubble
generation and reagent evaporation in dPCR systems was also demonstrated by creating a
vertical polymeric barrier leading to ultrafast PCR amplification [58].

Centrifugal microfluidic platforms (or lab-on-a-disc) for automated sample prepara-
tion and subsequent RT-PCR can also be conceived. These devices use different layers
of polymeric substrates to integrate multiple steps involving complex fluid flow. These
centrifugal systems were shown to improve reaction rates using efficient mixing, thus
enabling high sensitivity and reduced hybridization times [59]. Paperfluidic devices that
involve the creation of microfluidic channels on paper can also be realized for SARS-CoV-2
RNA detection. Apart from being inexpensive, paperfluidic devices do not require any
additional step to render the channels hydrophilic for fluid flow; the intrinsic hydrophilicity
of paper allows fluid flow via capillary action, thus eliminating the need for external pumps.
This allows their use in resource-limited, POC settings. These devices, much like LFAs, can
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be batch fabricated at minimal cost and can thus be used in mass screening operations in
resource-limited settings. A paper-based assay, FnCas9 editor-linked uniform detection
assay (FELUDA), was developed in India, which enables detection of single nucleotide
variants [60]. This test uses RT-PCR followed by CRISPR-based detection in a lateral flow
format. Similarly, paperfluidic devices that can integrate RNA extraction, amplification,
and subsequent detection can be realized [61].

COVID-19 diagnostics has provided new opportunities and advances in the clinical
diagnostic sector. It will be interesting to see how these developments affect the overall
diagnostics landscape over time.

6. Conclusions

Molecular diagnostics has been the cornerstone in controlling the ongoing COVID-
19 pandemic. RT-PCR is currently the primary gold standard for COVID-19 diagnosis.
Simultaneously, this crisis has brought us to realize the importance of low-cost, sensitive,
and high-throughput devices that can be deployed in POC settings. On-site analysis that
is fast, reliable, and helps to reduce the economic costs of infection transmission and
potential quarantine is required. Different rapid POC tests have been authorized and
deployed for mass screening and diagnostic purposes. Yet, RT-PCR has remained the
primary and the only method for COVID-19 confirmation. Miniaturized PCR and PCR
biosensors, devices that integrate PCR with different detection modalities, have emerged
as tools that can address the issue of the low sensitivity of the current rapid POC tests and
simultaneous analysis of samples in a high-throughput manner outside of a centralized
lab. Digital PCR has emerged as an efficient high-throughput system. However, it does
not eliminate the use of expensive reagents and often requires professional involvement
in its operation. Electrochemical PCR is also a viable option for faster, cost-effective, and
sensitive COVID-19 detection. However, the difficulty of the integration of PCR with
electrochemical systems still creates formidable challenges in realizing a commercially
adaptable system. CRISPR/Cas-based systems have further created a scope for diagnostic
devices that do not require RNA extraction and amplification before detection.

The active transition from routine diagnostic laboratories to the realm of high sensitiv-
ity molecular diagnostics can significantly increase the efficiency and responsiveness of
POCTs and facilitate the management of outbreaks in difficult settings. Devices such as
those mentioned above can readily aid healthcare professionals in making faster medical
decisions. However, there are still limitations to be addressed in such systems. Sample
preparation errors and false positives and negatives need to be addressed before these
assays can eventually be used for other diagnostic applications as well. Although different
formats of POC RT-PCR assays have emerged, there is still scope for the development
of hybrid, integrated systems that have better performance in terms of specificity and
response time. Rigorous validation protocols and a high sampling rate would determine
whether these devices are capable of use in the long run.
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Abstract: Recent advances in microfluidics, microelectronics, and electrochemical sensing methods
have steered the way for the development of novel and potential wearable biosensors for healthcare
monitoring. Wearable bioelectronics has received tremendous attention worldwide due to its great a
potential for predictive medical modeling and allowing for personalized point-of-care-testing (POCT).
They possess many appealing characteristics, for example, lightweight, flexibility, good stretchabil-
ity, conformability, and low cost. These characteristics make wearable bioelectronics a promising
platform for personalized devices. In this paper, we review recent progress in flexible and wearable
sensors for non-invasive biomonitoring using sweat as the bio-fluid. Real-time and molecular-level
monitoring of personal health states can be achieved with sweat-based or perspiration-based wear-
able biosensors. The suitability of sweat and its potential in healthcare monitoring, sweat extraction,
and the challenges encountered in sweat-based analysis are summarized. The paper also discusses
challenges that still hinder the full-fledged development of sweat-based wearables and presents the
areas of future research.

Keywords: point-of-care; biomonitoring; personalized healthcare; sweat; biosensors

1. Introduction

The first wave of medical diagnostics saw the beginning of technological development
in which people produced instruments that could measure almost any analyte of interest
through the collection and transfer of samples to a separate lab. The second technologi-
cal wave of POCT has even brought the lab into the hands of doctors, nurses, and even
patients. More recently, a third technological wave is coming where patients can take
the lab with them through wearable bio-marker monitoring [1–3]. Wearable technology
can be an innovative solution to current medical problems with the ability to continu-
ously monitor both physiological and biochemical markers and physical activities and
behaviors [4–8]. Vital signs such as heart rate, body temperature, and blood pressure are
measured [9,10]. Through the use of these signs, including electrocardiogram, electromyo-
gram and biological fluid oxygen saturation and physical activity, the personal health
condition can be characterized and monitored [11–20]. This paper reviews the method
of chemical monitoring using sweat as the biological fluid [21–23]. Generally, personal
items such as shoes, glasses, clothes, gloves, and watches can be used to deploy wearable
devices [24–27]. As techniques move forward, emerging chemical wearable devices have
evolved into devices that can be attached to the skin for further improving the accuracy
of measurement. Furthermore, data collected by wearable devices and transmitted to a
remote server through smartphones will be used to generate a personalized medical model
through combination with analysis algorithms [28–37].

The need for wearable bioelectronics is rising daily and it has the potential to revo-
lutionize the healthcare industry [38–40]. Conventional medicine is a reactive model, in

Biosensors 2021, 11, 245. https://doi.org/10.3390/bios11080245 https://www.mdpi.com/journal/biosensors

13



Biosensors 2021, 11, 245

which people wait for symptoms to manifest themselves in an individual before proceeding
to diagnosis and eventual remedy. Due to this inherent nature of traditional medicine,
it is quite often referred to as “Sick-care”. It is therefore desirable to move towards a
preemptive model that can help people diagnose or take action to treat diseases at the
earliest stages, well before the visible symptoms of the disease even become apparent. To
move towards such a model, we need to understand how the body functions at a chemical
or molecular level. This can be enabled through continuous non-invasive wearable biomon-
itoring [41–43]. The current system of a one-drug fits all approach is not accurate because
people have varying body types and lifestyles. Personalized medicine can be modified
according to each person’s characteristics that are acquired through the help of wearable
biomonitoring [44–53]. As a result, our therapies will be more accurate since they rely on
biomarkers rather than apparent symptoms [54–57]. Moreover, wearable bioelectronics
can replace expensive and time-consuming lab tests with wearable diagnostic alterna-
tives [58,59]. In traditional medical therapies or testing, many processes are involved,
such as sample collection, preservation, and storage [60]. According to reports from the
National Institutes of Health and the National Cancer Institute, adding preservatives or
additives can potentially impact the protein makeup of plasma or any other bio-fluid
involved in a particular test [61]. Storage temperature may also have a significant impact
on sample quality. Moreover, temperature control issues may occur while transporting
samples between facilities [62]. Altogether, even small errors can make a great impact on
the test accuracy because all of them stack up and what reaches the lab is the summation of
all of them. On top of these issues, these methods are expensive and time-consuming to
complete the tests. Wearable testing measures over-ride this convoluted path by offering
point-of-care-diagnostics (POCD) to the concerned individual at any time and any place
while also saving time and cost.

Although there are many advantages of various wearable bioelectronics, non-invasive
bioelectronics have their unique strengths and can also encourage users to take multiple
readings in a day, as these tests are nondestructive and painless [63–68]. The large number
of daily tests enabled by non-invasive wearable biomonitoring allows users to collect
many data points across the population that can be used to gain a better understanding
of diseases and will help us develop preemptive medical models to monitor healthcare
before disease occurrence [69]. Great efforts have been made in wearable technologies
as the acknowledgment of their uses on molecular biomonitoring has increased. These
techniques are useful for sampling and analyzing the heavy metals, metabolites, toxic
gases, and main electrolytes within body fluids [70,71]. Non-invasive detection of human
body fluids generally includes the detection of tear, interstitial fluid (ISF), exhaustion
breath, saliva, wound exudate, and sweat [72,73]. For example, in human tears, because
biological fluids accumulate in the eyes, they contain certain salts, enzymes, proteins, and
lipids. Consequently, eye conditions and diseases can be revealed through the analysis
of the chemical composition of tears. Typically, increased levels of proline-rich proteins
are considered biomarkers for the diagnosis of dry eye. In addition, tears have been used
in the treatment of diabetes mellitus since the glucose concentration in tears is strongly
correlated with the blood glucose concentration [74]. Figure 1a shows some of the tear-
based flexible sensors developed using PDMS (Polydimethylsiloxane) or soft-lens [75].
Although blood biomarkers detection can provide more accurate reports, non-invasive
detection is not possible for most of them. To circumvent this sampling problem, ISF
monitoring is used to obtain information of chemical concentrations in blood alternatively.
The composition of ISF is very similar to that of blood regarding the concentration of
salt, protein, glucose, ethanol, and other small molecules [76,77]. A process called reverse
iontophoresis is used on the skin to extract ISF. GlucoWatch, the most famous glucose
sensing device approved by the United States Food and Drug Administration, uses this
technology to carry ISF through the skin to an external sensor. It is an integrated wristwatch
device with reverse iontophoresis and biosensor functions [74]. Figure 1b shows a wearable
sensor for non-invasive monitoring of the ISF [49]. As for breathing, human breathing is a
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mixture of gases and vapors that we exhale through our nose or mouth. The composition
of respiration is complex: it includes a mixture of nitrogen, oxygen, carbon dioxide, and
water vapor [78]. In addition, respiration includes up to 500 different compounds, both
endogenous and exogenous. The potential of respiratory measurement is huge because
of its completely non-invasive and inherent safety. Figure 1c shows a wearable sensor
for the non-invasive monitoring of human breath. Saliva is another attractive diagnostic
bio-fluid that contains various disease signal biomarkers including hormones, enzymes,
antibodies, antimicrobial agents, which can accurately reflect the status of humans [79].
These biochemical substances from the blood travel through spaces between cells and
enter saliva. Thus, the main compounds found in the blood can also be detected in saliva,
as shown in Figure 1d. Therefore, saliva is functionally analogous to the serum in that
it involves changes in mood, hormones, nutrition, and metabolism. Salivary cortisol
and salivary alpha-amylase, for example, are considered to be important biomarkers of
physical and psychological stress. Proper monitoring of biofluids can also have benefits
in the wound healing process. The formation or release of some compounds or exudates
is crucial to wound healing. The pH value of the exudates, the concentration of uric
acid and C-reactive protein can reflect wound healing progress and infection risk [74].
Figure 1e depicts research in a study in which wearable smart bandages were fabricated
for wound monitoring. Among these bio-fluids, human sweat is crucial because it contains
abundant physiological state information [80]. Figure 1f,g shows a sweat-based biosensor
and its therapeutic system for wearable diabetes monitoring. The optical image of the
device array on human skin with perspiration was shown in Figure 1h. There are a few
advantages associated with sweat that make it a predominant candidate for most wearable
biomonitoring research.

Since the distribution of sweat glands in the human body is rich (>100 glands/cm2)
and the sweat contains abundant biochemical compounds, human sweat has become a
promising bio-fluid for non-invasive biosensing [81]. Since nearly every portion of human
skin has eccrine glands, sweat is readily available without the use of needles or other
invasive devices. Iontophoresis sweat can be extracted from anywhere which is not possible
in any other case of bio-fluids [69]. Moreover, analytes including ions [76], metabolites [82],
acids [64,83], hormones [84–87], and small proteins [88,89] and peptides are partitioned into
the sweat. Sweat also contains various electrolytes (such as potassium, sodium, chloride,
and calcium), nitrogen-containing compounds (such as urea and amino acids), as well as
metabolites such as glucose, lactic acid, and uric acid, along with xenobiotics such as drugs
and ethanol [90–92]. This creates a huge opportunity for research and biomonitoring. Sweat
chloride analysis has been used as the gold standard for the diagnosis of cystic fibrosis [93].
Sweat also has excellent sampling and detection efficiency without foreign contamination
during testing and its composition does not affect the analytes to get degraded [81].

This review focuses on the recent progress made in the field of wearable and flexible
bioelectronics for non-invasive health monitoring through in-situ sweat analysis. In the
following sections, we will first discuss sweat partitioning and its relation to human health.
Also, we will cover the most common sweat extraction techniques and fabrication methods
for sweat-based bio-sensors. Mainly, we will review some of the recent researches and
applications of continuous and non-invasive sweat-based biomarker monitoring, including
health monitoring and disease detection, exercise monitoring, drug metabolism monitoring,
and ethanol level measurement. Finally, we will go over the overall challenges and future
scope of wearable sweat-based biosensors towards personalized health monitoring.
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Figure 1. Wearable and flexible sensors for continuous biofluids analysis. (a) Soft PDMS contact lens with a glucose-sensing
strip attached. Reproduced with permission from ref. [75], Copyright from 2020, Elsevier B.V. (b) All-printed tattoo-based
ISF glucose sensor. Reproduced with permission from ref. [49], Copyright 2015, American Chemical Society. (c) Dynamic
nanoparticle-based breath sensor. Reproduced with permission from ref. [78], Copyright from 2015, American Chemical
Society. (d) Bacteria sensing on tooth enamel with graphene-based nanosensors. Reproduced with permission from ref. [79],
Copyright from 2012, Nature Publishing Group. (e) Smart bandage for chemical sensing of wound pH using pH-sensitive
threads. CMOS wireless readout and 2D mapping of pH levels were incorporated Reproduced with permission from
ref. [74], Copyright 2017 IEEE. (f) Diabetes patch is composed of sweat-control (i, ii), sensing (iii–vii) and therapy (viii–x)
components. (g) Integrated wearable diabetes monitoring and therapy system. (h) The electrochemical device on the human
skin with perspiration. Reproduced with permission from ref. [80], Copyright from 2016, Nature Publishing Group.

2. Sweat as a Bio-Fluid for Biomonitoring

Sweat can provide abundant biomarker measurements continuously and noninva-
sively of ions, drugs, metabolites and biomolecules, including potassium, sodium, calcium,
chlorine, lactic acid, glucose, ammonia, ethanol, urea, cortisol, and various neuropeptides
and cytokines. Table 1 also summarizes these key analytes in sweat and the detection
methods. In addition to the abundant biochemical components in sweat, sweat glands
are widely distributed across the human body. Consequently, sweat has become an ideal
platform for noninvasive biosensing, which is feasible and safe as well. Sweat from the
eccrine sweat gland can be noninvasive and easily obtained. This kind of sweat contains
water and various electrolytes and can be directly excreted to the skin surface. Unusual
health conditions (such as electrolyte imbalances and stress) and disease are usually re-
flected by changes in the concentration of existing sweat components or the emergence of
new components in sweat. For example, the concentration of alcohol in sweat is highly
correlated with the concentration of alcohol in the blood. The increase of urea concentration
in sweat may be related to kidney failure. Moreover, because the concentration of chlorine
in the sweat of patients who have cystic fibrosis (CF) is abnormally high, the analysis of
chlorine in sweat has been regarded as a widely used method for the diagnosis of CF [74].
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Table 1. Key analytes in sweat and the related detection methods.

Target Analyte
Concentration in

Sweat
Recognition

Element
Sensing Modality Ref.

Ions

Na+ 10–100 mM Na+ Potentiometry [44,45,93]
Cl− 10–100 mM Ag/AgCl Potentiometry [93,94]
K+ 1–18.5 mM K+ Potentiometry [44,94]

Ca2+ 0.41–12.4 mM Ca2+ Potentiometry [95]
pH 3–8 Polyaniline Potentiometry [96]

NH4+ 0.1–1 mM NH4+ Potentiometry [97]

Zn2+ 100–1560 μg L−1 Bi
Square wave

stripping
voltammetry

[84,98]

Cd2+ <100 μg L−1 Bi
Square wave

stripping
voltammetry

[98]

Pb2+ <100 μg L−1 Bi, Au
Square wave

stripping
voltammetry

[98]

Cu2+ 100–1000 μg L−1 Au
Square wave

stripping
voltammetry

[98]

Hg+ <100 μg L−1 Au
Square wave

stripping
voltammetry

[98]

Drugs
Levodopa <10 μM Au Chronoamperometry [99]
Caffeine <40 μM Carbon Chronoamperometry [100]
Alcohol 2.5–22.5 mM Carbon Chronoamperometry [81,101]

Metabolites

Glucose 10–200 μM Glucose oxidase Chronoamperometry [44,93,102]
Lactate 5–20 mM Lactate oxidase Chronoamperometry [96]

Uric acid 2–10 mM Carbon Cyclic
voltammetry [83]

Cortisol 8–140 μg L−1 ZnO, MoS2
Electrochemical

impedance
spectroscopy

[85,86]

Ascorbic acid 10–50 μM Carbon Chronoamperometry [83,87]

Biomolecules
Peptides 0.1 pM–0.1 μM Au Chronoamperometry [103]

Antimicrobial
peptides - Carbon Resistance [79]

2.1. Sweat Partitioning

Bio-marker partitioning in human sweat is important to study because the current
gold standard for measuring biomarker concentration, for most biomarkers, is its concen-
tration in blood. Therefore, correlating sweat biomarker concentration with the respective
concentrations in the blood can help us draw meaningful inferences about the health of
a person. In certain cases, independent concentrations in sweat can also have significant
value. For example, chloride concentrations for patients with CF are very high in sweat
independently and have been used in literature to diagnose CF [93]. The most easily ob-
tained sweat comes from eccrine glands composed of coils and dermal ducts. These eccrine
glands are the first place where sweat is produced, and the sweat is transported to the skin
surface through dermal ducts [81], as shown in Figure 2a. During this process, analytes
such as ions, metabolites, acids, hormones, small proteins, and peptides travel into human
sweat. Sodium (Na+) and chloride (Cl−) ions have the highest concentration in sweat. Since
they can stimulate hydration, they play a role in maintaining electrolyte balance in the
human body. Ions such as Calcium (Ca2+) and Potassium (K+) also partition into human
sweat from blood and are present in the mM (M for Molar) range [69]. K+ concentration
can be used to predict muscle activity [104]. During exercises, electrical activity in the
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exercising muscles can cause an increase in K+ concentration. Weak acids or bases can also
diffuse into the sweat gland and ionize because of the high pH of sweat. Other bio-marks,
such as lactate and urea at mM levels, can come from human blood or be produced locally
during the metabolic activity of the sweat gland. The lactate concentrations of human
sweat are closely approximate to those of plasma [96]. Thus, the concentrations of lactate
can indicate physical exertion and exercise intensity [105,106]. Sweat also contains larger
molecules such as glucose, neuropeptides, and hormones, which are present in nM or pM
traces. These important bio-marks in sweat carry valuable information about the human
body. Take glucose as an example, monitoring the concentrations of glucose in sweat
can provide continuous glycemic monitoring [102]. Apart from analytes that naturally
be generated, drugs, heavy metals and alcohol can be discharged and detected in sweat
as well when the human body tries to eject toxins. These biomarkers can be used for
multi-purpose biomonitoring.

Figure 2. Sweat gland structure and biomarker partitioning. (a) Illustration of the sweat production process and metabolites
that passed along with sweat. (b) Depiction of Iontophoresis to stimulate local sweat secretion at a selected site. (c) Reverse
iontophoresis drives interstitial fluid through the epidermis to the skin surface. Reproduced with permission from ref. [69],
Copyright from 2018, Nature Publishing Group.

2.2. Sweat Extraction

Although it is a viable option to test sensors by sweat from exercise, realizing con-
tinuous sweat monitoring might not be practical. Under such circumstances, alternative
methods of sweat extraction are needed. Iontophoresis is the most advanced non-invasive
method to induce sweat excretion at a selected location such as the wrist [74]. It depends
on local sweat stimulation through the application of topical current [69]. Figure 2b shows
that the topical current is applied between pilogels, or hydrogels containing the sweat
stimulant-charged drug, called pilocarpine. By applying a potential drop across the two
sides of the test area, pilocarpine will be driven by a small current under the skin surface
and trigger nearby glands to secrete sweat for wearable sensors to collect enough samples.
This technology can gain unprecedented insight into the process of the sweat secretion,
facilitating a wider range of sweat-based sensing applications such as health monitoring
and POCD [93].

A process similar to iontophoresis is called reverse iontophoresis, which can be used
to extract ISF by attaching two electrodes to the skin and applying a potential difference
between them, as shown in Figure 2c. Ions, such as Na+, can be extracted outside of the
skin. Since the net charge of the skin is negative, an electroosmotic flow will be generated to
drive the interstitial fluid (ISF) to the skin surface through the epidermis without involving
any drugs. The hydrogel isolates electrodes for applying current to the skin to prevent
irritation. ISF-based wearable sensors can detect analytes, such as glucose, along with
interstitial fluid transported to the skin surface by advection.
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2.3. Sweat-Based Bio-Sensor Fabrication

There are certain fabrication methods usually involved in printing or making these
sweat-based sensors into wearable devices. To make these flexible wearable sensors suitable
for biomonitoring, several requirements should be satisfied. Firstly, the sensors must be
highly sensitive, bio-compatible, and selective. Secondly, related circuitry should be in
micro or nano size. Popular methods for this are photolithography and screen printing.
Photolithography provides excellent resolution at the nanoscale by using an electron
beam to write patterns. However, the cost of manufacturing is extremely high due to the
equipment cost and clean room requirements. Low-cost screen printing can be used to
produce large numbers of electrodes on various flexible substrates and can provide as high
as one device per second throughput when roll to roll printing is used. However, the spatial
resolution of the screen printing is not as good as that of lithography [106]. Other methods,
such as epidermal elastomeric stamping, stamp transferring, and ink or aerosol jet printing,
can also be used for fabrication. For example, stamp transfer and inkjet printing (combined
with electroplating) showed great potential in high-resolution printing (down to about
2 μm). At the same time, it can provide manufacturing on non-planar substrates. Therefore,
the appropriate selection and combination of these methods is ideal for the manufacture of
sweat-based wearable bioelectronics.

3. Sweat-Based Wearable Bioelectronics

Wearable sweat-based sensors have been studied extensively recently for detecting
analytes as they relate to human diseases and conditions. A few studies have also devel-
oped wearable devices with multi-analyte sensing and circuitry for in-situ analysis and
calibration. In this section, we present some of these studies that illustrate the application
directions of wearable technology, including health monitoring and disease detection,
exercise monitoring, drug metabolism monitoring, and ethanol level measurement.

3.1. Health Monitoring and Disease Detection

The molecular-level view of health is extremely valuable for health and disease mon-
itoring applications. Sweat-based biosensors provide an effective way to achieve health
monitoring and disease detection. For example, diabetes is directly related to the metabo-
lite profile of glucose, which can be easily detected through sweat [44,98]. A sweat-based
glucose monitoring system was developed using an electrochemical monolithic glucose
sensor with pH and temperature correction functions [53]. The device can sense glucose
levels in sweat in real time and even includes a drug that uses microneedles to regulate
blood glucose. Although continuous blood glucose monitoring is becoming available,
the potential of sweat sampling blood glucose monitors can not only reduce the size of
current equipment but also achieve painless treatment of diabetes. Figure 3a shows a
wearable molecular level health monitoring tool developed by researchers at Caltech which
is self-powered by human motion [107]. The developed device was powered by a flexible
triboelectric nanogenerator (TENG) [108–114]. It measures Na+ and pH of sweat using a
potentiometric sensing technique, performs signal processing, and transmits this data to a
mobile user interface using Bluetooth to track real-time personal health state. Figure 3b
shows the schematic of a biosensor array containing both pH and sodium ion sensors
patterned on a flexible plythylene terephthalate (PET) substrate [95]. The whole design is
achieved in a wearable format by integrating it onto a flexible printed circuit board (PCB)
that can be worn on the arm or the side of the human torso, as shown in Figure 3c. To
realize the self-powering device, the authors developed a flexible TENG that can easily be
integrated with the rest of the design. TENG bases on the principle of contact electrification
and develops a potential difference between plates due to relative sliding between the
copper and polytetrafluoroethylene plates. This helps the device power itself by harvesting
energy from biomechanical energy induced by human motion. The developed TENG
in this device manages to achieve a maximum power output of 0.94 mW for a 4.7 MΩ
load, which is very suitable for wearable applications (Figure 3d,e). These results sug-
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gest that the device developed can be successfully used in molecular-level pH and Na+

monitoring [94,115]. Additionally, using a TENG to power the device itself enables it to
achieve a very small form factor as it doesn’t use bulky batteries. It paves the way for
developing innovative self-powering approaches for wearable devices used in human
health monitoring.

Figure 3. Sweat-based sensors for continuous health monitoring. (a) Describes the working of the device and shows
the developed FTENG to power device. (b) Schematic of the sensor array. (c) Schematic of microfluidic sensor patch.
(d,e) Open-circuit potential responses of the pH sensor in standard Mcllvaine’s buffer solutions (d) and a sodium ion sensor
in NaCl solutions (e). Reproduced with permission from ref. [107], Copyright from 2020, the American Association for the
Advancement of Science.

Beyond health monitoring, sweat-based sensors can also provide low-cost disease
detection and diagnosis. A wearable device was reported for the diagnosis of CF [93]. CF is
a kind of hereditary disease which can cause severe damage to the human lungs, digestive
system, and other organs. It makes secretions sticky by affecting cells that produce mucus,
sweat and digestive juice. These viscous secretions no longer act as lubricants of the
passage, but block the tube, catheter, and passageway, especially in the lungs and pancreas,
causing serious damage to the human body. This leads to symptoms such as damaged
airways, chronic infections, and in serious cases, even respiratory failure. According to the
Cystic Fibrosis Foundation Patient Registry, more than 70,000 people worldwide are living
with CF. Therefore, CF is a very serious disease that needs to be regularly monitored. The
system-level implementation of the developed system is shown in Figure 4a,b. The working
process of the device is described as follows—iontophoresis is used to induce sweat with
various secretion profiles as depicted in Mode 1, which is then used for real-time sensing
by the front-end electronics depicted in Mode 2 (Figure 4c,d). The processed signal is then
transmitted to the communication module of the circuit, which sends the concentration
data to the phone and displays it in a format that is easily understood by the user. The flow
for signal processing is shown in Figure 4e. In this way, the system can measure the levels
of sodium ion and chloride ion in the sweat of CF patients stimulated by iontophoresis in
real-time (Figure 4f). Figure 4g shows the comparison results of sweat electrolyte levels
achieved by the paper between six healthy subjects and three CF patients.
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Figure 4. Overview of the developed CF monitoring device. (a) Electrodes used for iontophoresis and sensing. (b) Flexible
wearable device on user’s wrist. (c,d) Description of the working modes of system (c) mode 1: Iontophoresis (d) mode 2:
Sensing. (e) Block-level diagram of the developed system. (f) Real-time on-body measurement of sweat sodium ion and
chloride ion levels of a CF patient after iontophoresis-based sweat stimulation. (g) Comparison of sweat electrolyte levels
between six healthy subjects and three CF patients. Reproduced with permission from ref. [93], Copyright 2017, National
Academy of Sciences USA.

The results from the above study indicate its potential for use as a low-cost diagnosis
of CF. Additionally, the demonstration of successfully integrating the design on a flexible
substrate opens a plethora of possibilities for the development of wearable bioelectronics
for disease diagnosis and monitoring.

3.2. Exercise Monitoring

The most common application of wearable sweat biosensors is exercise monitoring.
In the study of Gao et al., a wearable sensor array was introduced where several analytes
could be monitored at the same time. The sensor used a flexible integrated sensing array
(FISA) and the signal was processed by a flexible PCB (FPCB) [44]. The integrated FISA and
FPCB are displayed and function on a subject’s head and wrist, as shown in Figure 5a,b.
These sensors need to bear the stresses of everyday wearing and physical exercise. Upon
bending FPCB at 1.5 cm and 3 cm bending radii, minimal change in output was observed
in FISA response.

Figure 5c illustrates the structural design and working mechanism of the sensor. The
working principle of Amperometric glucose and lactate sensors is immobilizing glucose
oxidase and lactate oxidase inside a permeable membrane. Both the shared reference
electrode and the counter electrode of the two sensors use Ag/AgCl as the electrode.
Current signals proportional to the corresponding metabolites will be generated through
these enzymatic sensors automatically and transported between the working electrode
and the Ag/AgCl electrode. Ion-selective electrodes (ISEs) were used to measure the Na+

and K+ levels. The ion-selective electrode is a type of potentiometric device that combines
with a reference electrode coated with polyvinyl butyral (PVB) to stabilize the potential in
solutions with different ionic strengths. In addition, a resistance-based temperature sensor
is achieved through the fabrication of Cr/Au microwires.
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Figure 5. Sweat-based sensors for exercise monitoring. (a) Subject wearing forehead and wrist sensors undergoing stationary
exercise. (b) Flexible integrated sensor array shown on a subject’s wrist as part of a wireless FPCB. (c) Schematic of the
sensor array. (d) System-level block diagram illustrating the flow of information. (e) Real-time sweat analysis results of
the FISA worn on a subject’s forehead. (f) Constant-load exercise at 150 W: power output, heart rate (in beats per minute,
b.p.m.), oxygen consumption and pulmonary minute ventilation, as measured by external monitoring systems. Reproduced
with permission from ref. [44], Copyright from 2016, Nature Publishing Group.

Figure 5d shows the measured potentiometric data is transmitted through an amplifier,
an inverter, an analog-to-digital converter, and a Bluetooth module to be displayed on a
cellphone. The sensor was tested on a subject undergoing a stationary cycling exercise
as shown in Figure 5a. Specifically, the exercise program includes 3 min of accelerated
cycling, 20 min of fixed 150 W cycling, and 3 min of cooling down. During exercise, heart
rate, oxygen consumption, and pulmonary ventilation were measured. It showed that the
values of the measured data increased in proportion with the increase of output power.
Figure 5e illustrates the real-time measurement of sweat on a subject’s forehead using FISA.
It shows that the skin temperature increases at about 400 s and stays almost unchanged
after that with continuous perspiration. Meanwhile, lactic acid and glucose concentrations
in sweat gradually decrease, as shown in Figure 5f. This decrease in lactic acid and glucose
can be attributed to the dilution effect caused by the increased per-spiration rate.

Unlike typical use of polymeric substrates, a textile-based platform can increase overall
permeability to the affected skin area, which cultivates natural sweating and evaporative
cooling [116]. This sensor is constructed from different layers of materials, as shown
in Figure 6a. A commercial adhesive bandage is used as the base for the sensor, then
a hydrophobic adhesive film is placed above to retain sweat samples within the patch.
Additionally, specialized sensing threads are implemented in a parallel pattern to the
previous layer. An absorbent gauze is applied to further enhance the collection of the sweat
sample. Eventually, an adhesive film is placed on top to keep the entire patch intact.
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Figure 6. Sweat-based multimodal sensor patch for exercise monitoring. (a) Step-by-step process of fabrication and complete
sensor patch prototype. (b) Fabrication of specialized sensing threads. (c–f) Measurement results of different biomarkers.
Reproduced with permission from ref. [116], Copyright from 2020, Nature Publishing Group.

The thread bundle incorporated within the sensor patch contains two specialized
thread types for analyzing the biomarkers within the sweat sample. These specialized
threads are commonly available threads that have undergone additional treatments and
processes; the specific fabrication details of the threads are shown in Figure 6b. The
first thread type in discussion is a carbon-based conductive thread that can sense the
electrolyte, pH, and metabolite levels within the sweat sample. These measurements
directly relate to biomarkers such as sodium, lactate, and ammonium which can represent
real-time physiological status of an individual undergoing strenuous physical activity. The
second thread type is a silver-silver chloride thread that acts as a solid-state reference
for comparison during analysis. The four graphs shown in Figure 6c–f displayed the
sensor patch performance when applied onto a participant’s arm while exercising on a
stationary bike. Each graph is sectioned by Roman numerals with ”1” as equilibrium state,
”2” as real-time measurement, and ”3” as cool-down period. The results demonstrate the
consistency and stability of the sensor patch in collecting data from the biomarkers within
the sweat sample.

3.3. Drug Metabolism Monitoring

In addition to exercise intensity monitoring, wearable sweat-based sensors for bio-
marks monitoring can also be applied as drug metabolism monitoring sensors. For example,
Levodopa is used to treat patients suffering from Parkinson’s disease. Various factors
can affect an individual’s response to levodopa and therefore it is important to monitor
the concentration in blood. Since blood-based monitoring is usually invasive, sweat-
based levodopa sensing was investigated using a sensor packaged into a sweatband
(S-band) [99]. The sensor has a standard three-electrode (working electrode, reference
electrode and counter electrode) design and is fabricated on a PET substrate (Figure 7a).
Experiments were performed on healthy subjects after consuming fava beans as they
happen to contain levodopa. In this way, the function of the S-band can be extensively tested
on non-vulnerable subjects, and sweat was elicited from the subjects using iontophoresis.
The concentration of levodopa in sweat was continuously monitored after consumption of
fava beans and followed by iontophoresis. The S-band can detect the level of levodopa in
sweat continuously, which is similar to the level in blood.
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Figure 7. Drug sensing mechanism and ethanol levels measurement. (a) Interaction of the sensor with sweat. (b) Cycling
and sweat analysis. Examples of sweat levodopa concentrations for three different subjects after they consume 450 g of
fava beans. (c) Averaged time of peak levodopa concentration for three different subjects across multiple exercise trials.
(d) Optical image of the S-band worn on a subject’s wrist. Reproduced with permission from ref. [99], Copyright from
2019, American Chemical Society. (e) Sweat ethanol sensor used to send alerts to a smart device. (f) Schematic diagram
of constituents in the iontophoretic system (left) and of the reagent layer and processes involved in the amperometric
sensing of ethanol on the working electrode (right). (g–i) Experiments with consumption of 12 oz of beer measured from
three different human subjects before (plot “a”) and after drinking alcohol beverage (plot “b”). (j) Chronoamperograms
obtained from a: BAC 0%, b: BAC 0.025% and c: BAC 0.062%. (k) Correlation between current response and the BAC level.
Reproduced with permission from ref. [101], Copyright from 2016, American Chemical Society.

Sweating caused by iontophoresis lasts only for a very limited time period, while
that caused by exercise generally lasts longer. This is helpful in the experimentation and
validation of these sensors. Figure 7b shows the response observed from three subjects
exercising on a stationary ergometer. In each trial, a subject would consume 450 g of fava
beans and undergo multiple exercise trials. Cumulative results are shown in Figure 7c,
depicting the average time of peak concentration. By analyzing the sweat induced by
physical activities and iontophoresis, it is possible to optimize the dose of drugs by mon-
itoring drug metabolism. Figure 7d shows the sensor apparatus mounted on a subject’s
wrist. The future development directions include the study of pharmacodynamics between
drugs, prolonging the duration of iontophoresis sweating, and improving the lifetime of
the electrode. As a result, S-band can be used to study the inherent complex drug profiles,
optimize drug dosages for people with Parkinson’s disease, and be incorporated into drug
delivery systems.

24



Biosensors 2021, 11, 245

3.4. Ethanol Levels Measurement

Sweat ethanol levels are an indicator of blood alcohol concentration. Ethanol levels
were measured using a sweat-based sensor in tattoo form [101]. Figure 7e presents the
illustration of a system that uses a sweat ethanol sensor to send alerts to a smart device. A
tattoo-like patch based on an enzyme amperometric sweat ethanol sensor was developed
with a pilocarpine iontophoresis drug delivery system and connected to intelligent devices
through a Bluetooth module. The external current of iontophoresis (0.6 mA) was optimized
between the effective delivery of drugs and the comfort of subjects because high current
can easily cause skin irritation. The device is more reliable than the commonly used breath
meter because it avoids potential errors induced by environmental factors like water vapor,
or consumer products like mouthwash. Compared to other transcutaneous devices, it is
a faster blood alcohol concentration measurement method because it only takes about 10
min compared with 0.5–2 h on traditional devices. Therefore, it is suggested that ethanol
sensors can be used to detect illegal levels of alcohol consumption in car drivers.

This sensor system uses iontophoresis technology with constant current to induce
sweat by delivery of the drug pilocarpine through the skin to perform sweat ethanol
sensing. The sensor uses an alcohol oxidase enzyme electrode and a printed Prussian blue
(PB) electrode transducer. All the electrodes on the wearable temporary tattoo paper are
produced by screen printing for mass production and can be removed from the skin easily.
Figure 7f illustrates these processes starting with iontophoresis followed by amperometric
detection. Experiments were performed on three different human subjects using this
sensor to validate the response of the system. Figure 7g–i shows plots that illustrate the
responses of the subjects upon consumption of equal amounts of alcohol. Curve a is
the amperometric response before drinking, and curve b is after drinking an alcoholic
beverage. The blood alcohol concentrations of these subjects are different due to varying
metabolism rates. However, after consuming alcohol, the current change from the sensor
is quite apparent. Three control experiments were conducted to make sure there are no
false positives. Figure 7g shows that zero blood alcohol content (BAC) results in no change
in sensor response. And the sensor response after a certain amount of time had elapsed
without alcohol consumption. This proves the sensor current response shown was caused
by alcohol consumption. Figure 7h shows the response if no enzyme is immobilized in the
sensor, showing that it is highly specific to sweat ethanol levels. Figure 7i shows the sensor
response with and without iontophoresis, showing that the method of sweat extraction
does not affect the sensor response. Thus, the sensor is highly specific to sweat ethanol
levels and does not produce a response with 0 BAC. Figure 7j showed the sensor response
at different BAC, with (a) being at 0%, (b) at 0.025%, and (c) at 0.062%. Figure 7k showed
current changes at different BAC.

Additional control experiments were performed to validate the sensor. It has been
shown to provide reliable information in real-world settings, which can provide a highly
useful instrument to monitor alcohol for road safety. A more interesting implementation
could be to fit these devices in such a way that the measured BAC determines whether a
vehicle can be started or not. Future systems would involve calibrating the device, ensuring
data security, and safeguarding privacy.

3.5. Biomolecules Monitoring

Compared to the three biomarkers mentioned, biomolecules including proteins, cy-
tokines, nucleic acids, or neuropeptides are also important indicators reflecting a subject’s
health or infection status. Although they are always present at relatively low concentra-
tions in physiological fluids, they are of great interest for monitoring the chronic wound
healing process as well as future diagnosis or management of diseases such as wound
healing, Parkinson’s disease, and depression. As an example, a stretchable electrochemical
immunosensor was used to detect the protein of the TNF-α antibody to monitor wound
healing (Figure 8a) [103]. TNF-α was immobilized on the working electrode and detected
using a voltammetric technique of differential pulse voltammetry method. Without the

25



Biosensors 2021, 11, 245

addition of TNF-α, the Faraday current was recorded at the redox potential that came from
the redox of ferricyanide (Figure 8b). When TNF-α is added, a barrier layer is formed on
the surface of the working electrode to inhibit electron transfer to reduce the recorded
current. The immunosensor shows decent sensing performance both in buffer solutions
with clinical concentration ranges (0.1 pM–0.1 μM) and human serum. Additionally, it
can adapt to strains up to 30% due to 3D micro-patterned elastomers as a potential for
body-attachable immunosensing (Figure 8c).

Figure 8. Sweat-based sensors for biomolecules monitoring. (a) Schematic showing a stretchable chemical immunosensor
for TNF-α cytokine sensing. (b) Schematic illustration of the TNF-α cytokine proteins immobilized on the working electrode
for electrochemical sensing. (c) Image of fabricated device arrays. Reproduced with permission from ref. [103], Copyright
from 2019, Elsevier. (d) Schematic illustration of cortisol in sweat and saliva. CRH, corticotropin-releasing hormone;
ACTH, adrenocorticotropic hormone. (e) Schematic showing the light and dark cycle for regulating circadian rhythm and
controlling of cortisol transport to sweat. (f) Cortisol levels in serum, saliva, and sweat at different times from a healthy
subject. Reproduced with permission from ref. [27], Copyright from 2020, Elsevier.

Besides, timely and accurate detection of stress is essential for monitoring and manag-
ing mental health. Considering that the current questionnaire and other methods are very
subjective, a wearable chemical sensor was proposed with a highly sensitive, selective, and
miniaturized mHealth device based on a laser flexible graphene sensor to non-invasively
monitor the level of the stress hormone of cortisol (Figure 8d). It shows a strong correlation
between sweat and circulating cortisol and demonstrates that changes in sweat cortisol
respond quickly to acute stress stimuli. In addition, it showed a diurnal cycle and sweat
cortisol pressure response curve, revealing the potential for dynamic pressure monitoring
achieved by the mHealth sensor system (Figure 8e). Trends in ante meridiem/post meri-
diem (AM/PM) cortisol variability modulated by circadian rhythm are observed from a
subject with the ratios ranging from 1.35 to 2.00 (Figure 8f). This platform provides a rapid,
reliable, and decentralized health care vigilance at the metabolic level, thereby guiding
an accurate snapshot of our physical, mental, and behavioral changes. Other sweat based
wearable bioelectronics are also developed to detect pathogenic contamination [117] and
antimicrobial peptides [79], and are compatible with the customized display interface for
more convenient monitoring of health performance.
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4. Conclusions and Future Scope

In the new age of wearable bioelectronics, sweat-based wearable bioelectronics has
emerged as a leading technology that can measure biomarkers from a source that is bound-
less and easily extractable. The acquisition of biomarkers is generally noninvasive, will
not degrade analytes, and has high sampling and detection efficiency. Recent advances in
sweat-based wearables have also demonstrated a strong indication that this technology
can be utilized in: health monitoring and disease detection, exercise intensity monitor-
ing, drug metabolism monitoring, and ethanol level measurement. To further promote
the practicality of sweat-based wearable bioelectronics, the following challenges need
further attention:

(1) Improvement of biomarkers availability in sweat. Although sweat contains many
biomarkers, the concentration of these biomarkers varies widely. In general, the
concentration of biomarkers in sweat is significantly lower than that in other body
fluid samples with a similar volume. Compared with human plasma, the proportion
of sodium, potassium, lactic acid, and glucose in sweat is small. The main reason
behind this huge difference is the filtration of extracellular matrix tight junctions,
which limits the size of molecules that can pass through the skin. Therefore, improving
the availability of biomarkers in human sweat is one of the key problems to be solved
in sweat-based wearable bio-electronic devices.

(2) Sustained sample source and stable quantity. It is well known that the amount of skin
perspiration varies from individual to environment. Therefore, the ideal wearable
sensor must be able to accommodate the variations of different individuals and
provide accurate sweat monitoring. Continuous monitoring of sweating is difficult to
achieve because a person cannot sweat for a long time without external stimulation.
This special problem greatly reduces the efficiency of an independent sweat-based
wearable device for continuous monitoring throughout the day. Although we can
use some methods to induce perspiration for providing sample sources for wearable
sweat sensors, the differences in composition between heat-induced perspiration
and chemical-induced perspiration are still questionable. Currently, it seems very
convenient and time-saving to use chemicals such as pilocarpine to artificially produce
sweat, and it can provide sweat samples continuously and indefinitely. However, it is
not yet clear whether this sweating stimulation will affect the individual’s common
sweating function and induce health concerns of long-term use in the human body.

(3) Improvement in sample quality. The quality of sweat samples is also susceptible to
various external factors which may lead to inaccurate measurement data. For example,
sweat produced during strenuous physical activity is usually used to cool the body
temperature. Thus, the sweat tends to evaporate on the surface of the skin to carry
away heat for cooling purposes. Consequently, the concentration of biomarkers in
the initial sweat sample changes during evaporation. In addition, the sweat excreted
by the human body is easily contaminated by pollutants on the surface of the skin.
In research settings, a protective conductive layer is added between the sensor and
the skin area where the sweat is artificially induced to prevent the generation of
pollutants. However, the dead volume between surfaces may cause a delay in the
time from perspiration to sensing, which reduces the accuracy and increases the
latency of the collected data. To improve the measurement accuracy of the sensor,
more attention and effort should be paid to this problem.

Although with numerous challenges yet to be overcome, sweat-based sensors for
biomonitoring are a nascent and promising field of technology. Several technological
challenges will need to be resolved, as listed above, before a commercial implementation
of wearable sweat-based devices can be developed. Some future directions for further
research and development are also discussed here:

(1) Exploring efficient power supply methods. The great progress of wearable biosensor
technology and the growing demand for multi-task processing on wearable platforms
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to promote the development of advanced power supplies. To realize non-invasive
wearable bioelectronics, the power supply should be efficient and sustainable and
have good flexibility to meet skin contour and mechanical stress. Although great
efforts have been made in noninvasive flexible fuel cells and biofuel cells, the cur-
rent technology is far from the requirements to provide stable and reliable power
support for most of the existing wearable bioelectronics. Besides further boosting
the power output from the flexible fuel cells, another possible solution is to manu-
facture microsensors that consume less power. Additionally, harnessing energy from
multiple sources, such as biomechanical energy and solar energy, could also be a
promising solution.

(2) Developing suitable data processing and system integration methods. To obtain
informative results gathered from wearable bioelectronics, it is necessary to per-
form appropriate post-processing on the electrical signal of the sensor, including
amplification, filtering, and analog-digital conversion. Then, the processed signal is
transmitted to the upper computer for analysis and display. Therefore, in this process,
the electrical signal gathered by the sensor needs to be sampled by the processor and
converted into a recordable value. The sampled raw data may suffer from inherent or
environmental noise. Appropriate signal processing methods can reduce the influence
of these noises, which is conducive to extracting useful signals from the sensor. The
processed data is then transmitted to an external platform, such as a computer or
mobile phone, for displaying and analysis. Here, the major role of data processing is
to reduce noise and provide a user-friendly display of the recorded data. For applica-
tions requiring big data storage space and complex calculations, the data needs to be
preprocessed before transmission. At present, the most popular technologies used
for real-time data streaming and analysis in wearable sensing devices are low-energy
Bluetooth and near field communication (NFC). However, both technologies have
obvious transmission drawbacks. For example, NFC needs to be close to the receiver
electronics for functioning. A transmission system that achieves the ideal connection
has yet to be developed.

(3) Reducing the delay of data collection and analysis. Since it is a complex process to
analyze and process the data collected by the sweat sensor, it generally takes a long
time to complete. However, during this process, the evaporation of sweat on the skin
surface will cause changes in the concentration of biomarkers in the sweat sample,
which will pose a major obstacle. Reducing the delay between sweat collection
and analysis is an important research area, which may be solved by developing
low-power and high-performance microprocessors. Moreover, advanced big-data
processing methods based on machine learning or deep learning algorithms can be
further integrated into the system to realize the rapid and accurate extraction of the
collected data.
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Abstract: The diagnosis of infectious diseases is ineffective when the diagnostic test does not meet
one or more of the necessary standards of affordability, accessibility, and accuracy. The World Health
Organization further clarifies these standards with a set of criteria that has the acronym ASSURED
(Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable
to end-users). The advancement of the digital age has led to a revision of the ASSURED criteria to
REASSURED: Real-time connectivity, Ease of specimen collection, Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free or simple, and Deliverable to end-users. Many
diagnostic tests have been developed that aim to satisfy the REASSURED criteria; however, most
of them only detect a single target. With the progression of syndromic infections, coinfections
and the current antimicrobial resistance challenges, the need for multiplexed diagnostics is now
more important than ever. This review summarizes current diagnostic technologies for multiplexed
detection and forecasts which methods have promise for detecting multiple targets and meeting all
REASSURED criteria.

Keywords: diagnostics; multiplex; point-of-care diagnostics; REASSURED

1. Introduction

Clinical diagnostics are devices or methods that are used to detect biomarkers in
the genome, proteome and metabolome for diagnosis, subclassification, prognosis, sus-
ceptibility risk assessment, treatment selection, and response to therapy monitoring [1,2].
Biomarker analytes include nucleic acids, proteins, peptides, lipids, metabolites, and other
small molecules [3,4]. Diagnostic tests are generally carried out in central labs, clinics,
hospitals, doctors’ offices, and point-of-care (POC) settings. Thousands of diagnostic tests
have been developed over the years, with varying levels of complexity, turnaround time,
cost, and other factors. While diagnostics account for less than 5% of hospital costs and
~1.6% of all Medicare costs, they influence up to 60–70% of healthcare decision making [5].
There are several stakeholders in diagnostics, each with their own priorities: patients,
healthcare providers, payers, pharmaceutical companies, diagnostic device manufacturers,
local and international health organizations, governments, public health agencies, and
regulatory bodies [6,7].

In order to be FDA (Food and Drug Administration) approved, diagnostic tests need to
meet certain standards for analytical and clinical validation. Analytical validation assesses
the sensitivity, specificity, accuracy, and precision of the test. Clinical validation assesses the
ability of the test to achieve its intended aim. Diagnostic tests in hospitals or reference labs
are able to meet analytical and clinical standards for accuracy and performance because
complexity and cost are not an issue. It is much more difficult for point-of-care diagnostics,
however, which must also minimize cost and complexity in their design and manufacturing.
The World Health Organization Special Program for Research and Training in Tropical
Diseases (WHO/TDR) concluded, in a study in 2003, that POC diagnostics should meet
the ASSURED (Affordable, Sensitive, Specific, User-Friendly, Rapid, Equipment-Free,
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Delivered) criteria [8]. In 2006, the WHO/TDR further recommended the ASSURED
criteria as a benchmark to decide whether diagnostic tests address disease control needs [9].
The ASSURED criteria represent three main attributes that are significant for a diagnostic
test. These attributes are accessibility, affordability, and accuracy. While all three attributes
are important, it is very challenging for any diagnostic test to adequately possess all three.
The different stakeholders in diagnostics may have varying orders of priority among
the three attributes. Patients may want diagnostic tests that are first, affordable, second,
accessible, and third, accurate. Healthcare providers likely prefer accuracy, accessibility,
and then affordability. Governments may prioritize accessibility over affordability and
accuracy. Manufacturers of diagnostics that are maximizing profits probably emphasize
accessibility, accuracy, and then affordability.

In the face of the SARS-CoV-2 pandemic, the role and importance of diagnostics has
become increasingly apparent. Diagnostics help to track, contain, and control the spread of
infectious diseases. Several diagnostic tests were developed in the wake of the SARS-CoV-2
pandemic [10–13], which guided the formulation and implementation of measures that
were used to protect the public, find new variants, track the disease, and slow its spread.
Diagnostics have also played a major role in non-infectious diseases. Early detection of
biomarkers of cancer, cardiovascular disease and metabolic diseases, such as diabetes and
hypertension, have reduced the mortality rate of humans over the years [14–17].

1.1. Multiplexed Diagnostics

Multiplexing is the process of simultaneously detecting or identifying multiple biomark-
ers in a single diagnostic test, which can be valuable for several different types of diseases.
For example, pharmacogenomic studies in patients with cardiovascular disease have indi-
cated that the presence of polymorphisms affects patients’ response to various drugs [18].
Therefore, the multiplex detection of relevant biomarkers will not only provide insight
of the pathophysiology of cardiovascular disease, but also provide a guide for the most
efficient treatment option. Most cancers have biomarkers in common with other cancers,
hence detecting multiple biomarkers is needed for the accurate differentiation of cancer
types or location [19,20]. Hermann et al. [21] demonstrated that several biomarkers are
significantly elevated in breast cancer patients versus patients with benign breast tumor
disease. The multiplexed detection of these biomarkers enables oncologists to accurately
diagnose their patients and select the appropriate therapy, thus improving patient outcomes
and decreasing healthcare costs. Cytokines are important in the mediation of immune
responses, such inflammation and mobilization of immune cells [22]. They are secreted by
different cell types and are very diverse [23]. Multiplexed detection of cytokines is key to
the better understanding of the immune response. Abdullah et al. [24] demonstrated that
multiplexed detection of cytokines was important to understand whether neural stem cell
rosette morphologies had an impact on the profile of cytokine signals and therefore had
different outcomes in neurodegenerative disease cell therapies.

Infectious disease is another area where multiplexed diagnostics are extremely valu-
able. Most infectious diseases, such as urinary tract infections and respiratory infec-
tions, have multiple causative pathogens, but the resulting symptoms do not indicate the
causative pathogen. On the other hand, different types of infections that have shared
symptoms could be misdiagnosed or incompletely diagnosed. For example, SARS-CoV-2
and influenza A or B present with many of the same symptoms and clinical features [25,26].
Studies show that there is the prevalence of influenza coinfection among people with
SARS-CoV-2 is 0.4% in the United States of America and 4.5% in Asia [27]. In a case study
of 1986 patients that presented with Severe Acute Respiratory Infection (SARI), 14.3%,
8.8% and 0.3% had SARS-CoV-2, influenza and SARS-CoV-2/influenza coinfection, respec-
tively [28]. In another study, 40% of a cohort of Kenyans who sought treatment for fever
were presumed to have malaria and received malaria medicines even though they actually
had HIV [29]. Incomplete diagnosis of infectious disease leads to inefficient treatments by
exposing some pathogens to sub-lethal doses or the wrong antibiotics. This contributes
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to the emergence of antimicrobial resistance and recurrent infections as well as persistent
secondary infections [30,31]. The last two classes of antibiotics were discovered in 1987
and 2004 [32], and since then, we are in a period of discovery void while there is rapid
emergence of antimicrobial pathogens to the antibiotics that currently exist (Figure 1).
According to O’Neil [33], 10 million people will die annually due to antimicrobial resistance
(AMR) by 2050. Furthermore, AMR-related costs and the associated loss of productivity
amount to about USD 55 billion annually in the U.S. alone [34]. Better diagnostics and
treatment for tuberculosis could save 770,000 lives over the course of 2015 to 2025 [33],
while a malaria test could save ~2.2 million lives and prevent ~447 million unnecessary
treatments per year [35]. The introduction of antibiotics increased the average lifespan of
humankind by 23 years since the first introduction of antibiotics, thus showing the drastic
consequences if we were to lose the use of antibiotics that we currently have [32]. Another
instance where multiplexing is crucial is the diagnosis of blood infections. Sepsis resulting
from blood infections can be caused by many pathogens and becomes increasingly fatal
over time, with mortality increasing by 7.6% for every hour that passes without receiving
the correct antibiotic [36]. Accurately identifying which pathogen(s) is responsible for
the blood infection is therefore a race against time to start the antibiotic therapy before
sepsis becomes fatal [37]. The diagnosis of infections should therefore be approached by
syndromic diagnosis, wherein all the potential pathogens for an infection or symptom
are investigated rather than tested for just the most likely pathogen and then conduct-
ing other tests if negative [38,39]. Multiplexed diagnostic tests—wherein one sample is
simultaneously tested for multiple pathogens in the same device—are essential for blood
infections nowadays and important to combat AMR for all types of infections in the future.
A query on the PubMed database of the National Center for Biotechnology Information
(NCBI) suggests that researchers have become increasingly more interested in multiplex
diagnostics (Figure 2).

 

Figure 1. The timeline of antibiotics class discovery/development and onset of antimicrobial resis-
tance reproduced from [29].
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Figure 2. Annual publications related to diagnostics compared to annual publications related
to multiplex diagnostics from 1950 to 2021 from the PubMed database (National Center for
Biotechnology Information).

1.2. REASSURED Diagnostics

Considering the advances in digital technology and mobile health, a new REAS-
SURED (Real-time connectivity, Ease of specimen collection, Affordable, Sensitive, Specific,
User-Friendly, Rapid and Robust, Equipment free or simple Environmentally friendly,
Deliverable to end-users) framework has been proposed as the benchmark for diagnostic
systems [40]. The diagnosis of a disease is just the first step. The information from the
diagnosis results needs to be used to inform actionable steps to treat or manage the disease.
In a remote setting where a healthcare professional is not readily accessible, real-time
connectivity provides the avenue to transmit the results to the healthcare professional for
medical advice. Furthermore, having a reader that can provide the results of a diagnostic
test is important especially in ambiguous cases where there is uncertainty due to variation
in the interpretation of the results. A reader will serve as a standardized way to state the
results of the diagnostic test [41–43].

The development of diagnostic tests that meet all the ASSURED criteria, but uses
hard-to-obtain samples, such as venous blood, will not be very helpful in the absence of a
trained professional to obtain the sample. It is therefore very crucial that, when possible,
diagnostic tests should be developed to use easy-to-obtain and non-invasive samples, such
as finger pricks, nasal or oral swabs, or urine samples.

While all the elements of the REASSURED criteria are important for POC diagnostics,
it is challenging for any diagnostic device to embody all of these elements and trade-
offs are often made in one or more elements to achieve other elements. For instance,
nucleic acid testing (NAT) is very sensitive and specific, but often requires purification or
isolation of the nucleic acid, concentration of the nucleic acid, amplification, and detection
of the nucleic acid [44–46]. These processes can be achieved through user steps or by
the introduction of equipment components that can execute them. On the other hand,
antigen-based diagnostics, such as a lateral flow assay, are not as sensitive and specific as
NAT, but are far more user-friendly, affordable, rapid, and deliverable [47]. In these two
scenarios, some degree of sensitivity and specificity could be traded for the affordability,
user-friendliness, and equipment complexity of the diagnostic test by detecting antigens
instead of nucleic acids.
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Naseri et al. [48] have summarized POC devices based on lateral flow assays (LFAs)
and paper-based analytical devices (PADS) technology that were developed in the last
10 years for common human viral infection diagnostics. Dincer et al. [49] presented a
survey of the existing multiplexed POC tests in academia and industry, while Kim et al. [50]
summarized current POC tests for multiplex molecular testing of syndromic infections;
however, these reviews focused mainly on POC diagnostics rather than summarizing
devices that meet REASSURED criteria. In this paper, we present the current state of
multiplexed diagnostic technology that meet REASSURED criteria based on an in-house
developed scoring scheme. This review summarizes multiplexed diagnostics in three
categories: (i) clinically used, (ii) in academia or research only, and (iii) next-generation
technology. We then discuss the limitations in developing multiplexed REASSURED
diagnostics, present current gaps in technology, and describe the needs for future research
and development. For the purpose of this review, clinical diagnostics refer to diagnostics
that have been approved by the FDA (including Emergency Use Authorization) or have a
CE marking and are available for patient diagnosis.

2. Clinically Available Multiplexed Diagnostics

2.1. Proteins and Peptides

Multiplex detection of select protein or peptide biomarkers in human samples, such
as blood, serum, saliva and urine for clinical diagnosis, while very important, presents
with a challenging puzzle: human samples typically have a myriad of diverse proteins
and peptides [51], only some of which are the protein of interest. Accurately differenti-
ating the select protein biomarkers out of the matrix is challenging due the occurrence
of cross-reactivity [52]. The advancement in technology has made it possible for some
immunoassays to be adapted to the point-of-care setting for multiplex peptide and pro-
tein biomarker detection. LFAs use a variety of detection techniques, such as fluorescent
immunoassays (FIA), chemiluminescence immunoassay [53] and colorimetric immune
assays [54], for the detection of protein and peptide biomarkers. While LFAs have lower
sensitivity compared to molecular diagnostic tests [55], they are rapid and relatively cheaper
to fabricate compared to other diagnostics [56]. LFAs were the first tests that meet the
WHO ASSURED criteria [47,57]. They are typically equipment free or are accompanied
by a simple reader with a digital interface. When immunoassays, such as LFAs, have a
colorimetric read-out, the interpretation of the results is subjective to the person who is
reading the results. This may be problematic in cases where the biomarkers being detected
are present in low concentrations. Utilizing a simple reader in conjunction with these LFAs
will promote an objective and a more accurate interpretation of the results. This will also
enable the LFAs to satisfy the REASSURED criteria.

Enzyme-Linked Immunosorbent Assays (ELISAs) are a highly sensitive method for the
detection of protein and peptide biomarkers. ELISAs are very prone to interferences [58],
which pose challenges to developing a multiplex test. This challenge is overcome through
the use of spatial multiplexing approaches, such as wells and microarrays [59,60]. To avoid
false positive tests as a result of non-specific interactions, there are multiple wash steps in
ELISA assays. The automation of ELISAs for adaption to the POC and limited resource
settings is therefore challenging because complex equipment components are required for
fluid handling to execute wash steps. Furthermore, to avoid false negative tests, there
are lengthy incubation periods in ELISA assays. It is therefore very challenging to adapt
ELISAs for point-of-care diagnostics that fit the REASSURED criteria.

The BinaxNOW influenza A and B card 2 developed by Abbott is a multiplex im-
munochromatographic LFA that is able to provide rapid differential diagnosis of influenzas
A and B infection [61]. This test is designed to be read by the DIGIVAL reader for result
interpretation. The DIGIVAL reader is portable and battery powered, making it suitable for
limited resource settings. Becton and Dickinson’s (BD) Veritor™ Flu A + B with analyzer
distinguishes between influenzas A and B as well. The BD test analyzer is palm sized and
battery powered and hence suitable for use at remote and limited resource settings [62].

39



Biosensors 2022, 12, 124

Acucy influenza A and B test developed by Sekisui diagnostics comes with a portable
battery-powered reader as well [63]. Quidel’s Sofia 2 Flu + SARS antigen FIA test is a
multiplex fluorescent immunoassay for the detection of and differentiating SARS-CoV-2,
influenzas A and B [64]. The Sofia 2 reader is portable, but it is not battery powered. It is
suitable for point-of-care settings, but it may not be fitting for a remote or limited resource
setting. There appears to be a trend of LFA diagnostics being accompanied by readers and
real-time connectivity [41–43], hence rapidly adapting and meeting the REASSURED criteria.

2.2. Nucleic Acids

Polymerase chain reaction (PCR) is the gold standard amplification method for molec-
ular diagnostic assays for clinical use. PCR-based diagnostics assays are robust and can use
crude samples, such as blood [65]. The key obstacle preventing PCR NATs from meeting all
of the ASSURED criteria is that multiple temperatures are required for the amplification of
target NAs. Device components that can perform thermal cycling are therefore necessary
when developing a PCR-based diagnostic device. It is also challenging to develop multiplex
PCR diagnostics. The existence of multiple primers for multiple targets increases the rate
of formation of primer dimers, which then leads to non-specific amplification [66]. There
is therefore a need for the stringent optimization of reaction conditions and parameters
in order to achieve a multiplex PCR [67]. On the other hand, isothermal amplification,
such as loop-mediated isothermal amplification (LAMP) and recombinase polymerase
amplification (RPA), do not require thermal cycling [68,69]. The sensitivity of LAMP is not
affected when the nucleic acid sample is impure and has other crude components, such as
proteins and other cellular components [70]. However, a LAMP reaction requires four to six
primers for each target, and hence poses a challenge when multiplexing due the occurrence
of non-specific amplification [69,71].

The Accula dock developed by Mesa Biotech (now a part of Thermo Fisher Scien-
tific (Waltham, MA, USA.)) is a portable sample-to-answer molecular diagnostic device
that uses Mesa Biotech’s proprietary PCR technology OSCillating amplification reaction
(OSCAR) [72]. The Accula systems operates with a test cassette in which the multiplexed
nucleic acid detection occurs. The Accula Flu A and Flu B is CLIA waived the multiplexed
test for the detection of influenzas A and B, and the device has a 510K FDA clearance [73].
The disposable test cassette together with the dock are a portable system that checks nearly
all the criteria for REASSURED diagnostics.

The Visby Medical Sexual Health (Figure 3A) developed by Visby Medical is a hand-
held device that is capable of a rapid multiplexed PCR for the detection of Chlamydia
trachomatis, Neisseria gonorrhoeae, and Trichomonas vaginalis [74]. The Visby Medical Sexual
Health device recently received CLIA waiver and FDA clearance. The device is a disposable
sample-to-answer diagnostic, which makes it adaptable for point-of-care testing and in
remote settings. Visby medical’s diagnostic device can be adaptable to any form of mul-
tiplexed molecular diagnostic test, as the Visby Medical COVID-19 test has been granted
Emergency Use Authorization (EUA) by the FDA for use by authorized labs [75].

Biomeme’s Franklin three9 is a rechargeable battery-operated mobile thermocycler that
is capable of conducting a multiplexed detection of nucleic acids and is adaptable to limited
resource settings. It is capable of PCR, (Reverse Transcriptase) RT-PCR, (quantitative)
qPCR and isothermal amplification. Franklin is not a sample-to-answer platform as it
requires upstream steps sample preparation. However, the sample preparation steps can be
achieved in about 1–2 min using Biomeme’s M1 sample-prep cartridge kits. The Franklin
system has Bluetooth and a wireless connection capability and is accompanied by an
intuitive companion mobile app that facilitates wireless programing and managing of
experiments. The Franklin three9 is capable of simultaneously testing nine samples with
three targets each [76].
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Figure 3. Clinical diagnostics devices scored on the REASSURED scoring scheme: (A) Visby Medical
Sexual Health reproduced with permission from Visby Medical (https://www.visbymedical.com/
resources/press-kit/ (accessed on 10 February 2022)). (B). Curo L7 reproduced with permission from
Curofit (https://curofit.com/ (accessed on 10 February 2022)).

2.3. Small Molecules, Lipids, and Other Biomarkers

CardioChek PA Analyzer by PTS Diagnostics is a portable handheld diagnostic device
that is battery operated. It works in conjunction with panels test strips to measure single
and multiplex analytes. The CardioChek PA analyzer and test strips can measure total
cholesterol, high density lipoproteins, triglycerides and glucose and provide results in
45 to 90 s. The test strips are stable at room temperature [77].

Curofit’s Curo L7 m (Figure 3B) is capable of multiplex runs with up to six simultane-
ous tests with a cholesterol test strip. The device is handheld and battery-powered and is
able to deliver results directly from sample. The Curo L7 m is suitable for point-of-care and
low resource settings [78].

3. Multiplexed Diagnostics in Research or Academia

3.1. Proteins and Peptides

There are many multiplex immunoassays (MIAs) under development and only a few
have been commercialized [79]. Chen et al. [80] demonstrated the use of a smartphone camera
for reading ELISA-on-a-chip assays (Figure 4C). Berg et al. [59] published a cellphone-based
hand-held microplate reader (Figure 4A) that used optical fibers to transmit data from ELISA
plates to a cell-phone camera for diagnostics at the point of care. Mobile-phone-based ELISA
(MELISA) is a portable system published by Zhdanov et al. [60] (Figure 4D). It is a miniature
version of ELISA that is capable of executing all ELISA steps as well as providing a phone-
based read-out of the results. The MELISA system has multiple reaction wells and has
the potential to developed into a multiplexed system. According to the publishers, the
total assembly of the MELISA system cost about USD 35. The system does not require
any complex instrumentation; however, it uses plasma and hence requires an upstream
sample preparation step. Ghosh et al. [81] described a microchannel capillary flow assay
that detected malaria by a smartphone-assisted chemiluminescence-based ELISA. Perhaps,
mobile phone-based ELISA platforms are the future direction for REASSURED diagnostics
for protein and peptide biomarker detection.
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Figure 4. Multiplex diagnostics systems in research and academia. (A) Smartphone ELISA plate reader
system reproduced from [56]. (B) FGAS system reproduced from [76] with permission from the
Royal Society of Chemistry. (C) Smartphone-based ELISA-on-a-chip reproduced from [74], with the
permission of AIP Publishing. (D) MELISA platform reproduced from [57] with permission from the
Biosensors and Bioelectronics. (E) RespiDisk system reproduced from [77]. (F) IoT-based diagnostic
system reproduced [78] with permission from the Biosensors and Bioelectronics.

3.2. Nucleic Acids

Shu et al. [82] proposed rapid multiplexed molecular diagnostic system dubbed flow
genetic analysis system (FGAS) that is capable of conducting quantitative detection of
nucleic acids (Figure 4B). FGAS is portable and battery powered, making it suitable for low
resource settings. It is coupled with a smartphone, which is used for fluorescent imaging.
RespiDisk (Figure 4E) is a fully automated multiplex molecular diagnostic device for
respiratory tract infections [83]. The platform is based on RT-PCR and capable of automated
sample-to-answer analysis, with a turnaround time of 3 h and 20 min. The RespiDisk system
operates by centrifugal microfluidics. An Internet of things (IoT)-based diagnostic device is
presented by Nguyen et al. [84] (Figure 4F). This platform is accompanied by an integrated
microfluidic chip that is capable of running a multiplexed reverse-transcriptase LAMP
(RT-LAMP) reaction. In addition, this battery-powered portable device has optical detection
capability and was able to accurately detect SARS-CoV-2 from clinical samples in 33 min.
The advanced IoT based device can be operated with a smartphone and provides real-time
data to the user. It is capable of sample-to-answer analysis and hence there are only few
user steps. Carter et al. [85] presented a multiplex lateral flow microarray platform for the
detection nucleic acids. This platform combined the desirable qualities of an isothermal
nucleic acid test (high sensitivity, high specificity, and no thermal cycling) with the best
qualities LFAs (inexpensive, rapid, and equipment-free).

4. Next Generation Multiplex Diagnostics

The development of microfluidics and nanofluidics has inspired the emergence of several
miniaturized platforms, such as lab-on-a-chip and lab-on-a-disk. These platforms present the
capabilities of molecular-scale sensitivity on low-cost and rapidly fabricated devices [86–88].
However, the adoption of these platforms into clinical diagnostics are yet to be realized.
Yeh et al. [89] presented a microfluidic chip called SIMPLE (Self-powered Integrated Microflu-
idic Point-of-care Low-cost Enabling). The SIMPLE chip is portable and completely integrated,
allowing the accurate quantitative detection of nucleic acids from whole blood in 30 min. The
emergence of microfluidic technologies propelled the development of digital PCR (dPCR).
dPCR offers advantages, such as excellent precision [90], single copy detection, high sensitivity
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and absolute quantification [91]. Droplet microfluidics [92–94] and microarray [95,96] are
some of the techniques used to achieve multiplexing by dPCR. While not able to meet all
REASSURED criteria, some dPCR techniques show potential by using a mobile phone for
detection and using simple fluid handling methods [97,98]. While very promising, the
development and commercialization of microfluidic platforms are hindered by setbacks,
such as the high cost and complexity of manufacturing on large scale, and challenges of
integration from sample to answer [99,100].

In recent years, a number of studies are migrating towards the application of CRISPR/Cas
systems for multiplex molecular diagnostics [101–104]. Gootenberg et al. [102] presents
SHERLOCKv2, a multiplex platform for nucleic acid detection with high sensitivity and
specificity and is integrated with a lateral flow read out. This presents the potential for
SHERLOCKv2 to be developed into a multiplex and portable platform for diagnostics.
Recently, Ackerman et al. [105] proposed a high throughput multiplex nucleic acid detection
microarray system called CARMEN-Cas13. The high sensitivity and specificity of CARMEN
combined with its incredibly high throughput, endows it with the potential of being the
ultimate point of care diagnostic device when integrated with upstream sample preparation
and concentration steps. Rezaei et al. [106] recently developed a portable device for the
screening of SARS-CoV-2 by RT-LAMP and followed by CRISPR/Cas12a reaction and
FAM-biotin system to give a fluorescent readout in a LFA. The device is semiautomated
and battery operated. It has the potential for multiplexing and is able to produce results in
about an hour. Yi et al. presented a similar system termed CRICOLAP for the detection of
SARS-CoV-2 and also employs an amplification step by RT-LAMP, which is followed by a
CRISPR/Cas12a collateral cleavage system for target recognition [107]. The paper reports a
real-time parallel fluorescent readout system.

In the current digital age, next-generation diagnostics are combined with machine
learning capabilities for high throughput and highly accurate results. Ballard et al. [108]
demonstrated a multiplexed paper-based Vertical Flow Assay (VFA) platform that used a
deep learning-based framework for sensing and quantifying high sensitivity C-Reactive
Protein. This platform represents a low-cost device that can be adapted for molecular
diagnostics at the POC and low resource settings. Machine-learning-assisted dPCR has
also improved diagnostic outcomes as demonstrated by Liu [109] and Miglietta [110].

5. Discussion

In the REASSURED scoring scheme (Table 1), LFAs with an in-built or a combined
reader had low sensitivity and specificity scores compared to molecular diagnostics, but
they had high overall scores. LFAs have been widely adopted for rapid diagnostics for
decades and while they are more affordable and simpler to develop and/or use, they do
not have good sensitivity and have low multiplex capacity. Most LFAs can only multiplex
two or three types of biomarkers. The limitations to multiplexing capability of LFAs
are due to technical and operational challenges, such cross-reactivity and selection of
appropriate diluents [56,111]. Most proteins or peptides have unique charges and pH
and hence, unique isoelectric points in different buffer conditions. There is therefore a
challenge of selecting the appropriate buffer for the select protein and peptide biomarkers to
multiplexed. In infectious diseases, acquired immune responses do not occur until several
days after exposure, and the antibodies linger in the body for days after the pathogen has
been cleared [112]. This makes it difficult for LFAs to distinguish between an active and
inactive infection.

The reviewed molecular diagnostics demonstrated much higher multiplex capacity
compared to the LFAs. Molecular diagnostics are easier to multiplex than LFAs because
biomarker recognition is achieved through the highly specific complementary hybridization
of primers and/or probes. The quest to bring molecular diagnostic devices to the point-of-
care setting has led to an increased focus on the miniaturization of the test systems. A major
challenge that is often encountered by the miniaturization of the molecular diagnostic test
platforms is the integration of sample preparation steps. Sample preparation include steps
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for isolation, purification, and concentration of nucleic acids from crude samples, such as
blood and saliva. While the execution of these steps increases the sensitivity and specificity
of molecular diagnostics, they are a major driver in the cost and complexity of these devices.
Molecular diagnostics that have in-built readers or connectivity to smartphones were
completely integrated from sample to answer, and handheld and battery-powered devices
generally scored the highest points on the multiplexed REASSURED scoring scheme.

Table 1. REASSURED scores of 9 clinically available multiplex diagnostics. The scoring was assigned
on a 1 to 3 scale based on developed criteria (Supplementary Materials, Table S1). The total score was
obtained by finding the average score across all elements of REASSURED and dividing by 3.

Test (Multiplex Capacity) R E A S S U R E D Score

Accula dock Flu A/
Flu B Test (2) 3 3 1 2 2 3 3 1 3 78%

Visby Medical Sexual
Health (3) 3 3 - 3 3 3 3 3 3 100%

Franklin three9
COVID-19 (27) 3 3 3 3 3 1 3 3 3 93%

Binax Now Influenza
A & B with DIGIVAL (2) 3 3 1 1 2 3 3 3 3 81%

BD Veritor™ Flu A + B
with analyzer (2) 3 3 2 1 3 3 3 3 3 89%

Sofia® 2 Flu + SARS
antigen FIA (3)

3 2 1 1 2 3 3 3 3 81%

Acucy influenza A and B (2) 3 3 2 1 3 3 3 3 3 89%

CardioChek PA Analyzer
with CHOL + HDL + GLU

Panel (3)
3 3 3 - - 3 3 3 3 100%

CuroL7 (6) 3 3 3 - - 3 3 3 3 100%

There is a need for technology that is highly accurate, but also is affordable and accessi-
ble, especially in the developing world. Such a technology will not only help to address the
need for increased access to diagnostics, but also ensure endemic and pandemic prepared-
ness for the future. More funds need to be allocated to the development of multiplexed
REASSURED diagnostics through funding by research and academic institutions and the
incentivizing of research and development efforts of industry.

Point-of-care diagnostics development should gravitate towards more syndromic
test panels, such as respiratory infection panels, urinary tract infection panels, blood
protein panel and STI panels. Multiplexed panel measurements rather than single panel
measurements are important because they facilitate the efficient and effective diagnosis of
syndromic infections, accurately indicate the correct antibiotic or treatment, and minimize
the number of tests that need to be run to diagnose coinfections.

Novel technologies in development that meet the REASSURED criteria should be
incentivized by governments and international organizations to bring them to the market.
Gene Xpert Omni, unveiled by Cepheid in 2015 and dubbed as the world’s most portable
molecular diagnostic system, was predicted to decentralize and increase access to TB
diagnosis [113,114]. However, the commercialization plans for the Gene Xpert Omni were
aborted, and Cepheid has received petitions to reinstate the plan to commercialize the
diagnostic system [115,116]. The development of the Cepheid’s Gene Xpert systems was
supported by the Foundation for Innovative New Diagnostics (FIND) and the National
Institutes of Health (NIH), among other investors [117]. According to Gotham et al., FIND
is currently evaluating the Gene Xpert Omni, and it is expected to be commercially available
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in 2022 [117]. Cost is still an issue, however, as the lowest cost of the GeneXpert instrument
is USD 11,530 [118] and the per test cost averaged USD 21 [119].

An ideal diagnostic case for SARS-CoV-2/Flu A & B would be a test of ≤ USD 1
that can simultaneously detect and differentiate between SARS-CoV-2/Flu A & B RNA in
15 to 60 min with a sensitivity and specificity of >98%. This test would have ≤2 user steps,
all reagents prepackaged within, be equipment-free (or operated by a simple, portable, and
handheld device ≤USD 10), be made of environmentally friendly material, and disposable.
Moreover, the device, test and its reagents would be stable at room temperature with a
shelf-life of about a year. Finally, if a device is necessary beyond the disposable test itself,
it would be battery or solar powered, and able to transmit results remotely or by USB
connection to a mobile phone. While this ideal use case is for differentiating SARS-CoV-2
from Influenza A/B, a similar multiplexed and inexpensive test would help greatly with
other infections, such as UTIs, blood infections, and diarrheal disease [120,121]. Cancer
resistance genes identification, cardiovascular disease prognosis, cytokines profiling, and
epigenetic modification profiling are other areas where multiplex detection of biomarkers
will be invaluable [18,24,122–124].

Lateral flow assays meet the standards for affordability and accessibility, so improving
their accuracy could be the answer. Molecular tests already have high accuracy, so a
different approach would be adapting molecular tests into a REASSURED format and
decreasing their cost/complexity. While there is currently no such diagnostic device,
the rapid emergence of new technology, such as machine-learning-assisted diagnostics,
CRISPR-based diagnostics and nanofluidic technology, places such ideals within reach with
further research and innovation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12020124/s1, Table S1: Scoring scheme for assessing diagnostics
on the REASSURED criteria. The scoring ranges from 3 to 1, 3 being the highest score and 1 being
the lowest score; Table S2: Scoring scheme of clinical diagnostics on the REASSURED criteria [125].
Averages were calculated from the scores of the individual elements of the REASSURED criteria.
The Overall score was calculated by expressing the average score as a percentage of 3, the highest
achievable average score (Reference [125] is cited in the supplementary information under Table S2).
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Abstract: Infectious agents, especially bacteria and viruses, account for a vast number of hospital-
isations and mortality worldwide. Providing effective and timely diagnostics for the multiplicity
of infectious diseases is challenging. Conventional diagnostic solutions, although technologically
advanced, are highly complex and often inaccessible in resource-limited settings. An alternative
strategy involves convenient rapid diagnostics which can be easily administered at the point-of-care
(POC) and at low cost without sacrificing reliability. Biosensors and other rapid POC diagnostic
tools which require biorecognition elements to precisely identify the causative pathogen are being
developed. The effectiveness of these devices is highly dependent on their biorecognition capabili-
ties. Naturally occurring biorecognition elements include antibodies, bacteriophages and enzymes.
Recently, modified molecules such as DNAzymes, peptide nucleic acids and molecules which suffer
a selective screening like aptamers and peptides are gaining interest for their biorecognition capabili-
ties and other advantages over purely natural ones, such as robustness and lower production costs.
Antimicrobials with a broad-spectrum activity against pathogens, such as antibiotics, are also used
in dual diagnostic and therapeutic strategies. Other successful pathogen identification strategies
use chemical ligands, molecularly imprinted polymers and Clustered Regularly Interspaced Short
Palindromic Repeats-associated nuclease. Herein, the latest developments regarding biorecogni-
tion elements and strategies to use them in the design of new biosensors for pathogens detection
are reviewed.

Keywords: biorecognition; diagnosis; biosensor; pathogens; aptamers; antibodies; peptides; enzymes;
DNAzymes; peptide nucleic acids

1. Introduction

Infectious diseases remain a significant global health concern and cause of mortality.
Lower-respiratory infections, diarrhoeal diseases and tuberculosis are currently among the
top ten global causes of mortality [1]. A worrying development that will greatly hamper
treatment and control of infectious diseases is the emergence of drug-resistant pathogens
in recent decades. Currently, at least 700,000 people around the world die each year due to
infections caused by drug-resistant organisms [2].

For centuries, clinical manifestations were the most common means to establish a di-
agnosis for many infections. Remarkably, this is still often the case today because diagnosis
of an infection can take several days before a result is delivered. The classical methods
for microbial identification are based on culture, which is a slow process providing low
sensitivity and has limited use in viral identification. Other traditional microbial diag-
nostics use microscopy and staining, and serological methods, such as hemagglutination
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assays. Although inexpensive and rapidly performed, these methods suffer from the
disadvantages associated with culturing [3,4]. More recently, standard molecular methods
have been adopted for microbial diagnosis, such as Polymerase chain reaction (PCR) and
Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-
TOF). These methods, although highly sensitive and relatively fast to perform, are complex
and require expensive sophisticated equipment with low portability, often making them
inaccessible [3].

To successfully manage infectious diseases in a clinical setting, a rapid diagnosis and
administration of targeted antimicrobial or antiviral therapy is crucial [5]. Because current
solutions can fail to quickly identify serious infections, they can prove fatal due to a delay
in treatment. Examples of such conditions include sepsis, a potentially life-threatening
condition [6], and Clostridium botulinum infection, which produces lethal neurotoxins that
can lead to rapid deterioration of a patient but is sometimes misdiagnosed as stroke or
other conditions. To improve diagnostic outcomes, the World Health Organization (WHO)
defined that the ideal diagnostic tests should be affordable, sensitive, specific, rapid,
equipment-free and delivered to those who need them [7]. Most conventional methods do
not meet all or most of these criteria. With the aim of meeting these criteria, point-of-care
(POC) diagnostics such as biosensors for mass application are under development because
they are inherently flexible, easy to use, minimally instrumented and can be produced at
low costs [8].

Biorecognition elements, also referred to as bioreceptors, have the essential function
of providing analyte specificity to a biosensor. An ideal biorecognition element possesses a
selective and potent affinity towards the bioanalyte, thus endowing a biosensor with good
specificity [9]. This review provides an update on the different types of biorecognition
elements being studied and the strategies employed for the identification of pathogens
that can be used for POC diagnostics. Although the use of antibodies for biorecognition
dominates the landscape due to their inherent abilities for antigen detection, there are
a few challenges associated with their use in biosensors, such as instability and high
cost. Hence, recent research has been more focused on nucleic acid derivatives such as
aptamers and peptide nucleic acids (PNAs), which can be modified to improve their
biorecognition capabilities while being arguably more stable than antibodies. Numerous
studies have been conducted on aptamers and the most recent ones are herein summarised.
In addition, theranostic approaches which combine therapy and diagnosis [10] make use
of the dual properties of antibiotics and certain types of peptides to selectively detect
and simultaneously inactivate pathogens, making them extremely useful, and several
examples are discussed. Enzymes, similarly to antibodies, have intrinsic properties for
pathogen identification and have also been adapted to some extent, although they also
suffer from instability. Other recent strategies for pathogen identification are also explored,
such as Clustered regularly interspaced short palindromic repeats/associated nuclease
(CRISPR-Cas) and molecularly imprinted polymers (MIPs).

This plethora of promising biorecognition elements are versatile enough to be used by
themselves, routinely coated onto magnetic nanoparticles (MNPs), microparticles and mi-
crofluidic devices or included in detection probes where they are integrated into biosensors
for pathogen identification. All these strategies and methods are thoroughly discussed in
this review with a focus on sensing platforms used especially in POC diagnostics. Although
most of the reviews related to biosensors are more focused on the detection strategies and
principles [11,12], our review addresses the important aspect of how exactly the pathogenic
targets are identified or recognised prior to detection. In addition, a number of examples of
commercially available biosensors are examined. This aspect is often overlooked in other
reviews, which usually only consider results from research outputs.

2. Recent Progress in Platforms for Pathogen Detection

In the past few decades, biosensors have emerged as an alternative to conventional
diagnostic methods. Biosensors are highly advantageous due to their high sensitivity,
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low-cost, ease-of-use and rapid response time for analyte detection [12]. A biosensor
comprises a biorecognition element that binds to a target analyte (e.g. bacteria, virus,
protein, polysaccharide) and transducer elements that translate the binding occurrence
into a detectable signal with a detector providing readout (Figure 1) [13]. The translation
of prototype biosensors to commercial development has hitherto been a slow process.
However, in response to the emerging need for POC diagnostics and the manifold benefits
of sensor-based testing, numerous new commercial biosensors are being introduced to
worldwide markets.

Figure 1. Main components of a biosensor: analyte, biorecognition element and transducer which
produces a detectable signal. The major types of biorecognition elements and analytes in the context of
clinical pathogen detection are included. PNAs: peptide nucleic acids. Created with BioRender.com.

Table 1 highlights some sensor-based products for the identification of pathogens that
are currently available on the market. Most of these products are based on immunological
principles using antibodies to recognise the analyte. These commercial sensor platforms
are usually in the form of lateral flow immunoassays (LFA), latex agglutination assays and
rapid antigen tests. Other classes of novel biorecognition elements that have shown some
promise in pathogen identification are still not commonly used in commercial sensors.
Regarding the detection systems, biosensors based on electrochemical, piezoelectric and
optical principles are still not widely commercialised.
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Other advancements to improve diagnostics for infectious diseases make use of com-
putational methods and tools. More recently, computational modelling has been used to
design biorecognition elements with an effectiveness unlikely to be matched by conven-
tional wet laboratory techniques. Molecular docking is an example of a computational
modelling technique that has been used to design high-affinity biorecognition elements
towards the detection of pathogenic targets [34]. For ligand discovery, in silico simula-
tions have been used to design “superselective” multivalent probes by optimising the
multiplicity (binding to the target DNA at multiple sites), instead of the strength of the
probe-target bond, wherein the target can be pathogens, to enhance detection sensitivity
and specificity [35]. Technologies such as Next-Generation Sequencing (NGS) or massively
parallel sequencing, which are high throughput sequencing methods, have the potential to
establish hypothesis-free diagnostic approaches to detect virtually any pathogen leading to
a paradigm shift in how infections can be diagnosed [3]. Metagenomic NGS (mNGS) has
proven capabilities of detecting a wide range of pathogens present in a patient sample [36].
Additionally, the enrichment of target nucleic acids prior to mNGS enhances the sensitivity
of detection [37]. To illustrate, Wylie and collaborators [38] developed a capture probe
called ViroCap, constituted by a panel of 2 million sequences able to enrich viral nucleic
acids of a large set of eukaryotic viruses preceding mNGS to increase the sensitivity of
virus detection. All the expected viruses from 26 clinical samples and 30 additional viruses
were detected, whereas when only mNGS was used some of the viruses were not detected.
Although mNGS can be successfully implemented, it is time- and resource-intensive and
requires bioinformatics expertise. Therefore, its potential in diagnostics is based on specific
cases where unsuspected or unculturable organisms are present and may be not detected
(false negative results) with standard assays.

3. Biorecognition Elements

The essential requirement of an effective biorecognition element is to provide speci-
ficity for the (bio)analyte (also referred to as the target) [9]. The most important charac-
teristics of a biorecognition element for pathogen identification are sensitivity (few false
negatives) and selectivity (few false positives) [39]. Widely used as biorecognition elements
are the antibodies’ immunoglobulins (Ig) due to their exceptionally high affinity and speci-
ficity towards their target analytes. Moreover, aptamers, peptides, bacteriophages and
enzymes, among others, have also been established as being effective for biorecognition
purposes. The targets of biorecognition elements, which enable pathogen identification,
are usually specific surface molecules (e.g., biomarkers), such as proteins and epitopes or
their by-products (toxins and metabolites) or nucleic acids. Exploring the various biorecog-
nition elements and their inherent characteristics is essential to improve and develop novel
POC diagnostics.

3.1. Antibodies

Igs, generally referred to as antibodies, are large glycoproteins produced by white
blood cells with strong affinity and specificity towards their target analytes. These qualities
make them a natural and popular choice as biorecognition elements and consequently, have
been adapted for use in pathogen identification. In addition to whole monoclonal antibod-
ies (mAbs), which are laboratory made, antibody-derived single-chain variable fragments
(scFv) and fragment antigen-binding (Fab’) units are commonly used for biorecognition [40].
They are more cost-effective than mAbs while providing similar specificity values as con-
ventional antibody approaches. Antibody-based probes are most commonly used for the
detection of specific proteins and whole cells [41]. Because numerous methods of pathogen
identification using antibodies as biorecognition elements have been reported, this review
provides only a brief overview of a few recent reported strategies.

Antibodies are identified within the relevant biochemical pathways and then produced
in animals and purified for various applications, including for use as capture probes
in sensors platforms [9]. Most examples of antibody-based biosensors for detection of
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pathogens use commercially produced antibodies, as in the case of Park et al. [42] who
developed a 3D printed microfluidic device with antibodies conjugated to MNPs (Ab-
MNPs) as capture probes against the common pathogen enterohaemorrhagic Escherichia
coli O157:H7. The device, termed a magnetic pre-concentrator (3DμFMP) was tested using
human blood mixed with 102–107 colony forming units (CFU) of E. coli O157:H7 and
Ab-MNPs (1013 particles/mL). The mixture was treated with adenosine triphosphate (ATP)
eliminating reagent before being injected into the 3DμFMP device. Captured cells were
then magnetically separated and quantified using an ATP luminescence assay achieving
an excellent limit of detection (LOD) of 10 CFU/mL in blood. The 3DμFMP device was
efficient, selectively enriching E. coli O157:H7 700-fold in a volume of 100 mL in one hour.

Antibodies were also used in multiplex detection of pathogenic bacteria by Jang et al. [43].
Figure 2 illustrates the synthesis of modified capture magnetic beads (MBs) and dual
nanoprobes for detection, which are based on both surface-enhanced Raman spectroscopy
(SERS) and fluorescence. Two different mAbs that recognise two pathogens, E. coli J5
and Francisella tularensis, were conjugated to respective MB-clusters for selective magnetic
capture (Figure 2A). The dual nanoprobes used for detection (Figure 2B,C), comprised
silver nanoparticles (AgNPs) conjugated with SERS reporters and fluorescence dyes and,
subsequently, the AgNP clusters were encapsulated. They were conjugated to another
pair of mAbs that recognise the respective bacterial targets (Figure 2A). In the presence
of F. tularensis and E. coli J5, the MBs-clusters selectively bind to the respective bacterial
target (Figure 2D). Following magnetic enrichment, the dual nanoprobes were added,
which formed sandwich-type immunocomplexes containing the bacteria, MB-clusters
and the dual nanoprobes (Figure 2E). Detection was performed by SERS (Figure 2F) and
fluorescence microscopy. A linear correlation was verified between the Raman intensity
and the pathogen concentration from 102 to 106 cells/mL, and the LOD was found to be
less than 102 cells/mL.

Another similar example adapted the use of antibody conjugated NP enrichment with
SERS detection in an easy-to-use LFA format. Primary antibody-conjugated magnetic gold
nanoparticles (AuNPs) were used for enrichment of E. coli. The enzyme rennet was used
to prevent aggregation of the AuNPs, to facilitate free movement of the bacteria along
the paper-based LFA strip followed by SERS detection. The sensitivity of this system was
comparable with a plate-counting method and could be completed in 1 h [44].

A POC biosensor for the identification of Mycobacterium tuberculosis was reported using
monoclonal antibodies with high specificity towards the well-established M. tuberculosis
heat shock protein X (HspX) [45]. The antibodies were directly immobilised on a plasmonic
sensor surface for detection, achieving a LOD of 0.63 ng/mL in pretreated sputum samples.
Using a similar strategy, Zika virus was detected by immobilising a monoclonal antibody
specific to an envelope protein of Zika virus onto an impedimetric immunosensor [46]. The
sensor achieved a low LOD of 10 picomolar.

Although antibodies have been the gold standard as affinity molecules for decades,
their limitations include poor stability and reproducibility, which complicate their use
in sensing platforms that require a long shelf-life. Other problems relate to lengthy pro-
duction time and the need for ethical approval, which increase costs [47]. Therefore,
research in recent years has also focused on finding alternate biorecognition elements with
improved specifications.
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Figure 2. Three-step synthesis of monoclonal antibodies (mABs) conjugated with magnetic beads and SERS (surface-
enhanced Raman spectroscopy) and fluorescence-based dual nanoprobes for the multiplex detection of Escherichia coli J5
and Francisella tularensis: (A) Magnetic bead clusters were encapsulated and conjugated to mABs to selectively capture
either E. coli or F. tularensis. (B,C) For the subsequent detection step after bacterial capture, AgNP clusters were encoded
with SERS reporters (red and yellow stars), stabilised by bovine serum albumin (BSA), conjugated further with fluorescent
dyes and encapsulated in a polymer. (D) E. coli J5 and F. tularensis bind to the respective mABs and were magnetically
separated. (E,F) Multiplex detection of sandwich immunocomplexes composed of bacteria, magnetic bead clusters and
the SERS and fluorescence-based dual nanoprobes was achieved. Detection method develop by Jang et al. [43]. Created
with BioRender.com.
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3.2. Enzymes

Enzymes are natural, biologically derived molecules that have evolved an innate
ability to achieve analyte specificity [9]. Enzymes attain specificity to a bioanalyte through
binding cavities deep in their structure. Binding can occur by various means such as
hydrogen-bonding, electrostatic binding and other non-covalent interactions [48]. How-
ever, enzymes, such as antibodies, are sensitive to degradation, which affects their repro-
ducibility and, by extension, their applicability in biosensors. Liu et al. [49] developed
a microwave-assisted method for the synthesis of red fluorescence gold nanoclusters
(AuNCs) functionalised with lysozyme and demonstrated their potential use in a visual
detection nanosensor of E. coli. Lysozyme is advantageous as it reduces Au+ ions and
thus stabilises the AuNCs. Additionally, lysozymes are antimicrobial enzymes that can
recognise and kill several types of bacteria [50]. Due to lysozyme’s high specificity for E. coli
and the fluorescence enhancement of the lysozyme functionalised AuNCs, the nanosensor
detected E. coli with good sensitivity (LOD = 2 × 104 CFU/mL). Due to the nature of
the fluorescence evolution, the nanosensor can be suitably applied to real-time and fast
detection of bacteria.

Label-free and real-time genus-specific detection of bacterial pathogens using lytic
enzymes was proposed by Couniot et al. [51]. The lytic enzyme lysostaphin selectively
digests staphylococci. Therefore, a compatible microelectrode sensor with Staphylococcus
epidermidis anchored to its surface was incubated with lysostaphin. A real-time shift in
impedance was observed when target bacteria were lysed by the enzyme. The LOD
was calculated as 108 CFU/mL within a minute of bacterial incubation. Specificity of
the lysostaphin-based sensor to S. epidermidis was demonstrated in synthetic urine also
containing Enterococcus faecium.

More recently, Clemente et al. [52] proposed a simple visualised method for rapid
diagnosis of the respiratory pathogen Pseudomonas aeruginosa due to enzymatic liquefaction
of infected sputum samples. The catalytic conversion of hydrogen peroxide, when added
to an infected sample, by the P. aeruginosa enzyme catalase results in disruption of biofilms
and generates an effervescence of oxygen bubbles which can be clearly seen. Catalase is
produced only by P. aeruginosa and so other bacteria do not produce a reaction on addition
of hydrogen peroxidase. An LOD of 105 cells/mL was reported, which is considered the
clinical threshold for respiratory infections detection. An important advantage of using
enzymes instead of affinity molecules is that non-specific binding on sensors is eliminated,
which could greatly facilitate its use for real samples. Moreover, lytic enzymes can be
potentially applied in the detection of all Gram-positive bacteria.

3.3. Peptides

Peptides typically consist of short chains of 10–40 residues [53]. Antimicrobial peptides
(AMPs) are part of the innate immune system in many eukaryotes. They usually bind
to the negatively charged cell membranes of bacteria prompting cell lysis. AMPs have
been successfully applied as biorecognition elements, in part due to their broad-spectrum
activity against a variety of pathogenic bacteria. Cell-penetrating peptides (CPPs) are
another class of short peptide sequences that find application as biomolecular delivery
vehicles due to their ability to breach cellular membranes [54]. Both AMPs and CPPs have
potential as biosensors and therapeutics due to their ability to inactivate pathogens [55].
Synthetic peptides can be selected randomly by phage display from phage libraries for
application in biosensors and often perform better than antibodies [53,54]. Their relatively
easy synthesis and intrinsic stability render them as suitable candidates to increase the
shelf-life of sensor diagnostic platforms [56]. However, some key challenges are related to
detection of bacteria in real samples, and their relatively low sensitivity and selectivity for
diagnostic applications remain [53,57].

Certain pathogens can be identified indirectly based on their distinct by-products.
For example, E. coli and some other bacterial species produce high levels of alkaline phos-
phatase (ALP). Zhang et al. [58] constructed a fluorescent probe that senses bacterial ALP
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activity. The novel probe comprised a controlled aggregation-induced emission luminogen
(AIEgen) conjugated with a self-assembling peptide. The AIEgen-peptide probe designated
as TPEPy-DFDFPYDEGDK (TPEPy-pY) was designed containing a phosphorylated tyrosine,
which, in the presence of bacterial ALP, is dephosphorylated. The dephosphorylation of
TPEPy-pY reduces its hydrophilicity, causing the probe to assemble on the bacterial surface,
triggering the AIEgen to fluoresce. The probe demonstrated good sensitivity and selectivity
for ALP activity, with an LOD of 3.38 × 106 CFU/mL.

Numerous examples of biorecognition methods make use of AMPs. In a recent study,
Yuan et al. [59], reported MNPs modified with an AMP bacitracin A were able to capture
bacteria. Their work revealed that the interactions between bacitracin A and bacteria are
due to a pyrophosphate group present in the lipid target on bacteria and other indirect
interactions mediated by sodium and zinc ions. After magnetic separation, SERS tags
bound to the captured bacteria were used for their detection. The SERS spectra allowed to
distinguish between E. coli, Staphylococcus aureus and P. aeruginosa.

Seminal work related to AMPs employed Magainin I to semi-selectively identify
pathogenic bacteria [56]. Magainin I (GIGKFLHSAGKFGKAFVGEIMKS), which is nat-
urally present on the skin of African clawed frogs, exhibits antibiotic activity against
numerous species of bacteria. A micro-capacitive electrode sensor was functionalised
with Magainin I. The sensor demonstrated adequate selectivity to distinguish strains of
specific pathogenic Gram-negative bacteria, while Magainin I retained broadband detection
abilities. A sensitivity to E. coli of 1 bacterium/μL was achieved. Another enrichment and
detection platform comprised of a chemically modified microfluidic platform immobilised
with Magainin I to capture bacteria achieved an LOD of 5 CFU/mL of Salmonella and
10 CFU/mL of Brucella from urine samples within 60 min [60].

Class IIa bacteriocin AMPs such as leucocin A are noted for their anti-Listeria activity.
A study by Azmi et al. [61] highlights these attributes of leucocin A. A peptide array was
used to screen short peptides from a synthetic peptide library with selectivity for Listeria
monocytogenes for use as biorecognition elements in a sensor. By employing this screening
method, the Leucocin A fragment Leu10 (GEAFSAGVHRLANG) exhibited the highest
affinity to target bacteria relative to the other peptide fragments. Similarly, leucocin A
was used to selectively capture L. monocytogenes from among other Gram-positive strains
followed by impedimetric detection, as illustrated in Figure 3. An LOD of 103 CFU/mL
was achieved by this method [62].

Figure 3. Graphical representation of an antimicrobial peptide (AMP)-based biosensor used for
impedimetric detection of bacteria. The AMP is immobilised on a microelectrode array. The
functionalised sensor selectively captures the target cells due to the immobilised AMP. Created
with BioRender.com.

In some cases AMPs perform better than antibodies, as illustrated by Arcidiacono
et al. [63], who evaluated the potential of fluorescently labelled AMPs as an alternative to
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labelled antibodies in the detection of E. coli O157:H7. AMPs cecropin P1, SMAP29 and
PGQ were labelled with a fluorescent dye Cy5 and screened using a cell binding assay. It
was revealed that Cy5-cecropin P1 improved the detection of target bacteria 10-fold when
compared to a Cy5 labelled with an anti-E. coli O157:H7 antibody.

Other miscellaneous AMPs that have been researched for their biorecognition ca-
pabilities include Clavanin A and Ubiquicidin. Clavanin A is isolated from the marine
tunicate Styela clava. An electrochemical biosensor was constructed using AuNPs chem-
ically modified with cysteine and functionalised with Clavanin A for the detection of
Salmonella typhimurium and E. coli. The sensor displayed moderate sensitivity and was able
to differentiate signals for bacterial concentrations between 101 and 104 CFU/mL [64]. In a
different study, a chemically modified version of Ubiquicidin enhanced with a fluorophore
for detection by optical endomicroscopy demonstrated selectivity for pathogenic bacteria,
and for the pathogenic fungus Aspergillus fumigatus (that causes pulmonary infections) over
human cells in an ex vivo human lung model [65].

Multiplex systems based on arrays of various AMPs can be used for biorecognition of
various analytes such as viruses. Fluorescently labelled viruses can be identified based on
their characteristic response pattern upon interaction with the AMP panel [66]. Similarly,
the goal of a study conducted by Kulagina et al. [67] was to establish such a multiplex
detection system for pathogenic bacteria and viruses relevant to biodefence. The authors
developed an array of different types of AMPs immobilised on a sensing substrate. The
pathogens were fluorescently labelled and their identification was based on an evaluation
of their binding pattern to the immobilised AMPs. The pathogens tested were Venezuelan
equine encephalitis virus (VEE), vaccinia virus, Brucella melitensis and Coxiella burnetii.
The AMPs array comprised polymyxins B and E, cecropins A, B, and P, melittin, parasin,
bactenecin and Magainin I, and antibodies were used as controls. After the binding assays,
it was observed that most of the immobilised AMPs bound labelled vaccinia virus, VEE
and C. burnetii proportional to their concentration, and B. melitensis bound to bactenecin,
polymyxin B and E. By establishing the characteristic binding patterns of various microbial
pathogens, AMP arrays can be used to distinguish between them.

In a recent example, Fu et al. [68], developed a sensor array comprised of fluorogenic
peptide probes for the differential sensing of the Ebola virus (EBV). The probes were con-
structed based on self-assembly between graphene oxide, which is a strong fluorescence
quencher, and three fluorescently labelled peptide fragments T-RS5, T-QY7 and T-ED17,
which were derived from antibodies. In the presence of pseudo-viruses (not able to repli-
cate), the probes displayed an increase in fluorescence proportional to virus concentrations.
This suggests that the peptide probes are removed from the graphene oxide surface to form
peptide-virus complexes, resulting in fluorescence recovery. Based on the analysis of the
fluorescence signals, differential sensing is evident in spite of the similarity of the viral
capsid glycoproteins of EBV, Marburg virus and vesicular stomatitis virus.

A peptide microarray approach has also been developed to improve the accuracy of
COVID-19 diagnosis. For example, Li et al. [69] prepared a microarray of spike protein
(S1)-derived peptides from SARS-CoV-2 with full S1 coverage and analysed the immuno-
logical response from 2434 serum samples of COVID-19 patients including asymptotic
patients. Based on the results, several 12-mer peptides were identified as suitable antigens
to detect antibodies against SARS-CoV-2. While monitoring the IgG response, one of the
peptides exhibited a sensitivity of 95.5% and specificity of 96.7%, which is comparable to
the performance of the S1 itself for detection of symptomatic and asymptomatic COVID-19
cases. Additionally, a panel of four selected peptides was constructed with capabilities
to prevent potential cross-reactivity with serum containing other coronaviruses. Addi-
tionally, Cai et al. [70] also evaluated a serological method for COVID-19 diagnosis and
developed a peptide-based magnetic chemiluminescence enzyme immunoassay (MCLIA).
Twenty candidate peptide epitopes of antigens of SARS-CoV-2 were predicted in silico and
synthesised. The peptides were then linked to MBs and tested in an MCLIA with serum
from COVID-19 patients to detect their binding to IgG and IgM antibodies. A peptide
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derived from the S1 protein of the virus showed the best performance and was further
evaluated in an MCLIA with serum from 276 patients with COVID-19. The IgG and IgM
positive detection rates were found to be 71.4% and 57.2%, respectively. By comparison,
Pomplun et al. [71] screened peptides with high affinity towards the receptor-binding
domain (RBD) of SARS-CoV-2 S1 towards the development of an efficient SARS-CoV-2
diagnostics. A method based on affinity selection using mass spectrometry (MS) was used
to rapidly screen a library composed of 800 million synthetic peptides. Three sequences
were identified with dissociation constants in the range 80–970 nM for the RBD. It was
also shown that the RBD was selectively enriched by the selected peptides from a complex
matrix comprising human serum proteins.

Because numerous peptides have been successfully tested for their biorecognition
capabilities in sensing platforms and in arrays, they are promising candidates for use in
biosensors, especially when taken together with their various other stated benefits.

3.4. Nucleic Acid Derivatives

The development of in vitro selection methodologies, such as the so-called “Systematic
evolution of ligands by EXponential enrichment” (SELEX), to screen for single stranded
DNA or RNA (ssDNA or ssRNA) from random-sequence nucleic acid libraries with high-
affinity binding properties gave rise to intensive investigation on synthetic nucleic acids
with special properties [72]. Since then, a variety of functional synthetic nucleic acids and
their analogues have been developed for various diagnostics and therapeutic applications,
including aptamers, DNAzymes and PNAs [73,74]. These synthetic molecules have distinct
advantages over traditional antibodies as they are arguably more stable, versatile and
cheaper to produce, making them the current preferred choice across sensing platforms [47].

3.4.1. Aptamers

Aptamers are short ssDNA or ssRNA molecules, having a length of 25–100 bases, that
fold into stable three-dimensional conformations. Due to their structure they recognise
and bind to targets via hydrogen bonding, van der Waals forces and/or electrostatic
interactions [54,75,76]. This behaviour makes them ideal biorecognition elements for
targeting pathogens with high affinity and specificity. Compared to antibodies, aptamers
exhibit significant advantages, including lower molecular weight, easier and cheaper
production methods and good chemical stability [77–79].

In addition, another advantage of aptamers is that they can be raised against an
extensive variety of targets from small molecules to big proteins and also live cells, such
as whole bacteria, for example [80]. The general steps of SELEX are illustrated in Figure 4.
They can be briefly described as: (1) the target molecules (or cells) are incubated for a
defined period with a ssDNA library pool; (2) non-binding sequences are then rinsed
off; (3) next, bound sequences are recovered and PCR-amplified—for example, by using
fluorescein isothiocyanate-labelled sense primers and biotin-labelled antisense primers;
(4) finally, the antisense strands are removed to generate ssDNA pools for subsequent
cycles of selection. As the cycles progress, various parameters, such as incrementing the
number rinses, can be performed to increase stringency, allowing retention of aptamers
with the strongest affinity from the pool. Flow cytometry is often used to monitor the
enrichment of the selected pools by binding assays with the target, whereby selected pools
with increased fluorescence are compared to the DNA library. To increase specificity to the
target, the recovered pools obtained after some of the rounds are incubated with control
molecules/cells to filter out sequences that bind to common sites present on the target, in
addition to on the control [81,82].
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Figure 4. The general steps involved in the selection of candidate aptamers towards a target bacterium
by cell SELEX (systematic evolution of ligands by exponential enrichment). These include incubation
of the target bacteria with a single stranded DNA (ssDNA) library, washing steps, counter-selection
and PCR (polymerase chain reaction) amplification before the cycle is repeated. After all cycles are
completed, candidate aptamers are sequenced. Created with BioRender.com.

The selected aptamers are being used as biorecognition elements in sensing platforms
to detect a wide variety of pathogens in patient samples. For example, an innovative
approach was developed by Wang et al. [75] to produce an aptamer-based device for
application in bacterial infection diagnostics. The authors screened aptamers using cell-
SELEX and identified highly specific aptamers capable of recognising three nosocomial
and antibiotic-resistant bacteria, namely E. coli, Acinetobacter baumannii and the multidrug-
resistant S. aureus. These aptamers were further integrated into a microfluidic system to
form a paper-based dual-aptamer microfluidic chip. Compared with traditional laboratory
techniques, this microfluidic system exhibited many advantages, including faster detection
times, smaller size, higher specificity and multiplex capabilities.

In another study, Savory and collaborators [83] used bacterial cell-SELEX to screen for
aptamers against Proteus mirabilis, which causes catheter-associated urinary tract infections,
in combination with in silico maturation (ISM) to improve aptamer specificity. ISM uses
a genetic algorithm to predict aptamer sequences with stronger target affinity than the
promising parent sequences raised by cell-SELEX. This is achieved through successive
rounds of sequence scrambling and random mutation in silico, followed by functional
screening in vitro and selection of improved aptamers. After two cycles of ISM, one
aptamer displayed a 36% higher specificity value than the original sequence selected by
cell-SELEX [83].

Aptamers also find use in the detection of tuberculosis [84]. During the early stages of
infection by virulent M. tuberculosis, culture filtrate protein 10 (CFP10) and early secreted
antigen target-6 (ESAT6) antigens are secreted and the detection of such proteins can be
used for the early and specific diagnosis of tuberculosis [85]. Therefore, Tang et al. [84]
raised aptamers against CFP10 and ESAT6 antigenic targets using SELEX. The selected
screened aptamers (CE24 and CE15) were used in an enzyme-linked oligonucleotide assay
(ELONA) to detect the proteins CFP10 and ESAT6 in serum samples of patients with active
pulmonary tuberculosis, extra-pulmonary tuberculosis and healthy donors. The results
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demonstrated a specificity and sensitivity of 94.1% and 100% (using CE24-based ELONA)
and, 94.1% and 89.6% (using CE15-based ELONA), respectively [84].

Recently, aptamers have also been conjugated with MNPs to improve diagnosis. For
example, Wang et al. [86] developed POC diagnostic systems to diagnose sepsis and
perform blood disinfection using aptamers. The commercial aptamers able to recognise
bacterial species were conjugated with iron oxide MNPs functionalised with chlorin e6
(Fe3O4-Ce6-Apt). This nano-system allowed successful diagnosis of sepsis in mouse models
caused only by S. aureus or by multiple bacterial species, namely S. aureus and E. coli, with
a detection sensitivity comparable with serological techniques and a shorter turnaround
time. Moreover, a total extracorporeal disinfection of blood was achieved due to the strong
photodynamic effect of the Fe3O4-Ce6-Apt system. Another example of Fe3O4 MNPs
functionalised with aptamers was reported by Hao et al. [87] for the specific capture of
enteropathogenic S. typhimurium. Commercially available specialised aptamer complexes
containing a sequence specific to capture S. typhimurium and a primer region used to assist
in detection were used. These primer sequences play a role in rolling circle amplification
(RCA) to produce long ssDNA with hundreds of tandem-repeat sequences [88]. Therefore,
while the bacteria are captured, simultaneously several signal probes are assembled on the
RCA products for enhanced amplification of the recognition event. This unique method
was reported to have a high selectivity for S. typhimurium, with an excellent LOD equal to
10 CFU/mL.

In addition to the abovementioned studies, there are currently many other examples of
aptamers used to identify various pathogens and their biomarkers [89–91]. Tables 2 and 3
summarise other examples of aptamers used to identify human bacterial pathogens and
viral human pathogens, respectively, for the diagnosis of infections.

Table 2. Summary of recent aptamer-based methods for the identification of bacterial pathogens.

Bacteria Target (Analyte) Detection System Refs.

Escherichia coli O157:H7 and
Salmonella typhimurium Whole bacteria Aptamer-modified fluorescent

magnetic multifunctional nanoprobes [92]

Staphylococcus aureus and
Escherichia coli Whole bacteria Multiplex aptamer-based

hydrogel barcodes [93,94]

Escherichia coli O157:H7 Whole bacteria
Electrochemical biosensor with

amino-functionalised metal–organic
frame integrated with aptamers

[95]

Staphylococcus aureus Whole bacteria
Electrochemical detection by

dual-aptamer-based sandwich with
silver nanoparticles

[96]

Staphylococcus aureus Enterotoxin A protein Graphene oxide-based
fluorescent bioassay [97]

Staphylococcus aureus Whole bacteria Surface-enhanced Raman spectroscopy
(SERS) biosensor [98]

Campylobacter jenuni Whole bacteria N/A [77]

Streptococcus pyogenes M11 M-type serotype whole bacteria N/A [99]

Mycobacterium tuberculosis MPT64 secreted protein Enzyme linked oligonucleotide assay [100]

Methicillin-resistant
Staphylococcus aureus (MRSA) Penicillin binding protein 2a (PBP2a) Fluorometric assay [101]

Pseudomonas aeruginosa Whole bacteria Fluorometric assay [102]

N/A—Not Applicable.
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Table 3. Summary of recent aptamer-based methods for the identification of viral pathogens.

Virus Target (Analyte) Detection System Refs.

Avian influenza strain H5Nx Whole virus Sandwich-type surface plasmon
resonance (SPR)-based biosensor assay [103]

Influenza A strain H3N2 Globular region of hemagglutinin Aptamer-functionalised magnetic
microparticle-based colorimetric method [104,105]

Zika Zika NS1 Protein Aptamer-Based enzyme-linked
immunosorbent assay (ELISA) [106]

Norovirus Murine norovirus and capsids of a
human norovirus strain GII.3 Electrochemical sensor [107]

H1N1 Inactivated H1N1 virus particles Electrochemical impedance sensor [108]

Human immuno-deficiency
virus Type 1 (HIV-1) Glycoprotein-120 (gp-120) Liquid crystal optical sensor [109,110]

Human papillomavirus (HPV) L1-major capsid protein of HPV Electrochemical impedance sensor [111,112]

SARS-CoV-2 Receptor-binding domain (RBD) of
the spike glycoprotein N/A [113]

SARS-CoV-2 Nucleocapsid protein ELISA and a gold nanoparticle
immunochromatographic strip [114]

SARS-CoV-2 Nucleocapsid protein N/A [115]

SARS-CoV-2 Spike glycoprotein N/A [116]

Ebola Viral RNA Antiresonant reflecting
optical waveguide [117]

N/A—Not Applicable.

Despite aptamers’ numerous advantages and recognised potential, the translation of
aptamer-based products to the clinics or other markets has been slow [118,119]. Reasons
for this include the high financial investment made in the research and production of
antibodies, and the general unfamiliarity regarding aptamers and their interesting perfor-
mance [120]. In addition, although aptamers may be cheaper to produce, in general, the
affinity properties of antibodies in comparison to aptamers remain superior. Furthermore,
SELEX can be a very time-consuming process. However, their advantages together with an
increasing awareness about them could lead, in the near future, to a wider use of aptamers
in the increasingly relevant POC diagnostics and therapeutics field.

3.4.2. DNAzymes

DNAzymes, also called deoxyribozymes, are synthetic ssDNA oligonucleotides that
display catalytic activities [121]. Inspired by the existence of naturally occurring ri-
bozymes (RNAzymes), Breaker and Joyce identified, in 1994, the first DNA-like enzymes
by SELEX [122]. DNAzymes were initially produced for the detection of lead contam-
inations [123]. More recently, they have been generated to identify cancer cells [124],
pathogenic bacteria [125] and other biomarkers. For example, Zheng et al. [125] created a
sensing platform using MNPs functionalised with a fluorescently-responsive DNAzyme
for the detection of pathogenic E. coli. The E. coli-specific DNAzyme was synthesised by
template-mediated ligation and further modified with MNPs and acetylcholinesterase
(AChE) to form a complex. In the presence of bacterial lysate, the DNAzyme domain binds
to target molecules from the bacterial content, triggering a cleavage event which releases
AChE. The free AChE subsequently plays a role in enhancing the fluorescence signal of the
detection system. DNAzymes were found to bind to the target with high specificity and
sensitivity, exhibiting a LOD of 60 CFU/mL with a linear range from 102 to 107 CFU/mL.

A highly innovative system for the detection of bacteria in blood was also developed
by Kang et al. [126]. SELEX was used to identify DNAzymes with specificity to the E. coli
lysates. The construction of the DNAzyme is shown in Figure 5. The DNAzyme domain
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was enzymatically ligated with a DNA–RNA chimeric substrate. This substrate contained
a ribonucleotide cleavage site flanked by a fluorophore and a quencher. In the presence of
the target E. coli lysate, the DNAzyme binds the target molecule, changes its conformation
and cleaves the fluorophore from its quencher, generating a high fluorescence detectable
signal. During detection, DNAzyme sensors were mixed with blood constituents and then
encapsulated in hundreds of millions of picolitre droplets. These were analysed by a 3D
high-throughput particle counter to detect fluorescent particles. Using this method, E. coli
was detected in a range of very low concentrations from a single cell up to 104 cells per
mL within a span of 1.5 to 4 h. Afterwards, this biosensor was adapted for detection of
Klebsiella pneumoniae in a fluorescent paper sensor [127].

Figure 5. DNAzyme biosensor proposed by Kang et al. [126]. The target(s) from lysed bacteria
bind(s) to the DNAzyme sequence (orange), which undergoes a change in conformational triggering
the activation of the DNAzyme. The activated DNAzyme cleaves the fluorogenic substrate at the
ribonucleotide connection (R), this releases the fluorophore (F) and quencher (Q) to produce a
high-fluorescence signal. Created with BioRender.com.

DNAzymes were also successfully employed in a colorimetric paper sensor for the
sensitive detection of another human pathogen, Helicobacter pylori, from human stool
samples achieving a LOD of 104 CFU/mL [128]. The RNA-cleaving properties of the
DNAzyme were activated by a protein biomarker of H. pylori and the DNAzyme was
identified by an in vitro selection process similar to SELEX. The method required minimal
sample processing and was completed in a few minutes.

In relation to virus detection, Kim et al. [129] devised a fast and simple colorimetric
assay to detect the human immunodeficiency virus (HIV) from human serum using a
previously established functional DNAzyme motif generated by conventional PCR. The
key aspect is the design of the primers that target the HIV-1 gag gene and, which during
PCR amplification, insert a functional DNAzyme sequence in the PCR product. After
amplification, hemin is added to assist in the formation of a G-quadruplex structure within
the DNAzyme sensor to catalyse the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS). The oxidation of ABTS yields a change from colourless to blueish
green which can be visualised and quantified. Recently, Anantharaj et al. [130]. designed a
biosensor for the detection of SARS-CoV-2 RNA using the same working principle. This
DNAzyme sensor is highly sensitive because it selectively targets the N gene of SARS-CoV-
2, which is not present in the genomes of other viruses. The LOD of the sensor was 103

copies of viral RNA. Other recent advances of G-quadruplex DNAzyme based biosensors
were revised by Xi et al. [131].

Similar to aptamers, DNAzymes exhibit remarkable selectivity to their targets and
therefore continue to find use as recognition molecules for a wide range of applications.
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3.4.3. Peptide Nucleic Acids (PNAs)

PNAs are artificial molecules composed of a polypeptide backbone with nucleic
acid bases attached as side chains. They are notable nucleic acid analogues due to their
unique physicochemical and biochemical attributes, stability and striking hybridisation
attributes [74]. Due to these characteristics, PNAs have wide application in molecular
diagnosis [132].

A paper-based colorimetric multiplex sensor using a Pyrrolidinyl PNA (acpcPNA) probe
for the detection of Middle East Respiratory Syndrome coronavirus (MERS-CoV), human
papillomavirus (HPV) and M. tuberculosis was successfully developed by Teengam et al. [133].
The probe was based on a previously described motif [134], wherein a PNA conjugated with
modified AgNPs induces aggregation of the AgNPs in the absence of complementary target
DNA. When the target DNA is present, a DNA–acpcPNA duplex is formed, originating
the dispersion of the AgNPs and a concomitant detectable colour change.

PNA Fluorescence In Situ Hybridisation (PNA-FISH) has become useful for the spe-
cific, reliable and rapid detection of human pathogens. Machado et al. [135] developed a
novel PNA-FISH method with specificity for Lactobacillus and Gardnerella vaginalis. Speci-
ficity and sensitivity of the PNA probes were 98% and 100% for Lactobacillus and G. vaginalis,
respectively. Furthermore, the probes were evaluated in samples mimicking the vaginal
microflora of patients with a bacterial vaginosis infection, to demonstrate their applicability
for diagnosis. PNA-FISH was also recently used by Rocha et al. [136] in the detection
of L. monocytogenes using a previously developed PNA probe (LmPNA1253) selected by
Almeida et al. [137] coupled with a new blocker probe. The method was able to detect
L. monocytogenes with an LOD of 0.5 CFU/mL in certain food samples.

PNA probes have also been used in the detection of clinical viruses, such as the
hepatitis C virus (HCV), which causes chronic liver disease. Ahour et al. [138] developed
an electrochemical sensor for HCV detection based on a 20-mer PNA probe that targets
a highly conserved consensus sequence present in core/E1 domain from HCV genome.
This sequence was cloned in a recombinant plasmid that was used to test the electrode.
The PNA was able to hybridise to this sequence without being necessary to denature the
plasmid. This represents an advantage because the DNA in nature is in a double-stranded
form. Therefore, this method can be used for identification of all HCV genotypes through
direct detection. For detection, a gold (Au) electrode modified with cysteine and conjugated
with the PNA probe was used. The hybridisation detection was performed by monitoring
the difference between the voltametric response of methylene blue (which serves as an
electroactive indicator) accumulated on the PNA–modified Au electrode before and after
the hybridisation event.

It can be concluded that PNAs hybridise more efficiently with complementary DNA
and RNA because they are neutral and their interactions lack charge repulsion which is
present in other nucleic acid-based probes. Therefore, they are highly useful when used
in conjunction with technologies such as FISH to create simple, rapid and highly accurate
microbial detection sensors [139]. In addition, sensors employing PNAs have also been
suggested to have great potential in the detection and diagnosis of COVID-19, and can
thus aid in curtailing its spread [140].

3.5. CRISPR-Cas

CRISPR are a family of DNA sequences originating in bacteriophages that have
previously infected prokaryotes and subsequently become incorporated into their genomes
as a defence mechanism to recognise foreign nucleic acid sequences and eliminate them
by using the endonuclease activity associated with an enzyme called Cas. Cas evolved
in prokaryotes for defence against invading viruses by cleaving their nucleic acid like a
pair of scissors [141,142]. CRISPR RNA (crRNA) guides Cas to recognise and cleave
target nucleic acids; thus, crRNA can be programmed towards any specific DNA or
RNA of interest such as pathogenic genetic material, for instance, by hybridising to a
complementary sequence [143]. In this manner, CRISPR-Cas has been repurposed as a
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gene editing tool, in disease treatment and diagnosis [144]. For diagnostic applications,
CRISPR-Cas systems have been used to sense nucleic acid-based pathogenic biomarkers
with single-base resolution.

An example of such a system is CRISPR-Cas9, which leverages its sequence-specific
nuclease activity to distinguish between viral lineages. To illustrate, a recent Zika virus
outbreak prompted Pardee et al. [145] to develop a widely regarded workflow for a portable,
low-cost colorimetric sensor which couples isothermal RNA amplification and toehold
switches on a paper-based platform. The sensor was further coupled with a CRISPR-Cas9
module that has the ability to distinguish between strains of a virus with single-base
resolution. Briefly, in the presence of the target RNA, a Cas9-mediated cleavage is triggered,
resulting in a truncated RNA product that is unable to activate the sensor toehold switch
and does not produce a colour change in the test paper. While in the presence of non-target
viral RNA, the full-length RNA product comprising the sequence to trigger the sensor
is generated, thus activating the sensor and producing a colour change on test paper.
Detection of Zika virus from monkey plasma infected with the virus was achieved in the
low femtomolar range. Additionally, Ai et al. [146] also developed a rapid assay using
CRISPR for detection of M. tuberculosis. The method combined an amplification step of
the target bacterial sequence by recombinase polymerase amplification (RPA) followed
by a Cas12a detection step. After the amplification step, the presence of target RNA
activates the Cas12a cleavage system, which in turn triggers a colour change in an ssDNA
reporter that is present. The detection system is extremely sensitive with almost single-copy
sensitivity. More recently, Kellner et al. [147] established a platform that also combines
RPA with CRISPR-Cas to detect target RNA or DNA sequences. This platform was named
SHERLOCK, which stands for specific high-sensitivity enzymatic reporter unlocking. In
addition to being portable and extremely sensitive in the detection of DNA or RNA from
real clinical samples, this platform is able to detect multiple targets through the use of a
multiplex fluorescence-based detection system.

For the detection of SARS-CoV-2, Hou et al. [148] proposed an alternative to the stan-
dard reverse transcription quantitative polymerase chain reaction (RT-qPCR) detection by
means of a rapid assay based on polymerase-mediated amplification and CRISPR/Cas13a.
Figure 6 illustrates the steps of the assay. This isothermal method is highly advantageous
because it does not require expensive and bulky thermocycler equipment and only takes
40 min. To test the novel assay, 52 RNA samples from patients with COVID-19 were
subjected to mNGS and three potential target sequences were identified. Subsequently,
CRISPR gRNAs and RPA primers were designed and screened. A primer set that targeted
open reading frame 1ab (orf1ab) displayed the best specificity and sensitivity and was used
to develop the CRISPR assay, which was based on T7 transcription and a Cas13 detection
step. To evaluate the specificity of the CRISPR assay, target viral DNA was substituted
with human DNA and a panel of bacterial and viral pathogens. None of these test samples
caused a false positive reaction. Further, the CRISPR assay demonstrated 100% sensitivity
because it was able to detect all 52 cases of COVID-19. In the future, the role of CRISPR-
associated nucleases can be expanded for direct diagnostic testing of nucleic acids due to
their exceptional single molecule sensitivity.
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Figure 6. Schematic illustration of the Clustered Regularly Interspaced Short Palindromic Re-
peats/Cas13a (CRISPR/Cas13a) system for detection of SARS-CoV-2 ribonucleic acid (RNA) pro-
posed by Hou et al. [148]. Reverse-Transcription Recombinase Polymerase Amplification (RT-RPA)
followed by a T7 transcription is used to amplify the SARS-CoV-2 RNA. In the next step, the nuclease
activity of Cas13a is activated when the guide RNA binds specifically to the open reading frame 1ab
(orf1ab) gene and triggers the cleavage of the RNA reporter. The cleaved RNA reporter produces a
fluorescent signal for detection of SARS-CoV-2. Created with BioRender.com.

3.6. Bacteriophages

Bacteriophages (also termed phages) are a type of viruses that infect and replicate
within their target bacteria. Due to their high specificity, conferred by receptor bind-
ing proteins (RBPs) on the bacteriophage surfaces with which they target bacteria, they
have potential for application in diagnostic tools and treatments against bacterial infec-
tion [149–152]. For instance, Liana et al. [153] functionalised MNPs with a high density
of T4 bacteriophages and subsequently used them to capture E. coli. T4 bacteriophages
infect E. coli and the one used in the reported study had specificity to E. coli type B (ATCC
11303) by means of their tail fibres. In addition to the density of bacteriophage loaded on
the MNPs, the authors reported the important effects of tryptone presence in the medium
and the incubation temperature used to grow E. coli in the capture capabilities of the
MNP probes. The T4 bacteriophages were found to bind irreversibly to E. coli at 37 ◦C in
tryptone-containing media (rich in tryptophane) during an incubation time of just 10 min.

In a different study, tosyl-activated MBs were functionalised with a bacteriophage
PAP1, which is highly specific to P. aeruginosa, to establish a bacteriophage-affinity strategy
for its detection [151]. The bacteriophage tail fibres and baseplate identified and captured
P. aeruginosa onto the MBs. Subsequently, the bacteriophage replication cycle proceeded
for about 100 min after which the progenies lysed the bacteria causing the release of
intracellular ATP. A firefly luciferase-ATP bioluminescence system was used to quantify
the captured bacteria. The LOD was determined to be 2 × 102 CFU/mL and the process of
capture and detection was completed within 2 h. To estimate the suitability of this strategy
for POC diagnosis, glucose, human urine and rat plasma samples were spiked with
P. aeruginosa at various concentrations and bacteria recovery tests with the functionalised
MBs were performed. Recovery rates ranged from 77.4% to 96.9%, demonstrating good
reliability for the detection of bacteria in complex samples [151]. In an example of multiplex
detection [150], two phage RBPs, gp18 and gp109, with potential specificity to the genera
Enterococcus or Staphylococcus, respectively, were identified in silico. The RBPs were fused
with fluorescent proteins and used in spectrofluorometric assays with the target bacteria for
their multiplex detection by fluorescence. Additionally, gp18 also showed high sensitivity
to E. faecium and E. faecalis by binding to 80% and 100% of tested strains, respectively.

The exceptional specificity displayed by bacteriophages for their target render them
prime candidates for diagnostic platforms. However, more bacteriophages that target
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other dangerous pathogens need to be further discovered or engineered to build promising
diagnostic systems that can also function as therapeutics.

3.7. Molecularly Imprinted Polymers (MIPs)

Artificial material-based biorecognition elements rely on the specific morphology or
shape of the target for selective capture [11,154]. MIPs include cell imprinted polymers
(CIPs), which are the most common examples of MIPs in the context of biorecognition.
Some processes used to produce MIPs include micro-contact stamping, bacteria-mediated
lithography and colloid imprints. For example, Khan et al. [155] fabricated a MIP by
imprinting the bacterial flagella of P. mirabilis onto electropolymerised phenol. The flag-
ellar protein imprint sites have rebinding ability in the presence of a sample containing
P. mirabilis. The MIP was evaluated for biorecognition in an electrochemical biosensor to
detect P. mirabilis during a rebinding event. The sensor was found to be highly sensitive
with an LOD of 0.7 ng/mL.

There are many more examples on the use of CIP in diagnosis. For example, Golabi
et al. [156] reported an electrochemical biosensor employing CIPs that specifically recognise
S. epidermidis. The CIPs’ fabrication is based on the polymerisation of 3-aminophenylboronic
acid. The features of the imprinted surface include complementary cavities at the polymer
surface, presenting structural specificity in terms of shape and size, but also chemical speci-
ficity via diol molecules which are present on the cell walls of S. epidermidis. The sensor
response was reported as being proportional to log 103–107 CFU/mL of S. epidermidis and
was highly specific for the target strain when compared to non-target species such as E.
coli, Deinococcus proteolyticus and S. pneumoniae. Similarly, a polydopamine-based CIP was
imprinted with template E. coli O157:H7 for capturing bacteria together with a polyclonal
antibody [157]. By electro-chemiluminescent detection, a very low LOD of 8 CFU/mL
was measured. There are other successful demonstrations of bacterial biorecognition by
employing CIPs reporting high specificity and sensitivity [158,159].

CIPs are also widely applied in the detection of virus in diagnostics [160]. Furthermore,
Cai et al. [161] developed an MIP-based sensor that exhibited exceptional specificity for E7
protein derived from the HPV [162]. The MIP was built by imprinting the tips of nanotube
arrays with a polyphenol nanocoating. The coating was non-conducting and detection
was performed by electrochemical impedance spectroscopy. The high specificity of the
sensor was confirmed when another similar protein of HPV called E6 was not recognised
by the E7 MIPs. The E7 protein was recognised with sub picogram per litre sensitivity,
surpassing that achieved by conventional MIPs and comparable with nanosensors based on
biomolecular recognition with ligands. A similarly constructed MIP system was developed
by Ma et al. [163] for specific recognition of the HIV-p24 capsid protein of the HIV virus.

Detection by MIPs is label-free and can be even more affordable than ligand-based
biorecognition platforms. However, during a binding event between template and molecules,
conversion of the resulting signal by detection systems needs to be improved, in addition
to elimination of noise in the signal.

3.8. Antibiotics

Although most antibiotics lack high selectivity due to their broad-spectrum activity, in
combination with certain upgrades that provide or improve selectivity, they have proven
to be effective for biorecognition of pathogenic targets, as illustrated by the examples pre-
sented in this section [164,165]. Antibiotics are widely available, highly stable and exhibit
strong binding capabilities to bacteria, making them excellent for combinatorial strategies
in biorecognition or in pre-enrichment steps in sensing platforms [164]. However, this
approach can only be considered for bacterial species that have not developed resistance to
the antibiotic under consideration.
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3.8.1. Vancomycin

Vancomycin (Van) is a well-known broad-spectrum lycopeptide antibiotic that in-
teracts with a range of Gram-positive bacteria. Lycopeptide antibiotics are known to
bind to the D-alanyl-D-alanine (D-Ala-D-Ala) dipeptide groups present in the cell wall of
bacterial strains through hydrogen bonds [166]. Therefore, Van is popularly used in the
functionalisation of MBs as bacterial capture probes and in combination with secondary
recognition molecules to improve specificity [164]. For example, Yang et al. [167] designed
multivalent “brush-like magnetic nanoprobes” and demonstrated their potential for the
efficient enrichment of pathogens. To construct the brush-like magnetic nanoprobes, com-
mercial amino-MBs were modified with poly-L-lysine (PLL), followed by the connection
of polyethylene glycol (PEG) to the amine sites of PLL. Van was previously linked to the
carboxyl molecule of PEG. By using these nanoprobes, an enrichment efficiency greater
than 94% was achieved, and also an excellent recovery of L. monocytogenes was obtained
within 20 min, at a bacterial concentration of 102 CFU/mL. Moreover, Meng et al. [168]
synthesised similar PEGylated MNPs functionalised with Van (Van-PMs), also to capture
and enrich the virulent foodborne pathogen L. monocytogenes from spiked lettuce samples
prior to detection by PCR. The Van-PMs displayed a high capture efficiency of around
83% and 90% with LOD of 30 CFU/g and 30 CFU/mL in lettuce samples and in PBS,
respectively. All steps, including enrichment and PCR, were accomplished in 4 h.

On another study, Yang et al. [164] synthesised MBs with a size of 100 nm function-
alised with Van to capture S. aureus prior to chemiluminescent detection. To improve the
specificity of these Van-MBs to S. aureus, rabbit Ig G (IgG) tagged with ALP was used as
a second recognition molecule, because the Fc region of rabbit IgG binds to protein A in
S. aureus surface. The resulting sandwich complex of Van-MBs-S. aureus-IgG significantly
improved the specificity due to the recognition of S. aureus at two distinct sites. In addition,
it facilitated ultrasensitive chemiluminescent detection of S. aureus in a linear range of
1.2–12 × 106 CFU/mL and with a very low LOD (3.3 CFU/mL). The entire process was
completed in 75 min.

More recently, Wang et al. [169], developed an efficient SERS biosensor that combined
Van-modified Fe3O4 AgNPs and gold and silver (Au-Ag) NPs for enrichment and sensitive
and specific detection of bacteria. The high-performance Van-Fe3O4@Ag MNPs served as
effective capture probes for Gram-positive bacteria such as E. coli, S. aureus and methicillin-
resistant Staphylococcus aureus (MRSA), achieving a LOD of 5 × 102 cells/mL. Then, the
plasmonic Au-Ag NPs were used as secondary NPs to increase the detection sensitivity.

3.8.2. Amoxicillin

Some bacteria possess so-called penicillin binding proteins (PBPs) which generate
β-lactamase enzymes to resist β-lactam producing antibiotics such as amoxicillin and
penicillin by breaking the lactam amide bond. Due to this interaction, the β-lactam in
amoxicillin has selective affinity to PBPs present on the bacterial cell membrane [170].
Based on this chemical interaction, Hasan et al. [171] synthesised an effective enrichment
probe against S. aureus and E. coli by modifying MNPs with 3-aminopropyltriethoxysilane
and amoxicillin to target PBPs. The modified MNPs successfully captured bacteria forming
aggregates that are then separated using an external magnet. MALDI-TOF was used to
confirm the interaction between the amoxicillin and bacterial PBPs. The LOD for S. aureus
and E. coli was in the range of 103–104 CFU/mL using MALDI-TOF after 5 min incubation
with amoxicillin functionalised MNPs.

3.8.3. Ampicillin

Ampicillin has all the stated advantages of antibiotics for use in biorecognition. It
is widely available, bringing down costs, and has broad-spectrum high-affinity binding
properties for bacteria. These strong affinity properties of ampicillin and the specificity
of antibodies were combined to design a LFA for detection of Salmonella enteritidis [165].
Ampicillin coated on MNPs facilitated the initial enrichment of S. enteritidis from spiked
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food samples by capture and magnetic separation. Subsequently, the enriched sample was
applied to the LFA. The anti-S. enteritidis mAB with high specificity towards S. enteritidis
dispensed on the LFA functioned as a specific enrichment agent, forming a sandwich
complex with the ampicillin-MNPs. The colour change was detected by the naked eye at
an LOD of 102–103 CFU/mL.

3.8.4. Neomycin

Neomycin is an aminoglycoside broad spectrum oligosaccharide antibiotic that tar-
gets the 30S ribosomal subunit and interferes with decoding and translocation, which,
consequently, inhibits protein synthesis in bacteria [172]. Zhang et al. [173] developed lipid
conjugated neomycin-based probes that selectively identify and label antibiotic-resistant
bacteria simultaneously without disrupting host immune cells. In addition, this probe has
theranostic abilities, such as the presence of neomycin, which inactivates the bacteria in
addition to detection. This is useful because the probe can have therapeutic and diagnostic
applications [10]. The lipidated probes exhibited highly specific and strong fluorescent
signals against MRSA and an increased inhibition effect compared to probes with only
neomycin. This increased specificity and decreased bacterial resistance is related to lipid
chains being able to increase the membrane permeability to the antibiotic. Therefore, this
strategy has the potential to detect bacterial infections with high selectivity and sensitivity,
and enhance the antibacterial effect of antibiotics without harm to host cells.

Clearly, a number of antibiotics have been tested for their potential as capture probes
and, in combination with selective ligands, can be very effective for bacterial identification.

3.9. Chemical Compounds

In addition to the classes of biorecognition elements exhaustively discussed above,
various molecules not covered by these classes also exhibit affinity and selectivity for
pathogens and can be exploited for use in sensing platforms. In one such example, Pang
et al. [174] designed a platform partly composed of maltohexaose-decorated cholesterol
that is able to target bacteria both in vitro and in vivo through a bacteria-specific mal-
todextrin transporter pathway. They investigated the theranostic capabilities of this smart
nanoliposome-based platform (MLP18) for targeting of multi-drug resistant strains of
MRSA and β-lactamase E. coli in different mouse models and subsequent delivery of pur-
purin 18 (P18), a sonosensitiser for sonodynamic therapy. After injection in a mouse-model,
the MLP18 selectively directs P18 to the bacterial infection site. Fluorescence imaging
showed that the MLP18 produced a specific fluorescence signal at the site of infection
that remained for 24 h post-injection. At the site of sterile inflammation only a negligible
fluorescence signal was detected, demonstrating the bacterial-targeting abilities of MLP18.

Moreover, Fu et al. [175] investigated the considerable potential of chemical ligand
discovery from natural sources by the coupling of affinity MS and metabolomic approaches.
They identified two ligands, 18β-glycyrrhetinic acid and licochalcone A derived from
liquorice root used in traditional Chinese medicine which were able to bind and dis-
rupt the nucleoprotein of EBV and Marburg virus. Ligand binding assays and various
biophysical analyses were used to evaluate the interactions of the ligands with the bacte-
rial nucleoproteins.

During infection, pathogens interact with host tissue and some of these interactions are
specific, such as when pathogens bind to specific host cell membrane proteins. For example,
human extracellular matrix proteins, such as collagen and fibronectin, are known receptors
for outer membrane protein adhesins present on various microbial pathogens during the
initial stages of infection [176]. These interactions can be exploited by coating collagen or
fibronectin on MBs, for example, and using them to capture and detect pathogens using
sensing platforms.
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4. Future Perspectives

A paradigm shift is taking place in the way infectious diseases, predominantly
caused by pathogenic bacteria and viruses, are being diagnosed. However, even though
highly technological methods that can highly sensitively identify pathogens from samples
emerged a few decades ago, this has not been translated into a faster, more efficient and
accurate diagnosis for most people suffering with various infections due to their inac-
cessibility. As discussed, it is evident that diagnostics in the form of simple POC tests,
biosensors and kits are the future and can greatly improve outcomes for patients due to a
timely diagnosis. Development of workflows to detect the myriad pathogens is underway
and is dominated by various sensing platforms. In this review, the latest biorecognition
elements in workflows and detection systems are categorised and a number of recent
application examples for each are elucidated. The biorecognition elements that hold the
greatest potential for incorporation into POC diagnostics are the nucleic acid derivatives, if
they can equal antibodies in performance parameters. The incorporation of such elements
can drive down the cost of biosensors. Antibody-based sensors will continue to be popular
but their market share may shrink. Alternatively, CRISPR technology has an emerging
potential for diagnostics among all the biorecognition elements herein discussed due to
their impressive sensitivity. However, extensive research is needed for each infectious
disease to choose the right combination of Cas enzyme and to design the best system.

Nevertheless, there are some bottlenecks in the translation of sensing platforms com-
prising these biorecognition elements from bench-top to clinical. A vast array of develop-
ment in the field is available, although not well organised. There is no standard method to
determine which platforms have the potential to achieve commercial development and
need more funding, for instance. Furthermore, biorecognition elements need to be subject
to some kind of standardisation procedures, in addition to parameters related to their
targets, such as LOD values. Collaboration between academia, clinical practitioners and
industries that can invest in the further development of POC sensing platforms is critical,
followed by consideration of regulatory clearance and introduction to commercial markets.

5. Conclusions

In conclusion, based on the evidence presented in this review, antibodies currently
remain the biorecognition element of choice, but alternatives, especially in the form of
nucleic acid derivatives, are being sought.

Antibodies are still dominantly used in commercial immunoassays and immunosen-
sors, and are at various stages of research. This is due to their ability to provide a combina-
tion of strong target affinity and exceptional selectivity. Furthermore, due to their extensive
use over many decades, the field of antibody selection is well developed with a vast num-
ber of molecules available and well characterised for selection based on the envisaged
application. However, alternatives are increasingly being sought due to their disadvan-
tages, including a cumbersome development and selection process that is expensive, in
addition to their inherent instability, which can make them difficult to incorporate in sensor
kits. The advantages and disadvantages of using enzymes as biorecognition elements are
similar to those of antibodies. Due to their natural origin, they display superior affinity
properties to targets, but they also suffer from instability issues, and are difficult to isolate
and process in a laboratory environment. Possibly due to this issue, the implementation of
enzymes as biorecognition elements for diagnostic applications is still limited and needs
further development.

As mentioned, the main alternatives to antibodies being studied are derivatives of
nucleic acids such as aptamers, PNAs, DNAzymes and antibody-derived fragments. The
main advantage of those molecules is that they can be developed much more cheaply than
antibodies. In some instances, they have demonstrated target affinity comparable with
their antibody counterparts while exhibiting excellent stability and reproducibility, which
is a vital requirement for POC diagnostics. They are also versatile enough to be combined
with most POC sensor detection platforms, including electrochemical, optical, colorimetric
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and LFA. Their main disadvantage is that they require a selection process that is time-
consuming and sometimes difficult to perform. However, as illustrated in this review, there
are numerous excellent examples of nucleic acid derivative-based biorecognition elements
in sensing platforms, which will certainly translate to their extensive application in POC
sensors in the near future.

Classes of compounds and molecules such as antibiotics and peptides, which were
traditionally used for anti-infective and therapeutic purposes, have seen their broad-
spectrum activity against pathogens re-purposed for pathogen identification in diagnostics.
Due to their wide range, they are usually used for pre-enrichment or combined with other
biorecognition elements to enhance the sensitivity of the sensor. A huge number of AMPs
are under scrutiny; however, their emerging disadvantage is the lack of selectivity.

Bacteriophages present excellent selectivity due to their innate targeting function,
which is similar to that of antibodies. Development of bacteriophage-based sensing plat-
forms is in a nascent stage compared to the other biorecognition elements, but their high
target specificity makes them promising candidates for biorecognition.

MIPs have been included in this review due to their importance and demonstrated
capabilities in pathogen-sensing platforms, although ligand molecules are not usually used
for biorecognition in these cases. Their advantages include lower production cost compared
to antibodies, high batch-to-batch reproducibility, and chemical and mechanical robustness,
and do not involve animals’ sacrifice. MIPs can be extremely versatile because almost any
target can be imprinted for their detection and have great potential in sensing platforms.

CRISPR-Cas technology, although still emerging in the diagnostic landscape, has al-
ready shown immense potential with platforms such as SHERLOCK-enabled multiplexed
and ultra-sensitive detection of DNA or RNA from clinical samples. The main advantage
of CRISPR is that its single-base resolution selectivity is unmatched by any other biorecog-
nition element. The nature of the technology enables it to be leveraged in POC diagnostic
sensing platforms. Finally, chemical compounds such as metabolites, polysaccharides and
several other chemicals are useful for targeting specific pathogenic targets for which they
have a known affinity interaction. In conclusion, depending on the application, one or a
combination of more suitable biorecognition element(s) investigated in this review can
provide high performance biorecognition capabilities in POC diagnostics.
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Abstract: Vital signs not only reflect essential functions of the human body but also symptoms of
a more serious problem within the anatomy; they are well used for physical monitoring, caloric
expenditure, and performance before a possible symptom of a massive failure—a great variety of
possibilities that together form a first line of basic diagnosis and follow-up on the health and general
condition of a person. This review includes a brief theory about fiber optic sensors’ operation and
summarizes many research works carried out with them in which their operation and effectiveness
are promoted to register some vital sign(s) as a possibility for their use in the medical, health care, and
life support fields. The review presents methods and techniques to improve sensitivity in monitoring
vital signs, such as the use of doping agents or coatings for optical fiber (OF) that provide stability and
resistance to the external factors from which they must be protected in in vivo situations. It has been
observed that most of these sensors work with single-mode optical fibers (SMF) in a spectral range
of 1550 nm, while only some work in the visible spectrum (Vis); the vast majority, operate through
fiber Bragg gratings (FBG), long-period fiber gratings (LPFG), and interferometers. These sensors
have brought great advances to the measurement of vital signs, especially with regard to respiratory
rate; however, many express the possibility of monitoring other vital signs through mathematical
calculations, algorithms, or auxiliary devices. Their advantages due to miniaturization, immunity
to electromagnetic interference, and the absence of a power source makes them truly desirable for
everyday use at all times.

Keywords: fiber optic sensor; vital signs; biosensor; human body; body temperature; heart rate;
respiratory rate; blood pressure
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1. Introduction

The penetration of fiber optic sensors in the medical or health care market is very
low or almost null in home devices due to their high cost or too many regulations, which
hinder their entry; however, there have been small advances as these sensors are used in
high precision surgery or in magnetic resonance imaging; their use is increasing in various
technologies or ancillary equipment, so it has advanced one step at a time [1].

Since the 1980s [2], optical fiber sensors have been used for real-time pressure mea-
surement of tendons [3] and thereafter in a wide variety of possible medical applications
as pressure pads in contact with the skin [4], the cardiovascular system, or even invasive
sensors during urodynamic analysis [5]. Many researchers have focused their studies on
monitoring and detecting vital signs through fiber optic sensors that are located in some
medium that is in contact with the skin [6] and with the capacity to be composed of two
or more sensors on the same fiber [7]. Such applications may be placed in textile vest-
ments [8,9] that are very novel in their shape or that have an ingenious way of installing
them, while at the same time providing protection to the optical fiber [10]. Because vital
signs are the first way to test a person’s health and stability, heart pulse monitoring, being
a well-studied field [11], is one area that lends itself to continuing ways of innovating and
developing improvements in measurement devices and equipment [12,13].

Fiber optic sensors have been used in many applications for the measurement of
chemical parameters, liquid flow and levels, and gas detection. Nonetheless, they have
been mainly used in the electrical and mechanical fields due to the great advantages that
have been attributed to them, such as immunity to electromagnetic interference, apart from
the small size of the fiber that makes them perfect for the development of lightweight and
mechanically robust sensors [14]. However, in the medical field they have not yet gained
wide acceptance since conventional sensors have also made great advances, giving them
good user characteristics such as reliability, maintenance and support, and technological
integration [15]. There is a great need for a simple system for measuring vital signs for
home health monitoring.

2. Sensor Principles

In the next analysis, we considered various studies based on the premise of dividing
sensor measurement of four vital signs that are: body temperature, respiration or breathing
rate (BR), pulse or heart rate (HR), and blood pressure. Here, we illustrate the main
characteristics of each sensor, how measurements can be obtained from each of them, and
the peculiarities of these sensors. Furthermore, we examine the common characteristics
among other methods of vital signs monitoring. In addition, the basic technologies used
by each sensor are briefly presented, including common characteristics, features, and
qualitative techniques for their characterization. The tables present the most complete
articles in terms of the parameters that we took into consideration for this review, such as
the optical fiber (OF) type and wavelength at which the sensor operates, type of technology
used, operating ranges, sensitivity, and medium of contact with the test subject.

2.1. Fiber Bragg Gratings (FBGs)

FBGs have been widely used in various sectors of industry to measure deforma-
tions [16]. They are periodic diffraction modifications printed on the core of an OF, be-
having as selective filters that reflect only the components of the spectrum of a packet
propagating in the core according to the Bragg relation

λ = 2nΛL (1)

where the wavelength is represented as λ, n is the effective refractive index of the core
mode, and ΛL the spatial period of the refractive index modulation. If the FBG is strained
along the fiber axis, it changes as does the Bragg wavelength as it moves, resulting in
a measurement of strain or temperature [17]; this allows for high resolution, accuracy,
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and dynamic range suitable for applications such as biomedicine and can be calculated
according to the equation:

Δλβ= 2
(

Λ
∂ne f f

∂ε
+ ne f f

∂Λ

∂ε

)
Δεz + 2

(
Λ

∂ne f f

∂T
+ ne f f

∂Λ

∂T

)
ΔT (2)

Here, the first term represents the dependence of the pressure on the Bragg wavelength
and the second term represents the effect of temperature on the same parameter. It is shown
that an FBG can be used as a sensor by observing the light reflected through the FBG for
the longitudinal mechanical strain εz, and the temperature T. For dynamic loading, the
heat input can be neglected and the sensitivity of the FBG for εz, is expressed according to
the equation:

Δλβ

λβ
=

{(
1 −

(
n2

2

))
[p12 − v(p11 + p12)]

}
εz (3)

where v and pij are mechanical properties of the coating; therefore, Equation (3) can be
simplified as:

Δλβ

λβ
= (1 − pe)εz (4)

When pe is the optical pressure coefficient of the OF, the Bragg wavelength is directly
proportional to the length of the grating because the deformation of the Bragg wavelength
can be observed, and the induced deformation can be controlled [18]. Figure 1 shows how
an FBG operates, where the core of the fiber is modified through periodic inscriptions that
will act as a filter for a certain wavelength of light. Of the transmitted light, the grating will
only return the reflected light.

Figure 1. Graphical mode of operation of a fiber Bragg grating (FBG) sensor [19]. In this type of
sensor, the grating is inserted into the core of the optical fiber (OF), as shown in a signal where the
wavelength filtering is done by such a sensor.

2.1.1. Long-Period Fiber Gratings (LPFGs)

Another common technique to change the fiber nanostructure is through a mechani-
cally induced LPFG (MLPFG). Such a sensor has been shown to perform well as a mode-
coupled device, pressure sensor, and filter [20]. Its working principle turns out to be quite
as simple as pressing an OF between a ribbed plate and a flat plate, where the ribbed plate
has to carry inscribed periods ranging in size from 100 μm to 1000 μm. Figure 2 shows
how gratings with these periods inscribed in the core only let through certain light at some
wavelength; its feature is that it promotes coupling between LP01 core mode and jointly
propagating antisymmetric LP1m (m > 0) and OF cladding modes, resulting in transmission
spectra containing a series of attenuation notches for discrete wavelengths, which satisfy
the phase matching condition

λn
res =

(
ne f f core − ne f f clad(n)

)
Λ (5)

where neffcore and neffclad(n) are the effective refractive indices of the core and the nth mode
of the cladding at the resonant wavelength λn

res, and Λ is the period of the grating [21].
However all fiber optic-based devices are considered immune to electromagnetic

interference [22]. Fiber gratings can be affected in their wavelength by deformation and
temperature. This same cross sensitivity to pressure and temperature has proven to be a ma-
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jor obstacle to the development of practical applications, but, in recent years, interferometer-
based sensors to measure pressure have become a major object of analysis and study, be-
coming quite popular for different laboratory tests [23]. Among those that stand out are
interferometers that use the interference of light waves to be able to accurately measure
wavelengths of light themselves, very small distances, and certain optical phenomena
through two light beams that travel different optical paths, determined by a system of
mirrors or plates that in the end converge to form an interference pattern. The Sagnac,
Mach–Zehnder interferometer (MZI), Fabry–Pérot interferometer (FPI), and Michelson
interferometer stand out as OF sensors based on multimode interference, offering advan-
tages for their low production cost, high sensitivity, and robustness compared to other fiber
sensors [24].

Figure 2. Schematic of a long-period fiber grating (LPFG) and the mode of propagation of light
through the core, where gratings separated by defined periods perform the filtering function [25].

These gratings are a periodic modulation induced by mechanical action or through
some chemical or laser to generate such periods by modifying the refractive index of the
fiber core. The effect of these LPFGs is the induction of a series of attenuation bands in the
transmission shape of the fiber that produce wavelengths at which the LPFGs induce a
phase coupling between the guided and cladding modes. The study of LPFG attenuation
bands has led to many potential applications, including the medical and sensing area,
since the wavelengths of the attenuation bands are sensitive to the strain, temperature, and
refractive index of the surrounding medium [26].

2.1.2. Mechanical Induction and Fiber Optic Sensors

Mechanical induction through microbend is one of the earliest forms of sensor char-
acterization; the losses caused by these microbends have been a major problem for fiber
cable designers, but it has been these same losses that have helped many sensor designers
to adapt to the effects caused by the bends to measure many physical parameters and
variables, such as temperature and pressure. With some outstanding performance charac-
teristics, they have been successful for some commercial applications. Additionally, there
have been many advances in understanding microbend sensors and investigating how
to increase the dynamic range and improve sensitivity to the measurement parameter of
interest while reducing sensitivity to unwanted variables. Among the great advantages
of microbend sensors are mechanical and optical efficiency that allow for low part count
and low cost and easy mechanical assembly that does not require fiber optic splices with
other components and therefore avoids the problems of thermal expansion difference. The
Figure 3, shows an example of how the fiber (yellow) is crushed as force is exerted through
the plates when they are brought together, an attempt to inscribe the periods of the plate
ribs to the OF. These are fail-safe sensors, as they produce a calibrated output signal in its
correct function or when fail completely, immediately going to a no-light output state [27].
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Figure 3. Schematic of a microbend fiber sensor bay mechanical induction [28]. The figure shows the
mechanism of how the fiber undergoes microbending to create a sensor and microbending losses
caused by disturbances in the optical fiber.

2.2. Optical Fiber Interferometers

Continuing with the operation principles, we can analyze the utility of the interfer-
ometers as devices whose operation is in effect caused by the interference of two beams of
light, which propagate by different optical paths through one or more optical fibers [29]. It
is the form of operation in which a light beam is separated or is grouped that is required
for these modules to work with optical fibers; we can basically emphasize four types of
interferometers whose configurations are those of Fabry–Pérot, Mach–Zehnder, Michel-
son, and Sagnac—all of which have been widely used and demonstrated [30]. The main
characteristics and differences among them in their application as optical fiber sensors will
be described.

Used for extremely precise measurements in very small distances, its design also is
known as “etalon”. Most conventional optical interferometers have their equivalent in
OF. In these interferometers the light is guided by the fibers and the splitter plates are
replaced by directional couplers for OF. The mirrors in some cases can be replaced by
the fiber ends themselves properly terminated. Figure 4, shows the shape of an optical
arrangement of an FPI, where the light beam from the source is reflected multiple times
(causing interference) through the parallel surfaces, and the reflected light is sent to the
detector by an optical lens.

In optical fibers, one way that it is possible to be created is through a ring (gyroscope)
that works as a guide of a wave; this is possible if the optical fiber conserves a defined front
of affluent wave and if the effectiveness in the connection of the light in the fiber is not very
small [31].

Figure 4. Sample of the operation of the Fabry–Pérot interferometer (FPI) [32].

2.2.1. Optical Fiber Mach–Zehnder Interferometer

Its structure consists of two couplers that divide the optical power of entrance in two
equal parts; thus, the light travels through two different ways—one way operating as a
reference while the other is used for sensing, it’s desirable that OF have the same length
so that the interference pattern is constructive, and the phases are equal. In Figure 5a it is
possible to observe that since the beam of incident light is divided in two arms by means
of a coupler later to recombine itself by means of a second coupler, later to recombine
itself by means of a second coupler, the recombined beam of light has the interference
component depending on the path optical between the arms. When this happens, for
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the detection, the reference arm stays isolated from any external variation, and another
arm (the sensing region) is exposed to the changes. The changes in the arm (the sensing
region) are due the mode propagation of the beam, that is sensitive to the refractive index
changes of the materials of the sensor. This refractive index changes, are what originate the
difference between paths optical, with which it is possible to later analyze the variation in
the interference signal with photodetector [33].

2.2.2. Optical Fiber Michelson Interferometer

In the optical fiber sensor that is presented in Figure 5b, the coupler splits the beam of
light by two different optical methods, where the light reflected by the mirrors recombines
them by means of the coupler, giving origin to an interference pattern that arrives for
analysis at the photodetector. It can be said that this interferometer’s method of operation
is very similar to the MZI; in fact, a Michelson is like half of an MZI as far as its configuration,
since it uses a single coupler and a photodetector. Basically, the interference takes place
between the beams of both arms, but each one of the light beams is reflected at the
end of each arm in a Michelson interferometer. The main difference between these two
interferometers are their mirrors —but their manufacture and principles of operation are
almost equal. In this device, Faraday rotator mirrors are used to maintain the polarization
of the separated beams in the fiber [34].

2.2.3. Optical Fiber Sagnac Interferometer

In this type of interferometer, which is seen in Figure 5c, the light beam enters the
coupler by one of the entrance fibers, as it is possible to observe in the figure, giving rise
to the light that divides in two beams with the same intensity, but with each one of them
moving in opposing directions through the optical fiber, which in the end is going to be on
the side of the configuration of the Sagnac—the one that goes toward the photodetector.
This phenomenon is known as detection of rotation, which is obtained by placing the
device on a spin table, which is when these turns happen and the lines of the interference
pattern are moved [35].

2.2.4. Optical Fiber Fabry–Pérot Interferometer

This interferometer is considered the simplest since its single configuration needs
only a circulator and a photodetector. For this interferometer, the interference plays a
fundamental role since it is originated by means of a cavity in some of the ends of the optical
fiber, as is in Figure 5d, where a light beam that is originated at the source travels through
the fiber toward the circulator. When the light bean arriving at the cavity, the interference
due to the light beam is reflected into cavity, to returns toward the photodetector. The cavity
of a Fabry–Pérot interferometer is made up of two separated parallel reflecting surfaces; the
interference happens due to the multiple superpositions of the reflected and transmitted
beams of light in these parallel surfaces [36].
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Figure 5. Configuration of different optical fiber interferometers [37]. (a) The figure exemplifies the basic operation of a
fiber Mach–Zehnder interferometer (MZI) type, from the exit of the beam of the light source to its analysis through the
photodetectors. (b) The figure shows a sensor using a fiber Michelson interferometer, which if analyzed is very similar in
configuration to MZI, save for the fewer rotatory devices and mirrors. (c) The figure shows the configuration of the fiber
Sagnac interferometer, where the opposite ways that the beam takes from light are observed with clarity. (d) The figure
shows a fiber FPI type and the way in which the light beam travels from the source to its return to photodetector.

In Figure 6 are different configurations of as much an extrinsic as an intrinsic FPI
sensors type, which is important since it shows us with greater detail and clarity the form
in which the optical fiber can be characterized so that it works like a sensor. Here, it is
possible to indicate that each interferometer has its different cavity configurations like:
SMF with internal and external mirror, FBG cavity, SMF-Photonic Crystal Fiber(PCF)-SMF
there are designed form measurement different signals or applications.

Figure 6. Configurations of FPI sensors [38]. The (adapted) figure shows the intrinsic and extrinsic
configurations of FPI fiber sensors, where (a) represents a cavity formed by an internal mirror at the
end of a fiber; (b) a cavity formed by two internal mirrors; and (c) a cavity formed by two FBGs. For
each case, L represents the length of the optical cavity. Configuration (d) represents a cavity formed
by a diaphragm at the end of a fiber; (e) a cavity formed by the surfaces of a cover in the end of the
fiber; (f) a cavity formed in the end of a single-mode optical fiber (SMF) and an aligned multi-mode
fiber (MMF) through a capillary; (g) a cavity formed by a SMF that the end is joined with a hollow
core fiber. Additionally, the equal one in each case L represents the length of the optical cavity, which
is an air bubble in the configurations (d), (f), and (g).
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In Figure 7, showed some most common configurations on the fiber MZI sensors type,
the changes in the microstructure of the fiber are by taper, joints with other fibers, and
displacements of the cores between one or more fibers or with multicore fibers, where the
fundamental issue is to make a difference of optical methods through the interference.

 
Figure 7. Different configurations from MZI fiber sensor (adapted) [39,40]. Here are different fiber
MZI where we point out: (a) shows an interferometer created through a taper in the optical fiber,
the same that is obtained by applying force in opposite directions when an unloading by electrical
arc is made to modify the nano structure of optical fiber [41]; (b) shows joints of optical fiber but
with a space displacement in the cores, which originates interference [42]; (c) shows joints of several
types of optical fiber, where in the first, a fiber Bragg grating type created on a single mode fiber that
is joined with an optical fiber with three cores that also hold a concealed knife with another single
mode fiber segment [43]. The above are different techniques that are used to generate the sensors
and, like the configurations of Fabry–Pérot, these are made to obtain greater sensitivity, specificity,
stability, or exactitude in the sensor that one wants to create.

3. Health Field Sensing

In this section we describe and analyze according to their characteristics the research
on OF sensors that seems to us the most important, which we highlight in each of the
tables on each vital sign and where we compare the characteristics, operating ranges,
sensitivity, and technology applied to the sensor. All this will help us to give a more
accurate perspective of how most of them are good sensors, but they are still far from being
able to operate as personal device or gadget in the home.

Cardiovascular diseases are a public health problem and the number one cause of
death in the world [44], and for this very reason the constant monitoring of vital signs is
important since many of the keys to this problem such as heart rate and respiratory rate,
blood pressure, volume measurement, and oxygenation have specific applications and
methods for monitoring. An example is the measurement of systolic pumping capacity,
which is an important parameter for patients with congestive heart failure. Another ex-
ample is when the heart stroke volume is multiplied by the heart rate, since it is possible
to obtain the cardiac output, which is defined as the total volume of blood pumped per
minute. Due to a reduced pumping capacity of the heart, patients with heart failure have a
decreased cardiac output [45,46]. Like these examples, there is a wide variety of conditions
that the human body presents due to cardiovascular problems, which, if detected in time
and with constant monitoring, can be overcome or even eliminated.

The normal range of body temperature is between 36.5 ◦C and 37.3 ◦C. Temperature
can be measured by tympanic route, orally, axillary, or rectally. Elevated temperature
can be a sign of infection, arthritis, heat stroke, etc. Some useful temperature terms are
hypothermia, which is a reduced body temperature of 35 ◦C or less. Pyrexia which is an
elevated temperature, the three types of pyrexia are low (normal temperature up to 38 ◦C),
moderate/high (38 to 40 ◦C) and hyperpyrexia (40 ◦C and above) [47].

Normal pulse or heart rate (HR) is between 60 and 100 beats per minute (BPM) in
persons older than 10 years. In children and infants, the pulse is faster. Figure 8, shows

88



Biosensors 2021, 11, 58

the most common locations for easy acquisition of cardiac pulse and blood pressure.
Several factors can affect pulse rate, such as fever, heart problems, infections, pyrexia,
hypovolemia, hypovolemia, physical condition, anxiety, and medications. Some useful
terms are tachycardia, a resting pulse greater than 100 BPM in adults, and bradycardia, a
pulse less than 60 BPM [47].

Figure 8. (adapted) [48] Human body areas for heart rate and blood pressure measurement. In (a)
are the main areas where the cardiac pulse can be taken in the human body, since it is there where
the main arteries are located and therefore the measurements are easier and more accurate; (b) shows
the most accessible places for sampling blood pressure; it is observed that almost the same arteries
are used for blood pressure and cardiac pulse, so that some sensors are able to perform both samples
through the same signal [49].

For respiration, the normal respiratory rate is between 12 and 18 breaths per minute
(bpm). Some of the factors that affect respiratory rate are anemia, pneumonia, asthma,
chronic obstructive pulmonary disease (COPD), severe bleeding, stress/anxiety, medi-
cations, etc. Useful terminology includes bradypnea, or breathing slower than normal;
tachypnea, or breathing faster than normal (greater than 20 bpm); dyspnea, or difficult
breathing in conscious patients; orthopnea, dyspnea that occurs when the patient is lying
down; and apnea, the temporary suspension of breathing [47].

For blood pressure, normal data for an adult human at rest is a blood pressure of 90/60
(systolic/diastolic) mmHg up to 120/80 mmHg; therefore, hypertension is blood pressure
above 140/90mmHg. Figure 9 shows a scale of blood pressure values for adults, according
to what is considered normal in systolic and diastolic pressure as well as the minimum
and maximum limits (the ideal pressure represented in the green colored positions). The
main causes of hypertension are obesity, chronic kidney disease, high alcohol consumption,
smoking, and adrenal/thyroid disorders. Hypotension is low blood pressure (systolic less
than 90 mmHg). Causes include pregnancy, dehydration, underactive thyroid, heart failure,
blood loss, and anaphylaxis. [47].
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Figure 9. Main ranges for blood pressure [50]. The figure shows the ranges of blood pressure in
adults, ranging from low, ideal, acceptable high, and severe high, both systolic and diastolic pressure.

3.1. Body Temperature

The body temperature of a healthy adult at rest is between 36.5◦C and 37.3◦C [47],
with an average of 37 ◦C. In most of the articles that were analyzed, a clear tendency to
use SMFs for the characterization of OF sensors to measure temperature was observed.
Additionally, analyses of experiments within the near infrared spectrum (NIR), working
mostly between 1500 nm and 1600 nm, facilitated the use of FBG to work with those periods
and wavelengths. The sensitivity of results changes according to the other elements and
techniques used for the creation of the respective sensor [51]. The research proposed a
temperature sensor in biological tissues using an SMF, with the photo-thermal deflection of
a laser that travels through an OF and its temperature gradient. Measurements have been
taken in chicken organs (heart, liver, and gizzard) and where they have managed to obtain a
heat pulse with an output power, all working at 1550 nm. Continuing with a project where
researchers worked with an SMF at 1561 nm [14], they tested a sensor for human breathing
detection that also used an FBG for temperature during the respiration monitoring process
and measurements performed on the nose for obtaining sensitivity results of 11.4 pm/◦C
between 10 ◦C and 44.8 ◦C. A good research study was [52], in which they exposed a fiber
sensor with possible applications in biomedicine, immunology, and biophysics, based on
FBG working within the visible spectrum at 673nm with an SMF and using several types of
lasers such as argon-ion, argon fluoride, and titanium–sapphire as a laser amplifier, finding
a very wide temperature range between 242.45 ◦C and −211.55 ◦C. In another work [53],
we found that researchers used the spectrum ranging from 1500 nm to 1600 nm; their sensor
was an FBG to measure temperature during human mechanical ventilation, and the sensor
was placed in an invasive mechanical ventilation tube coated with agar and polyamide
acrylate: they obtained a total error of 3%, where the percentage represented the level of
agar or agarose, obtaining sensitivity values of 114.7 pm/%, 0.12 nm/%, and 0.14 nm/%.
Other work in which an SMF was first used to characterize the sensor obtained very large
temperature ranges [54]: they presented a temperature sensor based on a mechanically
induced fiber grating through a photoelastic effect with a heat-shrinkable tube, and its
range of effectiveness within the spectrum was in the 1445 nm and 1570 nm, obtaining
sensitivity results from de 3 nm/100 ◦C to 10 nm/100 ◦C, with a range between −20 ◦C and
50 ◦C. Continuing, [55], with a sensor where they showed its multiple possible applications
but tested it with temperature, was based on an MZI with a pair of LPFG’s created with
a CO2 laser, but measurements were performed in ethyl alcohol, with a wavelength of
1050 nm and 1239.4 nm, sensitivity of 11.7 pm/◦C, and temperatures ranging from 30 ◦C
to 110 ◦C.

In Table 1, the most complete works are exhibited only on body temperature. The
table’s columns identify the fiber optic type and operating wavelength in nanometers,
where the sensor was tested, sensitivity in nanometers/Celsius degrees, characterization of
the fiber optic nanostructure or utilization of doping agents, detection ranges on Celsius
degrees, and the reference from where the information was taken. Additionally, the table
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shows that similarities can be clearly observed in the operating ranges of the first two
articles [15,56], and the two [57,58] in the table using in all cases SMFs and the NIR spectra
for their work. Based on the technology, two concatenated LPGs acting as an MZI for the
design of a temperature refractometer [15] are presented to start with. In addition, a fiber
sensor was found with possible applications for strain, temperature, and curvature. With
characterization of the same with an LPFG through electrical discharges, a photonic OF is
spliced with SMF, and the measurements are performed in the environment (Figure 10) [56].
In Figure 11, we can see a similar work, also used to join different types of fiber, the union
of the fibers can be done through electric arcs or by means of some chemical compound.
The entries continue with a humidity and temperature sensor characterized with only an
LPFG created by an argon laser source [57]. Furthermore, another entry presents a very
complex arrangement on an optical sensor based on the splicing of two pieces of SMF with
a coreless fiber between them and where there are LPFGs to measure the temperature [58].
Next, a very recent study is presented on a sensor with an MMF to measure temperature
through the surface plasmon resonance (SPR) technique, with integration for its utility
with a smartphone; here, the device presented a flash along with a camera for signal
processing through an application for the smartphone [59]—a great work with many
possibilities. Finally we must point out a different sensor [14], as it is able to measure both
body temperature and respiratory rate; in relation to the temperature yields, it has quite
favorable results, although they varies greatly over time as it is affected by external factors.

 
Figure 10. (Adapted) Schematic design of the sensor proposed by Agostino Iadicicco. A view of the
hollow core fiber is displayed with an LPFG and in turn spliced with conventional SMF and their
respective fiber optic / physical contact (FC/PC) connectors [56]. The use of multiple splices together
with different fiber types is common to obtain higher sensitivity or sensors capable of high-precision
filtering; however, the right materials and tools are needed to achieve so much precision in the
OF nanostructure.

Figure 11. (Adaptation) Example of sensor non-core fiber – long period grating (SNS-LPG) exper-
imental arrangement proposed by Agostino Iadicicco. This is the experimental arrangement they
propose for splicing two SMF parts with a non-core fiber (NCF) in the middle and there create a
LPBG, resulting in the SNS-LPG arrangement [56]. This is another work that hints at the accuracy of
the equipment to characterize OF nanostructure; no doubt these are innovative ideas, but outside of
a laboratory for our purposes they are not feasible—they are rather sensors for research.
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Table 1. Body temperature, research with optical fiber sensors.

Fiber Type and
Sensor Operating
Wavelength (nm)

Sensor
Tested on

Sensitivity
(nm/◦C)

Sensor Technology
Detection

Ranges (◦C)
Ref.

SMF
1550

Thorax, chest wall 0.31 FBG
Encapsulated in PDMS

33 to 37 [6]

SMF
1561.07 to 1561.467

Nose 0.0114 FBG 10 to 44.8 [14]

SMF
1557 and 1627

Heating tube filled
with water

0.95 to 1.03 LPFG
H and KrF excimer laser

20 to 100 [15]

SMF and Photonic
hollow core

1495.4 and 1520.3

Temperature
chamber

0.0119 to 0.0138 LPFG
Electric arc discharges

30 to 80 [56]

SMF
1515 and 1547

Climatic chamber 0.41066 and
0.40509

LPFG
NaOH, KOH, H2SO4, H2O,
C3H4O2, NaCl, C3H8ClN.

argon-ion laser (244 nm—UV)

25 to 85 [57]

SMF and Non-core
1588

Thermostatic
furnace

-0.00643 LPFG 34 to 154 [58]

MMF
630

distilled water -9.52519E-05 SPR sensor
Au film

30 to 70 [59]

POF
1552.45–1552.65

Chest −0.055 He–Cd laser for inscription, taped
fiber,

DPDS dopant and UV irradiation

20 to 50 [60]

SMF
1550

Thorax and neck - FBG 35.5 to 39.5 [61]

SMF
1554.1207

1512.5 to 1587.5

Chest 0.010378 to 0.03844 FBG, encapsulated on PDMS,
Sylgard 184

35.5 to 37 [62]

1550.218 and
1550.208

Thorax 10.3 to 11.3 FBG, acrylic and fiberglass
encapsulated

20 to 90 [63]

SMF: single-mode fiber; MMF: multi-mode fiber; POF: plastic optical fiber; FBG: fiber Bragg grating; PDMS: polydimethylsiloxane; LPFG:
long-period fiber grating; H: hydrogen; KrF: krypton fluoride; NaOH: sodium hydroxide; KOH: potassium hydroxide; H2SO4: sulfuric
acid; H2O: water; C3H4O2: methylglyoxal; NaCl: sodium chloride; C3H8ClN: 3-chloropropylamine; SPR: surface plasmon resonance; Au:
gold; DPDS: diphenyl disulfide; He-Cd: helium cadmium; UV: ultraviolet.

3.2. Respiration or Breathing Rate

This is the vital sign that most researchers study with fiber optic sensors; temperature
also has many research works but not as a vital sign [64]. Several things can be highlighted,
such as the large number of creative works when performing experiments, the character-
ization of the OF, and that the vast majority use SMF; however, there are a wide variety
of doping agents that are used to increase sensitivity or techniques to apply torque, force,
or expose the same core of the fiber. Splicing and discharging are also found as the most
used techniques to modify the nanostructure of the OF [65]. However, almost all the works
use lasers and the NIR spectrum, thus decreasing the complexity or variables that could
affect and intervene in the experiments. Besides, the calculations are more accurate with
reference to reality [66]. Large and complex studies were observed that leave the door
open for possible diversification and mass production of these sensors and use within
the home market in the near future, since their characteristics and designs would allow
them to compete against the electronic devices for monitoring vital signs that are currently
available or would serve together to strengthen the quality of the same. [67].

Taking into consideration that a healthy resting adult human has a respiratory rate of
12 to 18 breaths per minute [47] (premature infants have the highest respiratory rates at
40–60 breaths per minute). Here we can observe an OF sensor interferometer that measures
nasal curvature during the respiratory process, through inhalation and exhalation, with an
overall performance accuracy of 5.62% (with variations of ±2.26% in inhalation and ±3.19%
in exhalation) and a sensitivity of 94.4% for inhalation and 93.93% for exhalation. [68]. They
proposed a noninvasive OF sensor to monitor respiration, blood pressure, and movement
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in the human body using MMF and SMF. Another [69] presented a model OF sensor [70]
with an interferometer for detecting heart pulse and respiration by putting it on a mattress,
where the measurements ranged from 1561.07 nm to 1561.467 nm. Continuing, a work
was shown for the monitoring of respiration through a FBG sensor [71] with a plastic
optical fiber (POF) implanted in a flexible textile that measures abdominal curvature. The
properties of polymer composite fibers make them unique and very good for their ease of
handling, as they can withstand rough treatment compared to traditional fibers; they use a
polymethylmethacrylate in the core of the plastic fiber and a fluoropolymer in the coating
with wavelengths ranging from 650 nm to 655.9 nm, with a maximum error of 1 % with a
very short fiber of 6.6 cm in length. Here, we continue analyzing [72], an FBG sensor to
measure humidity, temperature, and respiration during the process of invasive mechanical
ventilation through endotracheal intubation, obtaining BR readings from 11.5 breaths per
minute (bpm) to 24 bpm. It can be observed (Figure 12) that its OF is given a layer of
hygroscopic material, agar, and an acrylate cover for protection since the characterized
fiber goes inside a hypodermic needle, achieving a confidence level during monitoring of
95%. Another project that draws attention was [73], where they presented an OF sensor
generated with microcurves forming a mesh for the measurement of the perioperative
pulse and respiratory rate in infants [74] from 01 to 12 months of age. Monitoring of the
infant was performed through a mat where he remained lying down to obtain readings of
23.5 breaths per minute (bpm) to 23.5 bpm all with an MMF working in the 1310 nm of the
NIR spectrum.

In Table 2, the most complete articles with respect to our parameters are highlighted
but only those where the OFs used did not receive any modification in their nanostructure
by any dopant or coupling agent. Heading the table [75] we find the proposal of a series
of parallel optical sensors to measure respiration by means of thoracic and abdominal
curvature during the respiratory process, using gratings with periods of 532 nm. The
following article is a continuation of the same Allsop study from 2004, where they made
measurements in the human rib cage and abdomen. Another work that presented an LPFG
is one that monitored curvature during chest movements on breathing; it also measured
the amount of air during stimulation and exhalation to make the results more accurate
measurements of the chest and abdomen [76]. Additionally seen was a comparison of
three sensors to measure continuous breathing during anesthesia application in a magnetic
resonance imaging (MRI)) [77]; this allowed continuous sampling of the motion caused
by breathing in the chest and abdomen of the human body [78]. There are even sensors
with FBG to measure the volume of air during the breathing process by curvature of the
chest [79], and there are also those but with fibers attached to tissues [80] that monitor
almost the same movements during magnetic resonance imaging (MRI) examinations [81].
As a complex with 12 FBGs for monitoring respiratory parameters and heart rate (that is,
the volumes and movements involved in the chest and abdomen), the minimal movement
associated with human breathing is monitored throughout the system [82]. Some have been
built to measure a particular element or substance but have been successful in detecting
human respiration through testing in other areas. Here they use a temperature FBG in the
breathing monitoring process. [83]. Figure 13, shows a representation of smart textiles,
where the aim is to weave OF into clothing and present design alternatives so that they can
be in contact with the skin and do their monitoring work. This is one of the great challenges
of smart textiles with OF sensors.
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Figure 12. C. Massaroni guide and sensor protection scheme. This is an example of the hypodermic
needle. In the ventilation process of mechanical invasion, the hypodermic needle is used to measure
respiration, temperature, and humidity. In addition, with a really simple and innovative design, the
hypodermic needle is used to protect the OF [72].

Table 2. Respiration or breathing rate, research with optical fiber sensors.

Fiber Type and
Sensor Operating
Wavelength (nm)

Sensor Test Position

Respiratory
Rate—Breaths per

Minute
BR—(bpm)

Sensor Technology
Error or Variation

(%)
Ref.

SMF
1550

Thorax, chest wall 13.4 to 19.5 men
14.5 to 19 women

FBG
Encapsulated in PDMS

±1.96 [6]

SMF Tricuspid area and carotid
artery

18 MZI, FBG - [7]

SMF
1550

Baby upper abdominal area 10 to 100 Curves on the fiber 0.25 [55]

SMF
1510

Thorax, torso, and abdomen 10 LPFG 6 to 8 [56]

SMF
1547.77

Thorax and abdomen
(precordium area)

9 to 11 FBG
Bending effects

OTDR

10 [58]

SMF, hetero-core
1310

Smart textile for the upper
abdominal area

16 Macro-bending on the
fiber

1 [60]

SMF
1550

Thorax and neck 12 to 24 FBG 2 [61]

SMF
1533 and 1557

Thoraco-abdominal and chest
wall surface

6 to 11 on standing,
5 to 11 on supine

FBG 0.38 [62]

SMF
1299 and 1548

Thoraco-abdominal on
resuscitation manikin

- LPFG, FBG 0.4 and 0.8 [76]

SMF
1470.73

Human chest wall on supine 5 to 11 on natural,
6 to 12 on shallow

LPFG 4.4 to 8.7
and

5.8 to 10.1

[78]

SMF
1532 and 1541

Upper thorax 14 FBG 8.3 [81]

MMF
1310 nm

Body back 6 to 14
Average 12.31

Microbendings on the
fiber

9.8 [84]

SFM: single-mode fiber; MMF: multi-mode fiber; FBG: fiber Bragg grating; PDMS: polydimethylsiloxane; MZI: Mach–Zehnder interferome-
ter; LPFG: long-period fiber grating; OTDR: optical time-domain reflectometry; BR: breathing rate.
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Figure 13. OF textile material representation by Kony Chatterjee. Here you can see the great work of twisting the optical
fiber and weaving it to a textile, all for transport and protection, as it provides an ingenious way to move it and place it in a
textile garment to be in constant contact with the sample patient. This is a clear example of how you could make different
textile garments depending on what you want to monitor and the part of the human body from which you want to sample
data [85].

Continuing with a study where [86] showed an optical balistocardiogram technique
to measure cardiac and respiratory activity noninvasively, they used an optical FBG device
with a germanium-doped SMF placed on the thorax, obtaining sensitivity of 1.20 pm
(με)−1, corresponding to 17 Min−1. They presented an SMF sensor based on BFG, where
several methods were proposed for obtaining vital signs [87], as well as modifications for
the characterization of the same fiber with doping agents such as germanium, indium
arsenide, and gallium; measurements were performed at the waist, neck, elbow, and ankle
of the human body as they sought to determine where it was best to place their sensor.
They obtained detection ranges of 1550 ± 0.5 and 1525–1570 nm ± 0.1, or the wavelength
at which it operated. In another work, we can observe in Figure 14 how through the
characterization of an SMF they created a twin core that operated from 1551.85 nm to
1552.15 nm, where they used a dopant agent of pulverized gold [88]. The result was a
noninvasive sensor to measure respiration and HR with readings in the human chest,
obtaining a sensitivity of 18 nm/m−1.

 
Figure 14. (Adapted) Design of the twin core fiber and its operation. In (a) you can also observe
the operating wavelength of the SMF once it is characterized as a twin core, where it is also doped
with sprayed gold to increase sensitivity and in (b) the schematic design and representation of
the characterized fiber—a great job with a lot of creativity to create single mode fiber—two core
fiber—single mode fiber (SMF-TCF-SMF) array [88].

In Table 3, we present data from work done with respiration but which involved a
modification in the nanostructure of the OF by using chemical doping agents, which is
why we differentiate them from the studies in Table 2—apart from the fact that it can be
observed they are the most investigated fiber optic sensors, with the highest number of
studies that are talking about vital signs.
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Table 3. Respiration or breathing rate, research with optical fiber sensors with characterization of the nanostructure through
doping agents. Characterization with chemicals in the nanostructure.

Fiber Type and
Sensor Operating
Wavelength (nm)

Sensor Test Position

Respiratory
Rate—Breaths per

Minute
BR—(bpm)

Sensor Technology
Error or Variation

(%)
Ref.

SMF
1561.07 to 1561.467

Nose 12 to 18
Average 15

FBG created with H - [14]

POF
1552.45–1552.65

Chest 18 He–Cd laser for inscription,
taped fiber,

DPDS dopant and UV
irradiation

- [60]

SMF
1554.1203

1513.444–1585.787

Thorax 16.22 FBG, PDMS,
Sylgard 184

3.9 [62]

SMF
1550.218 and

1550.208

Thorax 16 FBG, acrylic and fiberglass for
protection

4.64 [63]

SMF, MMF, TMF – 18 MZI [69]
SMF

1440 to 1550, best
on 1519.95

Chest of respiratory
manikin

– LPFG, FBG
UV and argon-ion laser induced

Er doped and
core of GeO2/SiO2, inner

cladding of SiO2, outer cladding
of SiO2/F/P2O5

- [79]

SMF
1533 to 1553

Chest wall 11 to 12 FBG
polymeric glue and POF

0.3 [83]

SMF Chest Average of 17 FBG, Ge doped fiber [86]
SMF

1554.1204 nm
Chest 15.4925 standing,

15.5119 supine,
15.7638 sitting

FBG
PDMS for encapsulation,

Sylgard 184, CH3Cl as dopant

4.4 [89]

MMF, ECF
1550

Back of the body
seated

16 to 20 FBG
Microbending, He-Ne laser,

mechanical induction

15 [90]

SMF
1550

Back of the body on
supine

14 to 19 FBG, PDMS 4.41 [91]

SMF
1536 and 1548

Nose bridge 9.64 to 10.76 FBG
Ge doped, strain variations

1.3 [92]

SMF
1554.1207 nm

Chest 21.6676 standing
20.6386 seated
14.8741 back

FBG, encapsulated on PDMS,
Sylgard 184

- [93]

SFM: single-mode fiber; MMF: multi-mode fiber; TMF: two-mode fiber; POF: plastic optical fiber; FBG: fiber Bragg grating; MZI: Mach–
Zehnder interferometer; Ge: germanium; H: hydrogen; Er: erbium; PDMS: polydimethylsiloxane; LPFG: long-period fiber grating; ECF:
eccentric core fiber; DPDS: diphenyl disulfide; UV: ultraviolet. GeO2: germanium dioxide; SiO2: silicon dioxide; F: fluorine; P2O5:
phosphorus pentoxide. CH3Cl: chloromethane; He–Ne: helium neon; He–Cd: helium cadmium.

An LPFG sensor with three SMF fibers that analyzes the curvature and heat generated
during breath monitoring was observed, even though the measurements were performed
on a resuscitation training dummy—on the chest [79]. Using FBG, there was a sensor
encapsulated in a compound with excellent thermal and elastic properties to monitor
respiration and measure data from the sensor placed on the human chest [89]. Continuing
with a study of a fiber optic sensor with bends for breathing monitoring and a sensor on the
back and chest [90], so far it can be seen that almost all studies on breathing with OF were
achieved through the measurements they obtained on the chest and the chest during the
same process of human breathing—something logical and relatively simple since it is just a
count of the breaths that occur in a given time. Another work is that of an FBG sensor to
measure respiration and cardiac pulse during MRI examinations; as the sensor is immune
to electromagnetic interference, the measurements were performed on the body through
a mattress for a patient in supine position [91]. Likewise, a really striking and creative
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sensor is presented as is a smart textile, composed of 12 FBG sensors to measure all trunk
movements, including breathing; being a whole garment, its measurements were obtained
in chest, rib cage, and human abdomen [83] (Figure 15, shows various representations
of smart textiles with OF sensors). Finally there is a noninvasive device (Figure 16) for
respiratory monitoring through a fiber with two FBG, which measures nasal airflow [92].

Figure 15. (Adapted) An example of smart textile sensors [94–96]. A representation of some very
novel sensor designs is shown, based on a study to determine the location and configuration of the
FBGs in the textile in order to measure the multiple details of breathing and its involved movements.
It is intended to show the research that there is for the development of this type of garments that
help constant monitoring of vital signs or physical activity.

Figure 16. An example of the Pant Shweta prototype, a breathing measurement device. Another
design to highlight where, through a very simple prototype, it is possible to measure breathing
through a sensor with a FBG for its task. The prototype is most ingenious as it is a nasal bridge
that measures the respiratory flow and can measure the respiratory rate from the volume without
problems—a totally different and novel proposal. [92].

3.3. Pulse or Heart Rate

With the following vital sign, it is clear to us from the studies presented and the
literature that pulse or heart rate is almost always accompanied by some other vital sign,
either body temperature or respiratory rate, since the similarity for obtaining it through
pressure or temperature (more common) is the same and only the parameters for its
interpretation or mathematical calculations based on the heartbeat change. However, the
usefulness of the sensor or characterization changes completely when we analyze the
techniques in depth; although they are similar, they all have small details that identify
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them and give a sensor its unique character. Here we also begin to glimpse the problem of
replication and mass production that would be desirable due to the size and characteristics
of the sensors. A healthy adult at rest has on average a HR between 60 and 100 beats per
minute (BPM) [47]. We can also say that a good way to know the physical health of an
individual is through the monitoring and measurement of the heart rate, since this way it
is possible to know the intensity and physical work of an individual, strength, expenditure,
and calorie intake [92], among other things—in addition to how essential it is for the
diagnosis of diseases, constant monitoring and treatment of people efficiently [97]. FBG-
based sensors have been studied in processes. Since it is possible to establish the pressure
needed during the perforation of the cardiac wall, in a study of cardiac arrhythmias, in vivo
tests were performed in the hearts of two sheep. Working with an SMF in the range of
1561 nm to 1564 nm, an invasive procedure was used where the sensor was protected
with a steel cylinder and urethane with epoxy glue [98]. Another way to find the cardiac
pulse is through an optical sensor based on the reflectivity of light, where its change can be
measured through the movement of the chest. This was done with a POF (plastic optical
fiber) based on the principles of light intensity change every time the heart emits some
vibration. With these studies it was possible to detect the peaks of a harmonic signal
at a frequency of 15 Hz, 7.5 Hz, 10.5 Hz, and 22.5 Hz in a healthy adult with a mean
value of 78 BPM; these results were so promising that the researchers made a working
prototype [99].

Starting with the analysis of the most complete work, the best elements for the equip-
ment are those presented in Table 4. First, a physical sensor that measured the heart pulse
through a pillow placed on the back of the head will be analyzed; to improve the sensitivity,
microbends were made in the fiber. It was found that the accuracy of the sensor decreased
as the weight of the head increased. To obtain the results, the same sensor was compared
with a commercial sensor [100]. The following is a paper in which they present an FBG
sensor for the detection of HR through vibrations: the sensor was capable of being used
during MRI procedures due to its low signal-to-noise ratio and being immune to electro-
magnetic interference [101]. Another study is one in which they showed the development
of a FBG sensor for monitoring vital signs; this was performed superficially in different
parts of the body, where different results were obtained compared to other sensors using the
techniques of Bland Altman. Pulse and blood pressure were finally obtained by performing
calculations and measurements in the temple, finger, ankle, and dorsum of the foot. This
turned out to be a very complete work where different parts of the body were taken into
account and where it was possible to measure the HR correctly [102]. We can also observe
another fiber optic sensor with FBG for HR monitoring, where the use of an elastomeric
material with measurements on the chest was tested. This type of material is very useful in
the field of health and medicine because its properties are very friendly to human skin [12].
Another team showed a fiber sensor to measure HR, where patients were placed in a
massage chair to monitor the data that were delivered by a pad on their resting heads—an
effective method and also very useful because it helped to relax and lower the HR [103].
A very complete work is that of an OF sensor based on FBG where several methods for
obtaining vital signs were proposed, as well as modifications for the characterization of the
fiber with measurements in the waist, neck, elbow, and ankle of the human body; here, a
measurement of temperature obtained during the exhalation process was performed [87].
This work is a clear example of the possibility and feasibility of measuring another vital
sign during the process of obtaining the one that really interests us—it could well be by the
hand of some other electronic or auxiliary device. Finally, an HR sensor made with a POF
with three different configurations of the same fiber—which were straight, sinusoidal, and
spiral-shaped, and were tested on the human hand, chest, and neck under fast, normal,
and slow HR conditions—highlighted the photo elastic properties of the fiber [104]. In
Figure 17 we can see an example of the work of Bonefacino, J. [60], where through an FBG
sensor they managed to obtain measurements of the human pulse and respiration, all
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through an ultra-fast etching process of the strips. They showed sensitivity data of 150 bpm
in HR and 8 BPM in BR.

Table 4. Pulse or heart rate, research with optical fiber sensors.

Fiber Type and
Sensor Operating
Wavelength (nm)

Sensor Test Position
Heart Rate—Beats

per Minute
HR—(BPM)

Sensor Technology
Error or Variation

(%)
Ref.

SMF
1550

Thorax, chest wall 64 to 81 men
67 to 98 women

FBG
Encapsulated in PDMS

±1.96 [6]

SMF Tricuspid area and
carotid artery

61 MZI, FBG - [7]

SMF
1550

Chest 57.5 FBG
Encapsulated in PDMS

1.96 [12]

POF
1552.45 - 1552.65

Chest 150 He–Cd laser for
inscription, taped fiber,
DPDS dopant and UV

irradiation

±2 [60]

SMF
1550

Thorax and neck 60 to 120 FBG 2 [61]

SMF
1554.1203

1513.444–1585.787

Thorax 78.54 FBG, encapsulated on
PDMS, Sylgard 184

1.96 [62]

SMF
1550.218 and

1550.208

Thorax 74.3 FBG, acrylic and fiberglass
encapsulated

4.87 [63]

SMF, MMF, TMF - 66 MZI - [69]
MMF

1310 nm
Body back 77 to 83

Average 66.55
Microbendings on the

fiber
0.6 [84]

SMF Chest Average of 107 FBG, Ge doped - [86]

SMF
1545 to 1555

Radial artery at the wrist 51 MZI, FBG, InGaAs - [87]

SMF
1554.1207 nm

Chest 62,8363 standing
61,9159 seated
76,8499 back

FBG, PDMS,
Sylgard 184

- [93]

MMF Back of the head 58 to 74 Microbendings on fiber 2.7 to 3.44 [100]
SMF

1538.4 to 1538.6
Back of the body 76.8 FBG < 7.4 [101]

SMF
1549.5 to 1550.5

Temple (best), finger,
ankle (worst) and

dorsum pedis

Average of 66.33,
60.33, 60 and 57.66

FBG, MZI 1.47 (best)
28.33 (worst)

[102]

MMF Back of the body 84 Mechanical induction 7.31 [103]
POF
950

Neck and chest 68 (best) and 52
(worst)

PDMS and plastic
polymer

macro-bending and strain

- [104]

SMF
1550 nm

Wrist 66 Er
12μm thick Al diaphragm

5 [105]

SFM: single-mode fiber; MMF: multi-mode fiber; TMF: two-mode fiber; POF: plastic optical fiber; FBG: fiber Bragg grating; MZI: Mach–
Zehnder interferometer; Ge: germanium; Er: erbium; PDMS: polydimethylsiloxane; ECF: eccentric core fiber; DPDS: diphenyl disulfide;
UV: ultraviolet; He–Cd: helium cadmium; InGaAs: indium gallium arsenide; Al: aluminum.
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Figure 17. Based on the signals representing the waveforms of the filtered hard data as an example of
Bonefacio Julien. It can be seen how the output signal and its respective wavelength appear in black
with noise during the analysis performed by the FBG sensor, while the signals in red and blue, BR
and HR, respectively, having already been filtered, can be seen in a clearer way due to the elimination
of noise—a simple sign that from the same signal can be obtained different data out of phase in time
and the feasibility of being able to obtain not only a vital signal to monitor. Here, the complexity lies
more in monitoring both in real time [106].

Figure 18 also shows an example of the work done by Chuanglu, C. [107], where you
can see that through the fitting of a signal obtained by a FBG sensor and smoothing this
same signal, you can get the desired results. Here is shown the behavior of the same blood
pressure (systole/diastolic) with a device that can also get more data, such as respiration
and pulse.

 
Figure 18. Example of the cardiac pulse flow during monitoring. It shows how the cardiac pulse
signal is obtained. At first, background noise is observed in the output signal, as well as thermal and
electromagnetic interference, so they proceed to filter the signal and take samples of the pulses to
smooth the signal and finally take more samples to process the signal [107].

3.4. Arterial or Blood Pressure

Finally, we have the vital sign of blood pressure, where an adult human at rest has
a blood pressure of 90/60 mmHg to 120/80 mmHg [47]. Blood pressure turns out to be
the most complicated vital sign to obtain through OF sensors since in a traditional way it
is very easy to apply pressure on the arm through a sphygmomanometer or tensiometer
and thus stop the flow, which will cause an increase in pressure that can be measured.
This same principle applied to fiber optic sensors is complicated since by increasing the
sensitivity and characterization of the OF, these data can be confused with BR or HR but,
through calculations or an algorithm is easier to obtain, resulting in the best way to obtain
these data. Blood pressure also serves as a way to know or estimate multiple causes of
cardiovascular conditions or problems. To start, we have research on the feasibility of
using a system based on OF for invasive measurement of blood pressure [108] in which
they present gain and offset errors of <3.4% and <0.25%, respectively, delay < 1 msec, and
maximum rate of change > 30,000 mm Hg/sec, and where the effectiveness of using an OF
to withstand electromagnetic interference was obtained. Another example is the study of a
prototype sensor to measure Doppler blood flow velocity through a SMF [109] working
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in the NIR at 790 nm and 25 ◦C, where the Doppler shift of the radiation of a laser was
recorded with an OF, thus beginning to visualize the intervention of possible tools for
medical aid or assistance with the characterization of optical sensors.

Starting with the research work presented in Table 5, we have firstly an OF sensor
of FPI for medical use (blood pressure) that works with white light; experiments and
measurements were performed in a goat in which the internal pressure changes of the heart
and the aortic vein were monitored [110]. Next, a work where they present another OF
sensor to measure blood pressure in vivo and invasively, using as a sample a pig in which a
catheter was introduced into its coronary artery from which blood pressure measurements
were obtained in the aortic arch, right coronary artery [111]. We continue with an FBG
sensor that measures waves in the deformations of the body surface that turned out to
be pulse waves that were generated with the contractions and expansions of the arteries,
achieving reliable values on the systolic pressure, where measurements were obtained
from the neck and ankles of the human body [112]. Then, we have an OF sensor that looks
like an advance from a previous sensor [111], where a complete design and packaging of
the sensor was created for in vivo use in a swine coronary artery to measure the pressure
of the arch of the aorta and the right coronary artery; it was demonstrated that the method
of encapsulating the sensor provided effective protection and flexibility in the handling of
the OF sensor in vivo for blood pressure measurements. Basically, it was a feasibility study
of the operation of the sensor and how they provided protection and stability to work
outside the laboratory—undoubtedly an excellent work as it provides evidence for the
future possibility of further mass producing or developing OF sensors for the market [113].
We continue with the development of a FBG sensor for monitoring vital signs; this was
performed superficially in different parts of the body, where different results were obtained
compared with other sensors using the Bland–Altman technique. Pulse and blood pressure
were finally obtained by performing calculations; the measurements were performed at
different parts of the human body: temple, finger, ankle, and dorsum of the foot [102]. We
also observed a portable sensor that used an FBG to measure tensions with high accuracy
as the pulse wave signal; that is, together with mathematical calculations as the blood
pressure values were obtained, the measurements were performed on the arm. This study
validated that when the measurements are at different heights, the results change until the
body posture changes. The measurement turned out to be good as long as the height was
not changed—at least it was the parameter that affected the blood pressure sensor they
had [114]. An FBG sensor in a smart textile made of silk fabric was presented for constant
monitoring of vital signs, which can be calculated by analyzing the generated pulse wave,
with special emphasis on blood pressure [115]. Another very good work (Figure 19) is
from a study in which they showed an FBG sensor to measure HR and blood pressure
through an aluminum diaphragm [105] that was placed on the wrist of the arm, which
served as an acoustic amplifier when emitting such pulses and could be detected through
the characterized fiber. This is a very good idea implemented for obtaining data through
the generated sound waves and their analysis to generate results on the activity of pressure,
pulse, and blood viscosity. Another group presented an FBG sensor with a POF [116]; in
this case they proposed the use of plastic fiber since the common fiber is very delicate
and could fracture during the operation of the sensor; therefore, with the POF that curl
is omitted, the sensor gets to detect a pulse wave for blood pressure up to 8 times higher
than with a silica OF. The results show that the blood pressure had very little error but the
acceleration correlation of the plethysmograph was not the desired one. Finally, a sensor
based on FBG is presented where several methods for obtaining vital signs were proposed,
as well as modifications for fiber characterization. Measurement on the waist, neck, elbow,
and ankle of the human body, the temperature measured was the one emanating from the
exhalation process and the blood pressure was measured through the variations in the
diameter of the artery caused by the same pressure. It was also concluded that the sensor
could not effectively measure the pulse and pressure, one or the other should be separately
eligible [87].
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Table 5. Blood pressure, research with optical fiber sensors.

Fiber Type and
Sensor Operating
Wavelength (nm)

Sensor Test Position Blood Pressure (mmHg)
Sensor

Technology
Error or Variation

(mmHg)
Ref.

SMF
1549.5 to 1550.5

Temple (best), finger,
ankle(worst) and dorsum

pedis

131/73.5
average

MZI, FBG ± 3 [102]

SMF
1550

Wrist 116.5/71.75
average

Er, Al diaphragm - [105]

SMF
550 to 700

On a goat left ventricle,
left atrium, right atrium,

and aorta

–100 to 400 FPI, PI, C8H20O4Si ± 4 [110]

SMF, MMF
1547.5

In-vivo coronary artery of
a swine

54 to 88 in aortic arch
60 to 100 in right coronary

artery

FPI cavity with HF,
SiO2 diaphragm

- [111]

SMF
1549.5 to 1550.5
1559.5 to 1560.5

Neck and ankle 106 to 119
and 109 to 122

MZI, FBG 7
and 5 on systolic

[112]

SMF, MMF Tortuous vessels of a
swine model in-vivo

54 to 88 FPI, stretched core
MMF, SiO2
diaphragm

- [113]

SMF
1549.5 to 1550.5

Right wrist 110.7 supine
107.3 sitting

103.8 standing

MZI, FBG, SiO2,
InGaAs

3 supine
2.8 sitting

3.8 standing

[114]

SMF
1525 to 1575

Wrists 123.6 average with no
cover

119.2 average with cover

FBG 2 no covered
6 covered

[115]

POF
15543 and

1553

Left arm 106.5/65 average FBG, glue
NORLAND 78

5/3 [116]

SFM: single-mode fiber; MMF: multi-mode fiber; POF: plastic optical fiber; FBG: fiber Bragg grating; MZI: Mach–Zehnder interferometer;
FPI: Fabry–Pérot interferometer; PI: polyimide, C8H20O4Si: tetraethoxysilane; HF: hydrofluoric acid; SiO2: silicone dioxide; Er: erbium;
InGaAs: indium gallium arsenide; Al: aluminum.

 
Figure 19. Wang’s figure of an example of a fiber sensor showing its structure, composition, and
operation. The model of an OF sensor is shown from its components and how each of them are
structured. The whole design for its operation is presented and how the characterized fiber works—
together with all its components and operation functions as a wrist blood pressure sensor. A bold
design of how vibrations originated by a membrane can be used to obtain readings in the wave [105].
(A), Schematicdiagram of optical fiber pulsesensor; (B), Structural design ofwearable pulse sensor;
(C), Thetransmission of pulse waves signals.

102



Biosensors 2021, 11, 58

3.5. Multiparametric

These represent investigative works that are outstanding due to their complexity and
their ability to monitor multiple vital signs or some complementary characteristic that
serves to obtain the same signs [117]. Although most base their technique on obtaining
pressure or temperature along with mathematical calculations to obtain the other vital
signs, they do so by comparing their results with sensors that are already present in the
market and trading through Bland–Altman techniques.

In Table 6 we start by reviewing a work on an interferometer-type fiber sensor where
different configurations of the same for monitoring psychophysical activity were compared
to sample HR, motion, and blood pressure, performing measurements on the human
body [118]. That study is followed by a proposed noninvasive OF sensor to monitor
respiration, blood pressure, and movement with drugs on the human body through a
chair with a backrest and a pillow where it carried the sensor [119]. Continuing with
another FBG-based sensor to measure respiration, pulse, and movement, but also to
obtain data on temperature variations, measurements were taken on the human neck of a
sample subject [61]. Next, a work was analyzed where a sensor that handled an FBG with
microcurves is presented showing its practicality in measuring heart rate and respiratory
rate. This sensor with multiple uses and capabilities through smart objects was tested
using mattresses, pillows, chairs, and swings where a sample subject was placed [84].
The review continues with a proposal on a ballistocardiogram technique using optics to
measure cardiac and respiratory activity noninvasively—using an optical FBG device with
measurements on the human chest [86]. Next is a design with its verified functionality of a
noninvasive sensor to measure and monitor pulse and respiratory rate through an FBG
measuring rib cage movements and also performing measurements on the human chest [93].
Work continues on a noninvasive multichannel OF sensor for HR, BR, and temperature
monitoring through FBG characterization, encapsulated in a polydimethylsiloxane polymer
where measurements were performed on the human rib cage [62]. Then an FBG sensor
integrating three types of sensing for pulse, HR, and body temperature is analyzed. The
study consisted measurements on the human body using a fairly complete vital signs
sensor based of OF and was developed by a team of researchers [69]. Our review continues
with a sensor for the detection of human respiration that used an FBG for temperature
during the process of monitoring respiration, making measurements in the nose [14].
Another FBG sensor for simultaneous measurement of respiration used pulse wave and
heart sound with measurements at the tricuspid region of the chest and the carotid artery
of the neck [7]. Other techniques created FBGs in an SMF and used them in the biomedical
field as HR, BR, and temperature sensors, performing measurements in the human chest.
Additionally, techniques are shown to increase the sensitivity of the fibers using different
doping agents for the fiber and also exposure to ultraviolet rays [60]. There is also a
proposed model on a fiber optic sensor with interferometer for the detection of heart pulse
and respiration through its tuning on a mat to measure different parts of the body [69]. The
review continues with consideration of a sensor for monitoring heart rate and respiratory
rate through a design of a ballistocardiogram composed of FBG—all to be applied during
the MRI process where it was shown that the sensor was not affected by any disturbance
caused by the resonance analysis, this through measurements on the human chest [63].
Finally, we have a work that showed a sensor with a FBG to measure the heart pulse and
blood pressure through an aluminum diaphragm that was placed on the wrist of the body,
which served as an acoustic amplifier at the time of emitting such pulses and was able to
detect through the characterized fiber [105].
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Table 6. Multiparametric—vital signs, research on optical fiber sensors.

Number of Sensors Body Temperature
Respiration or
Breathing Rate

Pulse or Heart Rate Blood Pressure Ref.

3 × × × [6]
2 × × [7]
1 × × [14]
2 × × × [60]
2 × × × [61]
2 × × × [62]
1 × × × [63]
2 × × [69]
1 × × [84]
1 × × [86]
1 × × [93]
1 × × [105]

Table 6 only shows those works on fiber optic sensors that were capable of obtaining
measurements of two or more vital signs; however, for ease of comparison, the data of
most interest to us were included in the corresponding tables.

4. Discussion

The preceding provides us with an important starting point and a research base to
continue testing more features in sensors that have a competitive potential in the market or
can be used to generate knowledge. There is a growing demand for medical devices for
constantly monitoring vital signs, health, and stability as a means to prevent deterioration
of the patient’s condition or the illness, or simply to warn of any elevation that may
indicate a more serious disease. This leads to the need for medical sensor application
technology in real-time, at low cost, and that is commercially viable, that compete with
devices commercial electronics.

A large number of the sensors in the literature reviewed work with FBG-characterized
SMFs operating at a wavelength within the NIR (1550 nm), where they are more sensitive to
the change in the refractive index of the OF and are for monitoring respiratory rate, as it is
the most commonly used, inexpensive, and therefore most accessible fiber type. Apart from
the fact that the characterization with FBG at that wavelength is a widely tested that has
given multiple results using lasers [120], the complexity is to adjust the sensor as a filter fort
to measurement of some vital sign [72,114,115]. All the sensors analyzed, are performed
for measurements of physical parameters in the medical field (temperature, position, force,
torque, stretch) but is necessary its calibration and categorization, as they are able to
perform different measurements depending of the configuration and design. Therefore,
they are applied for obtained manage and to obtain a response of vital signs [87,121].

Unlike the systems of traditional detection and monitoring of vital signs, optical fiber
sensors have very attractive characteristics, such as excellent sensitivity, great rank of
operation, and a high trustworthiness. The advantage of optical fibers use is that they
are elaborated with dielectric materials that are chemically inert (that is, compatible and
immune to the electromagnetic interference) and many of them can be covered by de-
signed materials to support great temperatures. These properties make them excellent so
that in their characterization as sensors, they can be adapted in hostile and aggressive
surroundings, such as the interior of some block of construction, materials, or structures,
or in a system of generation and transmission of electricity, where conventional sensors
can have an unstable operation and at the same time have increases in the possibility of
faults [37]. According to the data that appear in the different tables, one can deduce that
the measurement or monitoring of vital signs varies depending on the atmosphere where
the registries are made. With almost all reported results, were tested in a laboratory. The
tests would be much better in real environments since many sensors are very sensitive to
pressure, temperature and vibration changes. It would be ideal if the designs that were in-
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vestigated could be developed as prototypes. In the review of the reported research works,
we found the lack of classification of those sensors that reached an operational sensitivity
for applications in health care. Because, each research team established its criteria for
the characterization of the sensor, such as: units of measure and limit of operation. Since
there is no standard characterization criterion, it is difficult to establish with certainty the
feasibility of operation of all sensors of each research team. Knowing only the use and
operation of the sensor that was considered under certain very specific conditions.

The results obtained in some works show an enormous variation solely with changing
the area of positioning of the sensor. For example, in the case of Chino, S. et al. [102], data
varied depending on where the samples were obtained from the four parts of the body
(temple, finger, ankle or dorsum pedis) for the obtaining cardiac pulse. This is evidence
that, if they wanted to obtain good results for locating some of the vital signs, it is necessary
to study the medical literature on the different vital signs, such as physiology, which firstly
allows to establish parameters for the correct taking of samples and tests.

The sensors in Table 6 are the most robust and complete proposals for measuring vital
signs; their sensitivity and reliability make them great candidates for operation in in vivo
situations; however, for us the best are still those that do not require human intervention,
but those that are placed on some kind of guide, mattress, or pad [69,74,84,91,103,119],
since the error factor due to direct human intervention and the practicality of handling the
sensors themselves is eliminated. It can be clearly observed in this table that cardiac pulse
and respiration are almost always obtained together. Another important characteristic is to
see that only in one of them the blood pressure is obtained together with the cardiac pulse.
Finally, another characteristic is that although some are large sensor arrays, not having
more sensors means that their capacities grow; the number of elements or sensors involved
in each research study does not determine their accuracy, reliability, or greater capacities.

The complexity of the sensors lies not only in the characterization of each one of them,
but in that there are some [82,92] in which the monitoring is performed through several
OFs, different types of OFs, or with several sensors in the same array. These represent
complex models if we take into account their nanostructure and fragility to be handled
without suffering any damage, since portability is one of their major disadvantages, without
considering their light source, since in most of the researcy they turn out to be lasers.

There are also studies that try to analyze [12,62,72,89,105,113,115] the means of trans-
port or protection, since the tests have brought these means to a more practical position,
which is desirable if you want to develop and install such sensors in the market, since
the tests ground them to a real situation—which is convenient if what is sought is the
development and implementation of this type of sensors. It should be noted that OF
sensors already exist commercially, but their use is still limited.

We believe that the best works were those in which they could remain as a proto-
type proposal [99] and were implemented through comparisons by Bland–Altman tech-
niques [102] against others for commercial use [100] or they were presented and put into
operation suddenly.

The use of fiber optic sensors in conjunction with new technologies provides a solid
structure for the design of new sensors. The use of characterized FO is of vital importance,
since almost all research papers document improved sensitivity, managing to overcome
Bland–Altman tests against established devices or gold standards to determine sensitivity
and operation during laboratory tests. This not only for vital signs [63,91,105,115] but
also for a wide variety of optical sensors for use in the medical field, such as bacteria
sensors [122], glucose monitors [123], cardiovascular monitors [107] (although this research
work fails to present conclusive results due to the small number of samples, but they
prove to have better sensitivity values), diabetic foot treatment [124], and also in the field
of biochemistry [125] as diagnostic sensors, environmental monitoring, and organic and
chemical compounds.

These sensors demonstrate their great effectiveness, presenting innovative and difficult
to overcome designs since the characterization of the optical fibers can deliver extreme
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sensitivity and accurate data. In terms of cost, they have not been able to be introduced
as sensors for domestic use since they cannot compete in cost relative to the established
electronic vital sign sensors. The trend observed is the integration of these sensors with
different devices, such as programmable boards for hardware development (Arduino and
Raspberry Pi) that combine the best of each technology, such as miniaturization, free access,
high sensitivity, and immunity to electromagnetic interference, among others—which
combined have proven to be sensors with exceptional capabilities.

In addition, in some cases they show similar levels of sensitivity to fibers used in
some high cost articles; that is to say, an alternative of lower cost is appearing, but even
so it is not sufficiently attractive when competing with the traditional vital signs sensing
devices [126–128] that often seem to be more precise and reliable. On the other hand, some
otherwise very good work has achieved unexpected results [90], since the percentage of
error or variation was very high, due to factors such as temperature differences or pressure.
Nevertheless, being good studies, they continue to indicate methodologies to follow or to
correct for future projects.

With respect to the sensors for human temperature, from all the work presented in
Table 1, we can conclude that the best in terms of operating ranges [6,60–62] are those
that only measure the ranges proposed for human temperature (36.5 ◦C and 37.3 ◦C),
since many are able to detect very high temperatures and are really surplus. In terms
of sensitivity, all of them have very small ranges (surface/temperature), from which one
could well infer their accuracy. Finally, none were placed in the most commonly used parts
of the human body to obtain the temperature, such as the armpit, forehead, ear, or rectum.;
we infer that the lack of testing in these sites is because they require presenting a sensor,
rather than proposing manipulation or live operation.

With respect to the sensors for monitoring respiration presented in Tables 2 and 3, we
conclude the following: the error range present could only be acceptable if there were a
standard metric to compare all the sensors, since in many cases it is only a simple counting
of breaths, while in others the signal is generated by each movement detected by the
sensor and analyzed. However, the best are those that have very little variation or error
range [58,60,63,65,66,71]. Here we can conclude that, in effect, it is something very difficult
to calculate due to the physical activity of the sample subject and, as in the temperature,
only sensors and their operation are presented, not an arrangement that allows to take
them into real situations for practice or operation—places working against the environment
and its variables.

With respect to the sensors for cardiac pulse monitoring presented in Table 4, we
conclude the following: the best ones are those whose data conform to the standards
(60 BPM to 100 BPM) and whose degree of error or variation is the least [8,93,129]. Taking
into account these data, we can assume that some of them do not present maximum and
minimum values of operation, or their respective values of error or standard deviation.

For the sensors for blood pressure monitoring presented in Table 5, we conclude: the
best results [88–91] are for those that show greater test data due to the different zones of
the body where the sensor was placed. This is because a change in blood pressure can
be seen in these areas, where it can be said that the best area is the wrist, due to the ease
of placement of the sensor and the results shown. The only desirable thing would be to
test and prove the feasibility of these sensors in extreme conditions of physical activity
(walking or some exercise) and to observe any variation.

5. Conclusions

Fiber optic sensors have great advantages, such as being immune to radiation and elec-
tromagnetic interference, chemical corrosion. Their lightness and small size are attributes
that make them perfect for monitoring health or for use in the medical field as a great tool
capable of providing information in real time—even more so with the monitoring of vital
signs, where these sensors can be used as a simple monitor or even life support for the
diagnosis or prevention of disease.
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The projection of Fiber Optic Sensors [130], has grown very slowly into the markets
directly competing with conventional sensor technology from 1980 to 2000, due largely
to the high cost and a limited number of sensors. Considering the evolution of fiber optic
sensors and a projection for the year 2020, it is expected that the cost of components for their
manufacture will be more economical and attractive. This would result in a greater opening
and distribution of the market, more economical and affordable sensors for companies,
and better quality components.

The trend of our time is the preparation of more accurate and sensitive, faster, and
highly specific fiber sensors, not only in the field of medicine and health. On the other hand,
these sensors have a tendency to be more complex and therefore financially demanding,
making them more expensive to mass produce. The number of publications on sensors for
medical and health care has increased in recent years and without a doubt this will grow
enormously in 2021 due to the problems that humanity faces with COVID-19. We are at
a decisive moment where the constant monitoring of our vital signs must be taken into
account and we must be attentive to any changes; in fact, the, respiratory rate monitors
and oximeters have seen their commercial demand increase enormously since the vast
majority of people who have the possibility of acquiring any of them have no choice but to
monitor their vital signs in isolation due to the possibility of contagion of the disease. It has
become common to measure temperature in all meeting establishments or places of human
recreation. All this favors that these sensors can ultimately see a commercial outlet and not
just remain as laboratory projects. Although there are some that as prototypes seem to be
very good, one can perhaps find a way to make them more resilient or to improve their
portability or to use visible light—since one of the technolgy’s main problems is its fragility
and light source.

In this article, a review of fiber optic sensors for monitoring vital signs was conducted,
where characteristics such as the technologies used for manufacture, compounds or ele-
ments that modify the nanostructure of the optical fiber, operating ranges, and sensitivity
are presented and discussed. We analyzed which of them are the best proposals for their
possible live operation, since it is one of the concerns to be uncovered with this work. The
main feature of all of them is the monitoring of vital signs in real time. Some of them
even measure oxygen saturation and stress. Some very ingenious or complex designs are
illustrated, both as their insertion in textiles and arrangements with various types of fiber—
each of them with different modifications in their cores. In conclusion, fiber optic sensors
for monitoring vital signs allow the technology enclosed in them to design prototypes for
use in various healthcare facilities. These sensors greatly improve the comfort, ease of
operation, and accuracy of health monitoring devices.
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Abstract: The past decade has witnessed a surge into research on disruptive technologies that
either challenge or complement conventional thoracic diagnostic modalities. The non-ionizing,
non-invasive, compact, and low power requirements of electromagnetic (EM) techniques make
them among the top contenders with varieties of proposed scanning systems, which can be used to
detect wide range of thoracic illnesses. Different configurations, antenna topologies and detection or
imaging algorithms are utilized in these systems. Hence, to appreciate their progress and assess their
potential, a critical review of EM thoracic scanning systems is presented. Considering the numerous
thoracic diseases, such as fatty liver disease, lung cancer, respiratory and heart related complications,
this paper will exclusively focus on torso scanning systems, tracing the early foundation of research
that studied the possibility of using EM waves to detect thoracic diseases besides exploring recent
progresses. The advantages and disadvantages of proposed systems and future possibilities are
thoroughly discussed.

Keywords: torso scanning; antennas; processing algorithms; electromagnetic imaging

1. Introduction

The urge and curiosity of human beings toward understanding diseases and devel-
oping tools to diagnose them can be backdated to ancient times and has been an ever-
developing part of science throughout past centuries. However, it was the invention of
the X-ray by Wilhelm Rontgen in the 19th century that created a new direction in medical
science. It provided a third eye to the medical staff that could confirm or reject their
hypothetical diagnosis. This advancement has changed the course of treatments and raised
medical standards significantly. Hence, huge investments were made to enhance this
technology and improve the quality of the obtained images, leading to the invention of
Computed Tomography (CT scan) in the second half of 20th century. However, despite
all these innovations, both systems came with an undesirable caveat: they use ionizing
radiation. Efforts by numerous researchers resulted in the invention of magnetic resonance
imaging (MRI) that utilizes a combination of a strong magnetic field and electromagnetic
(EM) waves to map the changes inside human body. MRI is accepted as the gold standard
among medical imaging devices and its image quality has significantly improved, thanks
to advancements in imaging algorithms and coil fabrication technology. Consequently,
MRI technology comes with a huge price tag and highly shielding requirements to contain
the strong magnetic fields. Hence, it is not suitable for rapid onsite diagnosis and frequent
monitoring, besides limiting its accessibility to large medical centers.

Motivated by the aforementioned limitations, researchers have been investigating
alternative or complementary techniques that are non-invasive, safe, low cost and portable.
EM techniques are among the top candidates that have been widely studied. The basis
of using those techniques is the fact that characteristics of EM waves, such as phase and
magnitude, are altered by the dielectric properties of biological tissues [1]. For instance,
a cancerous cell has higher fluid content compared to a healthy one [2]. This results in
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a change in the response of EM signals, and this change can be potentially exploited
for detection purposes. This review focusses on application of EM scanning systems for
thoracic diseases, as one of the main contributors to mortality rates in the world [3]. Fluid
accumulation inside (pulmonary edema) and around (pleural effusion) the lungs is the
common symptom for various diseases such as heart failure, lung cancer, breast cancer
and more recently COVID-19 [4–6]. Hence, the ability to detect accumulated fluid at early
stages can potentially lead to early diagnosis of the underlying diseases. The possibility
of detecting lung fluid was first proposed by Susskind in 1973 [7], where the use of a
combination of a cathode ray tube and an antenna was proposed as a scanning platform.
The first studies on the application of microwaves to detect pulmonary edema were
performed by Pedersen [8,9]. These studies modeled human body as a load and calculated
reflection coefficient based on the changes inside the torso. Hence, those studies concluded
that any changes inside the torso affect the magnitude and phase of EM reflection and
transmission coefficients, although only limited tests were performed on the magnitude
of those signals. To further improve these outcomes, two methods were later introduced
in 1983 by Iskandar et al. [10] to measure the variations in lung water. The first method
analyzed the phase of transmission coefficient of a microwave applicator [11], whereas the
second method employed the radiometry concept that monitors changes in microwave
emission levels [12]. To provide a more robust detection process, dielectric properties
estimation methods were used to detect pathological changes in tissues inside lungs [13].
It follows the same logic that accumulated fluid inside or around lungs alters the average
permittivity as experienced by the sensing antennas.

While all these methods have advanced the field, they all have limitation in that detec-
tion is performed based on the assumption of known dielectric properties of the healthy
status of the scanned subject [8–11,13], which is difficult to achieve in practice. Accord-
ingly, different approaches such as the combination of microwave transmission with X-ray
scanning were investigated. The method in [14] estimated the amount of water content
inside lungs using a method of moments. This study was an important step in moving
towards a more sophisticated analysis of the torso’s internal tissues. This view was further
advanced by the introduction of radar-based microwave imaging [15–21] and tomography
methods [22,23], where the scattered fields from the abnormal tissue inside the torso is
calculated using forward and backward processing methods. Considering the higher water
content, in the case of edemas and cancerous tissues, the reflected/transmitted signals
from those pathologies create a strong scattered field or high contrast permittivity map
that can be shown as two- or three-dimensional images. The advances in computational
methods and artificial intelligence open new horizons in research that were not feasible
before. For example, a statistical analysis was adopted to predict changes in fat levels
inside the liver [24]. This method is based on the high symmetry between the right and left
sides of the body and analysis of the correlation between signals from these areas at several
frequency points. In another method, the feasibility of a supervised decent method [25] for
torso imaging was adopted to estimate the torso’s structural information, paving the way
for real time imaging.

To ascertain the importance of the abovementioned advances, the present review
focuses on torso scanning systems aimed at detecting thoracic diseases and thus does not
include vital sign monitoring applications. Section 2 of the paper reviews electromagnetic
scanning systems and discusses their operation principles. It then investigates different data
acquisition methods and their role in complexity and accuracy of the system. Moreover, it
reviews the most utilized scanning platforms for torso scanning systems, their capabilities
and limitations. The safety considerations for torso scanning systems are thoroughly
investigated in Section 3. The safely limits are investigated using specific absorption rate
(SAR), followed by a discussion on range of SAR values for current EM torso scanners.
Section 4 presents an overview of design criteria for torso scanning systems and provides a
detailed review of two different categories of on-body matched and free space antennas.
The advantages and disadvantages of each subcategory in terms of penetration, impedance
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matching, size and fabrication complexity are investigated. Section 5 classifies the utilized
algorithms in these systems into three subcategories of detection only, classification and
detection and localization (imaging). This section concludes that there is a compromise
between accuracy of the scanning system, its complexity, and practicality. Each section is
accompanied by a comparison table that highlights the pros and cons of each subcategory.
Section 6 offers conclusions based on the discussions provided in previous sections and
provides thoughts for future development of these systems.

2. Electromagnetic Scanning Systems

An electromagnetic scanning platform includes two main elements: (1) hardware
and (2) software. In the hardware unit, antennas are used to transmit signals towards
torso (imaging domain) and receive the reflected or transmitted signals that are then
recorded using a vector network analyzer (VNA), or any proper EM transceiver, and
stored in a computational tool that contains the detection algorithm (software). The
detection algorithm analyzes different aspects of the signal and either form an image or
give estimation of the pathology. While the next sections of the paper will go through
details of utilized elements and methods, this section focuses on the overall operating
mechanism and formation of EM scanning systems.

2.1. Data Acquisition Methods

Data acquisition methods can be broadly categorized as mono-static and multi-static
ones. In a mono-static system the same antenna is utilized as the transmitter and receiver.
Therefore, these systems can only analyze the reflection coefficient signals [26–28]. Since the
system has no switching requirement, its implementation is simple. However, due to the
lack of transmission coefficient data, the system has less degree of freedom to compensate
for the effect of noise on detection decision. Additionally, the system is less sensitive to
changes in the dielectric properties of deeper targets. Hence, this method is more suitable
for surface or subsurface abnormalities [29]. In the multi-static system, an array of antennas,
at least two, are used to transmit and receive signals [24,30–32]. This process continues
sequentially until all the antennas in the array have received signals from each other. Hence,
more data in the form of transmission coefficient signals between different channels is
obtained compared to a mono-static method. This enables higher detection accuracy and
enhances deep target detection. However, the system requires a switching network, which
introduces additional insertion loss to signals plus increasing the scanning time [33,34].

2.2. Scanning Platform

Two main factors define the configuration of the scanning platform: (1) requirements
of the detection algorithm and (2) size of the antennas. Detection algorithms are divided
between the ones that focus on detection only and the ones that aim at detection and
localization of the malignancy. The size of the antenna mainly depends on the operating
frequency band and this could be a limiting factor when operating at low microwave
frequencies. Generally, algorithms that only aim at making a binary decision of presence or
absence of the malignancy, e.g., water accumulation, require simpler setups. As seen from
Figure 1, the system that is used in early studies [31] follow this approach and use two
applicators on either side of the torso to capture and utilize transmitted signal. A proper
detector is used to measure the phase of the transmitted signal, which is then recorded
using a VNA.

The second category of algorithms requires more sophisticated scanning platforms
with higher number of antennas. To provide a statically quantifiable data or map the
location of the malignancy, several scans from different angles and positions around the
torso are required. To fulfill the requirements of these algorithms, three main categories
of scanning platforms are designed: (1) linear platforms, (2) circular platforms and (3)
quasi-circular platforms.
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Figure 1. Configuration of an early torso scanner setup (concept taken from [31]).

2.2.1. Linear Platforms

Linear platforms are designed to scan the rear side of the torso and are generally used
with algorithms that utilize differential detection approach [18,26]. In these systems an
antenna or an array of antennas scan the right and left sides of the torso and their location
is mechanically displaced along the torso [18,35]. Stepper motors are used to perform
the movement with small, around 1 mm, steps at each scan. To simplify the scanning
setup, a mono-static data acquisition technique can also be utilized in these systems. An
example of these systems is depicted in Figure 2, where two antennas are located side by
side on a lever to eliminate positioning errors while being displaced up and down. The
main advantage of this scanning system is that high number of scans can be performed,
and hence the obtained image could provide an accurate estimation of the location of the
malignancy. However, these systems come at the cost of more complicated setup and
slower scanning process.

Figure 2. Linear scanning platform. (a) Dynamic system, schematic view (left) and system view (right). Reproduced with
permission from [35]. Copyright 2014 IEEE. (b) Static system, schematic view (left) and system view (right). Reproduced
with permission from [18] (open access).
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The second types of linear systems are the static ones, where antenna elements form
an array and are fixed in a position along the torso. Examples of the systems are presented
in [18,34], where two arrays of antennas are embedded in a foam or a bed for a patient to
lay on when the scan is performed. These platforms remove the complications with the
movable systems at the cost of using lower number of antennas due to mutual coupling
considerations. To compensate for reduced antenna numbers and to maintain the accuracy
of the system, a multi-static data acquisition method is utilized. Hence, a switching network
is added as part of the system, and this in turn increases the overall cost of the scanning
system (See Figure 2b)

The linear scanning systems are most suitable for applications where scans of the
upper sides of the torso are required. This facilitates a uniform scan for all male and
female subjects and the obtained signals are not convoluted by the presence of breast.
However, due to limited power allowed in EM scans, these systems are less sensitive to
deep malignancies or the ones that are far away from the antennas.

2.2.2. Circular Platforms

To alleviate the problem of low accuracy for deep targets, circular platforms are
proposed in which the antennas are located around the torso [36,37]. An example of a
circular platform configuration is depicted in Figure 3. The system consists of an array
of 16-element antennas, a VNA and a laptop as the processing unit. A monostatic data
acquisition method is performed where each of the antennas are used to both transmit
and receive backscattered signals. These setups are used for imaging algorithms that
require obtaining information from all angles around the object. This is necessary to
produce a scattering profile or map dielectric properties across the imaging domain, e.g.,
torso. Three dimensional images can also be obtained by locating the circular array on a
moving flange [29] and scanning different heights across the torso. Both mono-static and
multi-static data acquisition techniques can be used to obtain the scattered signals. The
main consideration in these systems is the distance of the antenna from the torso, due to
semi-elliptical shape of the body. Considering the significant variations between torso sizes
in different individuals, the designed systems are generally not fit for every single case.
While a certain degree of movement for antenna locations is allowed within the system,
a fixed distance between the antenna and body cannot be guaranteed/achieved for all
scanning cases, hence, creating difficulties for the imaging algorithm in the form of ghost
targets due to stronger reflections at the skin/air boundary. This is addressed by using
strict calibration measures before each test, besides filtering techniques that add to the
complexity of the system. The circular system setup is best suited for applications where
information regarding the location, size and severity of the malignancy is required.

Figure 3. Antenna array platform for scanning the torso area: (a) schematic view; (b) system view. Reproduced with
permission from [36]. Copyright 2016 IEEE.
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2.2.3. Quasi-Circular Platforms

While circular systems provide a convenient setup for scanning, their design can
be complex due to high number of antennas and switching network that ensures timely
scanning of the patient. Therefore, a simpler version of these systems has also been utilized,
in which the system is comprised of a single antenna and the subject is located on a turning
platform [19]. In this system the subject is rotated at desired intervals, e.g., every five
degrees, and the antenna constantly scans the patient until a full scan is performed. This
system can only operate in mono-static data acquisition mode and the imaging algorithm
is limited to the use of reflected signals only. However, a higher number of scans/data
points are obtained that can potentially compensate for the lack of transmission coefficient
data. The configuration of the proposed system is depicted in Figure 4.

Figure 4. Quasi circular platform: (a) fixed beam antenna (concept taken from [19]). (b) Pattern
reconfigurable antenna. Reproduced with permission from [38] (Copyright 2019 IEEE).

Additionally, three dimensional scans can also be obtained using pattern reconfig-
urable antennas [38]. An example of a quasi-circular platform using pattern reconfigurable
antenna is shown in Figure 4. The schematic of pattern reconfigurable antenna for torso
scanning is depicted in Figure 5.

Figure 5. Schematic of pattern reconfigurable antenna for torso scanners.

2.2.4. Wearable Platforms

To overcome the complications of finding the exact location of the antenna with respect
to the body, wearable systems can be used [13,24,39,40]. As shown in Figure 6, in these
systems the antenna array is located on the body, and depending on the utilized detection
algorithm, the antennas can be located locally adjacent to the subject [40] or surround the
circumference of the imaged body [24]. These systems can utilize multi or mono static
data acquisition methods and can accommodate larger number of antennas as antenna size
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can be significantly reduced due to the body loading on the antenna. This arrangement
provides the scanning system with larger number of data points that can be collected
during the scan.

Figure 6. Wearable platform: (a) Schematic view; (b) system view. Reproduced with permission from [24] (open access).

3. Safety Considerations

Electromagnetic medical scanning systems should follow the safety regulations that
are defined by different government bodies such as Federal Communications Commission
(FCC) [41] in United States and European Council (EC) [42] in Europe. The safety limit
is specified using specific absorption rate (SAR), which is the amount of energy stored in
human body during each exposure. These limits vary depending on different jurisdictions
and are generally defined as Watts per kilogram. For instance, FCC limits maximum
exposure at 1.6 W/kg, whereas EC allows exposures up-to 2 W/kg.

Two main factors affect the obtained SAR value in an EM scanning system; (1) the
operating frequency band and (2) the distance of the antenna from body [43]. The oper-
ating frequency of the antenna can significantly affect the obtained SAR value as it has
an inverse relation with the operating wavelength. Consequently, lower microwave fre-
quencies have deeper penetration that result in higher SAR values [44]. Similarly, SAR
value has an inverse relation with the distance of the antenna from human body. This is
attributed to a wider distribution of EM field at longer distances compared to the focused
distribution at closer distances [43]. Studying torso scanning systems reveals that using
a 1 mW (0 dBm) transmitted power results in SAR values between 0.004–0.04 W/kg at
0.6–0.9 GHz [18,24,29,33,34]. Lower values are obtained when antennas are located farther
from body [29,33] and higher values are attributed to antennas closer to body [18,24,34].

4. Antenna Designs

The effectiveness of EM scanning system for the detection of different types of diseases
highly depends on performance of the utilized antennas. A review of some important
antennas that are utilized for medical EM scanning systems, their operation principles and
performance requirements are presented in this section.

4.1. Antenna Design Criteria

The following main requirements should be considered for designing antennas for
EM scanning systems: operating frequency, bandwidth, and radiation characteristics, such
as directivity, penetration level and efficiency.

The first step in designing antennas for EM scanning systems is to define the optimum
frequency bandwidth for the scanning system. Human tissues have frequency-dependent
dielectric constant (relative permittivity) that generally decreases with increasing the oper-
ating frequency. Moreover, human tissue is a lossy medium with losses that increase with
frequency [45]. Hence, increasing the operating frequency in general decreases signal pene-
tration into human tissues. Studying the literature reveals that historically low microwave
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frequencies at 0.9 GHz have been utilized for torso scanning applications [8–11,30–32] that
is consistent with signal loss considerations. However, to define a range for wideband
torso imaging/detection applications, a study is conducted in [46], where the equivalent
circuit model of an average human torso is utilized. The variations of signal magnitude
at the center of the lungs for different frequencies are calculated (Figure 7). As seen in
Figure 7b the attenuation of the penetrated signal increases significantly at frequencies
above 1.5 GHz. Moreover, there is a direct relation between antenna’s physical size and
operating wavelength. Microwave frequencies below 0.5 GHz lead to physically large
antennas, which makes the EM scanning system bulky and hinders its portability. Addi-
tionally, decreasing the operating frequency adversely affects resolution of the obtained
images [47]. Considering all these factors, recent studies indicate that using the operation
bandwidth of 0.5–1.5 GHz provides the best compromise between the signal penetration
into human torso, image resolution, and antenna size [15,30,48].

Figure 7. Signal penetration into human torso: (a) lumped element model of human torso; (b) variation of signal magnitude
at the center of human lungs with frequency. Reproduced with permission from [46]. Copyright 2013 IEEE.

Different studies reveal that the accuracy of radar-based imaging algorithm is directly
related to the utilized bandwidth of the antenna. The study in [49] reveals that in radar-
based EMI systems, the lack of discrete observation points can be compensated using
different scattered profiles from frequency samples across a wideband signal. Hence,
wideband signals are preferred in EM scanning systems [18–20,50].

The other important requirement of antenna design for EM scanning systems is fo-
cused beam radiation in near field and/or far-field. In EM imaging systems, unidirectional
radiation is preferred to reduce the adverse effects of environmental noise and scattered
fields on signal-to-noise ratio, hence providing better detection results [51,52]. The effects
of the focused beam antennas on the reconstructed images in EMI systems are thoroughly
investigated in [51]. As seen from Figure 8, unidirectional focused beam antennas can
reduce the adverse effects of undesired scatterers, such as surrounding organs in the
imaging domain. A performance comparison of the unidirectional and omnidirectional
antennas for the EMI system is presented in [52]. The results indicate that the unidirectional
antennas have significantly better performance in reducing the artifacts that result in higher
resolution/accuracy images.
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Figure 8. EM scanning system using focused beam antennas (left) and non-focused beam antennas
(concept taken from [51]).

4.2. Antenna Categories

Investigating EM scanning systems reveals that two broad categories of radiators
are used to scan the human torso; (1) on-body matched antennas [24,30,31,53,54], and (2)
free-space antennas [55–60]. Different methods were proposed to design these antennas
that are detailed in this section.

4.2.1. On-Body Matched Antennas

An on-body matched antenna is designed in the presence of human body model and
its performance is optimized considering the frequency-dependent characteristic of investi-
gated body area, e.g., torso. This ensures that the radiated power by the antenna is directly
penetrated inside the body and no reflection occurs in the air-body boundary. Because these
antennas are located on-body, their performance is not measured using conventional mea-
surement concepts such as directivity or far-field radiation patterns. Instead, their success
is measured by the intensity of electromagnetic field that is induced/directed inside inves-
tigated area. The EM field intensity can be increased by optimum impedance matching and
directing the radiated EM signal towards the body. Considering the frequency dispersive
properties of human tissues, wideband impedance matching is a challenging issue.

The most straight forward method to achieve impedance matching is to terminate the
antenna with a resistor. The design of these antennas can be traced back to early studies
where an electromagnetic coupler was used as microwave sensors to transmit electromag-
netic signals into the torso and receive reflected/transmitted signals [30–32,55]. These
couplers are designed based on co-planar waveguide structures. A strip-line impedance
matching transition between coaxial cable and coplanar waveguide is implemented to
increase their operating bandwidth as depicted in Figure 9a [30]. These structures are
terminated by resistors to provide impedance matching to human body. However, the ad-
dition of the resistor decreases the radiation efficiency of this antenna/coupler significantly,
hence, it reduces their practicality for deep target detection.

To overcome the limitations in obtaining matching with resistor termination, different
methods have been developed. An L-shaped monopole antenna is proposed to reduce the
size of the antenna by increasing its electrical length [40]. The configuration of the antenna
is depicted in Figure 9b. As seen, a meandered shorted stub and open-ended stub are used
to adjust the two main operating modes of the antenna. To enhance the bandwidth of
the antenna, a triangular patch is added to the L-shaped monopole. A combination of a
rectangular ring-shaped monopole and a meandered patch is proposed in

Two sets of L-shaped and I-shaped slots are etched to the ground plane to create new
resonances at higher frequencies and improve the operating bandwidth [53].
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Figure 9. On-body matched antenna: (a) coplanar waveguide-type antenna (reproduced with permission from [30],
Copyright 2014 IEEE); (b) L-shaped monopole antenna (reproduced with permission from [40], Copyright 2020 IEEE).

Despite their success in achieving wide operating bandwidth, the utilized antennas
possess monopole-type radiation characteristics. Consequently, while part of the accepted
power is matched to the torso, the rest of the power is dissipated from the back of the
antenna. To address this problem, hybrid loop-dipole structure is proposed in [24], where
the theory of complimentary antennas is utilized (Figure 10a). This method utilizes the
well-known fact [61–64] that if the loop and dipole antennas are excited simultaneously
with equal phase and magnitude, the resulting radiation pattern would be unidirectional
with suppressed back lobe radiation, therefore, enhancing signal penetration inside torso
by almost two-fold compared to a monopole structure [24]. The electric field penetration of
the proposed design is depicted in Figure 10b.

Figure 10. Hybrid loop-dipole antenna: (a) configuration of the antenna; (b) signal penetration. Reproduced with permission
from [24] (open access).

Most radar-based imaging algorithms assume that the incident wave is a planar wave.
This assumption is not fulfilled when using conventional body matched antennas that
possess spherical wave-front for EM inside human torso. Consequently, the obtained
images using these antennas are accompanied by errors regarding location of the ma-
lignancy, its size and formation of ghost targets due to the plane wave assumption of
utilized algorithms. To address this problem, a body matched graded index (GRIN) lens
antenna is proposed in [54] and depicted in Figure 11. This lens, which is based on the
theory of multi-layer structures, transforms the spherical wave from its exciting source
(slot antenna) to a planar wave inside the torso as shown in Figure 11b. This is achieved
through transitioning wave from air that has a low permittivity of 1 to that of an average
torso, 45, through gradual increase in permittivity in each lens layer. To fabricate different
dielectric layers, a combination of low permittivity plastic and water is utilized. To obtain
the desired dielectric values, a host structure that has different hole sizes is 3-D printed
using the plastic material, and then filled with water. The obtained results reveal that the
antenna achieves a strong penetration (more than 6 dB) compared to the body matched
antenna (see Figure 12).
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Figure 11. On-body matched GRIN lens: (a) configuration of the antenna; (b) spherical wave to plane wave transformer.
Reproduced with permission from [54], Copyright 2021 IEEE.

Figure 12. Electric field comparison: (a) on-body matched slot’; (b) on-body matched GRIN lens. Reproduced with
permission from [54], Copyright 2021 IEEE.

4.2.2. Free-Space Antennas

To accommodate the requirements of different detection algorithms, free-space anten-
nas were proposed and widely used to build alternative platforms. Free-space antennas
are designed without the presence of body and their radiation properties are character-
ized using directivity, gain and radiation patterns. The detection is performed using the
differences in the reflection and transmission coefficients in free space and in front of
human body. These antennas strive to have compact sizes, wide operating bandwidth, and
high gain/directivity. Considering that torso scanning systems operate at low microwave
frequencies, obtaining all these merits is a challenging task. Hence, there will always
be a compromise that is defined by the scanning system. This section summarizes the
proposed designs.

Vivaldi antennas have been widely used in EM scanning systems due to their wide-
band operation and high radiating gain [28,55,56,65–67]. These antennas are generally
comprised of a strip feed that is magnetically coupled to a flared ground plane. Corrugation
methods [67,68] and fractal leaf arm techniques [56,66] are applied on the flared ground
structure to increase the electrical length of the antenna for a broad bandwidth and high
gain. An example of a Vivaldi antenna with fractal leaf arm is depicted in Figure 13a.
Vivaldi antennas have been investigated for pulmonary edema detection [55] as well as
lung tumor detection [56].

Owing to their unidirectional radiation pattern, patch antennas are widely used in
some EM scanning systems [42,43]. In [69,70], dual patch antennas are used as electromag-
netic sensors for pneumothorax diagnosis applications. Monopole antennas are used for
lung tumor detection applications [44,45]. To improve signal penetration, the monopole
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antenna structure is loaded with a cavity back to achieve unidirectional radiation and hence
increase the signal penetration into the human chest [71]. An example of cavity-backed
elliptical monopole is illustrated in Figure 13b. Similar to on-body matched antennas, a
combination of a loop and dipole can be used to increase directivity of the antenna and
reduce its back radiation [24,36,57].

Figure 13. Free-space antenna: (a) fractal leaf Vivaldi antenna (reproduced with permission from [66],
Copyright 2017 IEEE); (b) cavity-backed elliptical monopole antenna (concept taken from [71]).

To overcome the size constraints that are imposed by the limited torso area, folding
techniques are used in EM scanning antennas to reduce the physical size of antennas
and increase the operating bandwidth and antenna’s directivity [26,58,72,73]. The pro-
cess involves folding the edges of a planar antenna to form three dimensional structures.
This method reduces the back radiation of antenna by changing the current flow along-
side the antenna’s edge which eventually reduces its size. A three-dimensional folded
loop-monopole structure for EM scanning systems is presented in [57]. The loop-dipole
composite is first designed based on a planar structure and then folded over an optimal
folding line to increase the antenna’s directivity and reduce its size. Another wideband
folded antenna operating in the frequency bandwidth of 0.77–1 GHz for the early-stage
detection of congestive heart failure (CHF) is presented in [26].

Metamaterial techniques are also applied to reduce the size of antennas and improve
directivity at low microwave frequencies. The structures are formed by applying series
capacitance and/or shunt inductance to the host antenna to tune the resonance frequency.
For example, mu-negative (MNG) metamaterial unit-cells were applied to a conventional
square loop antenna in [60,74] to lower the resonance frequency of the antenna (Figure 14a).
Since this resonance is independent of the antenna size, the overall size of the antenna is
miniaturized by more than 50%. Additionally, it is shown that by non-periodic distribution
of unit-cells, a unidirectional radiation pattern can be obtained. MNG unit-cell loading
is also used to enhance the operating bandwidth of directional Yagi-antennas trough
excitation of mu zero resonance below existing resonance of the Yagi antenna [75,76]. An
example of MNG loaded reflector Yagi-antenna is illustrated in Figure 14b.

As stated before, certain detection algorithms require scanning different locations
along the torso to perform comparative detection decisions. While mechanical movement is
used to scan high number of regions, certain comparative algorithms can provide detection
decisions using low number of torso regions, such as three in [29]. To eliminate the
complications of mechanical movements, these systems can be fabricated using pattern
reconfigurable antennas to electronically scan the upper, middle and lower parts of the
torso [38,54,59,77–79]. A wideband reconfigurable loop antenna operating at 0.8–1.15 GHz
for torso scanners is presented in [77]. Capacitive gaps are created along the loop arms
to form virtual dipole arrays, which leads to unidirectional radiation with a peak gain of
2.1 dBi. Changing the location of gaps changes the direction of the dipole array, which
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leads to changes in the direction of the beam. Another pattern reconfigurable loop-dipole
antenna with the capability of scanning the upper, middle and lower parts of an average
human torso for pleural effusion detection is presented in [78]. The antenna consists of a
one-wavelength loop, a have-wavelength bow-tie dipole, and two parasitic directors. The
combination of loop-dipole mode increases the antenna’s directivity. The antenna operates
in a wide fractional bandwidth of 55% at 0.8–1.4 GHz with a peak gain of 5 dBi. The beam
steering is achieved using parasitic directors to alter the current distribution on the loop
and enable beam switching in different directions to scan the whole chest area.

Figure 14. MNG loaded antennas: (a) MNG loaded loop antenna (reproduced with permission
from [60], Copyright 2016 IEEE); (b) MNG loaded reflector Yagi-antenna. Reproduced with permis-
sion from [75]. Copyright 2017 IEEE.

To satisfy the plane wave radiation assumption inside the imaging domain for radar-
based imaging applications [80], reconfigurable metasurface lenses are proposed to achieve
near field beam focused plane wave radiation inside the imaging domain [38,54,59]. Meta-
surface structures are built using an array of unit-cells that are distributed periodically
and illuminated using a source antenna, e.g., a slot antenna. These unit-cells collimate the
incident field into a focused transmitted beam. A pattern of reconfigurable metasurface
antennas based on the offsetting technique is presented in [38]. Three half-wavelength
microstrip-fed slots operating in the frequency band of 0.9–1.2 GHz radiate a metasurface
layer. Beam steering is performed based on the excitation of each metasurface unit cell
with different phase delays by changing the activated slot.

Pattern reconfigurability in metasurfaces can also achieve using programable unit
cells by changing the characteristics of unit cells. A programable pattern reconfigurable
metasurface for pulmonary edema detection is proposed in [59], where a metasurface layer
containing 5 × 5 programable square ring resonator as the superstrate layer on an H-shape
slot radiator is designed. Four PIN diodes are embedded in each cell to alter the electric
field intensity within the metasurface layer and consequently switch the high intensify
electric field in different directions inside the human torso.

Figure 15 summarizes and compares various types of antennas used in EM scanning
systems to detect or localize any abnormality. Based on the requirements of different
imaging/detecting algorithms and the required level of signal penetration into the human
torso, a suitable antenna type is selected.
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Figure 15. Characteristics of different types of antennas used in EM thoracic scanning systems.

5. Microwave Detection Techniques

EM torso scanners utilize the high dielectric contrast between healthy and diseased
tissues for detection purposes. Generally, the processing unit exploits any changes in
the phase and/or magnitude of transmitted EM signals for abnormality detection or
localization. The variation in dielectric properties of tissues along the wave’s propagation
path alters the wave speed that results in the changes in phase and/or magnitude of the
transmitted wave.

These changes can be used to detect/classify the abnormality and/or localize it by
creating an image from the investigated domain. This image can be created either by calcu-
lating the scatter fields inside the domain (radar-based imaging) or by calculating dielectric
properties of the tissues (tomography). Based on processing outcome, EM processing tech-
niques can be classified into three main categories: (1) detection only methods, (2) detection
and classification methods, and (3) detection and localization (imaging) methods. Figure 16
presents an overview of the current microwave techniques. In this section, each technique
applied to the detection of different thoracic diseases is explained in detail. Then, the
advantages and disadvantages of each method are discussed and compared in terms of
practicality, computational time and accuracy.
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Figure 16. An overview of EM thoracic abnormality detection techniques.

5.1. Detection Only Methods

These methods aim at detecting any abnormality within the torso without providing
any information on the location of that abnormality. Hence, their computational time is
lower than localization techniques. These techniques are more suitable in disease detection
where the location of abnormality is not important such as, hepatic steatosis or bronchial
asthma detection. In this section, different methods utilized in malignancy detection are
reviewed. These methods can be classified into two main categories based on their detection
approach. First group exploits the change in magnitude and/or phase of electromagnetic
signals. Second group estimates the overall effective permittivity of the medium.

5.1.1. Phase/Magnitude Changes

Some techniques compare the magnitude or phase of the propagation coefficient
between control and diseased group to achieve a distinguishable trend [9,70,71,81–85].
These techniques are mostly utilized in linear scanning platforms operating in a mono-
static or bi-static (multi-static with use of two antennas) data acquisition mode. The
assessment of low and high frequency regions of reflection or transmission coefficients
results in a contrast between measured healthy and unhealthy signals.

In [82], propagation coefficients of upper and lower parts of the lungs are compared
between 12 patients with confirmed diagnosis of brachial asthma and a healthy controlled
group comprised of 10 individuals with appropriate age and sex, matched with patients
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by morphological characteristics of the chest. Analyses of measured signals from patient
group shows that the signals experience significantly lower attenuation compared to the
measured signals from healthy controlled group in the bandwidth from 0.9 to 1.5 GHz
when propagating through the upper part of the lungs (see Figure 17a). However, scanning
of lower parts of the lungs show maximum different between healthy and controlled
group at higher frequency bandwidth from 1.2 to 2 GHz, (see Figure 17b). Consequently,
monitoring of propagation coefficient at these frequency regions provides higher accuracy
of disease detection.

Figure 17. Propagation coefficient in a brachial asthma subject (solid line) compared to a healthy case (dashed line): (a) scan
of upper part of lungs; (b) scan of lower part of lungs. Reproduced with permission from [82]. Copyright 2017. IEEE.

In [81], the phase of transmitted signals at a single frequency is used to create a phase
diagram of the chest to detect any inhomogeneity within lungs. In [83], the transmission
coefficient is converted into a corresponding voltage at the output and the diagram of
the output voltage is created to detect any inhomogeneity inside the chest area. It is also
shown that the maximum probability of detection with more precise borders takes place at
higher frequencies.

The magnitude of transmission coefficients is also exploited to detect pneumoth-
orax [70] or pulmonary edema [9]. It is shown that the maximum difference between
transmission coefficients in healthy and pneumothorax scenarios occurs at frequency of
2.3 GHz and is about 7.1 dB, (see Figure 18). The existence of the trapped air in the chest
cavity due to the disease results in changes in electric field distribution at this frequency.
Additionally, it is shown that the magnitude of transmission coefficients increases in the
bandwidth 800–955 MHz as the result of increase in lung water volume [9] (see Figure 19).

Figure 18. Magnitude of transmission coefficient in healthy and pneumothorax scenarios. Repro-
duced with permission from [70]. Copyright 2014 IEEE.
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Figure 19. Increase in magnitude of transmission coefficients with increased percentage of accumu-
lated fluid in lungs. Reproduced with permission from [9]. Copyright 1978 IEEE.

Furthermore, changes in the magnitude of reflected signals is exploited to detect
the presence of tumors in lungs [84]. Differences between the measured signals with and
without presence of tumor are used for detection purposes. The differences between healthy
and unhealthy signals were mostly found at frequencies below 6 GHz and changing the
size of the tumor in the lung, creates a shift in the magnitude of reflection coefficients [85].

Although phase or magnitude of electromagnetic signals might differ in unhealthy
torso due to the existence of any abnormalities or disease, this difference cannot lead to a
comprehensive and accurate detection of the disease. For example, as realized from the
results in [82], the frequency at which maximum contrast occurs might vary depending
on the used sensors (antennas) and size of the torso. Hence, this contrast is not always an
indicator of the disease or abnormality.

5.1.2. Effective Permittivity Estimation

Some approaches try to estimate the overall effective permittivity of the torso to
detect changes in permittivity due to presence of an abnormality. These methods usually
model the overall effective permittivity of torso as a function of transmission coefficients.
Then, the weight parameters for the model are extracted using training process [13,86].
This model can be linear [13] or non-linear based on spatial statistical technique [86]. In
the spatial technique, the effective permittivity of torso from the receiver perspective is
modeled using a variogram. This is related to spatial dependence of each signal, a vector of
quadric regression function, and a vector of regression coefficients. Variogram is calculated
for each receiver using the measured S-parameters at that receiver due to transmission
from antennas located at a determined neighboring antenna. To estimate the effective
permittivity at each receiver, the best unbiased estimation regression coefficients is obtained
by training the model using training samples. These training samples are generated by
measured S-parameters of the homogenous equivalent medium with different known
permittivity values. After finding the regression coefficients vector by training, it can be
used to estimate the effective permittivity of any test medium.

In [86], the spatial statistical technique is used to estimate the effective permittivity and
conductivity from the viewpoint of each antenna. To do so, multi-static signals are collected
in a circular platform for healthy lung and lung with a tumor. The estimated permittivity
and conductivity values in unhealthy scenario are slightly higher than the healthy one due
to existence of tumor (see Figure 20). Although, it cannot directly interpret the health status
of the lung by these estimated values, they can be used as prior information in radar-based
imaging to improve the quality of the image in localizing the tumor. In [13], a wearable
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health monitoring sensor for detection of pulmonary edema is proposed. The 16-port
sensor is placed on the human chest to detect any lung abnormalities by estimating the
effective permittivity of lung (see Figure 21). Therefore, the effective permittivity of lung
at a single frequency is expressed as a weighted summation of S-parameters measured
at each port. The parameters of the weight vector are set based on training the model by
assigning different dielectric characteristic to the inner tissue (lungs). Using multiple ports
mitigate the effect of the outer layer (skin, fat, and muscle) on lung’s permittivity and allow
to characterize the inner layer tissue. The validation of this technique on measurements
of the healthy and edema lung shows less than 11% error in the calculated permittivity
of lung compared to the measured value. It is observed that the unhealthy lung has
a higher permittivity value than the healthy lung due to accumulated water inside the
unhealthy lung.

Figure 20. (a) Estimated permittivity and (b) conductivity from viewpoint of various antennas around torso for healthy and
unhealthy lung cases. Reproduced with permission from [86]. Copyright 2017 IEEE.

Figure 21. Permittivity estimation of inner layer (lung) by modeling it as a weighted summation of
S-parameters (concept taken from [13]).

Permittivity estimation methods reveal promising results in detecting lung abnor-
malities. However, the performance is hindered by training requirement to determine
coefficient vectors and achieve accurate result. Hence, they may not achieve reliable results
when the test models are considerably different from the training model, which is the case
in clinical application.

5.2. Detection and Classification Methods

These methods aim at classifying and labelling the collected data as healthy or un-
healthy based on their underlying pattern and characteristics. They can be classified into
two main categories: the first group exploits symmetry of the torso in a statistical approach,
whereas the second group utilizes artificial intelligence techniques to differentiate between
healthy and unhealthy torso.
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5.2.1. Statistical Analysis

Multivariate energy statistics method is another detection technique that operates
based on the assumption that organs within the left and right sides of torso have close
dielectric properties [45]. Hence, the changes in the dielectric properties of unhealthy tissue
enhance the contrast with surrounding tissues. Therefore, the similarity of electromagnetic
signals collected from left and right sides of torso is reduced.

In [24], a wearable electromagnetic belt is used to detect hepatic steatosis using
multivariate energy statistics method. Any changes in the dielectric property of liver due
to excess fat in hepatic steatosis increase the contrast between the liver and surrounding
tissues. The method calculates the distance correlation of the measured transmission
coefficients between symmetric paths from the left and right sides of torso. The results
indicate a peak measured dissimilarity of 15.1% between transmission coefficients of left
and right sides of the torso in steatotic liver, which is much higher than the healthy case [24].
Hence, healthy and steatotic liver can be classified based on the left/right permittivity
contrast after determining a threshold for healthy liver.

The limitation of this technique is the requirement of almost symmetrical setup to
achieve a reliable classification. Additionally, a sufficient number of healthy signals is
required in order to define the threshold and set the boundary between healthy and
unhealthy signals.

5.2.2. Machine Learning

Supervised machine learning is a form of artificial intelligence technique, which can
be used in classifying healthy and unhealthy cases. This method requires a set of training
signals to learn the characteristics of input signals. Then, the trained model is validated on
test signals. Supervised machine learning framework is utilized to learn an inferring model
for hepatis steatosis from the data collected by an antenna operating across 0.4–1 GHz
bandwidth in a mono-static mode [27]. Data are collected from a simulated numerical torso
by changing the permittivity of the liver from 30–60 within the frequency range of the used
antenna. Real and imaginary parts, magnitude and phase of the collected S-parameters
are used as inputs for the supervised classifier. Labels of healthy and unhealthy liver are
assigned based on the permittivity of liver. Learning is performed using different classifica-
tion techniques and leave-one-out-cross-validation is used to evaluate the classification
performance. The results indicate that this system can detect hepatic steatosis with accuracy
of more than 97% for the simulated torso model.

The main drawback of this method is the requirement for enough number of training
signals from various stages of disease. The accuracy of this method is highly depen-
dent on the training data base. Insufficient and non-comprehensive training set results
in misclassification.

5.3. Detection and Localization Methods

These methods aim at finding the location of abnormality within the torso by forming
an image of the investigated domain. This is achieved either by calculating the scattered
fields or by calculating dielectric map of the investigated domain. The target, which
can be tumor, fluid, or fat infiltration, can be recognized by its high intensity or dielectric
contrast with surrounding tissues. Based on the utilized approach in creating the image, the
localization methods can be categorized into three main groups: (1) radargram, (2) radar-
based imaging, and (3) tomography. In this section, an overview of each approach is
presented. All these imaging techniques require an equivalent homogenous medium for
detection and localization. The difference of measured signals with and without of the
investigated domain is considered in the calculations.

5.3.1. Radargram

This technique provides a two-dimension visualization of torso by analyzing the
reflection coefficients [26,56,58,72]. This method transfers measured signals to time domain
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using an inverse Fourier transform. Then, using the wave speed in the medium the time
domain signal is scaled to show the intensity of the reflected signal within an investigated
depth. Finally, each of the measurement are overlaid to create the radargram (image).
Usually, the average permittivity of torso tissues is used to define the propagation speed.
Hence, the target is highlighted in the image due to its variant permittivity. In [26],
radargram technique is used for early detection of congestive heart failure due to fluid
accumulation inside lungs. The rear side of torso is scanned using one antenna in a linear
platform and a mono-static data acquisition mode. The symmetry of left and right lungs is
exploited to detect and localize the target (see Figure 22).

Figure 22. Radargram of (a) unhealthy and (b) healthy lungs. The square shows the location of 10 mL
water inside the lung. Reproduced with permission from [26] (open access).

In [56], time domain reflectometer (TDR) data, obtained in a linear platform, are used
to create an image of the scanned area. The imaging algorithm consists of pre-processing
and quadratic envelop detection. The pre-processing step reduces background noise and
clutters using absolute function and Shannon energy, which calculates the average energy
spectrum of the signal. Then, local maximums of the signal are derived using an envelope
function to obtain shape of the tumor. Finally, the fourth order quadradic function is
applied to enhance the edge detection of tumor. Figure 23 shows the created image of lungs
with three tumors in right and left lungs.

Figure 23. (a) Simulated lungs with tumors; (b) created image by TDR data analyzing. Reproduced with permission
from [56]. Copyright 2020 IEEE.

The main limitation of this technique is its insensitivity to deeper malignant tissues
that are far away from the antenna. Hence, its accuracy in localization small and deep
targets is low. Additionally, it needs the average effective permittivity of tissue to define
the propagation speed. This limits the suitability of the technique in clinical applications.

132



Biosensors 2021, 11, 135

5.3.2. Radar-Based Imaging

Radar-based imaging techniques can be classified as time-domain confocal microwave
imaging [20,21,50] and fast frequency-based radar imaging [18,19,29,38,77,87]. Both ap-
proaches require a calibration step when the free-space antennas are utilized to scan the
torso. This step is necessary to reduce the significant reflections from air-skin interface
which mask the desired target reflections. To calibrate the measured signals, the average
of all measured signals is subtracted from each measured signal. As antennas are located
at the same distance from skin, the effect of air-skin reflections is almost similar in all
measurements. Calibrated signals are then used in further calculations to localize and
detect the malignant tissue.

Time-domain confocal microwave imaging has broadly been used in head and breast
imaging and demonstrates successful results in tumor or torso fluid detection [20,21,50].
The method uses an ultra-wideband signal to illuminate the imaging object, whereas
the received signals in time domain are used to create a map of scattered fields inside
the investigated domain. Assuming the focal points inside the imaging domain as point
scatterers, the received signals are delayed depending on the wave traveled distances from
each transmitter to the individual point scatterers and the receiver. The sum of the delayed
signals at all the focal points are then used to calculate the scattered energy and obtain the
final image.

In [20], the human torso is modeled as a 100 × 100 × 70 mm block in which different
layers (skin, fat, muscle, bone, and lung) are presented with their dispersive dielectric
properties. The difference between reflection coefficients with and without the presence
of tumor is used for confocal imaging. A smoothing process is performed on signals to
improve the quality of the resultant image by applying a filter which provides nonpara-
metric smoothing of signals peaks and filter the noise. Using this filter, the detection and
localization of the tumor is enhanced (see Figure 24). In [21], confocal imaging of human
chest model using the reflection coefficients reveals better tumor detection and localization
during exhale.

Figure 24. (a) Front view of the locations of the antenna and tumor; (b) created image with confocal
imaging after smoothing. Reproduced with permission from [20]. Copyright 2014 IEEE.

Fast frequency-based radar imaging is used in several microwave systems to detect
and localize tumor [19] or fluid [18,29,38,77,87] inside torso. This method first calibrates
measured signals, which are the difference in S-parameters between presence and absence
of torso, using average subtraction techniques to remove artifacts at each frequency step.
Then, the calibrated data are multiplied by a back-propagation Green’s function and
summed over all antennas’ positions to calculate intensity of electromagnetic fields at each
scatter position inside torso. The Green’s function is modeled as the multiplication of first
order first kind Bessel function and an exponential term. Both Bessel and exponential
functions are dependent to the wave path distance and wave number.

In [18,19], fast-frequency radar based imaging is performed to detect and localize
abnormality inside lungs. Figure 25 present the detection and localization of accumulated
fluid in lung using this technique.
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Figure 25. Reconstructed image of a (a) healthy lung, and (b) edema lung with accumulated fluid using fast-frequency
radar-based imaging method. Reproduced with permission from [18] (open access).

In [33], fast-frequency imaging in conjunction with slice interpolation technique is
used to create a 3D visualization of torso. To do this, different slices along torso are scanned
with 1 mm resolution using a mechanically moveable array of antennas located on a flange.
This system could accurately determine the location and volume of the embedded water in
a phantom lung (See Figure 26).

Figure 26. Three-dimensional (3D) image of the torso with accumulated water in the lung. Repro-
duced with permission from [33] (open access).

Radar-based imaging techniques need a prior information about the effective permit-
tivity value of the medium. This value is usually set based on the average permittivity
of tissues at mid-point frequency. However, in clinical application the average effective
permittivity may be variant in different individuals who have different body shapes and
habitus. Hence, effective permittivity estimation technique is usually needed to estimate
the overall effective permittivity of the medium prior to imaging.

5.3.3. Tomography

Microwave tomography is based on the fact that biological tissues have different
dielectric properties at microwave frequencies and thus they can be imaged by solving an
inverse and forward scattering problem. In this method, the measured electric fields are
used as the input of an inverse problem derived from Maxwell’s equations. The non-linear
invers problem is ill-posed as there is more than one solution to satisfy the equations.
Hence, additional information and assumption are required to reach the correct solution.
Optimization-based methods [88–90], born iterative methods [91,92], and Newton-based
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methods [93–95] are mostly exploited to solve the inverse problem in an efficient way in
at iteration mode. At each iteration, the measured field and calculated field with current
dielectric distribution are compared and the error is estimated. The solution is found when
the calculated error is reached to a predefined threshold. This technique requires a priori
information of dielectric properties of investigated domain to achieve reliable results. Torso
microwave tomography is not as a common as breast and head tomography. This is due to
the large size of the human torso, which increases the number of parameters in calculations,
resulting in high computational costs and less probability of a successful convergence of
the solution.

Microwave tomography is utilized to detect and localize lung cancer [96,97] or cre-
ate an image of intact canine or swan heart [23,98]. In [97], the method is applied to
two-dimensional computer-simulated model of the chest with three high contrast inhomo-
geneities which model lung tumors. The location of the tumors is successfully detected
using the tomography approach. In [23], a three-dimensional gradient method is used
to reconstruct a dielectric map of an excited static canine heart at frequency of 2.4 GHz.
The resultant image, presented as 2-D vertical cross sections, reflects the structure com-
plexity of the heart well, (See Figure 27). The reconstructed dielectric properties are close
to the dielectric properties of myocardium and left/right ventricles are obvious in the
reconstructed image.

Figure 27. Reconstructed image of canine heart at 2.4 GHz at two cross-sections using microwave
tomography (a) X = 1.5 cm, (b) Y = 1.5 cm. Reproduced with permission from [23]. Copyright
2000 IEEE.

Three-dimensional microwave tomography has also shown successful results in the
reconstruction image of infracted canine heart [99]. The reconstructed images show both
the shape of the heart and the region of infraction which is highly correlated with anatom-
ical slices. Hence, microwave tomography might have potential for both structural and
functional cardiac imaging.

Capability of the in-body microwave tomography has also been tested using a circular
heterogenous phantom generated by FDTD simulations [100]. The radius of the phantom
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is 13 cm with two more embedded circular cylinders to create inhomogeneity. The 2-D
microwave tomography at 403.5 MHz using Newton-based method showed successful
result in detection and localization of the inhomogeneities within the simulated torso,
(See Figure 28).

Figure 28. (a) Simulated circular inhomogeneous phantom; (b) reconstructed image of the relative
permittivity using microwave tomography. Reproduced with permission from [100]. Copyright
2014 IEEE.

Practicality, computation time, and accuracy of all microwave detection techniques is
compared in Figure 29. Practicality is defined based on the required system configuration
and its pre-requisites. As seen from this figure, there is always a compromise between
practicality, computation time and accuracy of the utilized methods. For instance, tomog-
raphy methods, provide the most accurate detection decision, but they have the most
impractical hardware setup and require the highest computational time. On the contrary,
the detection only methods, such as magnitude/phase monitoring, has the simplest setup,
but also achieves the lowest accuracy. Therefore, depending on the required accuracy and
system cost, a suitable configuration might be selected.

Figure 29. Comparison between EM thoracic scanning techniques based on their complexity, computation time, and
accuracy; (a) 3-D representation; (b) bar graph representation.

6. Conclusions

A comprehensive review of EM torso scanning systems has been presented. Different
data acquisition methods, scanning platforms, antenna types and detection/imaging algo-
rithms are reviewed and categorized. It is shown that the idea of detecting malignancies
inside torso using microwave signals has advanced significantly since its introduction in
1973. The systems have advanced from detecting the malignancy only to mapping its exact
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location and dimension. New detection techniques are developed thanks to significant ad-
vancements in computational capacities and incorporation of different statistical techniques
and machine learning methods. This promises more accurate and real-time detection deci-
sions that can be used as a complementary technique besides conventional imaging devices.
Additionally, it strengthens the confidence in EM torso scanning systems as powerful
tools for monitoring purposes and onsite diagnosis, which are the major limitations of
existing imaging systems. As can be realized from Table 1, the higher accuracy comes with
increased system’s complexity and computational cost. This creates an exciting challenge
and the future research roadmap, where solutions are needed to maintain accuracy of
EM systems while simplifying their design and computational cost. While the future is
unknown, it is guaranteed that only systems that can satisfy these two factors will have the
competing edge in clinical settings.

Table 1. Summary of available torso scanning systems.

Ref. System Configuration Antenna Algorithm Advantages Disadvantages

[34]
Linear array of

antenna in multi-static
data acquisition mode

Unidirectional wideband
free space 3-D

loop-monopole antenna

Fast
frequency
imaging

•High accuracy of
detection and localization

•High practicality
•Medium

computation time

•Requirement of healthy
symmetrical reference

•Requirement of
average permittivity of tissues

•Medium penetration

[26,35]
Linear array of

antenna in mono-static
data acquisition mode

Unidirectional wideband
free space folded antenna Radargram

•High practicality
•Medium

computation time

•Requirement of healthy
symmetrical reference

•Requirement of
average permittivity of tissues

•Not suitable for deep
target detection

•Medium penetration

[27] Mono-static data
acquisition mode

Unidirectional wideband
on-body matched

waveguide antenna

Machine
learning

•Low computation time
after training

•Simple structure

•Requirement of training
•Low practicality

•Not suitable for deep
target detection

[29]
Circular array of

antenna in multi-static
data acquisition mode

Unidirectional wideband
free space

metamaterial unit-cell
loaded Yagi-antenna

Fast
frequency
imaging

•High accuracy of
detection and
localization

•High practicality
Medium

computation time

•Requirement of
average permittivity of tissues

•Medium penetratio

[31,32,70] Bi-static data
acquisition mode

Omni directional
narrowband on-body

matched
antenna

Phase/Mag
changes

•High practicality
•Low computation time •Low accuracy

•Low penetration

[33]
Circular array of

antenna in multi-static
data acquisition mode

Unidirectional wideband
free space resonance-based

reflector antenna

Fast
frequency
imaging

•High accuracy of
•High practicality

•Medium
computation time

•Requirement of
average permittivity of tissues

•Medium penetration
•Complex setup

[36]
Circular array of

antenna in mono-static
data acquisition mode

Unidirectional wideband
free space loop-
dipole antenna

Fast
frequency
imaging

•High accuracy
•High practicality

•Medium
computation time

•Requirement of
average permittivity of tissues

•Medium penetration
•Not suitable for deep

target detection

[38,59,87]
Quasi-circular antenna

in mono-static data
acquisition mode

Unidirectional wideband
free space pattern

reconfigurable metasurface
antenna

Fast
frequency
imaging

•High accuracy
•High practicality

•Medium
computation time
•High penetration

•Requirement of
average permittivity of tissues

[24]
Circular antenna in

multi-static data
acquisition mode

Unidirectional wideband
on-body matched

loop-dipole antenna

Statistical
analyses

•Medium practicality
•Medium

computation time

•Requirement of a symmetric
healthy part

•Low-medium accuracy
•Requirement of healthy threshold

•Medium penetration

[86]
Circular antenna in

multi-static data
acquisition mode

Unidirectional wideband
free space loop-dipole

antenna

Permittivity
estimation

•Medium
practicality

•Low computation time
•Suitable for

enhancing radar-based
imaging

•Requirement of training
•Low-medium accuracy
•Medium penetration
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Table 1. Cont.

Ref. System Configuration Antenna Algorithm Advantages Disadvantages

[21,56]
Linear scanning
monostatic data

acquisition mode

Unidirectional wideband
free space Vivaldi antenna Radargram •High practicality

•Low computation time

•Not suitable for deep target
detection

•Medium penetration

[21]
Linear scanning
mono-static data
acquisition mode

UWB Antenna
Free Space Antenna

Confocal
imaging

•High practicality
•Low computation time

•Low accuracy
•Requirement of

average permittivity of tissues
•Not suitable for deep target

detection
•Low penetration

[23,98,101]
Quasi-circular antenna

in multi-static data
acquisition mode

Dielectric Loaded
Waveguide Tomography •High accuracy

•High penetration
•Low practicality

•Very high computation time
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Abstract: The efficient and selective detection of volatile organic compounds (VOCs) provides
key information for various purposes ranging from the toxicological analysis of indoor/outdoor
environments to the diagnosis of diseases or to the investigation of biological processes. In the
last decade, different sensors and biosensors providing reliable, rapid, and economic responses in
the detection of VOCs have been successfully conceived and applied in numerous practical cases;
however, the global necessity of a sustainable development, has driven the design of devices for the
detection of VOCs to greener methods. In this review, the most recent and innovative VOC sensors
and biosensors with sustainable features are presented. The sensors are grouped into three of the
main industrial sectors of daily life, including environmental analysis, highly important for toxicity
issues, food packaging tools, especially aimed at avoiding the spoilage of meat and fish, and the
diagnosis of diseases, crucial for the early detection of relevant pathological conditions such as cancer
and diabetes. The research outcomes presented in the review underly the necessity of preparing
sensors with higher efficiency, lower detection limits, improved selectivity, and enhanced sustainable
characteristics to fully address the sustainable manufacturing of VOC sensors and biosensors.

Keywords: biosensors; VOCs; environmental; packaging; diagnostic; pollution

1. Introduction

The United States Environmental Agency (EPA) and the European Environmental
Agency (EEA) define as a volatile organic compound (VOC) any organic substance that
under normal conditions is gaseous or can vaporize in the atmosphere [1,2]. Although
this general description helps in easily recognizing a volatile organic compound, it is too
rough and is not unequivocal in identifying VOCs. Therefore, different national and inter-
national regulations have proposed more standardized definitions according to selected
physico-chemical properties of the considered chemicals. Among all, the EU Council
Directive 1999/13/EC (and successive amendments and corrections) indicates as a VOC
“any organic compound having at 20 ◦C a vapor pressure of 0.01 kPa or more or having a
corresponding volatility under the particular conditions of use” [3]. Additionally, the quite
dated—although still highly cited in the literature [4]—1989 World Health Organization’s
(WHO) definition classifies as a VOC any organic chemical having a boiling point up to
250 ◦C measured at a standard atmospheric pressure of 101.3 kPa. Based on this defini-
tion, the WHO subdivided VOCs into different classes: very volatile organic compounds,
VVOCs, having boiling points ranging from <0 ◦C to 50–100 ◦C, such as propane (C3H8),
butane (C4H10), methyl chloride (CH3Cl); and volatile organic compounds, VOCs, with
boiling points in the range from 50–100 ◦C to 240–260 ◦C, including substances such as
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formaldehyde (CH2O), limonene (C10H16), and ethanol (C2H5OH). The WHO also defined
an additional category of semi-volatile organic compounds, SVOCs, including substances
having boiling points ranging from 240–260 ◦C to 380–400 ◦C, such as some pesticides like
dichlorodiphenyltrichloroethane (DDT), chlordane or some plasticizers like phthalates [5].

Without going deeper into the merits of the diverse definitions of VOCs, schematically
summarized into Figure 1, it is quite glaring that all of them align in proving the abundance
of organic chemicals identifiable as volatile in many different types of environments.

 

Figure 1. Definition of VOCs according to the United States Environmental Agency (EPA) and the
European Environmental Agency (EEA), the World Health Organization (WHO) and the EU Council
Directive 1999/13/EC.

Benzene (C6H6), toluene (C7H8), ethyl benzene (C8H10), ortho-, meta- and para-xylene,
(known as BTEX) (C8H10), acetone (C3H6O), styrene (C8H8), and benzyl alcohol (C7H8O),
are just a few examples of commonly known organic substances having vapor pressure
values higher than 0.01 kPa at 20 ◦C and/or boiling points below 250 ◦C, that must therefore
be considered as VOCs. These substances may be found in ordinary home indoor sites,
and in other countless indoor and outdoor environments (and microenvironments) such
as those located in industries [6], commercial places [7], hospitals [8], schools [9], etc. For
example, among the most diffused VOCs in homes, during the analysis of the inner air of
5000 houses in Japan, acetaldehyde (C2H4O), toluene, and formaldehyde were found to be
the most abundant VOCs [10]. In another study, the analysis of the inner air in art and craft
rooms as well as in common class rooms in a primary school showed mainly the presence
of benzyl alcohol, styrene, toluene, ethylbenzene (C8H10), and xylene [11].

In general, VOCs may be emitted from countless sources, such as furnishing items,
building materials, lavatory and laundry products, and biological matter (such as food),
etc. [12,13]. For instance, the presence has been observed of a considerably high amount of
toxic formaldehyde in a sealed room containing commonly employed, medium-density
fiberboards [14], and a sensibly increased concentration of toluene was proved in kitchens
during dishwasher washing cycles [15].

Different environments imply the presence of different VOCs, and which varieties
and their corresponding concentrations are not only determined and influenced by the
materials from which they are emitted, but also from the atmospheric conditions, such
as temperature or relative humidity [16], the presence of other materials which may act
as adsorbers of VOCs [17,18], the rate of air flux/ventilation [19], and the presence and
intensity of visible light/UV irradiation [20], etc. Thus, it is not possible to tabulate
general average concentration values of VOCs in the function of similar environments;
however, based on numerous studies reported in the literature, it is achievable to draw
up lists of VOCs more likely emitted from specific sources and materials in determined
situations [21,22]. For example, besides the recognizable emission of VOCs in chemical
industries traceable to the mere pure substances [23], it is well known that cellulosic
materials such as wood or paper emit acetic and formic acid due to the hydrolysis of acetyl
group esters in hemicellulose [24]. Additionally, a large number of polymeric materials
used in consumer goods such as furnishings [25], artificial leather or building materials,
emit certain VOCs. Bis(2-ethylhexyl)phthalate (DEHP), a plasticizer with significant health
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concerns, is emitted from poly(vinyl chloride) (PVC) [26], while styrene, recognized as
cancerogenic, is emitted from degraded polystyrene (PS) [27].

Cities and high-traffic areas are especially polluted by VOCs emitted from the use of
motor vehicle fuels (considering both fuel evaporation and exhaust gas) [28,29], such as
toluene, benzene or heptane (C7H16) [30].

Some specific VOCs are also emitted during food processing as well as during food
degradation while 1-butanol (C4H10O), 1-hexanol (C6H14O), 2-ethyl-hexanol (C8H18O) and
some volatile fatty acids, such as butyric (C4H8O2), valeric (C5H10O2) or caproic (C6H12O2)
acids, are produced during the spoilage of meat, fish, or fruit, or more generally during the
decomposition, i.e., anaerobic digestion, of biomass [31].

Many plants and flowers also emit specific VOCs. Actually, phytogenic volatile organic
compounds (PVOCs) represent the most abundant VOCs present in the atmosphere [32].
What we recognize as natural perfumes and fragrances capable of stimulating our senses
causing an upsurge of sensations and feelings, are nothing but VOCs. For example, cin-
namyl alcohol (C9H10O), having an intense smell of sweet hyacinth with balsamic and
spicy notes, is a VOC found in cinnamon leaves and flowers [33]. Citronellol (C10H20O),
smelling rosy, sweet and of citrus, is a monoterpenoid VOC principally found in roses
and pelargonium flowers [34]. These substances are mainly released by flowers to attract
pollinators, while other natural VOCs, such as isoprenoids, are naturally released by plants
to improve resistance in response to abiotic stresses [35,36].

Many other biological and microbiological processes also imply the release of char-
acteristic VOCs [37,38]. Among them, VOCs emitted by microorganisms (i.e., bacteria,
archaea, fungi, and protists) are specifically classified as Microbial Volatile Organic Com-
pounds (MVOCs) and comprise a large variety of chemicals such as fatty acids and their
derivatives, nitrogen- and sulfur-containing compounds, aromatics and terpenoids [39,40].
Other VOCs are emitted in the biological processes occurring in human bodies [41–43]. For
example, it has been observed that breath samples from breast cancer patients contain a
unique combination of hydrocarbons, such as alkanes and monomethylated alkanes [44,45].

Hundreds of different VOCs are thus diffused and present in an infinite number of
environments whether deriving from degradation processes, biological processes, natural
events, or human activities such as industrial productions, transportation, etc. Conse-
quently, the detection and quantification of VOCs are tactical to investigate the interactions
of the volatile chemicals with the surrounding environments as well as to determine and
study the emission sources. Table 1 reports some of the most common VOCs and their
typical emission sources.

Table 1. Common VOCs and associated emission sources.

VOC Typical Emission Sources

Propane Gas grills; gas heaters
Butane Gas grills; gas heaters; gas torches; end-life fridges, and freezers
Methyl chloride Solvents; fire extinguishers
Formaldehyde Plastic furniture items; fiberboards
Toluene Paints; solvents
Acetone Solvents; wallpaper and furniture polish
Isopropyl alcohol Solvents; disinfecting solutions
Carbon Tetrachloride Fire extinguishers; cleaning products
Carbon disulphide Volcanic eruptions; marshes
Vinyl chloride PVC pipes, wire, cable coatings, and textiles; burnt tobacco
Benzene Fuels
Styrene Polystyrene objects, rigid panels, and furnishings
Acetic acid Cellulosic materials such as wood and paper
Isoprenoids Plants

Classic methods for the analysis of VOCs are gas and liquid chromatography (GC, LC,
HPCL, etc.), whether coupled with other techniques such as mass spectroscopy (MS), time
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of flight (TOF), thermal desorption (TD), or olfactometric detection (e.g., GC-O), etc. [46–48].
Other techniques include, for example, selected-ion flow-tube mass spectrometry (SIFT-
MS) or proton-transfer-reaction mass spectrometry (PTR-MS) [49,50]. The analysis of
VOCs may be carried out directly injecting the air to be analyzed into the instrument
(e.g., headspace analysis) or by firstly adsorbing VOCs on passive or active samplers
thus desorbing them in the selected mobile phase for analysis (such as in the case of ion
chromatography). These techniques are certainly highly sensitive and efficient but are
expensive and energy/time-consuming. In most of the cases they are also not portable,
with important drawbacks [51], while the few commercially available portable tools for
VOCs analysis are poorly efficient, have high LOD and are not selective to specific VOCs,
such as in the case of a photoionization detector (PID) [52].

In the past decades the literature has reported novel VOC sensors and biosensors
designed for solving these issues with remarkable results, as reported in different reviews
and research papers [53–57]. In general, VOC sensors are devices capable of registering
electrical, photophysical, mechanical, or biological changes, after the interaction with spe-
cific volatile compounds. These changes are converted into signals, of which the intensity
normally depends on analyte concentrations, or analyte chemical and physical character-
istics [58]. Among all sensors, the subclass of biosensors indicates sensors containing a
biological recognition element, whether that be enzymes, proteins, antibodies, nucleic acids,
cells, tissues or receptors, that interact with the VOCs [59–62].

VOC sensors and biosensors have emerged as alternatives to classic analytical tools
mainly due to their faster response, cheaper analysis, and portable characteristics, while
other features include enhanced selectivity, lower power consumption, or more rapid recov-
ery times. VOC sensors and biosensors have been successfully employed in a large number
of applications in food safety analysis, environmental monitoring, clinical analysis and
medical diagnosis [63–66]; however, it must be highlighted that the majority of sensors and
biosensors reported in previous years were developed without, or by poorly considering
any green and sustainable characteristics of the final devices or of the production processes.

Recently, and more specifically in the last couple of years, different national and
international policies have started firmly pushing for a sustainable development and a
green transition [67–73]. For example, the European Green Deal aims at “making Europe
climate neutral by 2050, by boosting the economy through green technology, by creating
sustainable industry and transport, and by cutting pollution” [74]. All these policies directly
influences any sort of R&D and R&I activity [75–78], including the design of novel VOC
sensors and biosensors [79].

From this perspective, a review on the most innovative VOC sensors and biosensors
recently developed with environmentally friendly and sustainable characteristics is herein
reported, integrating the current reviews present in the literature in the field of VOC
sensors and biosensors [80–87]. The review highlights recent trends in the research of
green approaches to substitute and replace classic poorly sustainable sensors, in line and
accordance with the most recent environmental policies and researchers’ ethical spirt of
sustainable growth. These approaches include manufacturing processes carried out using
biomass and waste derived materials, the use of abundant elements in place of rare metals,
the design of low energy consuming methods or the exploitation of biological activities,
exploiting innovative technologies such as printed electronics, nanotechnology, silicon
photonics, or biotechnology [88–90].

The sensors and biosensors herein reported include tools for the direct analysis of air,
as well as systems for the detection of VOCs adsorbed and redispersed—using the already
cited passive or active samplers—in aqueous solutions (such as electrochemical devices).

The article is presented in a logical form to be informative and pedagogic for anyone
looking for a deeper understanding of the topic. The review is divided into three different
sections presenting VOC sensors and biosensors in the function of highly captivating
applications, including environmental analysis, intelligent food packaging design, and

146



Biosensors 2022, 12, 51

medical diagnosis, making the manuscript attractive for both readers having expertise in
the field but also for anyone with no specific knowledge who wants to explore the matter.

In detail, Section 1 includes sensors and biosensors for environmental analysis, espe-
cially focusing on VOCs found in common indoor environments. Section 2 describes VOC
sensors and biosensors for food packaging applications, where the detection of VOCs is cru-
cial to understanding the freshness of food and the presence of possible active degradation
processes. Section 3 is focused on sensors and biosensors for medical uses, of which the ap-
plicability can lead to diagnosing diseases easily and quickly. Each Section firstly discusses
the most important VOCs found in the specific field and related challenges, thus, the most
recent works on the preparation of sensors and biosensors with green characteristics are
reported. The conclusion describes perspectives and challenges for future developments.
Figure 2 summarizes the sensors and biosensors for specific VOCs’ detection described in
each section.

Figure 2. Field of applications of the novel sustainable sensors and biosensors and most relevant
analyte VOCs reported in the present review.

2. Section A: Environmental Analysis

The environmental analysis of VOCs aims at the detection and quantification of
organic compounds that might involve any biological interaction, including human health
issues, plant defense mechanisms, animal toxicity concerns, etc. Without considering
particular environments or situations, such as the analysis of gas leaching in pipes or in
reactors (which can be undertaken, due to extremely high concentrations of VOCs, using
low sensitive sensors and tools), the environmental analysis of VOCs is generally related to
the selective detection of common indoor pollutants at low concentrations. Many VOCs are
indeed classified as toxic and might cause asthma and other respiratory symptoms/diseases,
headaches, nausea, or more severe problems such as convulsions and comas [91]. Some
VOCs are also recognized as carcinogenic, especially targeting the liver, kidneys, brain, and
nervous system [92]. Therefore, the analysis of VOCs in indoor environments is crucial to
determine eventual chronic exposition to toxic chemicals and to avoid severe health issues.
In this view, the development of sustainable sensors and biosensors for indoor pollutants
has gained much interest especially addressing the current directives of sustainable R&D.

It has been calculated that normally a person spends almost 80% of its life in in-
door environments. Thus, a special focus of environmental analysis is the determination
and quantification of VOCs in spaces generally occupied during a day such as homes,
offices, schools, classrooms, vehicles, and stores [93,94]. VOCs found in these environ-
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ments are mainly emitted from sources such as construction materials, furnishing, paints,
glues, heating appliances, tobacco smoke, cooking, and cleaning products [95,96]. Due
to the impossibility of tabulating general concentration values in indoor environments,
Table 2 reports the most diffused VOCs in houses and in a primary school and their
maximum concentrations.

Table 2. Some of the most abundant VOCs normally found in indoor environments such as houses
and schools.

VOCs

Maximum Concentration (μg m−3)

Houses According to
Héroux et al. [97] *

Houses According to
Yamazaki et al. [10] **

Primary School [11]

Toluene 436 530 117
Dichloromethane 1687 / /

α-pinene 801 / 506
Limonene 329 / /

Dichlorobenzene 287 4900 /
Tetrachloroethylene 179 / /

Styrene 14 2000 369
Formaldehyde / 100 /
Acetaldehyde / 150 /

Cumene 46 / /
Ethylbenzene 20 590 196

Hexane 39 / /
Naphthalene 23 / /

n-decane 203 / /
Xylene 77 310 153

* Houses located in Quebec, Canada, ** Houses located in different cities in Japan.

Among all VOCs present in these types of environments, researchers’ efforts of recent
years have specifically focused on the development of greener and more sustainable sensors
and biosensors especially aimed at the detection of toluene, dichloromethane, limonene,
dichlorobenzene, styrene, tetrachloroethylene, and formaldehyde.

2.1. Detection of Toluene

Toluene (C7H8) is an aromatic compound used in the manufacturing of many goods
such as foams for furniture and insulation materials, coatings, or shoes. It has a time
weighted average (TWA) of 20 ppm (8 h) and its vapor might irritate the skin, eyes, and the
mucous membranes of the throat, possibly causing headache, vertigo, or fatigue [98].

Wang et al. [99] prepared an inexpensive sensor for the detection of toluene based
on Fe, one of the most abundant elements in the Earth’s crust, and Ni, a metal having
important recyclability properties [75,100]. The sensor, in the form of mesoporous NiFe2O4,
was synthesized through a solvent-free simple method producing limited quantities of
waste. The sensor had a framework thickness ranging from 8.5 to 5 nm and a specific
surface area ranging from 134 to 216 m2 g−1. During the testing for gas detection, it was
proved that the mesoporous NiFe2O4 with both an ultrathin framework and large specific
surface area could detect toluene in concentrations ranging up to 1000 ppb, showing that
the response, selectivity, and stability were remarkably enhanced with respect to commonly
employed NiFe-based sensors.

In previous years, different lanthanide complexes have been reported as simple, sensi-
tive, and inexpensive analytical tools for the determination of many organic solvents, metal
ions and in general gases due to their structural and unique luminescent properties. Very
recently, they have been also proved to be usable as sustainable sensors for the specific de-
tection of toluene [101]. In details a new sequence of lanthanide metal-organic frameworks
(LnMOFs) was prepared though a simple and inexpensive solvothermal reaction, using
lanthanide (III) nitrates, methylmalonic acid as the ligand and 1,10-phenanthroline as the
capping agent. The luminescence analysis of LnMOFs in the presence of different organic
solvents, showed an evident and marked response though the detection of toluene, proving
the possible use of LnMOFs as a highly selective luminous sensor for this type of VOC.
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Some environmentally friendly carbon dots have been also proposed as possible
sensors for organic compounds’ detection. For example, Dong et al. recently reported
the preparation of nitrogen and sulfur doped carbon dots as sensors for toluene [102].
Importantly, the materials were prepared using citric acid as the carbon source, sensibly
improving the sustainability of the synthetic process, considering that citric acid might be
produced by yeasts via biomass valorization [103].

A few years ago, the possibility was proved of preparing a fiber optic enzymatic
biosensor featuring cost-effective, real time, continuous, and in situ measurements of
toluene. A sensor was prepared using toluene ortho-monooxygenase (TOM) as the biologi-
cal recognition element, and an optical fiber coated with an oxygen-sensitive ruthenium
phosphorescent dye as the transducer [104]. The detection of toluene was carried out based
on the enzymatic reaction catalyzed by TOM, which resulted in the consumption of oxygen
and, consequently, changes in the phosphorescence intensity.

2.2. Detection of Dichloromethane

Dichloromethane (DCM) (CH2Cl2) is largely used in industry due to its high volatility
and ability to dissolve many chemicals and it is used to produce paint removers or adhe-
sives, among others. DCM has a TWA (8 h) of 50 ppm, and its hazardous properties include
the irritation of skin and mucous membranes and the cause of headache, vertigo, nausea,
vomiting and anemia. It has been classified as likely to be carcinogenic [98].

In the last decade, the quartz crystal microbalance (QCM) technique combined with a
surface plasmon resonance (SPR) system using Langmuir–Blodgett (LB) thin films have
emerged for the detection of VOCs due to the high sensitivity and reliability of the method-
ology combined with low experimental costs and limited environmental impact. Durmaz
et al. exploited these features to prepare a sensitive LB film coated QCM sensor for the
detection of DCM [105]. In detail, a calix[4]arene-dithiourea receptor, denoted “C[4]-DT”,
was used to form a thin film over quartz crystals for QCM measurements. As shown in
Figure 3, the so-prepared C[4]-DT LB film-coated QCM sensor was used for the detection
of several VOCs.

Figure 3. Schematic representation of the interaction of VOCs with the calix[4]arene-dithiourea
receptor. Reprinted with permission from ref. [105]. Copyright 2021 Wiley.

The system showed a specifically selective response to the DCM rather than other
vapors with a limit of quantification of 0.5 ppm. Additionally, the sensor was proved to
have a good reproducibility, rapid response time, and excellent full recovery.

Based on the fact that electrochemical methods for the detection of toxic chemicals
are particularly highly sensitive, economic, and portable, Shink et al. proposed an envi-
ronmentally friendly electrode for the detection of DCM based on a zinc oxide modified
disposable screen printed electrode (SPE) [106]. In detail, the authors developed a synthetic
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methodology to produce hexagonal zinc oxide (ZnO) nanopyramids (NPys), of which
the morphology could remarkably improve the performance of the sensor. ZnO NPys
were synthesized by a simple and fast hydrothermal procedure using zinc acetate as the
precursor and oleylamine as the surfactant. As illustrated in Figure 4, the sensor showed
good behavior in the detection of DMC through a series of cyclovoltammetric (CV) analysis.

Figure 4. (a) CV curves obtained varying the DCM concentrations from 100 nM to 1 mM, (b) calibrated
current of cathodic peak versus concentration of DCM chemical, (c) CV measurements at various
scan rates and (d) calibrated current at cathodic peak versus scan rate of the hexagonal ZnO NPys
modified electrode. Reprinted with permission from ref. [106]. Copyright 2019 Elsevier.

The modified disposable SPE chemical sensor showed a good sensing behavior for
the detection of DCM with high sensitivity, a limit of detection of 17.3 μM and an excellent
linearity in the range of ~100 nM to 200 μM.

More recently, another study reported the preparation of a highly sensitive sensor
for the detection of DCM based on upconverting nanoparticles (UCNPs) [107]. UCNPs
are nanoparticles capable of converting low energy incident photons into emitted photons
with higher energy, and have particularly emerged for background-free imaging, biological
detection, temperature sensing, and many other applications. The key feature of UCNPs
is the possibility of preparing sensors with a high sensitivity and a low detection limit
along with the important advantage of low energy consumption. The sensor for the
detection of DCM was specifically prepared in the form of NaGdF4:Yb,Er@NaYF4:Yb active
core@shell upconverting nanoparticles (UCNPs) by depositing UCNPs on porous anodic
alumina oxide templates supported by glass slides, forming a thin film-like gas sensor. The
nanoporous fluorescent sensor was capable of detecting dichloromethane with a detection
limit of 2.9 ppm at room temperature.

Different DCM bacteria destructors have also been proved to be suitable for the prepa-
ration of sustainable sensors for DCM detection. In detail, ethylobacteria-Methylobacterium
dichloromethanicum DM4, Methylobacterium extorquens DM17, Methylopila helvetica DM6, and
Ancylobacter dichloromethanicus DM16 immobilized on membranes fixed on a pH-sensitive
transistor, could interact with DCM leading to a change in the output signal of the transis-
tor [108].

2.3. Detection of Limonene and α-Pinene

α-pinene (C10H16) and limonene (C10H16) are natural substances mainly found in the
oils of coniferous trees (α-pinene) and citrus fruit peels (limonene). α-pinene is principally
used to produce perfumes and fragrances and has a TWA (8 h) of 20 ppm. At low con-
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centrations it has therapeutics properties [109], while at high concentration it may cause
allergic reactions, and could be highly toxic.

Limonene has a TWA of 30 ppm and its quite safe for human uses although it may
cause allergic reactions and toxicity issues by inhalation at high concentrations. Limonene
is used as solvent, fragrance, and insecticide [98].

In a similar manner to the detection of DCM, quartz crystal microbalance (QCM)
techniques were also exploited for the detection of limonene and α-pinene. In detail,
a sensor for the detection of limonene was prepared using a QCM chip as the sensor
transducer and ethyl cellulose as the sensing material [110]. The use of ethyl cellulose
(EC) is of particular interest since EC is derived from cellulose, i.e., the most renewable
natural polymer on Earth [111]. The sensor was specifically proved to detect limonene
up to 6000 mg m−3, with a limit of detection (LOD) of 300 mg m−3. The sensor was also
demonstrated to be stable and efficient since it could be used for up to five cycles and for a
month before observing significant losses of activity.

On the other hand, the detection of α-pinene is quite complicated and few works have
reported the successful design of novel sustainable sensors, making the research highly
challenging. Among the few outstanding examples, a sensor for the detection of α-pinene
was prepared by manufacturing a highly selective molecularly imprinted polymer (MIP)
layer combined with an interdigitated electrode (IDE) as a sensor. Importantly, the IED
was prepared using methacrylic acid (MAA) as the sensing material [112]. The sensor was
proved to be remarkably selective and efficient. Significantly, considering that it has been
recently demonstrated that it is possible to produce MAA from biomass-derived glucose,
the manufacturing of this sensor can be considered potentially sustainable, as summarized
in Figure 5 [113].

(a) 

 

(b) 

 
Figure 5. (a) Scheme of the hybrid fermentation and thermocatalysis to produce methacrylic acid
(MAA) from glucose. Reprinted with permission from ref. [113]. Copyright 2021 American Chemical
Society. (b) Illustration of molecular imprint polymer (MIP) concept made of MAA. Reprinted with
permission from ref. [112]. Copyright 2013 Elsevier.

2.4. Detection of Dichlorobenzene

Dichlorobenzene (DCB) (C6H4Cl2) in its three different isomeric forms (1,2; 1,4 and
1,3) is used in space deodorants, fumigants, insecticides, and herbicides as well as in the
synthesis of dyes and resins. The lower value of TWA (8 h) of DCB (corresponding to
1,4-dichlorobenzene) is 25 ppm. Inhalation of the vapor of DCB results in irritation to the
eyes, skin, and throat. DCB has also the potential to cause cancer [98].
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A few years ago, Chao et al. demonstrated the possibility of producing mesoporous
molecular sieves MCM-41 from coal fly ash at room temperature via a green and efficient
reaction [114]. MCM-41 is a widely used material with applications in catalysis, separation
processes, and adsorption of gases and liquid. This last feature was specifically exploited
by Rahman et al. to design a simple, inexpensive, potentially sustainable, consistent,
portable, and reliable chemical sensor for 1,2-dichlorobenzene detection [115]. The sensor
was fabricated by depositing a thin layer of MCM-41 on a glassy carbon electrode (GCE).
The sensor, used through an electrochemical approach, showed good sensitivity and a
short response time of 14.0 s, while the linear dynamic range and the detection limit were
reported as 0.089 nM to 8.9 mM and 13.0 pM, respectively.

2.5. Detection of Styrene

Styrene (C8H8) is extensively used in the manufacturing of numerous polymers and
copolymers such as polystyrene, acrylonitrile-butadiene-styrene (ABS), styrene-butadiene
latex, for the fabrication of different goods including foam packaging, toys, shoes, and
furnishings. Styrene has a TWA (8 h) of 20 ppm, and its vapor irritates the eyes and mucous
membranes. The inhalation of high concentrations of styrene can cause polyneuritis. It is
also reasonably anticipated to be a human carcinogen [98].

Recently, Bi et al. developed a Terbium-based metal-organic frameworks (MOF) for
the efficient detection of styrene. Td-MOF (Tb3+) was prepared based on an innovative,
facile, and low-energy consuming (at room temperature) method [116]. Td-MOF was thus
homogeneously embedded into a PVA film and deposited on silica gel sheets, forming a
luminescent vapor sensor film for styrene detection. A sequence of photoluminescence (PL)
tests demonstrated that Tb-MOFs showed a significant response rate and high sensitivity to
styrene vapor. In addition, as shown in Figure 6a, time-dependent fluorescence quenching
indicated that the emission of the film was immediately quenched by exposure to styrene
vapor (in only 30 s), and the intensity remained unchanged over time, proving an excellent
sensitivity performance. Recyclable tests, i.e., by carrying out experiments followed by
a drying procedure in an oven, also proved the good reversibility and reusability of the
Td-MOF, as illustrated in Figure 6b.

Figure 6. (a) Time-dependent emission spectra of the Tb-MOFs film responded to 20 μL styrene vapor;
(b) Emission intensity of five recyclable experiments of sensing styrene, Reprinted with permission
from ref. [116]. Copyright 2020 Elsevier.

A few years ago the possible utilization of bacteria for the preparation of biosensors
for styrene detection was also demonstrated, such as in the case of a biosensor based on the
regulation system of the styrene catabolic pathway present in the Pseudomonas sp. strain
Y2 [117]; however, this type of approach has not been followed up in recent years, although
it has tremendous potentialities.

2.6. Detection of Tetrachloroethylene

Tetrachloroethylene (C2Cl4) is principally used as a chemical intermediate and as a
solvent in the textile and metal industries. Tetrachloroethylene has a TWA (8 h) of 25 ppm
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and the exposure to its vapors can cause eye irritation, narcotic action, vertigo, nausea, and
headache. Tetrachloroethylene is also suspected to cause cancer [98].

A ZnO-based sensor capable of detecting tetrachloroethylene was recently proposed
by Zhao et al. [118]. In detail, the researchers developed a new method for the chip-level
pyrolysis of as-grown zeolitic imidazolate framework films to hierarchical and structured
ZnO sheets composed of interpenetrated nanometer particles. The tunable introduction of
interpenetrated particles generated adjustable oxygen vacancies, modifying the electronic
structure of the sensing materials. As a result, the sensors showed improved diffusion,
penetration, and adsorption of the relevant gases, resulting in enhanced sensitivity and a
shortened response time toward the detection of different VOCs at the ppb-level, including
tetrachloroethylene. The facile synthetic approach using a largely available material,
i.e., ZnO, made the novel sensor a good candidate for sustainable scaled-up productions
and commercialization.

2.7. Detection of Formaldehyde

Formaldehyde (CH2O) is used in the manufacturing of many different products
including adhesives, abrasive materials, insulating materials, coatings, and polyacetal
plastics-based materials. In indoor environments it is mostly emitted from building materi-
als. Formaldehyde is a highly toxic chemical with a TWA (8 h) of 0.1 ppm. The inhalation
of formaldehyde irritates the mucous membranes, while chronic symptoms include renal
and hepatic damage. It is considered cancerogenic [98].

Recently, Lee et al. reported the manufacturing of a monolithic flexible sensor for the
detection of formaldehyde at the ppb-level [119]. The sensor was produced by depositing
a TiO2 sensing film on a polyethylene terephthalate substrate and by covering the film
with an overlayer of molecular sieving a ZIF-7/polyether block amide (mixed matrix
membrane, MMM). The sensor was designed to selectively detect formaldehyde by a
sensing photoactivation at room temperature. The sensor showed ultrahigh selectivity
(response ratio > 50) and response (resistance ratio > 1100) to the exposure at only 5 ppm of
formaldehyde. Figure 7 illustrates the selectivity toward the detection of formaldehyde of
the novel MMM/TiO2 sensor also in the presence of ethanol (normally sensibly affecting
the detection of formaldehyde).

 
Figure 7. (a) Gas responses of a bare TiO2, (b) Pure PEBA/TiO2, and (c) 5MMM/TiO2 sensors
exposed to 5 ppm benzene, carbon dioxide, ethanol, formaldehyde, toluene, and p-xylene at 23 ◦C
under UV illumination (λ: 365 nm). Error bars represent SD of the mean. Reprinted with permission
from ref. [119]. Copyright 2021 Springer Nature.
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A high-performance formaldehyde sensor was prepared by a surface micro-fabrication
technique depositing a LaFeO3 (LFO) thin film on a silica substrate [120]. The sensing
performances demonstrated that the novel formaldehyde sensors had a remarkable sensi-
tive response and low detection limit toward the ppb-level. In detail, the sensor exhibited
a detection limit of 50 ppb and outstanding replicability with a maximum drift of the
baseline resistance from different batches of the sensor gas sensors of only 5.4%, and the
maximum drift of the response value of 6.5%. In addition, the response values of the
sensors remained stable for up to 18 days, with an absolute deviation of response value of
approximatively 0.04.

Other recent sustainable approaches for the preparation of sensors for formaldehyde
detection include the use of largely available and inexpensive materials such as tin and
zinc [121–128], the second most abundant element in the Earth’s crusts, i.e., silicon [129,130],
the use of biomass-derived materials, such as bacterial cellulose [131] or egg-white [132].

A biosensor based on formaldehyde dehydrogenase and chitosan has also been re-
cently reported [133]. The sensor was prepared through a low-cost inkjet printing technol-
ogy by depositing a polyion-complex of FDH and chitosan on an electrode connected with
an organic field-effect transistor. The biosensor could detect formaldehyde with an LOD of
3.1 μM in aqueous solution.

3. Section B: Food Packaging

The demands of the users (food producers, food processors, logistic operators, distrib-
utors, and consumers) in the food industry sector are increasing in terms of food safety,
quality, and traceability [134]. Throughout the food chain (production, storage, transport,
and sale) there are a wide variety of factors (microorganisms, enzymes, temperature, etc.),
that can corrupt food products and reduce their shelf life. This is the reason why, in particu-
lar, food packaging plays a key role in maintaining the quality of food as well as preserving
it from contamination [135]. Traditional packaging systems merely isolate food from the
external environment without providing information on the freshness or condition of the
food beyond the expiration date. Thus, it is constantly necessary to innovate in the field
of food packaging, not only to reduce its environmental footprint, but also to increase its
functions. In this scenario arises intelligent packaging, a new packaging technology that
integrates traditional packaging systems with intelligent functionalities, including the mon-
itoring of changes in the food product, as well as quality and safety information [136,137],
by temperature, humidity, pH, and light exposure measurements [138–141], or through
the detection of specific VOCs [134,142–145]. For example, 1-butanol (C4H10O), 1-hexanol
(C6H14O), 2-ethyl-hexanol (C8H18O), 1-octen-3-ol (C8H16O), butanal (C4H8O), hexanal
(C6H12O) and nonanal (C9H18O), which are indicators of freshness in food products, while
other VOCs, such as fatty volatile acids, are produced during the spoilage of foods [146].

When it comes to incorporating sensing technologies into food packaging materials,
the industry trend is to do so for meat or fish products [147].

3.1. VOCs Detection in Meat Products

Microbial growth, oxidation and enzymatic autolysis are the three main mechanisms
of meat deterioration. During meat spoilage, proteins and lipids decompose to form
new compounds that negatively affect product quality. The intrinsic factors related to
meat spoilage include pH, water activity and nutrient content of the meat, while extrinsic
factors include temperature and atmospheric conditions surrounding the product [148].
For example, when microbial spoilage occurs, there is a decrease in pH due to the release
of lactic acid. The microbes commonly associated with this phenomenon are of the genus
Pseudomonas and a traditional sensor/biosensor should detect specific Pseudomonas presence
by antigen/antibody reactions or similar [149]. Since microbial spoilage may not occur
homogeneously throughout the meat product and the detection of these bacteria would
require the sensor to be in direct contact with the entire product, it is most desirable
that the target product detected by the sensor be a gaseous by-product released into the
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packaging space. Under normal packaging conditions, several metabolites are formed in
the packaging space including CO2, O2, volatile nitrogen compounds and biogenic amines.
As far as this review is concerned, it should be mentioned that the most common VOCs
released during meat spoilage are alcohols, phenols, ketones, acids and sulfur-containing
compounds [150].

Regarding the detection of VOCs in the meat industry, the most common trends have
been towards the detection of alcohols or acetic acid. This is because alcohols such as
3-methyl-1-butanol (C5H12O) or 1-hexanol (C6H14O) are indicative of Salmonella contami-
nation in packaged beef, while acetic acid is an indicator of microbial population growth.
Hence, Sankaran et al., elaborated olfactory bio-derived sensors mimicking insect odorant
binding protein to detect them in low concentrations at room temperature. These were
biosensors based on quartz crystal microbalance (QMC) with synthetic peptides. This
peptide sequence acting as the sensing material was derived from the amino acid sequence
of the LUSH protein from Drosophila odorant binding protein and can detect alcohols with
estimated lower detection limits of <5 ppm [151,152]. On the other hand, in order to be able
to detect acetic acid even at low concentrations (1–3 ppm), Panigrahi et al., prepared quartz
crystal microbalance (QMC) sensors deposited over synthetic polypeptide [153]. Recently,
Han developed a new gas sensor employing ZnO foam as the sensing material aimed at
acetic acid with superior sensing performances [154].

The latest advances in the development of sensors for the detection of alcohols in
packaged meat concerned the detection of ethanol (C2H5OH). Senapati and Sahu prepared
an Au patch electrode Ag-SnO2/SiO2/Si metal-insulator-semiconductor capacitive gas
sensor with a high sensitivity (10 ppm) for chicken meat samples [155]. The sensor was
prepared using a considerably high amount of inexpensive and largely available Sn and
Si, although, it is worth mentioning that the response of these sensors to ethanol is lower
than to other gases such as ammonia and trimethylamine or hydrogen sulfide, as shown in
Figure 8.

Figure 8. Response curve of Au patch electrode Ag-SnO2/SiO2/Si metal-insulator-semiconductor
capacitive gas sensor for increasing concentrations of ammonia and trimethylamine (NH3 + TMA), hy-
drogen sulfide (H2S) and ethanol, Reprinted with permission from ref. [155]. Copyright 2020 Elsevier.

In recent years, the detection of other VOCs related to meat spoilage has also been
studied. Acetaldehyde (C2H4O), resulting from ethanol metabolism, is one of the most
important compounds to consider in sophisticated packaging systems. This compound is
classified as carcinogenic, and its TWA (8 h) is 25 ppm [156]. It is therefore important to be
able to detect this compound quickly and efficiently. Kim et al. fabricated a surface acoustic
wave (SAW) sensor that evaluated the storage time of chicken meat (up to 15 days) as a
function of increasing acetaldehyde concentration. These authors verified the feasibility of
PDMS polymer composite sensors coated with a layer of the SAW device for the detection
of aldehyde gas with a 0.989 coefficient of determination between the gas and storage time
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of chicken meat [157]. Lastly, another VOC released during the spoilage of meat products,
and thus acting as a marker, is dimethyl sulfide (DMS, C2H6S). For its detection, Chow
developed environmentally friendly chemosensors based on bimetallic donor–acceptor
ensembles (BmDAE) with a selectivity toward DMS 1.0 ppm in real beef samples. This
selectivity was clearly observable to the naked eye, since the chemosensor only turned pink
in the presence of DMS (Figure 9a). Moreover, the chemosensor response was correlated
with the microbial growth level and the storage time, as shown in Figure 9b [158].

 
Figure 9. (a) Naked-eye sensing response of solid-supported chemosensor toward DMS; (b) changes
in microbial counts (brown line) and DMS concentration measured by UV-Vis (green line) and GC-MS
(orange line) for beef samples stored at 4 ◦C. Reprinted with permission from ref. [158]. Copyright
2019 Elsevier.

3.2. VOCs Detection in Fish Products

The consumption of fish or fish-based products is booming due to their health benefits;
however, these products are extremely perishable, so it is necessary to develop non-invasive
techniques that allow the freshness of the food to be known in more detail rather than
just the packaging date. As with meat products, certain VOCs produced by microbial,
enzymatic, or autolytic activities during fish spoilage have been identified [159]. Therefore,
developing sensors for detecting these compounds is a promising approach.

One of the most characteristic VOCs released during fish spoilage is trimethylamine
(TMA, C3H9N), a chemical produced through the decomposition of proteins, carbohydrates,
and fats. Recently, Perillo and Rodríguez employed TiO2 membrane nanotubes supported
on a flexible substrate as a sensor for TMA detection. This sensor was developed using a
simple electrochemical anodization and was able to detect TMA at low temperatures in a
very wide detection range (40–400 ppm, Figure 10a) [160]. Importantly, TiO2 is a largely
available oxide with a very low impact on human health. Other types of sensors that can be
used in the detection of TMA in canned fish are those reported by Yang et al. In this case, the
authors employed α-Fe2O3 snowflake-like hierarchical architectures as a TMA gas sensor.
The sensors showed an ultra-fast response of 0.9 and 1.5 s for response time and recovery
time, respectively, for TMA and other testing gases such as ethanol, acetone, toluene,
methanol and ammonia with a sensitivity of 100 ppm, as illustrated in Figure 10b [161].
Along the same lines, Liu et al., (2020) incorporated α-Fe2O3 nanoparticles in thick films
for the detection of TMA in fish. These sensors showed very good selectivity and high
sensitivity for TMA with a minimum detection of 1 ppm, as illustrated in Figure 10c [162].
This same metal oxide has been employed by Shen et al. for the development of α- Fe2O3
modified Au@Pt bimetallic hollow nanocube sensors. These sensors showed a very fast
response time (5 s) towards 100 ppm TMA in Larimichthys crocea [163]. All these approaches
followed the idea of exploiting an abundant element, i.e., Fe, of which its sustainable use
has been already discussed.
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Figure 10. (a) TiO2 nanotubes sensor response to increasing TMA concentrations (40–400 ppm).
Reprinted with permission from ref. [160]. Copyright 2016 Elsevier. (b) Response of snowflake-
like α-Fe2O3 hierarchical architectures toward 100 ppm of various testing gases Reprinted with
permission from ref. [161]. Copyright 2017 Elsevier. (c) Response of α-Fe2O3 sensor to increasing
concentrations of TMA gas (1–100 ppm) Reprinted with permission from ref. [162]. Copyright 2020
Frontiers Media SA.

TMA detection can be also carried out by colorimetric changes. Lv et al. laid the
groundwork for the reaction mechanism of a set of colorimetric sensors that included chro-
mogenic materials sensitive to TMA during the deterioration of packaged fresh mackerel.
The authors selected six types of metalloporphyrins and tetraphenyl porphyrins (TPP) and
showed that MnTPP, NiTPP and FeTPP had the best binding capacity to TMA. Thus, metal
porphyrins can be employed for the construction of colorimetric sensors for TMA [164].
Meanwhile, Sun et al. developed a colorimetric printed freshness indicator for fish in
modified atmosphere packaging (MAP) [165]. These authors prepared a printable ink
based on a natural purple cabbage pigment—which can be potentially also extracted form
waste cabbage [166]—carboxymethyl cellulose and glycerin, screen printed it on paper and
applied it to grass carp MAP. This label darkens as the TMA content in the fish sample
increases as an indicator of spoilage, as shown in Figure 11. The freshness of fish can
also be measured non-destructively using fluorescent films. Lai et al. developed highly
emissive amorphous tetraphenylethylene (TPEBA) nanoparticles capable of detecting TMA
with a detection limit of 0.89 ppm in butterfish [167]. Finally, the most recent advance
in the detection of TMA in fish has been the one proposed by Praoboon et al. [168]. The
authors developed a paper-based electrochemiluminescence device for the estimation of
TMA concentration in freshwater and marine fish samples (red tilapia, yellow tail, salmon,
tuna, and catfish). The key to these sensors lay in the fast response they provided (2 min)
for a TMA concentration range from 1 × 10−12 to 1 × 10−6 M.

157



Biosensors 2022, 12, 51

 
Figure 11. Color change of printable colorimetric paper sensor during monitoring of the freshness of
the grass carp within 24 h at 25 ◦C by Sun et al., Reprinted with permission from ref. [165]. Copyright
2021 Springer Nature.

Although to a lesser extent than the TMA, aldehydes such as hexanal (C6H12O),
octanal (C8H16O) and nonanal (C9H18O) are also released from fish products such as grass
carp or hairtail fish. In this sense, Jia et al. developed a predictive model to determine
the freshness of salmon during cold storage. The authors employed electronic nose with
principal component analysis (PCA) and radial basis function neural networks (RFBNN).
This system allowed the detection of VOCs such as butyl aldehyde (C4H8O), amyl aldehyde,
hexanal, heptanal (C7H14O), 1-propanol (C3H8O), and 1,2-butanone amyl alcohol, which
increased proportionally with the level of salmon spoilage [169]. Lastly, Chen et al. prepared
a quartz crystal microbalance (QMC) gas sensor modified with the hydrophobic amino-
functionalized graphene oxide (AGO) nanocomposite for aldehydes detection in grass carp
fish fillets and hairtail fillets. These sensors responded towards aldehydes within 45 ppm
under 80% relative humidity during refrigerated storage at 4 ◦C [170].

4. Section C: Diagnostic

As estimated by the World Health Organization [171], every year 12 million global
deaths (nearly 25% of total deaths) are attributable to unhealthy environments. Environ-
mental hazards, in particular water, air, and soil pollution, causes hundreds of diseases
and health problems. In addition, the WHO has pointed out that two-thirds of the total
deaths related to unhealthy environments come from noncommunicable diseases (NCD)
such as heart diseases, autoimmune diseases, diabetes, strokes, cancers, and others. The
same institution reported that yearly about eight million people die due to the delayed
diagnosis of NCD.

An effective strategy to prevent these deaths is the development of devices allowing
an early diagnosis of the diseases. The accurate identification and quantification of VOCs
emitted from the body can indeed provide information on health and metabolic patho-
logical conditions. In particular, VOC sensors have gained considerable interest for the
selective and continuous diagnosis of various physiological and pathological states acting
as biomarkers for the identification of numerous diseases in a non-invasive way [172–175].
Indeed, the key factor of this type of analysis is the detection of VOCs in the exhaled breath
of patients through simple, efficient, and inexpensive tools [176–178]. For example, some
VOCs such as acetone, benzene, ethanol, and isoprene are related to specific diseases and
could be used as biomarkers of diabetes, genetic disorders, infectious, cancerous, or renal
diseases [75,179,180].

In recent years, scientific efforts have especially focused on the design of environ-
mentally friendly sensors and biosensors for the sustainable diagnosis of cancer and
diabetes. Moreover, some remarkable results have been also obtained in the diagno-
sis of asthma, chronic obstructive pulmonary disease, cystic fibrosis, liver cirrhosis and
tuberculosis [181–185].

4.1. Diabetes Diagnosis

The traditional method for checking diabetes involves collecting blood samples. This
type of analysis is precise and accurate but painful, expensive, and invasive. Alternatively,
it has been demonstrated that diabetes can be diagnosticated in a non-invasive way by
detecting different gaseous VOCs in breath samples. Indeed, the concentrations of olfactory
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markers of the breath in diabetic patients show significant differences compared to those
of healthy patients. For example, acetone (CH3COCH3) is one the most studied and
recognizable VOCs for diabetes diagnosis [186], considering that acetone concentration in
diabetic patients is higher than 1.8 ppm [187,188].

Ma et al. [189] developed a sensor for acetone detection based on Ni, a metal having
important recyclability properties, and Fe, one of the most abundant chemical elements in
the Earth’s crust. Porous NiFe2O4 microspheres were synthetized using an easy procedure,
combining a solvothermal step with a heating annealing methodology. As proved by
experimental tests, the gas sensors showed a high response to 100 ppm acetone, a low
detection limit (200 ppb) and excellent reusability.

A high-performant NiO/SnO2 acetone sensor was also prepared via a facile hydrother-
mal protocol [190]. The gas sensor exhibited improved performances compared to pure
tin oxide and showed a fast response, low detection limit (10 ppb) and good selectiv-
ity. Similarly, a SnO2/ZnO-based sensor able to detect acetone was recently proposed
by Dong et al. [191]. In detail, an electrospinning step and a low temperature water bath
method was developed for designing SnO2/ZnO hetero nanofibers. The sensor was tested
with an acetone concentration range of 1 to 100 ppm. The results demonstrated that
SnO2/ZnO materials exhibited fast response values, and a remarkable, high selectivity
to acetone.

A few years ago, Zhang et al. reported a one-step route to prepare C3N4-SnO2
nanocomposites with an outstanding acetone sensing performance [192]. C3N4 and SnO2
are eco-friendly, economic, and easy-to-prepare materials, and the synthetic procedure
reported by the researchers was simple, repeatable, and operable. The sensors exhibited
about a 20 times improvement of the response sensitivity as well as remarkable selectivity,
fast response and repeatability compared with pure tin oxide. The detection limit of 67 ppb
was remarkably below the acetone content of diabetes patients’ exhaled breath.

Recently, ZnFe2O4 has also attracted considerable interest due to its environmentally
friendly characteristics, low cost, and excellent stability. Huang et al. designed ZnFe2O4
nanorods through an easy hydrothermal route [193] with a high gas response of acetone.

Another study reported the microwave-assisted synthesis of a sensor for the detection
of an acetone based on a Co3O4/rGO nanocomposite [194]. Microwave (MW) irradiation
is recognized as a time-saving heating method with remarkable environmentally friendly
characteristics such as minimized heating loss and improved energy efficiency [75,195,196].
The tests showed that the materials achieved remarkable response to acetone (0.5~200 ppm)
and good selectivity against the gases of hydrogen, methane, hydrogen sulphide, formalde-
hyde, methanol, methoxyethane and ethanol.

4.2. Cancer Diagnosis

Commonly used methodologies for cancer diagnosis implies bronchoscopy and diag-
nostic imaging (CT scan). These analyses entail some drawbacks such as weak sensitivity
or the use of expensive tools. Moreover, bronchoscopy involves anesthesia, which is
sometimes correlated with trauma and complications. In the past decade, the detection
of specific VOC biomarkers has been identified as a new frontier for non-invasive cancer
diagnosis [197]. In detail, VOCs such as toluene, benzene, styrene, ethanol, methanol,
acetaldehyde, formaldehyde, and octanal are present in the breath of people suffering
cancer [198] in concentrations higher with respect to the health subject [199].

Recently, Feller et al. presented the design of a biobased carbon nanorods VOC sensor
for the effective detection of acetone, ethanol, and methanol for the early diagnosis of
cancer [200]. Importantly, the device was prepared via an easy, fast and green approach
through the pyrolysis of a renewable carbon source, i.e., castor oil.

Also Sahajwalla et al. have developed a new sensor with sensing performances
tailored for VOC biomarker cancer detection [201]. As illustrated in Figure 12, the tool was
synthetized using pristine graphene and zinc oxide nanoparticles recovered from spent
Zn–C batteries.
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Figure 12. Schematic representation of the preparation of ZnO-based sensors for VOCs detection
and cancer diagnosis using spent batteries, Reprinted with permission from ref. [201]. Copyright
2021 Elsevier.

Preliminary tests showed that the recycled ZnO nanoparticles had good selectivity
along with a sensitivity towards chloroform (CHCl3) and ethanol at a 5 ppm testing level, a
value of concentration often found in patients suffering from cancer.

Another ZnO-based sensor has been reported for the detection of butanone (C4H8O),
a VOC present in the breath of patients with gastric cancer [202]. In particular, a bicone-
like ZnO structure was prepared through a microwave-assisted template free method.
The structure showed outstanding performances in terms of selectivity, sensitivity, and
detection limit (0.41 ppm).

5. Conclusions: Challenges and Opportunities

Global warning, overpopulation crisis, the decreasing availability of water, food fraud
and adulteration, the overspreading of non-communicative diseases, are just some of the
challenges the world is currently facing. In the most recent period, also influenced by im-
portant changes caused by the COVID-19 pandemic, society has gained more consciousness
about these issues and has started asking its policy makers for relevant responses. Thus,
sustainable development has become a primary necessity, not just a desirable eventuality.

Scientists have been undoubtedly among the first suggesting key strategies for a
green future. In the field of analytical chemistry, researchers have specifically highlighted
the importance of accessing sustainable, innovative, fast, and accurate techniques and
technologies for VOCs’ analysis alternatives to the traditional tools requiring expensive,
long analysis, and that imply the disposal of large volumes of waste (e.g., solvents), such as
mass spectrometry, adsorption/atomic emission spectroscopy or chromatography-based
techniques (Table 3).

As described throughout this review, in recent years researchers have proposed novel
sustainable sensors and biosensors for VOCs’ detection for highly relevant applications
and for the well-being of society. The monitoring of the toxicity of different environments
(e.g., houses and schools), the control of the freshness and quality of foods, especially in
meat and fish products, and the diagnosing of different diseases such as diabetes or cancer,
are just some of the potential uses of these new devices.
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Table 3. Advantages and disadvantages of classic tools and sustainable sensors and biosensors for
the detection of VOCs.

Advantages Disadvantages

Classic methods (e.g., GC,
HPLC, PTR, etc.)

High specificity; rapid
separations; robust techniques

Matrix effects; high costs;
higher maintenance;

laborious sample preparation

Sustainable sensors
and biosensors

Rapid response and recovery
time; inexpensive; high

sensitivity; small size; good
precision; robustness

Temperature and humidity
sensitive; high power

consumption; short lifetime

Remarkable results have been obtained, but still there are important barriers to over-
come, including optimizing the selectivity, the stability, the efficiency and the detection
limit of these sensors and biosensors. For example, there are inorganic gases, pathogens,
or compounds such as proteins, that can interact with the devices and interfere with their
specific sensing actions, affecting selectivity. Thus, these devices are required to differenti-
ate target substances from non-targets, showing high specificity and reducing non-specific
interactions. Additionally, most of the sensors and biosensors were developed without
performing a deep analysis of the production and utilization costs, which can be higher
than the production and utilization costs of classic analytical tools. Finally, it must be
highlighted that little effort has been given to deeper explore and investigate the end
life of these sensors and biosensors, which should be considered a crucial point in the
development of this type of device.

In future development, these issues can be addressed by exploiting the most recent ad-
vances in the technologies related to the different components of the sensors and biosensors.
For example, the latest results in biotechnology are opening to the possibility of designing
highly selective biosensors by tuning the affinity of the biological receptors to selected
VOCs thanks to gene editing techniques [203,204]. Additionally, progress in microfabri-
cation can lead to a substantial decrease in production costs, to large scale fabrication of
nominally identical structures, and to the possibility of integrating different sensors and
biosensors [205]. Lastly, to fully attain the sustainable characteristics needed for sustainable
development, a life cycle assessment (LCA), claimed to be the best framework for assessing
the potential environmental impacts of products [206], must be also determined for all
sensors and biosensors before being brought to the market.

Forthcoming optimized VOC sensors and biosensors can be thus employed for the
monitoring of thousands of environments and microenvironments by performing analyses
at low costs and with high efficiency. This can have a tremendous impact on society,
for example, by monitoring the quality of air in sensitive places such as schools and
hospitals, or by making possible the massive control of food quality in the food supply
chain, breaking down the food waste. The integration of the newest sensors and biosensors
with innovative technologies will also potentially expand and integrate their use. For
example, in combination with the Internet of Things (IOT), the sensors and biosensors can
allow the real time monitoring of VOCs present in different places with communication
among devices. This may result in the performing of corrective actions such as the activation
of a ventilation mechanism in response to the reaching of a toxic concentration of a VOC
in an environment. Additionally, integration with blockchain technology can provide
information for producers, distributors and consumers about the origin, production, and
traceability of food products within one portable, inexpensive, and compact device.
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Abstract: Environmental contaminants are a global concern, and an effective strategy for remediation
is to develop a rapid, on-site, and affordable monitoring method. However, this remains challenging,
especially with regard to the detection of various contaminants in complex water environments. The
application of molecular methods has recently attracted increasing attention; for example, rolling
circle amplification (RCA) is an isothermal enzymatic process in which a short nucleic acid primer is
amplified to form a long single-stranded nucleic acid using a circular template and special nucleic acid
polymerases. Furthermore, this approach can be further engineered into a device for point-of-need
monitoring of environmental pollutants. In this paper, we describe the fundamental principles of
RCA and the advantages and disadvantages of RCA assays. Then, we discuss the recently developed
RCA-based tools for environmental analysis to determine various targets, including heavy metals,
organic small molecules, nucleic acids, peptides, proteins, and even microorganisms in aqueous
environments. Finally, we summarize the challenges and outline strategies for the advancement of
this technique for application in contaminant monitoring.

Keywords: rolling circle amplification; environmental monitoring; heavy metals; organic molecules;
microorganisms

1. Introduction

In recent years, the discharge of contaminants from industrial and agricultural ac-
tivities and urban wastewater has caused serious contamination of the aqueous system,
posing a great potential threat to human health and aquatic life. These contaminants can be
divided into three categories: (i) inorganic chemical substances, (ii) organic pollutants and
(iii) microorganisms. These substances can cause adverse effects on the environment [1–4],
for example, the disruption of hormones and the endocrine system and the induction
of cytotoxicity and/or genotoxicity and carcinogenesis [5,6]. The variable composition
of pollutants and their location in aqueous environments over time have resulted in in-
creasing focus on new technologies that use cheap and real-time strategies to monitor
pollutants. Most of these strategies are based on laboratory platforms, such as inductively
coupled plasma mass spectrometry (ICP-MS) for the detection of heavy metal ions, liquid
chromatography-tandem mass spectrometry (LC-MS) for the detection of small organic
chemicals or their metabolites, and polymerase chain reaction (PCR) for the detection of
nucleic acids and genetic information, which require preprocessing and frequent data
sampling, which means that they are both expensive and slow. These aspects highlight the
need to develop a new strategy that is more sensitive, portable, and efficient for on-site
detection of pollutants composed of multiple substances [7–10].
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Recently, rolling circle amplification (RCA)-based analytical methods have received
increasing attention in environmental monitoring. RCA is an uncomplicated and efficient
isothermal enzymatic process using unique DNA and RNA polymerases to produce long
single-stranded DNA (ssDNA) and RNA [11,12]. In RCA, the polymerase will sponta-
neously and continuously add nucleotides to the primers that bind to the circular template,
generating long ssDNA with tandem repeats of tens to hundreds of orders of magnitude.
Unlike PCR, which requires a thermal cycler and thermostable DNA polymerase. RCA can
be in solution, on a solid support, or in a complex biological environment at a constant
temperature (room temperature to 37 ◦C). The ability of RCA to grow a long DNA chain on
a solid support or inside a cell from one molecular binding event enables the detection of
targets at a single molecule level [13–15]. In addition, an RCA product comprising repeating
cyclic sequences complementary to template DNA can be customized by template design.
By designing the template, the customizable DNA product includes functional sequences,
including aptamers, DNAzymes, spacer domains, and restriction endonuclease sites. Of
course, by hybridizing the RCA product with a complementary nucleic acid linked to a
functional part including biotin [16,17], fluorophores [18,19], antibodies [20], and nanopar-
ticles [21–24], it is easy to synthesize a multifunctional material with a variety of properties,
including biorecognition and biosensing. Collectively, the properties of high-efficiency
isothermal amplification, single-molecule sensitivity, versatility of structure and compo-
sition, and multivalences make RCA a powerful tool in aqueous environments [25–27].
Currently, RCA has been extensively studied to develop sensitive methods for detect-
ing DNA, RNA, DNA methylation, single nucleotide polymorphisms, small molecules,
proteins, and cells. In addition to diagnosis, RCA has also been proven to be effective
for cell-free cloning and sequencing [28,29], in situ genotyping and genome-wide analy-
sis of cells and tissues [30–34]. Recently, RCA has received widespread attention for its
use in the production of DNA nanostructures such as origami, nanoribbons, nanotubes,
DNA nanoscaffolds, and DNA metamaterials for periodic nanocomponents [11,35–38].
Importantly, these materials have high prospects in a wide range of applications, including
environmental monitoring, drug delivery, and in vivo imaging of manufacturing electronic
circuits, including DNA-based materials.

In this article, we outline the basic engineering principles for implementing RCA de-
sign. Then, we discuss the progress of research in the last five years using RCA technology
to analyse various pollutants in the water environment. Taking four kinds of common
analytes in the environment as examples, including heavy metal ions, organic molecules,
biological macromolecules, bacteria, and other microorganisms, the application of RCA
for water environment monitoring is discussed. Among the analytes, biomacromolecules
are divided into nucleic acids, lipids, peptides, and proteins. Finally, the contents of this
paper are summarized, and the application prospects of RCA-based analytical methods in
environmental monitoring are discussed.

2. Advantages and Disadvantages of the RCA Assay

2.1. Fundamentals of RCA

The RCA reaction typically requires four components: (1) DNA polymerase (e.g., Phi29
DNA polymerase), which includes an appropriate buffer; (2) a short nucleic acid primer;
(3) a circular DNA template; and (4) deoxynucleotide triphosphate (dNTP) (monomer or
structural unit of RCA product) [11,39–41]. In polymerases, Phi29 DNA polymerase is most
commonly used because of its excellent capability and continuous strand displacement
synthesis capability. Phi29 can handle topological constraints, four-way cross connections,
and multiple circular DNA template complexes [39,42,43]. For RCA primers, both RNA
and DNA (usually the “target” molecule to be detected) can achieve this goal. Indeed, the
target DNA and RNA can be used to connect the first template mediated as a padlock probe
(PLP) using RCA reaction circular template cyclizing [44,45]. The circular DNA template
(usually 15–200 nucleotides (NT) in length) is a component that can be enzymatically
or chemically synthesized through intramolecular phosphate and hydroxyl end groups.
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Most commonly, the template is a circular DNA template mediated by enzymatic ligation
(e.g., T4 DNA ligase) or the use of a special DNA ligase enzyme with a template-free
connection to a synthetic CircLigase [15,46]. By designing primers and circular templates,
RCA product length, sequence, composition, structure and rigidity may be appropriately
adjusted, thereby becoming a highly versatile RCA technique (summarized in Table 1).

Table 1. Comparison of RCA, PCR and real-time PCR for the detection of DNA.

Features
Conventional PCR

Assay
Real Time-PCR

Assay
RCA Assay

Sensitivity Sensitive Highly sensitive Highly sensitive

Specificity Specific Specific Specific

Temperature conditions Thermal cycle Thermal cycle Isothermal

Inhibition by biological
samples Yes Yes No

Instruments required Thermocycler Thermocycler Not required

Post-assay analysis Required Required Generally not required

Amplicon detection methods Gel electrophoresis Real-time detection/
amplification graph

Gel electrophoresis, Turbidity measurement by
visual inspection or using a real-time

turbidimeter; dye-based visual detection

Qualitative detection Yes Yes Yes

Quantitative detection No Yes Semi-quantitative

Portability Partially Yes Yes

Overall assay time 3–5 h 2.5–4 h 1–1.5 h

Cost effectiveness Less expensive Expensive Less expensive

2.2. Exponential RCA Amplification

One of the powerful functions of RCA is the ability to design a circular template
so that the signal generated by a single binding event is exponentially amplified [47–49].
Using a plurality of primers hybridizing to the same ring can lead to amplification of a
plurality of events, thereby producing a plurality of RCA products [50,51] (Figure 1). The
number of primers that one circular template can accommodate depends on the length of
the primers and the circle. Another method for exponential amplification of RCA uses a
so-called hyperbranched RCA (HRCA) (branched or amplification) method, in which the
RCA product used as a template for the second and third groups is further expanded using
primers [52–55]. Note that a primer can be integrated into the hyperbranched RCA method
to increase the sensitivity, especially when the target is detected at low abundance [56]. Ad-
ditionally, restriction enzyme digestion followed by enzymatic ligation template-mediated,
linear RCA products may be converted to a variety of cyclic products [57,58]. A second set
of primers may then be used to incorporate these new cyclic products for further amplifi-
cation. This “circle to circle amplification” restriction digestion process, cyclization and
amplification may be repeated for additional amplification. Finally, after hybridization
with a second set of circles, the RCA product may be treated with nicking enzyme to
generate a plurality of primers. The hybridized primer/circular template product obtained
from the nickase reaction can be directly used for the next cycle of RCA amplification.
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Figure 1. Schematics of RCA mechanisms. (A) Ligation RCA. (B) Linear RCA. (C) Hyperbranched RCA. Adapted with
permission from ref. [50].

2.3. Detection of the RCA Product

A variety of signal reading technologies can be used to monitor and detect RCA
processes and products. The most common RCA product analysis was carried out by gel
electrophoresis. Furthermore, during RCA fluorophore dNTP coupling, fluorescent dye
incorporated into the RCA product, bound by a fluorophore, or a complementary strand,
can be easily observed using fluorescence-based techniques, including fluorescence spec-
troscopy, microscopy and flow cytometry [26,59,60]. Combining RCA with molecules such
as modified AuNPs, quantum dots, or magnetic beads, it is easy to achieve visualization
of RCA products [18,22,61,62]. For instance, RCA products can trigger the assembly of
AuNPs for colorimetric and spectral visualization. RCA products can also be combined
with magnetic beads to generate diffraction signals.

An electrochemical signal can also be generated by QD hybridization of the RCA prod-
ucts followed by dissolution to achieve high sensitivity [63]. Another method of detecting
an electrochemical signal generated by an RCA product comprises inserting the DNA into
an organic molecule (e.g., methylene blue), which is inserted into the RCA product [64].
Molecular beacons [65,66] and DNA-intercalating dyes (e.g., SYBR green [67,68]) have
also been widely used to detect RCA products, which is also important since real-time
monitoring of the reaction in the absence of RCA DNA products results in minimal back-
ground fluorescence. In addition to the fluorescence signal, there are some intercalating
dyes, such as 3,3-diethylthiadicarbocyanine iodide (DiSC2(5)), that, when combined with
the duplex between DNA and peptide nucleic acid (PNA), can be used to produce a colour
change from blue to purple [69]. Then, the colour change signal can achieve the goals of the
naked eye for detection, which is particularly suitable for real-time diagnostic applications.
Furthermore, HRP (horseradish peroxidase) was immobilized on RCA products through
biotin modification of DNA to realize visual detection based on colorimetry [70]. Interest-
ingly, the DNAzyme sequence that mimics HRP can catalyse the oxidation of 2,20-azidobis
(3-ethylbenzothiazolin-6-sulfonic acid) and generate a blue-green colorimetric signal. It
can also be incorporated into RCA products [71]. This “dual-amplification system” (i.e.,
the RCA and has multiple converting enzyme DNA) enables real-time supersensitive
colorimetric detection of target molecules. Finally, the RCA product can be detected by
bioluminescence. In this case, the RCA reaction generates a large amount of pyrophosphate
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that can be used as an adenyl transferase substrate to produce ATP. Then, firefly luciferase
ATP acts as a cofactor to produce a bioluminescent signal [72,73].

RCA can not only achieve signal amplification of target nucleic acids through am-
plification but also has flexible and diverse visualization methods; therefore, it has great
potential for application in nucleic acid detection. The advantages of RCA include the
following: (1) high sensitivity: RCA has strong amplification ability, the efficiency of ex-
ponential RCA can reach 109 fold, and it has the potential to detect single copies; (2) high
sequence specificity: it can distinguish single nucleotide polymorphisms; (3) the amplified
product can be directly used for sequencing after phosphorylation treatment; (4) high
throughput: RCA can form a closed circular sequence on the target, ensuring that the signal
generated by RCA is concentrated at one point, thereby achieving in situ amplification and
slide amplification. However, there are still some shortcomings in the development of the
RCA method: (1) the padlock probe is often close to 100 bp, and therefore, the synthesis
cost is relatively high; (2) background interference is a problem during signal detection.

3. RCA Assay for the Detection of Targets in Aqueous Environments

Over the years, a number of RCA assays have been developed for the sensitive and
specific detection of various targets, including heavy metals, organic small molecules,
nucleic acids, peptides and proteins, and microorganisms in aqueous environments (listed
in Table 2).

Table 2. Overview of RCA assays for the detection of targets in aqueous environments.

Targets Detection Signal Detection Range LOD Reference

Heavy metal ions Hg2+ Fluorescence 0.42 pM–42.5 nM 0.14 pM [74]
Heavy metal ions Hg2+ Electrochemical 0.2 pM–100 nM 0.097 pM [75]
Heavy metal ions Hg2+ Fluorescence 0–20 nM 200 pM [76]
Heavy metal ions Hg2+ ECL 0.1 pM–0.1 μM 33 fM [27]
Heavy metal ions Hg2+ Electrochemical 1 pM–1 μM 0.684 pM [77]
Heavy metal ions Hg2+ Colorimetry 2.5–100 nM 1.6 nM [78]
Heavy metal ions Hg2+ Colorimetry 0–14 μg L−1 3.3 μg L−1 [79]
Heavy metal ions Pb2+ Fluorescence 1.0–100 nM 1 nM [80]
Heavy metal ions Pb2+ pH values 1.0–100 nM 0.91 nM [81]
Heavy metal ions Pb2+ Fluorescence 0.1–50 nM 0.03 nM [60]
Heavy metal ions UO2

2+ Colorimetry 0.02–15 ng mL−1 1.0 pg mL−1 [82]
Organic small

molecules Bisphenol A (BPA) Fluorescence 1 nM–0.1 fM 5.4 × 10−17 M [83]

Nucleic acids miRNA Fluorescence 50–500 fM 25 fM [84]
Nucleic acids miRNA Fluorescence 10–106fM 20 fM [85]
Nucleic acids R6G Fluorescence 10−16–10−11M 8.7 × 10−18 M [86]
Nucleic acids gene point mutation Fluorescence 1 μM [87]
Peptides and

proteins microcystin-LR Electrochemical 0.01–50 μg L−1 0.007 μg L−1 [88]

Peptides and
proteins

glutamate
dehydrogenase (GDH) Fluorescence 10–100 nM 3 nM [89]

Microorganisms Karenia mikimotoi Lateral flow assay 1–1000 cells mL−1 0.1 cell mL−1 [90]
Microorganisms Karenia mikimotoi Colorimetry 1–1000 cells mL−1 1 cell mL−1 [91]

Microorganisms Harmful algal blooms
(HABs) Colorimetry 0.1–1000 cells mL−1 0.1 cell mL−1 [92]

Microorganisms Exophiala Electrophoresis -
single-

nucleotide
level

[93]

Microorganisms 16S rDNA THz absorption 10−10–10−7 M 0.6 × 10−10 M [94]
Microorganisms Chattonella marina Fluorescence 10–105 cells mL−1 10 cell mL−1 [95]

Microorganisms circular ssDNA
viruses

Whole-genome
sequencing - [96]
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Table 2. Cont.

Targets Detection Signal Detection Range LOD Reference

Microorganisms Amphidinium carterae Electrophoresis 100 ng mL−1–1 fg mL−1 281 copies [97]

Microorganisms bacterial DNA
sequences Optical (laser) - one bacterial

DNA sequence [98]

Living bacteria Salmonella
typhimurium Current 20–2 × 108 CFU mL−1 16 CFU mL−1 [99]

Other targets ATP Droplet motion 50 pM–5 mM 5 nM [100]

3.1. RCA Assay for Heavy Metal Ions

The basic definition of heavy metal elements refers to any metal element that has a
relatively high density and is poisonous or toxic even at low concentrations, such as lead
(Pb), cadmium (Cd), mercury (Hg), chromium (Cr), and arsenic (As). As the chemical
properties of arsenic are similar to those of heavy metals, arsenic is also grouped with
heavy metals [101]. Heavy metal pollution has gradually developed as an environmental
problem affecting human health in many countries [102–104]. Therefore, the development
of sensitive and selective heavy metal ion detection methods is imperative to preserve the
environment and protect human health.

Traditional methods developed for heavy metal ion detection include chromato-
graphic, spectroscopic, and electrochemical methods. These techniques have the advan-
tages of high accuracy and sensitivity; however, expensive and complicated instruments,
complicated sample preparation, and well-trained operators are all indispensable, which
means they cannot meet the requirements of portability and ease of use. Recently, novel
RCA-based methods have shown great potential in heavy metal ion detection in aqueous
environments due to their advantages of low cost and easy operation. Thus, the following
sections review some of the research efforts in this area in recent years [105].

3.1.1. Mercury (Hg)

In recent decades, mercury pollution has been commonly found in water, food, cos-
metics, the atmosphere, and human health and poses a serious threat to the economy [106].
Contaminants of mercury exist in different forms in nature, such as elemental mercury,
HgCl2, Hg2Cl2, methyl mercury (CH3Hg), and Hg(NH2)Cl. These molecules can be in-
gested, absorbed into the body (through the skin) and inhaled and accumulate in vital
organs and tissues, leading to organ dysfunction and irreversible damage to the nervous
system. Therefore, the World Health Organization (WHO) has determined the maximum
allowable mercury content in different samples to control the harm caused by mercury.
Fast, simple, and cost-effective development of in situ testing methods will facilitate the
management of heavy metal pollution and mitigation [107].

The colorimetric detection that converts density information into colour changes can
be directly interpreted by the naked eye terminal. Due to the low cost, portability, and
ease of operation of the colorimetric method, it has been widely and routinely used for
the detection of various targets, such as DNA [108,109], proteins [110], cells [111–113], and
heavy metal ions [114]. The combination of RCA and colorimetric assays has also been
used to analyse heavy metals in aqueous environments. Wang et al. developed an RCA
detection method based on a signal enhancement Hg colorimetric aptasensor [78]. As Hg2+

poses a serious threat to public health and food safety, the technology for sensitive detection
of Hg2+ is constantly innovating. In a previous study, Lim et al. constructed an instant
detection chip for the colorimetric detection of inorganic Hg2+ based on microfluidics that
was portable and easy to operate [79]. Manufactured by a three-dimensional printing
technique, a disposable chip comprising DNAzyme RCA was generated. A colour change
caused by the enzymatic reaction between DNAzymes and the peroxidase substrate 2,2′-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) was measured using a portable
spectrophotometer (Figure 2A). In the “turn-off” type RCA reaction, the interaction of
thymine with Hg2+ prevents the annealing of the T-rich primer that initiates the RCA
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reaction. Therefore, depending on the Hg2+ concentration, the number of amplified DNases
that cause colour changes is reduced. The colorimetric signal is enhanced by amplifying
double-repeat DNAzymes from a circular DNA template. The chip detects Hg2+ in tap
water samples with a high sensitivity of 3.6 μg L−1. Compared with conventional analytical
instruments, it has higher selectivity, precision, and reproducibility. This low-cost, easy-to-
use platform can reduce the risk of accidental poisoning by Hg2+.

Similarly, Wu et al. recently fabricated a colorimetric aptamer sensor based on RCA
to detect Hg2+ which possesses an even lower detection limit [78]. First, the aptamer
hybridized with its complementary strand (cDNA1) is fixed on the microtiter plate, and
the complementary strand (cDNA1) is connected to the primer at the same time to trigger
the RCA reaction of the circular template. A successful RCA process will result in the
formation of long ssDNA strands on the microtiter plate, resulting in DNA fragments
that hybridize with cDNA2 from many organisms. The avidin/biotin binding between
avi-HRP and bio-cDNA2 increases the amount of labelled HRP. By adding TMB-H2O2,
HRP catalyses the reaction and generates a light signal. When there is a target, the situation
will be completely different. Hg2+ preferentially binds to the aptamer to form a strong and
stable T-Hg2+-T complex, resulting in the release of the HRP cDNA1 cluster. Therefore, the
optical signal is reduced. The results show that the limit of detection (LOD) was 1.6 nM,
with excellent specificity. Compared with the detection signal of the RCA-free system, the
detection signal can be increased up to 18 times.

Among different detection methods, fluorescent strategies have unique properties,
such as easy installation, suitable signal transduction, a wide linear range and quick re-
sponse. For instance, Chen et al. reported a highly sensitive Hg2+ fluorescent sensor
based on hyperbranched RCA [74], with a detection limit of 0.14 pM. More recently, Zhao
et al. established a method that used trifunctional molecular beacon-mediated quadratic
amplification for the highly sensitive and rapid detection of Hg2+ with a tunable dynamic
range [76]. Due to its moderate sensitivity and limited dynamic range, it is challenging
to analyse targets with low abundance or multiple orders of magnitude changes in con-
centration. Here, the authors introduced a homogeneous and fast quadratic polynomial
amplification strategy by rationally designing three functional molecular beacons. This
strategy not only acts as a reporter but also acts as a coupled two-stage amplification
module without adding any bridges of reaction components or processes. The Hg2+ assay
as an example and achieved high sensitivity with an LOD of 200 pM within 30 min. To
create an adjustable dynamic range, isomorphisms are used to regulate target-specific
binding. When the number of metal binding sites changes from one to three, the useful
dynamic range (spanning 50-, 25-, and 10-fold) is used to program the signal response
accordingly. In addition, the applicability of this method in river water samples has been
successfully verified, and it has good recovery and reproducibility, indicating that it has
great practicability in complex actual samples.

Electrochemical response signals are fast, inexpensive, and can be miniaturized for
use with other portable devices, which enables the use of very few samples by nontechnical
personnel to measure a target on the spot; thus, electrochemical methods have attracted
increasing attention. Zhao et al. developed a novel perylene derivative with electro-
chemiluminescence (ECL) and applied it to Hg2+ detection based on a dual amplification
strategy [27]. The cathodic ECL of a new covalently cross-linked perylene derivative (PTC-
PEI) composed of polyethyleneimine (PEI) and perylene tetracarboxylic acid (PTCA) in an
aqueous system was first studied (Figure 2B). Promising novel materials with ECL in PTC-
PEI exhibit excellent physical and chemical stability and high ECL intensity, presenting an
alternative way to construct an ECL sensor with improved sensitivity. Thus, this sensor
was applied to construct a dual amplified “signal-on” Hg2+ sensor by employing nicking
endonuclease (NEase)-assisted target recycling and RCA for semaphore amplification.
Herein, the process is produced by RCA of a long G-rich sequence to capture large amounts
of haem on the electrode surface, and then a significant amplification of ECL signals by a
PTC-PEI is obtained. This sensor platform showed a detection limit as low as 33 fM with a
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wide linear range from 0.1 pM to 0.1 μM. Based on the dual-signal amplification strategy,
the designed sensor was successfully used to directly detect real water samples from lakes
using the standard addition method.

 

Figure 2. RCA assay for Hg detection. Adapted with permission from ref. [27,79]. (A) Colorimetric change of the detection
chip when there are no mercury ions in the sample and when mercury ions are present. (B) Signal opening sensor based on
novel covalently crosslinked perylene derivative (PTC-PEI) system design.

Thymine-Hg2+-thymine (T-Hg2+-T) induces DNA strand replacement and realizes the
specific recognition of Hg2+. It is a common strategy for Hg2+ detection in environmental
samples. Lv et al. developed an ultrasensitive electrochemical measurement method for
Hg2+ using an efficient target conversion method [77]. First, AuNPs were uniformly coated
on polystyrene magnetic microspheres as a magnetic separator, and then ssDNA D1 (rich in
thymine) and S1/D2 DNA duplexes (rich in guanine S1) were used as markers. When Hg2+
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and long ssDNA D3 (rich in thymine at the 5′ end) are present in the tested sample, a stable
T-Hg2+-T structure between D2 and D3 is immediately formed, and S1 is changed from the
S1/D2 DNA duplex, thus realizing the transformation of S1. At this time, the target Hg2+

is combined with the output S1. Therefore, the total amount of output S1 is proportional
to the amount of input Hg2+. After that, the output S1 will be used as a primer to start an
RCA reaction to obtain long guanine-rich ssDNA, thus achieving further hybridization
with the DNA captured on the electrode surface. Eventually, methylene blue, as an electron
mediator, will interact with the ssDNA polymer through electrostatic binding to generate
a detection signal. The electrochemical biosensor based on RCA has a wide linear range,
good accuracy, and excellent recovery rate. These stable properties are very suitable for
water sample detection. It has strong competitiveness and application in detecting Hg2+ in
the environment.

3.1.2. Lead (Pb)

Lead ions (Pb2+) are highly toxic heavy metal pollutants that are widespread in the
water environment. Since lead ions bioaccumulate and have nonbiodegradable properties,
even at low concentrations, lead ions may also cause nervous, reproductive, cardiovascu-
lar, and other developmental disorders [115]. Figure 3C demonstrates an ultrasensitive
fluorescent assay based on an RCA-assisted multisite-strand-displacement-reaction (SDR)
signal-amplification strategy [60]. The proposed strategy is not only to achieve recycling
targets but also to introduce RCA by the release of the DNA enzyme. Most importantly,
the RCA product is used as an initiator to provide a plurality of SDR sites, which can
replace the duplex signal RCA product to effectively prevent the self-quenching probe
assembly RCA product signal. Therefore, the amplification efficiency and sensitivity can
be significantly improved. Using this strategy for intracellular Pb2+ detection, a detection
limit as low as 0.03 nM and a wide linear range from 0.1 pM to 0.1 μM were obtained. In
addition, the proposed strategy can be extended to determine other goals and provide a
new approach for environmental analysis.

Liu et al. developed a rapid and sensitive method for Pb2+ detection based on a
cationic conjugated polymer and an aptamer [116]. By selecting a more specific aptamer
probe, the probe for Pb2+ recognition and combination is a single-stranded oligonucleotide
labelled with fluorescein. Upon combining with Pb2+ with high specificity, the random
coiled probe changed to a G-quadruplex with a higher charge density, which enhanced the
electrostatic interactions between the oligonucleotide and the cationic conjugated polymer;
thus, the two fluorophores were in close proximity, leading to a significantly increased
fluorescence resonance energy transfer (FRET) signal. However, other nontarget metal ions
produced much lower FRET signals because they could not combine with the probe and
thus quenched the fluorescence of the conjugated polymer and fluorescein. This method
was rapid, highly specific, and sensitive, and common metal ions did not influence the
detection of Pb2+. This FRET-based method, whose LOD was lower than the national
standard for drinking water quality, provides a new simple, rapid, and efficient method for
the detection of Pb2+ in various sources of water.

Using the device integration technique, Tang et al. designed a metal-ion-induced
DNAzyme on magnetic beads for Pb2+ detection by using RCA, glucose oxidase, and
a readout of pH changes [81]. As shown in Figure 3A, the work reported a method of
measuring Pb2+ ions in environmental samples. A Pb2+-specific DNAzyme immobilized
on magnetic beads was coupled to RCA and a pH-metre-based readout. The addition of
Pb2+ ions induced partial cleavage of the DNA enzymes on the magnetic beads. The single-
stranded DNA retained on the magnetic beads was used as a primer. With the help of a
circular DNA template, polymerase and dNTPs trigger the RCA reaction. This results in
the formation of many oligonucleotide repeats on the magnetic beads. Subsequently, these
repetitive sequences are hybridized with glucose oxidase-labelled single-stranded DNA
(GOx-ssDNA) to form a long coenzyme containing tens to hundreds of GOx-ssDNA tandem
repeats (Figure 3B). The linked GOx molecules oxidize glucose, which is accompanied by a
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decrease in local pH. This method has good reproducibility, high specificity, and acceptable
accuracy. It is used to analyse spiked water samples, and the results are superior to those
obtained by ICP-MS.

Figure 3. RCA assay for Pb2+ detection. Adapted with permission from ref. [60,81]. (A,B) Illustration
of metal-ion-induced DNAzyme on magnetic beads (MB) for the detection of Pb2+ with rolling circle
amplification (RCA) on a handheld pH metre; (C) Multisite-strand-displacement-reaction (SDR)
signal-amplification strategy.

Rapid, portable, and efficient Pb2+ detection is important for monitoring environ-
mental toxicity and evaluating human health. Lu et al. demonstrated a DNAzyme assay
coupled with effective magnetic separation and RCA for the detection of Pb2+ with a
smartphone camera [80]. In this work, a simple and low-cost homogenous fluorescence
DNAzyme assay was developed for Pb2+ determination based on Pb2+-dependent cleavage
and RCA. A DNAzyme and its substrate form a double-stranded hybrid in solution, which
can completely react with Pb2+ in the water phase. Then, DNAzyme/substrate hybrid and
unreacted substrate portions with chain cleavage of the biotin-labelled biotin-streptavidin
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interaction avidin magnetic beads are captured and removed from the reaction solution.
The rest of the substrate chain remains in solution and then acts as a primer and triggers
RCA. The concentration of cleaved substrate strand Pb2+ concentration related, and the
biotin-streptavidin-biotin separation was effective to minimize non-specific amplification.
Using a smartphone camera, the fluorescence intensity was recorded and quantified after
30–90 min of amplification so that this method could be carried out with the least amount
of equipment. Under the best conditions, the dynamic range is 1–100 nM, and this method
has been successfully used for the detection of Pb2+ in spiked lake water [80].

Tsekenis et al. developed heavy metal ion detection using a capacitive micromechani-
cal biosensor array for environmental monitoring [117]. In this work, the fabrication and
evaluation of a DNAzyme-functionalized capacitive micromechanical sensor array for
the detection of lead ions is proposed. In the presence of Pb2+, the enzyme may catalyse
DNA chain cleavage of the substrate DNA strand with ribonucleotide bases to dissociate
the complex into three segments. The DNAzyme strand is laser printed and fixed on the
sensor surface and hybridizes with the substrate strand. When self-cleavage occurs, the
surface stress will change, which is then recorded as a change in device capacitance. The
sensor can detect 10 μM Pb2+, and in the reverse process, it proves the rehybridization
of the immobilized catalytic chain and the substrate chain. The reaction is verified by la-
belling the catalytic chain with a fluorescent molecule, while the substrate chain is labelled
with a quencher.

3.1.3. Other Ions

In addition to Hg2+ and Pb2+, other ions have also been reported, such as uranyl ions
(UO2

2+). Chen et al. developed a visual detection method for ultratrace levels of uranyl
ions using magnetic bead-based DNAzyme recognition in combination with RCA [82].
The authors describe a colorimetric method for the determination of ultratrace levels of
uranyl ion in beverages and milk. The employment of DNAzyme-functionalized magnetic
beads facilitates the separation and collection of the analyte from the sample matrix. The
RCA strategy achieves an effect with a ratio of one UO2

2+ to massive amounts of HRP,
which strongly improves the sensitivity. The visual detection limit is much lower than the
maximum allowable level of UO2

2+ in drinking water as defined by the USA Environmental
Protection Agency, which indicates that the method meets the requirements for simple,
rapid, and on-site detection of ultratrace UO2

2+ in real samples.

3.2. RCA Assay for Organic Small Molecules

Organic pollutants can come from natural or anthropogenic sources, and industrial,
agricultural, and domestic wastewater can be found in a wide range of these pollutants.
Among various organic pollutants, bisphenol A (BPA) is a typical substance that has caused
widespread concern. As the scientific understanding of bisphenol A continues to deepen, it
is especially discovered that it can cause disorder and damage to the normal physiological
processes of the human body. Currently, major cities have strengthened the detection
and supervision of bisphenol A (BPA) in terms of food safety and drinking water safety.
However, the detection of BPA relies on precision and expensive machines, such as HPLC-
ICP-MS. These methods require tedious operations and long analysis times. To reduce the
analysis cost and simplify the operation, researchers have developed an RCA method to
detect BPA. For instance, Xia et al. creatively constructed a label-free aptamer fluorescence
sensing platform based on the RCA/Exo III (Exo III) combined cascade amplification
strategy, which has high selectivity and high sensitivity for BPA detection [83] (Figure 4).
The first step is to design a BPA-resistant aptamer and a DNA double-stranded probe (RP)
for the trigger sequence for BPA recognition and signal amplification; next, when BPA
appears, it will trigger the probe to be released. On this basis, the initial amplification
reaction of RCA was started. When an increasing number of RCA products appear, the
RCA products will trigger a second amplification assisted by Exo III with the help of
hairpin probes. To date, many G quadruplexes will be enriched in lantern-like structures.
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Finally, by irradiating the G-quadruple lantern with zinc(II)-protoporphyrin IX (ZnPPIX),
an enhanced fluorescence signal is generated. In the above process, RCA acts as the primary
amplification, and the secondary Exo III mediates the secondary amplification. This cascade
amplification gives the detection platform excellent sensitivity, and the detection limit is
5.4 × 10−17 M. The strong specificity of the anti-BPA aptamer guarantees the specificity of
the platform. This kind of unlabelled fluorescent signal probe avoids the tedious labelling
process, greatly reduces the design operation, and at the same time makes the cost lower.
In the end, the author also carried out the measurement of real samples of the environment,
and the results were reliable, demonstrating the potential application value of this method
in the field of environmental detection.

Figure 4. A label-free and sensitive fluorescent qualitative assay for bisphenol A based on RCA/exonuclease III combined
cascade amplification. Adapted with permission from ref. [83].

3.3. RCA Assay for Nucleic Acids

MicroRNAs (miRNAs) are evolutionarily conserved, ~18–24-nucleotide-long non-
coding RNAs that play a significant role in the control of human gene expression by
posttranscriptional gene regulation or silencing. Furthermore, the abnormal expression
of a single miRNA can regulate the activity of multiple genes. Previous studies have
shown that changes in miRNA expression may lead to a variety of human diseases and
disorders, such as cancer, cardiovascular disease, autoimmune disease, neurodegenerative
disease, and liver and inflammatory diseases [118,119]. miRNAs are very stable in human
peripheral blood circulation and are widely present in other body tissues and fluids, such
as urine, saliva, milk, and cerebrospinal fluid. These characteristics indicate that miRNAs
are potential biomarkers for diagnostic purposes. miRNAs are related to the occurrence
and development of diseases and are pathologically specific; therefore, altered miRNA
expression has been used for early detection and diagnosis, classification, prognosis, and
predictive diagnosis [120–124].
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Ma et al. developed a fast, sensitive, and highly specific label-free fluorescent quan-
titative biosensor for miRNA through the branched-chain RCA (BRCA) reaction [84]
(Figure 5A). The target miRNA acts as a primer and can hybridize specifically to the circu-
lar DNA template. Then, RCA is initiated by Phi29 DNA polymerase, and a reverse primer
complementary to the RCA product is introduced during this process to achieve isother-
mal BRCA. While consuming a large amount of dNTPs, it produces the same number of
pyrophosphate (PPi) molecules. In this study, a simple and cheaply synthesized pyridine-
based Zn(II) complex was used as a fluorescent probe for the selective detection of PPi
through dNTPs. In this way, the PPi generated during the isothermal amplification process
is effectively chelated to the pyridine-Zn(II) complex to form a highly fluorescent complex,
pyridine-Zn(II)-PPi, whose fluorescence intensity is only comparable to the original target.
The concentration of miRNA is closely related. This strategy not only achieves isothermal
amplification but also allows direct monitoring of DNA polymerization byproducts. For
the nonlabelled fluorescence detection of miRNA, PPi greatly simplifies the sensor pro-
cedure. This noncumbersome sensor provides a sensitive and easy-to-use platform for
miRNA quantification. Significantly promote the career of miRNA as a biomarker in drug
discovery, clinical diagnosis, and life science research.

 

Figure 5. RCA assay for nucleic acid detection. Adapted with permission from ref. [84,88,89]. (A) Label-free miRNA sensor
based on zinc terpyridine complex; (B) design of detachable paper-based biosensor with dual signal output; (C) construction
of a dual-signal amplification immunosensing platform based on magnetic graphene. MC-LR: microcystin-leucine-arginine,
PDA: polydopamine, Ab1: antigen (Ag) and antibody (primary antibody), ST-HR: streptavidin-HRP.
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Zhou et al. designed a new high-throughput method to analyse the methylation
pattern of individual DNA molecules [125]. High-throughput assays for methylation
pattern analysis of individual DNA clones are important for research on tumour initiation,
progression and transfer and chemotherapy. In this study, a new method was developed
for methylation pattern analysis based on HRCA cloning and microarray technology. A
library of DNA fragments with different methylation statuses was amplified from bisulfite-
modified genomic DNA using PCR, and circular PCR products were then formed by
ligation with a linker. HRCA was performed on streptavidin-coated beads in water-in-
oil microemulsions, where the circular products were used as templates with one of the
primers immobilized on the beads. Finally, the beads were immobilized on glass slides
using polyacrylamide gel and hybridized with specific probes to identify the multiple C g
site methylation status of each clone. This method was applied successfully to each clone
methylation pattern analysis of the P16 gene promoter in 10 stomach tumour samples and
10 corresponding normal samples. The experiments showed that the method could measure
the methylation pattern of each DNA clone with high sensitivity simply by counting the
methylation clones.

Xu et al. developed an RCA integrated detection platform that can be used for
multiple miRNA quantification by preparing a new type of porous hydrogel-encapsulated
photonic crystal (PhC) barcode [85]. The development of a highly sensitive platform for
the detection of multiple circulating miRNAs is very important for clinical diagnosis. The
porous hydrogel shell and the hydrophilic protein scaffold are connected to each other to
form an opal reverse structure in which the PhC barcode is coated. Opal anti-structure can
provide homogeneous water around miRNA target reaction and RCA. The encapsulated
PhC core of the barcode can provide stable diffraction peaks to encode different miRNAs
and their RCAs during the detection process. In this way, the advantages of the PhC
barcode and RCA are integrated. Experiments have proven that this technology shows
acceptable accuracy and reproducibility for rapid quantification of low-abundance miRNA
(20 fM). Therefore, the proposed porous hydrogel-encapsulated PhC barcode provides a
new platform for multiple quantification of low-abundance targets in practical applications.

Xu et al. produced a sensitive nucleic acid detection platform based on superhy-
drophobic micropores [86]. The micropores are located on the superhydrophobic substrate.
Due to the difference in wettability, ultratrace DNA molecules are enriched, which realizes
the concentration of the chip, and then the fluorescence signal is amplified, which improves
the detection sensitivity. Using the biosensing interface of ultrawet materials to detect
ultratrace DNA through concentration has opened up a simple and cost-effective new way
of thinking.

Based on the high dark phase contrast of vapour condensation, Zhang et al. devel-
oped a label-free smart device that can detect diseases related to gene mutation sites in
real time [86]. A Peltier cooler and a mini PC board for image processing are the core
components of the device. The workflow, in short, uses the heat of the hot end of the Peltier
cooler to evaporate the fluid in the copper cavity, and then the vapour condenses on the
surface of the microarray chip placed on the cold end of the cooler and further characterizes
the vapour condensation relative to the microarray. The high dark phase contrast of the
analytes on the chip. Used in conjunction with RCA, the device can see the change from
reduced hydrophilicity to hydrophilicity caused by gene capture and DNA amplification.
Analysis of lung cancer gene point mutations proved the high selectivity and multiple
analysis capabilities of this inexpensive device.

3.4. RCA Assay for Peptides and Proteins

Figure 5C shows an RCA signal-enhanced immunosensor for ultrasensitive microcystin-
LR (MC-LR) detection based on magnetic graphene-functionalized electrodes [88]. This
novel competitive immunosensor promotes the development of the MC-LR detection field.
Magnetic graphene is synthesized, characterized, and used as a substrate. Due to its large
surface area and easy separation, the antigen can be immobilized on the electrode surface.
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In addition, gold nanorods modified with polydopamine are modified and functionalized
with secondary antibodies and circular DNA templates. Through the function of RCA, the
DNA template can be replicated to generate a large number of repetitive DNA sequences.
At this time, the detection probe will hybridize with the repetitive sequence; therefore,
the signal has been significantly improved. Under optimal parameter conditions, the
immunosensor proposed by the team has a good linear relationship between the current
response in the range of 0.01–50 μg L−1 and the target concentration, and the detection
limit is 7.0 × 10−3 μg L−1. Similarly, the immunosensor has also been proven to be highly
specific, and its reusability and stability are commendable. Most importantly, the proposed
biosensor is used to detect MC-LR in real water samples and has a good recovery rate,
indicating its application prospects in actual environmental monitoring. Hui et al. reported
a paper-based multifunctional bio/nanomaterial printed sensor platform, as shown in
Figure 5B [89]. The platform is divided into two reaction zones and a connecting bridge.
Molecular recognition and signal amplification are realized by printing multifunctional bio-
logical/nanomaterials. When the targeted analyte appears in the first area, the fluorescently
labelled nucleic acid aptamer will automatically desorb from the printed graphene oxide,
thereby quickly generating an initial fluorescent signal. Then, the released aptamer flows
with the wave to the second area, where it reacts with the printed reagent to initiate RCA,
thereby generating DNA amplicons containing DNAzyme mimicking peroxidase, thereby
generating colorimetric readings. No equipment or smartphone is required to interpret
the reading. To verify the specificity and sensitivity of the sensor, the author used an
adenosine triphosphate RNA aptamer (a bacterial marker) and glutamate dehydrogenase
DNA aptamer for verification and successfully passed the test. Moreover, when the target
is added to serum or stool samples, it can still be detected, proving the potential of this
method in testing clinical samples.

3.5. RCA Assay for Microorganisms

Widespread waterborne microbial diseases have caused significant mortality and
morbidity worldwide [126]. Therefore, the detection of these microorganisms or pathogens
is very important. Conventional microbial pathogen detection methods require the use
of artificial culture media or microscopic methods. These methods have many technical
limitations, such as low detection accuracy, low sensitivity, complex sample processing
and time consumption [127–129]. For instance, coliform assays are traditionally used to
assess coliform bacteria in environmental samples but not to monitor the overall microor-
ganism content.

Due to the abovementioned shortcomings of conventional methods, the development
of technologies for more effective discovery of trace pathogens in dark water has received
considerable attention. Recently, in the field, it has been applied in several molecular meth-
ods, such as PCR, enzyme-linked immunosorbent assay (ELISA) [130,131], and fluorescence
in situ hybridization (FISH) [132], and applying policy-based biosensors to detect microor-
ganisms in water and wastewater has become a very popular field of study [133]. The use
of biosensors can identify microbial contamination in real time, while using traditional
techniques, it takes several days to obtain results.

Harmful algal blooms (HABs) of toxic microalgae have received much attention
worldwide because their existence has always been a threat to marine ecosystems, fisheries,
and human health. The scientific community has also been developing a monitoring
system that can effectively and accurately identify pathogenic algae and monitor the
quality of seawater. Unfortunately, the traditional methods based on laboratory precision
microscopes are too complicated and time-consuming [134,135]. Taking the coast of China
as the research area, part of the large subunit rDNA (D1-D2) sequences of eight common
toxic and harmful algae in the research area were cloned, and then a specific PLP consisting
of universal primer binding sites and ZIP sequences was designed. Then, a sorting probe
DNA array complementary to the ZIP sequence on the nylon membrane was prepared.
The amplified product is labelled with biotin produced by multiple HRCAs (MHRCAs).
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After heat denaturation, the MHRCA product will hybridize with the DNA array, and then
spot colouring will appear. As shown in Figure 6, an MHRCA-based membrane DNA
array assay (MHBMDAA) for the detection of toxic microalgae has been developed [92].
The specificity of MHBMDAA was confirmed by the double cross-reactivity test of PLP
and taxonomic probes. The detection range of the MHBMDAA method in simulated
samples can reach 0.1 to 1000 cell mL−1, and its sensitivity is 10 times higher than that
of the multiplex PCR membrane DNA array. The validity and reliability of MHBMDAA
have also been verified by natural samples from the East China Sea. The results show
that MHBMDAA is a sensitive and reliable detection tool for the early warning system of
toxic microalgae.

Karenia mikimotoi (K. mikimotoi) is globally distributed, toxic, and harmful, and it
easily forms water blooms. It is similar to a single spark, which explodes frequently in the
global seas. To avoid endangering seafood and human health, fast, accurate, and sensitive
on-site monitoring of this harmful algae is needed. Zhang et al. reported the comparative
detection of Carrenella triloba through exponential RCA (E-RCA) and double-linked E-RCA
and compared their sensitivity with traditional PCR methods [90]. Part of the large subunit
rDNA (D1-D2) of K. mikimotoi was amplified, cloned, and then sequenced. After the
obtained sequence was used for specific region comparison analysis, PLP and primers of
E-RCA and dlE-RCA were designed. Through the simulation, the parameters of the E-RCA
and dlE-RCA systems are optimized. The specificity test showed that both E-RCA and
dlE-RCA are specific to K. mikimotoi bacteria. The sensitivity comparison shows that the
sensitivity of E-RCA is 10 times higher than that of PCR, while the sensitivity of dlE-RCA
is equivalent to that of PCR. Tests on simulated field samples show that the detection limits
of the developed E-RCA and dlE-RCA methods are 1 and 10 cells, respectively. By visually
observing the colour reaction and adding fluorescent SYBR green I dye to the reaction tube,
it can be confirmed that E-RCA and dlE-RCA are positive. Compared with E-RCA, dlE-RCA
can avoid the self-cyclization of PLP. The developed E-RCA and dlE-RCA methods are also
very effective for field samples with a target cell density in the range of 10–1000 cells mL−1.
These results indicate that the established E-RCA and dlE-RCA detection protocols show
expectations for future field applications of K. mikimotoi monitoring.

Zhang et al. established a method combining isothermal amplification technology
and a rapid analysis method for the rapid detection of K. mikimotoi on site [90]. In short, it
consists of two parts: HRCA isothermal amplification based on targeted nucleic acids and
lateral flow dipstick (LFD) for detecting nucleic acid amplification products, namely, the
HRCA-LFD sensor analysis platform, which relies on targeted DNA template PLP and LFD
probes targeting PLP to detect K. mikimotoi. The core point is the sequenced endogenous K.
mikimotoi spacer sequence obtained by molecular cloning and is used as the target of PLP.
The analysis of on-site samples shows that HRCA-LFD analysis is suitable for samples with
target cell densities ranging from 1 to 1000 cells mL−1. HRCA-LFD can detect K. mikimotoi
sensitively and reliably directly from seawater samples.

Najafzade has developed a method to accurately identify seven species of aquatic
Exophiala species through RCA DNA PLPs [93]. The potential opportunistic species in the
black yeast genus Exophiala are relatively high, and these opportunistic species can cause
systemic or scattered infections in individuals with strong immune capabilities. Among
them, the species that cause systemic diseases can generally grow at 37–40 ◦C, while
other species lack heat tolerance, and most of them involve diseases of aquatic vertebrates,
invertebrates, and most cold-blooded animals. Here, the author introduces a high-efficiency
determination method that can identify and identify water-based Exophiala species without
sequence restrictions. First, the author completed the sequencing and comparison of the
ITS rDNA regions of seven Exophiala species and the closely related Veronaea botryosa.
They designed a specific PLP that can be used to detect characteristic single nucleotide
polymorphisms. By amplifying the DNA of the target fungus, the amplified product was
observed on a 1% agarose gel to confirm the specificity of the probe-template binding and
finally realize detection at the species level. During the experiment, the amount of reagents
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was reduced to prevent false-positive results. Simplicity, sensitivity, durability, and low
cost make this PLP analysis (RCA) stand out in the diagnosis of bacterial DNA species.
The application of terahertz (THz) spectroscopy in the field of sensing meets the needs
of rapid and sensitive bacterial detection to a certain extent. Yang et al. developed an
RCA-based THz biosensor for isothermal detection of bacterial DNA [94]. The first step
is to hybridize a bacterial-specific, artificially synthesized 16S rDNA sequence with PLP,
where the 5′ and 3′ ends of the PLP contain sequences that are completely complementary
to the target sequence. When the target sequence is recognized and ligated, the linear PLP
is circularized to form a circular PLP. Then, the capture probe (CP) immobilized on the
magnetic beads plays the role of primer, and RCA starts to initialize. In the THz range, the
absorbency of DNA molecules is far from that of water molecules, so the RCA product on
the surface of the magnetic beads will cause the THz absorbance to decrease significantly.
At this time, sensitive THz spectroscopy will detect the difference. The specificity test result
is obvious, which is proven by its low signal response to interfering bacteria. The proposed
strategy not only proves a new attempt to detect target bacterial DNA isothermally but
also provides a general platform for sensitive and specific DNA biosensing using THz
spectroscopy technology. Chen et al. used a research and development strategy that
took full advantage of the sensitivity of HRCA to quickly detect Amphidinium carterae in
environmental samples [97]. For coastal countries, the quality of marine water is decisive
for the regional marine ecosystem, marine fisheries, or public health. Unfortunately, many
coastal countries and regions are currently threatened by toxic microalgae, and they are
becoming increasingly serious. Therefore, it is urgent and necessary to establish a large-
scale water quality analysis and early warning system that can quickly, sensitively, and
accurately detect toxin-producing microalgae in water bodies. In this article, the author
uses HRCA to quickly detect Amphidinium carterae. First, the large subunit rDNA (LSU
D1-D2) of Amphidinium carterae was sequenced to design a species-specific PLP. Then, the
PLP combined with two amplification primers was used by HRCA. Of course, the HRCA
sensing platform passed the specific detection experiment and passed the test with other
algae. The entire operation process was controlled to be completed within 1.5 h. What is
even more surprising is that the platform’s repeated detection limit is one cell. During the
detection process, the fluorescent dye SYBR green I can be added to the amplified product
so that the positive result of HRCA can be seen through the colour reaction. HRCA provides
a very useful detection tool that can accurately screen large samples of Amphidinium carterae
and other toxic species. To further improve the sensitive, Nie et al. applied HRCA and an
HRCA-based strip test (HBST) for the detection of Chattonella marina [95]. As mentioned
above, the existence of HAB poses a threat to marine ecosystems, fisheries and human
health on a global scale. How to quickly and accurately monitor pathogenic algae and
seawater quality is the goal. In this research article, the author combines the two methods
and proposes the use of HRCA and HBST to rapidly detect Chattonella in the sea. The
first is to sequence the large subunit (LSU) ribosomal DNA (rDNA) characteristic region
of Candida marinus and design a specific PLP based on the sequencing results. In this
way, the entire HRCA reaction covers two amplification primers and another HBST that
plays an important role. The detection procedure involves a constant-temperature HRCA
reaction, paper-based hybridization, and colour development results judged by the naked
eye. Verifying specificity and sensitivity is an indispensable link. After a simple and logical
operation, the results show that the detection limit of HBST detection is 1 copy μL−1 of
the Pseudomonas marina LSU rDNA plasmid, which is the most prominent. It is one order
of magnitude higher than the detection limit of HRCA and three orders of magnitude
higher than the detection limit of conventional PCR. Finally, the author also applied the
scheme to simulated field samples, and the results obtained are also good. The developed
HBST still has higher detection sensitivity than HRCA and traditional PCR methods. In
summary, the method proposed in this study is expected to break through the monitoring
and early warning dilemma caused by HAB to the global ocean system and realize the
on-site, sensitive and specific detection of cryptosporidium from natural samples. At the
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same time, it also provides good detection cases and models for future detection of other
harmful algae.

Figure 6. RCA assay for microorganism detection. Adapted with permission from ref. [92].

Pearson et al. proposed the view that “virus recombination leads to fuzzy classifica-
tion” [96]. The structural composition and dynamic changes of biological communities
are inevitable research fields, especially in the application of agricultural sites. Research
on microbial communities with high economic attributes and related maintenance is in-
creasingly being discussed. The wastewater treatment plant is a melting pot with multiple
coexistences. First, its sources are relatively wide, including not only domestic wastewater,
livestock and poultry breeding wastewater but also various environmental wastewaters
with stress factors, making wastewater treatment plants a variety of virus libraries of hosts
that can be infected. In addition, the dynamic changes of its internal environment cannot
be ignored; that is, the phenomenon of virus recombination cannot be ignored. They used
a combination of sucrose gradient size selection and RCA to isolate the full-length genome
of the circular ssDNA virus from the wastewater treatment facility and sequenced it on Illu-
mina MSeq to achieve virus collection inspection. However, compared with the relatively
large dsDNA viruses that are often studied, single-stranded DNA viruses are the least
known microbial pathogens, and they also face technical bottlenecks such as genome bias
and difficulty in cultivation. The team studied several typical examples, including model
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organisms (Microviridae) for genetic and evolutionary research and agricultural pathogens
(Circoviridae and Geminiviridae) that infect livestock and crops. In the end, the results
of the examination of viral DNA collected at the site provided evidence for 83 unique
genotype groups. On the one hand, the results show the wide diversity of the community.
These groupings are genetically different from known virus types; in addition, although
the expression of these genomes is similar to that of known virus families, many differences
are so great that they may represent the new taxonomy group. This study demonstrates the
effectiveness of this method to isolate bacteria and large viruses from ssDNA viruses and
the ability to use this protocol to obtain in-depth analysis of the diversity within the group.

Bejhed et al. used magneto-optical readings to realize simple, fast and cost-effective
qualitative double-stranded detection of bacterial DNA sequences [98]. Whether it is the di-
agnosis of infectious diseases in biomedicine, the safety control of residents’ drinking water
or food safety management and other health fields, the rapid, low-cost and easy-to-operate
multitarget detection of pathogens has always been our unremitting pursuit. Therefore, we
need an increasing number of novel bioassay methods to meet the requirements. Biological
detection platforms established by magnetic and optical-magnetic bioassay methods are
increasingly playing a role in developing countries due to their unique advantages. A
photomagnetic method for the qualitative detection of bacterial DNA sequences has been
developed, which can quickly determine whether the DNA sequence of the target bacteria
appears in the sample. After two magnetic beads of different sizes are functionalized with
nucleic acids, they hybridize with RCA products from two different bacteria to form the
sensing platform. Among them, magnetic beads of different sizes are equipped with differ-
ent oligonucleotide probes, which are only complementary to one of the RCA products.
The final test results are also obtained from the same volume of samples. The measurement
response is controlled by the modulation frequency of the applied magnetic field of the
projected laser, which is an outstanding feature of the magneto-optical sensing platform.
It is very suitable for countries and regions with low resources in the world, especially
those that urgently need low-cost, large-scale screening for pathogens related to human or
veterinary drugs.

In addition to the detection of microorganisms based on nucleic acids, RCA can also
be used to detect living bacteria with aptamers. Ge et al. recently developed a method to
detect Salmonella typhimurium directly [99]. The authors adopted an aptamer that hybridizes
with the capture probe immobilized on the AuNP surface to recognize the target. In the
presence of Salmonella typhimurium, the aptamer would combine with bacteria and release
the primer binding site of the capture probe. This is followed by the triggering of the
RCA reaction which produces various DNA fragments. Finally, the detection probe could
be immobilized by the products of RCA via DNA hybridization, which could induce
current change. This method has a very low detection limit of 16 CFU mL−1 and a broad
linear range of 20 to 2 × 108 CFU mL−1. This biosensor demonstrated that RCA has great
potential for the direct detection of microorganisms with the help of aptamers.

4. Emerging Nanotechnology for RCA Assay

When constructing RCAs with higher performance analysis tools, in addition to new
materials, several new uses of biotechnology, such as DNA integration technology and
equipment, have also been developed. Among them, DNA technology has attracted much
attention due to its programmed assembly and precise modelling of a strand-deforming
operation. Moreover, RCAs can be used to construct various DNA machines to perform
different functions via DNA technology. Additionally, engineering tools have also been
widely used to make RCA more convenient and portable, such as microfluidics, paper
devices and other commercial portable devices. When integrated with devices, RCA can
be more easily used for point-of-care (POC) detection.
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4.1. DNA Technology
4.1.1. DNA Assembly Technology

DNA has been widely used to drive nanoparticle assembly due to its programmed
assembly, high selectivity, and excellent recognition ability [136]. DNA assembly technol-
ogy has also been applied to RCA assays, as it can generate a long ssDNA strand that can
provide binding sites and various structures for assemblies [136].

Tian et al. recently constructed a biosensor to detect SARS-CoV-2 by combining RCA
and DNA assembly technology [137]. The SARS-CoV-2 outbreak began in late December
2019 and soon spread around the world, which created a demand for rapid diagnosis [138].
The authors adopted a padlock probe (PLP) for target recognition followed by RCA for
signal amplification and the assembly of MNPs for signal transduction. The padlock probe
will be ligated to form circular templates for the first round RCA (CT1) when the target
appears. Then, the intermediate amplicons will be generated by nicking-enhanced RCA.
The intermediate amplicons could anneal to circular templates for the second round RCA
(CT2) to generate amplicon coils, leading to the assembly of magnetic nanoparticles that
could be detected by optomagnetic sensing. The method can be finished in 100 min with
a dynamic detection range of three orders of magnitude and achieved a detection limit
of only 0.4 fM. This method demonstrated that DNA assembly may provide good signal
transduction for RCA detection.

RCA can also be used to construct organic polymer materials via DNA assembly
technology such as DNA hydrogels. Na et al. used the RCA method and microbeads to
generate a DNA hydrogel for the detection of infectious viruses [139]. The primer was first
immobilized on the surface of microbeads, and the dumbbell-shaped templates were then
immobilized via hybridization with primers. In the presence of the target nucleic acid, the
templates can be circularized, and the RCA starts, which can generate a specific dumbbell
shape to form the DNA hydrogel and block the flow path. Coloured ink was adopted as a
visual indicator of whether the channel was blocked. The detection time was only 15 min,
and the detection limit was 0.1 pM.

4.1.2. DNA Machines

DNA machines refer to DNA molecules with several basic properties, such as the
ability to perform mechanical functions accompanied by the need for fuel input, including
pH and light, the generation of waste products, and energy consumption [140]. Recently,
various DNA machines, such as tweezers, walkers, gears, and cranes, have been developed
to perform different functions, such as drug delivery and control of the fluorescence
properties of fluorophores [141,142].

An RCA assay could also be combined with a DNA machine, as it can generate DNA
strands for the device. de Avila et al. designed acoustically propelled nanomotors for
intracellular siRNA delivery by employing gold nanowires and the RCA method [141]. As
shown in Figure 7A, the authors first utilized the RCA reaction to produce long ssDNAs
made of GFP-targeting siRNA regions and noncoding spacer regions. Then, siRNA was
bound to the long ssDNA strand and created alternating single-stranded and double-
stranded RCA products, which could be wrapped on the positively charged surface of the
gold nanomotor to form a DNA machine. This machine could be driven by ultrasound
to penetrate the cell membrane. Once inside cells, the siRNA immobilized on the AuNW
surface suppressed the gene-mRNA expression, making the cell fluorescence “OFF”. This
DNA machine is an efficient RNA delivery tool and might be a promising platform for
RNA-mediated gene therapy. The development of this method suggested that RCA could
not only be applied to detection but also be a promising technique for gene therapy and
drug delivery.

The DNA walker is another DNA machine that has been combined with the RCA
assay. Li et al. recently developed a method for the detection of Escherichia coli O157:H7
based on an RCA assay and a DNA walker [143]. The method can be divided into three
parts, as illustrated in Figure 7B. First, DNA walker-based amplification can be instigated
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by the presence of the target gene, which could hybridize with BN to release DW for further
hybridization between DW and TN. DNA walker-based amplification could then be started
with the help of Nb. BbvC I. The DNA generated by the DNA walker could open hairpin
DNA 1 (H1) to activate the RCA reaction. The long ssDNA produced by RCA could react
with hairpin DNA 2 (H2) and hairpin DNA 3 (H3) to start HCR amplification. Through the
combination of the DNA walker, RCA and HCR, this biosensor possesses a detection limit
of 7 CFU mL−1 and is superior to most detection assays for E. coli O157:H7.

4.2. Engineering of RCA as a Portable Tool for Point-of-Use Detection

Traditional detection methods such as ICP-MS and PCR are usually based on complex
and expensive instruments. Instrumental assays have various advantages, including high
sensitivity, stability, and selectivity. However, they usually require long and complex
pretreatment steps, costly instruments, and professional operations. Therefore, they cannot
be directly applied to POC detection. In recent years, several portable assays, such as
microfluidic chips and paper devices, have been established for POC detection, and some
of them can be combined with RCA assays.

4.2.1. Microfluidic Chips

A microfluidic chip is an integrated platform that integrates microanalysis and pre-
treatment steps such as sampling, dilution, reagent addition and separation [144]. The
platform possesses various advantages, including ease of control, low cost and low sample
consumption, and is a promising technique for POC detection.

Heo et al. designed a valveless rotary microfluidic device based on the RCA assay
that can detect multiple single-nucleotide polymorphisms simultaneously [145]. As shown
in Figure 7C, the device consists of three components: a channel wafer, a resistance tem-
perature detector (RTD) wafer with a Ti/Pt electrode pattern, and a rotating plate. The
sample is loaded in the twelve ligation solution inlets, and the chamber of the top rotating
plate is aligned with the radial microchannel. The padlock probe for recognition is also
in the chamber. Then, the chamber was isolated by rotating the plate 7.5◦ for the ligation
reaction and rotating again for RCA reagent injection. The RCA reaction and detection
probe hybridization were conducted similarly to the ligation reaction. Finally, the results
were read out via a fluorescence optical microscope. This microfluidic chip can not only
achieve multiplex detection but also needs no microvalves or micropumps, simplifying the
chip design and operation.

4.2.2. Paper-Based Platforms

Paper materials that are abundant, low-cost, easy to manufacture, portable, and have
support over sensor devices are widely used, especially in the POC diagnostic field. Liu et al.
constructed a paper device for DNA or microRNA detection based on the RCA assay [146].
The authors first adopted the wax-printing technique to produce a 96-microzone paper
plate with a test zone diameter of 4 mm. The RCA primer was also printed on the test zone.
Then, the RCA reagents, including the circular DNA template, phi29 DNA polymerase,
dNTPs and hemin, were mixed with pullulan solution and printed into the test zone. After
air-drying, the paper device was finished. The addition of the target gene will activate the
RCA reaction and can be detected by the colour change with TMB and H2O2 because its
product possesses the PW17 sequence. This device successfully simplifies the detection
steps and requires no expensive instrumentation. More importantly, it achieved comparable
results to the values obtained using qRT-PCR.

4.2.3. Electrochemistry Platforms

Electrochemical sensors have been widely used for point-of-care detection. Recently,
the RCA method has also been applied for electrochemical sensors to detect pathogens,
macromolecules, and small molecules. Huang et al. designed a biosensor based on RCA
and voltametric methods to detect hepatitis B virus [147]. The method has an extraordinary
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sensitivity with 2.6 aM detection limit and the response is linear in the 10–700 aM range.
Shen et al. established an immunoelectrochemical biosensor [148] based on the RCA
method to detect human epidermal growth factor receptor 2 (HER2), and the detection
limit was just 90 fg mL−1. Yi et al. recently developed a versatile electrochemical platform to
detect adenosine with a detection limit of 320 pM and a linear range of 1 nM–10 μM [149]. In
general, these methods are similar and utilize the specificity of RCA to recognize the target
and the electrochemical effect of the RCA product (many could be indirect products, such
as probes immobilized on the long ssDNA generated by the RCA reaction) to transduce the
chemical signal into an electrical signal. Taking Yi’s study as an example, the conformation
of the right probe was changed in the presence of adenosine, forming a hairpin structure.
The hairpin structure can be linked to another hairpin structure generated by the left
probe to produce circular DNA. Then, the RCA reaction can be triggered with primers and
Phi29 polymerase [149]. The RCA product could hybridize with capture probes on the
electrode surface which induced an increase in the impedance signal. This device is not
only easy to operate but also flexible. Only primes need to be changed when they are used
for the detection of different targets.

 

Figure 7. Emerging nanotechnology for RCA assay [141,143,145]. (A) Schematic of the nanomotor-based gene silencing
approach; (B) Schematic representation of the multiple sensitizing electrochemical biosensor for the detection of E. coli
O157:H7; (C) a novel rotary microfluidic device which can perform multiplex single nucleotide polymorphism typing on
the mutation sites of TP53 genes.
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4.2.4. Commercial Portable Device

RCA analysis is usually integrated with commercial small equipment for on-site
analysis. Portable devices have rapid detection, ease of use, and low-cost characteristics
and have been widely used in daily life.

The glucose metre might be one of the most successful commercial portable devices
recently. Various efforts have been made to combine RCA methods with glucose metres.
Jia et al. recently developed a biosensor to detect p53 DNA based on an RCA assay and
glucose metre [150]. This paper first immobilized a hairpin probe on magnetic beads for
recognition followed by a Padlock probe-mediated RCA step for signal amplification. Then,
numerous DNA-invertase conjugations were tagged on the long ssDNA generated by the
RCA assay to hydrolyse sucrose to glucose for detection by a glucose metre. This biosensor
achieved a detection limit of 0.36 pM with a linear calibration range from 0.5 to 10 pM and
exhibited excellent sequence selectivity. The above studies proved that RCA is a flexible
assay method that can be combined with different platforms for application in different
situations to satisfy different demands.

5. Conclusions and Perspective

The quality of the water environment is closely related to human health, food, energy
and the economy. As mentioned earlier, RCA-based analysis technology is a reliable alter-
native for detecting various targets to track environmental pollutants. Due to its simplicity
and high selectivity, different types of environmental pollutants can be monitored, and an
increasing number of RCA-based analytical methods have been established. As a simple,
efficient and temperature-free nucleic acid amplification tool, RCA has now become a
powerful tool in the field of environmental monitoring. In particular, when RCAs and
functional nucleic acids, including aptamers and DNA enzymes, as well as other assay
platforms, PCR, ELISA, microfluidics, surface plasmon resonance (SPR), and nanoparticles,
are integrated into ultrasensitive detection of various targets, including nucleic acids, pro-
teins, small molecules, viruses, and cells. From the point of view of materials science, RCA
project versatility makes it an exciting tool for the preparation of DNA building blocks
and the construction of highly ordered nanostructures and new materials that may have
practical applications in biosensing and environmental monitoring.

Furthermore, based on the synthesis of multivalent ligand binding variable RCA,
many other multivalent ligand systems are difficult to achieve, including the number of
ligands, density, type, and spatial organization, and they represent a new chemical biology
tool in environmental monitoring. Despite the many advantages of the RCA system,
there are still some challenges to overcome in practical applications. First, preparing a
large number of high-purity circular templates may be an unavoidable challenge. For
example, in enzymatic ligation methods, in addition to circular DNA, linear multimer
byproducts can sometimes be formed. This problem can be partially solved by using
low concentrations of DNA in the ligation reaction. Then, the circular DNA product can
be purified from the linear byproduct by gel electrophoresis or exonuclease treatment,
which only degrades noncircular linear DNA molecules. In addition, it is known that the
enzymatic ligation process is effective for relatively large DNA substrates but may not be
suitable for making small DNA loops (~30 nt). This may be due to an insufficient number
of enzyme binding sites and/or is caused by the induced strain after restriction enzyme
digestion. The closed loop of short oligonucleotides. However, this defect can be solved
by chemically circularizing DNA oligonucleotides. This method can generate both small
(~14 nt) and large circular templates (415 nt) with very good yields (up to 85%) of circular
DNA molecules. In addition, other challenges in the practical application of RCA systems
include mass production, purification, and storage because RCA products tend to aggregate
for a long time due to non-specific intermolecular and intramolecular cross-linking. In
addition, due to the large molecular weight of RCA products, nonspecific binding may
occur when used in complex water environments such as wastewater. These problems
can be minimized by fine-tuning the parameters, including RCA product length, order,
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composition, and stiffness. For instance, the authors found that the incorporation of polyT
(rather than random sequence) spacers between the aptamer domains of RCA products
can reduce nonspecific interactions between the multivalent aptamer system and various
targets. Finally, computer-aided methods can be used to design RCA sequences and short
chains to construct predictable DNA nanostructures to minimize unwanted nonspecific
interactions. The analysis method based on RCA is an innovative approach for the simple
and rapid detection of various targets in environmental monitoring and can even be applied
to on-site detection. This method will open up a new direction for environmental pollution
assessment, drug abuse trend assessment, public health assessment, and other fields.

Author Contributions: Conceptualization, K.Z. and K.M.; methodology, K.Z.; software, K.Z.; valida-
tion, K.Z., H.Z. and K.M.; formal analysis, K.Z.; investigation, K.Z.; resources, K.Z.; data curation,
K.Z., H.C. and Y.J.; writing—original draft preparation, K.Z. and K.M.; writing—review and editing,
K.Z., H.Z., H.C., Y.J., K.M., Z.Y.; visualization, K.Z.; supervision, H.Z. and K.M.; project administra-
tion, H.Z.; funding acquisition, H.Z. and K.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (42107486),
the Science and Technology Program of Guizhou Province (Qiankehe Zhicheng [2020] 4Y190,
Qiankehe Zhicheng [2019] 2856), Scientific and Technological Innovation Talent Team of Guizhou
Province [2019] 5618, STS of CAS (KFJ-STS-QYZD-185), and the China Postdoctoral Science Founda-
tion (2020M673302).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge support from the National Natural Science Foun-
dation of China (42107486), the Science and Technology Program of Guizhou Province (Qiankehe
Zhicheng [2020] 4Y190, Qiankehe Zhicheng [2019] 2856), Scientific and Technological Innovation Tal-
ent Team of Guizhou Province [2019] 5618, STS of CAS (KFJ-STS-QYZD-185), and the China Postdoc-
toral Science Foundation (2020M673302); Z.Y. is thankful for a UK NERC Fellowship (NE/R013349/2)
and Royal Academy of Engineering Frontier Follow-up Grant (FF\1920\1\36).

Conflicts of Interest: The authors declare no competing financial interest.

References

1. Blair, B.D.; Crago, J.P.; Hedman, C.J.; Klaper, R.D. Pharmaceuticals and personal care products found in the Great Lakes above
concentrations of environmental concern. Chemosphere 2013, 93, 2116–2123. [CrossRef]

2. Eckert, E.M.; Di Cesare, A.; Kettner, M.T.; Arias-Andres, M.; Fontaneto, D.; Grossart, H.P.; Corno, G. Microplastics increase impact
of treated wastewater on freshwater microbial community. Environ. Pollut. 2018, 234, 495–502. [CrossRef]

3. Wang, Z.; Han, S.; Cai, M.; Du, P.; Zhang, Z.; Li, X. Environmental behaviour of methamphetamine and ketamine in aquatic
ecosystem: Degradation, bioaccumulation, distribution, and associated shift in toxicity and bacterial community. Water Res. 2020,
174, 115585. [CrossRef]

4. Yu, Y.Y.; Huang, Q.X.; Wang, Z.F.; Zhang, K.; Tang, C.M.; Cui, J.L.; Feng, J.L.; Peng, X.Z. Occurrence and behaviour of
pharmaceuticals, steroid hormones, and endocrine-disrupting personal care products in wastewater and the recipient river water
of the Pearl River Delta, South China. J. Environ. Monitor. 2011, 13, 871–878. [CrossRef] [PubMed]

5. Cheng, D.L.; Ngo, H.H.; Guo, W.S.; Liu, Y.W.; Zhou, J.L.; Chang, S.W.; Nguyen, D.D.; Bui, X.T.; Zhang, X.B. Bioprocessing for
elimination antibiotics and hormones from swine wastewater. Sci. Total Environ. 2018, 621, 1664–1682. [CrossRef] [PubMed]

6. Hamid, H.; Eskicioglu, C. Fate of oestrogenic hormones in wastewater and sludge treatment: A review of properties and analytical
detection techniques in sludge matrix. Water Res. 2012, 46, 5813–5833. [CrossRef]

7. Ganjali, M.R.; Faridbod, F.; Davarkhah, N.; Shahtaheri, S.J.; Norouzi, P. All Solid State Graphene Based Potentiometric Sensors for
Monitoring of Mercury Ions in Waste Water Samples. Int. J. Environ. Res. 2015, 9, 333–340.

8. Gavrilescu, M.; Demnerova, K.; Aamand, J.; Agathoss, S.; Fava, F. Emerging pollutants in the environment: Present and future
challenges in biomonitoring, ecological risks and bioremediation. New Biotechnol. 2015, 32, 147–156. [CrossRef]

9. Henderson, R.K.; Baker, A.; Murphy, K.R.; Hamblya, A.; Stuetz, R.M.; Khan, S.J. Fluorescence as a potential monitoring tool for
recycled water systems: A review. Water Res. 2009, 43, 863–881. [CrossRef] [PubMed]

10. Sousa, J.C.G.; Ribeiro, A.R.; Barbosa, M.O.; Pereira, M.F.R.; Silva, A.M.T. A review on environmental monitoring of water organic
pollutants identified by EU guidelines. J. Hazard. Mater. 2018, 344, 146–162. [CrossRef]

11. Ali, M.M.; Li, F.; Zhang, Z.; Zhang, K.; Kang, D.-K.; Ankrum, J.A.; Le, X.C.; Zhao, W. Rolling circle amplification: A versatile tool
for chemical biology, materials science and medicine. Chem. Soc. Rev. 2014, 43, 3324–3341. [CrossRef]

194



Biosensors 2021, 11, 352

12. Lizardi, P.M.; Huang, X.H.; Zhu, Z.R.; Bray-Ward, P.; Thomas, D.C.; Ward, D.C. Mutation detection and single-molecule counting
using isothermal rolling-circle amplification. Nat. Genet. 1998, 19, 225–232. [CrossRef] [PubMed]

13. Murakami, T.; Sumaoka, J.; Komiyama, M. Sensitive isothermal detection of nucleic-acid sequence by primer generation-rolling
circle amplification. Nucleic Acids Res. 2009, 37, e19. [CrossRef] [PubMed]

14. Zhao, W.A.; Ali, M.M.; Brook, M.A.; Li, Y.F. Rolling circle amplification: Applications in nanotechnology and biodetection with
functional nucleic acids. Angew. Chem. Int. Ed. 2008, 47, 6330–6337. [CrossRef] [PubMed]

15. Zhao, Y.X.; Chen, F.; Li, Q.; Wang, L.H.; Fan, C.H. Isothermal Amplification of Nucleic Acids. Chem. Rev. 2015, 115, 12491–12545.
[CrossRef] [PubMed]

16. Guo, Y.N.; Wang, Y.; Liu, S.; Yu, J.H.; Wang, H.Z.; Wang, Y.L.; Huang, J.D. Label-free and highly sensitive electrochemical detection
of E-coli based on rolling circle amplifications coupled peroxidase-mimicking DNAzyme amplification. Biosens. Bioelectron. 2016,
75, 315–319. [CrossRef]

17. Zhang, K.Y.; Lv, S.Z.; Lu, M.H.; Tang, D.P. Photoelectrochemical biosensing of disease marker on p-type Cu-doped Zn0.3Cd0.7S
based on RCA and exonuclease III amplification. Biosens. Bioelectron. 2018, 117, 590–596. [CrossRef]

18. Qiu, Z.L.; Shu, J.; He, Y.; Lin, Z.Z.; Zhang, K.Y.; Lv, S.Z.; Tang, D.P. CdTe/CdSe quantum dot-based fluorescent aptasensor with
hemin/G-quadruplex DNzyme for sensitive detection of lysozyme using rolling circle amplification and strand hybridization.
Biosens. Bioelectron. 2017, 87, 18–24. [CrossRef]

19. Sun, D.P.; Lu, J.; Luo, Z.F.; Zhang, L.Y.; Liu, P.Q.; Chen, Z.G. Competitive electrochemical platform for ultrasensitive cytosensing
of liver cancer cells by using nanotetrahedra structure with rolling circle amplification. Biosens. Bioelectron. 2018, 120, 8–14.
[CrossRef]

20. Zhang, K.Y.; Lv, S.Z.; Lin, Z.Z.; Li, M.J.; Tang, D.P. Bio-bar-code-based photoelectrochemical immunoassay for sensitive detection
of prostate-specific antigen using rolling circle amplification and enzymatic biocatalytic precipitation. Biosens. Bioelectron. 2018,
101, 159–166. [CrossRef]

21. Chen, A.Y.; Ma, S.Y.; Zhuo, Y.; Chai, Y.Q.; Yuan, R. In Situ Electrochemical Generation of Electrochemiluminescent Silver
Naonoclusters on Target-Cycling Synchronized Rolling Circle Amplification Platform for MicroRNA Detection. Anal. Chem. 2016,
88, 3203–3210. [CrossRef] [PubMed]

22. Fan, T.; Du, Y.; Yao, Y.; Wu, J.; Meng, S.; Luo, J.; Zhang, X.; Yang, D.; Wang, C.; Qian, Y.; et al. Rolling circle amplification triggered
poly adenine-gold nanoparticles production for label-free electrochemical detection of thrombin. Sens. Actuators B Chem. 2018,
266, 9–18. [CrossRef]

23. He, Y.; Yang, X.; Yuan, R.; Chai, Y.Q. “Off” to “On” Surface-Enhanced Raman Spectroscopy Platform with Padlock Probe-Based
Exponential Rolling Circle Amplification for Ultrasensitive Detection of MicroRNA 155. Anal. Chem. 2017, 89, 2866–2872.
[CrossRef] [PubMed]

24. Qiu, Z.L.; Shu, J.; Tang, D.P. Near-Infrared-to-Ultraviolet Light-Mediated Photoelectrochemical Aptasensing Platform for Cancer
Biomarker Based on Core Shell NaYF4:Yb,Tm@TiO2 Upconversion Microrods. Anal. Chem. 2018, 90, 1021–1028. [CrossRef]
[PubMed]

25. Kim, T.Y.; Lim, M.C.; Woo, M.A.; Jun, B.H. Radial Flow Assay Using Gold Nanoparticles and Rolling Circle Amplification to
Detect Mercuric Ions. Nanomaterials 2018, 8, 81. [CrossRef] [PubMed]

26. Wen, J.; Li, W.S.; Li, J.Q.; Tao, B.B.; Xu, Y.Q.; Li, H.J.; Lu, A.P.; Sun, S.G. Study on rolling circle amplification of Ebola virus and
fluorescence detection based on graphene oxide. Sens. Actuators B Chem. 2016, 227, 655–659. [CrossRef]

27. Zhao, J.; Lei, Y.-M.; Chai, Y.-Q.; Yuan, R.; Zhuo, Y. Novel electrochemiluminescence of perylene derivative and its application to
mercury ion detection based on a dual amplification strategy. Biosens. Bioelectron. 2016, 86, 720–727. [CrossRef]

28. Osborne, R.J.; Thornton, C.A. Cell-free cloning of highly expanded CTG repeats by amplification of dimerized expanded repeats.
Nucleic Acids Res. 2008, 36, e24. [CrossRef]

29. Wang, F.; Lu, C.H.; Liu, X.Q.; Freage, L.; Willner, I. Amplified and Multiplexed Detection of DNA Using the Dendritic Rolling
Circle Amplified Synthesis of DNAzyme Reporter Units. Anal. Chem. 2014, 86, 1614–1621. [CrossRef]

30. Du, Y.C.; Zhu, Y.J.; Li, X.Y.; Kong, D.M. Amplified detection of genome-containing biological targets using terminal deoxynu-
cleotidyl transferase-assisted rolling circle amplification. Chem. Commun. 2018, 54, 682–685. [CrossRef]

31. Inoue, J.; Shigemori, Y.; Mikawa, T. Improvements of rolling circle amplification (RCA) efficiency and accuracy using Thermus
thermophilus SSB mutant protein. Nucleic Acids Res. 2006, 34, e69. [CrossRef] [PubMed]

32. Li, J.S.; Deng, T.; Chu, X.; Yang, R.H.; Jiang, J.H.; Shen, G.L.; Yu, R.Q. Rolling Circle Amplification Combined with Gold
Nanoparticle Aggregates for Highly Sensitive Identification of Single-Nucleotide Polymorphisms. Anal. Chem. 2010, 82,
2811–2816. [CrossRef] [PubMed]

33. Qi, X.Q.; Bakht, S.; Devos, K.M.; Gale, M.D.; Osbourn, A. L-RCA (ligation-rolling circle amplification): A general method for
genotyping of shingle nucleotide polymorphisms (SNPs). Nucleic Acids Res. 2001, 29, e116. [CrossRef] [PubMed]

34. Zhou, H.X.; Wang, H.; Liu, C.H.; Wang, H.H.; Duan, X.R.; Li, Z.P. Ultrasensitive genotyping with target-specifically generated
circular DNA templates and RNA FRET probes. Chem. Commun. 2015, 51, 11556–11559. [CrossRef] [PubMed]

35. Ko, O.; Han, S.; Lee, J.B. Selective release of DNA nanostructures from DNA hydrogel. J. Ind. Eng. Chem. 2020, 84, 46–51.
[CrossRef]

36. Liu, M.; Zhang, Q.; Li, Z.P.; Gu, J.; Brennan, J.D.; Li, Y.F. Programming a topologically constrained DNA nanostructure into a
sensor. Nat. Commun. 2016, 7, 12074. [CrossRef]

195



Biosensors 2021, 11, 352

37. Xu, H.; Zhang, S.X.; Ouyang, C.H.; Wang, Z.M.; Wu, D.; Liu, Y.Y.; Jiang, Y.F.; Wu, Z.S. DNA nanostructures from palindromic
rolling circle amplification for the fluorescent detection of cancer-related microRNAs. Talanta 2019, 192, 175–181. [CrossRef]

38. Zhang, Z.Q.; Zhang, H.Z.; Wang, F.; Zhang, G.D.; Zhou, T.; Wang, X.F.; Liu, S.Z.; Liu, T.T. DNA Block Macromolecules Based on
Rolling Circle Amplification Act as Scaffolds to Build Large-Scale Origami Nanostructures. Macromol. Rapid. Commun. 2018,
39, 1800263. [CrossRef]

39. Mohsen, M.G.; Kool, E.T. The Discovery of Rolling Circle Amplification and Rolling Circle Transcription. Acc. Chem. Res. 2016, 49,
2540–2550. [CrossRef]

40. Fire, A.; Xu, S.Q. Rolling Replication of Short Dna Circles. Proc. Natl. Acad. Sci. USA 1995, 92, 4641–4645. [CrossRef]
41. Liu, D.Y.; Daubendiek, S.L.; Zillman, M.A.; Ryan, K.; Kool, E.T. Rolling circle DNA synthesis: Small circular oligonucleotides as

efficient templates for DNA polymerases. J. Am. Chem. Soc. 1996, 118, 1587–1594. [CrossRef]
42. Blanco, L.; Bernad, A.; Lazaro, J.M.; Martin, G.; Garmendia, C.; Salas, M. Highly efficient DNA synthesis by the phage phi 29

DNA polymerase. Symmetrical mode of DNA replication. J. Biol. Chem. 1989, 264, 8935–8940. [CrossRef]
43. Krzywkowski, T.; Kuhnemund, M.; Wu, D.; Nilsson, M. Limited reverse transcriptase activity of phi29 DNA polymerase. Nucleic

Acids Res. 2018, 46, 3625–3632. [CrossRef] [PubMed]
44. Neumann, F.; Hernandez-Neuta, I.; Grabbe, M.; Madaboosi, N.; Albert, J.; Nilsson, M. Padlock Probe Assay for Detection and

Subtyping of Seasonal Influenza. Clin. Chem. 2018, 64, 1704–1712. [CrossRef]
45. Nilsson, M.; Malmgren, H.; Samiotaki, M.; Kwiatkowski, M.; Chowdhary, B.P.; Landegren, U. Padlock probes: Circularizing

oligonucleotides for localized DNA detection. Science 1994, 265, 2085–2088. [CrossRef] [PubMed]
46. Tang, S.M.; Wei, H.; Hu, T.Y.; Jiang, J.Q.; Chang, J.L.; Guan, Y.F.; Zhao, G.J. Suppression of rolling circle amplification by nucleotide

analogues in circular template for three DNA polymerases. Biosci. Biotech. Bioch. 2016, 80, 1555–1561. [CrossRef]
47. Li, D.X.; Zhang, T.T.; Yang, F.; Yuan, R.; Xiang, Y. Efficient and Exponential Rolling Circle Amplification Molecular Network

Leads to Ultrasensitive and Label-Free Detection of MicroRNA. Anal. Chem. 2020, 92, 2074–2079. [CrossRef]
48. Li, X.Y.; Cui, Y.X.; Du, Y.C.; Tang, A.N.; Kong, D.M. Label-Free Telomerase Detection in Single Cell Using a Five-Base Telomerase

Product-Triggered Exponential Rolling Circle Amplification Strategy. ACS Sens. 2019, 4, 1090–1096. [CrossRef]
49. Xu, H.; Xue, C.; Zhang, R.B.; Chen, Y.R.; Li, F.; Shen, Z.F.; Jia, L.; Wu, Z.S. Exponential rolling circle amplification and its

sensing application for highly sensitive DNA detection of tumour suppressor gene. Sens. Actuators B Chem. 2017, 243, 1240–1247.
[CrossRef]

50. Pumford, E.A.; Lu, J.; Spaczai, I.; Prasetyo, M.E.; Zheng, E.M.; Zhang, H.; Kamei, D.T. Developments in integrating nucleic acid
isothermal amplification and detection systems for point-of-care diagnostics. Biosens. Bioelectron. 2020, 170, 112674. [CrossRef]

51. Ulanovsky, L.; Bodner, M.; Trifonov, E.N.; Choder, M. Curved DNA: Design, synthesis, and circularization. Proc. Natl. Acad. Sci.
USA 1986, 83, 862–866. [CrossRef]

52. Jin, G.; Wang, C.; Yang, L.; Li, X.; Guo, L.; Qiu, B.; Lin, Z.; Chen, G. Hyperbranched rolling circle amplification based electro-
chemiluminescence aptasensor for ultrasensitive detection of thrombin. Biosens. Bioelectron. 2015, 63, 166–171. [CrossRef]

53. Wang, X.M.; Teng, D.; Guan, Q.F.; Tian, F.; Wang, J.H. Detection of genetically modified crops using multiplex asymmetric
polymerase chain reaction and asymmetric hyperbranched rolling circle amplification coupled with reverse dot blot. Food Chem.
2015, 173, 1022–1029. [CrossRef]

54. Yang, L.; Tao, Y.; Yue, G.; Li, R.; Qin, B.; Guo, L.; Lin, Z.; Yang, H.-H. Highly Selective and Sensitive Electrochemiluminescence
Biosensor for p53 DNA Sequence Based on Nicking Endonuclease Assisted Target Recycling and Hyperbranched Rolling Circle
Amplification. Anal. Chem. 2016, 88, 5097–5103. [CrossRef] [PubMed]

55. Zhang, L.-R.; Zhu, G.; Zhang, C.-Y. Homogeneous and Label-Free Detection of MicroRNAs Using Bifunctional Strand Dis-
placement Amplification-Mediated Hyperbranched Rolling Circle Amplification. Anal. Chem. 2014, 86, 6703–6709. [CrossRef]
[PubMed]

56. Dahl, F.; Baner, J.; Gullberg, M.; Mendel-Hartvig, M.; Landegren, U.; Nilsson, M. Circle-to-circle amplification for precise and
sensitive DNA analysis. Proc. Natl. Acad. Sci. USA 2004, 101, 4548–4553. [CrossRef] [PubMed]

57. Liu, M.; Yin, Q.X.; McConnell, E.M.; Chang, Y.Y.; Brennan, J.D.; Li, Y.F. DNAzyme Feedback Amplification: Relaying Molecular
Recognition to Exponential DNA Amplification. Chem. Eur. J. 2018, 24, 4473–4479. [CrossRef]

58. Zhao, Y.H.; Wang, Y.; Liu, S.; Wang, C.L.; Liang, J.X.; Li, S.S.; Qu, X.N.; Zhang, R.F.; Yu, J.H.; Huang, J.D. Triple-helix molecular-
switch-actuated exponential rolling circular amplification for ultrasensitive fluorescence detection of miRNAs. Analyst 2019, 144,
5245–5253. [CrossRef]

59. Jiang, Y.; Zou, S.; Cao, X. A simple dendrimer-aptamer based microfluidic platform for E. coli O157:H7 detection and signal
intensification by rolling circle amplification. Sens. Actuators B Chem. 2017, 251, 976–984. [CrossRef]

60. Peng, X.; Liang, W.-B.; Wen, Z.-B.; Xiong, C.-Y.; Zheng, Y.-N.; Chai, Y.-Q.; Yuan, R. Ultrasensitive Fluorescent Assay Based on a
Rolling-Circle-Amplification-Assisted Multisite-Strand-Displacement-Reaction Signal-Amplification Strategy. Anal. Chem. 2018,
90, 7474–7479. [CrossRef]

61. Wang, J.; Dong, H.-Y.; Zhou, Y.; Han, L.-Y.; Zhang, T.; Lin, M.; Wang, C.; Xu, H.; Wu, Z.-S.; Jia, L. Immunomagnetic antibody plus
aptamer pseudo-DNA nanocatenane followed by rolling circle amplication for highly sensitive CTC detection. Biosens. Bioelectron.
2018, 122, 239–246. [CrossRef] [PubMed]

62. Wang, J.; Mao, S.; Li, H.-F.; Lin, J.-M. Multi-DNAzymes-functionalized gold nanoparticles for ultrasensitive chemiluminescence
detection of thrombin on microchip. Anal. Chim. Acta 2018, 1027, 76–82. [CrossRef] [PubMed]

196



Biosensors 2021, 11, 352

63. Tang, S.R.; Tong, P.; Li, H.; Tang, J.; Zhang, L. Ultrasensitive electrochemical detection of Pb2+ based on rolling circle amplification
and quantum dots tagging. Biosens. Bioelectron. 2013, 42, 608–611. [CrossRef] [PubMed]

64. Cai, W.; Xie, S.B.; Zhang, J.; Tang, D.Y.; Tang, Y. Immobilized-free miniaturized electrochemical sensing system for Pb2+ detection
based on dual Pb2+-DNAzyme assistant feedback amplification strategy. Biosens. Bioelectron. 2018, 117, 312–318. [CrossRef]
[PubMed]

65. Cheng, W.; Zhang, W.; Yan, Y.R.; Shen, B.; Zhu, D.; Lei, P.H.; Ding, S.J. A novel electrochemical biosensor for ultrasensitive and
specific detection of DNA based on molecular beacon mediated circular strand displacement and rolling circle amplification.
Biosens. Bioelectron. 2014, 62, 274–279. [CrossRef]

66. Mittal, S.; Thakur, S.; Mantha, A.K.; Kaur, H. Bio-analytical applications of nicking endonucleases assisted signal-amplification
strategies for detection of cancer biomarkers -DNA methyl transferase and microRNA. Biosens. Bioelectron. 2019, 124, 233–243.
[CrossRef]

67. Bialy, R.M.; Ali, M.M.; Li, Y.F.; Brennan, J.D. Protein-Mediated Suppression of Rolling Circle Amplification for Biosensing with an
Aptamer-Containing DNA Primer. Chem. Eur. J. 2020, 26, 5085–5092. [CrossRef]

68. Fan, T.T.; Mao, Y.; Liu, F.; Zhang, W.; Lin, J.S.; Yin, J.X.; Tan, Y.; Huang, X.T.; Jiang, Y.Y. Label-free fluorescence detection of
circulating microRNAs based on duplex-specific nuclease-assisted target recycling coupled with rolling circle amplification.
Talanta 2019, 200, 480–486. [CrossRef]

69. Duy, J.; Smith, R.L.; Collins, S.D.; Connell, L.B. A field-deployable colorimetric bioassay for the rapid and specific detection of
ribosomal RNA. Biosens. Bioelectron. 2014, 52, 433–437. [CrossRef]

70. Wen, Y.Q.; Xu, Y.; Mao, X.H.; Wei, Y.L.; Song, H.Y.; Chen, N.; Huang, Q.; Fan, C.H.; Li, D. DNAzyme-Based Rolling-Circle
Amplification DNA Machine for Ultrasensitive Analysis of MicroRNA in Drosophila Larva. Anal. Chem. 2012, 84, 7664–7669.
[CrossRef]

71. Tang, L.H.; Liu, Y.; Ali, M.M.; Kang, D.K.; Zhao, W.A.; Li, J.H. Colorimetric and Ultrasensitive Bioassay Based on a Dual-
Amplification System Using Aptamer and DNAzyme. Anal. Chem. 2012, 84, 4711–4717. [CrossRef] [PubMed]

72. Du, J.; Xu, Q.F.; Lu, X.Q.; Zhang, C.Y. A Label-Free Bioluminescent Sensor for Real-Time Monitoring Polynucleotide Kinase
Activity. Anal. Chem. 2014, 86, 8481–8488. [CrossRef] [PubMed]

73. Mashimo, Y.; Mie, M.; Suzuki, S.; Kobatake, E. Detection of small RNA molecules by a combination of branched rolling circle
amplification and bioluminescent pyrophosphate assay. Anal. Bioanal. Chem. 2011, 401, 221–227. [CrossRef] [PubMed]

74. Chen, J.; Tong, P.; Lin, Y.; Lu, W.; He, Y.; Lu, M.; Zhang, L.; Chen, G. Highly sensitive fluorescent sensor for mercury based on
hyperbranched rolling circle amplification. Analyst 2015, 140, 907–911. [CrossRef]

75. Xie, S.; Tang, Y.; Tang, D. Highly sensitive electrochemical detection of mercuric ions based on sequential nucleic acid amplification
and guanine nanowire formation. Anal. Methods 2017, 9, 5478–5483. [CrossRef]

76. Zhao, Y.; Liu, H.; Chen, F.; Bai, M.; Zhao, J.; Zhao, Y. Trifunctional molecular beacon-mediated quadratic amplification for highly
sensitive and rapid detection of mercury(II) ion with tunable dynamic range. Biosens. Bioelectron. 2016, 86, 892–898. [CrossRef]

77. Lv, J.; Xie, S.; Cai, W.; Zhang, J.; Tang, D.; Tang, Y. Highly effective target converting strategy for ultrasensitive electrochemical
assay of Hg2+. Analyst 2017, 142, 4708–4714. [CrossRef]

78. Wu, S.; Yu, Q.; He, C.; Duan, N. Colorimetric aptasensor for the detection of mercury based on signal intensification by rolling
circle amplification. Spectrochim. Acta Part A 2020, 224, 117387. [CrossRef]

79. Lim, J.W.; Kim, T.-Y.; Choi, S.-W.; Woo, M.-A. 3D-printed rolling circle amplification chip for on-site colorimetric detection of
inorganic mercury in drinking water. Food Chem. 2019, 300, 125177. [CrossRef]

80. Lu, W.; Lin, C.; Yang, J.; Wang, X.; Yao, B.; Wang, M. A DNAzyme assay coupled with effective magnetic separation and rolling
circle amplification for detection of lead cations with a smartphone camera. Anal. Bioanal. Chem. 2019, 411, 5383–5391. [CrossRef]

81. Tang, D.; Xia, B.; Tang, Y.; Zhang, J.; Zhou, Q. Metal-ion-induced DNAzyme on magnetic beads for detection of lead(II) by using
rolling circle amplification, glucose oxidase, and readout of pH changes. Microchim. Acta 2019, 186, 318. [CrossRef]

82. Cheng, X.; Yu, X.; Chen, L.; Zhang, H.; Wu, Y.; Fu, F. Visual detection of ultra-trace levels of uranyl ions using magnetic bead-based
DNAzyme recognition in combination with rolling circle amplification. Microchim. Acta 2017, 184, 4259–4267. [CrossRef]

83. Li, X.; Song, J.; Xue, Q.-W.; You, F.-H.; Lu, X.; Kong, Y.-C.; Ma, S.-Y.; Jiang, W.; Li, C.-Z. A Label-Free and Sensitive Fluorescent
Qualitative Assay for Bisphenol A Based on Rolling Circle Amplification/Exonuclease III-Combined Cascade Amplification.
Nanomaterials 2016, 6, 190. [CrossRef] [PubMed]

84. Ma, Q.; Li, P.; Gao, Z.; Yau Li, S.F. Rapid, sensitive and highly specific label-free fluorescence biosensor for microRNA by branched
rolling circle amplification. Sens. Actuators B Chem. 2019, 281, 424–431. [CrossRef]

85. Xu, Y.; Wang, H.; Luan, C.; Fu, F.; Chen, B.; Liu, H.; Zhao, Y. Porous Hydrogel Encapsulated Photonic Barcodes for Multiplex
MicroRNA Quantification. Adv. Funct. Mater. 2018, 28, 1704458. [CrossRef]

86. Xu, L.-P.; Chen, Y.; Yang, G.; Shi, W.; Dai, B.; Li, G.; Cao, Y.; Wen, Y.; Zhang, X.; Wang, S. Ultratrace DNA Detection Based on the
Condensing-Enrichment Effect of Superwettable Microchips. Adv. Mater. 2015, 27, 6878–6884. [CrossRef]

87. Zhang, J.; Fu, R.; Xie, L.; Li, Q.; Zhou, W.; Wang, R.; Ye, J.; Wang, D.; Xue, N.; Lin, X.; et al. A smart device for label-free and
real-time detection of gene point mutations based on the high dark phase contrast of vapour condensation. Lab Chip 2015, 15,
3891–3896. [CrossRef]

88. He, Z.; Wei, J.; Gan, C.; Liu, W.; Liu, Y. A rolling circle amplification signal-enhanced immunosensor for ultrasensitive microcystin-
LR detection based on a magnetic graphene-functionalized electrode. RSC Adv. 2017, 7, 39906–39913. [CrossRef]

197



Biosensors 2021, 11, 352

89. Hui, C.Y.; Liu, M.; Li, Y.; Brennan, J.D. A Paper Sensor Printed with Multifunctional Bio/Nano Materials. Angew. Chem. Int. Ed.
2018, 57, 4549–4553. [CrossRef]

90. Zhang, C.; Chen, G.; Wang, Y.; Zhou, J.; Li, C. Establishment and application of hyperbranched rolling circle amplification coupled
with lateral flow dipstick for the sensitive detection of Karenia mikimotoi. Harmful Algae 2019, 84, 151–160. [CrossRef]

91. Zhang, C.; Sun, R.; Wang, Y.; Chen, G.; Guo, C.; Zhou, J. Comparative detection of Karenia mikimotoi by exponential rolling circle
amplification (E-RCA) and double-ligation E-RCA. J. Appl. Psychol. 2019, 31, 505–518. [CrossRef]

92. Zhang, C.; Chen, G.; Wang, Y.; Sun, R.; Nie, X.; Zhou, J. MHBMDAA: Membrane-based DNA array with high resolution and
sensitivity for toxic microalgae monitoring. Harmful Algae 2018, 80, 107–116. [CrossRef]

93. Najafzadeh, M.J.; Vicente, V.A.; Feng, P.; Naseri, A.; Sun, J.; Rezaei-Matehkolaei, A.; de Hoog, G.S. Rapid Identification of Seven
Waterborne Exophiala Species by RCA DNA Padlock Probes. Mycopathologia 2018, 183, 669–677. [CrossRef] [PubMed]

94. Yang, X.; Yang, K.; Zhao, X.; Lin, Z.; Liu, Z.; Luo, S.; Zhang, Y.; Wang, Y.; Fu, W. Terahertz spectroscopy for the isothermal detection
of bacterial DNA by magnetic bead-based rolling circle amplification. Analyst 2017, 142, 4661–4669. [CrossRef] [PubMed]

95. Nie, X.; Zhang, C.; Wang, Y.; Guo, C.; Zhou, J.; Chen, G. Application of hyperbranched rolling circle amplification (HRCA) and
HRCA-based strip test for the detection of Chattonella marina. Environ. Sci. Pollut. Res. 2017, 24, 15678–15688. [CrossRef]

96. Pearson, V.M.; Caudle, S.B.; Rokyta, D.R. Viral recombination blurs taxonomic lines: Examination of single-stranded DNA viruses
in a wastewater treatment plant. PeerJ 2016, 4, 18. [CrossRef]

97. Chen, G.; Cai, P.; Zhang, C.; Wang, Y.; Zhang, S.; Guo, C.; Lu, D.D. Hyperbranched rolling circle amplification as a novel method
for rapid and sensitive detection of Amphidinium carterae. Harmful Algae 2015, 47, 66–74. [CrossRef]

98. Bejhed, R.S.; Zardán Gómez de la Torre, T.; Svedlindh, P.; Strömberg, M. Optomagnetic read-out enables easy, rapid, and
cost-efficient qualitative biplex detection of bacterial DNA sequences. Biotechnol. J. 2015, 10, 469–472. [CrossRef]

99. Ge, C.; Yuan, R.; Yi, L.; Yang, J.; Zhang, H.; Li, L.; Nian, W.; Yi, G. Target-induced aptamer displacement on gold nanoparticles
and rolling circle amplification for ultrasensitive live Salmonella typhimurium electrochemical biosensing. J. Electroanal.Chem. 2018,
826, 174–180. [CrossRef]

100. Gao, Z.F.; Liu, R.; Wang, J.; Dai, J.; Huang, W.-H.; Liu, M.; Wang, S.; Xia, F.; Jiang, L. Controlling Droplet Motion on an Organogel
Surface by Tuning the Chain Length of DNA and Its Biosensing Application. Chem 2018, 4, 2929–2943. [CrossRef]

101. Mao, K.; Zhang, H.; Wang, Z.L.; Cao, H.R.; Zhang, K.K.; Li, X.Q.; Yang, Z.G. Nanomaterial-based aptamer sensors for arsenic
detection. Biosens. Bioelectron. 2020, 148, 111785. [CrossRef] [PubMed]

102. Aragay, G.; Pons, J.; Merkoci, A. Recent Trends in Macro-, Micro-, and Nanomaterial-Based Tools and Strategies for Heavy-Metal
Detection. Chem. Rev. 2011, 111, 3433–3458. [CrossRef]

103. Gumpu, M.B.; Sethuraman, S.; Krishnan, U.M.; Rayappan, J.B.B. A review on detection of heavy metal ions in water—An
electrochemical approach. Sens. Actuators B Chem. 2015, 213, 515–533. [CrossRef]

104. Kim, H.N.; Ren, W.X.; Kim, J.S.; Yoon, J. Fluorescent and colorimetric sensors for detection of lead, cadmium, and mercury ions.
Chem. Soc. Rev. 2012, 41, 3210–3244. [CrossRef] [PubMed]

105. Zhan, S.; Wu, Y.; Wang, L.; Zhan, X.; Zhou, P. A mini-review on functional nucleic acids-based heavy metal ion detection. Biosens.
Bioelectron. 2016, 86, 353–368. [CrossRef] [PubMed]

106. Chang, C.; Chen, C.; Yin, R.; Shen, Y.; Mao, K.; Yang, Z.; Feng, X.; Zhang, H. Bioaccumulation of Hg in Rice Leaf Facilitates
Selenium Bioaccumulation in Rice (Oryza sativa L.) Leaf in the Wanshan Mercury Mine. Environ. Sci. Technol. 2020, 54, 3228–3236.
[CrossRef] [PubMed]

107. Guo, M.; Wang, J.; Du, R.; Liu, Y.; Chi, J.; He, X.; Huang, K.; Luo, Y.; Xu, W. A test strip platform based on a whole-cell microbial
biosensor for simultaneous on-site detection of total inorganic mercury pollutants in cosmetics without the need for predigestion.
Biosens. Bioelectron. 2020, 150, 111899. [CrossRef]

108. Ma, X.Y.; Miao, P. Silver nanoparticle@DNA tetrahedron-based colorimetric detection of HIV-related DNA with cascade strand
displacement amplification. J. Mater. Chem. B 2019, 7, 2608–2612. [CrossRef] [PubMed]

109. Wang, K.; Fan, D.Q.; Liu, Y.Q.; Dong, S.J. Cascaded multiple amplification strategy for ultrasensitive detection of HIV/HCV virus
DNA. Biosens. Bioelectron. 2017, 87, 116–121. [CrossRef]

110. Hu, X.L.; Li, C.; Feng, C.; Mao, X.X.; Xiang, Y.; Li, G.X. One-step colorimetric detection of an antibody based on protein-induced
unfolding of a G-quadruplex switch. Chem. Commun. 2017, 53, 4692–4694. [CrossRef]

111. Chong, H.Q.; Ching, C.B. Development of Colorimetric-Based Whole-Cell Biosensor for Organophosphorus Compounds by
Engineering Transcription Regulator DmpR. ACS Synth. Biol. 2016, 5, 1290–1298. [CrossRef]

112. Tao, Y.; Li, M.Q.; Kim, B.; Auguste, D.T. Incorporating gold nanoclusters and target-directed liposomes as a synergistic amplified
colorimetric sensor for HER2-positive breast cancer cell detection. Theranostics 2017, 7, 899–911. [CrossRef]

113. Ye, X.S.; Shi, H.; He, X.X.; Wang, K.M.; He, D.G.; Yan, L.A.; Xu, F.Z.; Lei, Y.L.; Tang, J.L.; Yu, Y.R. Iodide-Responsive Cu-Au
Nanoparticle-Based Colorimetric Platform for Ultrasensitive Detection of Target Cancer Cells. Anal. Chem. 2015, 87, 7141–7147.
[CrossRef]

114. Liu, L.; Lin, H.W. Paper-Based Colorimetric Array Test Strip for Selective and Semiquantitative Multi-Ion Analysis: Simultaneous
Detection of Hg2+, Ag+, and Cu2+. Anal. Chem. 2014, 86, 8829–8834. [CrossRef]

115. Ji, R.; Niu, W.; Chen, S.; Xu, W.; Ji, X.; Yuan, L.; Zhao, H.; Geng, M.; Qiu, J.; Li, C. Target-inspired Pb2+-dependent DNAzyme
for ultrasensitive electrochemical sensor based on MoS2-AuPt nanocomposites and hemin/G-quadruplex DNAzyme as signal
amplifier. Biosens. Bioelectron. 2019, 144, 111560. [CrossRef] [PubMed]

198



Biosensors 2021, 11, 352

116. Liu, X.F.; Wang, Y.T.; Hua, X.X.; Huang, Y.Q.; Feng, X.M.; Fan, Q.L.; Huang, W. Rapid Detection of Lead Ion (II) Based on Cationic
Conjugated Polymer and Aptamer. Chin. J. Anal. Chem. 2016, 44, 1092–1098.

117. Tsekenis, G.; Filippidou, M.K.; Chatzipetrou, M.; Tsouti, V.; Zergioti, I.; Chatzandroulis, S. Heavy metal ion detection using a
capacitive micromechanical biosensor array for environmental monitoring. Sens. Actuators B Chem. 2015, 208, 628–635. [CrossRef]

118. Chen, X.; Ba, Y.; Ma, L.J.; Cai, X.; Yin, Y.; Wang, K.H.; Guo, J.G.; Zhang, Y.J.; Chen, J.N.; Guo, X.; et al. Characterization of
microRNAs in serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997–1006.
[CrossRef] [PubMed]

119. Dong, H.F.; Lei, J.P.; Ding, L.; Wen, Y.Q.; Ju, H.X.; Zhang, X.J. MicroRNA: Function, Detection, and Bioanalysis. Chem. Rev. 2013,
113, 6207–6233. [CrossRef] [PubMed]

120. Chen, Y.X.; Huang, K.J.; Niu, K.X. Recent advances in signal amplification strategy based on oligonucleotide and nanomaterials
for microRNA detection-a review. Biosens. Bioelectron. 2018, 99, 612–624. [CrossRef]

121. Ma, D.D.; Huang, C.X.; Zheng, J.; Tang, J.R.; Li, J.S.; Yang, J.F.; Yang, R.H. Quantitative detection of exosomal microRNA extracted
from human blood based on surface-enhanced Raman scattering. Biosens. Bioelectron. 2018, 101, 167–173. [CrossRef] [PubMed]

122. Peng, L.C.; Zhang, P.; Chai, Y.Q.; Yuan, R. Bi-directional DNA Walking Machine and Its Application in an Enzyme-Free
Electrochemiluminescence Biosensor for Sensitive Detection of MicroRNAs. Anal. Chem. 2017, 89, 5036–5042. [CrossRef]
[PubMed]

123. Zhuang, J.Y.; Han, B.; Liu, W.C.; Zhou, J.F.; Liu, K.W.; Yang, D.P.; Tang, D.P. Liposome-amplified photoelectrochemical immunoas-
say for highly sensitive monitoring of disease biomarkers based on a split-type strategy. Biosens. Bioelectron. 2018, 99, 230–236.
[CrossRef]

124. Dave, V.P.; Ngo, T.A.; Pernestig, A.-K.; Tilevik, D.; Kant, K.; Nguyen, T.; Wolff, A.; Bang, D.D. MicroRNA amplification and
detection technologies: Opportunities and challenges for point of care diagnostics. Lab. Investig. 2019, 99, 452–469. [CrossRef]

125. Zhou, D.; Zhang, H.; Lin, H.; Jiang, J.; Lu, Z. New High Throughput Method to Analyze the Methylation Pattern of Individual
DNA Molecules. Nanosci. Nanotech. Let. 2018, 10, 1554–1561. [CrossRef]

126. Schwarzenbach, R.P.; Egli, T.; Hofstetter, T.B.; von Gunten, U.; Wehrli, B. Global Water Pollution and Human Health. Annu. Rev.
Environ. Resour. 2010, 35, 109–136. [CrossRef]

127. Hammond, J.L.; Formisano, N.; Estrela, P.; Carrara, S.; Tkac, J. Electrochemical biosensors and nanobiosensors. Biosens. Technol.
Detect. Biomol. 2016, 60, 69–80.

128. Jyoti, A.; Tomar, R.S. Detection of pathogenic bacteria using nanobiosensors. Environ. Chem. Lett. 2017, 15, 1–6. [CrossRef]
129. Ranjbar, S.; Shahrokhian, S. Design and fabrication of an electrochemical aptasensor using Au nanoparticles/carbon nanoparti-

cles/cellulose nanofibres nanocomposite for rapid and sensitive detection of Staphylococcus aureus. Bioelectrochemistry 2018, 123,
70–76. [CrossRef] [PubMed]

130. Swaminathan, B.; Feng, P. Rapid Detection of Food-borne Pathogenic Bacteria. Annu. Rev. Microbiol. 1994, 48, 401–426. [CrossRef]
[PubMed]

131. Umesha, S.; Manukumar, H.M. Advanced molecular diagnostic techniques for detection of food-borne pathogens: Current
applications and future challenges. Crit. Rev. Food Sci. Nutr. 2018, 58, 84–104. [CrossRef] [PubMed]

132. Rohde, A.; Hammerl, J.A.; Appel, B.; Dieckmann, R.; Al Dahouk, S. FISHing for bacteria in food—A promising tool for the reliable
detection of pathogenic bacteria? Food Microbiol. 2015, 46, 395–407. [CrossRef]

133. Yang, Z.; Kasprzyk-Hordern, B.; Frost, C.G.; Estrela, P.; Thomas, K.V. Community Sewage Sensors for Monitoring Public Health.
Environ. Sci. Technol. 2015, 49, 5845–5846. [CrossRef]

134. Bickman, S.R.; Campbell, K.; Elliott, C.; Murphy, C.; O’Kennedy, R.; Papst, P.; Lochhead, M.J. An Innovative Portable Biosensor
System for the Rapid Detection of Freshwater Cyanobacterial Algal Bloom Toxins. Environ. Sci. Technol. 2018, 52, 11691–11698.
[CrossRef]

135. Preece, E.P.; Hardy, F.J.; Moore, B.C.; Bryan, M. A review of microcystin detections in Estuarine and Marine waters: Environmental
implications and human health risk. Harmful Algae 2017, 61, 31–45. [CrossRef]

136. Zhao, Y.; Shi, L.; Kuang, H.; Xu, C. DNA-Driven Nanoparticle Assemblies for Biosensing and Bioimaging. Top Curr. Chem. 2020,
378, 18. [CrossRef]

137. Tian, B.; Gao, F.; Fock, J.; Dufva, M.; Hansen, M.F. Homogeneous circle-to-circle amplification for real-time optomagnetic detection
of SARS-CoV-2 RdRp coding sequence. Biosens. Bioelectron. 2020, 165, 112356. [CrossRef] [PubMed]

138. Mao, K.; Zhang, H.; Yang, Z. Can a Paper-Based Device Trace COVID-19 Sources with Wastewater-Based Epidemiology? Environ.
Sci. Technol. 2020, 54, 3733–3735. [CrossRef]

139. Na, W.; Nam, D.; Lee, H.; Shin, S. Rapid molecular diagnosis of infectious viruses in microfluidics using DNA hydrogel formation.
Biosens. Bioelectron. 2018, 108, 9–13. [CrossRef]

140. Lu, C.-H.; Willner, B.; Willner, I. DNA Nanotechnology: From Sensing and DNA Machines to Drug-Delivery Systems. ACS Nano
2013, 7, 8320–8332. [CrossRef]

141. De Avila, B.E.F.; Angell, C.; Soto, F.; Lopez-Ramirez, M.A.; Baez, D.F.; Xie, S.B.; Wang, J.; Chen, Y. Acoustically Propelled
Nanomotors for Intracellular siRNA Delivery. ACS Nano 2016, 10, 4997–5005. [CrossRef] [PubMed]

142. Shimron, S.; Cecconello, A.; Lu, C.-H.; Willner, I. Metal Nanoparticle-Functionalized DNA Tweezers: From Mechanically
Programmed Nanostructures to Switchable Fluorescence Properties. Nano Lett. 2013, 13, 3791–3795. [CrossRef] [PubMed]

199



Biosensors 2021, 11, 352

143. Li, Y.; Liu, H.; Huang, H.; Deng, J.; Fang, L.; Luo, J.; Zhang, S.; Huang, J.; Liang, W.; Zheng, J. A sensitive electrochemical strategy
via multiple amplification reactions for the detection of E. coli O157: H7. Biosens. Bioelectron. 2020, 147, 111752. [CrossRef]

144. Wang, X.; Liu, Z.; Fan, F.; Hou, Y.; Yang, H.; Meng, X.; Zhang, Y.; Ren, F. Microfluidic chip and its application in autophagy
detection. Trends Anal. Chem. 2019, 117, 300–315. [CrossRef]

145. Heo, H.Y.; Chung, S.; Kim, Y.T.; Kim, D.H.; Seo, T.S. A valveless rotary microfluidic device for multiplex point mutation
identification based on ligation-rolling circle amplification. Biosens. Bioelectron. 2016, 78, 140–146. [CrossRef]

146. Liu, M.; Hui, C.Y.; Zhang, Q.; Gu, J.; Kannan, B.; Jahanshahi-Anbuhi, S.; Filipe, C.D.; Brennan, J.D.; Li, Y. Target-Induced and
Equipment-Free DNA Amplification with a Simple Paper Device. Angew. Chem. Int. Ed. Engl. 2016, 55, 2709–2713. [CrossRef]

147. Huang, S.; Feng, M.; Li, J.; Liu, Y.; Xiao, Q. Voltammetric determination of attomolar levels of a sequence derived from the genom
of hepatitis B virus by using molecular beacon mediated circular strand displacement and rolling circle amplification. Microchim.
Acta 2018, 185, 206. [CrossRef]

148. Shen, C.; Liu, S.; Li, X.; Zhao, D.; Yang, M. Immunoelectrochemical detection of thehuman epidermal growth factor receptor 2
(HER2) via gold nanoparticle-based rolling circle amplification. Microchim. Acta 2018, 185, 547. [CrossRef]

149. Yi, X.; Li, L.; Peng, Y.; Guo, L. A universal electrochemical sensing system for small biomolecules using target-mediated sticky
ends-based ligation-rolling circle amplification. Biosens. Bioelectron. 2014, 57, 103–109. [CrossRef]

150. Jia, Y.; Sun, F.; Na, N.; Ouyang, J. Detection of p53 DNA using commercially available personal glucose meters based on rolling
circle amplification coupled with nicking enzyme signal amplification. Anal. Chim. Acta 2019, 1060, 64–70. [CrossRef]

200



Citation: Kalligosfyri, P.M.; Nikou, S.;

Karteri, S.; Kalofonos, H.P.;

Bravou, V.; Kalogianni, D.P. Rapid

Multiplex Strip Test for the Detection

of Circulating Tumor DNA

Mutations for Liquid Biopsy

Applications. Biosensors 2022, 12, 97.

https://doi.org/10.3390/bios12020097

Received: 22 December 2021

Accepted: 1 February 2022

Published: 4 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Article

Rapid Multiplex Strip Test for the Detection of Circulating
Tumor DNA Mutations for Liquid Biopsy Applications

Panagiota M. Kalligosfyri 1,†, Sofia Nikou 2,†, Sofia Karteri 3, Haralabos P. Kalofonos 3, Vasiliki Bravou 2,*

and Despina P. Kalogianni 1,*

1 Department of Chemistry, University of Patras, Rio, 26504 Patras, Greece; pkalligosfyri@gmail.com
2 Department of Anatomy-Histology-Embryology, Medical School, University of Patras, Rio,

26504 Patras, Greece; sonikou@upatras.gr
3 Division of Oncology, Department of Internal Medicine, University Hospital of Patras, Rio,

26504 Patras, Greece; skarteri@gmail.com (S.K.); kalofonos@upatras.gr (H.P.K.)
* Correspondence: vibra@upatras.gr (V.B.); kalogian@upatras.gr (D.P.K.)
† These authors contributed equally to this work.

Abstract: In the era of personalized medicine, molecular profiling of patient tumors has become the
standard practice, especially for patients with advanced disease. Activating point mutations of the
KRAS proto-oncogene are clinically relevant for many types of cancer, including colorectal cancer
(CRC). While several approaches have been developed for tumor genotyping, liquid biopsy has
been gaining much attention in the clinical setting. Analysis of circulating tumor DNA for genetic
alterations has been challenging, and many methodologies with both advantages and disadvantages
have been developed. We here developed a gold nanoparticle-based rapid strip test that has been
applied for the first time for the multiplex detection of KRAS mutations in circulating tumor DNA
(ctDNA) of CRC patients. The method involved ctDNA isolation, PCR-amplification of the KRAS
gene, multiplex primer extension (PEXT) reaction, and detection with a multiplex strip test. We
have optimized the efficiency and specificity of the multiplex strip test in synthetic DNA targets,
in colorectal cancer cell lines, in tissue samples, and in blood-derived ctDNA from patients with
advanced colorectal cancer. The proposed strip test achieved rapid and easy multiplex detection
(normal allele and three major single-point mutations) of the clinically relevant KRAS mutations in
ctDNA in blood samples of CRC patients with high specificity and repeatability. This multiplex strip
test represents a minimally invasive, rapid, low-cost, and promising diagnostic tool for the detection
of clinically relevant mutations in cancer patients.

Keywords: colorectal cancer; KRAS; lateral flow assay; dipstick; biosensor; gold nanoparticles

1. Introduction

Personalized medicine is based on recommendations according to genomic “drivers”
of tumorigenesis [1]. Cancer develops through a multistage process, with the accumula-
tion of somatic mutations and genetic alterations leading to increased cell proliferation
and tumorigenesis [2]. Such mutations are known as “drivers” and are crucial for moni-
toring disease progression and resistance to targeted therapeutic agents [3,4]. Amongst
known driver mutations, activating mutations in the KRAS or KRAS2 (Kirsten rat sar-
coma virus 2 homolog) oncogene are found in several malignancies including colorectal
cancer (CRC) [5–8]. Activating KRAS mutations are point mutations mainly affecting
KRAS amino acid residues 12, 13, and 61, which reduce the intrinsic KRAS and GTPase
activating protein–promoted GTP hydrolysis [9,10]. KRAS mutations occur early in the
development of colorectal cancer (CRC) and are strongly associated with resistance to
therapies [10,11]. CRC is the second most common cause of cancer-related mortality in
Europe [12]. About 40% of CRC cases are KRAS-mutant-related, meaning that they cannot
benefit from EGFR-targeted therapies [13].
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In clinical practice, the majority of molecular profiling tests, including KRAS mutation
detection, are performed in tissue biopsies. However, excision regions do not sufficiently
depict intratumoral heterogeneity, and in some cases, tissue biopsy is not feasible. Liquid
biopsy, which mainly includes analysis of cell-free DNA (cfDNA), represents a convenient
real-time tool for mutational profiling in a minimally invasive manner. cfDNA is double-
stranded, fragmented extracellular DNA released from normal and cancer cells through cell
death (apoptosis or necrosis) or by active secretion with extracellular vesicles (exosomes
and prostasomes) into the bloodstream. Plasma circulating tumor DNA (ctDNA) that
originates specifically from tumors represents a small fragment (<1.0%) of the total cell-free
DNA (cfDNA) and is only identified via the detection of cancer-related mutations [14,15].
Several factors, such as the tumor type, stage, and burden, as well as the tumor prolif-
eration rate and turnover, affect the amount of ctDNA in body fluids [16–18]. Moreover,
the average size of ctDNA ranges from small fragments of 70–200 bp which are secreted
due to cellular apoptosis to longer fragments of 200 bp–21 Kbp generated by necrosis.
Thus, the extremely low abundance of ctDNA, especially in early cancer stages, along
with its high fragmentation, render ctDNA a challenging analyte [19,20]. The analytical
methods reported for ctDNA detection include PCR-based techniques (such as digital PCR,
methylation-specific PCR, and real-time PCR), next-generation sequencing (NGS), mass
spectrometry, and DNA microarrays. However, many of these techniques have drawbacks
in ctDNA analysis or do not meet the requirements of a diagnostic tool applicable in the
clinical setting. This is due to attributes including low detectability and specificity, high
cost of analysis and expensive instrumentation, long analysis time, and extensive sample
pretreatment [21–24]. Given the feasibility of using ctDNA in tracking and monitoring
tumor dynamics and resistance to therapy, the use of ctDNA as a marker for detecting
driver mutations needs to be further developed. KRAS driver mutations in codon 12 or 13
mutations are a major predictive biomarker of poor response to therapy in patients with
CRC [10,25]. Therefore, rapid and precise identification of KRAS mutations in ctDNA is re-
quired for improving the response rate and survival in CRC patients [25]. Strip-type rapid tests,
and biosensors in general, represent excellent candidates for liquid biopsy applications [26].
Various biosensors have been developed so far for ctDNA detection. However, only a few
reports present applications for ctDNA analysis in patients’ blood samples.

Herein, we have developed a rapid multiplex strip test that comprises of a gold-
nanoparticle-based optical DNA biosensor for KRAS screening in cancer. Based on a
previous developed flow strip assay for detecting KRAS mutations [27], the current multi-
plex strip has been applied, for the first time, for multi-analyte liquid biopsy applications.
The wild-type KRAS and three major single-point KRAS mutations (G12D, G12A, G12V)
were simultaneously detected in cfDNA/ctDNA with a single strip test. The strip-type
DNA biosensor was tested and optimized in synthetic DNA targets, in colorectal cancer
cell lines, in tissue samples and was finally applied to blood-derived cfDNA from healthy
individuals and ctDNA from patients with advanced colorectal cancer.

2. Materials and Methods

2.1. Reagents and Apparatus

Polymerase chain reactions (PCR) were performed using the HotStarTaq Master Mix
Kit (Qiagen, Hilden, Germany). Sections from FFPE tissue samples were cut with Accu-cut
SRM 200 Rotary Microtome (The Netherlands, Europe, BV). The Nucleospin DNA FFPE
XS kit used for tissue DNA extraction was obtained from Macherey-Nagel (Düren, Ger-
many). All synthetic oligonucleotides were purchased from Eurofins Genomics (Ebersberg,
Germany) (Table 1). All other reagents and apparatus used were previously reported [27].
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Table 1. Sequences of the PCR and PEXT primers, the synthetic DNA targets, and the anti-tag
sequences attached onto the polystyrene microspheres.

Oligonucleotide Sequence (5′ → 3′)
PCR Primers

KRAS_Forward GCCTGCTGAAAATGACTGAATA
KRAS_Reverse CAAGAGACAGGTTTCTCCATCA

Synthetic Targets
KRAS-Normal CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCACCAGCTCCAACTACCACAAG
KRAS-G12D CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCAACTACCACAAG
KRAS-G12V CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCAACAGCTCCAACTACCACAAG
KRAS-G12A CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCAGCAGCTCCAACTACCACAAG

Anti-Tag Sequences
KRAS-NORMAL NH2-GGATACCGCTGCACCCATCGCCAC

KRAS-G12D NH2-CGTTTTAAGTTCGGATGGTGACGT
KRAS-G12V NH2-AGCGCACTGGTGGATGCTGGACTG
KRAS-G12A NH2-CTTGCTGAACTTCTGACTACGACT

Tag-PEXT Primers
KRAS-NORMAL GTGGCGATGGGTGCAGCGGTATCCCCGAATTCTCTCCTTGTGGTAGTTGGAGCTGG

KRAS-G12D ACGTCACCATCCGAACTTAAAACGCCGAATTCTCTCCTTGTGGTAGTTGGAGCTGA
KRAS-G12V CAGTCCAGCATCCACCAGTCGGCTCCGAATTCTCTCCTTGTGGTAGTTGGAGCTGT
KRAS-G12A AGTCGTAGTCAGAAGTTCAGCAAGCCGAATTCTCTCCTTGTGGTAGTTGGAGCTGC

2.2. Cell Lines and Clinical Samples

Human colorectal cancer cell lines, namely Caco2 and LS174T, were used in the
present study. The human colorectal cancer cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, Virginia USA). The mutant KRAS cell line
LS174T (c.35G>A, p.G12D) and the wild-type KRAS cell line Caco2 were cultured and
harvested as previously described [27].

The study included formalin-fixed paraffin-embedded (FFPE) tissue samples from
three CRC patients that were retrieved from the archives of the Department of Pathology,
University Hospital of Patras, Greece and peripheral blood samples from four healthy indi-
viduals and five CRC patients prior to or close to the initiation of chemotherapy treatment.
All patients were treated at the Division of Oncology, Department of Medicine, Medical
School, University of Patras and had known KRAS mutations detected in FFPE tissue
samples by next-generation sequencing (NGS) (Ion Gene Studio S5 Prime System, Thermo
Fisher Scientific) using the Ion AmpliSeq NGS Panel (Thermo Fisher Scientific). Relevant
information was retrieved from the patients’ oncology records. Patient characteristics are
summarized in Table S1.

Blood samples were obtained after written informed consent, and the study has been
approved by the Ethics and Scientific Committee of the University General Hospital of
Patras, Greece (Protocol Number 680/15.10.2019) and by the Institutional Ethics & Research
Committee of the University of Patras, Greece (Protocol Number 86436/14.10.2019), in
strict compliance with the ethical standards of the institutional and/or national research
committee and the 1964 Declaration of Helsinki and its later amendments.

2.3. DNA Extraction from Cell Lines and Tissue Samples

DNA was extracted from cell lines using the NucleoSpin DNA Rapid Lysis kit, accord-
ing to manufacturer’s instructions, after washing of the cell pellet with 1 × PBS, pH 7.4.
DNA was also isolated from formalin-fixed paraffin-embedded (FFPE) tissue samples using
the NucleoSpin DNA FFPE XS kit. All extractions were performed using 10 μm sections
(3 sections from each FFPE block). All sections were initially deparaffinized using xylene
(60 ◦C) and hydrated in descending alcohol series. DNA was then extracted from the FFPE
tissue kit, following the manufacturer’s instructions. Finally, the purity and concentration
of isolated DNA was determined by UV spectrometry at 260/280 nm (Table S2).
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2.4. Cell-Free DNA (cfDNA) Extraction from Blood Samples

CfDNA was extracted from the plasma of blood samples. The plasma was carefully
separated from the pellets by centrifugation for 10 min at 2500 rpm, at room temperature.
The isolation of cfDNA from plasma samples was performed using the NucleoSpin Plasma
XS kit, according to the manufacturer’s instructions. The cfDNA was obtained by an elution
step with 20–30 μL of the provided elution buffer and centrifugation at 11,000× g for 30 s.
The purity and the concentration of the isolated cfDNA was measured with the NanoDrop
1000 spectrophotometer (Table S2).

2.5. Preparation of Streptavidin-Conjugated Gold Nanoparticles (SA-AuNPs)

Prior to the conjugation reaction, the pH of the AuNPs solution was adjusted to 6.0
with 10 mM phosphate buffer, pH 6.8. An amount of 1.5 μg of streptavidin was then
mixed with 200 μL of gold nanoparticles and the mixture was incubated for 2 h at room
temperature, in the dark, with frequent stirring. After the incubation step, BSA was used as
blocking agent at a final concentration of 10 g/L. The mixture was incubated for 30 min at
room temperature. A 20 min centrifugation step at 3300× g was performed for the collection
of the SA-functionalized AuNPs. The SA-AuNPs conjugates were finally reconstituted
in 20 μL of proper storage buffer (1 × PBS pH 7.4, 1% BSA, 0.25% sucrose, 1% Tween-20,
0.05% NaN3) and stored at 4 ◦C for further use.

2.6. Synthesis of Functionalized Microspheres

Four different sets of functionalized carboxylated polystyrene microspheres were
prepared. The four sets corresponded to the normal allele and the three single-point
mutations of the KRAS gene that were examined in the present work. Each set was coupled
to a specific oligonucleotide sequence (anti-tag sequence) through an amino group at its 5′
end as previously reported [28] but with some modifications. Briefly, a mixture of 12.8 μL
of the carboxylated polystyrene microspheres and 125 μL of MES buffer, pH 4.5, was
centrifuged for 2 min at 15,700× g, and the supernatant was discarded. The microspheres
were resuspended in 40 μL MES buffer, pH 4.5, and sonicated for 2 min. An amount of
400 pmol of each anti-tag sequence was separately conjugated to the microspheres, using
1.25 μL of a fresh EDC, 0.4 mg/μL. The coupling reaction was held in the dark and at room
temperature for 30 min with occasionally stirring. Then, the addition of the same amount of
EDC was repeated. After incubation, the suspension was centrifuged for 2 min at 15,700× g,
after the addition of 2 μL of 10% Tween-20, to collect the conjugated microspheres. The
prepared anti/tag-microspheres were then washed two times with 100 μL of 0.2% Tween-20
in 1 × TE buffer, redispersed in 100 μL of 1 × TE buffer (pH 8.0), and kept at 4 ◦C until use.

2.7. KRAS Gene Amplification

The KRAS gene at exon 12, that contained the single-point mutations of interest,
was amplified by PCR at a final volume of 25 μL. The PCR reaction pool contained 1 ×
HotStarTaq Master Mix (with 1.5 mM MgCl2), KRAS primers at a concentration of 0.6 μM
and 100 ng of isolated DNA. The conditions of the reaction were: a first step of denaturation
at 95 ◦C for 15 min that was followed by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s and
72 ◦C for 30 s, and a final extension step at 72 ◦C for 10 min. The PCR products were
then electrophorized in a 2% agarose gel, using ethidium bromide for DNA staining. The
PCR products were finally quantified by densitometric analysis using the open-source
ImageJ image processing and gel analyzer tool by National Institutes of Health (NIH)
(Bethesda, Maryland, USA) and Laboratory for Optical and Computational Instrumentation,
University of Wisconsin (Wisconsin, USA).

2.8. Multiplex Primer Extension Reaction (PEXT) for Single-Point Mutation Discrimination
in ctDNA

A multiplex primer extension (PEXT) reaction using four specific primers for the tested
polymorphisms of the KRAS gene was conducted. The reaction (20 μL) consisted of 1 ×
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Vent (exo-) buffer with 1.5 mM MgCl2, 2.5 μM each of the dNTPs except from dCTP, 2.5 μM
of biotin-dCTP, 0.05 μM of each of the specific primers, 0.5 U of the DNA polymerase
Vent (exo-), and 200–400 fmol of each PCR product. The PEXT reaction was performed as
follows: denaturation at 95 ◦C for 3 min, followed by 25 cycles at 95 ◦C for 15 s, at 58 ◦C for
10 s, and at 72 ◦C for 15 s.

2.9. Fabrication of the Multiplex Rapid Strip Test

The strip test consisted of four parts: an immersion pad, a conjugate pad, a nitrocel-
lulose membrane, and an absorbent pad with a total size of 5 mm × 70 mm. The four
parts were welded onto a plastic adhesive backing pad with overlapping ends for contin-
uous flow. Biotinylated BSA (b-BSA) (Supplementary Material) was deposited onto the
membrane (0.5 μL of 50 ng/μL), in order to construct the control zone of the strip, as an
assurance of the functionality of the test. Secondly, a volume of 1 μL of each of the four
sets of the microspheres coupled to the four anti-tag sequences were also placed onto the
membrane, in order to form four spatially distinct test spots as presented in Figure 1. The
spots were then dried for 10 min at room temperature, and the strip was ready for use.

Figure 1. (a) Layout of the test and the control spots on the diagnostic membrane of the multiplex
strip test. (b) The principle of the multiplex strip test. b-BSA: biotinylated BSA, N: normal allele, D:
G12D mutant allele, V: G12V mutant allele, A: G12A mutant allele, TZ: test zone, CZ: control zone,
AuNPs: gold nanoparticles.

2.10. Multi-Allele Detection by the Rapid Strip Test

The PEXT products were denatured by heating at 95 ◦C for 3 min and placed immedi-
ately on ice for 2 min. A 5 μL aliquot of the denatured PEXT products was applied onto
the conjugate pad of the strip just above an 8 μL aliquot of prepared streptavidin-gold
nanoparticles (SA-AuNPs) conjugates (Supplementary Material) that were pre-deposited
in the same pad. The strip was then immersed into 300 μL of the developing solution that
consisted of 4 × SSC pH 7.0, 1.5% glycerol, 1% Tween, 1% BSA and 0.5% SDS. The strip was
removed from the solution after 15 min for visual detection of the PEXT products. Finally,
images of the strips were acquired by a conventional scanner.
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3. Results

We have developed a rapid multiplex strip test based on gold nanoparticles for the
detection of gene mutations in circulating tumor DNA for non-invasive liquid biopsy
applications. The homo sapiens KRAS oncogene (GTPase (KRAS), transcript variant
X2, mRNA—Accession number: XM_011520653), mutations of which guide treatment
decisions in colorectal cancer (CRC), was used as a model gene. The proposed strip test
was applied, for the first time, for the simultaneous detection of the normal allele and three
major single-point mutations of the KRAS gene in cell-free DNA and/or circulating tumor
DNA from peripheral blood samples. These mutations are located in exon 12, namely
G12D (35G>A), G12V (35G>T), and G12A (35G>C). Optimization parameters involved
samples that consisted of (i) four single-stranded synthetic DNA targets corresponded to
the four KRAS alleles (Table 1) and also DNA isolated from (ii) cell lines expressing the
wild-type and the mutated (G12D) KRAS gene and (iii) FFPE tissue samples from CRC
patients carrying known KRAS mutations. After optimization, the method was applied for
the genotyping of the KRAS gene in cell-free DNA and circulating tumor DNA in blood
samples from healthy individuals and CRC patients with known mutations.

The protocol included: (a) DNA or cfDNA isolation, (b) PCR of the exon 12 of the
KRAS gene, (c) multiplex allele-discrimination reaction by a multiplex primer extension
(PEXT) reaction, and (d) a multiplex strip test for alleles detection. The size (171 bp) and
the amount of the PCR products were estimated by a 2% agarose gel electrophoresis with
subsequent ethidium bromide staining (Figure S1). After amplification, each PCR product
was subjected to a multiplex PEXT reaction in the presence of four allele-specific PEXT
primers that were complementary to the wild-type allele and the three mutations of the
KRAS gene exon 12. The primers used in PEXT reaction had the same sequence and
differed only in two points: (i) they carried a different base at the 3′ end, complementary
to each mutation and the normal allele, respectively; and (ii) they carried different 24-bp
sequences (tag sequences) at their 5′ ends, which were complementary to the four anti-
tag sequences attached to the four sets of microspheres, in order to capture the PEXT
products onto the strip. The PEXT primers were then elongated only if they were fully
complementary to the sequence of the KRAS allele by a special DNA polymerase that lacks
the 3′ → 5′ proofreading exonuclease activity. Biotin moieties were inserted into the PEXT
products during the polymerization using biotinylated dCTP. The PEXT products were
finally applied onto the strip after being heat denatured for a few minutes.

The diagnostic membrane of the multiplex strip test consisted of a control (CZ) and a
test zone (TZ). The TZ reveals the presence of the target in the sample, while the CZ ensures
the proper function of the strip test. For the formation of the CZ, biotin was immobilized
on the nitrocellulose membrane by deposition of b-BSA. A first red spot was formed at
the CZ on the upper site of the membrane, as the excess of SA-AuNPs was bound there
through biotin–streptavidin interactions. The TZ of the strip consisted of four test spots
of the four different sets of the anti-tag-modified microspheres that were pre-deposited
and were spatially discrete on the membrane, in order to capture the PEXT products. The
arrangement of the test spots on the membrane was as follows (from the top to the bottom
of the membrane): normal and the G12V (35G>T) alleles on the left and the G12D (35G>A)
and the G12A (35G>C) alleles on the right side (Figure 1a). Moreover, an 8 μL aliquot of
the SA-AuNPs conjugates and a volume of 5 μL of the heat-denatured multiplex PEXT
products were deposited on the conjugate pad of the strip, and the strip was then immersed
into a microcentrifuge tube containing the developing solution. All the reagents deposited
on the conjugated pad were entrained upwards by the developing solution though capillary
action. The products from the PEXT reaction were captured at the TZ due to tag/anti-tag
hybridization, between the tag tail of the PEXT primers and the anti-tag sequences that
were coupled to the immobilized microspheres. The hybridization was finally visually
detected by the accumulation of the SA-AuNPs at the same spots through the interaction
of streptavidin with the biotin moieties of the PEXT products, forming up to four visual
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red spots (Figure 1b). The excess of SA-AuNPs was directed to the CZ of the strip, forming
another red spot. The visual detection by naked eye was completed after 10–15 min.

The successful preparation of SA-AuNPs conjugates was tested by analyzing the
conjugates with two strip tests with immobilized biotinylated and non-biotinylated BSA,
respectively. As observed from Figure S2 in the Supplementary Material, the conjugates
were specifically captured; thus, a red spot was formed only on the strip on which b-BSA
was immobilized due to streptavidin-biotin interaction.

The whole method was first developed and optimized using four 60-bp single-stranded
synthetic DNA targets that corresponded to the four analyzed alleles (Table 1). Optimization
studies involved the cycling conditions of the PEXT reaction, as well as the performance
of the strip test, in order to increase the signal density and eliminate the non-specific
interactions at the test zone of the strip. In more detail, the specific parameters studied
were: the cfDNA isolation procedure for higher yield and purity, the conditions of the
primer extension reactions, and the process of SA-AuNPs preparation that included the
concentration of the reagents and the pH of the coupling reaction, as well as the final
reconstitution buffer of SA-AuNPs. The composition of the developing solution was also
tested, regarding the use of surfactants to minimize the non-specific bindings and the
concentration of glycerol to provide the required time for efficient hybridization. Finally,
the sample volume applied onto the strip test was optimized. For this purpose, different
sample volumes (1–10 μL) that contained only the normal KRAS allele were applied onto
the multiplex strip test. As observed from Figure S3 in the Supplementary Material, the
optimum sample volume was 5 μL, which gave the strongest signal with high specificity.

The analytical performance of the strip test was also evaluated by assessing the
detectability of a biotinylated singe-stranded DNA (ssDNA) (b-dA30). The results are
presented in Figure S4. As low as 50 amol of ssDNA were detectable with the naked eye
with the rapid strip test.

3.1. Synthetic DNA Targets

The synthetic DNA targets were subjected to a multiplex PEXT reaction in the presence of
the four PEXT tagged primers. The reaction was conducted for three cycles, using an annealing
temperature of 62 ◦C and 400 fmol of each the synthetic target. All the PEXT products
were finally analyzed separately with a single strip test. Each PEXT product was specifically
hybridized, and a visible red spot was formed only at the test spot where the complementary
anti-tag sequences were immobilized, corresponding to the target allele present in the sample.
The images of the strips were scanned using a regular scanner and are presented in Figure 2.
We can observe from the images the good specificity of the multi-analyte strip test.

3.2. Cell Lines

DNA isolated from wild-type KRAS and mutant KRAS (G12D) human colon cancer
cell lines was also used for optimization experiments. The purified DNA from each cell line
was subjected to a single multiplex PEXT reaction containing all four PEXT tagged primers.
In comparison to the synthetic targets, a more intense colored signal at the test spots was
observed at an annealing temperature of 58 ◦C and a 15-cycle PEXT reaction, using 400 fmol
of the PEXT product. This was attributed to the differences in DNA structures. The synthetic
DNA targets are single-stranded oligonucleotides increasing the hybridization efficiency,
as well as the non-specific interactions, contrary to the double-stranded genomic DNA.
Strip test results from the analysis of the DNA derived from the cell lines are presented in
Figure 2. The analysis of the wild-type KRAS cell line (Caco2) resulted in the formation of
a red spot only at the TZ of the strip corresponding to the normal allele. As for the cancer
cell line LS174T, two red spots were formed both for the normal allele and the G12D KRAS
mutation. These results also denoted the high specificity of the multiplex strip test.
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Figure 2. Results of the multiplex strip test for the synthetic DNA targets that correspond to the normal
KRAS gene and the three single-point mutations examined. Results of the multiplex strip test for the cell lines
that express the wild-type KRAS gene and the G12D KRAS mutant allele. TZ: test zone, CZ: control zone.

3.3. Tissue Samples

The multi-analyte strip-type DNA biosensor was then tested for the detection of KRAS
mutations in tissue samples from CRC patients that carried the G12A, G12V, and G12D
KRAS gene mutations as previously confirmed by NGS. The optimized parameters required
a PEXT reaction of 30 cycles at an annealing temperature of 58 ◦C, using 200 fmol of the
PCR product. The DNA in FPPE tissue samples is partially degraded, leading to a low PCR
yield. Thus, only 200 fmol of the PCR product was used for the PEXT reaction, whereas an
increase in the cycles of the PEXT reaction was required. The results of the strip test for
the tissue samples are shown in Figure 3. Again, only the red spots at the test zones that
corresponded to the mutations present in the tissue samples were formed at the membrane
of the strips, ensuring the good specificity of the test.

Figure 3. The multiplex strip test results of three tissue samples that have the G12D, G12A, and G12D
KRAS mutations. TZ: test zone, CZ: control zone.
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3.4. Detectability of the Method

The detectability of the method, in terms of the input DNA prior to the PCR, was
determined as follows. Different dilutions (0, 0.1, 0.5, 1, 5, and 100%) of the DNA isolated
from the human colorectal cancer cell line LS174T that carries the mutated (G12D) KRAS
allele within the context of unmutated DNA isolated from the human cell line Caco2
(normal KRAS) were prepared. In more details, 0.1, 0.5, 1, and 5 ng DNA from the LS174T
cell line were mixed with DNA from normal Caco2 cell line to obtain a total amount of
100 ng for all mixtures. A total of 100 ng of the DNA admixtures, as well as 100 ng of the
DNA from the KRAS mutant cell line, were then amplified by PCR. Subsequently, 400 fmol
of each PCR product was subjected to multiplex PEXT reaction and 5 μL of the PEXT
products were analyzed with the multiplex strip test. The results are presented in Figure 4.
As observed, 0.1% (0.1 ng) of the DNA form the KRAS mutant cell line was detectable in
the background of normal KRAS DNA. However, as LS174T cell line carries both mutated
KRAS and normal KRAS allele, meaning that the amount of mutated KRAS is even smaller,
we conclude that less than 0.1% or 0.1 ng of the mutated KRAS gene is detectable by the
multiplex strip test.

Figure 4. Detectability of the method. Different dilutions of mutant cancer cell line DNA/normal cell
line DNA (0.1–100%) were prepared and analyzed by the multiplex strip test after amplification with
subsequent multiplex PEXT reaction. TZ: test zone, CZ: control zone.

3.5. Application of the Multiplex Rapid Strip Test to Blood Samples for the Detection of KRAS
Mutations in cf/ctDNA

The multiplex strip test was finally evaluated for the detection of KRAS gene mutations
in blood samples. For this study, four healthy volunteers and five CRC patients with known
KRAS mutations previously confirmed by NGS in tissue samples were used and analyzed
by the multiplex strip test. The cf DNA was isolated from the blood samples and underwent
the multiplex PEXT reaction in the presence of all four allele-specific PEXT primers. As
ctDNA is only a small fraction (<1%) of the cfDNA and KRAS gene is therefore present
in extremely low abundancies in blood circulation, a 25-cycle PEXT reaction at 58 ◦C
using 200 fmol of the isolated cfDNA was needed in order to successfully detect normal
and mutant KRAS gene in blood samples with high specificity. The PEXT products were
directly applied to the multiplex strip test according to the established protocol. For healthy
individuals, a red spot appeared at the TZ of the biosensor only for the normal allele. On
the other hand, for CRC patients with known KRAS mutations, two red spots were formed
at the TZ of the strip test that corresponded to the normal allele and to the corresponding
KRAS mutation, as expected (Figure 5) with 100% concordance between our assay in
plasma and tissue results by NGS. Moreover, we observed, as shown in Figure 5, that the
color intensity of the test spot signal for the gene mutations was lower than the signal of
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the test spot for the normal allele, and this is due to the fact that ctDNA is present at much
lower concentration than the normal cfDNA in blood circulation.

Figure 5. Application of the multiplex strip test for the detection of cell-free DNA and circulating
tumor DNA in blood samples of four healthy individuals and five CRC patients. CRC: colorectal
cancer, TZ: test zone, CZ: control zone.

3.6. Repeatability of the Multiplex Rapid Strip Test

The repeatability of the developed multiplex strip test was also evaluated and was
expressed as % coefficient of variation (%CV) values. For this purpose, isolated DNA
(400 fmol) from the wild-type KRAS cell line Caco2 and cfDNA (200 fmol) isolated from
blood sample of a CRC patient with a G12D KRAS mutation were subjected to the multiplex
PEXT reaction and analyzed in triplicate with the multiplex strip test. The results are
presented in Figure 6. The strips were acquired with a conventional scanner and the color
density of the red spots at the TZ of the strip was measured in grayscale using the open-
source ImageJ image processing software. Finally, the %CVs (n = 3) were calculated from
the gray values of the test spots of the strip images and were 2.8% for the cell line, 0.5%
for the normal allele, and 0.7% for the G12D mutation of the cf/ctDNA from the patient,
ensuring the very good repeatability of the multi-analyte strip test.

210



Biosensors 2022, 12, 97

Figure 6. Repeatability of the multiplex strip test for the normal cell line and the blood sample of a
CRC patient. TZ: test zone, CZ: control zone.

4. Discussion

Biosensors are the most preferable analytical tools compared to conventional analyt-
ical methods for ctDNA analysis or bioanalysis in general, because they offer simplicity,
low cost, rapid analysis (in some cases), portability, and multiplicity, along with high
detectability, sensitivity, specificity, robustness, and reproducibility. They are also easy
to use [29]. Moreover, the use of nanomaterials in such devices emerged as an effort to
increase the analytical performance of the biosensors, as these nanomaterials provide signal
enhancement without the need for enzyme-assisted amplification [30,31]. Currently, there
is still the need for the development of novel biosensors for ctDNA detection and liquid
biopsy applications.

Herein, we developed a multiplex strip-type biosensor based on gold nanoparticles
for visual simultaneous detection by the naked eye of four alleles, wt and G12D (35G>A),
G12V (35G>T), G12A (35G>C) mutations of the KRAS gene, that are frequently observed
in CRC patients and guide treatment decisions. The test was optimized using single-
stranded synthetic DNA targets and cell lines expressing the wild-type and the mutated
(G12D) KRAS gene and also allowed for the detection of three different KRAS mutations
in FFPE tissue samples from CRC patients. Importantly, our multiplex strip assay could
efficiently and with specificity detect different single point mutations of codon 12 of the
KRAS gene in cfDNA of five CRC patients with 100% concordance with tissue results
previously obtained by NGS, while only the wt allele was detected in healthy individuals.
The protocol includes cfDNA isolation, KRAS gene amplification, allele discrimination
by a multiplex PEXT reaction, and simultaneous visual detection of the four alleles by a
single strip test. Analysis is completed within 10 min, while the run time is approximately
3.5 h. The strip test shows an LOD ≤ 0.1 ng (1:1000 dilution) of mutated KRAS gene as it
allowed for the detection of lower than 0.1% or 100 pg mutated KRAS gene in the presence
of normal KRAS gene, shows repeatable results, and also has the advantages of portability
and universality, as the protocol prior to detection can be easily modified in order to target
other gene mutations of interest.

Although many biosensors have been reported in the literature, only a few have been
evaluated for ctDNA genotyping in clinical samples, rendering our assay a novel promising
tool for liquid biopsy applications. Most of these biosensors are electrochemical due to
their high detectability and ease of use. An electrochemical biosensor was developed for
the detection of two mutations of the EGFR gene. The detection was based on an amplifica-
tion refractory mutation system (ARMS) and linear-after-the-exponential PCR to obtain
asymmetric biotinylated PCR products. The products were captured to a tetrahedral DNA
nanostructure-decorated electrode and detected by avidin-HRP (horseradish peroxidase).
This biosensor needs an overnight fabrication and has a >1 h analysis time, while it offers
a limit of detection (LOD) of 30 pg, good specificity, and universality potential [32]. An
electrochemical biosensor has also been previously developed for the detection of the
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PIK3CA E545K mutation in ctDNA. The signal of this biosensor was enhanced through
hybridization chain reaction (HCR) that took place on a gold electrode’s surface, while
the HCR products were biotinylated and detected by streptavidin-alkaline phosphatase
through biotin–streptavidin interaction. The sensor’s characteristics were >1.5 h of anal-
ysis time, about 17 h of fabrication time, quite good specificity, and LOD of 3 pM, but
no multiplexing or universality potential [33]. In an effort to enhance the hybridization
efficiency and specificity, Das et al., (2019 and 2016) developed an electrochemical sensor
that uses combinatorial DNA probes or clutch probes and PNA clamps. The analyzed
ctDNA was specifically captured onto the electrode by immobilized capture DNA probes.
The electroactive compounds [Ru(NH3)6]3+ and [Fe(CN)6]3− were intercalated to the DNA
sequences through electrostatic forces, increasing the sensor’s response. The authors could
simultaneously detect seven different mutations of the KRAS gene and several mutations of
the EGFR gene with high specificity. The LOD was 1 fg/μL and the analysis time was about
2 h, while an overnight incubation was needed to construct the sensing electrode [34,35].
Another electrochemical biosensor was reported for the dual detection of mutations and
epigenetic methylation of ctDNA. The ctDNA was captured by complementary PNA
probes that were coupled to gold nanoparticles. Lead phosphate apoferritin conjugated to
anti-5-mC was then bound to the methylation sites of ctDNA, forming a sandwich complex
on the electrode. Lead ions were finally released from apoferritin and were detected by
square-wave voltammetry. Two mutations of the PIK3CA gene were separately detected
by this biosensor with high specificity in >1 h, while the biosensor needs about 30 min to
be constructed [36]. A dual-signal amplification system was also reported. This system
exploited target recycling through RNase HII action, while DNA dendritic nanostructures
were synthesized by terminal transferase, increasing the signal. The electrical signal was
generated by the electroactive compound methylene blue. This sensor offered high de-
tectability and specificity for the detection of a single KRAS mutation in ctDNA. The sensor
could be universal, while the analysis and fabrication time were about 3 and 4.5 h, respec-
tively [37]. Screen-printed multi-carbon electrodes were also used in a single and multiplex
format for ctDNA analysis. Capture DNA probes were immobilized onto the electrode’s
surface, while the hybridization of the target was performed through ruthenium redox me-
diator and cyclic voltametric measurements. The fabrication time of the sensor is about 1 h,
the analysis time is 3.5 h, while the LOD is 4 copies/ng for the single and 0.58 ng/μL for the
multiplex format [37,38]. An urchin-like gold nanocrystal-multiple graphene aerogel was
also exploited for ctDNA analysis. In this approach, signal enhancement was accomplished
via DNA-induced target recycling. This biosensor had an LOD of 0.033 fM, >1 h analysis
time with quite good specificity, and about 4 h fabrication time, but it lacked multiplicity
and universality [39,40] RNase HII-aided target recycling was also performed in another
SERS assay to detect single-stranded ctDNA in blood samples. T-rich DNA sequences
produced by the RNAse were captured on the sensor’s surface. Single-walled carbon
nanotubes were then attached to the hybrids, while copper nanoparticles were synthesized
to the T-rich areas, increasing the SERS signal. Two mutations of the KRAS and PIK3CA
were detected within more than 30 min with high specificity. The biosensor needs extensive
fabrication (about 54 h) and does not apply for multiplex or universal analysis [41]. Biosen-
sors based on surface-enhanced Raman spectroscopy (SERS) also emerged in the ctDNA
analysis. Multiplex detection of ctDNA mutations was also accomplished by a SERS assay.
ctDNA was amplified by an allele-specific PCR. The amplified products carried a biotin
moiety at one end and contained overhanging sequences at the other end. The products
were captured by streptavidin-coated magnetic beads and detected by complementary
DNA probes coupled to multicolor SERS nanotags (AuNPs) through hybridization with
the overhanging ends. The hybrids were finally analyzed, after magnetic separation, by a
portable Raman microscope. With this system, three mutations of the KRAS, BRAF, and
NRAS gene were detected within 30 min. The sensor is universal and offers good speci-
ficity and sufficient multiplexing potential [42,43]. In another SERS approach, ctDNA was
also amplified by allele-specific PCR. The amplified products were detected by positively
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charged gold/silver nanostars that were electrostatically bound to the negative DNA se-
quences. The SERS-active compound 2,3,5,6-tetrafluoro-4-mercaptobenzoic acid was used
for SERS signaling. SERS spectrum was obtained by a portable Raman microscope. This
assay is a mix-and-read method and applied for the detection of one single-point mutation
of the BRAF gene. It offers universality, good specificity, and quite good multiplexing
potential [44]. The combination of Fe and Au nanoparticles was also used for the detection
of ctDNA. Magnetic DNA1-modified amorphous Fe0 nanoparticles were used to magneti-
cally separate and enrich ctDNA sequence, while the detection is accomplished through
DNA2-modified Au nanoparticles and subsequent ICP-MS analysis. The method gave an
LOD of 0.1pg/mL [45]. A localized surface plasmon resonance (LSPR) was also developed
for ctDNA detection of the KRAS gene. ctDNA was captured on the surface of the sensor
by PNA-functionalized gold nanorods. The LOD of this sensor is 2 ng/mL [46]. Table 2 and
Table S3 contain a comparison between our work and other biosensors and conventional
methods that have been applied for ctDNA analysis in clinical samples. Compared to the
previously reported biosensors, our proposed multiplex rapid strip test was efficiently applied
for cfDNA analysis of CRC patients’ samples and shows great advantages related to specificity
and repeatability (%CV < 3%), cost effectiveness, simplicity and ease of use, rapid analysis and
fabrication time, portability, universality, and advanced multiplexing potential.

As for lateral flow assays for KRAS gene mutations detection in general, a lateral
flow assay based on allele-specific PCR and hybridization to oligonucleotide-decorated
AuNPs was developed for the detection of KRAS mutations in genomic DNA isolated
from a cancer cell line, but it was not applied for ctDNA analysis [47]. Additionally, a
commercially available strip test, the KRAS Strip Assay kit, was used by Kader et al., 2013
for the detection of KRAS mutations in tissue samples from CRC patients. This assay
is based on an alkaline phosphatase-catalyzed chromogenic reaction and allele-specific
hybridization onto the strip at high temperature (45 ◦C) to obtain the required specificity.
Moreover, the test involves many washing and incubation steps with a total analysis time
of about 2 h [48]. Compared to the previously reported biosensors for ctDNA detection in
real samples (Table S3) [49–81], the advantages of the proposed multi-plex test are related
mostly to the cost, run time, and simplicity, as well as the universality and advanced
multiplexing potential.

Albeit the great advantages of the developed test, it should be noted that there are
some limitations. Although no false-positive or false-negative results were obtained when
the test was applied in cfDNA of healthy donors and CRC patients with 100% concordance
with the tissue results previously confirmed by NGS, the number of patient samples used
in the study for validation is relatively low. Therefore, further studies with a larger series
of CRC patients and comparison with another technique, such as droplet digital PCR or
NGS, are required to evaluate the clinical sensitivity and specificity of this newly developed
biosensor as a diagnostic tool in liquid biopsy applications. In this context, a receiver
operating characteristic (ROC) curve analysis of the results obtained by the two methods
would be an effective approach to evaluate the sensitivity and specificity of our assay for
diagnostic purposes [82]. Moreover, the multiplex strip test presented herein shows LOD
≤ 0.1 ng (1:1000 dilution) of mutated KRAS gene which is comparable with other methods
such as ddPCR [82} and most importantly efficiently and specifically detected KRAS wt or
mutant alleles in plasma samples with cfDNA concentrations as low as 6 ng/μL. However,
considering that ctDNA is a challenging analyte due to the low concentration and high
fragmentation and the amount of input DNA is a critical step in developing methods
suitable for cfDNA analysis, further optimization in this context would be valuable.
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5. Conclusions

In conclusion, we have developed a rapid and low-cost multiplex strip test for geno-
typing of cell-free/circulating tumor DNA in blood samples. The detection was based on
gold nanoparticles. This newly developed strip test was applied for multiplex detection of
KRAS mutations in liquid biopsies of CRC patients. Liquid biopsy represents a competing
non-invasive tool for tumor genotyping, providing valuable information employed for
cancer diagnosis, prognosis, and guidance of treatment decisions. Several methodologies
have been used to detect tumor-specific aberrations in ctDNA, many of which are compli-
cated, expensive, and time-consuming. The proposed method is a non-invasive, simple,
and low-cost approach for the rapid and accurate analysis of cell-free and circulating tumor
DNA. It achieves simultaneous multi-allele detection with a single test with high specificity
and repeatability (%CV < 3%), offers an LOD lower than 0.1% (100 pg) mutated KRAS
gene, and avoids multiple washing and incubation steps. It is also universal, meaning that
it can be applied for the detection of any gene mutation or single nucleotide polymorphism
(SNP), since the discrimination of the alleles takes places before the analysis with the strip
test. The test was initially developed using DNA from synthetic DNA targets, cancer cell
lines, and tissue samples. The proposed strip test was finally applied, for the first time, for
the multiplex detection of KRAS mutations in cfDNA and ctDNA isolated from plasma
samples from healthy individuals and CRC patients. All four KRAS alleles in ctDNA were
simultaneously detected with a single strip test. The visual detection with the multiplex
strip test was completed within 15 min, while the whole protocol, including DNA purifica-
tion, KRAS gene amplification, allele-discrimination reaction, and the multiplex strip test,
was completed within 3.5 h. Although further studies are required to validate the clinical
sensitivity and specificity of the test, the results obtained so far render this test a promising
tool for future liquid biopsy applications.
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Abstract: The development of point-of-care, cost-effective, and easy-to-use assays for the accurate
counting of CD4+ T cells remains an important focus for HIV-1 disease management. The CD4+

T cell count provides an indication regarding the overall success of HIV-1 treatments. The CD4+

T count information is equally important for both resource-constrained regions and areas with
extensive resources. Hospitals and other allied facilities may be overwhelmed by epidemics or other
disasters. An assay for a physician’s office or other home-based setting is becoming increasingly
popular. We have developed a technology for the rapid quantification of CD4+ T cells. A double
antibody selection process, utilizing anti-CD4 and anti-CD3 antibodies, is tested and provides a
high specificity. The assay utilizes a microfluidic chip coated with the anti-CD3 antibody, having an
improved antibody avidity. As a result of enhanced binding, a higher flow rate can be applied that
enables an improved channel washing to reduce non-specific bindings. A wide-field optical imaging
system is also developed that provides the rapid quantification of cells. The designed optical setup is
portable and low-cost. An ImageJ-based program is developed for the automatic counting of CD4+ T
cells. We have successfully isolated and counted CD4+ T cells with high specificity and efficiency
greater than 90%.

Keywords: CD4+ T helper cells; microfluidic chip; microbeads; wide-field optical system; ImageJ

1. Introduction

There is a need to develop accurate cell quantification assays to achieve early-stage
disease detection, treatment, and monitoring. Various cell quantification assays have been
developed, tested, and validated for a multitude of diseases over the course of time [1].
The Coulter Principle has resulted in the Coulter counters being able to measure cell
size and impedance in an electrolyte solution [2,3]. The principle has been extended
to interactions with light as well. As a result of these advances, several sophisticated
and advanced laboratory-based devices have been tested and approved for accurate cell
quantification purposes. Such devices require well-trained personnel in well-equipped
laboratories. Resource-limited settings lack these facilities. Hence, there is an unmet need
to develop cost-effective, easy-to-use, and rapid disease diagnostic devices at the point-
of-care settings, POC. The World Health Organization (WHO) has set these guidelines for
future diagnostic equipment using the acronym ASSURED, which stands for affordable,
sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable. Devices
developed based on these guidelines would be equally beneficial for both resource-enabled
and resource-limited countries. This lack of adequate resources also applies to physicians’
offices, patients’ homes, and rapidly growing telemedicine situations. Due to the need
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for speed and on-site diagnosis, the ‘Sample in, Answer-out’ type of assays is gaining
popularity.

Early disease diagnosis is a critical factor, especially in outbreaks of infectious diseases,
such as HIV (human immunodeficiency virus), Ebola, Zika, and SARS-CoV-2 [4–6]. Urgent
and timely clinical decisions can help to detect and curtail the spread of infectious diseases.
Sending samples and receiving their results from a clinical laboratory often takes days.
Higher throughput and rapid assays are the need of the day. Currently, hospitals often
create their own testing facilities to reduce the turnaround time for the same-hour diagnosis.
The development of POC diagnostic tools would help to make a patient’s bedside testing
possible. The test results could be obtained within the least amount of time, which enables
the physician to make an early clinical decision and explore further options for treatment.

POC devices are supposed to be portable, cost-effective, and environment-friendly [7–9].
It is estimated that the biosensor market will expand further in the coming years. The
current developments in cellular communications, smartphone imaging systems, integrated
circuit technology, along with disposable microfluidic devices, can be utilized for the future
POC devices in resource-limited areas.

The CD4+ T count provides important information about the overall success of HIV
treatment. Once HIV is diagnosed, the treatment is evaluated by the CD4+ T lymphocyte
cell count and CD4/CD8 ratios. As the disease is treated, several assays are required.
Flow cytometry is a reliable and accurate method for the quantification of CD4 cells, but
it has high equipment and test costs and requires skilled resources for operation, results
analyses, and maintenance. There is a dire need to develop microchip-based assays for the
enumeration of CD4+ T cells. The main task is to isolate and quantify CD4+ T cells from
a drop of blood. This whole process could lead to a POC assay to be used in medically
resource-poor locations that cannot afford expensive diagnostic testing.

The need for microfluidic devices has been explored by a number of researchers [8,10,11].
Earlier, researchers developed a microfluidic device for the label-free CD4+ T cell counting
of HIV-infected subjects [11]. They explored the use of a microfluidic module coated with
a specific antibody for the isolation of CD4+ T cells and monocytes. A well-controlled
fluid flow was used to separate monocytes from CD4+ T lymphocytes. A consistent well-
controlled flow is difficult to control in a field location inside the microfluidic channel.
Therefore, there is the possibility of an adverse effect on the captured CD4+ T lymphocytes,
and, as a result, some of the cells may be forced to detach from the microchip along with
the monocytes. In one other study, Moon et.al. have developed a portable microfluidic
platform to count the CD4+ T cells of HIV-infected patients [12]. A microchip was coated
with anti-CD4 antibody to capture the target CD4+ T cells from a fingerpick volume of
whole blood. The captured cells were imaged using the lensless CCD platform. Their setup
requires an automated cell counting program developed in MATLAB to identify the CD4+

T lymphocyte cells from monocytes.
Here, we present an alternate approach to identify CD4+ T cell lymphocytes from

monocytes. We describe an improved microfluidic chip process that separates a sparse
number of CD4+ T lymphocytes from whole blood samples. The developed method utilizes
anti-CD4 antibody-conjugated magnetic beads to capture the CD4+ T cells from a drop of
whole blood with high specificity. The CD4+ T lymphocytes are separated from monocytes
with an anti-CD3 antibody-coated microchip. A washing step is then performed to get
rid of the unneeded whole blood components and unattached magnetic beads from the
microfluidic chip. The images of the captured CD4+ T cells are then recorded with the help
of a custom-built wide-field optical setup. The developed wide-field optical setup helps to
cover a large field of view, enabling a sufficient sample size. The images are analyzed using
a computer program we developed with Image J, and the cells are counted automatically.

The developed method has several advantages over the existing microfluidic tech-
niques. Here, the avidity improvement is caused by the utilization of an anti-CD3 antibody
for coating the bottom glass substrate of the microfluidic chip along with the anti-CD4
antibody coated magnetic beads. This approach has been applied for the first time, to the
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best of our knowledge, in microfluidic-based CD4+ T cells quantification assays. Along
with the enhanced antibody avidity, this approach also enabled much better CD4+ T cell
isolations. Initially, we were able to isolate all the CD4+ T cells from the blood samples using
the anti-CD4 coated antibody. Then, the monocytes were separated from those initially
isolated CD4+ T cells using the anti-CD3 coated to the glass slide inside a microfluidic chip.
We have found that the CD4+ T cells separation can be efficiently quantified using this
approach with less shear stress on the cell.

2. Materials and Methods

2.1. Fabrication of the Microchip Module

The complete process list, the material source list, and a process datasheet for the
microchip fabrication are presented in detail in the Supplementary Materials. The following
describes the reagents, microchip design, the process design and development, the optical
design and development, followed by the results obtained.

2.2. The Reagents

A complete list of materials and reagents is presented in the Supplementary Materials.
Anti-CD3 antibody, UCHT1(biotin), part number ab191112 was obtained from Abcam, and
it was used to coat the bottom glass substrate of the microchip. Dynabeads, part number
1145D, were obtained from ThermoFisher (Waltham, MA, USA); they were precoated with
a proprietary anti-CD4 antibody.

To avoid bead clumping and unwanted adhesion to the module channel, we used
ultra-pure Dulbecco’s phosphate-buffered saline solution (DPBS) throughout the washing
step. EDTA: ethylenediaminetetraacetic acid was used as an anticoagulant.

PMMA, a polymethylmethacrylate sheet, was utilized as the base material for making
microfluidic chips. PMMA can easily be cut with a laser cutter. Various PMMA layers were
joined together with the help of double-sided adhesive tape (DSA) to form a composite
microfluidic chip.

The bottom layer of a microfluidic device was chemically modified to enable antibody
attachment. The in-house processing uses 3-MPS (3-Mercaptopropyl) trimethoxysilane
(3-MPS, CN: 175617) and cross-linker GMBS: N-γ-Maleimidobutyryloxy succinimide ester.
GMBS is a crosslinker from the amino and sulfhydryl groups. It comes as a solid and is
water insoluble. Therefore, it must be mixed with DMSO or DMF [3]. We used DMSO to
dissolve the GMBS so that it could be applied to the substrate.

2.3. The Microfluidic Design

A drawing of the microchip module and its photograph are shown in Figure 1. The
modules were designed using AutoCAD software. The AutoCAD software was linked to a
laser cutter VLS 2.30 laser cutter (VersaLaser, Scottsdale, AZ, USA). PMMA and DSA sheets
were cut according to the design requirements as per previously developed method [13–16].
The dimensions of microfluidic channels were selected in such a manner that there were
three microchannels in each chip for running two samples and one control.

2.4. Immobilization of Antibody to Glass Substrate

Streptavidin-coated glass slides were prepared in-house. Figure 2 presents the basic
process for microchip fabrication and was previously demonstrated [7,10,17]. Briefly, a
biotinylated anti-CD3 antibody was applied to the substrate. The anti-CD3, from Abcam,
(Catalog No. AB191112) recognizes the CD3 antigen of the TCR/CD3 complex on mature
human T cells. The antibody reacts with the epsilon chain of the CD3 complex. The
developed assay utilizes the stronger avidity of anti-CD3 antibody coated on a microfluidic
chip. More explanation on stronger avidity is given in the Supplement IIC.
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Figure 1. Microchip module with dimensions. The dimensions are in mm. The module is the size of
a typical slide, 25 × 75 mm. The channel depth is 0.076 mm.

 
 

  

(a) (b) (c) (d) 

Figure 2. Basic functionalization process: (a) prepare substrate with Biotin anti-CD3 antibody; (b) mix
blood with Dynabeads functionalized with anti-CD4 antibodies; (c) wash module with 400 μL DBPS
at 50 μL/min; (d) observe and count cells.

Our initial process used anti-CD4 antibodies (ab28069) on the substrate and anti-
CD3 antibodies on the microspheres. We encountered difficulties in the washing process.
In order to clear out the red blood cells, we need at least 50 μL/min flow rate inside
microfluidic channels. However, anything greater than 25 μL/min swept out some of the
white blood cells also. We reversed the antibodies. This created an improved binding
strength to capture CD4+ T helper cells to the substrate. We were able to use 50 μL/min
cleaning flow with good results. Better adhesion to the prepared substrate was achieved as
the Streptavidin layer was already well adhered, enabling a more vigorous wash cycle.

To find out the capture efficiency, the Dynabeads standard magnetic separation method
was used to separate out CD4+ T cells along with the Dynabeads in a tube. Dynabeads
were functionalized by a custom, proprietary anti-CD4 antibody. Initially, Dynabeads were
mixed with the blood sample in a tube. Then, the isolation of CD4+ T cells was performed
by an external magnet; the unbound entities from the blood were removed with the help
of a pipette washing. The DPBS was added to the captured beads-cell complexes, and
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the washing step was repeated again. This second washing step was performed to get rid
of any non-desired entity. Hence, CD4+ T cells and beads remained inside the tube. An
HC count was then used to count the cells under an inverted microscope (Nikon Eclipse
TE2000-S; Nikon, Japan) at 10× [18]. A standard counting method was used. The four
corner sections were each counted for the cells of interest, and then the cell count was
averaged. The cell count was then multiplied by the dilution factor.

For comparison, the microfluidic chip was also used for capturing CD4+ T cells. The
number of CD4+ T cells isolated with the help of Dynabeads was confirmed using an
alternate commercially available kit, “EasySep” from Stemcell Technologies [19], which
isolated CD4+ T by a negative selection. These cells were then used as a validation check in
one of the parallel channels in the microfluidic device to verify the process. As an additional
test to confirm white cell identification, NucBlue, a cell permanent counterstain, was used
with a Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories, Hercules, CA, USA) with 20×
objective lens cell imaging system.

The Dynabeads and CD4+ T cells were injected into the microchip having the anti-CD3
antibody functionalization. Figure 3 portrays a full wide-field view, taken on our lensless
equipment, that shows the full view of the microfluidic chip channel.

 
Figure 3. The left image is a lensless imaging system. LED is fitted inside the housing connected
to isolation tube followed by 100 microns-sized pinhole. The light passes through the pinhole and
shadow patterns of beads/cells are produced on CMOS sensor mounted on the base part. The chip
containing captured cells and beads is placed on CMOS sensor before taking the image. The upper
right lensless image was enlarged and shows beads and cells in a microfluidic chip module. The
bottom right image shows the typical width of field, which is that of the imaging device.

DPBS was used to wash the channels that reduced the clumping of beads and cells.
The channel washing was performed at a high flow rate of 50 μL/minute for 8 min. There
were only a few beads not attached to CD4+ T cells that were left in the channel.

2.5. Measurement of Capture Efficiency

As previously mentioned, the cell isolation process used the double selection method
with anti-CD4 antibody-coated Dynabeads and an anti-CD3 antibody immobilized to
the glass slide. The images of the captured cells were taken using the microscope and
are called the microscope count, MC. The image areas, microchip channel volume, and
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dilution amount are taken into account. Multiple images are necessary because the inverted
microscope (Nikon Eclipse TE2000-S) trades off magnification for coverage area, and the
CD4+ T count can be low per unit area. A wide area imaging technique was developed in
earlier work [20] to compensate for this, and the design is described in Section 3 D. Capture
efficiency was then the module microscope count (MC) divided by HC, the hemocytometer
count. The module count, MC, was done by stitching together 8 photographs down a
channel and then counting the CD4+ T cells. In both cases, at this magnification, resolution,
and narrow field of view, the low number of cells visible per image requires several different
pictures to get a sufficient sample. This is also true for a hemocytometer, HC, where several
photos were taken over several sectors. The images were then reviewed and CD4+ T cells
were identified and counted per unit volume.

MC: count on inverted microscope (Nikon Eclipse TE2000-S) of the microchip module.
HC: count on inverted microscope (Nikon Eclipse TE2000-S) of the hemocytometer,

Dynabeads process.
Efficiency = MC/HC % (1)

2.6. Measurement of Specificity

To verify our process separation of CD4+ T cells, a cell permeant counterstain was
used, NucBlue, (Hoechst 33342), that emits blue fluorescent light at 460 nm when bound
to DNA and excited by UV light. A Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories,
Hercules, CA, USA) with 20× objective lens was used. Brightfield (BF) and fluorescent
images (FC) were created, stored, and merged, as shown in Figure S2 of the Supplement.
An ImageJ program was then used to count cells and compare the BF and FC count. Visual
confirmation was done with the merged view. Specificity was then the FC divided by BF.

Specificity = FC/BF % (2)

2.7. Development of a Lensless System to Enable Wide-Field-Imaging

In the development of a lensless imaging system, the key design issue is to generate a
near monochromatic light source to ensure a parallel source without scattering. The module
needs to be as close as possible to the CCD imaging device. An experimental lab-quality
device was built as shown in Figure 3. It has the advantage of an X, Y, Z incremental
movement of the microchip module. Multiple channels can easily be observed and brought
into view. A portable lensless device is shown in Figure 3 that is suitable for a single channel
micromodule. A lensless system is capable of magnification due to the projection of the
image over a distance, and that diffraction widens the image with airy disks. The images are
not focused due to diffraction and the non-coherence of the wave. Computer enhancement
software was used that performs reverse diffraction [21]. The diffraction patterns recorded
by the CMOS image sensor were reverse diffracted using the angular spectrum method
(ASM). The program takes into account the diffraction distance, wavelength of light, and
pixel size. For the lensless case, the resolution was improved from 23 lines per mm to
29 Lp/mm [20]. The imaging setup had a field of view of 6.14 mm × 4.604 mm and had a
small pixel size (1.25 μm) that enabled digital magnification of small objects, such as small
microbeads or cells.

2.8. Process for Imaging and Counting Cells

The CD4+ T cells isolated from a blood sample can be counted manually. A visual
examination is needed for the identification of CD4+ T cells from unattached beads and
debris. If the sample can be sufficiently purified to mainly CD4+ T cells and attached
Dynabeads, then automatic counting based on the area can be employed to distinguish
cells from one another. The ImageJ [22,23] program was customized to automatically count
cells that were photographed on an inverted microscope (Nikon Eclipse TE2000-S) at 10×.
The Supplement provides details of the process of using ImageJ for various objects and
conditions. The parameters were also optimized for images from the Fluorescent Cell
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Imager (ZOE, Bio-Rad Laboratories, Hercules, CA, USA) with 20× objective lens and for
the images from lensless systems. The parameters are based on the type of object being
imaged. We were able to distinguish CD4+ T cells and the beads that were not attached to
cells. Dapi or NucBlue stains were used for fluorescence verification.

The Supplement I B. titled “Process for imaging and Counting Cells in ImageJ” and
Supplementary Table S1 show the basic ImageJ process parameters for counting the cells.

3. Results

3.1. Capture of CD4+ T Cells and Monocytes Using Dynabeads

Dynabeads functionalized with anti-human CD4 antibody (ThermoFisher, part num-
ber 11145D) [24] were utilized for the positive isolation of CD4+ T cells from whole blood
samples. EDTA was added to the fresh blood as an anticoagulant. Moreover, ultrapure
DPBS was used for washing purposes. The CD4 glycoprotein is expressed on two types
of cells, i.e., CD4+ T lymphocytes and CD4+ monocytes. However, CD4+ T lymphocytes
also express CD3 glycoprotein, whereas CD4+ monocytes do not express this CD3 antigen.
Therefore, we used this biomarker to isolate the pure population of CD4+ T lymphocytes
by binding them to the substrate and washing out the monocytes.

3.2. Microfluidic Device Process Verification

The CD4+ T cell isolation process was first verified by the standard method using an
inverted microscope (Nikon Eclipse TE2000-S), a hemocytometer, and a Fluorescent Cell
Imager (ZOE, Bio-Rad Laboratories, Hercules, CA, USA) microscope. Figure 4 presents the
image of the cells obtained with the Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories,
Hercules, CA, USA). The lensless system that was developed could then be accurately
utilized to the count the CD4+ T cells from the blood samples. The gold standard used
for comparison was the standard Dynabeads magnetic separation with a hemocytometer
count (HC) on an inverted microscope (Nikon Eclipse TE2000-S). Figure 5 portrays the
Dynabeads and Dynabeads with attached CD4+ T cells on a section of the hemocytometer.

 

Figure 4. Enlarged merged image from Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories, Hercules,
CA, USA) showing beads and white cells.
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Figure 5. Hemocytometer showing CD4+ T cells and beads from standard Dynabeads process. Note
that the normal Dynabeads process does not remove unattached beads since the magnetic force
cannot distinguish the difference. Visual identification is required for area calculations.

3.3. Process Verification Results with Blood Samples

The Continental Blood Bank, located locally in Fort Lauderdale, Fl., was the source
of several different whole blood samples from which we were able to successfully isolate,
identify, and count the CD4+ T cells using a microchip module. A wide-field optical setup
and an automatic counting method were used to finalize the count. Three different samples
are shown in Table 1. These are the whole blood samples. Sample 3 was first processed
with the EasySep CD4+ T isolation kit to isolate the CD4+ T cells. Table 1 exhibits the
results of the three different samples for specificity. Figure 4 portrays the CD4+ T cells
attached to beads in a merged view of fluorescence and bright-field images that were taken
on a Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories, Hercules, CA). The image was
enlarged to show the details of various CD4+ T cells containing beads and CD4+ T cells
that are also attached to the substrate.

Table 1. Process efficiency of the micromodule based on inverted microscope (Nikon Eclipse TE2000-
S) measurements.

Sample
HC

Hemocytometer Count
MC

Cell Count
Efficiency %

Sample 1 Blood 214 178 86

Sample 2 Blood 380 392 103

Sample 3 Blood
(Processed with EasySep kit) 1592 1680 106

Average 98.3 ± 10.8

The microfluidic device process was proven to be effective. Table 1 portrays the
efficiency of the process when comparing the microchip-based CD4+ T cell count to the
hemocytometer count when using the Nikon as the imaging device. Multiple images are
necessary for both the hemocytometer and the microchip module to ensure a sufficient
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sample. This is a standard procedure for the hemocytometer, and the cells were visually
identified and averaged. We were able to take a string of images (eight consecutive images)
down the center of the microchip module and form a unified image. Given a known
volume and area of the module, the concentration could be calculated. The small field
of view offered by a regular optical microscope demonstrated the need to create a wide-
field imaging system. We develop these simplified systems as presented in the wide-field
imaging section.

Table 2 shows the results of three different blood samples and their specificity. The
same image was taken as a fluorescent image and then a bright-field image. The Fluorescent
Cell Imager (ZOE, Bio-Rad Laboratories, Hercules, CA, USA) merged view shows a good
correlation between the bright field and the blue field. NucBlue was used as the UV dye
because it works with both alive and dead cells. It is anticipated that the final field process
will be dealing primarily with live cells since the assay time will be short.

Table 2. Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories, Hercules, CA, USA) used for specificity
measurement. Cells/image.

Sample
FC

Blue Count
BF

Bright Field
Specificity %

Sample 4 Blood 345 414 83

Sample 5 Blood 380 449 85

Sample 6 Blood
(Processed with EasySep kit) 311 311 100

Average 89.3 ± 9.3

The microchip process has been proven for cell isolation efficiency (98.3 ± 10.8%) and
specificity (89.3 ± 9.3%), as shown in Tables 1 and 2, respectively. The next step is to show
the results when using a lensless or wide-field lens system. The cell isolation efficiency was
88.5 ± 9.2%, as shown in Table 3. The specificity was already proven with the fluorescent
imaging system.

Table 3. Lensless cell count efficiency using a lensless or lens optical system.

Sample Blood
Hemocytometer

Count (HC)
Lensless

Cell Count
Percentage
Efficiency

Sample 7 Blood 380 311 82

Sample 8 Blood 480 457 95

Average 88.5 ± 9.2

3.4. Validation of Module Process and Counting Using Wide-Field Imaging

The microfluidic chip modules integrated with a lensless imaging system were de-
signed to have a wide field of view so that the large surface area of the chip can be imaged
rapidly. In CD4+ T cell isolation experiments, the number of cells to be counted per unit
area is small. It is necessary to have either multiple images or a wide-area imaging system
to capture a sufficient sample within the channel of the module.

Our previous work [20] has shown that wide-field lensless and custom-designed
lens systems are possible. A low-cost lensless system is also described in that paper. For
this work, we used the optical systems we had previously developed. A lensless system
has a wide field of view, conforming to the size of the imaging field-of-view, in this case,
6.14 × 4.6 mm, as shown in Figure 3. The resolution is limited by the size of the pixel
(1.25 um in this case) and the image area by the size of the array, 18 Megapixels. Figure 3
also portrays an enlarged section of the microchip module and shows the beads and CD4+
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T cells. Table 3 shows that the CD4+ T cell isolation efficiency was at 89 ± 9.19 for the
lensless system.

3.5. Conclusion and Discussion

A microfluidic chip-based assay has been developed that can sort out CD4+ T lympho-
cytes and count them using a microfluidic device, rather than magnetic separation, with
excellent specificity and efficiency. The developed process was proven to be successful
and provides 89.3 ± 9.3% capture specificity and 98.3 ± 10.8% capture efficiency inside
microfluidic channels. The processes have been simplified such that a portable microchip
design is possible for point-of-care use.

A wide-field optical system was explored, and its properties and limitations were
examined. Lensless equipment was designed, built, and tested to complement the mi-
crochip design. This imaging system allows a larger sample area to enable the accurate
counting and recognition of biological samples that normally have a low count per unit
volume but at a lower cost per assay. The ImageJ-based algorithm was structured and used
to automatically count cells. In the future, artificial intelligence could be used to better
identify different types of cells.

Simple systems, such as lensless or wide-field lens systems, can be used at the point-
of-care locations. This microfluidic device will enable wide-field optical systems to capture
a sufficient area to count a low number of cell assays. Overall, the developed method is
cost-effective, easy to use, and rapid, and can be used for counting CD4+ T cells at the
point-of-care settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12010012/s1, Figure S1. Process Flow Data Sheet. Figure S2.
From left to right The Bright field Image on Fluorescent Cell Imager (ZOE, Bio-Rad Laboratories,
Hercules, CA, USA). The Blue Field Image and The Merge Image, used to calculate Specification.
Note the large im-age but small size of cells. Table S1. Key ImageJ parameters for analyze
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Abbreviations

Antibody (Clone 13B8.2, CN: COIM0704) was purchased from Fisher Scientific (Fair Lawn, NJ, USA)
APTES slide APTES, 3-Aminopropyl Trimethoxysilane treated slide

ASSURED
Affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free,
and deliverable

BSA
lyophilized bovine serum albumin (BSA, CN a2153). A small stable protein of 607 amino
acids, it is used as a blocker to help antibodies find antigens by binding to non-specific
binding sites

DMSO
Dimethyl sulfoxide is polar organic solvent that is miscible with water. We mixed the GMBS
with DMSO so that it can be further cut and soluble in water. We can then apply to our
substrate. So that GMBS can adhere to the substrates, we have a double bond to the surface

DPBS D phosphate-buffered saline solution

DSA
Double sided adhesive tape. Forms the channel and binds the top and bottom layer in the
micro module

EDTA
Ethylenediaminetetraacetic acid; prevents the coagulation of blood cells by absorbing mental
ions to prevent binding of beads and blood

GMBS
N-γ-Maleimidobutyryloxy succinimide ester; this is a chemical that is a cross linker from
amino and sulfhydryl groups. It comes as a solid and is water insoluble. Therefore, must be
mixed with DMSO or DMF [3]. We use DMSO

HC Hemocytometer count
HIV Human immunodeficiency virus
Maleimide Activated Neutravidin This version can bond directly without using GMBS to cross link to slide
MC Microscope count

MPS
(3-Mercaptopropyl) trimethoxysilane (3-MPS, CN: 175617), b. This compound is an adhesive;
it has four hydrogen acceptor molecules and one donator

It is the first layer to adhere to a glass slide that has donor atoms
Neutravidin protein This protein is used to attach to the GMBS and the anti-CD4 antibody. Ka = 1015 M−1

NucBlue This stain is best for live and dead cells. It is from Invitrogen and similar to DAPI
PMMA Polymethymetacrylate sheet. It is an acrylic sheet that can be easily cut with a laser cutter
POC Point-of-care
WHO World Health Organization
Other items used were: anti-CD4 beads, absolute alcohol: ethanol 200 proof, OH−, and glass slides
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Ioniţă, M. Electrochemical

Detection Platform Based on RGO

Functionalized with Diazonium Salt

for DNA Hybridization. Biosensors

2022, 12, 39. https://doi.org/

10.3390/bios12010039

Received: 7 December 2021

Accepted: 10 January 2022

Published: 13 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Article

Electrochemical Detection Platform Based on RGO
Functionalized with Diazonium Salt for DNA Hybridization

Elena A. Chiticaru 1, Luisa Pilan 2,* and Mariana Ioniţă 1,3,*
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Abstract: In this paper, we propose an improved electrochemical platform based on graphene for the
detection of DNA hybridization. Commercial screen-printed carbon electrodes (SPCEs) were used
for this purpose due to their ease of functionalization and miniaturization opportunities. SPCEs were
modified with reduced graphene oxide (RGO), offering a suitable surface for further functionalization.
Therefore, aryl-carboxyl groups were integrated onto RGO-modified electrodes by electrochemical
reduction of the corresponding diazonium salt to provide enough reaction sites for the covalent
immobilization of amino-modified DNA probes. Our final goal was to determine the optimum
conditions needed to fabricate a simple, label-free RGO-based electrochemical platform to detect the
hybridization between two complementary single-stranded DNA molecules. Each modification step
in the fabrication process was monitored by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) using [Fe(CN)6]3−/4− as a redox reporter. Although, the diazonium electrografted
layer displayed the expected blocking effect of the charge transfer, the next steps in the modification
procedure resulted in enhanced electron transfer properties of the electrode interface. We suggest
that the improvement in the charge transfer after the DNA hybridization process could be exploited
as a prospective sensing feature. The morphological and structural characterization of the modified
electrodes performed by scanning electron microscopy (SEM) and Raman spectroscopy, respectively,
were used to validate different modification steps in the platform fabrication process.

Keywords: graphene; reduced graphene oxide; electrochemistry; electrochemical impedance
spectroscopy; DNA biosensor; diazonium chemistry; screen-printed electrodes; DNA hybridization

1. Introduction

Deoxyribonucleic acid (DNA) is a biopolymer that can self-assemble from two single-
strands (ss) in a unique way that conforms to the Watson−Crick base pairing rules [1].
This process of specific self-assembly between two complementary polynucleotides is
called hybridization and it is centered around the hydrogen bonds formed between the
nucleobase base pairs, producing a double-helix structure [2]. The complementarity of
DNA bases has been highly exploited in nanotechnology [3], in medicine [4] and in sensing
applications [5,6]. The high specificity of the self-pairing between single-stranded DNA
molecules can be used to detect specific sequences or biomarkers, which are related to
bacterial [7] or viral [8] infections, for example. Moreover, the hybridization event can
also be employed in the detection of DNA or messenger ribonucleic acid (mRNA) oligonu-
cleotides, which can be extremely valuable in point-of-care applications [9], as well as for
the diagnosis of various genetic mutations and diseases [10,11].

Electrochemical DNA biosensors are highly advantageous for the detection of par-
ticular ssDNA molecules due to their fast response time, inexpensive instrumentation
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and miniaturization potential [12]. Due to these advantages, DNA biosensors have been
used so far in various applications, such as clinical diagnostics [13], drug interactions [14]
and detection [15], and environmental monitoring [16]. The development of simple and
effective electrochemical methods is of high interest in nucleic acid detection [17]. In this
context, label-free approaches have attracted widespread interest as they can simplify the
manufacturing processes and are free from the possible unfavorable effects of the labels,
which proves their effectiveness for target sensing [18,19]. Many of these label-free detec-
tion strategies exploit the variation in the electrochemical signal of some charged freely
diffusing redox species as a result of the change in their accessibility to the electrode surface
driven by the target analyte binding [20]. One of the most employed redox species is the
negatively charged [Fe(CN)6]3−/4−, and the hybridization events are detected by several
methods, such as cyclic voltammetry (CV), differential pulse voltammetry (DPV), square
wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS).

The discovery of graphene and its related materials offers great opportunities for
the design of superior electrochemical DNA biosensors due to their unique properties,
such as high surface area, which can increase the immobilization capacity, increase the
electron transfer rate, and can contribute to excellent biosensor sensitivity [21]. The func-
tional groups present on the surface of graphene oxide (GO) can often be considered a
disadvantage in sensing applications because they limit the electrical conductivity of the
material. However, there are some strategies that exploit these functionalities by either
removing them through different approaches (chemical, electrochemical, thermal, etc.) [22]
or by increasing their reactivity through carbodiimide chemistry [23] in order to be further
covalently linked to amino-terminated molecules. As pointed out in the recent literature,
reduced graphene oxide (RGO) material offers a multitude of advantages compared to
other biosensing transducer materials by providing a balance between the beneficial prop-
erties of pristine graphene and GO, and through its feasibility for various functionalization
schemes suitable for the biorecognition elements immobilization [24,25]. It was confirmed
by different studies [26–28] that graphene functionalization is substantially enhanced when
the reaction is performed under electrochemical control. The Fermi level of graphene
can be shifted by adjusting the applied electrochemical potential, which is a simpler way
to increase the reactivity of the material than using aggressive chemicals to disrupt the
covalent sp2 bonds [29]. Among numerous functionalization strategies, the electrochemical
reduction of diazonium salts [30–34] has been proposed as a versatile method that affords
the grafting of a large variety of molecules at conductive substrates [35,36]. So far it has
been applied for different types of carbon-based substrates such as glassy carbon [37],
screen-printed carbon [38], carbon paste [39], graphite pencil [40] or carbon nanomaterials
electrodes [41,42], that function as transducers in a large number of sensors for bioanalytes,
such as proteins [43], DNA [44], RNA or cells [45]. Although great effort has been dedicated
to this subject, there is still no refined method available to mass-produce highly stable,
efficient biosensors with real applicability in biomedicine. Therefore, our aim was to design
an improved DNA detection platform in terms of stability, sensitivity and reproducibility,
by modulating the electrochemical parameters.

In a previous study [25], we have developed an electrochemical platform for DNA
detection by physical adsorption of DNA probe (DNAp) molecules onto RGO-modified elec-
trodes. Moreover, we have introduced a new protocol for the pretreatment of screen-printed
carbon electrodes (SPCEs) that were used in our work, which improved their electrochemi-
cal properties. Considering that the immobilization of oligonucleotides through physical
adsorption does not permit a high level of precision and control for DNA attachment on
the substrate, we are proposing a new approach that consists in the covalent immobiliza-
tion of amino-modified DNA probes onto a carboxylic functionalized RGO surface. This
strategy provides stronger and highly specific binding between the bioreceptor and the
working electrode by eliminating the possibility of DNA desorption [12], as opposed to the
non-covalent method [46,47]. The amino-modified ssDNA probes are covalently attached
at the RGO substrate through stable amide link via carbodiimide coupling reaction. Unlike
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other literature studies that report the same coupling chemistry for the biorecognition
element at the carboxylic functions of the GO [48], this work also exploits the significant
advantages of diazonium chemistry to provide the stable and controlled functionalization
of the RGO electrode with aryl carboxylic groups (Ar-COOH) [46], with the implied ben-
efits for ssDNA probe immobilization. A reproducible platform for DNA hybridization
detection was envisaged by putting special emphasis on the electrochemically controlled
fabrication steps for both the preparation of the RGO substrate electrode and the covalent
binding of the biorecognition element. In addition to the portability and cost-effectiveness
of SPCEs, the reproducible modification of these substrates with RGO and the controlled
covalent binding of the biorecognition element can enable the fabrication of competitive,
stable, reproducible and novel platforms for DNA hybridization detection. The effect of the
successive steps in the sensor fabrication process was established by the electrochemical
properties of the modified electrodes quantified by the charge transfer resistance (Rct)
and the electron transfer rate constant (k0) parameters. The electrochemical results were
in agreement with morphological and structural characterization studies performed by
scanning electron microscopy (SEM) and Raman spectroscopy, respectively. The improve-
ment in the charge transfer after the DNA hybridization process could be exploited as a
prospective sensing feature.

2. Materials and Methods

2.1. Reagents and Materials

Graphene oxide dispersion in water (2 mg/mL), KCl, HCl, H2NaO4P, HNa2O4P, N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysulfosucci
nimide sodium salt (NHS), NaNO2 and 4-aminobenzoic acid (4-ABA) were supplied by
Sigma-Aldrich (St. Louis, MO, USA). Potassium ferricyanide (K3[Fe(CN)6]) and potassium
ferrocyanide (K4[Fe(CN)6] × 3H2O) were purchased from Merck Co., (Darmstadt, Ger-
many). Single-stranded DNA probe modified with amino groups (5′-AmC6-TTT CAA CAT
CAG TCT GAT AAG CTA TCT CCC-3′), single-stranded DNA target (DNAt, 5′-GGG AGA
TAG CTT ATC AGA CTG ATG TTG AAA-3′) and 10 mM Tris, 0.1 mM EDTA (IDTE) buffer
were acquired from Integrated DNA Technologies, Inc (Coralville, IA, USA). The SPCEs
were thoroughly rinsed with ultrapure water (Adrona Crystal EX water purification sys-
tem, 18.2 MΩ × cm resistivity) after each modification. Screen-printed carbon electrodes
(SPCE-DRP 110) were purchased from Metrohm DropSens, Spain.

2.2. Procedures
2.2.1. Electrochemical Measurements

The SPCEs consisted of a 4 mm diameter working electrode (WE), a silver pseudo-
reference electrode (RE), and a carbon counter electrode (CE). Each SPCE modification was
investigated by cyclic voltammetry and electrochemical impedance spectroscopy, which
were performed at room temperature using a potentiostat/galvanostat Autolab PGSTAT
204 (Metrohm Autolab, Netherlands) equipped with NOVA 2.1 software. The SPCE was
attached to a connector (DSC) device from Metrohm Dropsens, functioning as an interface
between the SPCE and the potentiostat. The electrochemical measurements were recorded
by adding 100 μL 0.1 M KCl electrolyte solution containing 1 mM [Fe(CN)6]3−/4− redox
probe on the SPCE. CV curves were recorded by scanning the potential between −0.2 V
and +0.6 V, at a sweep of 0.05 V/s (unless stated otherwise). The impedance spectra were
recorded in the frequency range of 0.01–105 Hz, with 10 mV AC amplitude at an applied
potential of 0.16 V, which is the formal potential of the [Fe(CN)6]4−/3− redox probe vs. the
Ag pseudo reference electrode.

2.2.2. Morphological and Structural Characterization

A FEI high-resolution focused ion beam scanning electron microscopy (FIB-SEM)
system model Versa 3D DualBeam (FEI Company, Hillsboro, OR, USA) was used to charac-
terize the selected sample series. The plane view (0◦ tilt) samples’ surface morphology were
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investigated by detecting the secondary electrons (SE) signals in High-Vacuum operation
mode (6.1 × 10−4 Pa) at a working distance of 10 mm, using 10 kV as the accelerating
voltage and a spot size of 4.5. Moreover, the SmartSCAN scanning strategy and DCFI
drift suppression features of Versa 3D DualBeam tool were involved to fully ensure the
imaging stability.

Raman spectroscopy was performed in order to investigate the structural changes on
the surface of the electrodes. Raman spectra were obtained with a Renishaw inVia Raman
confocal spectrometer (Renishaw, Brno-Černovic, Czech Republic), using a laser excitation
wavelength of 473 nm and the 100× objective.

2.2.3. RGO-Modified Electrode Preparation Procedure

The electrodes coated with electrochemically reduced graphene oxide (further denoted
as RGO/SCPE) were prepared following the procedure described in [25]. Before any
modification, the SPCEs were pretreated by 5 voltametric cycles performed in 0.1 M HCl,
from +0.5 to −1.5 V, at the scan rate of 0.05 V/s, followed by 5 cycles in 0.1 M phosphate
buffer solution (PBS), pH 7, from 0 to +2 V, 0.05 V/s. This activation treatment ensures a
higher electron transfer rate for the redox probe at SPCE, illustrated by a smaller peak to
peak separation in the CV signal [25]. Subsequently, prior to the graphene modification
step, 3 μL PBS was deposited on the WE surface, and then the electrodes were washed
with ultrapure water and dried at 60 ◦C. As mentioned previously [25], this step is highly
important because it changes the surface properties of the carbon surface and it guarantees
a reproducible GO modification. Once the SPCEs cooled down, 3 μL of GO dispersion
(0.3 mg/mL) was cast on their surface, then dried at 60 ◦C for 2 h and kept at room
temperature overnight. Finally, the GO/SPCEs were reduced electrochemically by 10 CV
cycles applying a potential between 0 and −1.5 V, at a scan rate of 0.1 V/s, in 0.5 M KCl.
The measurements were performed in triplicate in order to ensure the reproducibility of
the procedure.

2.2.4. RGO/SPCE Functionalization by Diazonium Chemistry

The functionalization of RGO/SPCEs with carboxyphenyl layer was conducted with
in situ generated aryldiazonium cations that involved the electrochemical reduction of
the corresponding aniline (4-aminobenzoic acid) in acidic media. Specifically, 2 mM 4-
aminobenzoic acid was solubilized in 0.5 M aqueous HCl, to which 2 mM of sodium nitrite
was added to generate the aryl diazonium salt. After 5 min stirring at room temperature,
100 μL of mixture was immediately added onto the electrode surface, so as to cover all
connections. The electrochemical procedure employed for grafting was based on the
protocol described by Eissa et al. [49] and consisted in potential cycling for one cycle
between +0.3 V and −0.6 V, with a scan rate of 0.1 V/s. At this stage, an irreversible
reduction peak should be observed as a preliminary validation of the functionalization
process. After surface derivatization, the electrodes were rinsed with high amounts of
ultrapure water. The blocking properties of the modified electrodes evaluated by CV and
EIS in the presence of soluble electroactive [Fe(CN)6]3−/4− species also confirmed this
grafting step.

2.2.5. Fabrication of DNA Biosensor

The DNA biosensor was fabricated by covalently immobilizing the amino ssDNA
probe onto RGO/SPCE using carbodiimide chemistry. For this purpose, 0.2 M EDC and
0.05 M NHS in 0.1 M PBS buffer solution of pH 6, were used as activation agents for the
carboxyl groups confined at the electrode surface. After 2 h activation at room temperature,
the Ar-COOH/RGO/SPCEs were immersed overnight in the ssDNA probe solutions at
room temperature to obtain the detecting electrodes. Fresh DNA probes were prepared
from the stock solution of 100 μM to 10, 5, 1, and 0.5 μM using IDTE buffer to dilute.
The hybridization testing of the developed platform for the complementary target DNA
sequence was achieved by dropping an appropriate concentration of target DNA solution
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(in IDTE buffer) onto the SPCE modified with the recognition layer and incubating at
room temperature for 2 h. For longer times (i.e., 4 h and 6 h), no significant change in
the electrochemical studies occurred, indicating that the ssDNA probes immobilized onto
SPCE were completely hybridized by the target DNA after 2 h.

3. Results and Discussions

3.1. Morphological Characterization

The morphology of the modified electrodes was investigated by SEM, which is also
a useful technique to determine if the surface of the working electrodes is uniformly
covered with graphenic material. Several images were acquired from different spots on
the working electrodes and the most representative are presented in Figure 1. First of all,
the bare SPCE (Figure 1A) was studied and it revealed a rough porous surface similar to
the one previously obtained by us [25]. The image corresponding to GO/SPCE (Figure 1B)
shows homogenous coverage of the electrode surface with thin, well-dispersed graphene
oxide sheets, while RGO deposited on SPCE (Figure 1C) displays the typical graphene
morphology with wrinkled layers uniformly covering the whole working electrode. Finally,
Ar-COOH/RGO/SPCE (Figure 1D) reveals a morphology similar to the other electrodes
coated with graphenic species, showing thin graphene layers with creased margins. All in
all, the SEM images emphasize the flexibility of the graphenic sheets and confirm the
homogenous coverage of the electrodes with a thin layer of GO dispersion, while the
porous morphology of the carbon electrode can still be observed underneath.

 
Figure 1. SEM images of bare SPCE (A), GO/SPCE (B), RGO/SCPE (C), and Ar-COOH/RGO/SPCE
(D). Images recorded at 50 kX magnification.

3.2. Structural Characterization

Raman spectra (Figure 2) were recorded after each step of electrode modification to
investigate the changes in the graphenic structure. ID/IG ratio is higher for RGO compared
to GO due to the many structural defects that appeared as a consequence of removing
functional groups from the GO surface. Once Ar-COOH groups were grafted on the elec-
trode surface, more sp2 carbon bonds were formed and the G peak increased more than
the D band. The ID/IG ratio increased again after activation in EDC-NHS and decreased
after electrode incubation in the ssDNA probe, confirming the immobilization of oligonu-
cleotides on the activated Ar-COOH/RGO/SPCE platform. Moreover, the position of D
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and G vibrational bands was at approximately 1360 cm−1 and 1590 cm−1, respectively,
which is characteristic of graphene and its derivatives [50]. These two peaks change their
position after each electrode modification, recording the biggest shift after ssDNA probe
immobilization, which strongly suggests that the bioreceptor is indeed bound to the elec-
trode surface. The positions of the D and G bands along with the ID/IG ratios are presented
in Table 1.

 

Figure 2. Raman spectra of bare SPCE (a), GO/SPCE (b), RGO/SCPE (c), Ar–COOH/RGO/SPCE
(d), Ar–COOH/RGO/SPCE activated in EDC–NHS (e), and ssDNAp/Ar–COOH/RGO/SPCE (f).

Table 1. Positions of D and G bands and their ID/IG ratio from Raman spectra.

Electrode Modification D Band [cm−1] G Band [cm−1] ID/IG Ratio

SPCE 1362.9 1589.4 0.7167
GO/SPCE 1363 1591.4 0.7739

RGO/SPCE 1359.9 1591.7 1.0228
Ar–COOH/RGO/SPCE 1360.9 1593.6 0.9647

Ar–COOH/RGO/SPCE activated 1375.3 1608.3 1.0232
ssDNAp/Ar–COOH/RGO/SPCE 1373.6 1604 0.9713

3.3. Electrochemical Characterization
3.3.1. Carboxyphenyl Electrografted RGO Electrodes

The modification of commercial electrodes with RGO by applying our former opti-
mized protocol [25] with minor changes has been described in Section 2. As presented
in Figure 3, the modification of SPCEs with GO caused a decrease in the current peaks
that correlated with a high charge transfer resistance, characteristic to the poor conductive
properties of the oxygenated graphene. Nevertheless, the conductivity was improved with
the electrochemical reduction of GO, as can be seen by a substantial increase in the redox
peaks and a decrease in Rct. The subsequent diazonium electrografting of the electrode
surface with 4-carboxyphenyl moieties induced a significant decrease in peak currents
attributed to the electrostatic repulsion of negatively charged COOH groups (at neutral
pH) for the [Fe(CN)6]3−/4− ions (Figure 3A). The Nyquist plot of the carboxylic-grafted
RGO displayed a semicircle for the whole frequency domain, indicating that the interfacial
charge transfer dominates over mass transport effects (Figure 3B). The modification of
SPCE with GO dispersion was also confirmed by SEM analysis, which displayed a change
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in the WE morphology (see Section 3.1), while the changes in the electrochemical properties
observed after each SPCE modification were well correlated with the variations in the ID/IG
ratios from the Raman spectra reported in Section 3.2.

Figure 3. Electrochemical characterization for bare SPCE (a), GO/SPCE (b), RGO/SPCE (c), and
Ar–COOH/RGO/SPCE (d) modified electrodes: CVs, 0.05 V/s (A) and EIS Nyquist plots at 0.16 V
vs. Ag ref. (B) recorded in 1 mM [Fe(CN)6]3−/4−, 0.1 M KCl.

The typical mechanism for graphene covalent functionalization with aryl diazonium
salts consists in the transport of a delocalized electron from the graphene lattice to the
aryl diazonium cation that releases a nitrogen molecule and leads to a highly reactive
aryl radical [51]. These radicals then form covalent bonds with the carbon atoms of the
graphene structure, causing the conversion of the sp2-carbon in the graphene sheet to sp3

hybridization [52]. Although there are many challenges related to the precise control of the
structure of the aryl layers, the use of diazonium chemistry offers advantages in terms of
simplicity and long-term stability of the biorecognition layer [53]. Moreover, modulating
the degree of functionalization by using the electrochemical route for the reduction of aryl
diazonium salts represents an efficient alternative to traditional methods for graphene
functionalization [54].

The functionalization of the RGO surface was performed by electrochemical reduction
of in situ generated carboxyphenyl diazonium salt in acidic aqueous solution by CV, from
0.3 to −0.6 V vs. Ag ref. with a scan rate of 0.1 V/s. Upon first scanning, an irreversible
reduction wave was observed at −0.5 V vs. Ag ref., which can be attributed to the forma-
tion of the 4-carboxyphenyl radicals with subsequent covalent bond formation with the
graphene surface. In a second performed cycle, the cathodic peak disappears, indicating
the coverage of the RGO surface with the carboxyphenyl groups that block further elec-
tron transfer between the diazonium cations in the solution and the modified electrode
(Figure 4). This behavior agrees well with previously reported studies on the reduction
of diazonium cations onto other carbon materials in various forms [33,36]. These results
demonstrated that one reduction cycle is sufficient to saturate the electrode surface with
functional carboxyphenyl groups, and in the biosensor fabrication process we employed
one CV cycle at 0.1 V/s, which ensured a reproducible electrode. Moreover, extended
grafting was avoided in order to prevent the formation of poorly conducting multilayers,
which can create a significant barrier to electron transfer between the electrode and the
redox species in the solution [55,56].

239



Biosensors 2022, 12, 39

Figure 4. CVs corresponding to the 1st and 2nd cycles of the reduction of 4–carboxyphenyl diazonium
salt (generated in situ) at the RGO/SPCE (potential sweep from +0.3 V to −0.6 V at 0.1 V/s).

3.3.2. Amino-Modified ssDNA Probe Immobilization

The amine-modified ssDNA probe was covalently attached to the carboxyl groups
of the aryl layer through carbodiimide coupling, in the presence of EDC and NHS as
activating agents. In order to determine a saturation level, different concentrations for
the ssDNA solution in IDTE buffer (0.5, 1, 5, and 10 μM) were tested for the coupling
reaction. As depicted in Figure 5A, the CV tests for the ssDNA-modified electrodes in the
presence of [Fe(CN)6]3−/4− redox probes revealed consecutive losses in the peak currents’
intensity with an increasing concentration up to 5–10 μM, at which values, the response
signal stagnated. Based on these results, we considered that at 10 μM the electrode surface
was fully covered with specifically linked oligonucleotides, and this concentration of
ssDNA probe was chosen to further check the hybridization process. Interestingly, this
decrease in the peak currents was accompanied by a decrease in the peaks’ potential
separation (ΔEp). The ΔEp trend in the CV response was sustained by the results obtained
by faradaic impedance measurements (Figure 5B), with a decrease in Rct upon ssDNA probe
immobilization, which suggests an improvement in the kinetics of the [Fe(CN)6]3−/4− redox
species at the ssDNA-modified electrodes. This decrease in the Rct, despite the presence of
the negatively-charged DNA backbone, which is prone to repulse the ferri/ferrocyanide
ion, can be explained by an improvement in the hydrophilicity [57] of the interface in
comparison with the electrode simply modified with the aryl grafted layer.

 

Figure 5. CV (A) and EIS Nyquist plot (B) recorded in 1 mM [Fe(CN)6]3−/4−, 0.1 M KCl, for Ar–
COOH/RGO/SPCE activated in EDC–NHS, and incubated with 0.5, 1, 5, and 10 μM amino–modified
ssDNA probe.
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3.3.3. The Sensor Response for DNA Target Molecule

The hybridization between the probe and target DNA was monitored by using the
same ferri/ferrocyanide mixture as a redox indicator, while the EIS technique was em-
ployed to evaluate the recognition event (Figure 6). Table 2 presents the charge transfer
resistance values for the different steps in the electrode modification, obtained by fitting the
Nyquist spectra using a Randles equivalent circuit (inset Figure 6). Modification of the RGO
electrode with Ar-COOH groups induced a large increase in the Rct value due to the elec-
trostatic repulsion between the redox probe and the negatively charged carboxylic groups.
Still, as a result of the activation reaction with EDC/NHS and the formation of the NHS
ester, a significant decrease in its value was then observed. Although single-stranded DNA
probe molecules are also negatively charged and prone to repulse the ferri/ferrocyanide
ions, the further slight decrease in Rct might be explained by an increase in the hydrophilic
character of DNA functionalized electrodes compared with Ar-COOH/RGO/SPCE, which
aids the access of the negative redox couple to the electrode surface [44].

Figure 6. EIS Nyquist plot recorded in 1 mM [Fe(CN)6]3−/4−, 0.1 M KCl, for the Ar–COOH/RGO–
modified electrodes after activation of the carboxylic groups (a), after carbodiimide coupling with
10 μM NH2–DNA probe (b) and after hybridization with 200 nM DNA target (c). Inset: Randles
equivalent circuit used for fitting.

Table 2. Charge transfer resistance values obtained from EIS measurements for the different stages in
the electrode modification, along with the quality of fitting χ2 and standard deviation (SD).

Electrode Modification Rct χ2 SD

GO 10.5 0.0149 0.2121
RGO 1.7 0.0143 0.3111

Ar–COOH/RGO 36.3 0.0295 9.3338
Ar–COOH/RGO activated 13.5 0.0367 0.2828
ssDNAp/Ar–COOH/RGO 11.5 0.0236 0.9192

DNAt/ssDNAp/Ar–COOH/RGO 7.4 0.0178 0.7212

The spectrum (c) in Figure 6 shows a significant decrease in Rct upon DNA target
binding, which constitutes the basis of the detection process. This significant decrease in
charge-transfer resistance during hybridization can be associated with the morphological
changes resulting from the formation of the “rigid rod” double stranded (ds) DNA. Similar
behavior has been observed by Gooding et al. [58] for the free electrochemical detection
of DNA hybridization at SAM-modified Au electrodes. According to their studies, the
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hybridization opens the interface, allowing redox species in the solution to access the
surface and the electrochemical reaction to occur. This atypical decrease in Rct can be
justified considering that ssDNA probes behave as flexible molecules that lie down across
the modified electrode, thus contributing with direct electrostatic repulsion to the negatively
charged redox probe. Conversely, the more rigid dsDNA structure generated after the
hybridization process provides increased access of the [Fe(CN)6]3−/4− redox probe to
the electrode surface, and thus, improved electron transfer. This significant change in
Rct following DNA hybridization suggests that this electrochemical platform has great
potential as a high sensitivity DNA biosensor.

3.3.4. Assessment of the Electron Transfer Kinetics at the RGO-Modified Electrodes

In order to compare the charge transfer properties of the modified electrodes, we fur-
ther evaluated heterogeneous electron transfer rate constants for the [Fe(CN)6]3−/4− redox
couple. Scan dependence CV studies performed at RGO/SPCE, Ar-COOH/RGO/SPCE,
ssDNAp/Ar-COOH/RGO/SPCE, and DNAt/ssDNAp/Ar-COOH/RGO/SPCE (Figure 7)
displayed an increase in the peak-to-peak separation potential for all electrodes except
Ar-COOH/RGO/SPCE (not shown), for which passivation occurs due to grafted carboxylic
layers that suppress further electrochemistry of Fe(CN)6

3−/4− species. In all other cases, an-
odic and cathodic peak currents increase with increasing potential scan rate and are linearly
related to the square root of the scan rates in the range of 0.005–0.1 V/s (see the insets in
Figure 7), suggesting that the oxido-reduction process at the electrode surface is controlled
by diffusion. The Nicholson methodology [59] was applied to estimate k0 for the quasi-
reversible process of [Fe(CN)6]3−/4− at the modified electrodes. The values of the diffusion
coefficients of the oxidized and reduced forms of [Fe(CN)6]3−/4− DO = 7.6 × 10−6 cm2 s−1,
DR = 6.5 × 10−6 cm2 s−1 were taken from the literature [60], and the dimensionless kinetic
parameter Ψ was calculated by using the equation given by Lavagnini et al. [61]. The
calculated k0 values for the Ar-COOH/RGO/SPCE-modified electrodes after the ssDNA
probe immobilization, and the hybridization with DNA target are 1.65 × 10−3 cm s−1, and
2.06 × 10−3 cm s−1, respectively. This trend is in agreement with the EIS results reported
before, showing an improvement in the charge transfer after DNA hybridization process.

 

Figure 7. CV curves of ssDNAp/Ar–COOH/RGO/SPCE (A), and ssDNAp/Ar–COOH/RGO/SPCE
after hybridization with DNA target (B) recorded at different scan rates in 1 mM [Fe(CN)6]3−/4−,
0.1 M KCl solution. Inset: plot of anodic and cathodic peaks vs. square root of scan rate.

The same pattern in the sensor response was observed throughout the concentration
range of 1–200 nM, i.e., a smaller peak separation by DNA target addition, suggesting an
increase in the charge transfer rate with target concentration (Figure 8). These evident
changes in heterogeneous electron transfer as a result of the hybridization process should
support the further use of this detection platform for the advancement of DNA biosensors.

242



Biosensors 2022, 12, 39

 

Figure 8. CV curves (A) and the corresponding peak separation values, ΔEp (B) of ssDNAp/Ar–
COOH/RGO/SPCE after hybridization with different concentration of DNA target, recorded at a
scan rate of 0.05 Vs−1 in 1 mM [Fe(CN)6]3−/4−, 0.1 M KCl solution.

4. Conclusions

In summary, we have developed an RGO-based stable and reproducible biosensing
platform capable of achieving label-free and sensitive detection of DNA hybridization.
To the best of our knowledge, no attempts have been presented to date in the literature
to develop electrochemical label-free DNA detection platforms at graphene electrodes by
ssDNA probe immobilization through diazonium chemistry. The diazonium-grafted layers
allow for the controlled immobilization of oligonucleotide probes at the RGO substrate,
which results in stability and hybridization efficiency. Our label-free diazonium-based
strategy relies on the changes in the accessibility of a redox probe in the solution to the
RGO electrode surface, as a consequence of the changes in the flexibility of the DNA
oligonucleotides upon hybridization. This conclusion was supported by the kinetic study
performed at the RGO-modified electrodes with ssDNA probes and in the presence of
target, which demonstrated a faster redox reaction after the hybridization process as the
resulting rigid dsDNA structure facilitates the redox probe access to the electrode surface.
In addition, the modification of SPCE with GO dispersion was evidenced by SEM analysis,
while the electrochemical features observed by CV and EIS after each electrode modification
were in agreement with the variations in the ID/IG ratio from the Raman spectra. This new,
simple, reproducible protocol proposed by us has great potential to be employed for the
future manufacturing of miniaturized, sensitive and stable DNA biosensors.
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40. Gökçe, G.; Ben Aissa, S.; Nemčeková, K.; Catanante, G.; Raouafi, N.; Marty, J.-L. Aptamer-modified pencil graphite electrodes for
the impedimetric determination of ochratoxin A. Food Control 2020, 115, 107271. [CrossRef]

41. Raicopol, M.; Necula, L.; Ionita, M.; Pilan, L. Electrochemical reduction of aryl diazonium salts: A versatile way for carbon
nanotubes functionalisation. Surf. Interface Anal. 2012, 44, 1081–1085. [CrossRef]

42. Randriamahazaka, H.; Ghilane, J. Electrografting and Controlled Surface Functionalization of Carbon Based Surfaces for
Electroanalysis. Electroanalysis 2016, 28, 13–26. [CrossRef]

43. Gillan, L.; Teerinen, T.; Johansson, L.-S.; Smolander, M. Controlled diazonium electrodeposition towards a biosensor for C-reactive
protein. Sens. Int. 2021, 2, 100060. [CrossRef]

44. Mousavisani, S.Z.; Raoof, J.-B.; Turner, A.P.F.; Ojani, R.; Mak, W.C. Label-free DNA sensor based on diazonium immobilisation for
detection of DNA damage in breast cancer 1 gene. Sens. Actuators B Chem. 2018, 264, 59–66. [CrossRef]

45. Polsky, R.; Harper, J.C.; Wheeler, D.R.; Arango, D.C.; Brozik, S.M. Electrically addressable cell immobilization using phenylboronic
acid diazonium salts. Angew. Chem. Int. Ed. 2008, 120, 2671–2674. [CrossRef]

46. Hu, Y.; Li, F.; Han, D.; Wu, T.; Zhang, Q.; Niu, L.; Bao, Y. Simple and label-free electrochemical assay for signal-on DNA
hybridization directly at undecorated graphene oxide. Anal. Chim. Acta 2012, 753, 82–89. [CrossRef] [PubMed]

47. Giovanni, M.; Bonanni, A.; Pumera, M. Detection of DNA hybridization on chemically modified graphene platforms. Analyst
2012, 137, 580–583. [CrossRef] [PubMed]

48. Gong, Q.; Yang, H.; Dong, Y.; Zhang, W. A sensitive impedimetric DNA biosensor for the determination of the HIV gene based on
electrochemically reduced graphene oxide. Anal. Methods 2015, 7, 2554–2562. [CrossRef]

49. Eissa, S.; Jimenez, G.C.; Mahvash, F.; Guermoune, A.; Tlili, C.; Szkopek, T.; Zourob, M.; Siaj, M. Functionalized CVD monolayer
graphene for label-free impedimetric biosensing. Nano Res. 2015, 8, 1698–1709. [CrossRef]

50. Wu, J.-B.; Lin, M.-L.; Cong, X.; Liu, H.-N.; Tan, P.-H. Raman spectroscopy of graphene-based materials and its applications in
related devices. Chem. Soc. Rev. 2018, 47, 1822–1873. [CrossRef] [PubMed]

51. Sun, Z.; Guo, D.; Wang, S.; Wang, C.; Yu, Y.; Ma, D.; Zheng, R.; Yan, P. Efficient covalent modification of graphene by diazo
chemistry. RSC Adv. 2016, 6, 65422–65425. [CrossRef]

52. Jiang, D.-e.; Sumpter, B.G.; Dai, S. How do aryl groups attach to a graphene sheet? J. Phys. Chem. B 2006, 110, 23628–23632.
[CrossRef]

53. Pilan, L. Tailoring the performance of electrochemical biosensors based on carbon nanomaterials via aryldiazonium electrografting.
Bioelectrochemistry 2021, 138, 107697. [CrossRef]

54. Ambrosio, G.; Brown, A.; Daukiya, L.; Drera, G.; Di Santo, G.; Petaccia, L.; De Feyter, S.; Sangaletti, L.; Pagliara, S. Impact of
covalent functionalization by diazonium chemistry on the electronic properties of graphene on SiC. Nanoscale 2020, 12, 9032–9037.
[CrossRef]

55. Lee, L.; Ma, H.; Brooksby, P.A.; Brown, S.A.; Leroux, Y.R.; Hapiot, P.; Downard, A.J. Covalently anchored carboxyphenyl
monolayer via aryldiazonium ion grafting: A well-defined reactive tether layer for on-surface chemistry. Langmuir 2014, 30,
7104–7111. [CrossRef] [PubMed]

245



Biosensors 2022, 12, 39

56. Phal, S.; Shimizu, K.; Mwanza, D.; Mashazi, P.; Shchukarev, A.; Tesfalidet, S. Electrografting of 4-carboxybenzenediazonium
on glassy carbon electrode: The effect of concentration on the formation of mono and multilayers. Molecules 2020, 25, 4575.
[CrossRef]

57. Wallen, R.; Gokarn, N.; Bercea, P.; Grzincic, E.; Bandyopadhyay, K. Mediated electron transfer at vertically aligned single-walled
carbon nanotube electrodes during detection of DNA hybridization. Nanoscale Res. Lett. 2015, 10, 1–11. [CrossRef] [PubMed]

58. Gooding, J.J.; Chou, A.; Mearns, F.J.; Wong, E.; Jericho, K.L. The ion gating effect: Using a change in flexibility to allow label free
electrochemical detection of DNA hybridisation. Chem. Commun. 2003, 15, 1938–1939. [CrossRef]

59. Nicholson, R.S. Theory and application of cyclic voltammetry for measurement of electrode reaction kinetics. Anal. Chem. 1965,
37, 1351–1355. [CrossRef]

60. Ojeda, I.; Barrejón, M.; Arellano, L.M.; González-Cortés, A.; Yáñez-Sedeño, P.; Langa, F.; Pingarrón, J.M. Grafted-double walled
carbon nanotubes as electrochemical platforms for immobilization of antibodies using a metallic-complex chelating polymer:
Application to the determination of adiponectin cytokine in serum. Biosens. Bioelectron. 2015, 74, 24–29. [CrossRef]

61. Lavagnini, I.; Antiochia, R.; Magno, F. An extended method for the practical evaluation of the standard rate constant from cyclic
voltammetric data. Electroynalysis 2004, 16, 505–506. [CrossRef]

246



biosensors

Article

Plastic Antibody of Polypyrrole/Multiwall Carbon Nanotubes
on Screen-Printed Electrodes for Cystatin C Detection

Rui S. Gomes 1,2,3, Blanca Azucena Gomez-Rodríguez 4, Ruben Fernandes 5,6,7, M. Goreti F. Sales 1,2,3,

Felismina T. C. Moreira 1,3,* and Rosa F. Dutra 4,*

Citation: Gomes, R.S.;

Gomez-Rodríguez, B.A.; Fernandes,

R.; Sales, M.G.F.; Moreira, F.T.C.;

Dutra, R.F. Plastic Antibody of

Polypyrrole/Multiwall Carbon

Nanotubes on Screen-Printed

Electrodes for Cystatin C Detection.

Biosensors 2021, 11, 175. https://

doi.org/10.3390/bios11060175

Received: 18 April 2021

Accepted: 26 May 2021

Published: 31 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 BioMark@ISEP, School of Engineering, Polytechnic Institute of Porto, 4249-015 Porto, Portugal;
deb12008@fe.up.pt (R.S.G.); goreti.sales@eq.uc.pt (M.G.F.S.)

2 BioMark@UC, Department of Chemical Engineering, Faculty of Science and Technology, University Coimbra,
3030-790 Coimbra, Portugal

3 CEB, Centre of Biological Engineering, University of Minho, 4715-000 Braga, Portugal
4 Biomedical Engineering Laboratory, Federal University of Pernambuco, Recife 50670-901, PE, Brazil;

blanca.gr@teziutlan.tecnm.mx
5 LaBMI–PORTIC, Laboratory of Medical and Industrial Biotechnology–Porto Research, Technology &

Innovation Centre, Polytechnic Institute of Porto, 4200-472 Porto, Portugal; rfernandes@ess.ipp.pt
6 Escola Superior de Saúde, Polytechnic Institute of Porto, 4200-072 Porto, Portugal
7 i3S-Institute of Health and Research Innovation, University of Porto, 4200-135 Porto, Portugal
* Correspondence: ftm@isep.ipp.pt (F.T.C.M.); rosa.dutra@ufpe.br (R.F.D.)

Abstract: This work reports the design of a novel plastic antibody for cystatin C (Cys-C), an acute
kidney injury biomarker, and its application in point-of-care (PoC) testing. The synthetic antibody was
obtained by tailoring a molecularly imprinted polymer (MIP) on a carbon screen-printed electrode
(SPE). The MIP was obtained by electropolymerizing pyrrole (Py) with carboxylated Py (Py-COOH)
in the presence of Cys-C and multiwall carbon nanotubes (MWCNTs). Cys-C was removed from the
molecularly imprinted poly(Py) matrix (MPPy) by urea treatment. As a control, a non-imprinted
poly(Py) matrix (NPPy) was obtained by the same procedure, but without Cys-C. The assembly of
the MIP material was evaluated in situ by Raman spectroscopy and the binding ability of Cys-C was
evaluated by the cyclic voltammetry (CV) and differential pulse voltammetry (DPV) electrochemical
techniques. The MIP sensor responses were measured by the DPV anodic peaks obtained in the
presence of ferro/ferricyanide. The peak currents decreased linearly from 0.5 to 20.0 ng/mL of Cys-C
at each 20 min successive incubation and a limit of detection below 0.5 ng/mL was obtained at pH
6.0. The MPPy/SPE was used to analyze Cys-C in spiked serum samples, showing recoveries <3%.
This device showed promising features in terms of simplicity, cost and sensitivity for acute kidney
injury diagnosis at the point of care.

Keywords: cystatin C; molecularly imprinted polymer; electrochemical biosensor; polypyrene;
multiwall carbon nanotubes; acute kidney injury

1. Introduction

Worldwide, chronic kidney disease (CKD) constitutes a great economic impact with
high rates of morbidity and mortality [1]. Renal substitutive therapy is a burden, especially
for low-income countries, since their socio-economic conditions restrain effective programs
of non-preventable cardiovascular diseases and diabetes, drug therapy, tobacco control,
promotion of physical activity and the reduction of salt intake through legislation and
food [2]. Patients undergoing chronic renal replacement therapy have an increased chance
of acute kidney injury (AKI) and consequent death [3]. AKI is characterized by a rapid
decline in the glomerular filtration rate, thus, biomarkers should be continuously monitored
in chronic renal patients to increase their survival rates [3,4]. Cystatin C (Cys-C) is a single
non-glycosylated polypeptide chain consisting of 120 amino acid residues with a molecular
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mass of 13 kDa, and is more specific as a renal biomarker for glomerular filtration than
creatinine, because it does not depend on gender, age, diet and muscle mass [4–8].

Thus, development of new methods for monitoring Cys-C that are user-friendly
and practical in point-of-care (PoC) settings could represent a strategy to follow patients
with AKI. Due to the major advances in nanotechnology [9], several biosensors for Cys-C
have been developed for this purpose. Most of these are immunosensors and employ
naturally derived antibodies. They include impedimetric systems with an interdigitated
electrode [10] or a three-electrode system [11], spectroelectrochemical systems using TiO2
nanotube arrays [12] or gold nanopillar substrates [13], electrochemiluminescence systems
using Au/Pd/Pt nanoflowers modified with MoS2 nanosheets [14] or a graphene sheet
modified with a layer of rubrene [15] or reflectometric interference spectroscopy systems
employing glass substrates [16]. As an alternative to immunosensors, enzymatic-based
sensors have also been developed [17]. Overall, all these sensing materials are of natural
origin, making the devices less stable, less reproducible and more expensive.

Alternative synthetic recognition materials include molecularly imprinted polymers
(MIPs), working as biorecognition elements that ensure that electrochemical responses
come from Cys-C. MIPs are known as plastic antibodies for mimicking the behavior of
antibodies obtained from biological sources. These polymers can selectively recognize
a given target molecule to which they are designed. If applied as recognition units of
biosensors, these receptors provide very high selectivity, so the use of MIPs as recognition
units in biochemical sensors is gaining increasing interest. Overall, the presence of a
biorecognition element is essential, or else the response of the biosensor to real samples
would be linked to all compounds present in the sample and not only to Cys-C, as the
working electrode would absorb/adsorb any protein/biomolecule present. Thus far,
there is no MIP material for Cys-C that we know of. In general, MIP materials offer
long-term stability, are inexpensive and can be tailor-made on demand, for almost any
intended target compound [18,19]. Moreira et al. (2013) are among the pioneers of this
field, proving that the integration of plastic antibodies for detecting protein biomarkers
in simple biosensing technology is possible [20]. MIP materials may be tuned to display
conductive features, fulfilling electron transfer requirements and benefiting the subsequent
electrochemical responses.

MIP materials may be composed of conducting polymers, such as polypyrrole (PPy), a
widely known conducting polymer that could be employed as a polymeric network of MIP
material, offering easy electropolymerization [21]. In combination with carbon nanotubes
(CNTs), the nanocomposite PPy/CNT exhibits a high doping and de-doping rate and
a high capacity of charge storage, making it a supercapacitor [22]. When a PPy/CNT
composite is obtained by electrosynthesis, it achieves a long cycle life, derived from strong
π–π bonds between the PPy conjugated structure and the CNT [10].

Thus, this work reports, for the first time, MIP material for Cys-C, produced by
electropolymerizing in situ Py-based monomers in the presence of the target protein. The
contribution of additional conductive materials based on CNTs was also evaluated. The
MIP synthesis was optimized, characterized and suitable and applied to check application
feasibility of the final biosensor.

2. Experimental Section

2.1. Apparatus

The electrochemical measurements were conducted with a potentiostat/galvanostat
from Metrohm Autolab and a PGSTAT302N. Carbon SPEs (C-SPEs) were from Dropsens
(DRP-C110, Oviedo, Spain). The working electrode had a diameter of 4 mm and work-
ing/counter electrodes were made of carbon and the reference electrode was made of
silver. C-SPEs were interfaced with the potentiostat via a specially designed switch box
(BioTID, Porto, Portugal). Raman spectroscopy data were collected by Thermo Scientific
DXR equipment, with a confocal microscope and a 532 nm laser. The Raman spectrometer
was operated with 2 mW laser power and a 50 μm slit aperture.
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2.2. Reagents and Solutions

De-ionized laboratory grade water was employed, and all chemicals were of analyti-
cal grade. Potassium hexacyanoferrate III (K3[Fe(CN)6]), potassium hexacyanoferrate II
(K4[Fe(CN)6]) trihydrate, L-ascorbic acid and sodium acetate were obtained from Riedel-de
Häen. Cys-C, MWCNTs and urea were obtained from Fluka. Py, sodium chloride (KCl)
and Py-COOH (Py-3-carboxylic acid, 99%) were obtained from Merck. Creatine kinase
iso-enzyme was obtained from European Reference Materials. Creatinine and bovine
serum albumin were obtained from Amresco.

Electrochemical readings were carried out in 5.0 × 10−3 mol/L K3[Fe(CN)6] and
K4[Fe(CN)6] redox standard solution, prepared in 0.1 mol/L KCl. Selectivity studies
used synthetic serum spiked with other compounds that could act as interfering species
(creatine kinase-MB 0.2 g/L, ascorbic acid 0.15 g/L, creatinine 1g/L and bovine serum
albumin 12 g/L). Spiked serum samples were diluted 10 times in human serum obtained
as Cormay®HN.

2.3. Electrochemical Procedures

Electrochemical data were obtained by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). For the control of the surface immobilization, CV was carried out from
−0.6 to +0.6 V with a scan rate of 20 mV/s and DPV was carried out from −0.3 to +0.3 V.
Electrochemical readings were obtained for MPPy and NPPy materials using a minimum
of three replicate readings (n < 3). Calibration curves used DPV data using the NOVA
software program.

The calibration curve was made by incubating increasing concentrations of Cys-C
standard solutions for 20 min. After each concentration, the electrochemical response of the
standard probe [Fe(CN)6]3−/4− was collected, obtaining in this stage the electrical features.
The Cys-C concentrations ranged from 0.5 to 40 ng/mL, prepared in acetate buffer pH 6.0.

Selectivity data were collected by incubating Cys-C standard solutions prepared with
diluted spiked Cormay® serum.

2.4. Production of the Plastic Antibody on the C-SPE

C-SPEs were first pre-treated by applying +1.7 V for 200 s to a 0.1M KCl solution. The
MPPy film was obtained as described in Figure 1. Electropolymerization of both MPPy
and NPPy was achieved by 10 CV scans, with a start potential of −0.5 V, a lower vertex
potential of −0.8 V and an upper vertex potential +0.8 V, with a scan rate of 20 mV/s. The
MPPy material was obtained in a pH 6 acetate buffer solution containing MWCNTs (40 %),
Py (80.0 mol/L), 10% Py-COOH (4.0 mmol/L) and 1% Cys-C (0.050 μg/mL). The NPPy
material was obtained by the same procedure, but without Cys-C in the solution.

The use of pH 6 and 1% Cys-C followed previous preliminary experiments involving
other protein imprinting assemblies. The overall composition was selected according to the
experience of the research groups and optimization steps. In addition, the use of a small
amount of Py-COOH compared to Py followed the same principle as that of the preparation
of a material denoted as SPAM in the literature [23]. In it, the protein is surrounded by
a monomer that is different from the overall polymeric matrix, aiming to enhance the
capacity of recognizing this protein (it has a higher affinity to the binding site).

Cys-C from was extracted from the polymeric network by incubating the working
electrode area of the MPPy/C-SPEs in 0.1M urea for 3 h. The electrode surface was then
washed several times in acetate buffer to remove any contaminants on the surface and
rinsed with water.
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Figure 1. Schematic representation of the assembly process of the imprinted material.

3. Results and Discussion

3.1. Follow-Up of the Surface Modification

The Raman spectra of carbon working electrodes on the C-SPE and their subsequent
modification with MPPy and NPPy materials are shown in Figure 2. As expected from the
literature, the G- and D-bands are the more relevant peaks [24,25]. The G-band shows the
presence of sp2 hybrid orbitals in rings and chains, while the D-band reveals hexagonal
lattice defects of carbon-based materials, including sp3–carbon hybridization. The G- and
D-bands of the pre-treated C-SPE were at 1577.6 cm−1 and 1314.2 cm−1 Raman shifts [25],
and those of the MPPy and NPPy materials moved to higher Raman shift values, thereby
confirming the modification made to the substrate. It may be that the modification consisted
of the formation of a thin film of PPy with CNTs and with carboxylated moieties from the
Py-COOH, because the spectra obtained had no evidence of specific PPy peaks.

 

Figure 2. Raman spectra of the carbon working electrode on the SPE (C-SPE) and its subsequent
modification with MPPy and NPPy materials.

Moreover, the changes in the ratio of the intensity of G- and D-bands was analyzed, as
they reflect changes in the organization of the carbon materials and may help to confirm
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the chemical modifications made to the carbon electrode. In simple terms, an increasing
ID/IG ratio reveals increasing disorder degrees within the materials [26]. The ID/IG ratio
of the working electrode of non-modified C-SPE was 0.87, while the ratios of MPPy and
NPPy were 0.72 and 0.67, respectively. These decreasing ratios on the polymer-modified
electrodes confirmed the presence of a polymeric film because PPy is a conducting polymer
with conjugated C=C bonds and CNTs were introduced in the polymeric network. The fact
that NPPy had a lower ratio than MPPy was related to two effects: (1) the non-imprinted
film does not contain Cys-C molecules entrapped within the network, because they were
absent in the synthesis process; (2) the film may have been formed to a greater extent,
because the presence of a protein at the time of polymer growth hinders polymer formation.

Overall, Raman analysis confirmed the presence of the polymeric materials on both
MPPy and NPPy devices and the differences between imprinted and non-imprinted devices
seem to confirm a different composition of the sensing materials.

3.2. Polypyrrole-Based Sensing Element

A PPy-based material was employed as the basis for creating a sensing element of Cys-
C, due to its excellent conductivity features that may enhance sensitivity. This was done by
electrochemical polymerization, in which the oxidation of the monomers under a suitable
anodic potential or current produces a radical cation. These radical species are highly
unstable, reacting with each other to create a radical dimer, which in turn is transformed
into a trimmer, leading, in time, a to longer polymer chain. Apart from being able to
produce a 3D network capable of recognizing Cys-C, the resulting polymer should lead to
a stable electrochemical signal. This is fundamental to ensuring that the electrochemical
signal changes are related only to Cys-C and not to random background changes or signal
drifting. This depends mostly on the conditions selected to obtain the polymeric network.
Thus, different NPPy devices were prepared first by CV, for optimizing the production of
this polymeric film.

The effect of the potential range of the CV scan was evaluated first, as it contributes to
the way the polymer grows, keeping in mind that the oxidation peak of the monomer Py is
included within this range. Three different potential ranges were tested: (i) −0.80 to +0.65 V,
(ii) −0.80 to +0.80 V and (iii) −0.80 to +1.40 V. In general, the increasing potentials increased
the number of radical species formed and thereby the extent of polymer formation, as more
energy was being introduced into the electrochemical system. While the higher potential
values had the possibility of leading to the overoxidation of the polymeric film, the lower
values displayed poorer reproducibility. This poor reproducibility reflected the fact that
the voltage required to reach the maximum Py oxidation (maximum current) was far from
being achieved. Thus, the selected range of potential was within −0.80 to +0.80V, which
ensured the production of a reproducible and stable polymeric layer.

The stability of the NPPy film formed is also intrinsically linked to the potential
range selected, according to our experience. A total of 10 CV scans was used in each
condition, with a scan rate of 20 mV/s. In general, the number of selected CV scans
is based on the stability of the sensor after successive readings with a redox probe and
washing steps with the buffer. Using 10 CV scans, the sensor displayed reproducible and
stable electrochemical data.

The behavior of the resulting films was evaluated by CV and DPV readings in the
presence of the standard redox probe solution. The data obtained are shown in Figure 3.
When the films were obtained in the potential range −0.80 to +0.65 V, the peak separation
was lower than 0.15V, with the redox probe showing a quasi-reversible behavior. However,
the successive incubations of the acetate buffer solution yielded unstable readings. This
could the attributed to the incomplete polymerization of the monomer species, which
in this condition would undergo chemical changes when subject to the electrochemical
reading conditions of the probe. The preparation of films within the potential range −0.80
to +0.80 V led to increased currents that revealed the presence of an increased electroactive
area, associated with a higher conductivity. In contrast, for the potential range −0.80 to
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+1.4 V, the electrochemical measurements of the redox probe after successive readings
were very stable, but the current signal was much reduced by the formation of a highly
insulating film. This result reflected the overoxidation of Py, which was close to +1.1 V [27].

 

Figure 3. CV (left) and DPV (right) voltammograms of a 5.0 mmol/L [Fe (CN)6]3−/4− solution in KCl 0.1 mol/L on PPy
films prepared with C-SPE electrodes with different potential ranges, starting at −0.80 V and finishing at +0.65, +0.80 or
+1.40 V.

Overall, according to both CV and DPV studies of the different films, the best com-
promise between electron transfer and sensor surface stability was obtained for PPy films
produced within −0.80 to +0.80 V. This experimental condition was used in further studies.

3.3. MWCNT Effect

In general, MWCNTs improve electron transfer and superficial area in electrochemical
systems, thereby improving the electrical properties of electrochemical biosensors. Thus,
to produce a conductive MPPy of improved electrical features, MWCNTs were added to
the reaction mixture, forming a nanocomposite material of PPy/CNT. This nanocomposite
is also known to act as a supercapacitor due to its good properties of charge delivery and
energy/electron storage. Overall, the inclusion of CNTs within the PPy network formed a
3D structure of increased conductivity, derived from the cross-talk between the conjugated
π–π bonds of the PPy structure and of the CNT sidewalls [28].

The effect of the addition of MWCNTs to the PPy network was evaluated by CV
scanning of the standard redox probe. The data obtained was shown in Figure 4. A
reduction of 30% in the peak-to-peak potential separation (ΔE) was observed with the
addition of MWCNTs. The typical ΔE of PPy decreased from 0.382 to 0.264 V by adding
MWCNTs to the polymerizing mixture, reflecting an improvement in the conductivity of
the material. In addition, the faradaic current was also increased by the presence of the
MWCNTs, just as expected [29].
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Figure 4. CV voltammograms of a solution of a 5.0 mmol/L [Fe (CN)6]3−/4− solution in KCl
0.1 mol/L casted on the NPPy material assembled from −0.80 V to +0.80V, with or without MWCNTs,
on substrates of C-SPEs.

The effect of the PY was also evaluated by measuring the specific capacitance (Cs). It
was calculated by means of Equation (1), in which i is current, V potential window, scan
rate and m mass-specific capacitance (F/g). The results indicated that the presence of PPy
on the cleaned electrode surface increased the Cs about 12.6%.

Cs = (
∫

i.dV)/(ν.m.ΔV) (1)

3.4. Synthesis of the Imprinted Material

The synthesis of the MPPy material was carried out by following the previously
selected conditions, adapted to the target compound. Specifically, human Cys-C exists
in two isoforms with the isoelectric points 9.2 and 7.8 [30], meaning that it is positively
charged in serum, or in pH 6, the pH selected for this work [31]. Thus, the addition of
negatively charged monomer species could intensify the binding of Cys-C to the final
polymeric network [32]. This would enhance the sensitivity of the final device.

Thus, the MPPy film was obtained by adding Py-COOH to Cys-C and allowing (over
30 min) self-arrangement between these compounds, by means of ionic interactions. In brief,
the negatively charged carboxylic groups of the Py-COOH, at pH 6, were expected to bind
to the positively charged amino groups from the protein, by means of ionic interactions.
This self-arranged structure was then added to the Py/MWCNT solution, to undergo
electropolymerization on the working electrode of the C-SPE. Electropolymerization was
conducted by CV, under the selected optimum conditions. Cys-C was then extracted from
the polymeric network by treatment with a urea solution (5 μL of 0.1 M of urea dissolved
in water were cast on the working electrode area), to leave vacant binding positions with a
complementary charge and shape to the target protein.

The C-SPE surface modification was followed by CV and DPV procedures. The CV
profiles of the iron redox probe obtained after formation of the polymeric film (MPPy and
NPPy) clearly confirmed the presence of this polymer on the C-SPE (Figure 5). This was
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confirmed by the increasing of the overall area of the CV voltammograms after formation of
the polymeric layer. This behavior also evidenced the presence of a more capacitive surface.

  

Figure 5. CV (A) and DPV (B) voltammograms of a 5.0 mmol/L [Fe (CN)6]3−/4− solution in KCl 0.1 mol/L corresponding to
the assembly of the MPPy and NPPy devices, in the several stages of this process (the blank C-SPE, the electropolymerization
on top of it and the subsequent urea treatment), along with the incubation of Cys-C solution (24 ng/mL) on the MPPy film.
(A1 and A2)-CV measurements; (B1 and B2):-DPV measurements.

After the template removal, the overall net current decreased in both the MPPy
and NPPy (Figure 5). Although the removal of the Cys-C occurred only in the MPPy,
the impact of urea treatment upon electrochemical features of the polymer was more
prominent, resulting in insignificant changes for both. This behavior can be attributed
to the anionic charge on the Py/PyCOOH that was strongly affected by acid treatment.
However, biorecognizing cavities were preserved since only MPPy yielded decreasing net
current after the Cys-C incubation. In addition to this, it became clear that after 3 h of
incubation with the extraction solution, washing and incubation with the target protein, it
was possible to observe a higher binding capacity of the MIP material, when compared
with the NIP material. Longer periods of incubation were not tried for technical reasons.
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3.5. Analytical Performance of the Sensor

The analytical performance of the biosensor was evaluated in acetate buffer, pH 6.0.
This was carried out by incubating each standard solution for 20 min, washing it out and
reading after the signal of the standard redox probe by squared-wave voltammetry (SWV).
The time given for incubation was typically set from 15 to 30 min. In general, longer times
may improve sensitivity as there is more time to allow Cys-C adsorption, while shorter
times may improve selectivity as there is little time for non-specific adsorption [33,34].
Therefore, as a compromise, without further experiments for this selection, the incubation
time was set to an intermediate value of 20 min.

The different Cys-C standard solutions were incubated consecutively in increasing
concentrations, up to 30 ng/mL, and the voltammograms obtained are shown in Figure 6
(left). The peaks of the redox probe were centered at 0.15 V and showed decreasing currents
(I) for increasing Cys-C concentrations.

 
Log [Cis-C], Log [Cis-C], 

Figure 6. SWV voltammograms (A) corresponding to the incubation of increasing concentrations of Cys-C (in ng/mL)
and the electrochemical signal obtained with a 5.0 mmol/L [Fe(CN)6]3−/4− solution prepared in KCl 0.1 mol/L, and the
corresponding calibration curves of the MPPy (B) and NPPy (C) devices. Assays performed in triplicate.

The calibrations plotted current (I) responses as a function of the logarithm of Cys-
C concentrations, as shown in Figure 6B Under optimum conditions, the MPPy sensor
displayed a dynamic response range between 0.5 and 30.0 ng/mL, with a limit of detection
(LOD) of 0.5 ng/mL. The typical linear equation was current (mA) = −0.0021 × [Log
(Cys-C, ng/mL)] + 0.0024, with a squared correlation coefficient of 0.972 and a standard
deviation of repeated assays < 5%.

Identical calibration procedures were performed with the NPPy control films, to assess
the dimension of non-specific responses Figure 6C. As these films were prepared without
the target protein, there were no binding sites available and any interaction with Cys-C
would reveal the presence of a non-specific interaction with the polymer. The results
obtained are shown in Figure 6Aand showed a random behavior of the NPPy film in
the same range of protein concentration. Thus, this behavior demonstrated that within
the concentration range studied, the response of the MPPy was being controlled by the
interaction of Cys-C with the imprinted binding sites and a non-specific response was not
observed. The reproducibility and repeatability were less than 10%.

3.6. Selectivity and Application

Selectivity was assessed by checking the analytical response of the MPPy devices on a
background of diluted spiked Cormay® HN serum, which corresponds to human serum
from normal individuals, spiked with specific interfering compounds. The interfering
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compounds added were creatine kinase-MB 0.2g/L, ascorbic acid 0.15g/L, creatinine 1g/L
and bovine serum albumin 12g/L. In general, negligible changes were found when the
MIP sensor was incubated with serum samples when compared with blank signal from
the buffer. This diluted serum was also spiked with Cys-C to check the ability of the
system to respond with accuracy. The electrochemical data were obtained in single sample
analysis and the resulting concentration values were extracted from the calibration curve.
The spiked samples were prepared in two different Cys-C concentrations, equal to 2.0
and 5.0 ng/mL (Table 1). This analysis was performed in triplicate. The obtained data
confirmed a good correlation between added and found amounts of Cys-C, with recovery
values ranging from 88 to 99% and standard errors < 5%. This confirmed the accuracy and
the reproducibility of the analytical responses.

Table 1. Analytical data obtained with the MPPy biosensor with diluted serum spiked with Cys-C
standard solutions.

Sample
Added

(ng/mL)
Found

(ng/mL)
Recovery (%)

RSD
(%)

1 2.0 1.76 87.8 2.20
2 5.0 4.93 98.6 1.42

4. Conclusions

This work produced a selective and stable MIP-based biosensor for the detection of
the kidney biomarker Cys-C at PoC. The MPPy was assembled with a quick and simple
procedure, yielding good reproducibility, accuracy, and linearity. The use of Py monomers
ensured good electrocatalytic properties of the electrode, which were expected to enhance
the sensitivity of the electrochemical system. Moreover, the introduction of MWCNTs
in the PPy matrix was strategically explored to form a more porous and larger surface,
allowing the formation of MPPy 3D structures with good sensitivity. The rebinding ability
of this biosensor device was unique when compared to natural biomolecules because it
offers high stability and low cost with similar performances. Moreover, this is a disposable
device, not tested for regeneration, with suitable features for PoC use.

Overall, this method surpasses previously used methods for monitoring Cys-C in
serum, offering faster execution and lower cost. The LODs achieved are of interest for
clinical applications, allowing the PoC detection of cystatin C. Moreover, this approach
may also be translated to other protein biomarkers.

Author Contributions: Conceptualization, F.T.C.M. and R.F.D.; methodology, R.S.G. and B.A.G.-R.;
validation, R.S.G.; formal analysis, M.G.F.S.; investigation, R.S.G. and R.F.; resources, F.T.C.M.,
M.G.F.S. and R.F.D.; writing—original draft preparation, R.S.G. and F.T.C.M.; writing—review
and editing, R.S.G., F.T.C.M., M.G.F.S., R.F.D. and R.F.; supervision, F.T.C.M. and R.F.D.; project
administration R.F.D.; funding acquisition, R.F.D., F.T.C.M. and M.G.F.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by POCTEP/FEDER, grant number 0624_2IQBIONEURO_6_E”,
by CNPQ (National Council for Scientific and Technological Development, Brazil), grant number
440605/2016-4 and by FCT (Fundação para a Ciência e Tecnologia, Portugal) with the Grant number
SAICT-POL/24325/2016.

Institutional Review Board Statement: Not applicable. The study was conducted without the
involvement of human or animals subjects. Also, no human or animal cells or tissues were used in
the present work.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

256



Biosensors 2021, 11, 175

References

1. Luyckx, V.A.; Tonelli, M.; Stanifer, J.W. The global burden of kidney disease and the sustainable development goals. Bull. World
Health Organ. 2018, 96, 414. [CrossRef] [PubMed]

2. Onopiuk, A.; Tokarzewicz, A.; Gorodkiewicz, E. Cystatin C: A Kidney Function Biomarker. Adv. Clin. Chem. 2015, 68, 57–69.
3. Nejat, M.; Pickering, J.W.; Walker, R.J.; Westhuyzen, J.; Shaw, G.M.; Frampton, C.M.; Endre, Z.H. Urinary cystatin C is diagnostic

of acute kidney injury and sepsis, and predicts mortality in the intensive care unit. Crit. Care 2010, 14, 1–13. [CrossRef] [PubMed]
4. Jha, V.; Garcia-Garcia, G.; Iseki, K.; Li, Z.; Naicker, S.; Plattner, B.; Saran, R.; Wang, A.Y.M.; Yang, C.W. Chronic kidney disease:

Global dimension and perspectives. Lancet 2013, 382, 260–272. [CrossRef]
5. Fox, J.A.; Dudley, A.G.; Bates, C.; Cannon, G.M. Cystatin C as a Marker of Early Renal Insufficiency in Children with Congenital

Neuropathic Bladder. J. Urol. 2014, 191, 1602–1607. [CrossRef]
6. Ravn, B.; Prowle, J.R.; Martensson, J.; Martling, C.R.; Bell, M. Superiority of Serum Cystatin C Over Creatinine in Prediction of

Long-Term Prognosis at Discharge From ICU. Crit. Care Med. 2017, 45, E932–E940. [CrossRef] [PubMed]
7. Shlipak, M.G.; Matsushita, K.; Arnlov, J.; Inker, L.A.; Katz, R.; Polkinghorne, K.R.; Rothenbacher, D.; Sarnak, M.J.; Astor, B.C.;

Coresh, J.; et al. Cystatin C versus Creatinine in Determining Risk Based on Kidney Function. N. Engl. J. Med. 2013, 369, 932–943.
[CrossRef]

8. Shlipak, M.G.; Mattes, M.D.; Peralta, C.A. Update on Cystatin C: Incorporation Into Clinical Practice. Am. J. Kidney Dis. 2013, 62,
595–603. [CrossRef] [PubMed]

9. Trojanowicz, M. Impact of nanotechnology on design of advanced screen-printed electrodes for different analytical applications.
Trends Anal. Chem. 2016, 84, 22–47. [CrossRef]

10. Ferreira, P.A.B.; Araujo, M.C.M.; Prado, C.M.; de Lima, R.A.; Rodriguez, B.A.G.; Dutra, R.F. An ultrasensitive Cystatin C renal
failure immunosensor based on a PPy/CNT electrochemical capacitor grafted on interdigitated electrode. Colloids Surf. B
Biointerfaces 2020, 189, 1–8. [CrossRef] [PubMed]

11. Devi, K.S.S.; Krishnan, U.M. Microfluidic electrochemical immunosensor for the determination of cystatin C in human serum.
Microchim. Acta 2020, 187, 1–12. [CrossRef] [PubMed]

12. Mi, L.; Wang, P.Y.; Yan, J.R.; Qian, J.; Lu, J.S.; Yu, J.C.; Wang, Y.Z.; Liu, H.; Zhu, M.; Wan, Y.K.; et al. A novel photoelectrochemical
immunosensor by integration of nanobody and TiO2 nanotubes for sensitive detection of serum cystatin C. Anal. Chim. Acta 2016,
902, 107–114. [CrossRef]

13. Hassanain, W.A.; Izake, E.L.; Ayoko, G.A. Spectroelectrochemical Nanosensor for the Determination of Cystatin C in Human
Blood. Anal. Chem. 2018, 90, 10843–10850. [CrossRef]

14. Li, Y.J.; Wang, Y.H.; Bai, L.J.; Lv, H.Y.; Huang, W.; Liu, S.C.; Ding, S.J.; Zhao, M. Ultrasensitive electrochemiluminescent
immunosensing based on trimetallic Au-Pd-Pt/MoS2 nanosheet as coreaction accelerator and self-enhanced ABEI-centric
complex. Anal. Chim. Acta 2020, 1125, 86–93. [CrossRef] [PubMed]

15. Zhao, M.; Bai, L.J.; Cheng, W.; Duan, X.L.; Wu, H.P.; Ding, S.J. Monolayer rubrene functionalized graphene-based eletrochemilu-
minescence biosensor for serum cystatin C detection with immunorecognition-induced 3D DNA machine. Biosens. Bioelectron.
2019, 127, 126–134. [CrossRef]

16. Bleher, O.; Ehni, M.; Gauglitz, G. Label-free quantification of cystatin C as an improved marker for renal failure. Anal. Bioanal.
Chem. 2012, 402, 349–356. [CrossRef] [PubMed]

17. Desai, D.; Kumar, A.; Bose, D.; Datta, M. Ultrasensitive sensor for detection of early stage chronic kidney disease in human.
Biosens. Bioelectron. 2018, 105, 90–94. [CrossRef] [PubMed]

18. Frasco, M.F.; Truta, L.; Sales, M.G.F.; Moreira, F.T.C. Imprinting Technology in Electrochemical Biomimetic Sensors. Sensors 2017,
17, 523. [CrossRef]

19. Irshad, M.; Iqbal, N.; Mujahid, A.; Afzal, A.; Hussain, T.; Sharif, A.; Ahmad, E.; Athar, M.M. Molecularly Imprinted Nanomaterials
for Sensor Applications. Nanomaterials 2013, 3, 615–637. [CrossRef]

20. Moreira, F.T.C.; Dutra, R.A.F.; Noronha, J.P.C.; Cunha, A.L.; Sales, M.G.F. Artificial antibodies for troponin T by its imprinting on
the surface of multiwalled carbon nanotubes: Its use as sensory surfaces. Biosens. Bioelectron. 2011, 28, 243–250. [CrossRef]

21. Hoefer, M.; Bandaru, P.R. Determination and enhancement of the capacitance contributions in carbon nanotube based electrode
systems. Appl. Phys. Lett. 2009, 95, 1–4. [CrossRef]

22. Canobre, S.C.; Xavier, F.F.S.; Fagundes, W.S.; de Freitas, A.C.; Amaral, F.A. Performance of the Chemical and Electrochemical
Composites of PPy/CNT as Electrodes in Type I Supercapacitors. J. Nanomater. 2015, 2015, 1–14. [CrossRef]

23. Moreira, F.T.C.; Sharma, S.; Dutra, R.A.F.; Noronha, J.P.C.; Cass, A.E.G.; Sales, M.G.F. Smart plastic antibody material (SPAM)
tailored on disposable screen printed electrodes for protein recognition: Application to myoglobin detection. Biosens. Bioelectron.
2013, 45, 237–244. [CrossRef] [PubMed]

24. Fan, X.; Yang, Z.W.; He, N. Hierarchical nanostructured polypyrrole/graphene composites as supercapacitor electrode. RSC Adv.
2015, 5, 15096–15102. [CrossRef]

25. Moreira, F.T.C.; Truta, L.; Sales, M.G.F. Biomimetic materials assembled on a photovoltaic cell as a novel biosensing approach to
cancer biomarker detection. Sci. Rep. 2018, 8, 1–11. [CrossRef] [PubMed]

26. Wang, J.; Zhang, S.; Zhou, J.; Liu, R.; Du, R.; Xu, H.; Liu, Z.; Zhang, J.; Liu, Z. Identifying sp-sp(2) carbon materials by Raman and
infrared spectroscopies. Phys. Chem. Chem. Phys. 2014, 16, 11303–11309. [CrossRef]

257



Biosensors 2021, 11, 175

27. Debiemme-Chouvy, C.; Tran, T.T.M. An insight into the overoxidation of polypyrrole materials. Electrochem. Commun. 2008, 10,
947–950. [CrossRef]

28. Fang, Y.; Xu, L.; Wang, M.D. High-Throughput Preparation of Silk Fibroin Nanofibers by Modified Bubble-Electrospinning.
Nanomaterials 2018, 8, 471. [CrossRef]

29. Afzal, A.; Abuilaiwi, F.A.; Habib, A.; Awais, M.; Waje, S.B.; Atieh, M.A. Polypyrrole/carbon nanotube supercapacitors: Techno-
logical advances and challenges. J. Power Sources 2017, 352, 174–186. [CrossRef]

30. Popovic, T.; Brzin, J.; Ritonja, A.; Turk, V. Different forms of human cystatin-c. Biol. Chem. Hoppe-Seyler 1990, 371, 575–580.
[CrossRef]

31. Çuhadar, S. Serum Cystatin C as a Biomarker. In Biomark. Kidney Disease; Biomarkers in Disease: Methods, Discoveries and
Applications; Patel, V., Preedy, V., Eds.; Springer: Dordrech, The Netherlands, 2016; pp. 445–461.

32. Silva, B.V.M.; Rodriguez, B.A.G.; Sales, G.F.; Sotomayor, M.D.T.; Dutra, R.F. An ultrasensitive human cardiac troponin T graphene
screen-printed electrode based on electropolymerized-molecularly imprinted conducting polymer. Biosens. Bioelectron. 2016, 77,
978–985. [CrossRef] [PubMed]

33. Gomes, R.; Moreira, F.T.C.; Fernandes, R.; Sales, M.G.F. Sensing CA 15-3 in point-of-care by electropolymerizing O-
phenylenediamine (oPDA) on Au-screen printed electrodes. PLoS ONE 2018, 13, e0196656. [CrossRef] [PubMed]

34. Ribeiro, J.A.; Pereira, C.M.; Silva, A.F.; Goreti, M.; Sales, F. Disposable electrochemical detection of breast cancer tumour marker
CA 15-3 using poly(Toluidine Blue) as imprinted polymer receptor. Biosens. Bioelectron. 2018, 109, 246–254. [CrossRef] [PubMed]

258



biosensors

Article

Display of Microbial Glucose Dehydrogenase and Cholesterol
Oxidase on the Yeast Cell Surface for the Detection of Blood
Biochemical Parameters

Shiyao Zhao 1,†, Dong Guo 2,†, Quanchao Zhu 1, Weiwang Dou 1 and Wenjun Guan 1,*

Citation: Zhao, S.; Guo, D.; Zhu, Q.;

Dou, W.; Guan, W. Display of

Microbial Glucose Dehydrogenase

and Cholesterol Oxidase on the Yeast

Cell Surface for the Detection of

Blood Biochemical Parameters.

Biosensors 2021, 11, 13. https://doi.

org/10.3390/bios11010013

Received: 20 November 2020

Accepted: 28 December 2020

Published: 30 December 2020

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional clai-ms

in published maps and institutio-nal

affiliations.

Copyright: © 2020 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Pharmaceutical Biotechnology and the Children’s Hospital, Zhejiang University School of
Medicine, Hangzhou 310012, China; zhaoshiyao@zju.edu.cn (S.Z.); 11818296@zju.edu.cn (Q.Z.);
douww@zju.edu.cn (W.D.)

2 College of Pharmaceutical Sciences, Zhejiang University, Hangzhou 310012, China; Y215190015@zju.edu.cn
* Correspondence: guanwj@zju.edu.cn; Tel.: +86-0571-88206477
† These authors contributed equally to this work.

Abstract: High levels of blood glucose are always associated with numerous complications including
cholesterol abnormalities. Therefore, it is important to simultaneously monitor blood glucose and
cholesterol levels in patients with diabetes during the management of chronic diseases. In this study,
a glucose dehydrogenase from Aspergillus oryzae TI and a cholesterol oxidase from Chromobacterium
sp. DS-1 were displayed on the surface of Saccharomyces cerevisiae, respectively, using the yeast surface
display system at a high copy number. In addition, two whole-cell biosensors were constructed
through the immobilization of the above yeast cells on electrodes, for electrochemical detection
of glucose and cholesterol. The assay time was 8.5 s for the glucose biosensors and 30 s for the
cholesterol biosensors. Under optimal conditions, the cholesterol biosensor exhibited a linear range
from 2 to 6 mmol·L−1. The glucose biosensor responded efficiently to the presence of glucose at
a concentration range of 20–600 mg·dL−1 (1.4–33.3 mmol·L−1) and showed excellent anti-xylose
interference properties. Both biosensors exhibited good performance at room temperature and
remained stable over a three-week storage period.

Keywords: whole-cell biosensor; yeast surface display; cholesterol oxidase; glucose dehydrogenase;
electrochemical detection

1. Introduction

Diabetes is currently a global epidemic with over 400 million cases and the prevalence
of which is rapidly increasing [1,2]. The disease is associated with numerous compli-
cations, especially cardiovascular diseases. Indices of blood cholesterol are often used
as the thresholds for risk assessment and guides to therapy [3–5]. Therefore, effective
monitoring of blood glucose and cholesterol plays a crucial role in the management of
diabetes. Currently, large biochemical analyzers are the mainstream methods of detecting
diabetes related blood parameters in clinical practice [6–8]. However, the approach requires
specialized instruments and complicated experimental procedures [9] although it is highly
reliable and gives high precision. With increasing demand for point-of-care testing (POCT),
biosensors have been proposed as an attractive alternative as they are quick, convenient
and economically feasible [10]. Among them, the optical and electrochemical based POCT
biosensors gradually become the leader choices [11]. Because significant turbidity of most
real samples and strong light from environment always bring errors, the detection accuracy
of optical biosensors is easily interfered [12]. Hence, electrochemical biosensors are more
favorable in practical applications [13]. At present, the most well-known brands of glucose
POCT biosensors based on electrochemical technology on the market are Roche, Johnson &
Johnson, Bayer, Abbott, et al.
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Enzyme-based biosensors represent the most popular group of electrochemical biosen-
sors currently available [14]. Notably, glucose oxidase or glucose dehydrogenase is the
most widely used enzyme for glucose detection [15,16]. Glucose dehydrogenase forms a
complex with cofactors such as flavin adenine dinucleotide (FAD), nicotinamide adenine
dinucleotide (NAD), or pyrroloquinoline quinone (PQQ) [17]. Compared with glucose
oxidase and other kinds of glucose dehydrogenases, the FAD-dependent glucose dehy-
drogenase, predominantly found in Aspergillus, has obvious sensing advantages due to
its favorable substrate specificity and insensitivity to oxygen [18]. On the other hand,
cholesterol oxidase, which is a FAD-dependent oxidoreductase derived from bacteria, is
most widely utilized for the detection of cholesterol [19]. Nonetheless, the high cost of pu-
rification and poor stability of the free enzymes still present a challenge for the large-scale
production and practical application of these enzyme-based biosensors [20]. Therefore,
electrochemical whole-cell biosensors based on the surface display technology have been
the focus of several studies since they may provide an effective way of overcoming the
challenges associated with their enzyme-based counterparts [21].

Surface display is a powerful technology that allows the presentation of multiple
proteins on the surface of microbes such as bacteria and yeast [22]. For instance, previous
studies displayed a Bacillus subtilis derived NAD-dependent glucose dehydrogenase and
its mutants on the surface of Escherichia coli using the ice nucleation protein (INP) as an
anchoring motif [23,24]. However, no report currently exists on microbial cell-surface dis-
play of cholesterol oxidase. The yeast surface display (YSD) system is more advantageous
in displaying complex eukaryotic proteins which require post-translational modification
or have high molecular mass [25]. The most common yeast display system, pioneered by
Boder and Wittrup, employs the Aga1 and Aga2 subunits of a-agglutinin to anchor the
target enzymes onto the cell wall of Saccharomyces cerevisiae [26]. The anchoring of enzymes
on the yeast cell surface allows for direct enzymatic reaction with substrates without the
need for purification of enzymes and this can significantly reduce the cost of preparation
as well as application of enzyme-based biosensors [27]. Moreover, the surface of yeast
cells provides a biocompatible microenvironment that helps in maintaining the stability
of enzymes [28]. The above advantages indicate that displaying glucose dehydrogenase
and cholesterol oxidase on the surface of yeast cells may potentially be useful in the de-
velopment of electrochemical biosensing platforms for the detection of blood glucose and
cholesterol.

In this study, a FAD-dependent glucose dehydrogenase gene from Aspergillus oryzae
TI [29] and a cholesterol oxidase gene from Chromobacterium sp. DS-1 [30] were cloned and
the corresponding enzymes were displayed on the surface of S. cerevisiae through the Aga1-
Aga2 system, respectively. Afterwards, the enzyme-displayed yeast cells were immobilized
onto electrodes to construct electrochemical biosensors for the detection of glucose and
cholesterol. The catalytic activity of the surface-displayed enzymes was measured carefully
and the performance of the two related biosensors was evaluated subsequently. The results
demonstrated that this strategy had the advantages of simplicity, economic feasibility, and
stability in the application of glucose and cholesterol biosensors.

2. Materials and Methods

2.1. Strains, Media and Reagents

The strains used in this study are described in Table S1. E. coli TG1 [31] was used
for recombinant DNA manipulations and was cultured in Luria-Bertani (LB) medium at
37 ◦C. S. cerevisiae EBY100 [26] was obtained from Ziyun Biotech (Hangzhou, Zhejiang,
China) and used for yeast cell surface display. The S. cerevisiae EBY100 was first grown in a
seed medium containing 0.67% yeast nitrogen base, 0.5% casamino acid and 2% glucose
before being transferred into the induction medium for surface display of the enzymes.
The composition of induction medium was the same as that of the seed medium only that
glucose was replaced with galactose. The protein expression was induced at 20 ◦C with
continuous shaking at 220 rpm. Restriction enzymes were purchased from Takara Bio
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(Shiga, Japan) while all the other biochemical reagents were of at least analytical grade and
purchased from Merck (Darmstadt, Germany), Sangon Biotech (Shanghai, China), Aladdin
(Shanghai, China) or Sinopharm Chemical Reagent (Shanghai, China).

2.2. Construction of Vectors

All the vectors used in this study are listed in Table S1. The cholesterol oxidase gene
derived from Chromobacterium sp. DS-1 (named CHO1, Sequence ID: AB456533.1) and
glucose dehydrogenase gene derived from Aspergillus oryzae TI (named GDH1, Sequence ID:
XM_002372558.1) were codon optimized and synthesized by Generay Biotech (Shanghai,
China). To construct the vectors pYD1-CHO1 and pYD1-GDH1, the synthetic genes were
digested with BamHI and EcoRI before being ligated into the multiple cloning site of vector
pYD1 [32]. In addition, the extended linkers were prepared by annealing synthetic com-
plementary single-stranded DNAs of the target sequences followed by PCR. The linkers
added one or two proline-alanine-serine (PAS) sequences (ASPAAPAPASPAAPAPSAPA)
to the original GS linker (GGGGSGGGGSGGGGS) in pYD1-CHO1. Thereafter, the am-
plification products were cloned into the HindIII and BamHI sites of vector pYD1-CHO1
to generate pYD1-CHO1-PASx1 and pYD1-CHO1-PASx2. All the resulting vectors were
verified through PCR and sequencing.

2.3. Freeze-Drying of Yeast Cells

After induction, the enzyme-displayed yeast cells harboring vector pYD1-CHO1 or
pYD1-GDH1 were harvested through centrifugation, washed with 1 × phosphate buffered
saline (PBS, pH 7.4) and resuspended in the cryoprotectant buffer which consisted of
1 × PBS and 5% glycerol. Afterwards, the cell suspensions were freeze-dried using a freeze
dryer (LGJ-10, Henan Brother Equipment Co., Ltd., Zhengzhou, China). The freeze-dried
cell samples were then stored at 4 ◦C for later use.

2.4. Enzyme Activity Assays

Glucose dehydrogenase activity of the Gdh1-displayed yeast cells was assessed using
2,6-dichlorophenol-indophenol (DCPIP) and phenazine methosulfate (PMS) according to
a previously published protocol [33]. Briefly, the working solution was configured, and
the final concentration of glucose was 201 mmol·L−1. 1.5 mL of the working solution was
equilibrated at 37 ◦C for about 5 min, and then the 20 OD600 freeze-dried cell samples were
resuspended in this solution to initiate the reaction. During a 5-min reaction, a decrease in
the optical density of the supernatant was measured at 600 nm using a spectrophotometer,
with water as the reference. Finally, change in absorbance per minute was used to calculate
enzyme activity.

Cholesterol oxidase activity of the Cho1-displayed yeast cells was determined through
the oxidative coupling of 4-aminoantipyrine and phenol as previously described [34].
Configuration of the working solution was performed according to this method and the
final concentration of cholesterol in the solution was 0.89 mmol·L−1. After incubating
the 1.5 mL working solution at 37 ◦C for 5 min, the 20 OD600 freeze-dried cell samples
were resuspended with this solution to start the reaction. The amount of H2O2 catalyzed
by cholesterol oxidase was then calculated by measuring the increase in OD500 of the
supernatant per minute, to define the value of enzyme activity.

2.5. Fabrication of the Whole-Cell Biosensors

The biosensor used in this study consisted of a two-electrode system made from
carbon paste or gold. The carbon paste-based two-electrode strips were formed by succes-
sively printing silver ink, carbon ink and insulating ink on a polyethylene terephthalate
(PET) material through the screen-printing technique. The gold two-electrode strips were
purchased from Jinhong Technology (Beijing, China). The size of the reaction chamber for
each two-electrode strip was 5 mm long, 1.95 mm wide and 0.125 mm high. The 20 OD600
freeze-dried YSD cells were resuspended in 50 μL of the respective buffers before adding
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0.05 g of FAD to mix. The YSD cell solution and electrochemical solution which contained
microcrystalline cellulose, polyvinylpyrrolidone, octyl polyethylene glycol phenyl ether,
phenazine ethosulfate, trehalose and the electron mediator (potassium ferricyanide or
hexaammineruthenium (III) chloride), were mixed in a ratio of 1:4. The reaction chamber
of each two-electrode strip was spotted with 1 μL of the above mixed solution and dried at
30 ◦C for 20 min. In theory, each resulting biosensor contained approximately 0.08 OD600
YSD cells. The mechanism of detection is described in Figure S1, and a schematic illus-
tration of the reaction chamber is shown in Figure S2. Performance of the screen-printed
carbon electrodes was evaluated before the formal testing (Figure S3).

2.6. Preparation of Whole Blood Samples

Whole blood samples were collected into sodium heparin tubes to prevent hemolysis.
The initial hematocrit (HCT) was determined by testing the volume of plasma and red
blood cells after centrifugation before adjusting it to 42% by adding or removing plasma.
The initial concentration of glucose in whole blood samples was measured using a YSI
glucose analyzer (YSI2300, YSI Life Sciences, Yellow Springs, OH, USA). Glucose solutions
were supplemented to obtain the desired concentrations in whole blood samples.

2.7. Electrochemical Measurements

All electrochemical measurements were performed using an electrochemical worksta-
tion (CHI660E, CH Instruments, Shanghai, China) or a portable electrochemical monitor
(305A, Jiangsu Yuyue Medical Instruments Co., Ltd., Jiangsu, China). Amperometric
method, in which a constant potential was applied to the working electrode and the current
was measured after a certain reaction time, was used in this work. For the glucose biosensor,
a DC voltage of 0.3 V was applied on the working electrode for 8.5 s and a final current
value at 8.5 s was read for data analysis. In addition, for the cholesterol biosensor, a DC
voltage of 0.3 V was applied on the working electrode for 30 s and a final current value at
30 s was used for data analysis.

3. Results

3.1. Surface Display of Glucose Dehydrogenase

Previous reports suggested that the glucose dehydrogenase derived from Aspergillus
oryzae TI is a FAD-dependent oxidoreductase, which has the characteristics of high substrate
specificity against glucose, excellent thermal stability and is not affected by dissolved
oxygen [29]. This enzyme is composed of 593 amino acids, including a signal peptide
ranging from 1–22 amino acids at the N-terminus [35]. To display Gdh1 on the surface
of yeast, the signal peptide truncated gene sequence (1713 bp) of Gdh1 was synthesized
according to the codon preference in S. cerevisiae and introduced into the multiple cloning
site of vector pYD1. The resulting vector pYD1-GDH1 carrying the AGA2-GDH1 fusion
gene (Figure 1a) was then transformed into S. cerevisiae EBY100, which harbored Aga1
as a cell wall anchoring motif, to generate the G1 strain (Figure 1b). The expression of
AGA1 as well as AGA2 was driven by the galactose-inducible GAL1 promoter. The G1
strain was cultured in a 2% glucose medium to the mid-logarithmic growth phase, and
then was transferred to a 2% galactose medium to induce the persistent expression of Gdh1.
Afterwards, the G1 yeast cells were collected at the end of fermentation and freeze dried.
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Figure 1. The strategy for constructing the surface-displayed glucose and cholesterol biosensors. (a)
A map of the pYD1-GDH1 or pYD1-CHO1 vector. The enzyme Gdh1 or Cho1 (blue) was expressed
as a C-terminal fusion to the Aga2 subunit of a-agglutinin (yellow) and connected by a linker (grey).
(b) Displaying Gdh1 or Cho1 on the surface of yeast. The inducing Aga2 subunit associates with
the a-agglutinin Aga1 subunit through two disulfide bonds. The Aga2-enzyme fusion protein was
subsequently secreted to the extracellular space where Aga1 could be anchored to the cell wall
through β-1, 6-glucan covalent linkage. (c) Fabrication of the whole-cell biosensors by immobilizing
the YSD cells. (d) Electrochemical detection of glucose or cholesterol using a portable electrochemical
monitor.

Maximum catalytic activity (0.7 U per OD600 cells) of the surface-displayed Gdh1 was
observed after 48 h of galactose induction (Figure 2a). Therefore, 48 h was selected as
the optimal induction time for the G1 strain and used for subsequent experiments. The
effect of temperature, pH and storage time on the activity of Gdh1 was also evaluated.
The results showed that Gdh1 was active from 10 to 60 ◦C and the activity reached a
peak at 30 ◦C. In addition, the enzyme retained over 95% of its activity from 20 ◦C to
40 ◦C, indicating that it had good thermal stability and could be applied over a broad
range of temperature (Figure 2b). The optimum pH for Gdh1 activity was observed to
be 7.0. More than 75% of Gdh1 activity was maintained within the pH range of 6.5–7.5
(Figure 2c). However, the storage stability of the surface-displayed Gdh1 appeared to be
limited. Activity of the enzyme began to decrease following storage at 4 ◦C for one week
and retained just 20% of the initial activity after 3 weeks of storage (Figure 2d). This implied
that the subsequent immobilization process should be performed as soon as possible after
obtaining the freeze-dried G1 strain cells to avoid the loss of enzyme activity.
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Figure 2. Determination of the catalytic activity of surface-displayed Gdh1. (a) Activity of the surface-
displayed Gdh1 at different time points after galactose induction. (b–d) Effect of (b) temperature,
(c) pH, and (d) storage time on the activity of Gdh1. Error bars indicate the SD of samples tested in
triplicate.

3.2. Development of an Electrochemical Glucose Biosensor Based on the Surface-Displayed Gdh1

To develop a whole-cell glucose biosensor, the freeze-dried G1 yeast cells (0.08 OD600
cells per strip) with different artificial electron mediators and buffer solutions, were im-
mobilized on the surface of screen-printed carbon electrodes. Electrochemical detection
was then performed. Although the glucose biosensors exhibited a similar slope of the
concentration-response current curve when different electron mediators were used, the glu-
cose biosensor using hexaammineruthenium (III) chloride as electron mediator presented
lower background current than that of potassium ferricyanide (Figure 3a). In addition, the
impact of phosphate buffer, heppso-malic acid buffer and fumaric acid buffer was evalu-
ated to examine which one of them was better suited for the glucose biosensor. The results
showed that the biosensor based on the 0.1 mol·L−1 phosphate buffer (pH 7.0) system had
a greater response current at a higher glucose concentration (Figure 3b). Consequently,
under optimized electrode conditions, the biosensor was employed for the detection of
glucose with successive additions. The linear detection range of the glucose biosensor
was 20–600 mg·dL−1 (1.4–33.3 mmol·L−1) and the testing sensitivity was shown to be
25 mg·dL−1 at the concentration range of 20 to 600 mg·dL−1 (Figure 3c,d).

Xylose is the most common interferent to biosensors using glucose dehydrogenase.
Therefore, the study examined the selectivity of the optimized glucose biosensor by adding
extra xylose into the glucose substrate solution. Addition of xylose had almost no impact
on the biosensor developed by this study. However, the biosensor immobilized with
commercial FAD-dependent glucose dehydrogenase (581 U·mg−1, Code: GLD-361, Toyobo
Co., Ltd., Osaka, Japan) was affected substantially. 189% and 29% of additional interference
current was generated in 70 mg·dL−1 and 300 mg·dL−1 of glucose substrate solution after
adding 90 mg·dL−1 of xylose respectively (Figure 3e). This indicated that the optimized
glucose biosensor had a good ability to get rid of xylose interference and great potential for
practical application.

The biosensors were stored at room temperature for 21 days and changes in current
responses towards 280 mg·dL−1 of glucose were measured. The findings revealed that the
biosensors retained 79% of the initial response current after storage for 21 days (Figure 3f).
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Furthermore, the biosensor was used to determine the concentration of glucose in whole
blood samples to explore the possibility of clinical application. The results showed that
the linear response range of the biosensor to glucose in whole blood samples was 20–
600 mg·dL−1 (Figure 3g). Although at present the accuracy of the glucose biosensor did
not completely meet the requirements of the standard [36], it exhibited the potential of
detecting real samples (Supplementary Figure S4, Table S3).

Figure 3. Characterization of the whole-cell glucose biosensor. Effect of (a) electron mediator and (b) buffer on the glucose
biosensor. (c) Amperometric response for successive addition of 25, 50 and 100 mg·dL−1 of glucose. (d) The plot of linear
regression. The (e) anti-xylose performance and (f) storage stability of the optimized glucose biosensor. (g) The response
current of the optimized biosensor to glucose in whole blood samples. Electrochemical detection parameters: voltage 0.3 V,
acquisition time 8.5 s. Error bars indicate the SD of samples tested in triplicate.

3.3. Surface Display of Cholesterol Oxidase

The strategy for developing a glucose biosensor based on YSD cells proved to be
feasible and showed potential for practical application in monitoring glucose levels in
whole blood samples. Therefore, the study used a similar approach for the detection of
cholesterol. Previous studies reported that the cholesterol oxidase derived from Chromobac-
terium sp. DS-1 had favorable protein structural characteristics [37], excellent stability [30]
and high enzyme activity [38]. This enzyme consists of 584 amino acids with the first
44 being a signal peptide [38]. In the present study, the codon optimized gene sequence
(1620 bp) encoding Cho1 without the signal peptide was synthesized and the resulting
vector pYD1-CHO1 was constructed (Figure 1a). Thereafter, pYD1-CHO1 was transformed
into S. cerevisiae EBY100 to generate the C1 strain, which successfully displayed Cho1 on
the surface of yeast (Figure 1b). It was observed that the C1 strain had a significantly lower
growth rate compared with the G1 strain or the P1 strain containing the empty vector
pYD1. This implied that displaying Cho1 on the surface might impose a growth burden to
the cells (Figure S5).

The optimal induction time for the C1 strain was shown to be 36 h, at which enzyme
activity reached the maximum value of 3.4 × 10−3 U per 20 OD600 freeze-dried cells in vitro
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(Figure 4a). The optimum reaction temperature for the surface-displayed Cho1 was also
found to be 30 ◦C. More than 60% of its activity occurred between 20 ◦C and 40 ◦C, while
about 18% activity was retained at 60 ◦C (Figure 4b). Cho1 had an optimum pH of 6.5
and over 50% of its activity occurred in the pH range of 5.5 to 7.5 (Figure 4c). Afterwards,
the freeze-dried C1 strain cells were stored at 4 ◦C and their residual activity determined
intermittently within a one-month period, to investigate the stability of Cho1 in vitro. No
significant decrease in activity was observed and approximately 95% of original enzyme
activity could still be detected after the 4-week storage period. This suggested that the C1
strain cells had good storage stability (Figure 4d).

Figure 4. Determination of the catalytic activity of surface-displayed Cho1. (a) Activity of the displayed Cho1 at different
time points after galactose induction. (b–d) Effect of (b) temperature, (c) pH and (d) storage time on the activity of Cho1. (e)
Schematic representation of the linkers connecting Aga2 and Cho1. The original GS linker (GGGGSGGGGSGGGGS) was
lengthened with one or two PAS sequences (ASPAAPAPASPAAPAPSAPA) to form the PAS × 1 + GS and PAS × 2 + GS
linkers, respectively. (f) Activity of Cho1 with different linkers. Error bars indicate the SD of samples tested in triplicate.

The maximum activity of Cho1 was determined as 3.4 × 10−3 U per 20 OD600 freeze-
dried yeast cells and this was almost two orders of magnitude lower than that of Gdh1.
This implied that the activity of surface-displayed Cho1 had a limited potential to meet
the requirements for practical application. Therefore, an attempt was made to improve its
activity by increasing the length of linker sequence, which was located between AGA2 and
CHO1 in the pYD1-CHO1 vector. Based on previous reports, the original GS linker was
modified by adding one or two PAS linkers, which consisted of 20 amino acids including
proline, alanine and serine, with the advantages of being hydrophilic, uncharged and
structureless [39,40] (Figure 4e). The resulting vector pYD1-CHO1-PASx1 or pYD1-CHO1-
PASx2 was then transformed into S. cerevisiae EBY100 to generate the C2 or C3 strains,
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respectively. The results showed that the displayed Cho1 with a PAS × 1 + GS linker had a
19% increase in activity, while the one with a PAS × 2 + GS linker exhibited a 62% increase,
which was 5.5 × 10−3 U per 20 OD600 freeze-dried cells (Figure 4f). Owing to the longer
linkers, the displayed enzyme obtained a greater distance to leave the cell surface, hence
had enough conformational space, resulting in a decrease in the loss of enzymatic activity.

3.4. Development of an Electrochemical Cholesterol Biosensor Based on Surface-Displayed Cho1

The freeze-dried C3 yeast cells (0.08 OD600 cells per strip) with different artificial elec-
tron mediators and buffer solutions, were immobilized onto the surface of screen-printed
carbon or gold electrodes, respectively, to develop a whole-cell cholesterol biosensor. Like
that of the glucose biosensor, hexaammineruthenium (III) chloride had more advantages as
an artificial electron mediator in this cholesterol biosensor, exhibiting a lower background
current (Figure 5a). Moreover, the study compared the current response of the cholesterol
biosensor in phosphate buffer, hepes buffer and TES buffer. As a result, the biosensor
based on 0.1 mol·L−1 phosphate buffer (pH 6.5) exhibited a smaller background current
and a larger difference in response current from 2 to 6 mol·L−1 concentration of cholesterol
(Figure 5b). In addition, using a gold electrode instead of a carbon paste one not only
slightly improved the detection sensitivity of the cholesterol biosensor, but also contributed
to the larger background current (Figure 5c).

Figure 5. Characterization of the whole-cell cholesterol biosensor. (a–c) Effect of (a) electron mediator,
(b) buffer and (c) electrode material on the cholesterol biosensor. (d) Storage stability of the optimized
cholesterol biosensor. Electrochemical detection parameters: voltage 0.3 V, acquisition time 30 s.
Error bars indicate the SD of samples tested in triplicate.

The cholesterol biosensors were stored at room temperature and the changes in current
responses towards 4 mmol·L−1 cholesterol were measured weekly to explore their storage
stability. After 21 days of storage, the response currents of the biosensors began to gradually
decrease, and the loss was less than 20% of the optimal response current (Figure 5d). It was
also shown that the response currents of the biosensors increased during the first seven
days of storage.
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4. Discussion

The advantage of a surface-displayed enzyme is that the costly protein purification
step can be skipped, and stability is effectively improved. In this study, two whole-cell
biosensors based on YSD were developed for the detection of glucose and cholesterol. The
results showed that the optimized glucose biosensor had a broad detection linear range of
20–600 mg·dL−1 while that of the cholesterol biosensor was 2–6 mmol·L−1. This indicated
that the biosensors had a great potential for clinical application in the future. Additionally,
the strategy presented here may provide insights on the development of other biosensors
based on the cell surface display technology.

Although the cholesterol oxidase (Cho1) used in this study was reported to have
outstanding activity (Supplementary Table S2), the surface-displayed Cho1 did not show
the anticipated enzyme activity. This resulted to a relatively poor detection capability of the
biosensor when compared with Gdh1, manifesting as a narrow linear range. Screening the
highly active Cho1 mutants by directed evolution offers an available approach to problem
solving [41]. It is still unclear why displaying Cho1 on the surface of yeast resulted to
slow growth of the C1 strain although this may have been responsible for its low activity
(Supplementary Figure S5). Moreover, given that Cho1 was obtained from a bacterium
(Chromobacterium sp. DS-1) but displayed on the surface of a fungus (S. cerevisiae), the
mismatched protein folding system might have resulted to partial misfolding of Cho1
and subsequently low activity. Therefore, the identification of a highly active cholesterol
oxidase from a fungus should be the focus of future studies.

Since yeast cells occupy more space, the amount of surface-displayed enzyme immo-
bilized on the electrode surface was limited, leading to a lower response current compared
to the purified enzymes (Figure 3e). Consequently, crushing the cells to collect pieces of the
cell wall and directly immobilize them onto the surface of the electrode might solve this
problem and will be the focus of future research.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-637
4/11/1/13/s1, Table S1: Strains and vectors used in this study, Table S2: Comparison of different
cholesterol oxidases reported previously, Table S3: Accuracy evaluation of the glucose biosensor,
Figure S1: The detection mechanism of glucose or cholesterol biosensor, Figure S2: Schematic diagram
of the reaction chamber of the electrode strips, Figure S3: Performance evaluation of the screen-
printed carbon electrodes, Figure S4: Accuracy evaluation of the glucose biosensor, Figure S5: Growth
curve of the P1, G1 and C1 strains in the induction medium containing 2% galactose.
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Abstract: Interdigitated (ITD) sensors are specially adapted for the bioimpedance analysis (BIA) of
low-volume (microliter scale) biological samples. Impedance spectroscopy is a fast method involving
simple and easy biological sample preparation. The geometry of an ITD sensor makes it easier to
deposit a sample at the microscopic scale of the electrodes. At this scale, the electrode size induces
an increase in the double-layer effect, which may completely limit interesting bandwidths in the
impedance measurements. This work focuses on ITD sensor frequency band optimization via an
original study of the impact of the metalization ratio α. An electrical sensor model was studied to
determine the best α ratio. A ratio of 0.6 was able to improve the low-frequency cutoff by a factor of
up to 2.5. This theoretical approach was confirmed by measurements of blood samples with three
sensors. The optimized sensor was able to extract the intrinsic electrical properties of blood in the
frequency band of interest.

Keywords: biosensors; interdigitated electrodes; impedance spectroscopy; blood analysis

1. Introduction

Many improvements in the sensitivity and selectivity of biosensors have been made in the last two
decades [1–5]. They are mainly due to the sensors (lab-on-a-chip) designed in micro-nanotechnology
facilities. For biological applications [6], charge transfer sensors [7], impedance-based sensors [8–10],
and capacitance-based sensors are often used. Impedance spectroscopy is a well-known and powerful
technique for biological characterizations on both the macroscopic and microscopic scales [11].
The electrodes apply an electric field to the sample being tested and measure electrical signals. They also
can provide information on the relative permittivity and electrical conductivity of biosamples that
correspond to intrinsic parameters [12]. Impedance-based sensors are divided into four main categories:
cell trap sensors, cytometric sensors, matrix sensors and interdigitated sensors. The sensors in the first
three categories have the best sensitivities because only one cell is analyzed at a time. Trap sensors
often use micro-hole or microcavity [13] systems to isolate cells from each other. Cytometric sensors use
microchannels to focus on one cell at a time [14], and cells are dynamically characterized during their
passage into a measurement area situated inside the channel. Matrix electrode systems use multiple
electrodes to perform numerous measurements at a time [15]. Despite the fact that these three techniques
have better sensitivities, they are also the most difficult to implement. Thus, interdigitated (ITD)
sensors [16], composed of just one layer of coplanar electrodes, remain competitive for low-volume
and low-concentration biological samples. For example, they are perfectly suitable for cell surface
cultures [17] and low-volume biological sampling, as in DNA analyses [18]. Beyond the simple
interface, the geometrical properties of the electrodes can have a significant impact on the efficiency of
the biosensor [19,20]. They can be optimized a priori during the sensors’ design step according to the
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targeted application and the nature of the cells to be analyzed [14]. In this work, we propose a method
for optimizing the ITD sensor frequency band involving the metalization ratio.

First, we propose a complete electrical equivalent model that takes into account all the sensor’s
parameters, such as the electrode length, gap, width, and electrical properties of the medium.
Interface capacitive effects, also known as the double-layer effects, are also modeled to assess the
impact on the global impedance spectrum.

In the second part, analytical simulations are performed to analyze the effects of geometrical
parameters on bioimpedance measurements. It is important to maintain a sufficiently wide bandwidth
in order to be able to characterize a biosample over many decades. To achieve optimization, the impact
of the metalization ratio α on the bandwidth was studied. This ratio is defined as α = W/(S + W),
where G is the gap (m) and W is the width (m) of the IDT sensor digits (see Section 2.1 below).

The last section focuses on the experimental validation of the two previous sections. Three sensor
designs with different degrees of optimization corresponding to different values of the ratio α were
fabricated using a standard microfabrication process. Characterizations were performed in calibrated
electrolytic solutions to validate our model. Finally, the capability of our optimized sensor in terms of
characterizing a blood sample was tested.

2. Theoretical Considerations

2.1. Sensor Structure and Cell Factor

An IDT sensor is composed of two comb-like electrodes deposited on an insulated substrate.
Each electrode’s digits have a width W and a length L, and there is a gap S between digits [21,22],
as presented in Figure 1a. This specific electrode configuration produces an elliptic current displacement
inside the sample, as shown in Figure 1b. Changes in W and S allow the electrical penetration depth in
the sample to be adjusted. Ninety-five percent of the electric excitation signal power is concentrated
within 2(S +W). This makes IDT sensors perfectly suitable for low-surface sample characterizations
of, for instance, cell cultures or small-volume samples. An electrical equivalent model for an IDT
sensor loaded with an electrolyte is presented in Figure 1c. The electrolyte is generally used as a simple
reference medium for impedance-based sensor characterization.

Figure 1. (a) Geometric parameters of interdigitated sensors; (b) Electric current displacement between
electrodes; (c) Electrical model of an interdigitated sensor and sample (an ionic solution).
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According to Olthuis et al. [23], Rsol and Csol, the resistance and capacitance of the ionic solution,
can be linked via Equation (1) to electrolyte conductivity and permittivity using a cell factor Kcell.
This factor can be calculated as a function of IDT geometries using Equation (2).

Rsol =
Kcell
σsol

; Csol =
ε0εr,sol

Kcell
, (1)

Kcell =
2

L(N − 1)
K(k)

K
(√

1− k2
) , (2)

where σsol is the electrolyte conductivity (S·m−1), εsol is the electrolyte relative permittivity, N is the
number of digits, L is the digit length (m), W is the digit width (m), S is the space between two digits
(m), and Kcell is the cell factor (m−1). The function K(k) is the incomplete integral of the first module k,
and is calculated with Equation (3). The metalization ratio is defined by α =W/ (S +W).

K(k) =

1∫

0

1√(
1− t2

)(
1− k2t2

)dt with k = cos
(
π
2

W
S + W

)
. (3)

where σsol is the electrolyte conductivity (S·m−1), εsol is the electrolyte relative permittivity, N is the
number of digits, L is the digit length (m), W is the digit width (m), S is the space between two digits
(m), and Kcell is the cell factor (m−1). The function K(k) is the incomplete integral of the first module
k, and is calculated with Equation (3). This function is used to formulate the elliptic electric field
distribution, as described above. The metalization ratio is defined by α =W/(S +W).

2.2. Double Layer Impedance

The double-layer impedance represents the interface effects that occur when the polarized
electrodes are in contact with an electrolyte. The double layer corresponds to two parallel layers of
charge on a thin section (nanometric scale) of the electrode surface. These effects act as a barrier for
low-frequency measurements and need to be taken into account in global modeling. Generally, it is
necessary to limit these effects to increase the bandwidth of interest. A typical model for interface effects
is composed of three elements making up an equivalent circuit, as presented in Figure 2. The charge
transfer resistance RCT represents the resistive effect, and the double-layer capacitance CDL represents
the capacitive effect. The Warburg impedance ZW with a constant phase (−π/2) is used to model the
non-linear decrease in impedance induced by the diffusion of ionic species. These elements can be very
difficult to model for complex electrolytes, such as blood plasma. Moreover, when the frequency is
high enough, the decrease in CDL, the impedance short-circuit RCT and Zw, and the interface impedance
become negligible compared to the impedance of the sample. Hence, double-layer impedance is
generally only modeled by CDL when only the sample impedance is studied. This capacitance effect is
proportional to the electrode surface and captured as the surface capacitance C0, with typical values
ranging from 10 to 50 μF/cm2. For interdigitated sensors, global induced capacitance Cinterface can be
calculated with the unitary digit capacitances Cint,p and Cint,n using Equations (4)–(6).

Cint,p = Cint,n = LWC0, (4)

Cinter f ace =
N
4

LWC0, (5)

Zinter f ace =
1

jωCinter f ace
, (6)
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where Cint,p and Cint,n are the capacitances at each electrode digits (F), Cinterface is the global capacitance
at the sensor (F), Zinterface is the induced impedance in series with the sample impedance (Ω), and C0 is
the surface capacitance at the interface electrode/electrolyte (F/m−1).

Figure 2. Electrical equivalent circuit for the double-layer impedance of one electrode.

2.3. Sample Impedance

In a linear, homogeneous, and isotropic samples, measured impedance Zsamp (Ω) and admittance
Ysamp (S) depend on the sample’s intrinsic properties (conductivity σsamp and permittivity εsamp) and
the sensor factor Kcell, as seen in Equation (7) [24]. Zsamp is the sample’s impedance and does not take
into account other effects, such as double-layer capacitance.

Zsamp =
Kcell

σsamp + jωε0εr,samp
→ Ysamp =

σsamp + jωε0εr,samp

Kcell
→
⎧⎪⎪⎨⎪⎪⎩

Gsamp =
σsamp
Kcell

Csamp =
ε0εr,samp

Kcell

. (7)

For a simple sample, such as that of an electrolyte, σsamp and εr,samp can be considered constants.
For more complex biological samples, such as blood, these values depend on frequency and are referred
to as complex conductivity σsamp(ω) and complex relative permittivity εr,samp(ω), respectively. Figure 3
shows the typical values for the complex conductivity and relative permittivity of blood [12]. The two
levels of relative permittivity represent the effects of cell membrane capacitance and water permittivity,
respectively. The two levels of conductivity represent the effects of extracellular medium conductivity
and the combination of extracellular/cytoplasm conductivity, respectively. The passage from the first
to second level is known as the β dispersion and occurs when the impedance of the capacitive cell
membrane becomes negligible compared to the cytoplasmic impedance. The second increasing of
conductivity is called the γ dispersion and appears at microwave frequencies (GHz). It corresponds to
water molecular excitation and is not studied here. The blood conductivity diagram shows the necessity
of performing the conductivity extraction correctly before and after β dispersion when characterizing a
biological sample. In the case of a blood sample, this dispersion begins at approximately 250 kHz.

After adding the interface effect in series with the samples, the global measured impedance becomes

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

GTot(ω) =
ω2GsampC2

inter f ace

G2
samp+ω

2(Csamp+Cinter f ace)
2

CTot(ω) =
Cinter f aceG2

samp+ω
2CsampCinter f ace(Csamp+Cinter f ace)

G2
samp+ω

2(Csamp+Cinter f ace)
2

. (8)

lim
ω→0

CTot = Cinter f ace (9)
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Figure 3. Typical complex conductivity and relative permittivity values for a blood sample.

GTot and CTot correspond to global measured conductance and capacitance induced by the sample
and interface impedances, respectively. At low frequencies, the global capacitance tends to Cinterface,
as presented in Equation (9). When the frequency increased, Zinterface became negligible compared to
Zsamp, and total impedance can be considered equal to Zsamp. The typical curve profiles for a biological
sample and an electrolytic sample, showing the double-layer capacitance effect, are shown in Figure 4.
Two plateaus are clearly visible and correspond to blood conductivity. If the lower cutoff frequency is
too high, the first plateau can be completely hidden by double-layer impedance and interfere with the
measurement. The low cutoff frequency is defined in Equation (10) below via an analogy with low and
high passive first-order filters using the conductivity of the medium.

flow = 1
2πRsampCinter f ace

when f = flow , |Ysamp|= Gsamp√
2

and |Zsamp| =
√

2 Rsamp
(10)

Figure 4. Typical curve profiles for biological and electrolyte samples.

Since Zinterface is not purely capacitive, the first relation in Equation (10) may prove difficult to
use. Hence, the second equation is usually preferred. In this work, this second equation was used to
determine flow from the measured impedance spectrum. Rsamp and Gsamp can be extracted from the
real part of the impedance or admittance when a plateau is visible in the spectrum (predominance of
resistive/conductive effects). These parameters are extracted from the real part of the impedance
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measured in the center of each plateau. Furthermore, σsamp can be calculated using the extracted Rsamp

or Gsamp and Equation (7).

3. Sensor Optimization

As mentioned above, the interface impedance acts as a barrier at low frequencies. Optimizing the
frequency band consists of reducing the flow value. Since flow depends on both the sample properties
and sensor geometry, it is possible to optimize the frequency band by optimizing the sensor design.
Equation (10) was developed by using Equations (1), (2) and (5) to check which geometric parameter
was the most suitable one to study. Hence, Equation (11) is obtained. As σsol and C0 depend on sample
properties, decreasing flow is equivalent to decrease the term given in expression (12). It can be seen
that this term depends on N, W, and S. In addition, the term (N − 1)/N will be negligible for large N.

flow =
1
π

σsamp

C0

(N − 1)
N

1
W

K
(√

1− k2
)

K(k)
(11)

(N − 1)
N

1
W

K
(√

1− k2
)

K(k)
(12)

Only W and S seem to have a significant impact on flow through the Kcell and “1/W” terms. It is
relevant to study the optimization of α. Clearly, flow could be reduced by increasing W, but doing so
implies an increase in sensor size as well as the measurement volume: the smaller the cell constant
(large electrodes), the lower the cut-off frequency, but the faster the measurement volume will increase.
Here, we are interested in optimizing the sensor for a given volume/measurement surface on a
microscopic scale. (W + S) and N were set to constant values to maintain the same volume for the
investigation. Analytical simulations were performed by varying the α ratio from 0.1 to 1 and holding
the other parameters constant. L was set to 2 mm, and (W + S) was set to 50 μm. Finally, σsamp was set
to 0.6 S/m (conductivity of blood at low frequency), and C0 was set to 40 μF/cm2. Three values of N
(20, 40 and 50) were tested. The results are shown in Figure 5. These results demonstrate that the value
of N does not have a significant impact on the cutoff frequency. In contrast, the value of flow mainly
depends on α and is a minimum for α = 0.6. These results show that it is possible to decrease the low
cutoff frequency by a factor up to approximately 2.5 by optimizing the metalization ratio α.

Figure 5. Low cutoff frequency as a function of α.
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4. Sensor Realization

4.1. Sensor Manufacturing

To prove our assumptions, three sensors were realized in a clean room using standard
microfabrication techniques. Platinum electrodes were structured via sputtering deposition and
optical lithography on a glass substrate. Wells were created by using negative SU_8 resin with a
thickness of approximately 400 μm. Sensor 1 is illustrated in Figure 6. All sensors presented the
same periodicity, electrode number and electrode length. Different α ratios were tested to prove
our assumptions. The sensor geometries are listed in Table 1. All sensors presented the same pitch
(W + S) and the same surface of 2 × 2 mm2 for ease of comparison. The pitch was set to 50 μm to
provide a penetration depth of only several cell sizes (from 6 μm to 15 μm for red blood cells and
white blood cells, respectively). The smallest W and S values were of the same size order as blood cells.
These dimensions allowed increased sensitivity by performing characterizations of a few cell layers
in depth.

Figure 6. (a) Photograph of Sensors 1 with SU_8 well and blood sample, and (b) optical microscope
image of different Sensor 1 digits.

Table 1. Sensor geometries.

Sensor Number N L (μm) W (μm) S (μm) Theoretical Kcell (m−1) α Ratio

1 40 2000 30 20 21.8 0.6
2 40 2000 15 35 35.8 0.3
3 40 2000 40 10 15.1 0.8

4.2. Reference Measurements

To verify both the validity of our model and the integrity of the sensors, measurements were
performed for three different calibrated solutions of 84 μS/cm, 100 μS/cm, and 1413 μS/cm.
All measurements were performed by depositing a 2 μL drop into the well with a micropipette.
Examples of the resulting impedance diagrams are shown in Figure 7 for Sensor 1. All results are
reported in Table 2. The Kcell factor was calculated for Rsol on the curves’ plateaus using Equation (1).
The calculated values of Kcell were in accordance with the simulated ones. Sensor 3 had a higher error
in Kcell determination compared to the others, which can be explained by the fact this sensor has the
smallest useful gap size (S = 10 μm). Using optical lithography, the resolution is approximately 0.5 μm
for each edge, or 1 μm for a digit, representing a possible error of 10% for a 10 μm digit, which is
close to the Kcell error for Sensor 3. Note that Sensor 1, with α = 0.6, presents the smallest cutoff
frequencies, as predicted in the “Sensor optimization” section. The capacitance effect observed in the
higher frequencies can be attributed to the experimental setup limitations, including the capacitance
induced by the interfacing Printed Circuit Board (PCB), the connections, and the measurement devices.
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Figure 7. Bode diagrams of the impedances for three different calibrated solutions measured with
Sensor 1.

Table 2. Sensor results for the calibrated solutions.

Sensor
Number

Theoretical
Kcell (m−1)

α
Ratio

84 μS/cm 100 μS/cm 1413 μS/cm

fc,L
(kHz)

Kcell
Kcell

Error (%)
fc,L

(kHz)
Kcell

Kcell
Error (%)

fc,L
(kHz)

Kcell
Kcell

Error (%)

1 21.8 0.6 75.6 22.3 2.3 85 22.01 0.96 433 22.65 3.9
2 35.8 0.3 170 35.49 0.87 486 34.99 2.26 1960 35.55 0.7
3 15.1 0.8 135 16.83 11.48 305 16.08 6.49 2400 17 12.57

5. Blood Characterization

5.1. Experimental Setup

Figure 8 represents a general view of the instrumentation setup developed in this work for the electrical
characterization of biological media. This instrumentation setup consists of the following elements:

(a) Biofluid samples placed directly on the sensor (Figure 9).
(b) A microscope to observe the position of the volume of liquid.
(c) A thermometer to measure the ambient temperature.
(d) A micropipette (Socorex Micropipette Acura 825)
(e) HF2TA current amplifier (manufactured by Zurich Instrument),
(f) HF2IS impedance spectroscope for the frequency range from 0.7 μHz to 50 MHz.
(g) A computer for observing and processing measurement data using LabVIEW® application.

This application allows us to enter the measurement parameters described above and save the
values of the impedance spectra as text files.

The optical microscope allows us to correctly place the drop of the biofluid on the sensor.
The interface card containing the sensors (Figure 9) is connected to the HF2IS impedance analyzer and
to the HF2TA current amplifier via short SMA cables in order to reduce the length of the measurement
loop as much as possible. The impedance spectroscope is connected via a USB cable to a computer to
control it and retrieve the data.
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Figure 8. Bio impedance measurement setup.

Figure 9. Interdigital electrode sensors connected to the PCB circuit.

5.2. Sample Preparation

Blood sampling was performed under medical supervision (University Hospital, CHRU Nancy, France)
using the same donor. The samples were placed into three 6 mL tubes with heparin. Measurements were
taken within 10 min of sampling.

To ensure good repeatability for the measurements of all sensors, each sample was deposited on
each sensor using the following procedure:

• The tube was shaken slightly for 1 min before sampling with a micropipette.
• A 2 μL sample was obtained with an adjustable micropipette and deposited into the well (Figure 9).

This volume was chosen to ensure that all the sensor cavities were full. As described in Section 2.1,
only the first 100 μm of thickness of the sample in contact with the IDT was really due to the
small penetration depth of the IDT sensors, ensuring that measurements will not be impaired by
round-shaped droplets, the sample surface in contact with the air or cavity walls, or the sample
rising above the cavity.

• The impedance spectrum acquisition started 10 s after sample deposition. The impedance
measurement was then performed within several seconds at 1 V sinus amplitude.

• The room temperature was maintained at 25 ± 1 ◦C during the measurement campaign.
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5.3. Results

Measurements were performed using the experimental setup described in Section 5.1 and the
sampling procedure described above for each sensor. The results are shown in Figure 10 in the
form of Bode diagrams for the modules and phases. flow represents the measured low-frequency
cut-off using the method proposed in Section 2.3. As in the measurements of the calibrated solution,
Sensor 1 has the smallest low-frequency cut-off and the widest bandwidth. Unlike the two other
sensors, two plateaus are visible from and after the cutoff frequency for sensor 1. This result proves
that only sensor 1 is able to characterize the complete spectrum for blood impedance. For the other
sensors, the double-layer impedance remains non-negligible until the cutoff frequency and interferes
with sample impedance measurement.

Figure 10. Bode diagrams for blood impedance characterizations (a) in modules, and (b) in phases.

Low-frequency blood conductivity was calculated using the Rsol values measured on the plateaus
just after the flow values and Equation (1). The results extracted from the impedance spectrum are
summarized in Table 3. The values 0.69, 0.89, and 0.43 S·m−1 were obtained for sensors 1, 2, and 3,
respectively. These conductivities are of the same order as the 0.7 S/m value obtained by Gabriel [12].
The difference between sensor 1 and the other two sensors can be explained by its lower immunity
to the interface effect that disturbs the Rsol measurement and conductivity extraction. For sensor 1,
flow is slightly lower than at the beginning of the β dispersion band studied in the theoretical section
(215 kHz, down from 250 kHz) and allows the first plateau of conductivity to be measured. For the
other sensors, the measurements were performed away from this plateau and are incorrect.
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Table 3. Sensor results for the calibrated solution.

Sensor
Number

N L (μm) W (μm) S (μm)
flow

(kHz)
Measured Kcell

(m−1)
α Rsol (Ω)

σblood
(S/m)

1 40 2000 30 20 215 22.32 0.6 32.35 0.69
2 40 2000 15 35 358 35.834 0.3 40.26 0.89
3 40 2000 40 10 614 16.64 0.8 38.70 0.43

6. Conclusions

An analytical model for an IDT sensor was proposed. Using this model, the effect of geometric
parameters on global impedance was studied in order to propose an optimized sensor for blood
characterization. It appears that the number of electrodes N and digit length L do not contribute
significantly to improving sensor bandwidth. To the contrary, the metalization ratio α, which depends
only on the digit width W and gap S, is a relevant parameter for optimizing the sensor. The analytical
simulations showed that the best optimization is obtained forα= 0.6. Thisαvalue permits the low cut-off
frequency to be reduced by a factor of up to 2.5. To validate our theoretical results, measurements were
performed on three different sensors using the same active surface area (2 mm × 2 mm) but different
ratios α. The results obtained with the calibrated solutions proved the validity of our model and the
possibility improving sensor bandwidth. Finally, blood sample characterizations were performed using
the sensors. The optimized sensor was able to characterize the blood sample and extract its intrinsic
property (electrical conductivity), achieving good concordance with the reference blood conductivity
provided in the literature.
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Abstract: Diabetes has become a major health problem in society. Invasive glucometers, although
precise, only provide discrete measurements at specific times and are unsuitable for long-term
monitoring due to the injuries caused on skin and the prohibitive cost of disposables. Remote,
continuous, self-monitoring of blood sugar levels allows for active and better management of
diabetics. In this work, we present a radio frequency (RF) sensor based on a stepped impedance
resonator for remote blood glucose monitoring. When placed on top of a human hand, this RF
interdigital sensor allows detection of variation in blood sugar levels by monitoring the changes
in the dielectric constant of the material underneath. The designed stepped impedance resonator
operates at 3.528 GHz with a Q factor of 1455. A microfluidic device structure that imitates the blood
veins in the human hand was fabricated in PDMS to validate that the sensor can measure changes in
glucose concentrations. To test the RF sensor, glucose solutions with concentrations ranging from 0
to 240 mg/dL were injected into the fluidic channels and placed underneath the RF sensor. The shifts
in the resonance frequencies of the RF sensor were measured using a network analyzer via its S11

parameters. Based on the change in resonance frequencies, the sensitivity of the biosensor was found
to be 264.2 kHz/mg·dL−1 and its LOD was calculated to be 29.89 mg/dL.

Keywords: blood glucose monitoring; diabetes; non-invasive sensor; PDMS; vascular phantom;
glucometer; RF sensor

1. Introduction

Diabetes is a chronic disease that is on the rise across the globe, especially amongst de-
veloped nations. To date, there is no known way to prevent or cure diabetes; however, the
patient’s quality of life can be improved by having periodic monitoring and quantification
of glucose levels. Continuous self-monitoring of blood glucose levels allows patients to
better control their diet and medication intake, leading to more stable blood sugar levels
and fewer incidents of hypo and hyperglycemia [1]. The early generations of glucose
sensors were chemical-based, a manual operation mostly involving blood sampling [2].
With the advance of technology and complexity of devices, the manual sampling of blood
glucose has become outdated and should be improved for better monitoring of patients.
Microwave sensing using small, printed high-frequency sensors is one of the promising
techniques to implement non-invasive glucose monitoring. The general principle is to
utilize electromagnetic waves to characterize the material under test (MUT), based on its
dielectric properties and measuring its resonant frequencies. Previous studies have found
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that these resonant frequencies correlate to dielectric permittivity of the material and shift
with varying concentrations of glucose [3]. Permittivity values are inversely proportional
to glucose concentration, where higher concentrations result in lower permittivity values.
Different designs of radio frequency (RF) resonator sensors can be used to detect permittiv-
ity changes in a material such as circular [4], interdigital transducers (IDT) [5], near-field [6]
and microstrip [7]. IDT is the most common design for a wide range of applications such as
chemical sensor [8], food inspection [9] and humidity sensor [10,11]. IDT structure has also
been used as a biosensor where it was used for direct, rapid quantification and detection
of prostate-specific antigens [12]. To enhance the performance of the IDT sensor, stepped
impedance structures can be added to the IDT design to improve the quality factor and
impedance values of the resonator. These designs, known as stepped impedance resonators
(SIR), are compact, have small footprints and allow independent control of the character-
istic impedance of the resonator [13]. The RF sensors are advantageous because, unlike
electrochemical sensors, they do not require direct contact with the biological samples,
allowing them to be reusable, reliable and not vulnerable to performance degradation with
service time [14].

Validation of RF sensors can be done using either human tissue phantoms or direct
testing using human subjects. Due to the difficulties of obtaining real blood samples,
having additional variables such as movements, respiration, temperature variations, for
preliminary testing, simulations and testing using phantom models of either animal or
liquid phantoms, are preferred [15]. Animal models involving hamsters have been used
in previous studies to study correlations between blood glucose and permittivity at fre-
quencies of 10 kHz [16]. In that study, glucose solutions or various concentrations were fed
to the hamster and sensor measurements were obtained at the hamster’s tail. Nowadays,
phantom models are preferred as they are a more humane, cruelty-free method in which
synthetic materials are used to mimic human tissues or blood vessels instead of using
animals. Human tissue phantoms can also be made by mixing a combination of solutions
and gels that produces the same electrical properties as human tissue [17]. The recipe for
this combination of deionized water, gelatin, salt, oil, and detergent can be varied and
tuned such that this mixture has the same permittivity and conductivity of human tissue at
the desired frequency. Cespedes et al., in his research, tuned his mixture for applications to
5.8 GHz [17], while Yilmaz et al. designed a mixture for broadband applications of 0.3 to
20 GHz [18]. More accurate patient-specific phantom models can also be developed using
synthetic anatomical models with vascular phantoms that are either 3D printed [19] or
fabricated using soft lithography. In this work, we have fabricated microfluidic vascular
phantoms in Polydimethylsiloxane (PDMS), which are based on angiogram images of the
hand artery to validate the functionality of our sensor with different glucose concentrations.

In this work, we have presented the use of an RF sensor to monitor the different
levels of blood glucose concentration. Compared to sensors with different mechanisms, RF
sensors are advantageous in terms of their fast response. RF-based sensors enable sensitive
differentiation of dielectric properties of the material under test that is seen as a difference
in magnitude and frequency shift of S-parameters at resonance frequencies. This paper
presents the design, fabrication, and testing of a stepped impedance resonator sensor for
continuous in vivo blood glucose monitoring. Section 2 details the design and fabrication
of the RF sensor which was fabricated using printed circuit fabrication techniques. Next,
the design and fabrication of the vascular phantom using PDMS are described. The
vascular phantom consists of two layers, one thin layer to mimic the permittivity of the
skin layer and the second layer which contains microfluidic channels that have the design
and dimensions of a hand artery. To validate the functionality of the sensor, this vascular
phantom is placed underneath the RF sensor, and different glucose concentrations are
injected into the channels. The scattering parameters of the sensor are recorded using a
network analyzer. Section 3 presents the experimental results obtained, together with the
interpretation and discussion of the results. Finally, the main conclusions inferred from
this study are gathered in Section 4.
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2. Design and Method

2.1. Stepped Impedance Resonator Sensor

The IDT structure is a coplanar capacitor equivalent to the parallel plate capacitor
where the electrodes are placed on the same plane to provide a one-sided sensing area
for any MUT. These coplanar capacitors can detect changes in permittivity of the material
underneath the electrodes. If liquid is placed underneath these electrodes, any changes
in the permittivity of the liquid will result in a shift of the resonant frequency of the IDT
sensor. In this way, the RF sensor can detect different liquids with different values of
permittivity by monitoring the changes in capacitance. The IDT sensor variables are width
(w), length (l), and gap (d) between the electrode’s digits. Changes in width and gap of
the IDT structure affect the capacitance of the sensor and allow the electrical penetration
depth of the sensor to be adjusted [20] in accordance with the thickness of the material
being tested.

In this work, the IDT sensor was designed to perform detection of glucose concentra-
tions by applying frequencies in the range of 1 to 3 GHz, which are within the range of
frequencies that are sensitive to changes in permittivity values of blood plasma [3]. The
IDT sensor design, simulation was done using CST Microwave Studio and optimization
details have been elaborated in [11]. The finalized design has the following parameters:
w = 0.7 mm, l = 14 mm, d = 0.5 mm and number of electrodes = 20.

An important parameter that affects the sensitivity of the sensor is its Quality (Q)
factor. The Q factor describes the relation between stored energy and energy usage rate and
is used to describe the efficiency of the device. The basic Q-factor equation is dependent on
the energy loss of the components in the device such as inductor, capacitor, or resistor. Q
can also be calculated using the following equation from the S11 frequency response [21]

Q =
f

Δ f3dB
= 2π

Energy stored
Energy loss

=
1
R

√ L
C

(1)

where f is the frequency at minimum loss, and Δf 3dB is the difference in frequencies at 3 dB
drop from the maximum magnitude. This implies that, as the energy losses increase, or if
there are losses in the amplitude of the signal, the R of the device is increased, resulting in
a reduced Q factor.

The IDT sensor produced an initial Q of 200 from the simulations. To improve the
Q factor, a Stepped Impedance Resonator (SIR) was added to the IDT sensor design. SIR
structures are compact and have been used in filters, oscillators and mixers to improve
their Q factors [22]. For our device, the SIR consists of two transmission lines of different
lengths (L1 and L2) with characteristic impedances that are low impedance (Z1) and high
impedance (Z2), respectively. The design parameters of both the IDT sensor and SIR are
shown in Figure 1a. The addition of these two transmission lines (L1 and L2) allows us
to control the capacitance of the sensor and tune the sensor to produce high Q via better
impedance matching. The capacitive Equation (2) was simplified by Chomtong, P. et al. [18],
as follows:

Ci =
(εr + 1)

LT
L2(εr + 1)[0.1(n − 3) + 0.11] (2)

where Ci is the capacitive value of the IDT, LT is the total length of the IDT, L2 is the length
of SIR, n is the number of fingers and εr is relative permittivity. The design parameter of
SIR is controlled by both length and impedance ratio.

To optimize the Q factor, simulations were done using CST Microwave Studio in
which the SIR length was varied, and the sensor’s frequency response was obtained. The
design dimension unit was set in millimeters (mm). The simulations were performed in a
frequency range of 1 GHz to 5 GHz. Based on the above equation, L1 has no significant
effect on the performance of SIR and was kept constant for the simulations, while L2 varied
between 21.2 and 21.7 with a step of 0.1. The Q factor of each L2 value was calculated based
on the RF sensor’s simulated frequency response, and the plot of Q versus L2 is shown in
Figure 1b. The highest value of Q factor obtained was 1455 when L2 = 21.45 mm. Q factor
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values of near or over 1000 at frequencies between 100 MHz and 1 GHz are suitable for
sensing applications and can adequately reduce high-frequency losses [23].

Figure 1. (a) RF Sensor comprised of interdigital and Stepped Impedance Resonator (SIR) structures
and its design variables. (b) Quality (Q) factor values with varying SIR (L2) lengths. IDT with SIR
design and parameter variable (c) Simulated frequency response of RF sensor with varying (30 to
110) blood glucose permittivity. Inset: RF sensor model in CST Microwave Studio.

To evaluate the performance of the device for sensing applications, another simulation
was done in which the dielectric values near to the sensor’s surface were changed to have
blood permittivity values. A new material block was placed underneath the sensor design
(Figure 1c (inset)) and its permittivity values were varied from 30 to 110 with increments of
20. This method allows us to observe the change in frequency response of the sensor due
to the varying of blood glucose levels. Details on the boundary conditions of the sensor
can be found in [11]. The sensor’s S11 frequency response was plotted and is shown in
Figure 1c. All values used for blood in the CST simulations are listed in Table 1. From
the simulations, higher permittivity values result in a decrease in resonant frequencies. In
terms of glucose concentrations, lower glucose concentrations also correspond to higher
permittivity values.

Table 1. Important blood parameter values used in the simulation.

Parameter Values

Electric Conductivity (S/m) 3.05

Density (kg/m3) 1050

Heat Capacity (J/kg/◦C) 3617

Thermal Cond. (W/m/◦C) 0.52

Heat Transfer Rate (mL/min/kg) 10,000

286



Biosensors 2021, 11, 494

Based on the simulation results, three different sensor designs were selected for
fabrication: Sensor A (SIR width = 21.40 mm), Sensor B (SIR width = 21.45 mm), Sensor
C (SIR width = 21.50 mm). The sensors were fabricated on a Flame-Retardant 4 (FR4)
substrate, a common substrate for printed circuits. The FR4 printed circuit board has a
thickness of 1.57 mm, with relative permittivity of 4.7, and loss tangent of 0.014. The
electrodes are from copper due to its high electrical conductivity. The sensor design was
first drawn in Adobe Illustrator and printed on a transparency to form a positive mask. The
design is then fabricated onto the FR4 substrate using the same techniques as the printed
circuit process which involves exposure, development, etching, and finally stripping. Once
the circuit board is ready, it is tested with a multimeter to ensure there is no short and a
female SMA connector is attached as the input and output port of the sensor.

2.2. Microfluidic Vascular Phantom

Patient-specific vascular models have been used for surgical training to simulate
complex procedures such as endovascular aneurysm repair and coil embolization [19]. In
this work, vascular model of the ulnar artery of humans was translated into a microfluidic
device using angiogram images of the hand artery. Creating a microfluidic phantom
specifically to test the RF sensor instead of human subjects allows us better control and also
simplifies the experiments. Using this method, multiple glucose concentrations are injected
into the channel repeatedly without harming the subjects. Other environmental factors
such as temperature, and flow rate of the liquid being tested, can also be made constant
during experimentation.

Dimensions of the ulnar artery were obtained from Fazan et al. [24], who studied
46 male, embalmed human cadavers. In this study, the mean diameter of the ulnar artery
on the right hand was found to be approximately 2.5 ± 0.2 mm. The design of the channels
was drawn in Adobe Illustrator, as shown in Figure 2a, to closely mimic the angiogram
images of the hand artery obtained from [25]. Angiography typically involves injection of a
radio-opaque contrast agent into the blood vessels and, using the X-ray imaging, the blood
vessel shapes can be captured. The design was then fabricated into a chromium on glass
mask, as shown in Figure 2b. Soft lithography methods were used to produce the design
mold, as shown in Figure 2c. Fabrication steps are detailed in Section 2.3. The fabricated
microfluidic device in PDMS is shown in Figure 2d. The size of the microfluidic device
corresponds to the size of the RF sensor, which is 40 × 50 mm, and alignment markers
were included in the mask design to provide constant placement of the channel on the
sensor when taking the experimental measurements.

Figure 2. (a) Angiogram image of a hand artery from [19]. Inset: Replica image of hand artery redrawn in Adobe Illustrator.
(b) Design fabricated on chromium on glass mask. (c) Microfluidic pattern on dry photoresistant film fabricated using soft
lithography. (d) Microfluidic device fabricated using PDMS.

When the sensor is placed on a human hand, the capacitive model of the layers can be
represented as a 3-layer stack of skin, fat and blood, as shown in Figure 3a. The interdigital
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sensor is represented as capacitive parallel plates. To accurately model the dielectrics that
are present in the hand, a thin layer of PDMS is placed in between the sensor and the
microfluidic channel, as shown in Figure 3b. The dielectric value of this thin PDMS layer
should match the dielectric values of skin and fat, while the dielectric value of blood is the
unknown. The total capacitance of skin and fat can be expressed as follows:

1
CT

=
1

Cskin
+

1
Cf at

(3)

CT = ε0 A
εskinε f at

ε f atd + εskind f at
(4)

where CT is total capacitance, Cskin and Cfat is the capacitance, εskin and εfat is the dielectric
constant, and dskin and dfat is the average thickness for skin and fat respectively. The
expression (4) was derived from (3). The total capacitance, CT, can then be used to find the
thickness of the thin-layer PDMS, as follows:

dPDMS =
εPDMS

(
ε f atdskin + εskind f at

)
εskinε f at

(5)

where εPDMS is the dielectric constant of PDMS. Substituting the parameter values in
Table 2 [26] into Equation (5), the thickness of the bottom layer PDMS was theoretically
calculated to be 900 μm. The planar scheme of the RF sensor on a human hand is shown
in Figure 3c (left), and the cross-section of the microfluidic vascular phantom is shown in
Figure 3c (right).

Figure 3. (a) Dielectric stack model of skin, fat and blood between two capacitive plates. (b) Layer
stack of RF sensor on thin PDMS and microfluidic channel used for testing. (c) Left: Layer stack
of RF sensor on human hand comprising of three layers: skin, fat and blood. Right: Microfluidic
vascular phantom layer stack that was used for testing where the thickness of the thin-layer PDMS
was designed such that it has the same permittivity values of the three layers (skin, fat and blood).
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Table 2. Specific parameter values for skin and fat of human body on ulnar artery.

Parameter Dielectric Constant, ε Thickness [mm]

Skin 37.50 1.5

Fat 10.70 3.0

Blood vessel 41.90 2.5

PDMS 2.68 0.9

2.3. Microfluidic Fabrication

The microfluidic blood vessel pattern was developed into a chromium photomask
(Delta Mask B.V., The Netherlands) for soft lithography. The final product is shown in
Figure 2b. For soft lithography, a silicon wafer is laminated with dry photoresist film
at 100 ◦C using a laminator (RSL-382S) and covered with an adhesion promoter. The
microfluidic pattern from the mask was then transferred onto the dry photoresist film using
a Suss MicroTec mask aligner MJB4 [27] via photolithography to form the microfluidic
mold. After exposure, the sample is heated on a standard hotplate at 80 ◦C for 2 h. Next,
the sample was immersed in a developer solution (cyclohexanone) which dissolves areas
of the dry film that were exposed to light. The sample is then baked in an oven or hot
plate at temperatures between 100 and 120 ◦C. This is needed to drive off liquids that may
have been absorbed on the substrate and to crosslink the remaining photoresist layer of the
mold. Once hardened, this mold can be peeled off from the silicon substrate. These steps
are illustrated in Figure 4a–e.

Figure 4. Microfluidic soft lithography fabrication steps. (a) Silicon wafer substrate is laminated with dry photoresist film
(DPF). (b) Microfluidic pattern from mask was exposed with UV light and transferred to DPF. (c) Substrate with DPF was
immersed in developer solution to remove the layer that is exposed to the UV light. (d) The sample was baked to harden
the DPF. (e) PDMS was poured on to the design mold. (f) PDMS was peeled off from the mold and bonded with the thin
layer PDMS.

As shown in Figure 4f, there are two PDMS layers, one thin to represent the human
skin and fat, and another thicker layer with microfluidic channels that represents the blood
vessels. To prepare the PDMS layers, Sylgard 184 silicone elastomer with elastomer curing
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agent (a crosslinking agent) is mixed at a 10:1 ratio in the plastic cup. Air bubbles were
removed from the PDMS mixture by degassing it for 1 h. This mixture can then be used to
form both layers: thin-layer PDMS and microfluidic channels. To produce the thin layer,
the liquid PDMS was spin coated in a spin coater (Karl SUSS RC8) at a speed of 2500 rpm
for 30 s to obtain a layer thickness of around 900 μm. Once the layer is formed, it is baked
in an oven at 100 ◦C for 30 min to solidify the PDMS mixture. The solid PDMS layer was
then peeled off and cut into the desired shape using a razor blade.

For the fabrication of microfluidic channels, the liquid PDMS is poured onto the
microstructure mold and heated in an oven at 85 ◦C for 15 min to obtain a hardened,
elastomeric replica of the mold. The hardened PDMS layer was then peeled off and cut
using a razor blade into a rectangular shape. Two circular holes were punched into the
PDMS layer near the two ends of the capillary channel to make the holes for the inlet and
outlet media reservoirs. Both layers of PDMS (thin layer and microfluidic layer) were
treated with oxygen plasma before assembly. Oxygen plasma treatment promotes adhesion
between the two layers and allows very strong bonding that avoids any leakage. The two
PDMS layers were then assembled, and a polyethylene tube (length = 900 mm and inner
diameter = 840 μm) was connected at the inlet of the microfluidic channel. The tube can be
connected later to a disposable syringe and a syringe pump for testing.

Figure 5 shows the fabricated sensor (a), the testing scheme using the microfluidic
vascular phantom in lieu of a human hand (b). The microfluidic device was connected to a
syringe pump. Measurements of glucose levels using the RF sensor is done without direct
contact with blood, allowing the sensor to be reusable as there is no contamination. The
fabricated sensor is connected to a network analyzer and the frequency response at each
concentration can be obtained. The usage of a microfluidic vascular phantom eases the
testing methods and reduces the need of using human subjects at the prototype level.

Figure 5. Experimental setup and placement of RF sensor on top of the vascular phantom. A syringe pump was used to
inject fluids with different glucose concentrations to mimic the flow of blood with varied sugar levels. (Inset: Fabricated RF
Sensor and fabricated microfluidic vascular phantom).

2.4. Glucose Sample Preparation

D(+)-Glucose anhydrous [C6H12O6] was used to prepare the glucose concentration.
The sample glucose (180.16 g/mol) was diluted with DI water at normal room temperature.
Glucose solution with concentrations ranging from 30 mg/dL to 240 mg/dL with an
increment of 30 mg/dL was prepared to match with the different blood sugar levels
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(hyperglycemic, normal, hypoglycemic) that may exist in diabetic patients, as shown in
Table 3 [28].

Table 3. Range of blood glucose concentrations for different sugar levels in the blood [28].

Blood Sugar Levels Blood Glucose Concentration (mg/dL)

Hyperglycemia >200

Normal Glycemia 72–108

Hypoglycemia <60

2.5. Experimental Setup

Measurement of RF sensor frequency response was made using Keysight Fieldfox
RF Analyzer (RFA). Figure 6 shows the placement of the microfluidic device on top of the
RF sensor. A male SMA cable was connected to the sensor and the RFA to measure the
S11 parameters of the sensor. A disposable syringe that contains the appropriate glucose
concentration was placed in the syringe pump and the tube was connected to the inlet of
the microfluidic device.

Figure 6. Experimental setup used for RF sensor measurements. Left: The microfluidic device is
placed on top of the RF sensor. The inlet of the microfluidic channel is connected to a syringe pump.
Right: The RF sensor is connected to a Keysight Fieldfox RF Analyzer.

The RFA was calibrated with a Short, Open, Load, Through (SOLT) SMA calibration kit
prior to measurements. The calibration was carried out by measuring a SOLT termination
at the point where the sensor will be measured, which is directly at the port. The calibration
and measurement frequencies of the RFA were set between 1 GHz and 5 GHz. All three
different sensor designs were measured with two different microfluidic devices. The two
microfluidic devices only differ in terms of the materials used as their substrate namely:
thin-layer PDMS and glass slide. Experimental measurements were done in triplicate
where measurement of S11 values for each glucose concentration was repeated three times
(n = 3). The RF sensor was aligned with the fluidic device using the alignment markers to
ensure constant placement for each experiment to ensure precision and repeatability of the
measurements. The measurements were performed in triplicate for each sensor with each
type of microfluidic device to ensure the conformities of the readings.

To imitate the blood fluid properties in human arteries, the flow rate inside the channel
must be uniform and constant throughout the measurement. To achieve this requirement,
a syringe pump was used separately at the inlet of the microfluidic device. The flow of
the pump was initially set at 0.5 mL/min and slowly increased until the speed reached an
optimal rate. Air bubbles were formed and trapped in the channel at the junction of the
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artery model at a flow rate of 0.5 mL/min. This indicates that the pressure of the liquid
injection is quite low, thus prone to bubble formation inside the channel. Bubbles fully
disappeared once the rate was increased to 3.2 mL/min. This rate also falls inside the range
of normal blood flow rate in human arteries, which is 3.0–26 mL/min, as discussed in [29],
and was used throughout the experiments. Further increase in the flow rate could result in
leakage within the channels.

3. Results and Discussion

Three different sensor designs were measured and produced different quality factors,
namely: Sensor A (SIR width = 21.40 mm, Q factor = 980), Sensor B (SIR width = 21.45 mm,
Q factor = 1455), Sensor C (SIR width = 21.50 mm, Q factor = 1154). Next, measurements
with the microfluidic devices were conducted as shown in Figure 6. RF sensors are advan-
tageous as the response time of the RF sensors only depends on the sweep period of the
vector network analyzer used for taking measurements [14]. Vector network analyzers
have been reported to have short detection times: 0.85 s in [14] and less than 2 s in [13].

Only measurements of Sensor B with the thin PDMS as its substrate are shown as
it produced the highest quality factor. The S11 frequency response for RF sensor B was
plotted as shown in Figure 7 and the values of frequency (f = 3.2548 GHz), magnitude
(S11 = −34.873 dB) and phase angle (θ = −155.487) were used to find the capacitance value
of thin-layer PDMS. The load impedance formula shown in (6) was used to convert S11 to
capacitance value.

ZL = Z0

(
1 + S11

1 − S11

)
(6)

where ZL is load impedance and Z0 = 50 ohms. From the results in ZL, the imaginary part
is the series reactance and negative values indicate that it is capacitive. From calculations,
ZL = 48.38−0.723i and the reactance value was converted to find the capacitance of the
thin-layer PDMS. The capacitance value of thin-layer PDMS (CPDMS = 6.756 × 10−11 F) was
used to find the relative permittivity of the PDMS, εPDMS. The measured εPDMS was found
to be 0.389.

 

Figure 7. Measurement of the bare sensor, sensor with thin-layer PDMS and sensor with microfluidic
device. (Inset: Equivalent circuit of RF sensor with thin-layer PDMS).
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Measurement of the microwave reflection coefficient S11 was done on a series of
aqueous glucose concentrations flowing inside the microfluidic channel. The glucose
concentrations ranged from 0 mg/dL (DI water) to 240 mg/dL, which is in accordance
with the human blood glucose levels. Figure 8a shows the pattern of resonance frequency
shifting towards the different glucose concentrations (0, 120, 240 mg/dL). As can be seen,
this graph shows the relationship between the frequency change response against the
sample glucose concentration. As the glucose concentrations are increased, the frequency
is also increased, shifting the resonance frequency of the S11 measurement to the right
side after each concentration changed. The RF sensor can detect different liquids with
different values of permittivity. The difference in permittivity value will cause changes in
the resonance frequency shift.

A linear regression fitted line was plotted on the graph and the correlation coefficient
R-square = 0.9325. The regression line indicates that the change of frequency is directly
proportional to the concentration changes of the glucose. This suggested that different
glucose concentrations have different dielectric permittivity properties, which can be
detected by measuring the change in capacitance, and therefore, change in resonance
frequency (S11) of the RF sensor. This is in accordance with the Cole–Cole model theory [30]
where the variation of reflection coefficient S11 leads to the frequency shift over the glucose
concentration. Increasing the glucose concentrations in a liquid would generally decrease
the permittivity of the liquid over the frequency; thus, in turn shifting the resonance
frequency to a higher value.

The graph shows a gradually increasing pattern as the number of concentrations is
increased and the trendline from the curve was added to find the sensitivity (slope) and
the limit of detection (LOD). Based on the linear regression equation shown in Figure 8b,
the detection sensitivity of the biosensor is 264.2 KHz/mg·dL−1. The LOD of the sensor
was calculated to be at 29.89 mg/dL using the formula of 3σ/m, where σ is the standard
deviation of blank solution and m is the slope of the graph. This implies that the sensor can
be used to detect glucose changes greater than approximately 30 mg/dL. The sensor has
successfully detected the three human glucose levels: below 60 mg/dL (hypoglycemic),
72–108 mg/dL (normal) and above 200 mg/dL (hyperglycemic). To achieve the optimal
sensing performance of the sensor, the regression coefficient needs to be improved to the
value of 0.99. This can be done by fixing the location of the cables when setting up the
experiment such that it remains constant throughout all the measurements. This will result
in improvements in the sensitivity and LOD of the sensor. As a comparison with existing
research, Table 4 shows the performance of other types of remote sensors in terms of their
LOD, frequency of operation and range of glucose level detection.

Table 4. The value of specific parameters of skin and fat of human body on ulnar artery.

Reference Sensor Phantom Frequency LOD
Range Glucose

Level

[13] Dual needle Hamster tail 10 kHz - 20–500 mg/dL

[14] Dielectric probe Oil, gelatin, salt, deionized
water, detergent 4–7 GHz 100 mg/dL 0–400 mg/dL

[15] Dielectric probe Oil, gelatin, salt, deionized
water, detergent 0.3–20 GHz 72 mg/dL 72–216 mg/dL

This work
Stepped

impedance
resonator

Dual-layer PDMS 1–5 GHz 29.89 mg/dL 0–240 mg/dL

The advantage of this work is that other than the high-Q sensor design, measurements
were conducted with a vascular phantom, which is a closer mimic to blood vessels com-
pared to tissue phantoms which were used in other works. The skin and fat dielectric
permittivity values were also represented as a single, thin PDMS layer to improve similarity
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to the human model. In addition, the RF sensor has a measured LOD of 29.89 mg/dL,
which is lower compared to the other works. These results show that this biosensor has the
potential of being applied as a low-cost non-invasive glucose sensing.

 

Figure 8. (a) S11 measurement results of the sensor with varying glucose concentration (0, 120,
240 mg/dL). (b) Frequency changes with increasing value of glucose concentration. Limit of detection
was found to be 29.89 mg/dL. Measurements were made in triplicates. Error bars are also shown in
the graph.

4. Conclusions

In this paper, an interdigital electrode with SIR structures was used for remote sensing
of different glucose concentrations. The sensor was fabricated on a double-sided PCB using
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a conventional PCB manufacturing process. A microfluidic device was also fabricated to
imitate the real blood vessel structure of the human hand and form a microfluidic vascular
phantom to ease testing. The optimal flow rate to flow glucose inside the channel was
found to be at 3.2 mL/min where all bubbles completely disappeared from the channel. A
wide range of glucose concentrations (0 mg/dL to 240 mg/dL) was used to test the sensor’s
performance. The reflection coefficient, S11 and the resonance frequency are sensitive to
the glucose changes inside the microfluidic hand vascular model. The sensor showed
a linearly proportional relationship between resonance frequency changes and varying
glucose concentrations. The sensitivity of the sensor was found to be 264.2 kHz/mg·dL−1

with LOD of 29.89 mg/dL. This sensor has the potential of being used as a device for
continuous, remote monitoring of blood sugar levels for diabetic and prediabetic patients.
Non-invasive, continuous monitoring of sugar levels for vulnerable individuals allows
early interventions and results in better quality of life.
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Abstract: Indigo is a plant dye that has been used as an important dye by various ancient civilizations
throughout history. Today, due to environmental and health concerns, plant indigo is re-entering
the market. Strobilanthes cusia (Nees) Kuntze is the most widely used species in China for indigo
preparation. However, other species under Strobilanthes have a similar feature. In this work, 12 Stro-
bilanthes spp. were analyzed using electrochemical fingerprinting technology. Depending on their
electrochemically active molecules, they can be quickly identified by fingerprinting. In addition,
the fingerprint obtained under different conditions can be used to produce scattered patter and
heatmap. These patterns make plant identification more convenient. Since the electrochemically
active components in plants reflect the differences at the gene level to some extent, the obtained
electrochemical fingerprints are further used for the discussion of phylogenetics.

Keywords: electroanalysis; indigo dyes; fast identification; fingerprints; differential pulse voltammetry

1. Introduction

Plant indigo was the most widely used and important dye in the world until the
invention of synthetic organic dye aniline violet in 1856. India is widely believed to be
the oldest centre of indigo dyeing, and has been Europe’s most important importer of the
dye since Greco-Roman times [1–4]. Tombs in Egypt have unearthed linen fabrics from
around 2400 BC, some of them with delicate indigo lace. In ancient Israel and Palestine,
indigo was mixed with green and black dyes for dyeing. Historians in the Egyptian town
of Forstadt, south of Cairo, where caravans used to stop during the Middle Ages, have
unearthed large quantities of chintz fragments from India [5–8]. Some of them were printed
with plant indigo. China, along with Egypt, Peru and India, is the ancient country that
applies indigo in the world. Due to the humid climate in Asia, natural fibers are easily
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damaged. Therefore, ancient fabrics are difficult to preserve in historical relics. However,
there are still many discoveries that have been made through archaeological work. Indigo
was used to dye silk fabrics unearthed from the Western Han Dynasty tomb in Mawangdui,
Changsha. Silk and cotton printing and dyeing products of the Tang Dynasty are preserved
in Shosakura in Xinjiang and Japan, including batik cotton fabric with blue background
and white flower [9–12].

Indigo is still widely used in traditional textiles, even though other natural plant
dyes are rarely used. Strobilanthes cusia (Nees) Kuntze is the most widely used species in
China for indigo preparation [13,14]. Strobilanthes spp. is the second largest genus of the
family Acanthaceae distributed in tropical and subtropical regions of Asia. Estimates of
the number of species in Strobilanthes Blume range from 250 to 450. Many of these species
are also used to make indigo. Since many of these species are morphologically similar,
identifying plants is not an easy task among non-botanists. With the development of digital
image processing and recognition technology, digital images of plants are often used for
species identification [15,16]. This approach can be used effectively in species with large
morphological differences. However, it is unable to distinguish between species with very
similar morphology, and it is especially difficult to do so in the same genus [17]. In this
case, spectral analysis and chemical signal analysis are able to overcome this difficulty. For
example, Fourier transform infrared (FTIR) spectroscopy allows for the classification of
plants based on their different phytochemical compositions [18,19]. However, FTIR spectra
mainly reflect certain groups or bonds in the molecule, such as methyl, methylene, carbonyl,
cyano, hydroxyl and amine groups. The differences in the spectra in fact reflect differences
in the composition of the functional groups and, therefore, do not fully respond to the
differences in chemical composition [20]. Conversely, electrochemical fingerprinting can
reflect the variability in electrochemically active molecules in the detection system. Previous
studies have shown that electrochemical fingerprinting can be successfully applied in plant
identification and phylogenetic studies [21,22]. This technology has the potential to be
developed for the identification of different commercial plants and the monitoring of
corresponding products.

In this study, we selected 12 species from Strobilanthes and 2 exotaxa for analysis.
Electrochemical taxonomy is a new recently developed technology and is used as an alter-
native method for plant phylogenetics analysis [23–28]. The electrochemical fingerprints of
these species were recorded under different conditions. The patterns of these species were
generated for identification. Then, the phylogenetic position of these species was studied.

2. Materials and Methods

Strobilanthes hossei, Strobilanthes japonica, Strobilanthes dimorphotricha, Strobilanthes cu-
sia, Hemigraphis cumingiana, Strobilanthes oliganthus, Strobilanthes hamiltoniana, Strobilanthes
austrosinensis, Strobilanthes henryi, Strobilanthes tonkinensis, Strobilanthes schomburgkii, Stro-
bilanthes dyeriana, Strobilanthes hamiltoniana, Strobilanthes biocullata and Peristrophe japonica
were supplied by Nanjing Botanic Garden. All chemicals were analytical grade and used
without purification. All electrochemical fingerprint recordings were conducted using a
CHI760 electrochemical workstation. A commercial glassy carbon electrode (GCE), an
Ag/AgCl electrode and a Pt electrode were used as the working electrode, reference
electrode and counter electrode, respectively.

Ethanol and water were used as solvents for plant leaf extraction. A small amount of
leaf (0.01 g) was carefully mixed with 2 mL of solvent. Then, the slurry was sonicated for
5 min for extraction. Then, 2 μL of plant tissue dispersion was drop coated on the working
electrode surface and dried naturally. In this study, the electrochemical fingerprinting of
two conditions was recorded. The samples extracted with water were recorded under
PBS. Samples extracted with ethanol were recorded under ABS. The voltammetric profile
(fingerprints) of plant leaf were recorded using differential pulse voltammetry (DPV) in
the range −0.1 to 1.5 V in either PBS (pH 7.0, 0.1 M) or ABS (pH 4.5, 0.1 M). Except for the
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reproducibility test, the fingerprints of herbal tissue were recorded repeated three times in
each condition.

All raw data were first treated with a normalization process, where the ratios between
the current and the maximum peak current were obtained at different potentials (Scampic-
chio et al., 2005). The normalized voltammetric data have been used for pattern generation.
PCA analysis and cluster analysis were carried out using Origin 2021. The ward linkage
method was applied during the cluster analysis.

3. Results and Discussion

Figure 1 shows the voltammetric profiles of S. hossei, S. japonica, S. dimorphotricha, S.
cusia, S. biocullata, S. oliganthus, S. hamiltoniana, S. austrosinensis, S. henryi, S. tonkinensis,
S. schomburgkii, S. dyeriana, S. hamiltoniana, H. cumingiana and P. japonica recorded after
water extraction in PBS. It can be seen that each DPV curve has electrochemical oxidation
signal, which represents that each species contains electrochemical active molecules [29–31].
According to phytochemical studies [32–34], these electrochemically active molecules are
phenolic acids, alkaloids, pigments, flavonols and procyanidins. Although we have no
way to distinguish each of these molecules in the electrochemical fingerprinting, since
many of them have similar chemical structures and are able to oxidize at similar potentials.
However, the height and area of these electrochemical oxidation peaks have a positive
correlation with the type and number of oxidized molecules. Therefore, comparing the
differences in the electrochemical fingerprints of plants can distinguish the differences in
electrochemically active molecules in plants. No curves of two samples showed exact same
profile, representing the difference of the molecules involved in the electrochemical reaction
in each species. This difference is due to differences in the composition and number of
electrochemical molecules in different species. The differences also reflect differences at the
genetic level [35–37]. Although the composition of a plant is influenced by its environment,
is primarily determined by its genes. Three samples have been tested for each species and
found to be well reproducible. Therefore, differences in these DPV profiles can be used
to identify different species based on the peak locations and peak intensity. However, we
see some similarities in the fingerprints of some species, such as S. hossei and S. biocullata.
These two species are not only very similar in leaf morphology, but their flowers are also
very similar in morphology and color [38,39].

In order to increase the accuracy of recognition, ethanol was used to extract plant
tissues, and fingerprint was collected in ABS. As shown in Figure 2, each species also
exhibits electrochemical oxidation behavior under these conditions. Studying Figure 1, it
can be seen that the electrochemical oxidation behavior of each plant is not consistent. This
is for two reasons. The first is that the species produce different electrochemically active
molecules in the extraction of different solvents [40]. Another reason is that in, different
pH and buffer solution environments, the oxidation potential of the molecules involved
in electrochemical oxidation is not the same [41]. This allows the two species with similar
electrochemical behavior, such as S. hossei and S. biocullata, to exhibit different behaviors
here. Therefore, although the two species may be morphologically very similar, their
electrochemically active molecules will remain somewhat different in type and amount.
Combined with electrochemical fingerprinting, taken under different conditions, this
difference can be amplified and provide the opportunity to perform identification.
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Figure 1. Electrochemical fingerprint of S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata,
S. oliganthus, S. hamiltoniana, S. austrosinensis, S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S.
hamiltoniana, H. cumingiana and P. japonica recorded after water extraction in PBS.

Figure 2. Electrochemical fingerprint of S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata,
S. oliganthus, S. hamiltoniana, S. austrosinensis, S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S.
hamiltoniana, H. cumingiana and P. japonica recorded after ethanol extraction in ABS.
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However, it is difficult to directly identify species using DPV profiles, especially when
there are many samples. Thus, we combined the data from the two figures to produce a
scatter plot pattern for each species. Because the potential information in the two sets of
data is exactly the same, we delete their weights. In this case, the scatter plot’s X-and Y-axis
data are given equal weight, and we can combine the species’ electrochemical fingerprints
collected in both conditions in a single pattern. Figure 3 shows the scatter patterns of
S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata, S. oliganthus, S. hamiltoniana,
S. austrosinensis, S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S. hamiltoniana, H.
cumingiana and P. japonica. As can be seen from the figure, each species has its own unique
pattern. By dividing the whole area into several quadrants, and then counting the data
points in different quadrants, the unknown sample can be compared with the database.
Multivariate variance analysis shows that there is no significant difference between patterns
of the same species. However, there are significant differences between the scatter patterns
of any two species. Therefore, the scatter pattern is a better recognition pattern than the DPV
profile. We conducted the investigation of the reproducibility of scatter pattern. Although
all patterns of one species showed a similar shape, a small difference can be observed
when overlapping them together. These variations are inevitable for fingerprinting the
chemical and metabolic profile of a biological sample. However, the slight differences
between individual recordings from the same species cannot affect the identification results.
Based on the significant pattern difference between the species, the unknown sample can
be compared with the database for identification.

Figure 3. Scatter patterns of S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata, S. oliganthus,
S. hamiltoniana, S. austrosinensis, S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S. hamiltoniana, H.
cumingiana and P. japonica.

We further propose a more intuitive pattern recognition method. In this model, two
sets of fingerprints collected in different environments can be used to make a heatmap
of the species. As shown in Figure 4, we not only combined the two groups of data, but
also displayed a pattern similar to a scatter pattern. In addition, we put a value on the
density of the data. The more data points in an area, the darker hot spots will appear. In
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this pattern recognition mode, we no longer need logarithmic data points for statistics, but
only need to locate the range of the hot area. Species can be identified if the hot zones of a
species are in a composite database of unknown samples.

Figure 4. Heatmap of S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata, S. oliganthus, S. hamiltoniana, S. austrosinensis,
S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S. hamiltoniana, H. cumingiana and P. japonica.

Principal component analysis (PCA) is a common statistical technique used to analyze
differences between data groups and between data groups. In this work, we performed
a PCA analysis of the homogenized current values collected in both environments for
each species.

As shown in Figure 5, S. Japonica, S. Dimorphotricha, and S. Schomburgkii were grouped
together. Meanwhile, S. austrosinensis, S. oliganthus, and H. cumingiana were grouped into
one cluster. The proximity of their data is due to the similarity of electrochemically active
molecules in their tissues. This also reflects their genetic similarity.
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Figure 5. PCA analysis of S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata, S. oliganthus, S.
hamiltoniana, S. austrosinensis, S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S. hamiltoniana, H.
cumingiana and P. japonica.

We further attempted to study the infrageneric relationships of these species, and
hierarchical clustering analysis was carried out using electrochemical profiles. As shown
in Figure 6, the first group consisted of the species S. dyeriana, S. hossei, S. tonkinensis and
S. biocullata. The second group contains two clades. The clade included S. austrosinensis,
S. oliganthus and H. cumingiana. Another clade included S. hamiltoniana, S. japonica, S.
dimorphotricha, S. schomburgkii, S. henryi and P. japonica. One outlier can be seen in S. cusia.
This result is not entirely consistent with the results of other taxonomic techniques. This
may be due to the confusing taxonomic results of the genus Strobilanthes. For example,
Bremekamp divided Strobilanthes and its allies into over 54 genera arranged in 27 informal
groups [42]. Terao recognized a broadly circumscribed Strobilanthes comprising all species
of Strobilanthinae [43]. The results of recent molecular studies, statistical analysis and
pollen and gross morphology showed that these results are problematic [44–47]. Our
results provide a new explanation.

Figure 6. Dendrogram of S. hossei, S. japonica, S. dimorphotricha, S. cusia, S. biocullata, S. oliganthus, S.
hamiltoniana, S. austrosinensis, S. henryi, S. tonkinensis, S. schomburgkii, S. dyeriana, S. hamiltoniana, H.
cumingiana and P. japonica based on electrochemical fingerprints.
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4. Conclusions

In this work, we provide an electrochemical method for potential identifying species
of the dye plant indigo by using the fingerprints of electrochemically active molecules
in plant tissues. Two different conditions were combined using solvents and buffer solu-
tions for the recording of electrochemical fingerprints. The same species exhibit different
fingerprint profiles under different conditions because different electrochemically active
molecules were extracted and were involved in electrochemical oxidation under different
pH conditions. The fingerprint profiles of some species showed similarity under one condi-
tion, but went very differently under another condition. Therefore, combining two sets of
fingerprint profiles can be used to make a scatter pattern and heatmap for the identification
of species. In these two pattern modes, the species were easier to identify than the DPV
curves directly. The electrochemical fingerprinting presents information that can be linked
to their genetic level. The dendrogram indicated that the 14 species were divided into three
main clades. An outlier of S. cusia was observed.
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