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Preface to ”Microfluidics for Biosensing”

We are pleased to introduce this Special Issue covering biosensor development and biosensing

in a wide range of fields using microfluidic lab-on-a-chip platforms. This Special Issue will report the

latest innovative microfluidic devices and technologies for biosensing applications.

Rapid, accurate, real-time, on-site and multiplexed detection and characterization have been

the requirements in current biosensor technology development, especially during the COVID-19

outbreak. The development of reliable and stable microfluidic biosensors, point-of-care biosensing

platforms, and advanced detection methods have attracted increasing attention from both academia

and industry.

Microfluidics offers excellent platforms for biosensor development and biosensing.

The platforms are useful for sample preparation, liquid handling, and cell/particle manipulation.

Multiple functions can be designed and achieved in microfluidic chips along with different on-chip

and off-chip detection and processing modules. This has been extensively adopted in both academic

and industrial applications for a wide range of applications in healthcare, biochemistry, life science,

food, water quality, etc.

We therefore invited contributions to this Special Issue from different fields about biosensing

and microfluidics. The list of potential topics is broad, but we are particularly interested in studies

on the design, development, and applications of microfluidics-based technologies in point-of-care

biosensing and testing.

We are pleased that the collected high-quality publications with significant novelties that can

potentially have high impacts on the abovementioned fields. The work are thoughtfully organized

and of great interest to the diverse microfluidics and biosensing community.

Shilun Feng, Mohsen Asadnia, Ming Li

Editors
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Abstract: Mycoplasma pneumonia (MP) is a common respiratory infection generally treated with
macrolides, but resistance mutations against macrolides are often detected in Mycoplasma pneumonie
in China. Rapid and accurate identification of Mycoplasma pneumonie and its mutant type is necessary
for precise medication. This paper presents a 3D-printed microfluidic device to achieve this. By 3D
printing, the stereoscopic structures such as microvalves, reservoirs, drainage tubes, and connectors
were fabricated in one step. The device integrated commercial polymerase chain reaction (PCR)
tubes as PCR chambers. The detection was a sample-to-answer procedure. First, the sample, a
PCR mix, and mineral oil were respectively added to the reservoirs on the device. Next, the device
automatically mixed the sample with the PCR mix and evenly dispensed the mixed solution and
mineral oil into the PCR chambers, which were preloaded with the specified primers and probes.
Subsequently, quantitative real-time PCR (qPCR) was carried out with the homemade instrument.
Within 80 min, Mycoplasma pneumonie and its mutation type in the clinical samples were determined,
which was verified by DNA sequencing. The easy-to-make and easy-to-use device provides a
rapid and integrated detection approach for pathogens and antibiotic resistance mutations, which is
urgently needed on the infection scene and in hospital emergency departments.

Keywords: Mycoplasma pneumoniae; macrolides; resistance mutations; microfluidic; 3D-printed;
sample-to-answer; qPCR

1. Introduction

Respiratory infection is the most common type of infection in the clinic and the risk of
illness is consistent year-round. The pathogens causing pneumonia are often Mycoplasma
pneumonie [1], especially in children and adolescents [2,3]. Mycoplasma pneumonia (MP)
has a longer disease duration and more severe symptoms of the lung compared with other
pneumonia. Macrolide is the preferred drug to treat MP [4], but macrolide resistance is
becoming a widespread problem because of antibiotic abuses. According to the recent
reports, the detection rate of the drug-resistant gene of Mycoplasma pneumonie is over 90%
in China [5,6]. The primary mechanism leading to macrolide resistance to Mycoplasma
pneumonie is the point mutation at sites 2063 and 2064 in domain V of 23S ribosomal
RNA, especially the mutation of A2063G [7]. The difference of mutant types and sites
can cause different macrolides resistance [8]: both A2063G and A2064G mutant strains
are highly resistant to erythromycin and azithromycin; the A2064G mutant strain is more
resistant to thromycin than A2063G; the A2063T mutant strain is also highly resistant to
erythromycin, but has a low resistance to azithromycin and thyromycin. Therefore, it is

Biosensors 2021, 11, 427. https://doi.org/10.3390/bios11110427 https://www.mdpi.com/journal/biosensors
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pivotal to rapidly detect Mycoplasma pneumonie and its drug-resistant sites, which can help
to diagnose respiratory infection and provide precise guidance on treatment and the use
of medication.

Traditionally, the golden standard of microbial pathogen identification is to culture
human sputum, blood or other samples collected from the human body with specific
media and afterwards judge the type of pathogen by its appearance and morphology with
experience [9]. The method is time-consuming, and it is easy to cause false-negative results
because of missed detections. The emerging microbial pathogen detection technology can
overcome the shortcomings of the culture method, which is divided into three categories:
molecular diagnostic technology [10], immunoassay [11] and biosensors technology [12,13].
The detecting targets of molecular diagnostic technology are nucleic acids, so it can directly
reveal the genetic information of the pathogen. The detection can be implemented by
hybridization [14], polymerase chain reaction (PCR) [10], isothermal amplification [15,16],
CRISPR [17] or high-throughput sequencing [18]. Among these methods, PCR is the
most widely used, especially quantitative real-time PCR (qPCR), because it provides fast,
quantitative, specific and sensitive detection, which can precisely distinguish a single-base
mutation in the gene sequence. However, qPCR has a cumbersome multi-step preparation
before nucleic acid amplification. And there are three challenges during the operations,
including personnel operating deviations, sample contaminations and the risk of operator
infections. With the development of microfluidics technology, these problems can be solved
by building an integrated automation platform.

Recently, several microfluidic approaches have been developed for the identification
of pathogen and antibiotic resistant mutations, such as single-cell trap, culture and imag-
ing [19], identifying and detecting the pathogen markers in droplets by DNAzyme-based
sensors [20], aptamer-Ag10NPs detection with bright field imaging [21] and nucleic acid
samples preparation and amplification [10,22–24]. The sample-to-answer systems are also
available on the market, such as the BioFire FilmArray and Cepheid GeneXpert, which are
based on rapid, specific and sensitive PCR assays [10]. In order to further increase efficiency
and reduce costs, newer microfluidic devices were developed to perform the complete pro-
cedure of the nucleic acid assay, including cell lysis, DNA purification, gene amplification
and amplicon detection [10]. One category consists of centrifugal microfluidic devices [22],
the other includes devices with micro-pumps, micro-valves, and reaction chambers [23,25].
The accelerated development in the field needs rapid and cheap fabrication approaches for
a proof of concept.

3D printing is a promising technology to fabricate microfluidic device because of its
many advantages, including the ability to create stereoscopic architectures directly and
rapidly, as well as the cheap, quick implementation of the design and the optimization.
Currently, microfluidic 3D printing for biological assays and clinical tests is still in a start-
up stag, the resolution of 3D printing, the biocompatibility of resin and multi-materials
integration still need investigation [26,27].

In this study, a novel 3D-printed device used for qPCR detection of macrolide-resistant
genes of Mycoplasma pneumonie was proposed. The device automatically mixed the sample
with the reagent and then the mixture was evenly dispensed into multiple PCR chambers
in which the specified primers and probes had been preloaded. Afterwards, the device
was transferred to the homemade qPCR system. Two kinds of single-base mutations of
Mycoplasma pneumoni were identified with high speed, specificity and convenience.

2. Materials and Methods

2.1. Device Design and Fabrication

The device diagram is shown in Figure 1A, which consists of 6 layers. The pneumatic
layer and the fluid layer were fabricated by stereolithographic (SLA)3D printing (Union-
Tech Lite800, UnionTech Inc., Shanghai, China). A 200-μm-thick PDMS membrane was
sandwiched between the pneumatic layer and the fluid layer. Two pieces of twin adhesive
tapes (ARseal™ 90880, Adhesives Research Inc., Glen Rock, PA, USA) were patterned

2



Biosensors 2021, 11, 427

using laser etching. During assembly, two sides of the tape were adhered respectively to
the 3D-printed layer and the PDMS membrane, both of which were treated with plasma
in advance. After the pneumatic layer, the PDMS membrane and the fluid layer were
assembled; a pressure sensitive adhesive tape (PSA, 3M 9795R) was pressed tightly onto
the bottom of the fluid layer to close the flow channels.

 

Figure 1. (A) Exploded diagram of the device. (B) Schematic illustration of the device. One to three
are reagent reservoirs, 4 is a vent and 5 is a Luer taper connected to a syringe pump. Polypropylene
PCR tubes can be fitted with the connectors on the device. (C) Cross section of a microvalve and its
working principle.

The assembled device is shown in Figure 1B, with a length of 100 mm and a width of
75 mm. Five is a simple Luer taper, used to connect the flow channel to a syringe pump.
One to three are sample reservoirs, which are respectively filled with mineral oil, the PCR
mix, and a mixed solution containing sample. Four is a vent for balancing the internal and
the external pressure of the device. There are eight microvalves in the device. Functions
including mixing, dispensing and oil adding can be performed by manipulating the syringe
pump and these microvalves. The cross-sectional structure of the microvalve is shown
in Figure 1C. The upper pneumatic layer and the lower fluid layer are separated by a
PDMS membrane, whose deformation direction determines the opening and closing of
the microvalve. When a positive pressure is applied to the upper channel, the bend-down
PDMS membrane blocks the fluid flow from the A channel. When a negative pressure is
applied, the PDMS membrane bends up so the fluid can flow from A to B. On the right
lower side of the device there are five drainage tubes and connectors which can fit PCR
tubes tightly. Ventholes designed at the edge of the base of drainage tubes ensure that the
solution can flow smoothly into PCR tubes.

2.2. System Setup and Workflow

In order to achieve the goal of sample-to-answer, a set of systems were developed
for the automation of both the sample preparation and qPCR, which contained a mixing-
dispensing module and a detection module. As shown in Figure 2A, the mixing-dispensing
module was composed of a syringe pump, an air compressor, a vacuum pump and a
control circuit. The syringe pump was connected to the fluid layer of the device to control
the advance and retreat of the fluid, and the vacuum pump and the air compressor were
connected to the pneumatic layer of the device to control the opening and closing of the
microvalve. As shown in Figure 2C, the detection module was composed of a LED light
source, a filter unit, a photomultiplier tube (PMT) detector and a temperature control unit.
The spectral coverage of the light source was from the blue region to the green region. The
beam from the light source was delivered with an optical fiber and then was expanded by
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a lens. Next, the expanded beam went through the filter cube and was delivered with an
optical fiber to illuminate the PCR solutions in tubes. Afterwards, the excited fluorescent
beam was delivered back into the filter tube and went through the dichroic mirror and the
barrier filter of the tube and was finally detected by PMT. The PCR tubes on the device
could be inserted into the metal slots on the copper base of the temperature control unit,
where a Peltier module was used for precise temperature control (Figure S1). During each
temperature cycle, the fluorescent signals of five PCR tubes were recorded sequentially
with the PMT detector.

 

 

 

Figure 2. (A) Structure diagram of the mixing-dispensing module. (B) Schematic illustration of
mixing and dispensing process. (C) Structure diagram of the detection module.
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The workflow was divided into two steps. The first step was mixing the sample with
PCR mix and then dispensing the mixtures into four tubes. The PCR mix was sucked into
the tube connected with the syringe from reservoir 2 and then infused into reservoir 3
to mix with the sample. After the mixing was completed, a certain amount of the mixed
solution was sucked by the syringe pump and dispensed to the 4 PCR tubes in sequence.
The PCR tubes were preloaded with primers and fluorescent probes. In order to balance
the air pressure inside and outside the device after each dispensing, the valve of the vent
would be opened. The mineral oil was finally added to each PCR tube to prevent the
aerosol contamination during PCR thermal cycling. At the second step, the device was
transferred to the detection module, in which qPCR detection was performed. The curves
of both the fluorescence intensity and temperature of the PCR tubes were displayed and
recorded in real time with the homemade software.

2.3. Analyzing the Effects of Materials and Coatings on PCR

The photosensitive resins used in the device fabrication were Somos WaterClear Ultra
10122 and Somos WaterShed XC 11122. After 3D printing, some devices were treated with
varnish to incease the transparancy. In order to analyze the effects of the resins and the
coatings on the PCR, a piece of 2 × 2 × 3 mm3 was cut from the 3D-printed devices, which
were made with different resins, coated or uncoated, and was immersed in 30 μL PCR
reagent for 12 min. Also, a piece of 2 × 2 mm2 PSA was immersed in 30 μL PCR reagent
for 12 min. Next, the original and treated PCR reagents were put in LightCycler® 480
(Roche Diagnostics, Rotkreuz, Switzerland) to carry out qPCR analysis. In order to further
investigate the effects of photosensitive resins on PCR, the materials were kept in the PCR
reagents to carry out qPCR analysis. In all assays, the PCR regents mixed and dispensed
by hand were used as the control.

2.4. qPCR Detection of Macrolide-Resistant Mutations of Mycoplasma pneumoniae

In the early stage of proof of concept, the gene sequences of Mycoplasma pneumonie with
the mutation of A2063G in 23S rRNA was inserted into a pUC57 vector and cloned. The
cloned plasmids were used as the substitute of the clinic samples. The plasmid sequence
was described in the supplementary material. Finally, three clinical samples of throat swabs
were analyzed, which were kindly provided by Prof. Min Li’s group from Renji Hospital
affiliated to Shanghai Jiao Tong University.

The primers and the probes were respectively designed according to the conserved
sequence of the P1 gene, the mutation sequence of A2063G and A2064G in 23S rRNA. The
TaqMan MGB probes were labeled with FAM. In the qPCR assay with the microfluidic
device, 4 PCR tubes were preloaded with the different primers and probes and 1 tube, as
the negative control, was preloaded with all PCR reagents except the sample. The final
composition of the PCR solution after the reagents’ preparation is depicted in Table 1.

Table 1. qPCR solution composition after the preparation with the device (besides PCR mix).

Primer Probe Other Sample Treated by the Device

Tube 1 (conserved sequence) P1 gene P1 gene / Plasmid/clinical sample

Tube 2 (A2063G mutation) 23S rRNA A2063G / plasmid/clinical sample

Tube 3 (A2064G mutation) 23S rRNA A2064G / plasmid/clinical sample

Tube 4 (positive control) 23S rRNA A2063G A2063G plasmid plasmid/clinical sample

Tube 5 (negative control) 23S rRNA A2063G water /

In the assay, the 103.5 μL of sample, 135 μL of the PCR mix and 300 μL of mineral oil
were added into the different reagent reservoirs of the device. After the sample prepara-
tion was completed, the device was transferred to the detection module for qPCR. The
thermocycling protocol included an initial denaturation at 95 ◦C for 2 min, followed by
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denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 40 s andan extension at 72 ◦C for 10 s,
repeated for 45 cycles.

2.5. Sensitivity of Detection System

In order to test the detection sensitivity of the system, A2063G plasmid was used as
a template for ten times dilution to obtain the reaction premixes containing the plasmids
at different concentrations. In different premixes, the sample contents were 10,000 copies,
1000 copies, 100 copies and 30 copies, respectively. Then the PCR reaction solution was
prepared with the above diluted samples and amplified in the homemade qPCR instrument.

3. Results

3.1. Characterization of Bonding Strength and Microvalve Performance

In order to integrate pneumatic microvalves in the device, it is necessary to assemble
a pneumatic layer, a PDMS membrane and a fluid layer together. In the traditional manu-
facturing method of PDMS chip [28], multi-layer PDMS can bond together after the plasma
treatment, which can withstand the pressures up to 300 kPa without delamination [29].
However, the cured photosensitive resin cannot be easily bonded this way. Therefore,
adhesive tapes were used to assemble the device. To avoid liquid leakage, the bonding
strength between different layers was tested. In the fluid layer, PSA bore the pressure
change caused by the movement of the syringe piston. In the pneumatic layer, the twin
adhesive tape and PDMS bore the positive pressure applied when closing the microvalve.

Pressure test chips with only inlet but no outlet were fabricated (Figure S2). The
inlet radius was 1 mm and the straight channel was 18 mm long and 0.8 mm wide. The
total area of channel was 17.54 mm2. Tapes were cut into 5 mm wide strips and bonded
with the back of the chip to close the channel. The inlet was connected to the precision
air pressure control system (MFCSTM-EZ, Fluigent). Figure 3A–C shows that when the
pressure reached the critical pressure, the measured pressure dropped off cliff-like, which
means that the tapes separated from the test chip. All cases were tested three times, and the
critical pressure was recorded for each (Figure 3D). As shown in Figure 3D, the minimum
critical pressure of PSA is 4133mbar. The minimum force that the PSA can withstand was
calculated to be 7.2N. According to the equation of the ideal gas state, pV = nRT, where p
is the pressure, V is the volume, n is the amount of substance, R is the gas constant and
T is the absolute temperature, the product of the pressure and the volume of a certain
amount of gas is constant when the temperature is constant. The total volume of the syringe
and the connecting pipe is 16.5 cm3, ignoring the volume of the chip channel. When the
mixing-dispensing module was working, the maximum distance that the syringe pump
pushed the piston was 8mm and the volume was reduced by 1.23 cm3, assuming that eight
microvalves were closed at the same time. The pressure was increased by about 80 mbar.
The channel area from the Luer taper to the eight microvalves is 137.6 mm2, so the PSA
bore force is 1.1N, much less than 7.2 N. This showed that the PSA could ensure the chip
would not be layered or leak during the working process. In the experiment, no liquid
leakage was observed.

The microvalve was a key structure to ensure that the samples can be mixed and
dispensed correctly, so its performance was evaluated. According to the test results in
Figure 3D, the minimum pressure that the PDMS can withstand was 723 mbar. Therefore,
the calculated minimum force that the PDMS can withstand was 1.3 N. Because the area
of the microvalve is 19.6 mm2, the positive pressure applied to the microvalve cannot
exceed 647 mbar. Since the pressure that the twin adhesive tape can withstand was much
greater than the PDMS, we did not need to calculate. Based on the calculated results,
400 mbar, 500 mbar and 600 mbar were respectively chosen as the positive pressure to test
the performance of the microvalve. As shown in Figure 3E, according to the difference
of the positive pressure, the pressure that the microvalve can withstand was 272 mbar,
352 mbar and 446 mbar, respectively. Theoretically, the pressure that the microvalve can
withstand should be equal to the applied positive pressure. However, the surface of the
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3D-rinted products was very rough (Figure S3). This caused a decrease in the performance
of the microvalve. The Quake valve based on the 3D printing also encountered the same
problem, and the non-smooth wall surface would affect the closing performance of the
Quake valve [30]. However, due to the advantages of the microvalve with this structure, the
actual performance was about 70% of the theoretical value. Therefore, it is very worthwhile
to sacrifice the closing performance to reduce the difficulty of microvalve construction. The
positive pressure in the experiment was usually 500 mbar, which can withstand pressure of
352 mbar far greater than 80 mbar, so the microvalves can ensure the normal progress of
the mixing and dispensing.

Figure 3. Typical bonding test curves of PSA (A), twin adhesive tape (B) and PDMS (C) with the chip. (D) The critical
pressure that the different bonding can withstand. (E) The critical pressure that the microvalve can withstand at a given
positive pressure. (n = 3).

3.2. Effects of Materials and Coatings on PCR

So far, researchers have developed many photosensitive resins used for 3D printing,
but whether these resins can be used as the container for biochemical reactions has not been
tested. In addition, in order to enhance the transparency of the photosensitive resin, the
cured product will be sprayed with the varnish. The effect of the coating on the biochemical
reactions is unknown. It has been found that photoinitiator in photosensitive resins can
inhibit the PCR reaction [31], so ultraviolet light was irradiated before the experiment
to remove the remaining photoinitiator. As shown in Figure 4A,B, the photosensitive
resin and the PSA had a certain inhibitory effect on the PCR reaction. However, the Ct
value of each curve was nearly same, indicating that the plasmid was hardly adsorbed
by the channels of the device. From Figure 4C, it can be seen that the final fluorescence
intensity decreased significantly compared with the control, which might be because the
resin immered in the PCR agent affected the activity of the polymerase. The heating might
make small molecules in the photosensitive resin escape and inactivate the enzyme. The
photosensitive resin sprayed with varnish could slightly increase the final fluorescence
intensity. It was spectuated that the varnish coating of the device made the internal surface
of channels more smooth and reduced the enzyme adsorption and small molecule escape.
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However, the improvement of the varnish coating was not obvious. In order to reduce the
inhibitory effect of photosensitive resin on the PCR reaction, the reagent was prepared in
the 3D-printed device and was then dispensed into the polypropylene PCR tubes to avoid
contact between the reagent and the photosensitive resin during PCR amplification.

Figure 4. The typical qPCR curves after the PCR reagent contacted photosensitive resins (A) and PSA (B) for 12 min. (C) The
qPCR curves of the PCR reagent in which photosensitive resins were immersed for PCR thermocycling.

3.3. Sample Preparation

To complete qPCR sensitively and correctly, it is crucial that the sample and the PCR
mix are mixed well and dispensing evenly. The mixing performance was evaluated. First,
the red dye and blue dye were put in the reagent reservoirs, respectively, and then the
dye solutions were mixed automatically by pushing and pulling the piston of the syringe
pump with the program. The mixing result is shown in Figure 5A. The mixed solutions
produced with the device and by hand are shown in the left and in the right, respectively.
It can be clearly seen that both mix effects are similar, so the mixing with the device can
meet the requirements. The dispensing of the solution mainly depends on the synergy
between the microvalve control and the syringe pump, so the operation steps and the
parameters were optimized in the preliminary experiments and the automatic process
program was determined. To evaluate the dispensing performance, two solutions of 110 μL
each were added into the two reservoirs and the volumes of the solution dispensed into
PCR tubes were analyzed. As shown in Figure 5B, the amount of dispensed solution had
good uniformity. Figure 5C shows the photographs of the dispensing results before and
after adding oil, where tube five was for the manual oil added, and the rest of four tubes
were for the oil added with the device.
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Figure 5. (A) Snapshots of dispensing process. (B) The reagent volume in PCR tubes after the preparation with the device.
n = 3. (C) Photograph of the prepared reagents in the PCR tubes.

3.4. Macrolide-Resistant Mutations Detection

The sensitivity test result of the homemade qPCR instrument is shown in Figure 6A.
The curve of 100 copies/reaction is an obvious S-shaped curve, which proves that the
sensitivity of the detection system reaches 100 CFU/reaction.

Figure 6. (A) Detection sensitivity of the homemade detection system. (B) The typical qPCR curves of the plasmid sample.

The detection of macrolide-resistant mutations of Mycoplasma pneumoniae took 80 min
in total, 12 min for preparation and 68 min for qPCR. Three tests were conducted and the
results were all positive for A2063G (Figure S4). The typical qPCR curves are shown in
Figure 6B. A2063G and the negative control showed negative curves. P1, A2063G resistance
mutation and positive control showed obvious positive curves, whose Ct values were
30.8, 30.7 and 30.1, respectively. According to the detection criteria (see the supplementary
material), the analyte was Mycoplasma pneumoniae and the type of mutation was A2063G,
which were consistent with the A2063G plasmid sample.

3.5. Detection of the Clinical Samples

The detection based on the device demonstrated high sensitivity and accuracy in the
plasmid assays. Subsequently, three clinical samples of throat swabs were analyzed with the
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device. The qPCR curves of one clinical sample are shown in Figure 7A. A2063G mutations
of Mycoplasma pneumonie were determined. In order to verify the result, the amplified
product was analyzed using DNA sequencing. The result also indicated the A2063G
mutation (Figure 7B). Two more clinical samples were analyzed, both using the approach
based on the device and DNA sequencing, and consistent results were obtained (Figure S5).
This approach, based on a 3D-printed device, can accurately detect the macrolide-resistant
mutation of Mycoplasma pneumonie.

Figure 7. (A)The qPCR curves of the clinical sample. (B) The sequencing result of the clinical sample.

4. Discussion

Nowadays, Mycoplasma pneumoniae has a variety of macrolide-resistant mutations,
and the mutations of A2063G and A2064G are the most common types. The detection
of macrolide-resistant mutations using qPCR is very important for clinical treatment.
However, traditional qPCR detection requires manual sample preparation and special
PCR rooms. Also, it may cause the risks of sample contamination and operator infec-
tion. Therefore, it is a good choice to use an integrated microfluidic device instead of
manual operations.

The 3D printed microfluidic device combined with the mixing-dispensing module
and detection module is proposed to easily realize sample-to-answer detection. Using the
modules, the device can mix reagents and dispense the mixture to different PCR tubes
and achieve multi-channel qPCR detection. In this way, Mycoplasma pneumoniae and its
mutation type can be identified.

Differing from the previous works, the PCR chambers were not constructed inside
the device. Instead, the connectors at the end of channels were designed and fabricated.
The commercially available PCR tubes could be fitted tightly with the connectors and
performed as PCR chambers, which effectively reduced the inhibitory effect of the device
materials on the PCR. Moreover, the mutually independent PCR chambers avoided the
contamination problem, making the detection results more credible. However, limited by
the size of the PCR tubes, the size of the device cannot be reduced, which is a problem to
be addressed in the future.

The microvalve was an important part of the mixing-dispensing module. The pro-
posed microvalve structure can be fabricated with one step using 3D printing. The PDMS
membrane was sandwiched between the pneumatic layer and the fluid layer to construct
the microvalve structure. The microvalve was a normally closed valve and the positive
pressure applied to the pneumatic layer further ensured that the membrane fully covered
the inlet of the microvalve and completely blocked the flow of liquid. Compared with the
Quake valve, which is a normally open valve, less positive pressure is needed to close
the valve.

In addition, with the cooperation of microvalves, only one syringe pump was needed
to drive several fluids, which greatly reduced the number of syringe pumps used. At
present, the dead volume of the valves cannot be eliminated and the fluid in the annular
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chamber of the valve cannot be discharged completely, which results in the loss of part of
the solution during each dispensing. Due to the uncontrollable amount of lost solution,
there are slight differences in the amount of dispensed solution, which in turn affects
the uniformity of the dispensing result. More efforts should be made to improve the
performance of the microvalve.

5. Conclusions

In summary, a sample-to-answer device and its periphery were developed to detect
macrolide-resistant mutations of Mycoplasma pneumoniae, including A2063G and A2064G.
Sample preparation, including mixing and dispensing, were achieved with the device on
the mixed-dispensing module and, afterwards, the device was transferred to the fluores-
cence detection module to carry on qPCR. In the assays both of the plasmid and the clinical
sample, the approach based on the device showed high sensitivity and accuracy.

In fabrication, the 3D printing technology provides conveniences such as rapid, easy-
to-make and cheap production. Therefore, the design can be easily changed according to
the requirements. The device has several similar structure units, so the detection of more
channels is easy to achieve by increasing the numbers of structure units.

The device integrated different materials, taking advantages of their benefits. The
photosensitive resin easily processes stereoscopic structures. The elastic PDMS membrane
is used for the microvalve structure. The PCR tubes reduced the inhibitory effects of the
material on the PCR.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bios11110427/s1. Figure S1. (A)Temperature curve of the homemade instrument. The white
line is the temperature condition of fluorescence detection. Whenever the temperature curve drops
below the white line, the fluorescence intensity is measured once; Figure S2. (A) The 3D model of the
test chip. scale bar is 10mm. Closed channel by PSA(B), twin adhesive tape(C) and PDMS&hollowed
twin adhesive tape(D); Figure S3. Snapshot of microvalve. scale bar is 500μm; Figure S4. The qPCR
curves of other two plasmids samples; Figure S5. The qPCR curves and sequencing results of other
two clinical samples(No.129(A) and No.112(B)).
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Abstract: Periodontitis and dental caries are two major bacterially induced, non-communicable dis-
eases that cause the deterioration of oral health, with implications in patients’ general health. Early, pre-
cise diagnosis and personalized monitoring are essential for the efficient prevention and management
of these diseases. Here, we present a disk-shaped microfluidic platform (OralDisk) compatible with
chair-side use that enables analysis of non-invasively collected whole saliva samples and molecular-
based detection of ten bacteria: seven periodontitis-associated (Aggregatibacter actinomycetemcomitans,
Campylobacter rectus, Fusobacterium nucleatum, Prevotella intermedia, Porphyromonas gingivalis,
Tannerella forsythia, Treponema denticola) and three caries-associated (oral Lactobacilli, Streptococcus mutans,
Streptococcus sobrinus). Each OralDisk test required 400 μL of homogenized whole saliva. The
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automated workflow included bacterial DNA extraction, purification and hydrolysis probe real-time
PCR detection of the target pathogens. All reagents were pre-stored within the disk and sample-to-
answer processing took < 3 h using a compact, customized processing device. A technical feasibility
study (25 OralDisks) was conducted using samples from healthy, periodontitis and caries patients.
The comparison of the OralDisk with a lab-based reference method revealed a ~90% agreement
amongst targets detected as positive and negative. This shows the OralDisk’s potential and suitability
for inclusion in larger prospective implementation studies in dental care settings.

Keywords: dental practice; point-of-care diagnostics; treatment monitoring; oral health; periodontitis;
caries; saliva diagnostics

1. Introduction

Oral diseases are the most prevalent chronic diseases worldwide, accounting for
almost 5 billion cases globally [1]. They are the third most expensive group of diseases
to treat in the EU, following diabetes and cardiovascular diseases [2]. In addition, the
overprescription of antibiotics in dentistry is a challenge [3]. Indicatively, up to 80% of
prophylactic antibiotic use in the US is considered unjustified [4].

The two most prevalent oral microbial diseases are caries and periodontitis. Dental
caries affects the hard tissue of the teeth, causing tooth decay. Periodontitis affects the
tissues that surround and support the teeth, leading to progressive loss of the bone and
soft tissue attachment and eventually tooth loss. There are different clinical manifestations
and degrees of severity of periodontal disease. According to the Global Burden of Disease
(GBD) study, 796 million people around the globe had severe periodontitis in 2017, ranking
it within the top 10 most prevalent conditions worldwide [5]. Across Europe, 5–20% of
middle-aged people and up to 40% of elderly people are affected by it [6]. In the US, 80% of
the population has some form of periodontal disease [7]. Periodontitis has also been related
to systemic diseases such as type 2 diabetes mellitus (T2DM), cardiovascular diseases,
Alzheimer’s disease and others [8–10]. Therefore, being able to detect periodontitis-causing
bacteria has a much broader clinical significance than simply monitoring oral health, as it
can potentially provide a signal for deteriorating systemic health [11].

Caries and periodontitis are both treatable, and the rationale around their treatment
is the same, namely, the removal of the microbial biofilm which is the causative factor.
The treatment of periodontal disease, upon the removal of the biofilm, requires good oral
hygiene protocols and monitoring to ensure that the inflammation has subsided. For dental
caries, upon removal of the infective caries tissue, the treatment mandates restoration of
the lost hard tissue with appropriate restorative material (fillings). Although the treatment
protocols for both diseases are well-defined, there exist urgent and unmet medical (dental)
needs related to: (i) early diagnosis (even before symptoms emerge), which would assist
in preventing the disease, benefiting the patients’ quality of life while also saving on the
costs of treatment and (ii) accurate monitoring during and after treatment (i.e., during
the maintenance phase of treatment) in cases where a patient presents with advanced
or aggressive disease. Accurate monitoring would allow the dentist to make the correct
assessment of when to start and finish treatment: not too early, running the risk of re-
emergence, and not too late, thus spending unnecessary resources.

The current state of the art for performing such diagnoses and monitoring is still
largely dependent on clinical examination, patient history and radiographic imaging
(X-rays). However, radiographs mainly observe damage that occurred in the past, while
plain clinical examinations tend to miss the first signs of incipient dysbiosis and therefore
do not contribute to early detection and prevention. Furthermore, cumulative X-ray ra-
diation during periodontal treatment and frequent visits for follow-up monitoring poses
health risks and special concerns in some patients (e.g., pregnant women). Periodontal
probing is a frequently used methodology in which a probe is inserted into the gingival
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sulcus in order to measure pocket depths around a tooth and to assess the health status of
the periodontium [12,13]. However, it is an invasive method in the gums, and as such, it
should not be used in patients with T2DM as it may lead to bacteremia [14,15], thereby in-
creasing systemic inflammation and the infection risk in already vulnerable T2DM patients.
Additionally, general clinical examinations do not include probing of the whole gingival
sulcus of the teeth. Other typical (simplified) measurements for basic periodontal screening
include the community periodontal index (CPI) and the basic periodontal examination
(BPE) [16], which are performed by looking for increased pocket depths and bleeding
on probing.

Unfortunately, these current ’gold-standard’ diagnostic approaches may risk missing
the diagnosis of emerging periodontitis. Therefore, complementary diagnostic tools, which
are largely less invasive and less tedious, could improve the diagnostic sensitivity, precision
and accuracy, for example, by screening the microbial ecology of the oral cavity in order to
help indicate whether a patient needs further diagnostic evaluation and treatment or to
monitor patients’ post-treatment status.

In this respect, the current publication proposes a rapid, molecular-based and non-
invasive platform for detecting oral disease-causing bacteria, with a workflow that is
compatible with point-of-care (POC) dental settings [17] and which can function as an
auxiliary tool to the current gold standard diagnostic methods. The OralDisk microfluidic
cartridge integrates all the biochemical reagents needed for fully automated analysis,
namely: (i) customized buffers and microfluidic-optimized magnetic particles for the
purification of bacterial DNA; (ii) amplification reagents in a lyophilized form; and (iii) POC-
ready real-time qPCR TaqMan primers/probes for specific bacterial detection. The OralDisk
is an application-specific version of the centrifugal microfluidic LabDisk platform, which
has already demonstrated its utility in applications where a single infectious pathogen
is to be detected [18–21]. This small-scale technical feasibility study demonstrates for
the first time the platform’s implementation in the field of oral health, where multiple
bacteria may be present simultaneously in the oral cavity and whole saliva is used as
diagnostic specimen. It presents data on the detection of three caries-associated and
seven periodontitis-associated bacterial species in complex saliva samples collected from
individuals that were classified into three study groups (healthy, caries and periodontitis)
following an assessment by dental specialists. The patients’ status assessment and the
sample collection were performed in a previous clinical study [22]. The results from the
OralDisk were compared with a lab-based extraction and qPCR reference method, as
well as with the iai PadoTest (Institut für Angewandte Immunologie IAI AG, Zuchwil,
Switzerland) commercial reference method. The OralDisk exhibited comparable (and in
some cases superior) behavior while offering the additional benefit of automation.

2. Materials and Methods

2.1. Sample Collection and Ethics Permission

The samples used in this study were a sub-group (n = 24) of a large cohort (n = 214) of
samples that had been collected at the Center for Dental Medicine, University of Zurich.
These samples were intended for the microbial analysis of saliva with the aim of identifying
oral infections in patients [22]. The 24 samples (seven healthy, nine caries and eight
periodontitis samples) were selected in order to demonstrate the technical feasibility of the
OralDisk, without the intention of generating clinical conclusions. The sample collection
and the study protocol were approved by the local Swiss ethics committee (BASEC-no.
2016-00435) and all sample donors signed a written informed consent form prior to saliva
collection. The collection contained unstimulated whole saliva that was aliquoted and
stored at −80 ◦C until further analysis. Details on the inclusion/exclusion criteria and on
the collection methodology are available in Paqué et al. [22].
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2.2. Selected Bacterial Panel

Quantitative shifts in the levels of multiple, rather than single, bacterial species may
more accurately reflect dysbiotic changes in oral microbial ecology that are commensu-
rate with the initiation or progression of oral disease [23]. Measurement of the species
dynamics of oral polymicrobial populations is the key element that allows potential moni-
toring for the prevention, early diagnosis and post-treatment follow-up of oral diseases.
Therefore, ten bacteria were included in the OralDisk panel: seven Gram-negative bac-
teria related to periodontitis (Aggregatibacter actinomycetemcomitans, Campylobacter rectus,
Fusobacterium nucleatum, Prevotella intermedia, Porphyromonas gingivalis, Tannerella forsythia
and Treponema denticola) and three Gram-positive bacteria associated with caries (oral
associated Lactobacilli, Streptococcus mutans and Streptococcus sobrinus).

This panel was chosen based on: (i) current knowledge on the association of certain
oral bacteria with caries and periodontitis [24]; (ii) feedback from experts in response to sur-
vey questionnaires; and (iii) the goal of including bacteria which were identified in subgin-
gival [25] and supragingival [26] biofilm samples of subjects with and without periodontitis.
Furthermore, the role of these bacteria as differentiators between healthy, periodontitis and
caries groups was demonstrated in a preceding clinical study by Paqué et al. [22], which
provided additional evidence for including these particular bacteria in the current technical
feasibility study of the OralDisk. In the aforementioned clinical study, statistically signif-
icant polymicrobial differentiators were observed (i) between healthy and periodontitis
groups (C. rectus, T. forsythia, P. gingivalis, S. mutans, F. nucleatum, T. denticola, P. intermedia
and oral Lactobacilli); (ii) between healthy and caries groups (S. mutans and T. denticola);
and (iii) between caries and periodontitis groups (S. mutans).

2.3. Reference Method #1: Lab-Based DNA Extraction and qPCR

Enzymatic lysis was performed on 920 μL of whole saliva using the GenEluteTM

Bacterial Genomic DNA Kit (Sigma-Aldrich, Saint Louis, MO, USA), followed by silica
column-based extraction (Figure 1). An adjusted manufacturer’s protocol was used, as
described in previous work [22]. An eluate volume of 135 μL was stored at −25 ◦C and later
used to perform qPCR (Roche LightCycler). Details on the POC-compatible qPCR assay
development, primer/probe design, assay validation (including qPCR assay sensitivity
and limit of detection), utilized amplification conditions and data analysis, are available in
Paqué et al. [22].

 

Collected whole saliva

Aliquot #1
(920 μL)

Aliquot #2 
(40 μL)

Aliquot #3 
(600 μL)

Bead-beating 610 μL 
(with Terralyzer)

Insert 400 μL into OralDisk
(automated extraction and

PCR)

Addition of
10 μL control bacterium

S. marinus

4 paper points immersed
in saliva

Real-time qPCR from paper
points @ iai PadoTest

Enzymatic lysis

Column purification

0.01 ng S. marinus genomic
DNA spiked in PCR tube

Real-time qPCR on 
benchtop equipment

Lab-based reference Commercial reference OralDisk

Figure 1. Experimental workflows from sample collection until analysis.
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2.4. Reference Method #2: Commercial iai PadoTest

The iai PadoTest (Institut für Angewandte Immunologie IAI AG, Zuchwil, Switzer-
land) [27] is a commercially available test that was used as a second reference to the
OralDisk (Figure 1). It performs a multiplex real-time qPCR assay that estimates bacterial
cell counts based on 16S rRNA [28]. The manufacturer’s collection protocol stipulates that
paper points are inserted into dental pockets to collect gingival crevicular fluid (GCF). The
paper points are stored in vials (one or more paper points per vial are possible, in single- or
pool-mode of analysis). To make the results comparable with our saliva-based detection,
the sample collection protocol was slightly modified: four paper points (Roeko Iso 55,
Coltène, Altstätten, Switzerland) were immersed in 40 μL of thawed whole saliva in a tube.
The tubes with the paper points were sent to iai PadoTest AG for analysis.

2.5. Mechanical Lysis and Homogenization of Saliva Samples Prior to Insertion into the OralDisk

Lysis of bacteria, with simultaneous homogenization of the saliva, was performed
prior to insertion into the OralDisk by means of a mechanical bead-beating process using a
hand-held device (Terralyzer, Zymo Research, Irvine, CA, USA). Notably, this was the only
manual step in the protocol (Figure 1). A volume of 600 μL of whole saliva and 10 μL of
1:15 (or 1:10 for two samples) diluted Gram-positive bacterium Serinicoccus marinus [29]
(process control [22]) was inserted into a 2-mL tube with 1.30 g of 0.2-mm steel beads
(Next Advance Inc., Troy, NY, USA). The tube was then inserted into the Terralyzer. The
bead-beating protocol for all samples was 2 × 10 s with a 20 s break (apart from samples
GTT33 and KxTC22, for which it was 2 × 20 s with a 10 s break).

2.6. OralDisk Design and Workflow for Fully Automated Real-Time PCR

Oral bacteria were detected using the centrifugal microfluidic OralDisk, which incor-
porated all the microfluidic unit operations [30] required for the fully automated analysis
of whole saliva samples. A volume of 400 μL of ex situ homogenized saliva (Section 2.5)
was inserted into the OralDisk (Figure 2, #1) and on-disk DNA extraction and purifica-
tion was based on a bind-wash-elute protocol [31]. Dedicated buffers were developed
by magtivio B.V., the Netherlands, and were stored in pouches (stickpacks [32]) on the
disk (Figure 2, #2a–2d). Upon centrifugation (and assisted by controlled heating), liquids
were released into their respective (radially outward) chambers (Figure 2, #4a–4d). The
stickpacks contained 440 μL of binding buffer (#2a); 200 μL of wash buffer 1 (#2b); 200 μL
of wash buffer 2 (#2c); and 180 μL of elution buffer (#2d). Magnetic beads (MagSi-DNA
mf beads, ferrimagnetic core with silica shell, cat. no. MD0200010002) were developed
by magtivio B.V. especially for microfluidic use for this application and were dry-stored
on the disk (Figure 2, #3). Upon magnetic bead rehydration by the binding buffer and
lysate, the magnetic beads captured the DNA and were transported through the sub-
sequent chambers (Figure 2, #4a–4d) by means of controlled continuous disk rotation
and integrated magnets [33]. In chamber #4d (Figure 2), the DNA was eluted from the
magnetic beads, and 160 μL of the eluate was pumped radially inwards into chamber #6,
through structure #5 and by means of temperature change-rate (TCR) actuated valving [34]
and centrifugo-dynamic inward pumping [35]. In chamber #6, the amplification reagents
were pre-stored in the form of a lyophilized pellet (46 μL; TaqMan® Lyophilized 1-Step
qPCR Master Mix; 3.5×, Thermo Fisher Scientific, USA). Upon lyopellet rehydration and
thorough mixing using a dedicated microfluidic protocol to ensure homogeneity [36], the
mixture was aliquoted [37] into the PCR reaction chambers (#7) where the primers/probes
for each oral bacterium (plus those for the control bacterium S. marinus) were dry-stored.
Chamber (i) was a sacrificial chamber to collect residual liquid. Upon rehydration, the
thermocycling protocol for real-time PCR started: 95 ◦C for 3 min (initial denaturation) and
40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s.
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Figure 2. OralDisk design. Blue sector: magnetic bead-based extraction and purification of DNA.
#1: sample inlet; #2: stickpacks for storage of buffers for: binding (2a), 1st washing (2b), 2nd
washing (2c) and elution (2d); #3: pre-stored (air-dried) magnetic beads; #4: chambers for binding
(4a), washing (4b, 4c) and elution of DNA from magnetic beads (4d). Grey sector: eluate transfer
module, automating the inward pumping (#5) and eluate mixing with the lyopellet (#6). Red sector:
amplification module, automating the preparation and execution of the real-time PCR in structure #7
in the reaction chambers labelled as (i)–(xiii). Structure #8 assists the liquid transfer from chamber #6
to the PCR structure #7.

The microfluidic protocol comprised a slightly modified version of a protocol previ-
ously published by the authors [21]. According to this slightly modified protocol, the times
lapsed during the microfluidic processes in the blue-, grey- and red-marked modules in
Figure 2 were: ~37 min, ~12 min and ~107 min, respectively (the latter including the PCR
thermocycling). Notably, the OralDisk does not have any sample outlet port but is a closed
system, as are all microfluidic cartridges in similar systems, so that the amplified DNA
does not contaminate the cartridge processing instrument, thereby risking false positive
results during the next measurement. Since we used human sample material, the disposal
of the OralDisk was performed by autoclaving, as for other typical laboratory consumables
(e.g., wells, tubes) that are used in nucleic acid amplification practices.

PCR thermocycling was performed in a customized LabDisk processing device func-
tional model (QIAGEN Lake Constance, currently DIALUNOX GmbH, Lake Constance,
Germany) (Figure 3) comprising: (i) a thermal module that enables global air heating for
performing the necessary thermocycling protocols; (ii) a mechanical module for the precise
positioning, acceleration and deceleration of the disks; (iii) an optical module for detection
of the real-time fluorescence signal derived from the nucleic acid amplification product; and
(iv) integrated magnets for bead transfer during the DNA extraction and purification. The
raw data acquired with the LabDisk Player were analyzed using a RotorGene (QIAGEN,
Hilden, Germany) software program to acquire Cq values.

2.7. OralDisk Fabrication

The OralDisks were fabricated by microthermoforming [38,39] of polycarbonate (PC)
polymer foils (250 μm thickness, Makrofol® DE 1-1 000000, Covestro, Leverkusen, Ger-
many) using a hot embossing machine (HEX01, Jenoptik AG, Jena, Germany) at the
Hahn-Schickard Lab-on-a-Chip Foundry Service [40]. Microthermoforming technology
is well-known from macro-scale blister package fabrication, which has been adapted and
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transferred to the micro-scale. In short, an elastomeric mold made of poly(dimethylsiloxane)
(PDMS) was heated. The overlying polymer foil was heated as well, and at a specific tem-
perature above the foil’s glass transition, air was blown onto it so that it assumed the shape
of the mold. Ultimately, this technology possesses the following advantages: (i) it allows
monolithic fabrication of the cartridge and (ii) it is scalable and able to produce several
tens of thousands of pieces when required. After the foil structuring, a Teflon coating
(0.5% w/w Teflon (Teflon Amorphous Fluoropolymer, Chemours International Operations
Sarl, Geneva, Switzerland) in Fluorinert™ FC-770 (art. # F3556-100ML, Sigma-Aldrich
Chemie GmbH, Darmstadt, Germany)) was applied to chambers #4a–4d (Figure 2) in
order to provide hydrophobic microfluidic properties in the nucleic acid extraction module.
Then, 20 μL of magnetic beads with 10 μL of 250 mg/mL trehalose were pipetted into
the corresponding chamber (Figure 2, #3), and 3.5 μL of each primer/probe reaction mix
with 0.5 μL of 1 M trehalose (final concentration 50 mM) were pipetted into each reaction
chamber (Figure 2, #7). The Teflon coating and the drying of the magnetic beads and
primers/probes followed a previously published protocol (1 h at 50 ◦C) [20,41,42]. The
lyopellets containing the amplification reagents were manually inserted into the disk. All
buffers were stored in dedicated aluminum pouches (stickpacks). The sealing temperature
and pressure used to prepare the stickpacks allowed their opening at a specific rotational
frequency (70 Hz), whereby buffers were released into the corresponding chambers of
the extraction module (Figure 2). The stickpacks were also manually inserted into the
disk. The whole cartridge was sealed using a pressure-sensitive adhesive foil (9795R, 3M,
Maplewood, MN, USA). The cartridge was then inserted into an aluminum pouch with a
nitrogen atmosphere and desiccant bags, and was stored at room temperature until use.

 

Figure 3. Image of the items which comprise the experimental setup. (1) Tube containing the mixture
of the saliva sample, S. marinus control bacterium and steel beads. (2) Hand-held device (Terralyzer),
into which the tube is inserted for performing the mechanical lysis and saliva homogenization.
(3) The OralDisk, where the lysate is pipetted in the chamber indicated by the two white arrows.
(4) The LabDisk Player instrument that performs the OralDisk processing and real-time PCR.
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2.8. Statistics

The p-values for T. forsythia were calculated using the pairwise Wilcoxon Rank Sum
Test (statistical software R [43] including the package tidyverse [44]) without correction for
multiple testing and with a significance level of 0.05. p-values were also calculated for
P. gingivalis but were higher than 0.05 with both the OralDisk and the lab-based reference
method. For these two bacteria, all Cq measurements were available (i.e., no ‘ND’ values
in Supplementary Table S1). For the other eight bacterial species, one or more Cq values
were missing and were deemed to be beyond the limit of detection (marked as ‘ND’ in
Supplementary Table S1). These datasets were not used for the calculation of p-values. For
all species and diagnosis groups, we generated boxplots (Supplementary Figure S1) using
Origin®2019 software (version 2019 (9.60)) and included a calculation of the median values
and interquartile ranges (IQR) of the Cq results (Supplementary Table S2).

3. Results and Discussion

3.1. Real-Time PCR on the OralDisk

In this study, 25 disks were used to test 24 clinical samples (from seven healthy, nine
caries and eight periodontitis patients) and one negative control (H2O). Each sample was
tested once per disk. Figure 4 shows representative OralDisk real-time PCR curves from
which the Cq values were calculated for all bacteria that were detected in a single sample.
The Cq values of all bacteria in all the samples tested with OralDisks are summarized
in Supplementary Table S1. These values were used for the subsequent analysis and
the comparison with the lab-based reference and commercial iai PadoTest methods. The
methods were compared by means of: (i) the number of assay targets detected as positive
and negative by the OralDisk, the iai PadoTest and the lab-based reference method and
(ii) the scatter plots of the acquired Cq values for each clinical diagnosis group and for
each bacterium for the OralDisk and the lab-based reference method. These analyses were
performed in order to examine possible trends in the data.
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Figure 4. Representative real-time PCR curves for the oral bacteria detected with the OralDisk in one
whole saliva sample.

3.2. Performance Comparison between the OralDisk and the Lab-Based Reference Method

Each saliva sample was tested using one OralDisk, which simultaneously screened for
ten bacterial species by means of its geometric multiplexing configuration. None of the
samples tested were found to contain all ten of the bacterial species screened for. This was
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in line with our previous findings using a full cohort study, in which the corresponding
lab-based PCR reference method was used [22]. In order to assess the degree of qualitative
agreement (i.e., bacterial presence/absence) between the OralDisk and the corresponding
lab-based reference method, we divided the results (Table 1) into the following four groups:

(a) assay targets detected as positive by both the OralDisk and the lab-based reference
(agreement in positive samples: 154/175 (88.0%) cases);

(b) assay targets detected as positive by the OralDisk but negative by the lab-based
reference (disagreement in 7/59 (11.9%) cases);

(c) assay targets detected as negative by both the OralDisk and the lab-based reference
(agreement in negative samples: 52/59 (88.1%) cases);

(d) assay targets detected as negative by the OralDisk but positive by the lab-based
reference (disagreement in 21/175 (12.0%) cases).

A comparison between the OralDisk and the lab-based reference results was per-
formed (i) for each clinical diagnosis group and (ii) for each bacterial species. Regarding
the former, the highest agreement between the two methods in terms of positively detected
targets (group (a)) was found in the caries samples (91.9%), followed by the healthy samples
(85.4%) and, finally, the periodontitis samples (85.0%). Regarding the latter, the positive
agreement between the two methods ranged from 85.7% to 100% for C. rectus, P. intermedia,
P. gingivalis, T. denticola, S. mutans and S. sobrinus. Lower agreement between the OralDisk
and the lab-based reference positives was observed for F. nucleatum (16/23 (69.6%) cases)
and Lactobacillus spp. (7/11 (63.6%) cases).

It is important to mention that each sample was analyzed with three technical repli-
cates with the lab-based PCR reference compared to one with the OralDisk to simulate
the POC workflow. In three cases within group (d), the lab-based PCR reference did not
give identical results for the triplicates. In two cases, two of three repeats for F. nucleatum
were detected positive and in one case, one of three repeats for Lactobacillus spp. was
detected positive. This may imply that these particular PCR assays in those samples were
close to the limit of detection for the lab-based reference, which would explain why they
were missed by the OralDisk. Finally, the OralDisk detected A. actinomycetemcomitans
in only one of the four lab-based reference positive samples. In line with data from the
preceding clinical study, this species was not often detected among the samples, and when
detected, it was often associated with very low levels of target genome equivalents [22].
This species also did not appear to play any discriminatory role between the healthy, caries
and periodontitis groups in the aforementioned study and for the recruited age groups [22].
However, A. actinomycetemcomitans was included in the panel because it may play a role in
cases where early onset periodontitis (i.e., younger patient ages than usual) was suspected.

A possible source of disagreement between the two methods may be the different
approaches for bacterial lysis, DNA extraction and purification prior to PCR amplifica-
tion. The lab-based reference method used an enzymatic lysis methodology (lysozyme,
mutanolysin, proteinase K enzymes [22]) with prolonged incubation times, followed by
column-based purification. For the OralDisk, mechanical lysis was performed ex situ
using a hand-held bead-beating device (Terralyzer, Zymo Research, USA), followed by a
magnetic bead-based bind-wash-elute protocol [31] for DNA extraction and purification on
the disk. Enzymatic or mechanical lysis may be more efficient, depending on the cell wall
properties of certain bacterial species—the OralDisk panel included both Gram-positive
and Gram-negative bacteria (Section 2.2).

Discrepancies in DNA extraction efficiency may also be expected between the different
approaches (column versus bead-based), as well as between different test devices. These
factors may have an impact on the detection of low abundances of bacteria (i.e., higher
Cq values). Consequently, targets that are close to the limit of detection of the OralDisk
(in its current configuration) may still be detectable by the lab-based reference method.
This could partly account for discrepancies between the two datasets where the lab-based
reference, but not the OralDisk, appeared to detect certain bacterial species more frequently.
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3.3. Performance Comparison between the OralDisk and the Commercial iai PadoTest

The iai PadoTest (iai PadoTest, Institut für Angewandte Immunologie IAI AG, Zuchwil,
Switzerland), a commercially available system for the detection of periodontal pathogens,
was used to analyze 18 out of the 24 samples. We compared the data obtained by the iai
PadoTest and the OralDisk for these 18 samples and for five species per sample (as not all
ten species were shared between these two methods). To enable a direct interpretation of the
results, we only compared the qualitative outcomes of the methods (i.e., presence/absence
of the target bacteria), as the OralDisk in this study did not provide quantitative values for
bacteria concentrations. The results from the OralDisk and iai PadoTest are summarized in
Table 2. The iai PadoTest positively detected 28 of the microbial target assays, while the
OralDisk detected the same 28 and 33 more, thus giving 61 in total. Possible explanations
for this discrepancy in detection between the two methods may be the different molecular
identification principles and/or assay protocols used [22,27]. In fact, the iai PadoTest is
designed to examine gingival crevicular fluid (GCF). However, for better comparability
with the lab-based reference and the OralDisk we used a modified protocol based on saliva,
as described and discussed previously [22].

3.4. Comparison of Cq Performance

The performance comparison between the OralDisk and the lab-based reference
(Table 1) does not consider the Cq values of the two methods. In this section, the Cq values
of group (a) (Section 3.2) are therefore shown as scatter plots, in order to observe whether
one of the two methods exhibited any trend in Cq for all bacteria in all samples, as well
as for all bacteria in each clinical diagnosis group (Figure 5). Each data point corresponds
to the detection of a specific bacterial species in a specific sample with both methods.
The y-axis error bars are derived from the standard deviations of triplicate (or in some
cases duplicate) measurements made with the lab-based reference PCR method [22]. The
calculation of such standard deviations was not possible for the x-axis (OralDisk PCR), as
each sample was tested with only one OralDisk cartridge.

The diagonal line y = x is shown in the scatter plots simply to assist the observation
and assessment of whether the OralDisk or the lab-based reference method show any
trend in specific Cq areas. Data points above the y = x line mean that for a specific
measurement, Cq(Lab-reference) > Cq(OralDisk), while data points below the y = x line
mean that Cq(OralDisk) > Cq(Lab-reference). Interestingly, it appears that for the healthy
group, more data points lie below the y = x line, while for the caries and periodontitis
groups and for all samples combined, the number of points above and below the x = y
line appear to be balanced (Table 3). When deriving a linear fit trendline, the slope of
Cq(Lab-reference)/Cq(OralDisk) is very similar between the total, healthy, caries and
periodontitis groups (0.34, 0.38, 0.32, 0.36, respectively). This is an indication that the
relation between the two methods is consistent and independent of the nature of the three
groups included in the study. From qualitative observation, there seems to be a center of the
scatterplot clusters at Cq ~ 24. Across the area where the Cq is higher than ~24 (i.e., at lower
bacterial concentrations), the OralDisk method tends to generate positive signals at higher
Cq values than the lab-based reference. This further supports the hypothesis expressed
in Section 3.2, namely that lower bacterial concentrations that can still be detected by the
lab-based reference may be missed by the OralDisk. Conversely, across the area where Cq
values were lower than ~24 (i.e., at higher bacterial concentrations), increasing PCR signals
tend to be observed earlier for the OralDisk.
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Figure 5. Scatter plots correlating the Cq values from the OralDisk and the lab-based reference for all bacteria: (a) in all
three groups; (b) in the healthy group; (c) in the caries group; and (d) in the periodontitis group. Similar scatter plots for
each individual bacterium are depicted in the Supplementary Figure S2.

As each OralDisk analyzes the presence/absence of ten bacteria simultaneously, the
scatter plots in Figure 5 represent the entire panel and contain the collective information
from all bacteria. In order to investigate whether some individual bacteria exhibit any
specific trends, we composed the scatter plots for each bacterium for all clinical diagnosis
groups. From Supplementary Figure S2, we observe different tendencies for some bacteria
(quantitatively summarized in Table 3). For example: (i) C. rectus, P. gingivalis and T. forsythia
tend to appear in the Cq(Lab-reference) > Cq(OralDisk) area (i.e., the OralDisk amplification
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curves yielded earlier Cq values than the lab-based reference); (ii) S. mutans tends to appear
in the Cq(Lab-reference) < Cq(OralDisk) area (i.e., the OralDisk amplification curves yielded
later Cq values than the lab-based reference); and (iii) there is no trend for F. nucleatum,
P. intermedia and T. denticola.

Table 3. Number of cases where the Cq(Lab-reference) was higher or lower than the Cq(OralDisk). Calculations are based
on the scatter plots in Figure 5. The bacteria A. actinomycetemcomitans, Lactobacillus spp. and S. sobrinus are given only
indicatively as their total cases were very few.

Number of Cases with
Cq(Lab-Reference) > Cq(OralDisk)

Number of Cases with
Cq(Lab-Reference) < Cq(OralDisk)

TOTAL
Cases

For all bacteria in all groups 80 51.9% 74 48.1% 154

For all bacteria in healthy group 12 35.3% 22 64.7% 34

For all bacteria in caries group 41 55.9% 30 44.1% 68

For all bacteria in periodontitis group 27 57.7% 22 42.3% 52

For A. actinomycetemcomitans in
all groups 0 0.0% 1 100.0% 1

For C. rectus in all groups 15 71.4% 6 28.6% 21

For F. nucleatum in all groups 8 53.3% 7 46.7% 15

For P. intermedia in all groups 10 45.5% 12 54.5% 22

For P. gingivalis in all groups 17 77.3% 5 22.7% 22

For T. forsythia in all groups 16 72.7% 6 27.3% 22

For T. denitcola in all groups 8 50.0% 8 50.0% 16

For Lactobacillus spp. in all groups 1 14.3% 6 85.7% 7

For S. mutans in all groups 4 18.2% 18 81.8% 22

For S. sobrinus in all groups 1 16.7% 5 83.3% 6

We further analyzed the Cq values from the OralDisk and the lab-based reference
and mapped their distributions per bacterial species for all three clinically diagnosed
groups (Supplementary Figure S1). It should be noted that due to the small number of
measured samples, clinical conclusions cannot be extracted from the results per se. From the
descriptive graphical representation, it can be observed that for P. intermedia, P. gingivalis
and T. forsythia (and possibly also T. denticola, although N = 2 for the OralDisk), the
boxplots would tend to be distinguishable (especially if/when a higher number of samples
were tested), even though there are overlapping standard deviations. In cases where
testing a higher number of samples would lead to a smaller standard deviation, these four
bacteria would possibly be the first ones that the OralDisk would detect as differentiators
between clinical diagnosis groups. Within this small-scale study, the tendency towards
differentiation seems to be stronger with the OralDisk than with the lab-based reference,
as the median lines of the OralDisk results for the different diagnosis groups seem to be
further apart (even though not necessarily lower) than those of the lab-based reference,
especially between the healthy and the caries groups (actual median values given in
Supplementary Table S2). Indicative of this (and being aware of the small number of
samples for thorough statistical analysis), for T. forsythia, the p-value between the healthy
and the caries groups was 0.033 with the OralDisk and 0.29 with the lab-based reference,
and between the healthy and the periodontitis groups, it was 0.057 with the OralDisk and
0.29 with the lab-based reference (Section 2.8).

3.5. Overall Evaluation of the OralDisk

The development and implementation of chair-side molecular diagnostics in the field
of oral health lags behind many other fields of healthcare, including infectious diseases such
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as respiratory tract, bloodstream and gastrointestinal infections, for which point-of-care or
near-patient systems are commercially available or at the product development stage [45].
However, the socioeconomic burden of oral diseases is high, with expenditure for the
treatment of dental diseases reaching EUR 90 billion and additional productivity losses
of over EUR 50 billion in EU member states in 2015 [46]. Furthermore, the documented
relationship between periodontal and systemic diseases [8,47–50] has started to raise
awareness of the importance of oral health and especially of early diagnosis, prevention
and post-treatment monitoring.

Table 4 summarizes some existing technologies, together with the bacterial pan-
els they detect. A commercial test for the biomarker-based detection of periodontitis is
available from Dentognostics GmbH (PerioSafe®) [51]. It detects a single protein marker,
namely the active matrix metalloproteinase-8 (aMMP-8) [52–54] but no bacteria per se.
Furthermore, although the molecular-based detection of oral bacteria has been reported by
MyPerioPath® [55], HR5TM (High Risk Pathogen Test from Direct Diagnostics [56]) and
iai PadoTest [27], all these methods are not chair-side-compatible but laboratory-based.
Thus, the samples need to be transported to a laboratory and the results are only avail-
able after some days, whereas the OralDisk delivers results in <3 h. The PerioSafe® and
PerioPOC® [57,58] require only 5 and 20 min, respectively, due to their lateral flow config-
uration. However, the panels of both tests are limited: for the former, to a single protein
biomarker; for the latter, to five periodontitis pathogens. Additionally, none of the methods
in Table 4 detects caries-related bacteria but focus only on periodontitis-associated bacteria.
Interestingly, in terms of throughput, all chair-side technologies test one sample per run.
For the lab-based technologies, the number of samples tested per run may depend on the
logistics of the particular laboratory. The overarching features of the OralDisk platform
compared to the listed systems are that it detects ten major caries- and periodontitis-related
bacteria simultaneously from non-invasively collected whole saliva using molecular-based
detection and a chair-side compatible system.

In terms of specimens, some of the methods listed in Table 4 use paper points from
periodontal probing (iai PadoTest, PerioPOC®). However, paper points have the inherent
disadvantage that they are invasive and only reflect the local bacterial distributions of
specific tooth pockets [12,13]. Saliva is an increasingly popular candidate for analysis as
it is easy to collect in tubes even in milliliter volumes and its collection is non-invasive
in nature [59,60]. The OralDisk requires 400 μL of saliva (compared to 3–4 drops of oral
rinse for PerioSafe® and 160 μL of lysis solution for the immersion of paper points of
PerioPOC®, with 20 μL of this volume being added to the lateral flow chip). For the
lab-based methods of iai PadoTest, MyPerioPath® and HR5TM the required volume is
not known. In any case, the availability of large amounts of saliva makes the required
volume of this specimen type less critical in terms of the test to be selected. Non-oral-
related diagnostics have also attempted to use saliva to detect biomarkers or nucleic
acids in diseases such as COVID-19, type 2 diabetes mellitus, cardiovascular diseases and
Alzheimer’s disease [61–67]. The specimens used in the current study were whole saliva
samples derived from recruited individuals of diverse oral health background (healthy,
caries, periodontitis) during a clinical study [22]. Compared to spiked samples with known
compositions, this methodology offers decisive advantages: (i) the oral flora in healthy and
diseased individuals is best represented in saliva, since it already contains many of the
bacteria to be examined and (ii) for POC use, it is essential to ensure that the OralDisk is
compatible with the physical, biological and chemical properties of the natural matrix, i.e.,
whole saliva and not any artificial saliva matrix. Indeed, the compatibility of the LabDisk
with this complex matrix paves the way for applicability of the platform in areas that can
make use of this abundant and easy-to-acquire specimen.
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An outstanding advantage of the OralDisk is the automated sample processing and
detection of the assay targets. The system is based on a microfluidic platform that integrates
all the necessary biochemical reagents and operations in a protocol requiring minimal and
simple hands-on work. The only short manual step is the homogenization of whole saliva
using a bead-beating hand-held device (Terralyzer, Zymo Research, USA), which combines
homogenization and bacterial lysis in one step (saliva bead-beating has also been previ-
ously reported as a lysis method for lab-based downstream analysis [69,70]). Even in such
a configuration, the hands-on work was estimated to be only 10 min, including the ex situ
saliva homogenization and mixing with the control bacterium S. marinus, the pipetting
into the disk, and the insertion of the latter into the processing instrument. This time is
far shorter than the manual sample preparation time (at least 1.5 h) that is required prior
to a laboratory-based PCR. Additionally, previously published work by the authors has
already demonstrated the use of an on-disk microfluidic unit operation for saliva homog-
enization [68] (as a pre-analytic approach for downstream protein analysis), which uses
disk-integrated magnets actuated by magnets above the disk [33]. This disk-compatible
approach is planned to be tested in the future as an in situ lysis and homogenization step. It
will be integrated with the DNA purification module and will thus replace the only manual
step (i.e., bead-beating with the mobile Terralyzer device) of the current OralDisk protocol.
Further automation can be achieved if the aforementioned in situ mechanical lysis step is
combined with downstream dilution and direct amplification (after biochemical optimiza-
tion), without the need for a bead-based bind-wash-elute protocol. This modification is
expected to reduce the total time-to-result by approximately 0.5 h. In addition, a drastic
reduction in the time-to-result is also planned to be achieved by means of a new LabDisk
Player that will implement contact heating using Peltier elements instead of air heating.
This method is expected to reduce the PCR time from ~2 h to < 0.5 h, thereby resulting in
an estimated total time-to-result of <1 h.

The major feature of automation of the OralDisk workflow leads also to a drastic
reduction of hands-on work and time that is required by laboratory personnel, which can
result in a reduction of the overall ‘hidden costs’ of laboratory workflows. Even though we
cannot assess the end-user transfer price of the OralDisk (as it is currently at development
stage), the actual cost-driver aspects have been identified, as well as the actions that need
to be taken at the product development stage, e.g., re-assignment from thermoforming
to injection molding fabrication method (for manufacturing of hundreds of thousands
of OralDisk cartridges); screening for more cost-effective polymeric cartridge materials
and the complete automation of the entire manufacturing workflow. In any case, the
price of such a diagnostic system should not be compared with single-biomarker or single-
parameter detection systems, as the OralDisk offers an increased range of information for
a high number of pathogens and for both periodontitis and caries diseases. In fact, the
realistic goal for the OralDisk is that the cost per pathogen tested becomes significantly
lower than that using a laboratory test.

The analytics were performed on a batch of samples sufficiently representative to allow
the platform to demonstrate its performance and applicability for the detection of a broad
panel of ten Gram-negative and Gram-positive bacterial species. As previously mentioned,
this means that both periodontitis and caries can be monitored simultaneously on a single
OralDisk. Periodontitis has been mainly associated with Gram-negative anaerobic bacteria,
while caries has been mainly associated with Gram-positive carbohydrate-fermenting bac-
teria [71]. The OralDisk contains one of the broadest panels available for bacterial detection
among comparable systems (Table 4). This is achievable due to the multiple reaction
chambers (#7, Figure 2) that enable geometric multiplexing. The level of multiplexing
can be further increased by multiple wavelength detection in the same chamber (color
multiplexing). For example, in this publication the Gram-positive bacterium S. marinus
was included as a process control and underwent the same lysis, extraction, purification
and amplification processes as the oral bacteria present in the test sample. S. marinus
primers/probes were included together with the bacteria-specific primers/probes in each
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reaction chamber, providing an indication that the internal biochemical and microfluidic
processes had been correctly implemented. In the disks that we tested, there was no
case where the S. marinus was not detected, thereby confirming qualitatively that the
sample-to-answer process functioned successfully. The simultaneous detection of several
bacteria, including the process control, within a single sample is a major achievement of
the platform, which until now had demonstrated its capability for infectious diseases that
are associated with either one or two pathogens, such as sepsis [18], tropical infections [20]
and respiratory tract infections [19,21].

The ~90% agreement between the OralDisk and the lab-based reference amongst
targets detected as positive and negative indicates that the OralDisk platform may be
suitable for accurate molecular-based oral bacteria detection. Any differences could be
attributable to the different lysis, extraction and/or test device approaches utilized by
the two methods. An increase in the test sensitivity of the OralDisk might be achievable
using a pre-amplification step, which in a past application of the LabDisk technology
was shown to detect down to a few bacteria/mL [18]. However, high sensitivity may
not be particularly crucial for oral health screening purposes. For example, the oral
microbiota is diverse in both healthy and diseased patients, including both commensals
and opportunistic pathogens. It is the dynamic changes over time of bacteria among the
oral microbiota, rather than their mere presence/absence, that drives the dysbiotic changes
that lead to oral disease [72]. The fact that the OralDisk has demonstrated its capacity to
analyze oral bacteria provides a basis upon which the platform can be implemented in
time-course studies associated with patient monitoring, similar to the rationale reported by
Paqué et al. [73]. In such future studies, we will have the opportunity to proceed to the
quantification of bacteria, using OralDisk-derived calibration curves to convert Cq values
into numeric bacterial loads.

The LabDisk and the corresponding customized processing device used in this work
are amenable to further performance improvements (such as inclusion of the lysis step on
the disk and the subsequent reduction of the time-to-result) and may be applicable as an
auxiliary tool for oral microbial screening in dental POC settings. Finally, for truly holistic
monitoring of oral health, bacteria-based microbiological examination in the OralDisk will
be combined with protein biomarker concentration monitoring. The LabDisk has already
been shown to be compatible with immunoassays by the running of a basic reaction (with-
out detection) as a proof-of-principle demonstration [74]. A newly developed and tested
bead-based immunoassay with oral biomarkers [75] will enable an immunoassay disk to be
run in the same instrument as the PCR disk. This will increase the interoperability between
immunological and microbiological diagnostic outputs using this platform [76]. Subse-
quently, by using combined computational technologies and the OralDisk device, new di-
agnostic predictive models of disease development and progression may be generated [73].
Such developments will enable evidence-based pre- and post-treatment monitoring of a
range of oral (OralDisk) and non-oral (application-specific LabDisk) diseases.

4. Conclusions

This technical feasibility study demonstrated the ability of the OralDisk to detect a
broad range of seven periodontitis- and three caries-related bacteria from whole saliva
samples in < 3 h, using an automated platform for molecular-based detection. Importantly,
the platform was proven to be compatible with saliva as a sample matrix for the first
time, which paves the way for (i) ‘modernization’ of contemporary oral health by using a
molecular-based diagnostic tool for saliva (instead of probe-based) close to the chair-side
practice, acting supportively to ‘traditional’ methods and (ii) implementation in further
areas of non-invasive saliva-based diagnostics. Compared to the lab-based reference test,
the OralDisk results showed ~90% agreement amongst targets detected as positive and
negative. We observed that higher levels of bacteria (Cq values < 24) generally resulted
in lower Cq values with the OralDisk compared to the lab-based reference method. This
was primarily observed for C. rectus, P. gingivalis and T. forsythia. On the other hand, lower
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bacterial levels (Cq values > 24) were mostly detected later with the OralDisk compared to
the lab-based reference method. This was primarily observed for S. mutans.

Optimization of the platform towards automation and reduction of the time-to-result
will further increase its potential for adoption at the chair-side. The future goals are to
apply the OralDisk platform in larger clinical studies and to determine its clinical potential
in (i) providing early detection/prevention of oral diseases before they are detectable with
a conventional clinical examination or radiographic methods and (ii) monitoring progress
during and after periodontal treatment by providing quantitative information on changes
in bacterial load. Furthermore, such a diagnostic system could potentially contribute to
more informed decision making regarding the prescription of oral antibiotics, while also
acting as an early warning system for underlying systemic diseases [77] such as diabetes
and cardiovascular diseases, which have previously been correlated with periodontitis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/bios11110423/s1, Table S1: Raw experimental data (Cq values) from the OralDisk and the
lab-based reference method, as well as qualitative data from the iai PadoTest. Figure S1: Boxplots
of the Cq values for each bacterium detected by the OralDisk and the lab-based reference. Table S2:
Median and interquartile range (IQR, describing the middle 50% of values when ordered from lowest
to highest) of the Cq values from the OralDisk and lab-based reference measurements. Figure S2:
Scatter plots correlating the Cq values from the lab-based reference and the OralDisk for all bacteria
in the healthy, caries and periodontitis groups.
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Abstract: In this study, we designed and manufactured a series of different microstructure topo-
graphical cues for inducing neuronal differentiation of cells in vitro, with different topography, sizes,
and structural complexities. We cultured PC12 cells in these microstructure cues and then induced
neural differentiation using nerve growth factor (NGF). The pheochromocytoma cell line PC12 is a
validated neuronal cell model that is widely used to study neuronal differentiation. Relevant markers
of neural differentiation and cytoskeletal F-actin were characterized. Cellular immunofluorescence
detection and axon length analysis showed that the differentiation of PC12 cells was significantly
different under different isotropic and anisotropic topographic cues. The expression differences of the
growth cone marker growth-associated protein 43 (GAP-43) and sympathetic nerve marker tyrosine
hydroxylase (TH) genes were also studied in different topographic cues. Our results revealed that
the physical environment has an important influence on the differentiation of neuronal cells, and 3D
constraints could be used to guide axon extension. In addition, the neurotoxin 6-hydroxydopamine
(6-OHDA) was used to detect the differentiation and injury of PC12 cells under different topographic
cues. Finally, we discussed the feasibility of combining the topographic cues and the microfluidic
chip for neural differentiation research.

Keywords: microfluidics; microstructure topography; PC12 cells; neural differentiation

1. Introduction

The nervous system consists of the peripheral nervous system (PNS), supporting commu-
nication between the body and the brain, and the central nervous system (CNS), integrating
information from various organ systems [1]. The CNS contains a variety of neuronal cell
types connected by axons and dendrites that together build complex neural networks
through migration, differentiation, and synapse formation, and realize complex brain func-
tions including transmission, storage, and processing of information, thereby controlling
behavior. The main causes of CNS diseases are neurodegeneration and injury [2]. The
most common neurodegenerative diseases include Parkinson’s disease (PD), Alzheimer’s
disease (AD), and Huntington disease (HD), and their prevalence increases with age [3–6].
At present, there is no effective treatment for these disorders and their prognosis is poor,
seriously impacting the patient’s quality of life and posing a significant socioeconomic
burden to society [7,8]. In order to promote neuroregeneration and recover nervous system
function, scientists are studying nerve cell growth in vitro. A common strategy is to create
structures that support nerve cell growth and axon extension. However, the nervous system
has a complex 3D environment consisting of distinct physical, chemical, and biological
properties [9,10]. Topographic cues in the physical microenvironment can influence nerve
cells, so it is critical to simulate nerve regeneration in vitro [11]. When neurons are in-
jured, the effective connections maintaining the normal function of these cells are lost,
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and external topographic cues promoting the growth of neurites are necessary to enable
the reconstruction of neural connections. Simulation of topographical cues in vitro allows
neurons to be placed in a simplified, controlled environment to study the response of
neurons to different molecular and physical guidance cues. The different responses of
nerve cells to topographical cues include cell adhesion, neurite outgrowth, and cell mor-
phology changes [12–14]. These responses can further affect the growth, differentiation,
and proliferation of cells in the process of neuroregeneration.

At present, 2D cultures are commonly used although they cannot fully simulate the
complex 3D microenvironment of the brain [15,16]. Microfluidics is an emerging fluid
control technology that integrates basic operating units involved in the traditional biochem-
ical laboratory on a small chip and thereby enables many analytical functions on a tiny
platform. It offers the advantages of convenient operation, savings on reagent costs, and
increased analysis speed and has been widely used in many interdisciplinary fields such as
biology, chemistry, materials, medicine [17–19]. It is worth noting that due to the design of
the specific channels of the microfluidic chip, the physical separation of the soma and axon
of neurons can be realized for the study of neuronal behavior in a 3D environment [20].
Under the specific microstructure, the cell bodies of nerve cells were fixed in a certain
position, and axon behavior could be observed after axons separated the cell bodies. It was
convenient to study the behavior of neurons in a specific environment. Francisco et al.
studied the ability of embryonic chicken primary sensory neurons to extend axons in a
variety of environments characterized by 3D physical constraints in the form of “rooms”
and corridor “walls” [21]. Kywe Moe et al. designed a multi-architecture chip (MARC)
with different aspect ratios and hierarchical structures, nanometer-to-micrometer sizes,
and different structural complexity of the topography. MARCs were then replicated in
polydimethylsiloxane (PDMS) to study the effects of different geometric sizes on neural dif-
ferentiation in primary mouse neural progenitor cells (MNPC) [22]. These studies suggest
that microfluidic chips may aid neurological disease models by simulating topographical
clues for drug screening or toxicology studies.

Given the above, we designed and manufactured a series of different microstructure
topographical cues for inducing neuronal differentiation of cells in vitro, with different to-
pography, sizes, and structural complexities. The different topological microstructures were
replicated in Polydimethylsiloxane (PDMS). Replicated microstructures were treated with
Poly-L-lysine (PLL). PC12 cells were cultured in their microstructures and then induced
neural differentiation using nerve growth factor (NGF). PC12 cells were commonly used
for in vitro models of neurodegenerative diseases [23]. Cytoskeletal F-actin and β-tubulin
III of neural differentiation were characterized. The results of the cell immunofluorescence
experiment and axon length analysis showed that PC12 cells differentiated significantly
under different topographic cues. We also explored whether there were differences in
the expression of sympathetic nerve marker tyrosine hydroxylase (TH) and growth cone
marker growth-associated protein 43 (GAP-43) genes under different topographic cues.
Our experimental results showed that the physical environment had an important influence
on the differentiation of neuronal cells, and three-dimensional constraints could be used to
guide the extension of axons. The neurotoxin 6-hydroxydopamine (6-OHDA) was used to
detect the differentiation and injury of PC12 cells under different topographic cues. Finally,
we discussed the feasibility of combining the topographic cues and the microfluidic chip
for neural differentiation research.

2. Materials and Methods

2.1. Design and Preparation of Topological Microstructures

Topological microstructures of different patterns were designed using CAD soft-
ware. In the field area of 8 mm × 2.5 mm, several patterned topographies were designed.
Anisotropic topographies include: (1) a straight line of a width of 10 μm, spacing of 10 μm
(named S); (2) 45◦ polyline with a width of 10 μm, spacing of 10 μm (named C45); (3) 90◦
polyline with a width of 10 μm, spacing of 10 μm (named C90); (4) 135◦ polyline with a
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width of 10 μm, spacing of 10 μm (named C135). Isotropic topographies include: (5) 60◦
distribution micropillar array with a column diameter of 10 μm (named P60); (6) 90◦ distri-
bution micropillar array with a diameter of 10 μm (named P90). All chambers were 10 μm
high. The microstructures were manufactured in silicon using dry deep etching, courtesy
of the Shanghai Institute of Microsystems and Information Technology, Chinese Academy
of Sciences.

Different topographic microstructures were replicated using PDMS in subsequent ex-
periments as the substrate for cell adhesion or the bottom layer of the microfluidic chip. The
process of replication was as follows: firstly, the silicon template was treated with plasma
to remove surface contaminants; then, the silicon template was treated for 1 min using
1H,1H,2H,2H-perfluorooctanyl triethoxy silane (Sigma Aldrich, Burlington, MA, USA) and
then heated in a 120 ◦C circulating blast oven for 2 h. Secondly, PDMS and curing agents
were mixed to a ratio of 10:1. The mixture was poured into the silicon template, degassed
in a vacuum, and cured in an oven at 65 ◦C for at least 2 h. Lastly, the PDMS replicas were
carefully peeled off the silicon template and sterilized. In order to verify the fidelity of PDMS
replicas, they were placed in an oven at 65 ◦C for 48 h to ensure that the PDMS surface was
dry. The obtained PDMS replicas were characterized by SEM (SU8230, Hitachi, Japan).

Microfluidic chip materials include cyclic olefin copolymer (COC), Polymethylmethacry-
late (PMMA), PDMS among others [24]. PDMS as a microfluidic chip material shows
certain characteristics: high thermal stability, high biocompatibility, good optical properties,
chemically inert, and so on [25,26]. Considering the advantages of PDMS, we finally used
PDMS as the microfluidic chip material in this experiment. Similarly, there are many
types of processing methods for microfluidic systems, such as injection molding, laser
ablation, molding, and 3D printing, etc. [27,28]. Each method has its own advantages and
disadvantages. For example, 3D printing is flexible and fast in the chip processing process.
However, the choice of materials for 3D printing is very limited [29].

2.2. Design and Production of the Upper Layer of the Microchip

The upper layer of the microchip was fabricated using standard soft lithography
etching [30]. The upper layer comprised two independent and identical symmetric cell
culture channels, each 1000 μm wide and 300 μm high (Figure 1H). The interval between
the two cell culture channels was 500 μm, thus forming a cell culture channel limiting
nerve cell PC12 to one side to observe the axonal growth. The gap between the two cell
culture channels was the main area in which axonal differentiation is observed. SU-8
photoresist was used to fabricate the upper layer of the chip structure. The chip was
made of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA).
The obtained upper layer could be sealed with the patterned bottom layer topological
microstructure using oxygen plasma.

 

Figure 1. SEM images of PDMS replicas with different topological microstructures and images of the upper layer with the
symmetric cell culture channels. (A) flat surface (F). (B) straight channel (S). (C) 60◦ distribution micropillar array (P60).
(D) 90◦ distribution micropillar array (P90). (E) 45◦ polyline (C45). (F) 90◦ polyline (C90). (G) 135◦ polyline (C135). Scale
bar = 50 μm or 100 μm. (H) Images of the upper layer mold with the symmetric cell culture channels. Scale bar = 1 mm.
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2.3. Cell Culture and Seeding

Rat adrenal medullary pheochromocytoma PC12 cells were used in this study. The
PC12 cell line was purchased from the Cell Bank/Stem Cell Bank of the Chinese Academy
of Sciences Cell (ATCC source). Cells were cultured in Roswell Park Memorial Institute
Medium 1640 (1640, Gibco, Waltham, MA, USA) with 10% horse serum (HS, Gibco), 5%
fetal bovine serum (FBS, Gibco), and 1% penicillin-streptomycin double antibody (Gibco).
Cells were passaged once or twice a week and used between 4 and 6 generations. The
obtained PDMS replicas with microstructures were placed in a 6-well plastic culture dish,
coated overnight with 0.1% polylysine (PLL, Sigma), and rinsed with phosphate buffer
solution (PBS) 3 times. PC12 cells were seeded at a density of 5 × 106 cells/mL and allowed
to settle and attach to the surface. After the overnight culture, cells were rinsed with
medium to remove any unattached cells. PC12 cells were then cultured in a fresh medium
supplemented with 100 ng/mL NGF (BBI) at 37 ◦C and 5% CO2 for 5 days. The medium
was changed every 2–3 days. The experimental process of 6-OHDA group was PC12 cells
cultured in normal fresh medium for 4 days and treated with 20 ng/mL 6-OHDA for 24 h,
and the experimental process of NGF+6-OHDA group was PC12 cells were cultured in
fresh medium supplemented with 100 ng/mL NGF for 4 days, then treated with 6-OHDA
at a concentration of 20 ng/mL for 24 h.

2.4. Immunofluorescence and Imaging

Alexa Fluor® 488 phalloidin (Life Invitrogen, Waltham, MA, USA) was used to charac-
terize cellular F-actin. Staining was performed according to the manufacturer’s instructions.
In addition, the tubulin expression of PC12 cells was detected using immunofluorescence
staining. Cells on PDMS were washed carefully with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde (Sigma) for 20 min. After the addition of goat blocking
buffer (Abcam, San Jose, CA, USA), the culture was incubated at room temperature for
1 h. The primary antibody (Tubulin, Abcam), diluted to a ratio of 1:100 (Abcam), was
added. The sample was left overnight at 4 ◦C. After washing with PBS, the correspond-
ing secondary antibody marked with Alexa Fluor 568 was added (goat anti-rabbit IgG).
The sample was incubated at room temperature for 1 h. After the addition of 4′,6-diamidino-
2-phenylindole (DAPI, Life Invitrogen) to counterstain nuclei, the sample was incubated at
room temperature for 10 min. After washing with PBS three times, fluorescence images
were acquired.

2.5. Total RNA Isolate and RT-qPCR

We separated total RNA from the F group, S group, and P 90 group of PC12 after
treated NGF 5 days with TRIzol® reagent according to the manufacturer’s instructions
(Invitrogen). We used a One-Step RT-qPCR Kit (Sangon Biotech, Shanghai, China) to per-
form cDNA synthesis and PCR reaction on total RNA and used Lightcycle 96 (Roche, Basel,
Switzerland) for detection. Average CT values were normalized to GAPDH expression
levels. Primers synthesized by Sangon Biotech (Shanghai) Co., Ltd. were as follows:

GAP-43: 5′-CGACAGGATGAGGGTAAAGAA-3′ (forward), 5′-GACAGGAGAGGAA
ACTTCAGAG-3’ (reverse);

TH: 5′-GTGAACCAATTCCCCATGTG-3′ (forward), 5′-CAGTACCGTTCCAGAAGCTG-
3′ (reverse);

GAPDH: 5′-TCCAGTATGACTCTACCCACG-3′ (forward), 5′-CACGACATACTCAGC
ACCAG-3′ (reverse).

2.6. Data Analysis

Image J was used for image analysis and cell counting. CellSens Standard software
was used for the axon length measurement. The standard errors in the experimental data
were obtained from Student’s t-test under multiple groups of data (n ≥ 3).
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3. Results and Discussion

3.1. Characterization of Topological Microstructures in PDMS Replicas

The PDMS replicas with topological microstructures were obtained from the silicone
templates and patterns included isotropic pillars of different sizes and anisotropic microm-
eter gratings of different angles. The patterning groups could be divided into anisotropic
and isotropic topographies, of which anisotropic topographies were the straight channel (S),
45◦ polyline (C45), 90◦ polyline (C90), and 135◦ polyline (C135), and isotropic topographies
were the 60◦ distribution micropillar array (P60), and 90◦ distribution micropillar array
(P90). All patterns were characterized by SEM as shown in Figure 1A–G. There are a total of
6 patterned topographic microstructures and flat surfaces (F). Topological microstructures
of the PDMS replicas exhibited good fidelity with a smooth surface and clear structure.
Figure 1H showed the optical photo of the upper layer mold.

3.2. Differentiation of PC12 Cells in Different Topological Microstructures

The pheochromocytoma cell line (PC12) is a validated neuronal cell model that is
widely used to study neuronal differentiation [22]. PC12 cells rely on nerve growth factor
(NGF) and respond to this neurotrophic factor with nerve cell differentiation, showing
a typical neural phenotype and neurite outgrowth. In this experiment, PC12 cells were
cultured in different topological microstructures together with nerve growth factor NGF
at a concentration of 100 ng/mL to establish a microchip neuronal differentiation model.
In response to NGF, PC12 cells proliferated and showed obvious neurite growth, suggesting
that the in vitro differentiation model was successfully established. Cellular immunoflu-
orescence images visualizing F-actin and neuronal-associated protein β-tubulin III are
shown in Figures 2 and 3.

 

Figure 2. Fluorescence images of F-actin expression of PC12 cells under different conditions. Green,
F-actin; blue, cell nucleus; NGF:100 ng/mL; Scale bar = 200 μm.

We analyzed the axonal length of the PC12 cells on different micro topologies, similar
to previous work by Spillane et al. [31]. The histogram of the axon length of PC12 cells
on different micro topologies at day 5 was shown in Figure 4A,B. The results show that
when PC12 cells were not treated with NGF, the average axon length under different
conditions was all less than 10 μm, which was much smaller than the result of PC12 cells
treated with NGF. And then the morphology of PC12 cells on different micro topologies
changed significantly after applying NGF treatment. This indicated that NGF played a key
role in the axon elongation and neural differentiation of PC12 cells. And the results also
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show that PC12 cells grown on different microstructures could differentiate into neurons
and exhibited increased cell body size, sprouting neurites, and the formation of a neural
network. In this, compared with the flat group (F group), the axon length of PC12 cells
increased significantly in the S, P60, P90, and C135 groups. The C45 and C90 groups may
be affected by the bending angle of the polyline microstructure, the axon length did not
become significantly longer, and C45 was also significantly shorter and only 20.3 ± 2.8 μm.
This revealed that the axon could rotate around the corner within the range of 45◦ to 180◦
of the measured angles on anisotropic patterns; the larger this angle, the more pronounced
the axon growth was (S: 84.0 ± 2.9 μm > C135: 54.8 ± 3.8 μm > C90: 48.1 ± 2.5 μm > C45:
20.3 ± 2.8 μm).

 

Figure 3. Fluorescence images of β-tubulin expression of PC12 cells under different conditions. Red,
β-tubulin; blue, cell nucleus; NGF:100 ng/mL; Scale bar = 200 μm.

 

Figure 4. (A) Histogram of axon length of PC12 cell on different topographies after 5 days. (B) His-
togram of axon length of PC12 cell on different topographies after NGF treatment for 5 days. (C) Gene
expression of GAP-43 of PC12 cell on different topographies after NGF treatment for 3 days. (D) Gene
expression of TH of PC12 cell on different topographies after NGF treatment for 3 days. NGF:
100 ng/Ml, GAPDH refers to the internal parameter, * p < 0.05, ** p < 0.01, *** p < 0.001. The data is
the mean value of each parameter for each experimental condition.
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In addition, PC12 cell differentiation also showed a certain cell orientation and the
ability to form neural networks. The axon extension on C45, C90, C135, and S structures
tended to occur in the direction of the topography itself. Conversely, the neurite extension
on P60 and P90 structures was relatively more random, although most of the axons turned
and extended around a pillar. The immunofluorescence staining results of β-tubulin
(Figure 3) and F-actin were similar. Among them, the cell axons of the S group showed
the orientation of growing along the straight microstructure, while in the P60 and P90
group the cells were similar to the F group and could form the neural network. It might
be because there was much space between the micropillars in the P60 and P90 groups the
physical constraints have little effect on the direction of cell axon growth. This was also
reflected in the similar axon length of P60 (68.3 ± 4.1 μm) and P90 (63.8 ± 3.6 μm) and
suggested that the axon length was not affected by the angle between the micropillars.

To further prove the relationship between microstructural cues and PC12 neural
differentiation, the expressions of growth cone marker GAP-43 and sympathetic marker
TH were used to identify the sympathetic characteristics of NGF-treated PC12 cells in
different topographies, similar to previous work by Li-Ying Zhong et al. [32]. According to
the previous experimental results, we chose the anisotropic topography S and the isotropic
topography P90. The results were shown in Figure 4C,D. Compared with the control
group (F group), the mRNA expression of the GAP-43 gene and TH gene in S and P90
topographies were significantly increased (p < 0.01), and the increase in S topography
was more significant. This indicated that some special microstructure cues could guide
neurons to grow in microenvironments of different terrain, size, and structural complexity,
and specific three-dimensional constraints can effectively guide the extension of axons.

3.3. Cellular Neurotoxin Injury of PC12 Cells on Different Topological Microstructures

6-OHDA is a neurotoxin with a similar structure to dopamine which can selectively
elicit cell death of dopaminergic neurons [33]. It is widely used in animal models of
Parkinson’s disease. Figure 5 shows immunofluorescence images of β-tubulin III of PC12
cells treated with 6-OHDA (20 ng/mL) under different conditions. PC12 cells treated
with 6-OHDA on different patterned surfaces exhibited substantial cellular apoptosis and
almost no axonal differentiation. When the PC12 cells were pretreated with NGF for 5
days to obtain differentiated cells, and then 6-OHDA was added, the cells still exhibited
a certain degree of apoptosis, but some axons could have remained. We also calculated
the axon length as shown in Figure 6. The effect of 6-OHDA on cells was huge. The axons
were hardly generated, and the generated axons also disappear as the cell dies. Among
all groups, after being treated by NGF and 6-OHDA, the remaining axon length of the S
group was the longest. This result may be helpful for us to construct a nerve injury model
or a toxicological drug evaluation model.

3.4. Analysis on the Trend of Neuronal Axon Differentiation on a Microchip

Based on the above research, we also discussed the feasibility of combining the
topographic cues and the microfluidic chip for neural differentiation research. The design
of the combined microchip is shown in Figure 7A. The microchip was contained two
parts; one was the upper layer containing two independent channels and the other was
the patterned bottom layer with topological microstructure like the S group. PC12 cells
were seeded on the left side microchannel and the drug or growth factor was added to
the right microchannel. After mixing the drug with the medium and after mixing the
growth factor with the medium, pipetting guns were used to slowly add the right side of
the microchannel, and the above steps were repeated every 8 h. The microchannels on the
left and right sides were connected to each other by the straight microstructure. The results
of immunofluorescence and axon length were shown in Figure 7B,C. The results indicated
that there was significant differentiation of PC12 cells treated with NGF, with axon lengths
reaching 105.8 ± 6.1 μm. This result was even greater than the axon length of PC12 on the S
microstructure cues with NGF (84.0 ± 2.9 μm). In addition, the axon orientation of the cells
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was obvious, and they all extend along the microstructure topography to the microchannel
on the other side. On the other hand, the neurotoxin experiment with 6-OHDA added also
showed similar results. PC12 cells died to a certain extent after 6-OHDA treatment. PC12
cells undergo 6-OHDA treatment after differentiation, some axons of PC12 cells remained,
but there was serious damage. We believe that the combined model of the microchip with
microstructure cues may be more conducive to the observation of cell neural differentiation
and the measurement of axon size. It can simulate related neurological disease models
in vitro.

 

Figure 5. Fluorescence images of β-tubulin expression of PC12 cells under different conditions after
6-OHDA treatment. Red, β-tubulin; blue, cell nucleus; NGF: 100 ng/mL; 6-OHDA: 20 ng/mL. Scale
bar = 200 μm.

 

Figure 6. (A) Histogram of axon length of PC12 cell on different topographies after 6-OHDA
treatment without NGF. (B) Histogram of axon length of PC12 cell on different topographies after 6-
OHDA and NGF treatment. NGF: 100 ng/mL. 6-OHDA: 20 ng/mL. * p < 0.05, ** p < 0.01, *** p < 0.001.
The data was the mean value of each parameter for each experimental condition.
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Figure 7. (A) Chip design. (B) Fluorescence images of F-actin and β-tubulin expression of PC12
cells on the combined chip after 5 days. Red, β-tubulin; blue, cell nucleus; Scale bar = 200 μm.
C: Histogram of axon length of PC12 cell on the combined chip after 5 days. NGF: 100 ng/mL; 6-OHDA:
20 ng/mL. *** p < 0.001. The data is the mean value of each parameter for each experimental condition.

4. Conclusions

To summarize, here we describe the design and manufacture of a series of different
topographical cues for the culture of PC12 cells in vitro. The structures enabled guidance
of neuronal growth in distinct 3D microenvironments with different topographies, sizes,
and structural complexity. We studied the neuronal differentiation of PC12 cells in these
topologies using PDMS replicas and assessed the influence of biophysical factors on the
differentiation of nerve cells. Using these topologies, we can effectively simulate the 3D
environment of the human body in vitro and show that 3D constraints could be used to
guide axonal extension. This research using a microfluidic chip platform is a small part of
the potential application of neuronal network reconstruction in vitro. Future work may
increase the complexity of the microchannel, involving more complex networks of more
neuronal subtypes and provide the basis for the in vitro study of Alzheimer’s disease,
Parkinson’s disease, and other neurological disorders.
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Abstract: Glioblastoma (GBM) is one of the most aggressive solid tumors, particularly due to the
presence of cancer stem cells (CSCs). Nowadays, the characterization of this cell type with an efficient,
fast and low-cost method remains an issue. Hence, we have developed a microfluidic lab-on-a-chip
based on dielectrophoresis (DEP) single cell electro-manipulation to measure the two crossover
frequencies: fx01 in the low-frequency range (below 500 kHz) and fx02 in the ultra-high-frequency
range (UHF, above 50 MHz). First, in vitro conditions were investigated. An U87-MG cell line was
cultured in different conditions in order to induce an undifferentiated phenotype. Then, ex vivo GBM
cells from patients’ primary cell culture were passed through the developed microfluidic system
and characterized in order to reflect clinical conditions. This article demonstrates that the usual
exploitation of low-frequency range DEP does not allow the discrimination of the undifferentiated
GBM cells from the differentiated one. However, the presented study highlights the use of UHF-DEP
as a relevant discriminant parameter. The proposed microfluidic lab-on-a-chip is able to follow the
kinetics of U87-MG phenotype transformation in a CSC enrichment medium and the cancer stem
cells phenotype acquirement.

Keywords: high-frequency dielectrophoresis; glioblastoma cells; single cell manipulation;
microfluidic point-of-care device; cancer stem cells

1. Introduction

Glioblastoma (GBM) is the most frequent and highly malignant brain tumor in adulthood
classified as a high-grade glioma (grade IV), considered as the most aggressive tumors of the cen-
tral nervous system. Worldwide, 240,000 brain tumors are diagnosed each year, the majority of
which are GBM [1]. GBM is associated with a poor prognosis with a mean survival of 12 months.
Indeed, standard treatment such as surgery and combined radio–chemotherapy [2] fails to
improve patients’ care [3]. Despite recent advances in targeting therapies and immunother-
apies, the current treatments do not allow the improvement of the mean survival. This very
poor prognosis is mainly due to frequent relapses, despite the regression or disappearance
of the tumor upon the golden standard treatment, i.e., the Stupp protocol [2]. Consequently,
this pathology is very difficult to handle.
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The high recurrence of GBM can be explained by the high heterogeneity of cellular,
genetic and morphological patterns of the cell populations present in the tumor [4], which
alters the efficiency of conventional therapies. This cell heterogeneity mainly results from a
small cell subpopulation, called cancer stem cells (CSCs) [4], which are now considered as
one of the major factors responsible for tumor progression and relapse [5]. In fact, CSCs
display an immature and undifferentiated phenotype associated with specific self-renewal
features. They also are likely to regenerate the entire tumor. Moreover, due to their qui-
escent properties, CSCs are resistant to radio and chemotherapy targeting proliferating
cells [1]. Thus, CSCs detection in solid tumor could afford a prognosis value to evaluate
tumor aggressiveness and prevent recurrence risk. However, CSCs are a rare cell subpopu-
lation difficult to characterize with specific and usual tumor biomarkers within the tumor.
CSC detection currently represents a challenge to improve the management of certain
solid cancers, in particular GBM. Thus, new approaches for effectively discriminating
CSCs from differentiated tumor cells are regularly investigated. However, one of the main
encountered difficulties in characterizing CSCs is the lack of specific markers for these cells.

In this objective, biologists commonly analyze a panel of biomarkers by using conven-
tional approaches for characterizing CSCs such as immunofluorescence, flow cytometry
and protein array analysis. These different methodologies require systematic immuno-
labeling to identify CSCs, thereby require multiple steps which increases both expenses
and inconvenience. Indeed, these methodologies are time-consuming and additional costs
are incurred for the purchase of specific antibodies against CSC biomarkers. In addition,
immunolabeling can influence and modify cell behavior and differentiation mechanisms.
These changes might affect cell cultures and limit further analyses [6]. In order to overcome
these issues and avoid immunolabeling, researchers started to develop alternative label-free
methods for cell characterization. These innovative technologies aim to characterize CSCs
based on their specific physical properties. Thus, most of the recent techniques rely on an
external force coupled with microfluidics. This allows the reduction of the cost and analysis
time with the possibility of parallelization and the reduction of sample volume as only few
μL are needed. It also prevents cells from damage by limiting mechanical stress. Among
the label-free method, dielectrophoresis (DEP) presents an important interest as it allows
the investigation of biological cell behavior according to its intrinsic dielectric properties.
For this study, we use DEP electro-manipulation at low frequency (below 500 kHz) and
at ultra-high-frequency (UHF) range (above 50 MHz), highlighting the relevance of using
UHF-DEP phenomenon to discriminate undifferentiated cells (CSC) from differentiated
tumor cells. Implementation of the proposed microfluidic lab-on-a-chip is performed on
BiCMOS technology and allows the screening of the intracellular properties of GBM cells.

1.1. Basic DEP Theory

Dielectrophoresis is a physical phenomenon, which leads to the motion of a polarizable
particle such as biological cells, in a non-uniform electric field due to the interaction between
the induced dipole of the particle and the field gradient. The polarization phenomenon
redistributes of the charges at the interface between the particle and the suspension medium.
The dielectrophoretic force exerted on the polarized particle in a non-uniform electric field
is expressed as follows [7]:

FDEP= 2πr3εmRe[ f CM(ω)] ∇E2 (1)

where r is the radius of the particle, εm the permittivity of the suspension medium,
Re[fCM(ω)] the real part of the Clausius–Mossotti (CM) factor, E the applied electric field.

The Clausius–Mossotti factor describes the polarization state of a particle in a suspen-
sion medium. It depends on the dielectric properties (permittivity and conductivity) of the
medium and the particle [7]:

fCM(ω) =
ε∗p − ε∗m
ε∗p + 2ε∗m

(2)
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where ε∗p and ε∗m are the complex permittivity of the particle and the medium, respectively.
The complex permittivity can be defined as:

ε∗= ε − j
σ

ω
(3)

where ε is the absolute permittivity (ε = εr*ε0, with εr is the relative permittivity and ε0
is the vacuum permittivity, of which the value is 8.854 F·m−1), σ the conductivity and
ω the angular frequency of the electric field. The sign of the real part of the CM factor
determines the orientation of the DEP force. In Figure 1a, when Re[fCM(ω)] is positive, the
DEP force attracts the particle to the strong field areas. This phenomenon is called positive
DEP (pDEP). In Figure 1b, when Re[fCM(ω)] is negative, the DEP force is then repulsive
and the particle is repelled towards the weak electric field areas. This is called negative
DEP (nDEP).

 
 

 
(a) (b) 

Figure 1. Particles’ interaction in a non-uniform applied field: (a) the DEP force is positive,
i.e., collinear to the electric field gradient ∇E2, and the particles are attracted to areas of high field
intensity (positive DEP); (b) the DEP force is negative, i.e., opposite to the electric field gradient ∇E2,
and the particles are repelled toward areas of low field intensity (negative DEP).

From a physic point of view, a biological cell can be modelized as a spherical dielectric
particle that is submitted to the DEP force. A cell is a complex biological object, but it can
be properly modeled into a simpler single-shell model with a reduced number of dielectric
parameters associated to each component of the cell.

1.2. From a Biological Cell to a Single-Shell Model

In order to predict cells’ behavior with an applied electric field, it is helpful to have
a simplified model of a biological cell. The Figure 2 presents a schematic of a cell and its
commonly used associated single-shell model associated where the cell membrane and
cytoplasm are represented by a shell and a core with their own complex permittivity [8–10].

Indeed, the single-shell model considers the cytoplasm and its content as a homo-
geneous dielectric sphere enveloped by the plasma membrane. This model limits the
number of dielectric parameters to take into account only the complex permittivity of
the intracellular content, the cell membrane and the suspension medium. Actually, the
Clausius–Mossotti factor depends on these parameters as well as the frequency of the
applied field. This single-shell model will be considered in this paper.
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(a) (b) 

Figure 2. (a) Representation of a biological cell in a suspension medium; (b) its single-shell model
with ε∗int the complex permittivity of the cellular content, ε∗cm the complex permittivity of the cell
membrane and thcm the thickness of the cell membrane and ε∗m the complex permittivity of the
suspension medium.

1.3. Effect of the Cellular Dielectric Properties on the Clausius–Mossotti Factor

Figure 3 illustrates the frequency-dependent cell behavior through the real part of
the CM factor (Figure 3a). The dielectric parameters and cell geometric parameters are
reported in Table 1. The real part plot in Figure 3a is computed thanks to the myDEP
software [11]. nDEP behavior can be observed at very low frequency (lower than 400 kHz)
and at high frequency (at least higher than 150 MHz), and pDEP behavior can be seen
at medium range frequency (between 500 kHz and 100 MHz). The plot of the CM factor
hence presents alternations between a repulsive state (nDEP) and an attractive state (pDEP).
Two crossover frequencies fx01 and fx02 appear where the real part of the CM factor becomes
null. fx01 occurs at low frequency, whereas fx02 occurs at higher frequency.

Moreover, from Figure 3a, 100 kHz and 1, 20 and 500 MHz frequencies were selected
in order to study the dielectric response of the cells. Indeed, these frequencies correspond
to the two different DEP behaviors but at low frequency (frequencies n◦1 and n◦2) and at
high-frequency regime (frequencies n◦3 and n◦4). COMSOL Multiphysics® computations
were performed with the AC/DC electric current module in Figure 3b. The parameters
from Table 1 were used for the simulation in such a way that the results correspond to the
curve of the real part of the CM factor. As said before, the cell is represented by the single-
shell model with the core: its intracellular content, and the shell: its plasma membrane.
The cell is here considered to be suspended in a low-conductivity medium. The electric
potential is 1 Vpp. The shown colors represent the electric field intensity in V/m from
dark blue (the field intensity is 0 V/m) to dark red (the field intensity is maximum). One
can notice that for the nDEP behavior (at 100 kHz and 500 MHz), the electric field lines
(black streamlines) bypass the cell, whereas for the pDEP behavior (at 1 and 20 MHz), the
electric field lines seem attracted inside the cell. This is mainly due to the reorientation
of the charges at the interface between the cell membrane and the medium [7]. One can
also notice that at low frequency, no field can reach the cell content. The electric field is at
maximum inside the plasma membrane, which hence acts as an insulator. As a result, at
low frequency, the electromagnetic field will be more sensitive to the physical and dielectric
properties of the cell membrane. The more the frequency of the applied signal increases,
the more the electric field can penetrate inside the cell and starts to interact with and so
probe the cellular content. Consequently, at high frequency, the electromagnetic wave can
be deeply sensitive to the intracellular content.
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(a) (b) 

Figure 3. Numerical simulation of a cell dielectric behavior in function of the frequency with the parameters from Table 1.
The design used for the biological cell is the single-shell model. (a) Numerical simulation of the real part of the Clausius–
Mossotti factor. The red stars correspond to the chosen frequencies for the COMSOL simulation; (b) COMSOL simulation
of the single-shell model for different frequencies (100 kHz; 1 MHz; 20 MHz; 500 MHz) which correspond to the curve
of the CM factor. The color scale corresponds to the electric field intensity (V/m) and the black lines correspond to the
electric streamlines.

Table 1. Values of the different dielectric and cellular parameters used in the COMSOL
Multiphysics simulation.

Parameter Value

Particle radius 11.5 μm
Membrane thickness 700 nm 1

Intracellular relative permittivity 50
Intracellular conductivity 0.5 S/m

Membrane relative permittivity 1002

Membrane conductivity 1.43 × 104 S/m 2

Medium relative permittivity 78
Medium conductivity 0.02 S/m

1 Membrane thickness was increased by 100 in order to avoid mesh issues during the computation. 2 Data
were modified proportionally due the modification of the membrane thickness in order to respect the cell
dielectric behavior.

Moreover, it is possible to change the value of the dielectric parameters in order to
study the evolution of the real part of the CM factor and the parameter dependency of the
two crossover frequencies as has been carried out in [12–14]. A first approximation of the
crossover frequency fx01 can be expressed as [7]:

fx01= σm
thcm√

2π r εcm
(4)

The crossover frequency fx01 depends mostly on the dielectric parameters of the
plasma membrane, but also the particle radius. Hence, fx01 is more sensitive to the cell
shape, its morphology and to the plasma membrane properties. It has been widely used to
separate cells or polystyrene particles of different size [15,16] and to separate living from
non-viable cells [17]. The second crossover frequency fx02 can be approximated with the
assumption that the conductivity of the suspending medium (20 mS/m, see Section 2) is
significantly below the intracellular value expression [18]:

fx02 =
σint

2π

√
1

2ε2
m − εintεm − ε2

int
(5)

The crossover frequency fx02 depends on the dielectric parameters of the intracellu-
lar content [19]. Hence, cells can be individually electro-manipulated by the DEP force
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motion according to their own dielectric properties of their cytoplasm. As an example,
UHF-DEP has already been successfully used in order to discriminate differentiated from
undifferentiated medulloblastoma cells [20,21].

This paper aims to show the relevance of the identification of the crossover frequency
fx02 as the DEP signature and then using it as an appropriate discriminant biomarker to
detect CSCs within tumor cell population. Therefore, the two crossover frequencies fx01
and fx02 have been measured for each investigated GBM cell and compared.

2. Materials and Methods

2.1. Cell Line Culture

Human GBM cell line U87-MG was purchased from American Type Culture Collec-
tion (ATCC). Cells were grown in different culture conditions (see below) at 37 ◦C in a
humidified atmosphere of 5% CO2–95% air. Cancer stem cells enrichment was obtained
submitting cells to stringent culture conditions with the Define Medium (DM). Two culture
conditions were used for the cells’ DEP characterization:

• Normal Normoxia Medium (NM): induces normal differentiation in DMEM supple-
mented by 10% FBS, 2 mM glutamine and 1% penicillin/streptomycin.

• Define Normoxia Medium (DM): the starvation of 10% Fetal Bovine Serum (FBS) in
this medium induces stringent conditions. DM is supplemented in two specific growth
factors: EGF (Epidermal Growth Factors) and bFGF2 (basic Fibroblast Growth Factors)
required for clonal expansion and the formation of glioma spheres which are composed
of several thousand aggregated cells. DM composition consists in DMEM/F12 supple-
mented by 0.6% glucose, 1% sodium bicarbonate, 1% MEM non-essential amino acids,
5 mM HEPES, 9.6 μg/mL putrescine, 10 μg/mL ITSS, 0.063 μg/mL progesterone,
60 μg/mL N-acetyl-L-cysteine, 2 μg/mL heparin, 0.1 mg/mL penicillin/streptomycin,
50X B-27 supplement without vitamin A, 20 ng/mL EGF, 20 ng/mL bFG.

Hence, it is expected that the Define Medium will select undifferentiated cells and also
promote the emergence of CSCs, whereas the Normal Medium will induce a differentiation
of cells and so will result in a very low ratio of cancer stem cells. For the differentiated
cells, they were cultured for 6 days in NM before the DEP characterization. For the
undifferentiated cells, they were cultured for 5 days in DM or maintained during 21 days
in DM in order to study the kinetics of CSC appearance and the emergence of stem
cell characteristics.

2.2. Primary GBM Cell Isolations, Culturing and Separation by Flow Cytometry

For some validation experiments, four different primary cell cultures have been iso-
lated and established in vitro from GBM patients to characterize any potential difference
in term of DEP signature between bulk cells and their relative CSCs counterparts. Writ-
ten informed consent for the donation of adult tumor brain tissues was obtained from
patients before tissue collection under the auspices of the protocol for the acquisition
of human brain tissues obtained from the Ethical Committee of the Padova University
Hospital (2462P). In particular, GBM cells were isolated from tumors during surgery as
previously described [22]. Briefly, resected GBM samples were dissociated, and single cell
suspensions were grown in Define Medium under hypoxic conditions (DH). Indeed, GBM
cells were maintained in an atmosphere of 2% oxygen, 5% carbon dioxide and balanced
nitrogen in a H35 hypoxic cabinet (Don Whitley Scientific Ltd., Shipley, UK) to achieve a
proper expansion of the CSC subpopulation in hypoxic conditions mimicking the GBM
microenvironment [23].

After proper expansion in vitro, primary GBM cells were incubated with a PE mouse
anti-CD133 (AC133) antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
manufacturer’s indications and then separated into a CD133+ and a CD133− subpopula-
tion by means of Fluorescence Activated Cell Sorting (FACS) in a MoFlo XDP cell sorter
(Beckman Coulter, Brea, CA, USA). A CD133 versus side scatter dot plot revealed the
populations of interest characterized by the expression (or not) of the CD133 marker. Cell
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fractions were selected by setting appropriate sorting gates as previously described [24].
Upon sorting, isolated GBM cell subpopulations (CD133+ and CD133−) were washed
in Phosphate Buffered Saline (PBS), frozen in medium containing 10% DMSO and then
cryopreserved in liquid nitrogen for subsequent thawing and DEP characterization.

2.3. DEP Suspension Medium

Few minutes from the DEP characterization, U87-MG cells were suspended in an
osmotic medium adapted for DEP electro-manipulation made from deionized water (ion
free) supplemented by sucrose. The conductivity of the DEP medium is 26 mS/m and the
pH is 7.4. The crossover frequency measurements were performed at room temperature.

2.4. Comparative Transcriptomic Analysis (mRNA Levels) of the Stemness Phenotype

In order to confirm the enrichment of undifferentiated cells in Define Medium (DM),
a comparative transcriptomic analysis of the stemness phenotype was performed.

The extraction of the total RNA from U87-MG cell line was carried out using the
RNeasy kit (Qiagen) on 1 million cells according to the manufacturer’s recommendations.
Quantitative Polymerase Chain Reaction (qPCR) was performed on 50 ng of cDNA using
Taqman probes on GAPDH and HPRT as reference genes. The CSC markers used are
CD133, Nanog, Sox2 and Oct4. The analysis is performed using QuantStudio3 (Thermo
Fisher) and relative expressions are estimated by ΔΔCt method using the average of the
two reference genes as endogenous control.

2.5. Crossover Frequency Experiment
2.5.1. DEP Sensor Design and Experimental Setup

In order to identify the cells’ DEP signature, we use a specific BiCMOS RF-sensor
implemented on a microfluidic chip, as presented in Figure 4. The developed UHF-DEP
lab-on-chip allows the electro-manipulation of one single cell. Its structure is made of
four electrodes to generate a non-uniform electric field. They are set at 90◦ across the
microfluidic channel. In order not to disturb the fluid flow and not to obstruct the channel
with the passage of cells, the two electrodes parallel to the channel (in dark gray in
Figure 4b) are very thin and 0.45 μm high. The other pair of electrodes perpendicular to
the channel are thicker: 9 μm high, in order to ensure a sufficiently strong field over the
height of the channel. The implemented gaps between the electrodes are 40 μm wide to
generate dielectrophoretic force with a low applied voltage to trap efficiently biological
cells. The two pairs of electrodes are biased with a high-frequency continuous wave (CW)
signal. The fabrication process of the chip is detailed in [25]. The microfluidic channel is
molded in a polydimethylsiloxane (PDMS) cap to drive the cell suspension to the sensor
array. The channel is 150 μm wide and 50 μm high.

The experimental setup for the crossover frequency measurement is shown in Figure 5.
Once the cells were suspended in the DEP medium, the Eppendorf was linked to the UHF-
DEP lab-on-chip thanks to capillary tubes. The cell suspension is injected in the chip by
external flow controllers. They apply input and output pressures in order to regulate the
speed and the motion of the cells in the microfluidic channel.

The UHF signal is produced thanks to a radio-frequency signal generator (whose
frequency range is adjustable from 10 MHz to 1.1 GHz) which is then amplified. The
signal generated can reach a magnitude of 10 Vpp while keeping a high purity continuous
wave (CW) signal. During the crossover frequency measurement, the signal voltage is set
between 2 and 4 Vpp. The applied signal is then directed to a power divider in order to bias
the pair of thick electrodes simultaneously with the same signal, while the thin electrodes
are grounded. The DEP signal is propagated until the quadrupole sensor thanks to 50 Ω
microstrip transmission lines which are connected to RF probes. The switch driver allows
switching between the high-frequency applied signal to the low-frequency applied signal.
To measure the first crossover frequency fx01, a low-frequency signal can be generated by a
second generator whose frequency range can be set from 1 μHz to 80 MHz. Then, the low
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frequency applied signal is set between 2 and 4 Vpp and propagated through the power
divider to the RF probes.

 
(a) (b) 

Figure 4. (a) Quadrupole microelectrodes sensor implemented with a microfluidic channel in BiCMOS; (b) Scanning
Electron Microscopy (SEM) picture of a quadrupole sensor.

 
Figure 5. Experimental bench where the crossover frequencies measurements are performed. The
labeled parts refer to: (1) external flow controllers Elveflow OB1; (2) cell suspension; (3) UHF-DEP
microfluidic chip, a zoomed picture is shown in the red dotted box; (4) Scope.A1 Zeiss Microscope;
(5) camera Axiocam 105 color Zeiss; (6) RF probes MPI TITAN T26P-GSG-150; (7) power divider;
(8) power amplifier Bonn Elecktrik BLWA 100-5M; (9) power meter Anritsu ML2496A; (10) attenua-
tor/switch driver 11713A HP; (11) low-frequency generator Agilent 33250A; (12) RF signal generator
SMB 100A from Rhode & Schwarz.
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2.5.2. fx01 and fx02 Crossover Frequencies Measurements

The aim of this article is to show that we can take benefit from the second crossover
frequency fx02 to discriminate differentiated cells from undifferentiated cells in GBM cell
line and patient GBM cells from primary culture, whereas fx01 cannot emphasize this
discrimination. To do so, we used our lab-on-chip to measure the crossover frequencies and
to characterize cells’ DEP signature according to their different culture conditions (Normal
Medium NM and Define Medium DM). First, the cells are brought to the characterization
area, i.e., the quadrupole sensor, thanks to the external flow controllers. Once a single
cell is present in the center of the quadrupole such as in the first picture of Figure 6b, the
flow is temporarily cut off and stabilized in order to proceed to the crossover frequency
measurement and the electromagnetic signal is switched on. The flow is stopped during
the DEP characterization to avoid the competition between forces, so that the cell is only
submitted to the dielectrophoretic force and the natural gravity.

 
(a) (b) 

Figure 6. Principle of the crossover frequency measurement: (a) schematic of the microfluidic chip with a zoom in on one
quadrupole sensor. Computation of the biased sensor in a non-uniform electric field (COMSOL Multiphysics®). The scale
color corresponds to the normalized electromagnetic field intensity; (b) dielectrophoretic response of a single U87-MG
NM cell under an UHF applied signal for frequencies between 220 and 169 MHz. The second crossover frequency fx02 is
measured at 169 MHz.

The Figure 6a shows the quadrupole biased whatever the investigated frequency from
the low- to high-frequency range. One can notice that the areas of strong electric field
intensity (in orange/red) are located at the different edges of the electrodes. As said before,
these zones are related to the pDEP cell behavior, whereas the area of weak field intensity
(in dark blue) is located at the center of the electrodes, which is assimilated to the nDEP
cell behavior. The DEP sensor is biased firstly with the UHF generated signal at 500 MHz.
At this frequency range (Figure 3a), we expect the cell to present nDEP behavior, and it
is far from its crossover frequency. The dielectrophoretic force is thus repulsive and the
cell is trapped within the central electrical cage created by the quadrupole, as shown in
the first picture of Figure 6b. Then, we decrease the frequency of the applied signal. The
DEP force starts to become attractive and we can observe the first movement of the cell
(second picture in Figure 6b). Finally, the cell is pulled toward the edge of one of the lateral
electrodes, which is the pDEP area (last picture in Figure 6b). Hence, we can tune the
frequency of the signal from a repulsive state in the center of the sensor to an attractive
state. The crossover frequency fx02 can be determined from the motion of the cell from the
nDEP behavior to the pDEP behavior, which can be observed optically under a microscope.
In order to precisely identify fx02, we first decrease the frequency of the applied signal by
steps of 10 MHz in order to approach the crossover frequency. Then, we slowly scan the
frequency by steps of 1 MHz to observe the cell motion. This operation is repeated once
again in order to accurately determine fx02. Then, we increase the applied frequency to
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place the cell in the center of the quadrupole. We turn off the UHF signal generator and
use the switch driver in order to inject the low-frequency signal in the lab-on-a-chip and
to determine the first crossover frequency fx01 of the same cell. The same procedure for
the characterization of fx02 is used for the measurement of fx01. We turn on the generator
and we apply a sinusoidal signal at 10 kHz in order to place the cell in its nDEP behavior.
Next, we increase the frequency by steps of 10 kHz until we observe the cell motion. Then,
we scan slowly the frequency by steps of 1 kHz to have an accurate value of the crossover
frequency. This characterization process is duplicated to confirm the measured value.
Finally, the electric signal is turned off and the flow pressure at the chip inlet is increased
to release the characterized cell and renew the cell suspension in the microfluidic channel.
A new cell is next trapped and fully characterized following the same method.

Hence, the resolution of the two measured crossover frequencies fx01 and fx02 is, respec-
tively, 1 kHz and 1 MHz. One should notice that due to the natural biological heterogeneity
occurring among a cell population, the crossover frequencies might spread out on a more
or less large frequency range. Nevertheless, the repeatability and reproducibility of the
crossover frequency measurements allow us to consolidate the collected data. Afterwards,
the comparison of different crossover frequencies recorded from distinct cells or conditions
is validated with statistical analyses. Hence, we consider that the identification of the DEP
signature (collection of crossover frequencies from distinct tumor cells) is representative of
the whole cell population.

2.6. Statistical Analysis

Statistical analysis was performed using PAST software. Comparisons between groups
were analyzed by ANOVA test. p < 0.005 was considered significant (* p < 0.05; ** p < 0.01;
*** p < 0.001)

3. Results

3.1. Enrichment of CSC in the Define Medium

In order to enrich the tumor cell populations in undifferentiated cells related to
CSC, U87-MG cells were cultured in Define Medium for 5 days. Morphological changes
are observed macroscopically in these stringent culture conditions. As expected, the
morphology of U87-MG NM vs. U87-MG DM is completely different (Figure 7a). In
Normal Medium, cells are spread out in the petri dish, whereas in Define Medium, cells
develop the ability to form glioma spheres due to the presence of specific growth factors
(EGF and bFGF-2). It is known that neural stem cells cultured in vitro have the capability
to generate clonal structures called “neurospheres” [26]. Glioma spheres are composed
of a wealth of aggregated cells. However, just before the DEP characterization, cells are
resuspended in the DEP medium and glioma spheres are mechanically broken with the
action of a micropipette. When the cell suspension is injected in the lab-on-a-chip, the cells
cultured in different conditions present a round shape, and no significant difference in
morphology can be observed under an optical microscope (Figure 7b).

To confirm the enrichment of cancer stem cells from total cell population, we achieved
a transcriptomic analysis in order to assess the changes of mRNA expression levels related
to CSC biomarkers (CD133, Nanog, Sox2 and Oct4) when U87-MG cells were cultured either
in the Normal Medium or in define medium. mRNA relative quantification of U87-MG
cultured in Define Medium were normalized, respectively, to the gene expression of U87-
MG culture in the Normal Medium (dotted line) (Figure 8). As expected, CSC transcripts
were overexpressed in define medium cultured cells, confirming the enrichment of CSCs in
cell subpopulation.
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Figure 7. (a) Microscope view of the U87-MG cell line cultured in two different conditions: Normal
Medium (NM) and after 2 days in define medium (DM); (b) microscope view of characterized
U87-MG cell line trapped in our quadrupole sensor.

Figure 8. Comparative analysis of gene expression of four undifferentiated markers: CD133, Nanog,
Sox2t and Oct4 among U87-MG cell line, cultured in Normal Medium (dotted line), or in define
medium, measured by Real Time PCR. *** represents p-value < 0.001, ** represents p-value < 0.01.

3.2. Dielectrophoretic Signatures fx01 and fx02 of U87-MG Cell Line

The U87-MG cell line has been characterized using the microfluidic lab-on-a-chip
using the method previously described. The first crossover frequency fx01 and the second
crossover frequency fx02 of the same trapped cells have been successively measured.

The measurement results for both culture conditions summarized in the violin plot
thereby illustrate the distribution over frequency of the data (Figure 9). Violin plots are
very similar to box plots, except that they additionally show the probability density curve
of the different data. The small white dot marker labels the median value of the dataset
(small white dot). Moreover, as for the box plot, the first and fourth quartiles of the dataset
are represented by the thin black line, and 50% of the whole cell population is concentrated
in the thick black line. The extreme peaks correspond to the minimum and maximum
values. In Figure 9, one should notice that the scales for the two crossover frequencies are
the same except that the unit are kHz and MHz for fx01 and fx02, respectively.
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Figure 9. Graphic violin plot representation of U87-MG cells crossover frequencies fx01 (left graph)
and fx02 (right graph), cultured in two different conditions: Normal Medium (NM) and define
medium (DM). *** represents p-value < 0.0001.

Descriptive statistics including number of cells, median value and standard deviation
of crossover frequency for distinct culture conditions are reported in Table 2. One can
notice, for both crossover frequencies datasets on Figure 9, the wide-ranging dispersion
of measured values, which is also reflected in the value of the standard deviation. This
observation is due to the normal heterogeneity of the cells among the GBM cell population.
At low frequency, fx01 is influenced by the small difference of the cell size and morphology
within the cell culture, while at high frequency, fx02 might be dependent of intracellular
changes or alterations. For instance, during the cell cycle, the nucleocytoplasmic ratio
might differ from a cell to another as they are not synchronized during the culture [27].
However, the violin plot highlights the fact that cell’s crossover frequencies are gathered
around their respective median value.

Table 2. Values regarding the crossover frequency measurements of the U87-MG cell line.

Cell Culture
Conditions

Crossover
Frequency

Number of
Cells Measured

Median Value SD

Normal Medium (NN) fx01
139 82 kHz 31.5 kHz

Define medium (DN) 134 74 kHz 32.1 kHz

Normal Medium (NN) fx02
139 109 MHz 35.2 MHz

Define medium (DN) 134 88 MHz 27.9 MHz

A representative number of cells have been individually characterized to statistically
consolidate the collected dataset and make the established signatures significant. One can
notice that the distribution of the first crossover frequency fx01 is mostly the same for the
two culture conditions, NM vs. DM. The median value of fx01 for the undifferentiated
enriched population (DM) shows no significant difference with the normal conditions:
74 and 82 kHz, respectively. Indeed, as shown previously in Figure 8, both U87-MG NM
and U87-MG DM present the same round shape morphology. In contrast, the distribution
of the second crossover frequency fx02 exhibits a significant difference despite an overlap in
frequency. This can be explained by the fact that GBM cell population cultured in normal
conditions include a majority of differentiated cells but also few undifferentiated cells.
However, for the DM conditions, there are more undifferentiated cells, since presenting
stringent survival conditions, DM is more selective. Thus, we can observe a decrease in
the crossover frequency fx02 with the presence of the DM cell pool. The median values for
U87-MG NM and U87-MG DM are, respectively, 109 and 88 MHz. The decrease in fx02
shows a significant difference between the two cells’ phenotypes, as the p-value is lower
than 10−3.
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This demonstrates that undifferentiated cells compared to differentiated cells own
different intracellular dielectric properties. Despite displaying two crossover frequencies,
only the one in the UHF range, fx02, is sufficiently meaningful to be exploited for identifying
cells presenting an undifferentiated state or a stemness-like phenotype. These results show
how promising UHF-DEP cell profile analysis might be for the discrimination of cell
subpopulation within the tumor. Next, we will focus on the second crossover frequency
fx02 and strengthen the relevance of using UHF-DEP as a discriminant parameter through
a kinetic study of the evolution of the stemness phenotype.

3.3. Kinetic Evolution of the Stemness Phenotype

As the enrichment of this cell population is accomplished by seeding normal U87-MG
cells in Define Medium, either cells already exerting an undifferentiated profile can survive,
or other cells must acquire phenomenon is a process that requires several division cycles
and we specific features related to stem cells to survive in Define Medium. With the
acquirement of cell undifferentiated status, cell aggressiveness is increased and is related to
tumor aggressiveness. The undifferentiation proposed to follow its kinetics by UHF-DEP
to demonstrate the potential of the UHF-DEP microsystem developed.

To do so, the U87-MG cell line was cultured within three different conditions: (i) 6 days
in Normal Medium (NM); (ii) 5 days in Define Medium (DM); (iii) maintained during
21 days in Define Medium (DM+). The results of the measured crossover frequency fx02
are presented in the violin plot chart in Figure 10. In addition to the data already collected
previously for U87-MG NM and U87-MG DM cells, we remeasured about hundred more
crossover frequencies fx02 in order to consolidate the previously obtained DEP signatures
and to improve the statistical strength of our analysis.

Figure 10. Graphic violin plot representation of U87-MG cells crossover frequency fx02, cultured in
three different conditions: (i) 5 days in Normal Medium (NM); (ii) 5 days in define medium (DM);
(iii) 21 days in define medium (DM+). *** represents p-value < 0.001.

Statistics results related to the collected data are reported in Table 3, including the
median value and the standard deviation of fx02. As said before, the distribution of the
second crossover frequency values is dispersed. This observation is highlighted by the
high values of the standard deviation. However, the standard deviation seems to decrease
the more the cells are maintained in Define Medium. Indeed, as the GBM cell line presents
a high biological heterogeneity, the Define Medium tends to select only cells which are
able to survive under such stringent culture conditions, i.e., cells with an undifferentiated
phenotype. Despite the data dispersion, the violin plot shows that the cell’s crossover
frequency values are mostly gathered around their respective median value.
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Table 3. Values regarding the crossover frequency measurements of the U87-MG cell line.

Culture Condition Median Value SD

Normal Medium (NM) 108 MHz 36.2 MHz
Define Medium (DM) 88 MHz 27.9 MHz

Define Medium (DM+) 67 MHz 22.1 MHz

In Normal Medium, the median value of the second crossover frequency is 108 MHz.
After 5 days in Define Medium, the median DEP signature decreases to 88 MHz and after
16 additional days in Define Medium, it is 67 MHz. The two successive decreases in fx02
observed between the three cell populations present significant differences, as the p-value
is lower than 10−3. In correlation with the previous experimentation, a lower dielectric
signature seems to potentially characterize cells presenting a stemness-like phenotype.

One can also notice that although more cells were characterized in the NM and DM
conditions for this measurement campaign, the median value of the crossover frequency is
not affected and remains the same compared to the first campaign (related in Table 2). It
shows the robustness and the reproducibility of our method to measure the DEP signatures
of cells.

These two experiments demonstrate the ability of the developed UHF-DEP lab-on-
chip to successfully extract information about the potential stemness status of U87-MG
cells by the measurement of the second crossover frequency fx02.

3.4. Dielectrophoretic Signatures fx01 and fx02 of GBM Primary Cultures

We previously measured (in Section 3.2) the low- and high-frequency DEP signatures
of the U87-MG cell line, cultured in two different conditions in order to induce an undiffer-
entiation corresponding to the CSC subpopulation. From the obtained crossover frequency,
fx01 did not show any difference between Normal Medium and Define Medium. However,
we demonstrated that fx02 presents a significant difference and can be a relevant discrimi-
nant parameter to identify the CSC subpopulation. These results of the DEP signatures
were obtained from the in vitro cell line.

To go further, we proposed in the last section of this paper to repeat this experiment
on ex vivo GBM primary cultures to demonstrate the potential clinical applications of
our approach.

The two crossover frequencies fx01 and fx02, respectively were characterized in GBM
primary culture cells derived from four patients. These cells were collected after surgery
on patients suffering from glioblastoma. Once extracted from the tumor samples, cells
were put in culture according to the procedure indicated in Materials and Methods. As for
the U87-MG cell line, a few minutes before DEP characterization, the ex vivo GBM cells
were resuspended in the DEP medium. Then, for each investigated cell, their two crossover
frequencies fx01 and fx02 were measured with the previously described protocol.

Before DEP characterizations, the GBM cell population was first separated into
two subpopulations: CD133− and CD133+. CD133 is a transmembrane protein expressed
in human hematopoietic stem cells and progenitor cells [28]. As said before, CD133 is a
biomarker associated with stem-like cells, and thus with tumor regeneration. It is possible
to mark cells with monoclonal antibodies anti-AC133 coupled with a fluorochrome to
detect the presence of the peptide CD133 on the cell surface [29]. Nevertheless, CD133 can
be also expressed in differentiated cancer cells, so the whole cell population will present
a fluorescent intensity gradient [30]. Hence, we impose a threshold of the fluorescent
intensity during the passage of cells in the flow cytometer to define two subpopulations.
The CD133+ population is the cell population that overexpresses the marker and thus
is enriched in CSCs, while the CD133− population is the population of differentiated
cells [28]. Therefore, we separate and isolate the CSC cell population from the differenti-
ated one thanks to a fluorescent marker, before DEP characterizations of these populations.
The results of the measured crossover frequencies fx01 and fx02 for both populations are
presented in the violin plot (Figure 11).
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Figure 11. Graphic violin plot representation of crossover frequencies fx01 and fx02 of GBM primary cells collected from
four different patients. *** represents p-value < 0.001.

One should notice that the scale for the two crossover frequencies is the same except
that the units are kHz and MHz for fx01 and fx02, respectively. The data distribution of
crossover frequencies fx01 and fx02 from the characterized glioblastoma cell shows similar
violin plot shapes although cells were derived from four different patients (Figure 11).
Indeed, we can expect from ex vivo GBM cells to be even more genetically heterogeneous
from one patient to another than the immortalized U87-MG cell line. Median values of the
crossover frequencies measured for each isolated population are reported in the Table 4.
The obtained results highlight that our DEP cell analyzer lab-on-chip is a relevant and
reliable tool to study and analyze either in vitro or ex vivo dissociated samples.

The distribution of the first crossover frequency fx01 is mostly the same for the
two isolated populations, CD133− vs. CD133+. The median value of fx01 for the un-
differentiated population (CD133+) shows no significant changes with the differentiated
one. At low frequency, the largest signature dissimilarity between the two conditions corre-
sponds to patient 4, where fx01 displays a change of 15 kHz between CD133− and CD133+
conditions (from 78 to 63 kHz). However, this difference is not statistically significant to
discriminate the subpopulation of CSCs overrepresented in the CD133+ cells. The distribu-
tion of the second crossover frequency fx02 exhibits a difference despite an overlap among
the measured values. This can be explained by the method of enrichment through flow
cytometry. Indeed, the CD133 biomarker is not a binary label as the whole cell population
might present different fluorescent intensities. With this fluorescent gradient, we choose
a threshold to separate GBM cells into two subpopulations and to be selective toward
CSC population. Thus, we can observe a decrease in the crossover frequency fx02 with the
presence of the CD133+ cell pool. The median values of the second crossover frequency
display the smallest change for patient 4, which is 125 MHz (from 216 to 91 MHz). The
decrease in fx02 shows a significant difference between the two cell populations, as the
p-value is lower than 10−3. Moreover, one can notice in Figure 11 that at high frequency,
the CD133+ cell population displays a stoutness around the median value compared to the
CD133− cell, for whom the values are gathered around their median.
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Table 4. Values of the crossover frequency measurements of the GBM primary culture extracted from
tumor samples of four different patients.

Cell Population Crossover Frequency Median Value

Patient 1

CD133− fx01
88 kHz

CD133+ 83 kHz

CD133− fx02
229 MHz

CD133+ 92 MHz

Patient 2

CD133− fx01
89 kHz

CD133+ 83 kHz

CD133− fx02
248 MHz

CD133+ 86 MHz

Patient 3

CD133− fx01
81 kHz

CD133+ 70 kHz

CD133− fx02
225 MHz

CD133+ 92 MHz

Patient 4

CD133− fx01
78 kHz

CD133+ 63 kHz

CD133− fx02
216 MHz

CD133+ 91 MHz

Such results validate that we can exploit the intracellular dielectric properties differ-
ences between differentiated and undifferentiated cells by measuring the second crossover
frequency fx02. The cells extracted from patients’ GBM tumor samples show similar behav-
ior as observed with an in vitro GBM cell line. The fx02 median value of ex vivo cells are
not the same as in vitro results, but we can extrapolate that an ex vivo cell with a low fx02
could be a stem-like cell.

4. Conclusions

In this article, we used an innovative microfluidic device based on high-frequency
dielectrophoresis for single-cell characterization in order to discriminate and identify the
cancer stem cell subpopulation. First, we evaluated the discrimination capabilities of our
microfluidic device in vitro on a glioblastoma cell line. U87-MG cells were cultured in
two distinct conditions: one inducing differentiation and the second selecting immature
and undifferentiated cells. Our results suggest that the expression of biological CSC
markers and the measurement of the UHF crossover frequency fx02 are closely linked. At
this frequency range, our lab-on-chip is able to interact with the intracellular content, which
is more representative of the undifferentiated features of cells, making UHF-DEP greatly
relevant to investigate the stemness status of cancer cells. As a first step towards clinical
experiments, some GBM cells were extracted and cultured from patients’ tumors. These
GBM primary cells have been sorted into two subpopulations according to their expression
level of CSC biomarker CD133. Whatever the considered patient, observed DEP signatures
display the same profile. As previously identified, fx02 shows a more significant and more
important difference between the two cell phenotypes than fx01 and so is confirmed to be
a relevant CSC discriminant parameter. As primary culture cells are more representative
of tumor than cell lines, we believe that it might be possible to transpose this capability
of UHF-DEP cell characterization for recognizing “stemness” features from tumor cells
derived to a broad range of GBM patients.

UHF-DEP is a very promising tool with great potential to discriminate cells according
to their internal biological properties. Hence, from the identification of UHF-DEP signa-
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tures, we can see the perspective to develop a cell sorting device for isolating cancer stem
cells [31]. In the future, the early detection of CSC subpopulation in a glioma tumor with
a UHF-DEP approach could have a prognosis value on therapeutic response and might
allow adaption of a therapeutic strategy following diagnosis.
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Abstract: Fluorescence-linked immunosorbent assay (FLISA) is a commonly used, quantitative
technique for detecting biochemical changes based on antigen–antibody binding reactions using a
well-plate platform. As the manufacturing technology of microfluidic system evolves, FLISA can
be implemented onto microfluidic disk platforms which allows the detection of trace biochemical
reactions with high resolutions. Herein, we propose a novel microfluidic system comprising a disk
with a three-dimensional incubation chamber, which can reduce the amount of the reagents to 1/10
and the required time for the entire process to less than an hour. The incubation process achieves an
antigen–antibody binding reaction as well as the binding of fluorogenic substrates to target proteins.
The FLISA protocol in the 3D incubation chamber necessitates performing the antibody-conjugated
microbeads’ movement during each step in order to ensure sufficient binding reactions. Vascular
endothelial growth factor as concentration with ng mL−1 is detected sequentially using a benchtop
process employing this 3D microfluidic disk. The 3D microfluidic disk works without requiring
manual intervention or additional procedures for liquid control. During the incubation process,
microbead movement is controlled by centrifugal force from the rotating disk and the sedimentation
by gravitational force at the tilted floor of the chamber.

Keywords: fluorescence-linked immunosorbent assay; lab-on-a-disk; vascular endothelial growth
factor; 3D microstructure

1. Introduction

As a consequence of recent technological and medical developments, the human
average life expectancy has increased by interventions which have focused on age-related
disabilities. Analysis of blood biomarkers is essential, which reveals the specificity of
biological aging of individuals, such as immune aging, physical function, and anabolism [1].
Among the biomarkers, vascular endothelial growth factor (VEGF) is a signaling molecule
to promote the formation of new vessel branches within tumors and progression and
metastasis [2]. In particular, VEGF is a pathognomonic biomarker candidate for the
diagnosis criteria of age-related macular degradation incidence, which is most related
to ischemic eye disease found in the vitreous and aqueous humor in proportion to the
VEGF concentration. Observing the variation of VEGF is essential for predicting the
effectiveness of therapy and eye disorder prognoses [3–6]. Research works reported that
the increase in the prevalence rate of ocular diseases is correlated with concentrations of
VEGF [7–12]. Several ophthalmic disorders associated with VEGF concentration, such
as pre-proliferative retinopathy [13], ocular ischemic syndrome [14], and retinal vein
occlusions [15], can cause retinal ischemia, which can result in irreversible changes in
the ocular structures, such as function and anatomy. However, the low concentration of
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VEGF and limited aqueous humor sample collection make it difficult in clinical practice to
measure the VEGF concentration variation.

Fluorescence-linked immunosorbent assay (FLISA) is a plate-based assay technique for
quantifying proteins (antibody and antigen), even in the picogram range per
milliliter [16–19]. The protocol using the well-plate platform for FLISA requires the aqueous
humor sample to be more than 100 μL in order to detect protein with pg mL−1 levels. The
amount of the sample that can be extracted for the reliable quantitative analysis is limited
to 50–100 μL considering the change in intraocular pressure [20,21]. Moreover, in general,
two or more incubation steps are required for 1–2 h each for the binding reaction between
proteins in the FLISA protocol [22–25]. Furthermore, repeating washing steps between
incubations is necessary to remove remaining reagents in a liquid. The FLISA protocol is a
complicated assay procedure and time-consuming. Consequently, innovation in diagnostic
testing uses only small samples and enables high-precision measurements [26–32].

In several studies focusing on an FLISA using a lab-on-a-disk platform detecting
bio-chemicals, the time requirements for the assay protocol could be notably reduced to
under 1 h by using microbeads. Lee et al. reported a fully automated immunoassay on a
disk platform using whole blood; this entire process was terminated within 30 min through
a fully automated disk for infectious disease (antibody of Hepatitis B) detection [31]. Walsh
et al. showed that fluorescence intensity with a 1 ng mL−1 resolution could be acquired
even though all reagents are simultaneously loaded into the chamber, requiring 10 min
in the incubation step. FLISA protocol simplification helps improve the quantitative
analysis efficiency [20]. These results show that FLISA using microbeads can decrease the
protocol time due to the high specific volume of binding reagents. This is the advantage
of the microfluidic platforms; only one-tenth of the volume of the reagent is required
compared with traditional plate-based FLISA. Moreover, the washing and detection steps
are controlled sequentially under the centrifugal force acting on the disk and microbead
sedimentation via density difference, without requiring manual intervention. However,
implementation of the FLISA protocol on a microfluidic disk-based platform requires the
reduction in the reagent volumes as well as precise control. Furthermore, the microfluidic
system is segregated for precise fluid control at each step of FLISA; thereby, it has increased
the manufacturing costs and complexity of the system. Poly(methyl methacrylate) (PMMA)
sheets are commonly used for manufacturing microfluidic chips at a low cost, since they
enable the fabrication of thin and transparent chips [33–36]. However, processing of the
PMMA sheet is improper to fabricate the precise geometry of a microfluidic channel to
apply the one-step FLISA protocol. For sufficient mixing in the incubation process, novel
valve components are tried in the microfluidic system [31,37]. The wax valve components
in the disk would physically isolate each incubation process in the protocol. A fully
automated detection system is required for the complicated manufacturing process and
increases the unit cost to fabricate a microfluidic disk.

From this point of view, this research suggested a method that employs centrifugal
and gravitational forces using a three-dimensional microfluidic disk platform to perform
the simplified microbead FLISA protocol. This 3D microfluidic disk using multi-material
features a hybrid structure comprising a 3D-printed chamber block and laser-cut PMMA
layers. The 3D-printed block contains an incubation chamber with a tilted floor for control-
ling the mixing of reagents through the cyclic movement of microbeads. This microfluidic
disk performs precise microfluidic control in the incubation chamber. Furthermore, the
washing and detecting steps are achieved without requiring any manual intervention or
additional processes. Therefore, the proposed method is expected to diminish the overall
cost of manufacturing microfluidic disks.

2. Materials and Methods

2.1. Fabrication of 3D-Printed Block and Post Treatment

The disk layer is designed using CATIA V5 software for 3D modeling. The chamber
model is converted to an STL file format required for the 3D printing software. The
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incubation chamber layer is fabricated via stereolithography apparatus. The 3D printing
model (ProJet MJP 2500 Plus, 3D Systems, USA) has the ability to fabricate the plane
surface with roughness average (Ra) of less than 0.4 μm, even at an angle of 45◦ from
the printing surface [38]. The incubation chamber has a volume of 25 μL with a tilted
floor. The 3D printing employing SLA enables the fabrication of micro-pillar structures
with 15 μm surface roughness (see Figure S1 in the Supplementary Material). One side of
the chamber is connected to the side wall of the block for liquid transport, and the other
side of the chamber is connected to a ventilation hole in the top layer of the block; this
configuration is demonstrated in Figure S2 of the Supplementary Material. After printing
out the incubation chamber block, post-treatment is performed to remove the wax supports
and to clean surfaces. First, the supporting wax in the chamber is roughly removed under
a water vapor environment at atmospheric pressure for 30 min. Afterward, the hot oil
is used to immerse the incubation chamber block for 2 h in order to entirely remove
the remaining wax. After cooling the block at room temperature for 10 min, ultrasonic
cleaning with detergents and water is used to remove the residual oil in the chamber;
each of these processes are continued for 10 min. Lastly, the washed block is desiccated
for 24 h in a convection oven to remove the moisture. After assembling 3D microfluidic
disk, microfluidic components are washed to remove remaining debris by pipetting using
phosphate-buffered saline (PBS, pH 7.4, Sigma-Aldrich, St. Louis, MO, USA) with 100 μL
containing 0.5 wt% bovine serum albumin (BSA, Sigma-Aldrich) and once distilled water
with 100 μL. Thereafter, the 3D microfluidic disk is desiccated in a convection oven for 24 h
at room temperature.

2.2. Assembly of the 3D Microfluidic Disk

The 3D microfluidic disk is assembled in a layer-by-layer manner as shown in
Figure 1a; the laser-cut PMMA disk layers are sequentially stacked along with the 3D-
printed block. The washing chamber and microchannel are assembled by adopting
pressure-sensitive adhesive (PSA) sheets between the laser-cut PMMA layers. A laser
cutting machine (Nova24 Laser Engraver; Thunder Laser, China) was used to process
the PSA film-attached PMMA sheets into the disk shape. The laser-cut pattern is aligned
through the 5 mm holes on the disc layer to which disk layers are attached sequentially.
Then, a press machine is used to apply 4.0 MPa pressure for the PSA layers between the
3D-printed block and the PMMA disk layers at room temperature for 10 min. The PSA
sheet prevents the leakage of liquid from the clearance between the 3D-printed block and
the PMMA layers. As shown in Figure 1b, the assembled 3D microfluidic disk features
an incubation chamber (blue-dyed water) and a washing chamber (yellow-dyed water).
Details of the microfluidic components are presented on the right side of Figure 1b. The
microfluidic circuit comprises the following components: (1) incubation chamber, (2) wash-
ing chamber, (3) detection region for fluorescence signal, (4) vent hole of the incubation
chamber, (5) inlet port of the incubation chamber, and (6) inlet port of the washing chamber.
The microchannel bridge between the incubation and washing chambers has a rectangular
cross-section with 300 ± 20 μm widths. A cross-sectional schematic view of the microfluidic
chamber describes the dimensions as shown in Figure 1c. The microchannel has 500 μm
height, which is also the thickness of the PMMA disk. The detection region at the end
of the washing chamber has a sharp edge geometry. This edge geometry of the washing
chamber is intended to aggregate fluorescence-labeled microbeads in order to intensify the
emission light signal.
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Figure 1. (a) Expanded view of the 3D microfluidic disk. (b) Image of the 3D microfluidic disk
containing dyed water in the incubation (blue dye) and washing chambers (yellow dye). (c) Schematic
of the cross-sectional illustrating the dimensions of the microfluidic chambers.

2.3. Preparation of VEGF Reagents

During the reagent preparation, antibodies of VEGF to capture (cAb, Human/Primate
VEGF Antibody, R&D Systems, Minneapolis, MN, USA) and detect (dAb, Human VEGF
165 Antibody, R&D Systems) are bound to the surface of microbead and fluorescent dye,
respectively. An antibody coupling kit is used for binding the cAb onto the 2.8 μm diam-
eter epoxy magnetic bead surface (Dynabeads antibody coupling kit and M-270 Epoxy
microbead, Thermo Fisher, Waltham, MA, USA). This binding procedure requires 24 h in
accordance with the protocol manual. The cAb concentration on the microbead surfaces
is 20 μg mg−1 in 1 mL of the solution with PBS containing 1 wt% BSA. Additionally, a
fluorescence conjugation kit is used for binding the fluorescent dye with dAb with 1:1
volume ratio (DyLight 488 Conjugation kit, Abcam, Cambridge, UK); these are then left
overnight at room temperature in dark condition. Consequently, the dAb-bound fluo-
rescent dye is diluted in PBS to 1 μg mL−1 concentration. Serial ten-fold dilution of the
standard VEGF antigen (Recombinant Human VEGF 165, R&D Systems) was performed
using PBS to obtain from 1000 to 1 ng mL−1 concentration. Additionally, pure PBS without
VEGF antigen is used for a control solution. A dextran (Mr 15,000~25,000, Sigma-Aldrich)
is dissolved with 20 wt% in PBST (0.05 v/v% Triton-X100 contained PBS, Sigma-Aldrich)
for wash buffer at 60 ◦C on a magnetic hot plate stirrer for 24 h.

2.4. Analysis and Detection of Fluorescence

A microscope was customized for fluorescence measurement at detection region in 3D
microfluidic disk, which was placed over the spindle motor instantly after finishing rotation
of disk. Fluorescence signal is measured in a darkroom for blocking outside light pollution.
The 150 W halogen illuminator with optic lens and filters are used for the light source in
the microscope. Optical filtration selectively passes only fluorescence wavelengths using
excitation filter (average light transmission, Tavg over 93% in the 473–491 nm wavelength
range), dichroic filter (Tavg > 93% in the 502–950 nm range, and Tavg < 7% in the 350–488 nm
range), and emission filter (Tavg > 93% in the 506–534 nm range). Images from fluorescence
microscopy are analyzed using image processing software (ImageJ 1.8.0). Inside the border
of the washing chamber, the fluorescence excitation signal is amplified. Additionally,
background noise is removed by high-pass filtration.
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3. Results and Discussion

3.1. Validation of the Simplified Microbead FLISA Protocol

The immunological assay is one of the general analysis techniques using absorbent or
fluorescent materials for the antibody-antigen interaction-based protein level quantification.
The enzyme-linked immunosorbent assay (ELISA) process is performed on well-plate
platforms; it employs a colorimetric reaction of enzymes that trigger color change according
to the conjugation ratio with the substrate. In this technique, the light absorption ratio is
varied according to the enzyme concentration. However, the light absorption mechanism
of the ELISA protocol has limitations in applying to microfluidic systems. The optical
spectroscopy light absorption characteristics have a relationship with the concentration of
the reagent, which is expressed as the Lambert-Beer law following Equation (1):

I = I0 · 10−εcl (1)

where I and I0 are intensity of the transmittance and the incident light to the reagent.
The ε, c, and l are the molar absorptivity coefficient (cm2 mol−1), the molar concentration
(mol L−1), and the optical path length (cm), respectively. In the microfluidic disk platform,
the optical path length is geometrically restricted to spectroscopic analysis, which is the
occurring degradation of the spectral resolution [39]. For this part, it is pointless to increase
the thickness of the disk for improving the detection resolution in a microfluidic platform.
Alternatively, the FLISA method is possible for the superposition of fluorescence signals,
which improve the limit of detection for quantitative immunoassay even when using small
sample volumes [40,41]. The microfluidic disk platforms employing microbead FLISA
protocol are especially helpful in detecting the superposition of excitation signals from the
aggregated fluorescence-linked microbeads. This “simplified” FLISA protocol facilitates
the incubation step and diminishes the required time for the reaction between antibody
and antigen. The reagents are loaded to the incubation chamber concurrently, where they
are mixed and bound together.

In this study, the reagents are prepared as described in Figure 2. Prior to applying
the microfluidic disk platform, the protocol is confirmed using a 96-well black polystyrene
microplate. The variation of the incubation time and reagent volume condition is performed
to verify the fluorescence signal linearity in the protocol. The cAb-bound microbeads, dAb-
bound fluorescent dye, and human VEGF antigens are simultaneously loaded into the
microwell with a volume ratio of 1:1:1. During the incubation process, shaking the incubator
is used for gentle mixing of reagents with 120 rpm for 2 h at 37 ◦C. In the reagent loading
and initial incubation steps, the cAb-bound microbead has a high probability opportunity
to bind with the VEGF antigen due to the 20 times higher concentration compared with the
dAbs in the reagents. After the VEGF antigens are bound to the microbead surfaces, other
epitopes of the VEGF antigen are exposed to binding with the dAb-bound fluorescence
dye in the reagents during the incubation step. In the washing step, unbound reagents
are removed by pipetting for washing three times. The fluorescence microscope is used to
confirm the amount of fluorescent dye-coupled microbeads, which affect the fluorescence
excitation intensity with regard to VEGF concentration.

The schematic in Figure 3a describes the fluorescent dye-coupled microbead surface
formation. The binding between the VEGF antigen-antibody is performed by the specificity
of avidity-driven interactions. In Figure 3b, the microbeads are photographed with a long
wave pass filter (>630 nm). The red image is based on the relatively high spectral reflectance
characteristics of the microbead (ferrite oxide) in the red wavelength (>630 nm) to show
the position of the microbeads. Figure 3c is a fluorescence microscopic image showing
that the fluorescent dye is well bound to the surface of the microbead. The merged image
represents that the green fluorescent dye is located in the same position as the microbeads,
as shown in Figure 3d.
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Figure 2. Schematic of the VEGF detection process via simplified microbead FLISA protocol. Biologi-
cal assay between reagents is performed together in incubation step. The unbound dAb-fluorescent
dye is eliminated in washing step. The fluorescence signal is measured for VEGF detection as much
as the fluorescent dye attached to the microbead.

 

Figure 3. (a) Schematic of fluorescent dye-coupled VEGF on the microbeads. (b) The microbeads
photographed with the longpass filter (>630 nm). (c) The dAb-bound fluorescent dye (green fluores-
cent protein) detected on the surface of the microbeads. (d) The merged image for the fluorescent
dye and the microbeads.

The simplified microbead FLISA reduces the required reagent volumes and also the
incubation time. The fluorescence signal was analyzed under variations in volume of the
reagent and incubation time. The green fluorescence intensities are analyzed for VEGF
concentrations of 1 μg mL−1 and 1 ng mL−1 as well as the pure PBS. In the simplified
microbead FLISA protocol, 100 μL reagent volume (which is required volume for the
traditional FLISA method) is reduced to 10 and 5 μL, while the incubation time of 2 h is
reduced to 1 h.

The fluorescence intensities are presented under the concentration of VEGF antigen as
shown in Figure 4. When using reagent volumes of 100, 10, and 5 μL for the concentration of
1 μg mL−1 VEGF antigen solution, the fluorescence intensities in the arbitrary unit are 48.08,
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35.03, and 36.19, respectively. Moreover, for the 10 μL volume of VEGF antigen solution
with 1 μg mL−1 concentration, the fluorescence excitation signal is reduced from 35.03 to
28.0 upon decreasing the incubation time from 2 to 1 h. Decreasing the reagent volume
(from 100 to 10 μL) and the incubation time (from 2 to 1 h) causes reductions of fluorescent
intensity of 34.8% and 20.5%, respectively. This shows that the fluorescence intensity is
retained linearly, even when using small reagent volumes and reduced incubation periods.
These results show possibilities, despite the reduction in reagent volume and incubation
time, for analysis via a microfluidic system using image processing for high resolution
through fluorescence signal amplification and the background noise elimination. Thus,
the simplified microbead FLISA on the 3D microfluidic disk is performed employing a
1 h incubation time and 10 μL reagent volume. The microbead FLISA protocol shows the
possibility of a 0.2~3.0 ng mL−1 range of VEGF level detecting, which can be a criterion for
clinical signs for diagnosis and treatment [42,43].

 
Figure 4. (a–c) Green fluorescence intensity of the fluorescent dye-coupled VEGF on the microbeads
after 2 h incubation, with reagent volumes of 100, 10, and 5 μL, respectively, and (d) 10 μL reagent
volume for 1 h incubation.

A flow chart in Figure 5 compares a traditional sandwich ELISA method [44,45] and
the microbead assay method in a microfluidic system [46–48]. The protocol can diminish
the volume of the antigen solution and the required time for the incubation step up to
values of 1/10 and 1/5, respectively.
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Figure 5. A flow chart comparison of antigen detection techniques between microbead FLISA and
traditional sandwich ELISA protocols.

3.2. One-Step Simplified Microbead FLISA Using a 3D Microfluidic Disk

The 3D microfluidic disk using simplified microbead FLISA protocol is completed
by a one-step process including incubation, washing, and detection steps in sequence.
The schematic of Figure 6 describes the cross-section of the microfluidic circuit along the
radial direction of the disk in order to highlight the proposed sequential process. First,
the 30 μL wash buffer is loaded into the washing chamber through the inlet port. Then,
the reagents with a volume of 10 μL in each of the cAb-bound microbeads, VEGF antigen
diluted solution, and dAb-bound fluorescent dye are loaded into the incubation chamber
using pipettes.

 
Figure 6. Schematic of sectional view of the microfluidic components highlighting the sequential
protocol of the simplified microbead FLISA; the processes indicated are (a) loading the wash buffer
and reagents, (b) incubation, and (c) fluorescence detection, respectively.

After loading the reagents, the 3D microfluidic disk is placed on a spindle motor,
which is located in a dark room to avoid the photobleaching of the fluorescent dye during
the incubation process. The inlet ports are blocked using commercial transparent tape to
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prevent reagent evaporation during the protocol. For the incubation step, disk rotation
is regulated to ensure that the reagents mix sufficiently. In the incubation chamber with
the tilted floor, microbeads move along the radial direction of the chamber surface, while
accelerating at 260 rpm for 10 s. Afterward, when the disk is stopped for 10 s, the mi-
crobeads move back to the disk axis direction along the chamber bottom. The microbead
is controlled by regulating rotation to enhance the mixing reagents. The angular velocity
of the disk affects the bead movement during sedimentation, which can be expressed as
Equation (2), referring to Stokes’ law:

Us =
2
9
(ρbead − ρ f )

μ
aR2 (2)

where Us is the sedimentation velocity; ρbead and ρf are the microbead and fluid densi-
ties, respectively; μ is the fluid viscosity; R is the radius of the microbead; and a is the
acceleration. Here, for the microbeads in the incubation chamber with a tilted floor, the
acceleration is changed to a·cos θ − g·sin θ, where θ and g are the slope of the incubation
chamber and gravitational acceleration, respectively. The disk angular velocity with respect
to time for the cycle is shown in Figure S3 of the Supplementary Material, including the
microbead position after each step (reagent loading, reagent incubation, and washing).
In the incubation chamber, when the disk rotates and then stops for 10 s, the microbeads
move by 5.50 ± 2.86 μm along the radial direction at 260 rpm angular velocity and then
move back by 3.22 μm, respectively, according to Stokes’ law (Equation (2)). When the disk
is rotating, the distance traversed by the microbead depends on its relative radial position
to the central axis of the disk. For the stationary state of the disk, the microbeads on the
tilted floor of the incubation chamber are only influenced by gravitational force and move
toward the central axis, regardless of their position. The incubation step between reagents
is achieved through gentle mixing for 1 h. At the end of the incubation process, the disk is
accelerated for microbead sedimentation in the washing step to 5 krpm for 10 s and then
continued for 1 min. The unbound dAb-fluorescent dye is separated due to the difference
in density when the microbeads pass through the wash buffer. During this process, the
fluorescent dye-coupled microbeads as well as the unlabeled microbeads settle together at
the end of the washing chamber.

In Figure 7a, the images depict the microbeads with and without fluorescent dye-
coupled VEGF at the end of the washing chamber. The dashed yellow line indicates
the boundary of the washing chamber. In Figure 7b, the results of the fluorescence area
ratio, Af/Ab, is a parameter evaluated by the fluorescence area (Af) and the microbead
aggregation area (Ab). The value of Af/Ab increases with the VEGF concentration between
1 μg mL−1 and 0 g mL−1. The average coefficient of variation of five points is 5.50% in the
calibration curve. To summarize the study, the one-step process is successfully performed
employing the simplified microbead FLISA protocol. The proposed multi-material disk
structure comprises laser-cut PMMA layers and a 3D-printed block. The microfluidic
disk contains a washing chamber with microchannels and an incubation chamber. The
pressurized PSA films grasp layers together while preventing leakage of reagents during
the processes. In the proposed simplified microbead FLISA protocol, the excitation signal
intensity of the fluorescence is linearly related to the VEGF concentration, regardless of
adjustment of the incubation time and the volume of reagent. In the 3D microfluidic
disk, the entire protocol of the simplified microbead FLISA can be terminated within 1 h
without additional manual intervention to process. Furthermore, the fluorescence signals
can be detected immediately on the disk after completing the rotation. The obtained green
fluorescent images are analyzed through the image processing. The calibration curve shows
clearly over 10 ng mL−1 to show quantitative detection for the VEGF concentration via
the fluorescence area ratio, Af/Ab. Through the fluorescence images of the fluorescent dye-
coupled microbeads, the detection limit of the 1 ng mL−1 VEGF concentration is enough to
distinguish with 0 g mL−1. As a result, VEGF detection can be accomplished to a resolution
with ng mL−1 through the fluorescence area ratio analysis (Af/Ab) via a three-dimensional
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microfluidic system employing the one-step simplified microbead FLISA protocol. The
detected VEGF level using a 3D microfluidic disk can be a diagnosis for clinical signs of
retinal disorders. In detecting VEGF level with a 1 ng mL−1 resolution, difficulties of the
quantitative analysis for VEGF concentration still remain in the 3D microfluidic system by
using rapid antigen testing. Moreover, the reagents can be detected precisely by operating
the disk angular velocity and the number of cycles with bi-direction rotation in order to
enhance the resolution for target antigens.

 
Figure 7. (a) Bright-field and fluorescence images for fluorescent dye-coupled microbeads, with VEGF concentrations of
0 g mL−1, 1 ng mL−1, and 1 μg mL−1 (scale bar = 100 μm). (b) Fluorescence intensity with varying VEGF concentrations.

4. Conclusions

A simplified microbead FLISA protocol using a multi-material-based 3D microfluidic
disk is successfully implemented for the low-level VEGF detection. The 3D microfluidic
disk consists of the PSA film-attached laser-cut PMMA layers and a 3D-printed block. In the
proposed microfluidic disk, only the component for the incubation step requiring precise
control is fabricated using a 3D printing method, whereas the remaining components
are constituted of the laser-cut PMMA channel in order to reduce the manufacturing
cost. the microbeads are utilized as the substrate for the immobilization of antibodies on
their surface to apply the simplified microbead FLISA protocol. Even for a 30 μL volume
of the reagents, the enlarged specific surface area of the microbeads provides support
for the antigen–antibody interactions. Additionally, in the simplified microbead FLISA
protocol, the reagent volumes are only required to be 1/10 compared with the commercial
detection method. The linearity of green fluorescence signals is shown with respect to
VEGF concentrations. The excited fluorescence signals observed during the detection step
are superimposed from the aggregated microbeads at the edge of the washing chamber.
The fluorescence area ratio, Af/Ab, with respect to the VEGF concentration could be
confirmed as characteristic with a ng mL−1 resolution. Therefore, the 3D microfluidic disk
platform can be used to detect VEGF on the sequential benchtop process using only passive
mixing in a simple clockwise rotation cycle within one hour. Regardless of the target
antigen including VEGF, manipulating the conditions of disk acceleration and cycles with
bi-directional rotation enhances the physical contact opportunity to an antigen–antibody
interaction by microbead movement control. In the future, it can be applied as a low-cost,
high-speed diagnostic system in developing countries for virus detection, such as for
COVID-19. This is possible by providing a platform for detecting biochemical targets
within an hour by utilizing a 3D microfluidic disk and a simple rotor.
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Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/bios11080270/s1, Figure S1: SEM images of microstructure (designed diameter (D)
= 500, 250, 200, and 100 μm) on 3D-printed surface fabricated in the (a–d) vertical and (e–h) lateral
directions to show resolution of stereolithography apparatus, Figure S2: (a) Top view of 3D-printed
block. (b) Isometric view and (c) sectional view of the 3D-printed block, Figure S3: Angular velocity
of disk with respect to time for the mixing cycle during incubation and the bead washing process.
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BSA Bovine Serum Albumin
cAb Capture Antibody
dAb Detection Antibody
ELISA Enzyme-Linked Immunosorbent Assay
FLISA Fluorescence-Linked Immunosorbent Assay
PMMA Poly(methyl methacrylate)
PBS Phosphate Buffer Saline
PBST Phosphate Buffer Saline with Tween Detergent
PSA Pressure-Sensitive Adhesive
SLA Stereo-Lithography Apparatus
VEGF Vascular Endothelial Growth Factor
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Abstract: In order to improve the interpretation of measurement results and to achieve the optimal
performance of microfluidic biosensors, advanced mathematical models of their time response and
noise are needed. The random nature of adsorption–desorption and mass transfer (MT) processes
that generate the sensor response makes the sensor output signal inherently stochastic and necessi-
tates the use of a stochastic approach in sensor response analysis. We present a stochastic model of
the sensor time response, which takes into account the coupling of adsorption–desorption and MT
processes. It is used for the analysis of response kinetics and ultimate noise performance of protein
biosensors. We show that slow MT not only decelerates the response kinetics, but also increases the
noise and decreases the sensor’s maximal achievable signal-to-noise ratio, thus degrading the ulti-
mate sensor performance, including the minimal detectable/quantifiable analyte concentration. The
results illustrate the significance of the presented model for the correct interpretation of measurement
data, for the estimation of sensors’ noise performance metrics important for reliable analyte detec-
tion/quantification, as well as for sensor optimization in terms of the lower detection/quantification
limit. They are also incentives for the further investigation of the MT influence in nanoscale sensors,
as a possible cause of false-negative results in analyte detection experiments.

Keywords: microfluidic adsorption-based sensor; stochastic model; adsorption; mass transfer; ulti-
mate noise performance; detection limit; quantification limit

1. Introduction

Microfluidic sensors are promising tools for chemical and biological detection [1–4].
The operation of a large class of such devices, known as adsorption-based sensors, relies on
the adsorption–desorption (AD) process of a target substance on the surface of a sensing
element. These include SPR (Surface Plasmon Resonance), CNT (Carbon NanoTube) or
NWFET (NanoWire Field Effect Transistor), resistive graphene-based, potentiometric, SAW
(Surface Acoustic Wave), FBAR (thin Film Bulk Acoustic wave Resonator), microcantilever
sensors, etc. [5–13]. The sensing element of microfluidic sensors is typically located in a
flow-through reaction chamber, where the sample to be analyzed is introduced (Figure 1).
The AD process is coupled with mass transfer (MT) processes of target particles in the
microfluidic chamber. Via MT processes (convection and diffusion), particles are trans-
ported to specific sites on a sensing surface where adsorption occurs, and away from the
adsorption sites after desorption. A coupled effect of AD and MT processes determines
the temporal change in the number of particles adsorbed on the sensing surface, N(t),
which causes a change in a measurable sensor parameter, yielding the sensor response.
Hence, the sensor time response can be considered as determined by the time evolution
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of the number of adsorbed target particles, N(t). As it contains information on the tar-
get substance presence and its concentration in the analyzed sample, the time response
analysis enables both detection and quantification of chemical substances or biological
specimens, thus having important applications in environmental protection, public and
personal healthcare and security, the food industry, agriculture, and defense. Analysis of
response kinetics can provide information as early as in the transient regime, i.e., before
the binding process of target particles reaches the steady state, which significantly shortens
the time needed to obtain the data. The response kinetics also contains information on the
parameters that characterize the interaction process of target particles and surface binding
sites [14], thus enabling the characterization of bimolecular binding reactions, important
for the fundamental understanding of vital biochemical processes and pharmacology.

 
Figure 1. Adsorption-based microfluidic sensor: schematic representation of the typical system
geometry with designations of dimensions and coordinate axes. The magnified partial cross-section
of the microfluidic reaction chamber in the sensing surface zone is given as an illustration of the
two-compartment model approximation of the spatially and time-dependent target substance con-
centration, affected by coupled adsorption–desorption and mass transfer processes of target ana-
lyte particles.

The random nature of the AD process coupled with MT causes fluctuations in the
number of adsorbed particles, which result in sensor signal stochastic fluctuations known
as AD noise, binding/unbinding noise, biological or chemical noise [15–19]. The total
fluctuations in the sensor signal also depend on other kinds of noise originating from
the sensor transduction mechanism and the read-out circuitry, but the unavoidable AD
noise determines the sensor’s ultimate noise performance and poses fundamental detection
and quantification limits inherent to all adsorption-based sensors. The contribution of
AD noise to the total sensor noise can even be dominant [16,17,20,21]. Thus, the analysis
of AD noise and related parameters of stochastic sensor response becomes an important
tool for the optimization of adsorption-based chemical and biological microfluidic sensors
in terms of reliable analyte detection and quantification, and also in terms of improved
sensing performance (i.e., higher signal-to-noise ratio and lower minimal detectable and
quantifiable concentrations). This is especially true because miniaturization is a general
trend in the field of chemical and biological sensors, focusing on adsorption-based micro-
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and nanodevices, where achieving a sufficiently high signal-to-noise ratio (SNR) can
be a challenge [20]. As AD noise also contains information about the quantity of the
target substance in the sample, about binding process parameters, and about substance
parameters useful for its recognition [15,22–25], mathematical modeling and more profound
knowledge of AD fluctuations characteristics, both in the transient regime and in the steady
state of sensor response, can enable the development of new measurement methods based
on stochastic (i.e., noise) analysis in micro/nanosensors, as an addition to the existing
conventional methods.

Stochastic mathematical models of sensor response consider the time-dependent
number of adsorbed particles as a random process, N(t), whose expected value reveals the
binding (i.e., the sensor response) kinetics, and the variance is a measure of the sensor’s AD
noise. As stochastic models take into account the influence of individual events of particle
binding and unbinding to the surface adsorption sites on the sensor response, as well as the
inherent random nature of these events, they are more accurate in describing the binding
kinetics than deterministic models. They describe response fluctuations, which are always
present. For the analysis of stochastic sensor response, stochastic simulations are often
used. However, analytical approximations of stochastic models are very useful, because
they offer a good insight into the dependences of the response statistics on various sensor
system parameters, while being more efficient than simulations in which high accuracy
requires large computing resources and a long computation time. Stochastic models for the
analysis of sensor response should take into account MT effects, as the randomness of the
number of adsorbed particles originates from the coupling of the inherently stochastic AD
process and MT.

Approximate mathematical models that enable the analysis of statistical parameters
(expected value, standard deviation, and variance) of the stochastic time response of
adsorption-based (both chemical and biological) sensors and their noise performance
metrics (AD noise power spectral density and signal-to-noise ratio) have been developed
for some practically significant cases [15,16,18,20,21,24–30]. Based on these references, it can
be concluded that the closed-form solutions for the mentioned quantities are only devised
for simplified cases, during the transient regime of the binding process on the sensing
surface, or after the steady state of the binding process is reached. For example, in the
analysis given in [26], analytical solutions were used for the time-varying expected value
and relative fluctuations in the response of an adsorption-based plasmonic sensor, which
fluctuate only due to the stochastic nature of the AD process. Analyte transport processes
to and from adsorption sites, and the depletion of analyte particles from the sample during
adsorption were not taken into account in the closed-form expressions. That corresponds
to the idealized situation when MT is fast enough compared to the AD process, and when
the number of analyte particles available for adsorption in the sensor’s reaction chamber
is much greater than the number of adsorbed particles at any given time, so the particle
concentration in the chamber is considered as constant in time and uniform in space. The
authors of [20] considered the scaling effects of biosensor systems through the stochastic
analysis that takes into account the probabilistic capturing (i.e., adsorption) process. The
MT effects were neglected in the derived mathematical model. The time evolutions of
the expected value and standard deviation of the number of adsorbed particles were
numerically calculated for the regime of constant analyte concentration in the reaction
chamber volume, and for the regime of analyte depletion. In the former case, the sensor
signal-to-noise ratio (SNR) for one fixed moment in time was analyzed, considering the
effects of the sensing area reduction. However, it is well known that MT can significantly
alter the sensor response kinetics [31–33], so it is important to consider this effect in the
analysis of stochastic response. It was also experimentally shown that a suppression of
MT influence leads to a great improvement of the biosensor limit of detection [34], which
implies that MT affects detection limits. Therefore, fluctuations and noise models used for
the estimation of the ultimate sensing performance should also include the MT influence.
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In reference [27], a stochastic model of analyte diffusion within the biosensor chamber
was presented, which incorporates the probabilistic model for the specific binding of
analyte particles to immobilized probes at a sensing surface, as one of the boundary
conditions. The model was used for the analysis of two idealized situations: (1) when there
is an infinite adsorption capacity of the sensing surface, and (2) when the number of probes
is finite, but a very small fraction of analyte particles present in the system is captured by
the probes (i.e., no sample depletion by the binding events; thus, the number of free analyte
particles in the chamber, available for adsorption, is considered constant). The closed-
form solutions for the statistical parameters of biosensor response and for noise figures of
merit were derived only for the biochemical equilibrium for these two cases. By using the
stochastic modeling of the analyte capturing, considering the binding kinetics and the mass
transfer by diffusion, the expressions for the equilibrium statistical response parameters
and settling time approximation were obtained in [16]. In references [15,24,25,28], a theory
was presented with closed-form expressions, as well as an analysis of the sensor AD noise
power spectral density in the steady state, when the fluctuations are caused by coupled
stochastic AD process and MT.

In [18,29,30], a stochastic simulation was used for the analysis of the change in the
expected value and variance of the number of adsorbed particles, and the sensor signal-
to-noise ratio in time, considering the transport of analyte particles by diffusion. The
emphasis was on the influence of the target substance concentration and probe density on
the mentioned time dependences, while MT influence was not analyzed in particular.

None of the mentioned works provided a stochastic model of sensor time response that
takes into account both the diffusion and convection of analyte particles as processes that
constitute MT in microfluidic sensors. In addition, none of them analyzed the MT influence
neither on the stochastic temporal response, including its time-dependent expected value
and variance (i.e., AD noise), nor on the SNR that determines the ultimate detection and
quantification limit.

In this paper, we aim to investigate the temporal change in the statistical parameters
of the biosensor stochastic response from the beginning of the adsorption process on the
sensing surface until the steady state is reached, taking into account the mass transfer
of analyte particles by both convection and diffusion, which corresponds to the realistic
operating conditions in microfluidic biosensors. We first present the theoretical model for
the expected value and variance of the number of adsorbed particles. The model is devised
by applying the approach based on the master equation for the random processes known
as birth–death processes in probability theory, to which the considered random process
N belongs, and by introducing the effective probabilities of the increase and decrease in
the number of adsorbed particles. The effective probabilities combine the influences of
the inherently random AD and MT processes on the change in the number of adsorbed
particles. By using the obtained analytical model, we investigate the response kinetics
and AD noise of a protein biosensor, through the analysis of the expected value and the
variance of the number of adsorbed particles, both in the transient regime and in the steady
state of the binding process, for practically relevant analyte concentrations, mass transfer
coefficients, and sensing surface areas. We also analyze the sensor signal-to-noise ratio,
which sets the fundamental detection and quantification limits. One of the goals of our
analysis is to investigate both the qualitative and the quantitative influence of MT on the
kinetics of sensor stochastic response, on sensor AD noise, and on the maximal achievable
SNR value, affecting both the reliable analyte detection and determination of analyte
concentration. Although such an analysis can reveal new guidelines for the optimization of
sensor design and operating conditions, to the best of the authors’ knowledge, it does not
exist in the published literature. Another goal is to determine the applicability boundaries
of the simple stochastic model of sensor response (i.e., the one that neglects the mass
transfer influence), and thus the conditions under which it becomes necessary to use the
more comprehensive stochastic model (that takes into account the AD process coupled
with the MT of analyte particles) in order to improve the interpretation of the measurement
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results and the estimation of sensor performance metrics such as noise, SNR, and analyte
detection and quantification limits.

2. Method—Mathematical Modeling of Biosensor Stochastic Time Response

The change in the number of target analyte particles adsorbed on a sensing surface
in unit time, assuming reversible adsorption, is determined by the difference between
the instantaneous rates of the increase and decrease in N(t), denoted by a(t) and d(t),
respectively. These rates include the combined effects of adsorption–desorption and mass
transfer processes. Namely, both AD and MT (convection and diffusion) processes change
the target analyte concentration in a microfluidic sensor chamber, affecting the temporal
change in N. The use of the two-compartment model (TCM) for the approximation of
the spatial- and time-dependent analyte concentration in a flow-through chamber, when
modeling the sensor response kinetics influenced by mass transfer, is experimentally
verified for various adsorption-based biosensors [31–33,35]. It covers the case of surface
reaction (i.e., AD process) coupled with convection and diffusion, when a thin zone (the
inner compartment), depleted of analyte particles, is formed adjacent to the sensing surface,
while the remaining part of the sensor chamber (the outer compartment) approximately
retains the spatially uniform and time-constant analyte concentration C, equal to the analyte
concentration in the sample introduced in the sensor chamber [31–33,35], as illustrated in
Figure 1. By assuming the 1:1 binding of analyte molecules to the surface binding sites, the
uniformity of all binding sites, and no interaction between analyte molecules, TCM yields
Equation (1), which defines the temporal change in N [15,31,36]:

dN
dt

= kaCS(Nm − N)− kdN = ka
C + kd

km A N

1 + ka
km A (Nm − N)

(Nm − N)− kdN = a(N)− d(N), (1)

where ka and kd are the adsorption and desorption rate constants, respectively, CS is the
analyte concentration in the immediate vicinity of the binding sites on the sensing surface
of area A, Nm is the number of binding sites on the surface, and km is the mass transfer
coefficient, introduced in TCM as km = 1.467(D2vm/(Lshc))1/3 [31] in order to characterize
the transport of analyte particles by both convection and diffusion between the bulk
solution and the surface binding sites (D is the diffusion coefficient of analyte particles,
vm is the mean convection velocity, Ls is the adsorption zone length, and hc is the sensor
chamber height). According to TCM, all quantities are averaged across the sensing surface.
The effective rates of the increase and decrease in the number of adsorbed particles, a(t)
and d(t), respectively, do not depend explicitly on t, but on the instantaneous value of N,
thus a(N) and d(N) in Equation (1).

Equation (1) is derived for the diffusion-limited regime. The equation for the case of the
adsorption-limited regime (i.e., the “rapid mixing” regime, when the analyte concentration
in the whole flow-through reaction chamber is considered uniform in space and constant
in time, due to fast MT compared to adsorption) neglects MT effects, and it is given as:

dN
dt

= kaC(Nm − N)− kdN = aRM(N)− dRM(N), (2)

where aRM(N) and dRM(N) are actual adsorption and desorption rates.
The time evolution of the number of adsorbed particles N(t) is obtained from the

deterministic kinetic Equations (1) or (2) (with or without taking MT into account, respec-
tively) for given initial conditions. It enables the analysis of the deterministic time response
of a sensor, as a function of the number of adsorbed particles, which is assumed to be a
deterministic quantity.

The number of adsorbed particles at any given time is a result of a sequence of random
bindings and unbindings of target particles to and from the surface adsorption sites.
Therefore, the number of adsorbed particles on the sensor’s active surface, N, is actually a
stochastic quantity, determined by the stochastic nature of the AD process coupled with
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transport processes of analyte particles. Hence, N randomly fluctuates around its expected
value <N>, and consequently, the sensor response is also a fluctuating quantity.

Observed in time, the stochastic number of adsorbed analyte particles at the sensor’s
surface, N(t), is a random birth–death process [37]. By assuming that in a time interval
dt→0, N can be either changed by one, or unchanged (i.e., there can be an adsorption of one
particle, a desorption of one particle, or a lack of AD events), the probability distribution
of the random variable N in an arbitrary moment of time t (t ≥ 0), PN(n, t), for the given
initial state N(0) = n0 (here, n0 = 0 as t = 0 is assumed as the moment when the AD process
starts on the sensing surface), is given by the master equation:

d
dt

PN(n, t) = PN(n − 1, t) · A(n − 1) + PN(n + 1, t) · D(n + 1)− PN(n, t) · (A(n) + D(n)) (3)

where n is the actual value of the random variable N at the given moment, and it denotes
the state of the process (n∈{0,1,2...Nm}, where Nm is the total number of adsorption sites on
the sensing surface), while A(n)dt and D(n)dt are the probabilities of transition from the
state n to the state n + 1, and from the state n to the state n − 1 during the time interval
dt→0, respectively. A(n) and D(n) are the probability of the increase in the number of
adsorbed particles by 1 in unit time, and the probability of the decrease in N by 1 in unit
time, respectively, when the current state is N = n. Equation (3) is valid for n = 0 if we
define PN(−1,t) = 0 and A(−1) = 0, and it is also valid for n = Nm assuming PN(Nm + 1,t) = 0
and D(Nm + 1) = 0 (D(0) = 0 due to the nature of the desorption process, and A(Nm) = 0
because the sensing surface adsorption capacity is limited to Nm).

As mentioned in the introduction, we are interested in the expected value of N, which
reveals the response kinetics, and in the variance of N, as it is a measure of the AD noise.
Starting from the definitions for the first and the second moment of the random variable:

〈N〉 =
Nm

∑
n=0

nPN(n, t), σ2 = 〈(ΔN)2〉 =
Nm

∑
n=0

(n − 〈N〉)2PN(n, t) (4)

and using the master equation (Equation (3)), the exact equations for the expected value,
<N>, and the variance, σ2, of the random number of adsorbed particles are obtained [37]:

d
dt
〈N〉 = 〈NA(N)− D(N)〉 (5)

dσ2

dt
= 〈A(N) + D(N)〉+ 2

〈
(N − 〈N〉)[A(N)− D(N)]

〉
(6)

The transition rate A(N) depends on the adsorption rate constant, on the fraction of
adsorption sites available for adsorption, and on the amount of particles that are available
to participate in adsorption, when the number of adsorbed particles is N = n, while D(N)
depends on the desorption rate constant and on the fraction of occupied sites on the
surface N = n. Thus, when the combined effect of AD and MT processes determines the
probabilities of the change in the random variable N, the use of TCM for the approximation
of the amount of particles that are available to participate in adsorption (those located in
the immediate vicinity of the surface binding sites, as explained for Equation (1)) yields
A(n) = kaCs(Nm − n) = ka(C + kdn/(kmA))(Nm − n)/(1 + ka(Nm − n)/(kmA)) and D(n) = kdn.
In this way, the expressions are obtained for the effective probabilities of the increase and
decrease in the number of adsorbed particles per unit time, which combine the influences
of the AD and MT processes. A(n) and D(n) depend on the current state N = n (which is
a feature of birth–death processes). After representing the nonlinear transition rate as a
Taylor series centered at the expected value, Equations (5) and (6) take the approximate
form, which includes the first and the second moments:

d〈N〉
dt

= A(〈N〉)− D(〈N〉) + (A′′ − D′′ ) · σ2

2
, (7)
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dσ2

dt
= A(〈N〉) + D(〈N〉) +

[
2
(

A′ − D′)+ 1
2
(A′′ + D′′ )

]
· σ2, (8)

(A′, D′, A”, and D” are the first and second derivatives of A and D with respect to n,
calculated for n = <N>) [38]. After substituting the functions A and D and their derivatives
in Equations (7) and (8), a system of equations is obtained:

d〈N〉
dt

=
kaC(Nm − 〈N〉)− kd〈N〉

1 + ka
km A (Nm − 〈N〉) − ka

km A

kakd
km A Nm + kaC + kd[

1 + ka
km A (Nm − 〈N〉)

]3 · σ2, (9)

dσ2

dt
=

ka(C + 2 kd
km A 〈N〉)(Nm − 〈N〉) + kd〈N〉
1 + ka

km A (Nm − 〈N〉) −
kakd
km A Nm + kaC + kd[

1 + ka
km A (Nm − 〈N〉)

]3

{
2
[

1 +
ka

km A
(Nm − 〈N〉)

]
+

ka

km A

}
· σ2, (10)

which is solved for <N> and σ2 (with the conditions <N> = 0 and σ2 = 0 at the moment
t = 0).

The time-dependent SNR is defined as:

SNR(t) =
〈N〉

σ
. (11)

As σ is a measure of fluctuations resulting from the stochastic nature of the processes
(AD coupled with MT) upon which the sensor operation is based, these fluctuations
constitute the fundamental, i.e., unavoidable noise. Thus, the SNR defined in this way is
the best possible SNR (also known as the quantum-limited SNR in the literature [16,20])
for a given adsorption-based sensor design and parameter set.

The steady-state expected value and variance of the number of adsorbed particles
according to the presented model are obtained from Equations (9) and (10), respectively,
for d<N>/dt = 0 and dσ2/dt = 0:

〈N〉e =
NmkaC

kaC + kd

(
1 + ka

km A

) , (12)

σ2
e = kd〈N〉e

[
1 + ka

km A (Nm − 〈N〉e)
]2

kaC + kd +
kakd Nm

km A

, (13)

σ2
e = kdkaCNm ·

[
kaC + kd

(
1 + ka

km A

)(
1 + ka

km A Nm

)]2

[
kaC + kd

(
1 + ka

km A

)]3[
kaC + kd

(
1 + ka

km A Nm

)] , (14)

and the steady-state SNR is:

SNRe =
〈N〉e

σe
. (15)

For the rapid mixing regime (i.e., adsorption-limited binding), the mass transfer influ-
ence is neglected, and the transition probabilities per unit time are ARM(n) = kaC(Nm − n)
and DRM(n) = kdn. In that case, Equations (5) and (6) yield the system of exact equations:

d〈N〉
dt

= ARM(〈N〉)− DRM(〈N〉), (16)

dσ2

dt
= ARM(〈N〉) + DRM(〈N〉)− 2(kd + kaC) · σ2, (17)
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well-known in the literature [39], and whose solutions for the time evolution of both the
expected value and the variance of N are:

〈N〉RM = 〈N〉RM,e(1 − e−t/τRM ), (18)

σ2
RM = σ2

RM,e(1 − e−t/τRM )

(
1 +

kaC
kd

e−t/τRM

)
. (19)

Here:
〈N〉RM,e =

kaCNm

kd + kaC
, (20)

σ2
RM,e = kdτRM〈N〉RM,e =

kdkaCNm

(kd + kaC)2 (21)

are the expected value and the variance in the steady state, respectively, and τRM = 1/(kd
+ kaC). The time-dependent SNR and its steady-state value in the case of neglected MT
influence are obtained from Equations (11) and (15), respectively, by using <N>RM, σRM,
<N>RM,e, and σRM,e instead of the corresponding parameters of the model that includes the
MT effect.

Equations (9)–(15) constitute a theoretical model that enables the investigation of the
microfluidic sensor stochastic response, and also of the sensor AD noise and SNR, in the
case of adsorption–desorption coupled with analyte convection and diffusion. The same
quantities, but in the case of neglected MT influence, can be investigated by using the
theoretical model given by Equations (11), (15), (18)–(21).

3. Results and Discussion

The theoretical models presented in Section 2 are used here for the investigation of
statistical parameters of the stochastic response and noise performance of a biosensor for the
detection of proteins in a liquid sample (the model is applicable to various receptor–ligand
pairs, i.e., various biological analytes (not only proteins), whose binding to the adsorption
sites can be described by Equation (1); the parameter values used in our analysis are
very close to those in [31], which are within the ranges found in BIACORE experiments
with proteins). As the time response of adsorption-based sensors is a function (preferably
linear) of the number of adsorbed target particles, we perform the stochastic analysis
of the random process N(t). That enabled us to obtain some general conclusions that
are valid for the various types of adsorption sensors, regardless of their measurement
parameter (optical, electrical, or mechanical, such as the refractive index, conductance, or
mechanical resonance frequency), whose adsorption-induced time change constitutes the
sensor response.

We first analyze and discuss the temporal change in both the expected value and
the variance of the number of adsorbed particles, and of the sensor maximal achievable
SNR (Section 3.1). Subsequently, we present the analysis of the same quantities after the
established steady state of all the influencing transient processes (Section 3.2). Various
practically relevant analyte concentrations, mass transfer coefficients, and sensing surface
areas are considered.

3.1. Analysis of Time Evolution of the Expected Value and Variance of the Number of Adsorbed
Particles and Sensor Signal-to-Noise Ratio, Considering MT Influence

Figure 2a,b show the time-dependent expected value of the number of adsorbed
particles, <N>, for different concentrations of the target protein in the sample (ranging
from 6·1016 to 6·1018 m−3). The curves shown as solid lines in the presented diagrams are
obtained by using the stochastic model given by Equations (9) and (10), which is numeri-
cally solved. The diagrams enable the investigation of the kinetics of the stochastic sensor
response, considering MT effects. The AD process parameters are ka = 1.33·10−19 m3s−1

and kd = 0.08 s−1, there are Nm = 3·106 adsorption sites on the sensing surface of area
A = 10−9 m2, and the mass transfer coefficients are km1 = 2·10−2 ms−1 for Figure 2a and
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km2 = 2·10−5 ms−1 for Figure 2b. All the parameter values are very close to those used
in [31], for which the TCM applicability has been demonstrated in the same work.

  
(a) (b) 

Figure 2. The expected value of the number of adsorbed particles in time, reflecting the kinetics of a biosensor stochastic
response for different concentrations of the target protein in the analyzed sample: (a) The case of negligible MT influence—
the curves <N> (shown by solid lines) according to the model that considers MT for km1 = 2·10−2 ms−1 show the overlapping
with the curves predicted by the model that neglects MT, <N>RM (dashed lines, entirely covered by solid lines). (b) The case
of MT influenced kinetics (km2 = 2·10−5 ms−1).

As it can be seen in Figure 2a,b, the expected response is a monotonically increasing
function of time for all concentrations, for both values of km. The slower mass transfer
process (low km) prolongs the transient period of the time response at all concentrations,
while the influence on the equilibrium expected value is not noticeable for the given set of
parameter values. These conclusions are in accordance with those corresponding to the
response kinetics described by the deterministic model (Equation (1)) [28,31].

The curves corresponding to the values km > km1 match those shown in Figure 2a,
which means that for km = km1, mass transfer is already sufficiently fast to be of a negligible
influence on the response kinetics. This explains the matching of curves (solid lines in
Figure 2a), obtained by using the stochastic model that takes into account the coupling of
stochastic AD and MT processes characterized by the coefficient km1, with those obtained
by using the stochastic model that neglects the influence of MT (dashed lines in Figure 2a,
entirely covered by solid lines). Indeed, the expressions given in Section 2 show that, for a
sufficiently high km, transition rates according to the model that takes into account MT, A(n)
and D(n), become equal to kaC(Nm − n) and kdn, respectively, which are the well-known
expressions for transition rates ARM(n) and DRM(n), respectively, valid when MT effects are
negligible. This means that, for a sufficiently high km, the derived stochastic model, given
by Equations (9) and (10), reduces to the model presented by Equations (18) and (19), i.e.,
the former model is a superset of the latter. Therefore, the model that takes into account the
coupling of AD and MT processes covers the cases of both the pronounced and negligible
MT effects on the stochastic response, and it is in this example applied for the research of
microfluidic sensor kinetics both in the case when the MT influence is significant, i.e., in
the mass transfer-limited regime (as shown in Figure 2b), and in the case when the MT
influence is negligible, i.e., in the regime of rapid mixing or the adsorption-limited kinetics
(as shown in Figure 2a).

The variance, which is a measure of AD noise, is another statistical parameter of the
sensor stochastic response that we analyze. Figure 3a,b show the time-dependent variance
of the protein biosensor for which the expected value of the number of adsorbed particles
is shown in Figure 2a,b for the same seven concentrations. The diagram in Figure 3a is
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obtained for km1 = 2·10−2 ms−1, and it corresponds to the expected value given in Figure 2a,
while the diagram in Figure 3b is for km2 = 2·10−5 ms−1, and it constitutes a pair with
the diagram in Figure 2b. The solid line curves in Figure 3a,b are obtained by using the
theoretical model that takes into account AD and MT processes (Equations (9) and (10)),
while the dashed lines in Figure 3a represent the variances determined according to the
model that neglects the MT influence (Equations (18) and (19)).

 
(a) (b) 

Figure 3. Variance of the number of adsorbed particles, revealing the behavior of the sensor response variance, i.e., sensor’s
AD noise during time, for different MT coefficient values: (a) km1 = 2·10−2 ms−1 (solid lines correspond to the stochastic
model that takes into account the coupling of AD and MT processes, dashed lines correspond to the model that neglects the
MT influence); (b) km2 = 2·10−5 ms−1 (according to the model that considers the combined effects of AD and MT).

The analysis of the solid line curves in Figure 3a shows that at the concentration of
6·1017 m−3 and lower, σ2(t) is a monotonically increasing function. As the concentration
increases to 6·1017 m−3, the transient regime duration decreases, and the equilibrium
variance value increases. With the further increase in the concentration, the dependence
σ2(t) has an increasingly prominent peak, the duration of the transient regime continues to
decrease, while the steady-state variance value decreases.

Figure 3b shows that slower MT causes the appearance of a peak in the dependence
σ2(t) at lower concentrations (noticeable even at C = 4.2·1017 m−3). As the concentration
increases, the transient regime duration decreases, and the steady-state variance value first
increases and then decreases with the concentration, in the same way as in the case of high
km (Figure 3a). The peak becomes increasingly pronounced with the concentration beyond
4.2·1017 m−3, and the maximal variance (corresponding to the peak) noticeably decreases.
These conclusions stemming from our model, regarding the time-dependent variance
when the MT influence is pronounced, are in accordance with the results of the stochastic
computer simulation, which is based on the model that takes into account coupled AD and
diffusion (called “coupled hybridization-diffusion process” in the mentioned reference) in
nanowire biosensors and presented in [18].

By comparing the diagrams shown in Figure 3a,b, it can be concluded that slow MT
causes the increase in the variance at all the concentrations from the analyzed range. It also
prolongs the time needed for the variance to reach the equilibrium value.
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In Figure 3a a small difference is noticeable between the solid and dashed curves
for the same concentration value. That means that km1 is very close to the specific value
above which the MT influence on the variance becomes negligible. For every km value
greater than that specific value, the model that takes into account MT yields the same
curve σ2(t) as σRM

2(t) for a given C. When the MT influence is negligible, the analysis of
Equation (19) shows that the function σRM

2(t) has a maximum (peak) at concentrations
C > kd/ka = 6·1017 m−3, and that this maximum does not change as the concentration
increases further (the peak height is independent of C and equal to Nm/4), as can be seen
in Figure 3a. At the moment when the variance is at its peak value, the expected value
<N>RM equals Nm/2 (which is obtained from Equation (18)). σRM

2(t) is a monotonically
increasing function for C < kd/ka (then <N>RM <Nm/2), and σRM

2(t) ≈ <N>RM(t) is valid
for C << kd/ka. If the measurement of the signal fluctuation is used as an analytical tool in
biosensing, the position and the value of the variance maximum can provide information
in addition to those obtained by the noise analysis in the steady state. For example, in
the case of negligible mass transfer influence, the value of the variance maximum can be
used for the estimation of the number of surface binding sites Nm, which is a parameter
important for the estimation and optimization of the sensor performance. In addition, the
existence of the variance overshoot indicates that C > kd/ka.

Figure 4a,b show the time dependence of the best possible SNR (as defined in Equa-
tion (11)) of the biosensor in the case of the nearly negligible mass transfer influence (km1),
and in the case when the mass transfer influence is pronounced (km2), respectively, for
different analyte concentrations (the values of all parameters are given at the beginning of
Section 3.1, and they are the same as for Figure 2a,b and Figure 3a,b). The curves corre-
sponding to the cases when the MT influence is negligible (obtained according to the model
that neglects MT, given by Equations (18) and (19)) are so close to those shown in Figure 4a
(for km1 = 2·10−2 ms−1) that the difference between them is not noticeable in the diagram
of that scale. The diagrams show that the SNR decreases with the decrease in C, for every t,
both for rapid and slow mass transfer. Mass transfer increases the time needed for SNR to
achieve its maximum value (corresponding to the steady state) at a given concentration.
In addition, slow MT decreases the SNR for the given analyte concentration. Therefore,
it depends on the value of km whether or not it is possible to reach the required SNR for
reliable detection and quantification of an analyte by using a given sensor with a given set
of parameter values.

  
(a) (b) 

Figure 4. Time dependence of the sensor signal-to-noise ratio according to the model that considers the combined AD and
MT effects (solid lines), for two different values of the MT coefficient: (a) km1 = 2·10−2 ms−1; (b) km2 = 2·10−5 ms−1. The
curves obtained according to the model that neglects MT (dashed lines) match those predicted by the model that takes into
account the coupling of AD and MT processes for km1 (solid lines), as shown in (a).
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3.2. Analysis of MT Influence on the Sensor Stochastic Response and Noise Performance in
Steady State

Here, we show the analysis of the expected value and variance of the number of
adsorbed particles after the steady state of all relevant transient processes has been reached.
We also present the steady-state analysis of the maximal achievable SNR. In the following
diagrams, denoted with solid lines are the curves obtained by using the model (given
by Equations (12) and (13)) that considers fluctuations in the number of adsorbed par-
ticles as a consequence of the coupling of stochastic AD process and the mass transfer
of analyte particles. The curves corresponding to the stochastic model that neglects MT
(Equations (20) and (21)) are denoted with dashed lines. When MT is sufficiently fast, its
effects become negligible, as shown by the matching of the corresponding expressions for
the steady-state statistical parameters determined by using the two mentioned stochastic
models, for the high enough values of km. The difference between the corresponding
quantities determined by using the two models can thus be used as a measure of MT
influence. The MT with the coefficient km = 2·10−5 ms−1 is assumed, the adsorption sites
surface density is nm = Nm/A = 3·1015 m−2 for all analyzed sensors, and the remaining
parameter values are those given at the beginning of Section 3.1, unless otherwise noted.

Figure 5a shows the expected value of the number of adsorbed particles in the steady
state, as a function of the sensing surface area ranging from 10−12 to 10−9 m2, for different
concentrations of the target protein. The curves obtained according to the two stochastic
models match, which means that the influence of MT on the steady-state expected value
is negligible for the given set of parameter values. The expressions for the steady-state
expected value according to the two models, given by Equations (12) and (20), yield
the ratio: 〈N〉RM,e

〈N〉e
= 1 +

ka/(km A)

1 + kaC/kd
(22)

and, thus, the condition at which MT does not influence the expected number of adsorbed
particles (when <N>RM,e/<N>e ≈ 1 is valid):

km  ka/A
1 + kaC/kd

= km,ev. (23)

This is also the condition for the applicability of the simpler stochastic model that
does not take MT into account. The most stringent condition for a given km corresponds to
the case when km,ev has the highest value, i.e., at the lowest analyte concentration, and in
sensors of the smallest sensing surface area from the considered range. For the sets of pa-
rameter values used in our analysis (Figure 5a), the maximal km,ev equals 1.2·10−7 ms−1, so
the most stringent condition for the expected values obtained according to the two models
to be approximately equal is km >> 1.2·10−7 ms−1, which is fulfilled for km = 2·10−5 ms−1.
This explains the matching of the curves obtained by using the two models (Figure 5a).
The condition (23) is satisfied in a wide range of parameter values. However, in sensors
with extremely small sensing surfaces (such as nanowire or carbon nanotube mechanical
or electrical sensors), as well as in detection of particles present in ultra-low concentrations,
the value of km,ev can be such that the condition given by Equation (23) is not satisfied,
which implies that MT could influence the expected value of the sensor stochastic re-
sponse by decreasing it. This conclusion is in accordance with the result of a computer
simulation performed for a nanowire biosensor in [29], which showed the decrease in the
expected value of the number of adsorbed particles in the case of binding influenced by
diffusion. This deserves further investigation by using a model particularly considering
nanoscale sensors.
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(a) (b) 

 
(c) 

Figure 5. Expected value (a) and variance (b) of the number of adsorbed particles in the steady state, and the steady-state
signal-to-noise ratio (c), as a function of the sensing surface area, for different concentrations of the target protein, according
to the stochastic model that takes into account the combined effect of AD and mass transfer processes (solid lines), and
according to the stochastic model that neglects mass transfer (dashed lines).

The dependence of the steady-state variance of the number of adsorbed particles on
the sensing surface area, determined according to the two stochastic models, is shown in
Figure 5b. The target protein concentration is used as the parameter for the shown curves.

Although the curves in Figure 5a for the same sets of parameter values show a
negligible difference between the steady-state expected values obtained by using the two
models, the corresponding steady-state variances differ significantly, which can be seen
in Figure 5b. The diagram shows that MT with the coefficient km = 2·10−5 ms−1 causes
a significant increase in the steady-state variance at a given concentration and sensing
surface area. The condition for MT to be of negligible influence on the variance is obtained
from σ2

e ≈ σ2
RM,e. It can be formulated through the ratio:

σ2
e

σ2
RM,e

=
(kaC + kd)

2
[
kaC + kd

(
1 + ka

km A

)(
1 + kanm

km

)]2

[
kaC + kd

(
1 + ka

km A

)]3[
kaC + kd

(
1 + kanm

km

)] ≈ 1, (24)

which is obtained from Equations (12), (13), (20) and (21). The condition (24) is more
complex than the condition for approximately equal expected values (Equation (23)). By
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analyzing the ratio of the steady-state variances, the following ultimate condition for km is
obtained, under which the ratio approximately equals 1:

ka
km A + kanm

km
+ k2

anm
k2

m A

1 + kaC
kd

� 1. (25)

When the condition given by Equation (25) is not satisfied, it is necessary to use the
stochastic model that takes into account MT in order to perform the steady-state variance
(i.e., AD noise) analysis. None of the combinations of C and A values from the considered
range can satisfy the condition (25).

Figure 5b shows that the variance increases with a greater sensing surface area in cases
when the MT influence is significant (solid lines), as well as in cases when MT is sufficiently
fast and is thus of negligible influence (dashed lines). It can be seen from the diagram that
solid and dashed lines that correspond to the same C value are parallel, which means that
the ratio of variances determined according to the two models at the same concentration
is independent of A in the whole considered range of A. In other words, the amount of
MT influence on the change in steady-state variance (expressed as σ2

e/σ2
RM,e) does not

depend on A. Indeed, the analysis of the expression σ2
e/σ2

RM,e shows that for A >> ka/km =
6.65·10−15 m2 (satisfied for all A values within the considered range), the following is valid:

σ2
e

σ2
RM,e

≈ 1 +
kanm/km

1 + kaC/kd
, (26)

yielding the condition for the value of km at which the MT influence on the variance is
insignificant, i.e., the applicability condition for the simpler stochastic model:

km  kanm

1 + kaC/kd
= km,var. (27)

The condition given by Equation (27) can be easiest to satisfy at the greatest C value
from the considered range, i.e., C = 6·1018 m−3, but even then, km,var ≈ 3.6·10−5 ms−1. Due
to that, the variances determined according to the two models differ significantly when the
MT coefficient equals 2·10−5 ms−1, for every C value from the considered range.

Figure 5c shows the biosensor steady-state SNR obtained by using the two stochastic
models, as a function of the sensing surface area, where the target analyze concentration is a
parameter. The SNR decreases as the sensing surface area decreases (the standard deviation
also decreases, but the decrease in the expected value is more pronounced, as it can be
seen in Figure 5a,b), and also when the target protein concentration is lower, according to
both models. A significant difference between the SNRs determined by the two models
can be seen in the diagram. The decrease in the steady-state SNR, caused by MT, exists
at all considered values of C and A. The condition under which the MT influence on the
SNR is negligible is given by Equation (27) for the cases analyzed here (as A >> ka/km =
6.65·10−15 m2 is valid). By using the model that takes into account the MT influence, and
for km that satisfies the condition (27), the curves are obtained that match those shown as
dashed lines in Figure 5c.

The value of km influences the maximal achievable SNR value of a sensor with a given
sensing surface area. The diagram shown in Figure 5c can be used to determine whether
or not it is possible to achieve an SNR value required to reliably detect and quantify
the target substance concentration using a sensor of a given surface area. It can be seen
that the steady-state SNR of a sensor with the sensing surface area of 10−12 m2, protein
concentration of 6·1016 m−3, and MT coefficient of 2·10−5 ms−1 approximately equals 3,
which is the minimal value needed for protein detection [40,41]. The same sensor in the
case of negligible MT influence has an SNR of almost 20, so it satisfies the more stringent
condition (SNR ≥ 10 [40]) for reliable quantification of the concentration. A sensor with
a sensing surface area of 10−11 m2 in the case of km = 2·10−5 ms−1 has an SNR higher
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than 10, so it satisfies the conditions for both analyte detection and quantification of the
concentration even when the MT influence is pronounced. The same diagram enables
the determination of the minimal detectable and measurable concentrations (i.e., the
fundamental detection and quantification limits, as they are determined by the fundamental
noise) of the given sensor, for the required SNR value (e.g., in [42], SNR = 1 was used for
the estimation of the minimum detectable change in the measured quantity in a graphene
ISFET, as the theoretical limit of performance determined by intrinsic noise; in [43], SNR = 1
was also used for the determination of the detection threshold in silicon nanowire sensors).
These results show that the fundamental detection and quantification limits depend on the
MT rate.

A diagram that enables the steady-state analysis of the dependences of both the
sensor’s time response variance and SNR on the target substance concentration, in the cases
of pronounced and negligible MT influence, is given in Figure 6a. Figure 6b shows the ratio
of variances when the MT influence exists, and when it is negligible, and the ratio of SNRs
for the same two cases. The curves in Figure 6a,b are for a sensor with A = 10−9 m2, and
they correspond to the steady-state values of time-dependent variances and SNRs shown
in Figures 3 and 4, respectively. For the remaining surface areas considered in Section 3.2
(from 10−12 to 10−10 m2), the conclusions will be the same as those obtained based on
Figure 6b about the MT-influenced change in the variance and SNR (expressed through
the ratios σ2

e/σ2
RM,e and SNRe/SNRRM,e) in the considered concentration range. This is

because the analysis given in the comment for Figure 5b,c showed that the magnitude of
the MT influence on these two quantities does not depend on the active surface area when
A >> ka/km = 6.65·10−15 m2 (then, the ratios σ2

e/σ2
RM,e (Equation (26)) and SNRe/SNRRM,e

do not depend on A). In addition, as σ2
RM,e is proportional to A, and it can be shown that

for surface areas A >> ka/km = 6.65·10−15 m2, σ2
e is also proportional to A, all conclusions

about the dependences of σ2
e and σ2

RM,e on C, based on Figure 6a, will be valid for all
sensing surface areas in the range from 10−12 to 10−9 m2. For a similar reason (SNRe and
SNRRM,e are proportional to A1/2), conclusions based on Figure 6a about the influence of
both MT and target substance concentration on the change in SNR of a sensor with the
sensing surface area of 10−9 m2 are valid for other sensors of different sensing surface areas
from the mentioned range.

  
(a) (b) 

Figure 6. (a) Dependence of the variance of the number of adsorbed particles and sensor’s SNR (A = 10−9 m2) in the steady
state on the target substance concentration, according to the stochastic model that takes into account MT (solid lines),
and the model that neglects it (dashed lines). (b) Ratios of steady-state variances (σ2

e/σ2
RM,e) and SNRs (SNRe/SNRRM,e)

according to the two models, depending on the concentration.
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Figure 6a shows that the steady-state variance obtained by using the model that
takes into account the AD process, diffusion, and convection has a maximum at a certain
concentration. This result for the MT-influenced binding of target particles is in accordance
with the computer simulation results obtained for the variance of silicon nanowire field-
effect biosensors whose response fluctuates due to the coupling of the AD process and
mass transfer by diffusion [29,30].

In Figure 6a, it can be seen that MT influences the concentration value at which AD
noise (i.e., variance) has its maximum. When MT is negligible (dashed line in Figure 6a),
the variance reaches its maximum at Cmax,RM = kd/ka = 6·1017 m−3. Starting from the
expression for σ2

e (Equation (13)), which is simplified under the condition A >> ka/km, it
can be analytically shown that the variance influenced by MT has the maximum at the
concentration Cmax ≥ Cmax,RM. Thus, due to the influence of MT, the AD noise maximum
moves toward lower concentrations of the target substance.

Figure 6b shows that, for a given sensor, the influence of MT on the increase in variance
becomes more pronounced at lower analyte concentrations. As the concentration decreases,
the ratio σ2

e/σ2
RM,e, given by Equation (26), asymptotically approaches the maximum

value 1 + kanm/km≈21, while, when C increases, the ratio of variances approaches 1 (i.e.,
for given km, the variances according to the two models are approximately equal at a
sufficiently high concentration).

The dependences SNRe(C) and SNRRM,e(C), shown in Figure 6a, increase monotoni-
cally as the concentration increases. The influence of MT on the decrease in the sensor’s
steady-state SNR is concentration-dependent. This can be quantitatively analyzed based on
the diagram shown in Figure 6b. MT causes the greatest decrease in the sensor’s SNR at low
concentrations. With the decrease in concentration, the ratio SNRe/SNRRM,e asymptotically
approaches its minimum.

The dependence SNRe(C) obtained by using the derived analytical expression and
shown in Figure 6a is in accordance with that obtained in [30] by computer simulation
for the case of diffusion-influenced binding. Diagrams of this kind (Figure 6a) enable the
determination of the concentration detection and quantification limits for a given sensor
and given experimental conditions, as the values of C at which the SNR has the minimal
required values for reliable analyte detection and quantification, respectively.

4. Conclusions

A theoretical model was presented that enables efficient analysis of the stochastic time
response and ultimate noise performance of adsorption-based microfluidic chemical and
biological sensors, taking into account the influence of mass transfer (MT) of the analyte
particles. It was shown that for sufficiently fast MT, the model we devised match the
commonly used model that neglects mass transfer, so it is applicable in a wider parameter
range, covering the cases of both pronounced and negligible MT influence.

Two models (one that neglects, and the other that takes into account MT effects)
were used for the analysis of statistical parameters of the protein biosensor stochastic
response, for various analyte concentrations, mass transfer coefficients, and sensing surface
areas. The sensor signal-to-noise ratio (SNR), which sets the fundamental detection and
quantification limit, was also investigated. The comparison of results obtained according to
the two stochastic models has led to the conclusions about the qualitative and quantitative
influence of MT on the sensor response kinetics and noise performance metrics, both in the
transient regime and in steady state.

The analysis showed that MT can significantly alter the time dependence of the
expected value and variance of the number of adsorbed particles, and thus the response
kinetics, adsorption–desorption (AD) noise, and SNR of the sensor.

Slow mass transfer decelerates the response kinetics. The analysis indicated that MT
can also influence the steady-state response value by decreasing it, in sensors of extremely
small sensing surface areas, or when particles present in ultra-low concentrations need
to be detected. This secondary effect of MT, which degrades the sensor’s sensitivity and
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may cause false negative/positive results when interpreting measurement data, should be
further investigated by using a model considering nanoscale sensors.

According to the analysis results, MT prolongs the time needed for the variance
to achieve the steady-state value. Both stochastic models predict a peak in the time
dependence of the variance, at concentrations greater than a certain critical value. However,
MT influences the appearance of the peak in the variance transient regime at lower analyte
concentrations. In the case of pronounced MT, the height of the peak decreases with the
concentration. When MT is negligible, the peak height remains constant for different
concentrations. The condition was formulated under which MT influences the variance in
the steady state. MT can significantly increase the steady-state variance, i.e., the sensor AD
noise. This effect is not limited to extremely small sensing surface areas, and it is especially
pronounced at low analyte concentrations. MT also shifts the maximum of the steady-state
AD noise toward the lower analyte concentrations.

An important conclusion of the analysis is that MT influences the sensor’s maximal
achievable SNR value. Slow MT decreases the SNR, and therefore, for the given sensor
and target substance, it depends on MT parameters whether or not it it possible to reach
the required SNR value for reliable detection and quantification of an analyte in the
concentration range of interest. Another effect of MT is that the maximum SNR value
(i.e., the steady-state value) is reached more slowly at slower MT. The MT influence on
the SNR is more pronounced at lower analyte concentrations. The results have shown
that even when mass transfer does not influence the expected value, it can significantly
influence both the variance of the response (which is a measure of the inevitable adsorption–
desorption noise) and the signal-to-noise ratio (which sets the fundamental detection and
quantification limits of adsorption-based sensors). Therefore, mass transfer can exhibit a
significant influence on the ultimate sensor performance, including the minimal detectable
and quantifiable analyte concentrations.

The steady-state analysis of the difference between the corresponding quantities de-
termined by using the two stochastic models also enables the obtaining of the applicability
conditions for the simpler stochastic model that does not take into account MT. At the same
time, these conditions reveal the criteria that can be used to establish when it becomes nec-
essary to apply the model that takes into account the coupling between the AD process and
mass transfer. It is shown that when the sensor’s noise performance analysis is intended,
the application of the stochastic model that takes MT into account may be necessary for the
set of parameter values at which the simpler stochastic model is applicable for the analysis
of the response kinetics.

To the best of the authors’ knowledge, these are the first results regarding the influence
of MT on the sensor stochastic response and its noise characteristics. The results have
illustrated the significance of the presented theoretical model for the correct interpretation
of measurement results, for the estimation of sensors’ noise performance metrics important
for reliable analyte detection and quantification, as well as for sensor optimization in terms
of the lower detection and quantification limits. The presented model is also a useful tool
for the development of new methods for the detection and quantification of substances,
based on the analysis of sensor signal fluctuations. In general, the use of the stochastic
model that takes into account MT becomes necessary as the sensing surface area and
analyte concentration decrease. Due to the ongoing efforts toward the miniaturization of
sensing devices, and the lower detectable concentrations in the latest sensor generation, it
is expected for this theoretical model to be increasingly useful.
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Abstract: Integrating acoustic wave sensors into lab-on-a-chip (LoC) devices is a well-known
challenge. We address this challenge by designing a microfluidic device housing a monolithic array of
24 high-fundamental frequency quartz crystal microbalance with dissipation (HFF-QCMD) sensors.
The device features six 6-μL channels of four sensors each for low-volume parallel measurements,
a sealing mechanism that provides appropriate pressure control while assuring liquid confinement
and maintaining good stability, and provides a mechanical, electrical, and thermal interface with the
characterization electronics. We validate the device by measuring the response of the HFF-QCMD
sensors to the air-to-liquid transition, for which the robust Kanazawa–Gordon–Mason theory exists,
and then by studying the adsorption of model bioanalytes (neutravidin and biotinylated albumin).
With these experiments, we show how the effects of the protein–surface interactions propagate
within adsorbed protein multilayers, offering essentially new insight into the design of affinity-based
bioanalytical sensors.

Keywords: HFF-QCM (high fundamental frequency quartz crystal microbalance); mass transport;
flow cell; biosensor; food safety; PoC (point of care); MQCM (monolithic quartz crystal microbalance)

1. Introduction

Inexpensive, fast, parallel, small-volume sensors for detecting minute amounts of analytes in
complex samples are required for wide-spread application of lab-on-a-chip (LoC) devices in research-,
industrial-, and health-related areas [1,2]. Equipped with such sensors, LoC devices can overcome
the drawbacks of the conventional bulk analytical approaches that rely on expensive centralized
facilities and play their singular role in the individualization of health care promised by personalized
medicine [3].

Quartz crystal microbalance with dissipation, or QCMD, offers the technology needed for
developing and mass-producing sensors for LoC applications. QCMD is known for its thin film
monitoring [4] and biomolecular interaction measurement capabilities [5]. Digital, label-free, and very
simple—its basic principle is based on electrically measuring resonance properties (frequency and
dissipation) of a quartz crystal resonator [6]—QCMD can be easily automated. Key challenges for
integrating QCMD technology into LoC-based applications are low throughput, high cost per sensor and
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per assay (related to sample/reagents volume), and lack of versatile and effective microfluidic/mechanical
interfaces that can assure reliable field operation. Further improvements in sensitivity would also be
beneficial for rapidly detecting small amounts of analytes in dilute samples.

To address these challenges, we introduce a microfluidic cartridge housing a monolithic high
fundamental frequency (HFF) QCMD sensor array. We picked HFF-QCMD sensors because they are
more sensitive than their low fundamental frequency counterparts, and can be used with low sample
volumes (a few μL), and because they offer the possibility of integration into monolithic arrays [7–9].
Higher sensitivity is due to the smaller thickness of the HFF resonators [4,10], which in turn leads
to a reduced surface area and therefore, to smaller sample volume [11]. Integration overcomes two
major impediments for developing QCMD-based sensors for LoC applications: low throughput and
relatively high individual sensor cost. QCMD and HFF-QCMD sensors have already been used to
develop immunoassays [12–17] and DNA hybridization assays with the limit of detection (LoD) in
the tens of femtomoles [18] and in complex samples (blood, saliva) [19,20], but currently, advanced
commercial systems offer measurements with at most four sensors at a time, each of which has to
be operated individually. This negates other advantages of QCMD technology in high-volume LoC
applications. To this end, we have recently reported our design of monolithic 150 MHz HFF-QCMD
sensor arrays and characterized their performance [7]. Here, we present the design of an integrated
microfluidic cartridge for housing the arrays (Figure 1) and evaluate its performance for measuring
biomolecular interactions in a biotin/neutravidin based system. Our work advances the state-of-the-art
by integrating sensing and microfluidic analyte delivery compatible with LoC applications.

Figure 1. Multichannel Microfluidic Sensor Cartridge. Assembled cartridge (a). Schematic of cartridge
assembly (b) from components (from top to bottom): microfluidic connectors, Poly(methyl methacrylate)
(PMMA) cell, Poly(dimethylsiloxane) (PDMS) gasket, Printed Circuit Board (PCB) with the array,
assembly screws and alignment pins. Photos of its components: PMMA cell (c), PDMS gasket with
six channels (d), PCB (e), and the 24-element HFF-QCMD array (f, see Figure S1 in the Supporting
Information for an enlarged view). Note the difference in scale: (c,e) are shown at half the size relative
to (a,d,f), which are drawn to scale. Array dimensions are 14.25 mm × 9.05 mm.

The development of robust and simple HFF-QCMD detection systems for LoC applications is
very much in its infancy [2]. Integration of the fluidic circuitry with the array of quartz sensors faces a
number of challenges [21,22], the key of which is insuring independent operation of the individual
sensor elements that is free of the interaction between them. Interactions between sensors can be
mediated electrically, mechanically, or via the fluidic path affecting analyte transport to the surface.
Therefore, our evaluation of the cartridge and array performance focused as much on the reproducible
measurements of frequency and dissipation shifts in response to the introduction of bioanalytes
as on the independent operation of the individual array elements, as evidenced by the absence of
artifacts originating from the interaction between them through any of the three pathways (electrical,
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mechanical, fluidic). Our experimental results were consistent with the literature and with the results of
numerical calculations of molecular transport rates based on the channel and array geometry, molecular
diffusion coefficients, and fluid flow rates.

2. Materials and Methods

2.1. Materials

Nanopure water used in this study was either analytical grade water (Panreac Química SLU,
Barcelona, Spain), or produced with a Smart2Pure UVUF water purification system (Thermo Fisher
Scientific, Barcelona, Spain). Nitrogen was from Air Liquide España S.A. (Valencia, Spain). Phosphate
buffered saline (PBS) tablets for preparing 0.01 M phosphate buffer containing 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4, at 25 ◦C, and Bovine Serum Albumin (BSA) were
purchased from Sigma Aldrich Química, S.L.U. (Madrid, Spain). NeutrAvidin (Nav), biotinylated BSA
(bBSA), and Sodium Dodecyl Sulfate (SDS) 20% solution were purchased from Fisher Scientific S.L.
(Madrid, Spain). COBAS Cleaner was purchased from Sanilabo S.L. (Valencia, Spain).

Poly(methyl methacrylate), PMMA, was from Monje Hermanos S.L. (Valencia, Spain);
poly(dimethylsiloxane), PDMS, was from Ellsworth Adhesives Iberica, (Madrid, Spain).
Single-component conductive epoxy AA-DUCT 900 was from Atom Adhesives (Providence, RI,
USA). DuPont™ Teflon® FEP film with a thickness of 76 μm was from Dupont (Wilmington, DE, USA).

2.2. Multichannel Microfluidic Sensing Cartridge Design

The multichannel sensor cartridge consists of an array, a custom-made Printed Circuit Board (PCB)
for mounting the array, and a microfluidic cell consisting of a gasket and the body. These components
are shown in Figure 1 while their design and manufacturing are described below.

2.3. Arrays and PCBs

Monolithic HFF-QCMD sensor arrays (AWS-Array2-24-150.0M, Advanced Wave Sensors
(AWSensors) S. L., Valencia, Spain) were manufactured as described previously [7]. They were
mounted on rectangular 52.02 mm × 36.02 mm × 1.55 mm PCBs custom-designed using the ALTIUM
Designer 18 software package (Altium, San Diego, CA, USA) following high-frequency signal routing
and crosstalk prevention considerations and manufactured from FR4-type material by Eurocircuits
(Mechelen, Belgium). The mounting was done with a single-component conductive epoxy that was
deposited by stencil printing technology (eC-stencil-mate, Eurocircuits). The stencil was configured to
leave a tiny quantity (≈0.16 mg) of epoxy on each contact area, sufficient for making electrical contact,
but not in excess in order not to affect the resonant behavior of the sensors. Before the deposition of
the epoxy, the PCBs were degreased with acetone and dried at 50 ◦C for 5 min. Once the conducting
epoxy was deposited, the arrays were placed on the PCBs manually with the assistance of a USB
Microscope (Shenzhen Andonstar Tech Co. Ltd., Shenzhen, China) and a manual pick and place
machine (eC-placer, Eurocircuits). The epoxy was cured at 150 ◦C for 1 h in an oven (eC-reflow-mate
v4, Eurocircuits, Mechelen, Belgium). During the curing process, a 70 g weight was placed over the
array to ensure a good contact between the array and the PCB. The array surface was protected with
the transparent Fluorinated Ethylene Propylene (FEP) film.

2.4. Microfluidic Cell

The microfluidic cell consisted of two parts: a flexible gasket containing six independent flow
channels, one for each column of the array, and the body of the cell for housing the gasket that
contained inlet and outlet fluidic channels, the opening for the mounting screws, and the alignment
pins (Figure 1b).

The gaskets were fabricated from PDMS using a mold, 9 gaskets at a time. To this end, the required
volume of the PDMS curing agent and PDMS monomer was mixed at the 1:10 ratio. Vacuum was
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applied to the mixture for 45 min to remove air. The mold was dried at 60 ◦C and the freshly degassed
PDMS mixture was cast onto the mold. Curing took place in an oven at 60 ◦C for 80 min. The height of
the channels is determined by the thickness of the gasket being 480 μm while the width is 1.46 mm.
Consequently, the total volume of each fluidic channel was less than 6 μL. (See Section S3 of the
Supporting Information).

The body of the microfluidic cell consisted of two parts: the top that contained the openings
for standard microfluidic connectors (VacuTight Ferrule Tefzel Red P-840 (ETFE) 1/16, Fitting P-844,
IDEX Health & Science, Rohnert Park, CA, USA) for connecting the cell to the external flow control
device, and the bottom, that contained inlet and outlet microchannels, 12 in total, connecting those
openings to the fluidic channels in the gasket.

The mold for manufacturing PDMS gaskets, and the two parts of the microfluidic cell, were
manufactured from PMMA in the vertical CNC (Computer Numerical Control) machining center
(Chevalier 1418VMC-Plus, Falcon Machine Tools Co. Ltd., Chang Hua, Taiwan). The two pieces of the
microfluidic cell were joined by first softening their surfaces with ethanol, and then pressing them
against each other over a period of 1 min at 70 ◦C, as described in ref. [23]. In this manner, a one-piece
microfluidic cell was obtained. The PDMS gasket was mounted on the cell, and the cell with the gasket
was placed on top of the PCB-mounted array. The assembly was guided by the alignment pins and
held together with screws, as shown in Figure 1b.

2.5. Evaluation of Cartridge Performance

The performance of the array-based sensor cartridge was evaluated by monitoring resonance
frequency and dissipation in situ and in real time as the arrays were exposed to liquid flow and as
proteins were adsorbed to the surfaces of the arrays (in separate experiments). The results of the
protein adsorption experiments were further compared with those obtained with the commercially
available, individual 50 MHz HFF-QCMD sensors (AWsensors S.L., Valencia, Spain).

Resonance frequency and bandwidth (or dissipation) of the arrays and individual HFF sensors
were measured as a function of time with the AWSensors X24 and A20+ platforms, respectively, running
the AWSuite software package. Individual sensors were mounted in the standard, commercially
available QuickLock® measurement cells (AWSensors S.L., Valencia, Spain). Fluid flow and sample
injection were controlled with the AWSensors multichannel F20+ fluidics controller connected to the
inlets of the sensing cartridge (for the arrays) or the inlets of the QuickLock® measurement cells.

For the measurements of the air-to-liquid transition, baseline frequency and bandwidth signals
were acquired in air for ~15 min, followed by flowing PBS buffer, at a flow rate of 20 μL/min.

For the protein adsorption experiments, baseline frequency and dissipation signals were acquired
in buffer flowing at a rate of 14.5–20 μL/min, depending on the experiment, for ~5–10 min, followed
by the injection of the proteins, Nav (at a concentration of 100–200 μg/mL in PBS) or bBSA (at a
concentration of 100 μg/mL). Each injection was always repeated twice, 100 μL each time, to ensure
that adsorption reached saturation.

2.6. Array, Cell and Sensor Cleaning and Preparation

Prior to the experiments, PCB-mounted arrays and individual sensors were immersed in freshly
filtered 2% SDS solution for 30 min. They were rinsed with Nanopure water and dried under a stream
of nitrogen directed at the array and sensor surfaces through a 0.45 μm pore diameter filter housed in
hand-held filter gun assembly (Skan AG, Allschwil, Switzerland) and then cleaned for 30 min in a
UV/Ozone Cleaner (BioForce Nanosciences, Salt Lake City, UT, USA) that was preheated for 30 min
prior to use. After cleaning, array and sensor surfaces were rinsed with ethanol to reduce the oxide that
forms as a result of the UV-Ozone treatment [24] and once again dried with a stream of filtered nitrogen.

The PDMS gasket and the PMMA cell were immersed in COBAS cleaner for 30 min, rinsed with,
and then sonicated in Nanopure water for 15 min to remove traces of the detergent, and dried with a
stream of filtered nitrogen.
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Individual sensors were mounted in the QuickLock™measurement cells cleaned with the COBAS
cleaning solution for 30 min, followed by repeated rinsing with water and ethanol, and drying with a
stream of filtered nitrogen.

3. Results and Discussion

3.1. Multichannel Microfluidic Sensing Cartridge Design and Assembly

A microfluidic cartridge holding a 24 HFF-QCM sensor array operating at 150 MHz [7] was
designed and implemented (Figure 1a). It consists of a microfluidic cell that delivers fluid to the sensing
elements arranged in six channels of four elements each (Figure 1c), a soft PDMS gasket forming the six
microfluidic channels (Figure 1d) that seals the PMMA fluid cell to the array, and the array mounted on
the PCB that served as the bottom of the cell (Figure 1e,f). PMMA is a low-cost, transparent material
with good thermal insulating capacity that is suitable for disposable cartridges and is used routinely
in biomedical applications (e.g., bone cement [25,26]). It has been selected because of its adequate
rigidity to confer robustness to the microfluidic assembly design and its mass fabrication potential [23].
The PDMS gasket is fixed in the PMMA cell with the help of four guides (Figure 1d). The PMMA cell
contains sockets for the fluidic connectors on the top (outlined in red in Figure 1a,c), as well as sockets
for the guiding pins (blue in Figure 1a,c,e) used to align the array, and mounting screws (yellow in
Figure 1c,e) used to fix it. The assembly process is very simple and results in a rectangular chamber
design which avoids non-uniform sample distribution [27,28]. The PCB offers mechanical protection,
ease of handling, improves the thermal stability of the array during measurements, and forms the
contacts between the array and the acquisition electronics. To this end, we integrated into the PCB
design two gold sidebands (highlighted in a green rectangle in Figure 1e) that are connected to the
Peltier elements of the temperature control system, providing a direct thermal path. Our design
allows simultaneous measurements with six different solutions. Furthermore, within each of these
six measurements, it is possible to have four replicas with identically treated array element surfaces.
Alternatively, each array element could be used to immobilize a different biomolecule, allowing four
independent measurements with each of the six solutions at the expense of statistics.

3.2. Cartridge Performance

The performance of the cartridge was evaluated in two separated sets of experiments: the responses
of the sensors to changing the media from air to liquid were measured in a first set of experiments,
and sequential adsorption of proteins neutravidin and biotinylated BSA (bBSA) on the sensor surface
was followed in the second set. Cartridge and array performance were evaluated by comparing our
experimental results with theoretical predictions and with other experimental data, either obtained
in this study with individual HFF-QCMD sensors, or reported in the literature with the classical
low-fundamental frequency QCMD sensors. The distribution of sensor responses was analyzed as
a function of sensor position in the array to assure independent operation of the individual sensors.
Finally, biomolecular transport in the cartridge has also been studied to evaluate possible limitations of
the microfluidic cartridge design.

3.2.1. Air-to-Liquid Transition

Changes in the frequency and bandwidth of a quartz resonator upon exposure to a Newtonian
liquid are well-understood as a result of the classical works by Mason [29] and Kanazawa [30].
When discussing the air-liquid shifts, it is more convenient to use bandwidth than dissipation,
because the frequency and bandwidth changes are expected to be equal and opposite: Δ f = −ΔΓ =

− f 3/2
res

(
ηlρl/πρqμq

)1/2
; this is the so-called Kanazawa–Gordon–Mason equation, where fres is the

fundamental resonance frequency of the resonator, ηl and ρl are the liquid viscosity and density,
respectively, ρq is the density of quartz, and μq is its shear elastic modulus. Experimental results are
shown in Figure 2, where the shifts in both signals upon the transition from air to buffer are plotted as
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a function of the array element (Supplementary Figure S1). We find no systematic trends in the shifts
of either of the two signals as a function of the array element position, as is expected for the normal
functioning of the array, the flow system, and the electronics. It is interesting to note the increase in
Δ f and −ΔΓ in sensors 20 to 24. Although it seems a systematic trend, this effect was not observed in
other measurements, confirming its coincidental nature.

Figure 2. Air-buffer measurements. A plot of the typical set of air-to-buffer shifts for all the elements of
one array (bars) with the expected values calculated based on the Kanazawa-Gordon-Mason equation
(dashed lines).

On average, we observed shifts of −120 ± 15 kHz for Δ f and 115 ± 9 kHz for ΔΓ, averaged
over 110 individual air-to-buffer measurements. The theoretical values for the arrays used in these
measurements are ± (115 ± 2) kHz, where the negative and the positive signs refer to the frequency and
the dissipation shifts, respectively, and the error arises from the variation of the elements’ resonance
frequencies [7]. The larger experimentally observed value of Δ f is expected, because finite roughness
typically masquerades as an additional Sauerbrey shift that does not affect the bandwidth [31,32];
a 5 kHz difference in frequency would correspond to a Sauerbrey film of ~9.9 Å with a density of
1 g/cm3, which is reasonable given the roughness values of ~1 nm we reported previously for the
surfaces of these arrays [7].

3.2.2. Protein Adsorption and Interaction Studies

The functionality of the multichannel cartridges for sensing biomolecular interactions was
evaluated using neutravidin (Nav) and biotinylated BSA (bBSA) as a model system that is widely used
in biotechnology and bioanalytics [33,34].

Proteins were allowed to adsorb in sequence, starting with Nav in one set of experiments,
and starting with bBSA in another set. Each sequence consisted of three sets of (Nav + bBSA) pairs,
with non-biotinylated BSA injected between each step to test for non-specific adsorption. The purpose
of the two different sequences was to establish a protocol for subsequent applications of these arrays in
bioanalytical sensing. One such sequence is shown in Figure 3a.

Average results from multiple arrays and individual HFF sensors are shown in Figure 3b
(for the Nav–BSA sequence) and in Figure 3c (for the bBSA–Nav) sequence. The adsorbed layer masses,
calculated from the frequency shifts using the Sauerbrey relationship [4], are summarized in Table S1
in the Supporting Information. The masses expected on the basis of the sizes of the molecules and the
corresponding literature values are presented in Supplementary Table S2. The adsorption processes
are depicted schematically in Figure 4.
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Figure 3. Protein adsorption measurements. (a) Frequency changes due to the sequential adsorption of
proteins for two columns of the array relative to a baseline in buffer. In one of the two columns (SNS13
to SNS16), proteins were adsorbed in sequence bBSA-Nav- bBSA-Nav- bBSA-Nav, in the other (SNS9
to SNS12) Nav-bBSA-Nav-bBSA- Nav-bBSA. SNSi with i = 9 to 16 refers to the element position on
the array according to Figure S1 in the Supporting Information. (b,c) Mass changes observed in the
experiments performed with arrays (left) and individual 50 MHz resonators at the 3rd overtone (right)
for the two adsorption sequences, respectively. Error bars are standard deviations.

Figure 4. Schematic representation of the surface architecture achieved in the adsorption experiments.
(a) Shows the adsorption sequence starting with Nav, and (b)—starting with bBSA. The gold is shown
in yellow, Nav in light blue, and BSA in green. No distinction is made between the biotinylated and
non-biotinylated BSA. The vertical dimension of the roughness of the gold is to scale with the sizes of
the proteins; similarly, the protein dimensions are also drawn to scale relative to each other, but Nav
aggregation is ignored for simplicity. On average, there is ~ one bBSA molecule for every two Nav
molecules adsorbed on gold. Away from the surface, there are ~ three Nav molecules per every bBSA
molecule. See Section S2 in the Supporting Information for further discussion. This figure was prepared
using USCF Chimera version 1.14 [35].

Several trends can be noted in the experimental data. First and foremost, there is a good agreement
between the results obtained with the arrays and with the individual HFF resonators (Figure 3,
Supplementary Table S1). Second, the amounts of protein adsorbed observed with both systems
(arrays and the individual resonators) are in good agreement with the literature. Focusing on the
adsorption of Nav on gold (Figure 3b), we find 700 ± 180 ng/cm2 for the array and 590 ± 200 ng/cm2

for the individual sensors (Supplementary Table S1). The limiting value of the adsorbed Nav mass is
also ~700 ng/cm2 (“limiting” here refers to the apparent saturation of the values of the adsorbed mass
as a function of the adsorption step in Figure 3b,c). This is in good agreement with the literature values
for Nav adsorption on gold that range between ~700 and ~1300 ng/cm2 (Supplementary Table S2).
The variability here is due to the tendency of this protein to aggregate and corresponds to the age and
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treatment of the neutravidin solution. The aggregation tendency also explains the difference between
the observed masses and their expected values based on the protein dimensions and between Nav and
a very similar protein, streptavidin (Sav) (Supplementary Table S2) [36].

The amount of Nav adsorbed onto gold pre-coated with bBSA is significantly smaller, than directly
onto gold (~400 ng/cm2, nearly identical for the arrays and the individual sensors; Figure 3c and
Supplementary Table S1). Also, the variation in the mass of Nav adsorbed, expressed as a standard
error, is 15 ng/cm2 when it is adsorbed on the bBSA layer, but 38 ng/cm2 when it is adsorbed onto
gold directly, indicating that orienting Nav on a biotinylated substrate results in a more homogeneous
layer. The value of the adsorbed mass of Nav on bBSA is in good agreement with that adsorbed on the
biotinylated SLBs [36] (566 ng/cm2, Supplementary Table S2). One of the factors that contribute to the
observed difference in the adsorbed mass is the difference in protein orientation: it is quasi-random
when Nav is adsorbed on gold but fixed by the underlying bBSA layer when Nav adsorbs on bBSA.
Such an effect has already been reported for Sav (Supplementary Table S2): a larger amount of this
protein adsorbs on the mercaptounadecanoic acid (MUA) SAM or on gold than on a layer of biotinylated
molecules (lipids or alkane thiols).

With Nav, there is the additional effect of aggregation of this protein, an effect that is absent
in the case of Sav. Indeed, the difference between Nav adsorbed on gold and Nav adsorbed on
bBSA or bSLB is much greater, than between streptavidin adsorbed on gold vs. bSLB or bSAM
(Supplementary Table S2).

Notably, the tendency of neutravidin to aggregate appears to be reduced, when it is adsorbed in a
fixed orientation on the biotinylated substrates (bBSA, Table S1, or bSLB, Supplementary Table S2),
compared to when it is adsorbed on gold. This could also be due to the increased stability of this
protein in the biotin-bound conformation [37], or to the steric limitations arising from the number of
accessible biotins presented by the biotinylated surfaces. This effect is gradually lost in the subsequent
adsorption steps (steps 2 and 3 in Supplementary Table S1 and Figure 4) since the limiting values of
the adsorbed amounts of Nav are independent of the direction of the adsorption.

The value of the limiting mass of bBSA (~230 ng/cm2, steps 2 and 3 in Supplementary Table S1)
nearly identical for the arrays and the individual sensors, is independent of the direction of adsorption,
and is consistent with what has been reported by others for bBSA on Nav on gold or on Nav on SLBs
(Table S2). It is worth noting that there is a significant difference in the behavior of the biotinylated
and non-biotinylated versions of BSA on bare gold (c.f. our results quoted above with Table S2 in
the supporting information). This has been noted before by Kim et al. when adsorbing BSA/bBSA
mixtures on gold [38]. The effect has not been investigated further, but probably originates from the
effect of biotinylation on the adsorbed protein orientation, conformation, or both.

We would like to underscore the importance of the comparison between the array and the individual
sensors: since we [11–16] and others [17,39–41] have previously demonstrated the robustness and
reproducibility of HFF resonators, the observed correspondence shows (1) that integration into an
array does not affect their performance, and (2), demonstrates the functionality of the microfluidic
cartridge. The comparison with the published results obtained with the same bioanalytical systems
using classical, low-frequency individual sensors confirms that our array-based cartridge is capable
quantitatively and accurately assaying bioanalytical systems based on specific binding.

3.2.3. Biomolecular Transport in the Microfluidic Cartridge

One concern with an integrated array of sensing elements and the corresponding fluidics is the
presence of systematic artifacts arising from transport limitations in the fluidic channels. Here, we first
analyze the variation in the adsorbed protein layer masses detected by the different array elements
(Figure 5) and then compare transport kinetics of the analytes in the fluidic cartridge with theoretical
predictions based on molecular diffusion coefficients and the geometry of the fluidic channels and the
arrays (Figure 6). We demonstrate lack of such systematic errors.
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Figure 5. Variation in the adsorbed mass as a function of the sensor position. The absolute deviation of
the adsorbed mass, normalized by the mean, is plotted against the row of the array element. mi is the
adsorbed mass detected by the i-th element of the array (see Figure S1). m is the average mass in a
given column. Different colors represent different experiments. Results of each individual experiment
are offset from each other for visibility. Blue open arrow indicates the direction of the fluidic flow up
the column.

Figure 6. Comparison of the experimental and theoretical molecular transport rates at the array
elements. Solid lines: experimental results for one array column obtained with Nav adsorbing on gold.
Open symbols: calculated Γ(x, t), where x specifies the distance between the inlet and the array element.

Indeed, it can be seen in Figure 5 that the distribution of the adsorbed masses of Nav as a function
of the array element location is random. For most of the experiments, the variation is <15%, in terms
of the absolute deviation. The data shown in Figure 5 also illustrate the robustness of the cartridge and
array system to repeated cleaning and assembly cycles; arrays survive up to 30 such cycles without
loss of performance.

Finally, we show that the experimentally observed transport rates can be compared
semi-quantitatively with the predictions of simple calculations based on the channel geometry
and molecular diffusion coefficient.

In the case of a flow through a rectangular channel with the width 2W and height 2R at a flow
rate Q, the evolution of the surface coverage as a function of time and position along the channel, x,

is described by Γ(x, t) = 0.49 D
2
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Cb t, where Γ(x, t) is the adsorbed mass at location x and time

t, D is the diffusion coefficient (60 μm2/s), and Cb is the bulk analyte concentration [42,43]. This equation
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describes transport to a surface by a combination of flow and diffusion. The results are plotted in
Figure 6 for our channel dimensions, Q = 4 μL/min, Cb = 0.195 mg/mL and three different locations x,
such that the first sensor is 1.8 mm from the inlet and the distance between the sensors is 1.8 mm. In the
example shown in Figure 6, only the last of the four sensor elements displays significant deviation.
The leveling off of the adsorption curves at longer times is due to surface saturation that is not taken
into account by this equation, which only considers the transport of the molecules to the surface.

This equation applies to situations where surfaces act as “perfect sinks” (adsorption kinetics is
transport-limited, or, equivalently, the rate, at which the molecule binds to the surface >> than the
transport rate), and when the flow-mediated transport is much faster, than the diffusion-mediated
transport so that the bulk concentration profile in the x-direction is uniform in time. The first of the two
conditions is met in cases of quasi-irreversible adsorption of protein molecules at bare surfaces in the
initial stages of the adsorption [44,45]. The second needs to be evaluated by comparing transport and
diffusive timescales in our geometry. This can be formally done in terms of a pair of Peclet numbers,
one comparing transport and diffusive timescales along the channel normal (PeH = Q

2DW .), and the
other—along the channel length (PeS = 6λ2PeH, where λ = Ls/2R is the ratio of sensor length to
the channel height, and other variables are as defined above) [46]. For our geometry, for all relevant
flow rates, both PeH � 1 and PeS � 1, indicating that indeed, the flow-mediated transport along the
channel is much faster, than the diffusion across the channel, and substantiating the validity of the
above equation for Γ(x, t). A more detailed analysis of the Peclet numbers for different analyte species
can be found in Supplementary Section S3.

The differences between experiment and calculation, such as the one visible in Figure 6 for the last
sensor in a column, must originate from the deviations of the channel geometry from that of a straight
rectangular channel (inlet and outlet at 90◦ to the channel axis) and variation of the surface properties
(advantageous contamination) between the sensor elements.

One further important assumption underpins the above analysis: that the material of the fluid cell
is essentially non-adsorbing. This is because the well, where the analyte is placed (Figure 1, red circle),
is located some 11 mm from the first sensor. However, it is impossible to fit the data for all four sensors
if x for the first sensor is set to 11 mm, because the differences between sensor locations (1.8 mm apart)
become irrelevant in comparison with the long inlet tube. The observed differences in the adsorption
rates for the four sensors shown in Figure 6 therefore indicate that there is a minimal loss of the analyte
on the inlet tube itself.

4. Conclusions

A microfluidic cartridge designed to host an array of 24 HFF-QCM resonators in bioanalytical
applications was implemented. It works as a mechanical, electrical and thermal interface between the
QCMD sensing array, the characterization instrument, and the fluid analyte. Currently, the assembly is
aimed at research laboratories that reuse the array and allows fast and easy assembly and disassembly
of the cartridge. Re-use of 30+ times with repeated surface cleaning is demonstrated. Use of low
cost of the materials (PMMA, PDMS, custom PCB) makes the design appropriate for disposable
applications. The functionality of the array + cartridge combination is evaluated using air-liquid shifts
and adsorption of biomacromolecules (biotinylated albumin and neutravidin). Experimental results on
the adsorbed masses and adsorption rates demonstrate quantitative agreement with the literature and
theoretical considerations (protein geometry, transport conditions). Systematic errors arising from flow
geometry are ruled out. The array + cartridge combination is used to show that the first adsorption
step is critical in defining the molecular properties of the sensing interface: adsorbing neutravidin
onto biotinylated BSA pre-adsorbed on the gold results in a more controlled layer of biotin sites for
the subsequent sensing application than adsorbing neutravidin directly on the gold. In summary,
the device is shown to be robust and function reliably in complex biosensing applications. In the future,
it will be used to test human DNA samples for single base mutations in the colorectal cancer liquid
biopsy samples and extended to immunoassays for pesticide and antibiotic detection in honey samples.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/12/189/s1,
Element positions on the Monolithic 150 MHz HFF QCMD sensor array. Quantification of adsorbed protein
masses with the array and the individual sensors. Literature values for the dimensions and adsorbed layer masses
for BSA, bBSA, and Nav. Peclet numbers and depletion thickness layer calculation. Figure S1: Monolithic 150 MHz
HFF-QCMD sensor arrays. Numbers indicate the i-th element of the array, where i = r +4(c − 1) with r = 1–4 and
c = 1–6 row and column indexes, respectively. Table S1: Quantification of adsorbed protein masses. Table S2:
Literature values for the dimensions and adsorbed layer masses for BSA, bBSA, and Nav. Table S3: PeH calculated

for different flow rates and biomolecules. Table S4: Pe _S calculated for different gasket deformation.
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Abstract: Ferritin is a clinically important biomarker which reflects the state of iron in the body and
is directly involved with anemia. Current methods available for ferritin estimation are generally
not portable or they do not provide a fast response. To combat these issues, an attempt was
made for lab-on-a-chip-based electrochemical detection of ferritin, developed with an integrated
electrochemically active screen-printed electrode (SPE), combining nanotechnology, microfluidics,
and electrochemistry. The SPE surface was modified with amine-functionalized graphene oxide
to facilitate the binding of ferritin antibodies on the electrode surface. The functionalized SPE was
embedded in the microfluidic flow cell with a simple magnetic clamping mechanism to allow
continuous electrochemical detection of ferritin. Ferritin detection was accomplished via cyclic
voltammetry with a dynamic linear range from 7.81 to 500 ng·mL−1 and an LOD of 0.413 ng·mL−1.
The sensor performance was verified with spiked human serum samples. Furthermore, the sensor
was validated by comparing its response with the response of the conventional ELISA method.
The current method of microfluidic flow cell-based electrochemical ferritin detection demonstrated
promising sensitivity and selectivity. This confirmed the plausibility of using the reported technique
in point-of-care testing applications at a much faster rate than conventional techniques.

Keywords: amine functionalization; graphene oxide; immunosensor; electrochemistry; ferritin;
microfluidics

1. Introduction

Anemia is a key healthcare challenge in India, especially for women, and is the top cause for
maternal deaths in India (~50%) [1]. Other than India, countries like Bangladesh, Nepal, Bhutan,
Afghanistan, many African, and some Central American counties face severe anemia prevalence in
pregnant women (WHO Global Database on Anemia, World Health Organization). Furthermore,
the highest prevalence of anemia is seen in Africa followed by Southeast Asia (according to the World
Health Organization). Ferritin is one of the key biomarkers for anemia and it is an iron storing
and transport protein [2]. It helps in preventing iron overload and associated toxicity effects [3],
and is very critical in pregnancy and thus requires regular monitoring [4]. Apart from being an
active biomarker for anemia, it also indicates level of oxidative stress. According to WHO guidelines,
the normal level for ferritin should be between 15 and 200 ng·mL−1 for males and 15 and 150 ng·mL−1

for females, respectively. Imbalance in its concentration is associated with a range of fatal diseases,
including cardiovascular disease [5], chronic kidney disease [6], Still’s disease [7], and hemophagocytic
syndrome [8]. In cancer also, ferritin is known to be upregulated and has been reported to be a marker
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for the diagnosis of this deadly disease [9]. Low levels of iron in pregnancy are readily treatable with
tablets or diet recommendation to help fetal development. In a country like India, people often have to
be assisted to attend health care facilities for check-ups. This results in loss of daily wages not only of
the patient but also the person accompanying them, and thus causes a significant financial burden.
The vision for the research conducted here is to develop a biosensor to be distributed by NGOs or other
health monitoring agencies with access to the rural population.

Like many clinical markers, ferritin is conventionally detected using an Enzyme-Linked
Immunosorbent Assay (ELISA). However, it requires not only skilled personnel but also involves use
of specialized reagents such as enzyme linked antibodies and chromogens which make the method
costly and time consuming [10]. The ELISA plate used for measuring an analyte has to be treated
first to encourage binding of the biomolecules to the well surface. Following treatment, it then needs
to be pre-coated with the primary antibodies. Once an antigen binds to the primary antibodies,
secondary labeled antibodies and a chromogen are required to generate a color. Radioimmunoassays
(RIA) on the other hand require usage of radiolabeled antibodies which are hazardous for daily
handling. Though these conventionally used techniques are sensitive and selective to a large extent,
generally they are not portable or do not provide a fast response. There is therefore a need for a
dynamic, portable, and sensitive system for ferritin detection. Electrochemical methods are often
attractive in clinical diagnostics settings, due to their ease of operation, minimal sample preparation,
and easy data interpretation [11]. Recently, ferritin detection using electrochemical techniques has
gained attraction [12,13], employing static systems [12–18]. Researchers of this manuscript have also
recently reported the use of biosurfactant functionalized tungsten disulfide quantum dots for the
electrochemical detection of ferritin using screen printed electrodes as a platform [19]. However,
the availability of biosurfactant for synthesis of quantum dots is a limitation as the yield of biosurfactant
is low from the microbe in use.

Continuous flow systems for in-line measurements in real-time allow running of patient samples
one after another in a clinical setup. Thus, here, we investigated the electrochemical analysis of
ferritin in continuous flow using a lab-on-a-chip-based approach with a microfluidic flow cell with an
integrated, yet, readily exchangeable electrode. Lab-on-a-chip-based analysis platforms have been
developed previously for electrochemical sensing of hydrogen ions, metals, nitrate and nitrite ions,
phenolic compounds, pesticides and herbicides, and bacteria [20], including electrochemical detection
of cancer biomarkers (carcinoembryonic antigen, prostate specific antigen, and cancer antigen 15-3
(CA15-3) [21]. Ko et al. reported ferritin immunosensing using a polymeric microfluidic device with
gold electrodes [22]. However, the process of electrode modification and chip design are very complex.
In our work, the lab-on-a-chip platform was integrated with electrochemically active carbon-coated
screen-printed electrode (SPCE). The screen-printed electrodes provide a cost-effective platform for
electrochemical measurements, as they are mass produced with minimum batch to batch variation,
can be purchased in bulk, and can be read out with portable potentiostats, enabling point-of-care or even
in-the-field application [23,24]. Owing to these advantages, researchers have combined screen-printed
electrodes with flow cells for the electrochemical detection of various analytes [25–29]. Most of these
flow cells allow screen-printed electrodes to be integrated in such a fashion that the flow cell cannot
be reused once the measurements are made. This means that both the electrode and flow cell have
to be disposed of. Furthermore, the flow cell designs are very intricate and do not provide a very
controlled flow over the electrode surface. Thus, there is a need for a simple flow cell with integrated
screen-printed electrodes for analysis of biomarkers such as ferritin, which allows ready exchange of
electrodes and also provide a controlled flow over the electrode surface to enable precise control of
time for binding and washing steps.

Therefore, we employed a simple flow cell and a magnetic clamping mechanism, previously
developed in our group for glucose analysis [30] to study the electrochemical detection of ferritin.
The different concentrations of the ferritin antigen were run one after the other on the electrode system
with buffer washings in between them as is required for a clinical device. To the best of our knowledge,
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the use of a graphene-based 2D layered material as a platform for the continuous electrochemical
sensing of ferritin in a simple flow cell has not yet been reported. Here, layered materials refer to those
structures wherein layers of atoms are stacked on top of one another. Based on the available literature
for the continuous electrochemical detection of ferritin, it can be concluded that a simple flow cell is
required which can house the functionalized electrodes, thus increasing its flexibility of use. The study
therefore aims to design and fabricate a flow cell with an integrated commercially available electrode
which is modified with amine-functionalized graphene oxide, onto which anti-ferritin antibodies were
immobilized for the continuous flow-based detection of ferritin, which is a novelty.

2. Experimental Section

2.1. Materials

Graphite powder was purchased from Alfa Aeser (Mumbai, India). Potassium permanganate,
amino-terephthalic acid (NH2-BDC), and sodium nitrate were sourced from Sigma-Aldrich (Bengaluru,
India). Sulfuric acid and hydrogen peroxide were obtained from Merck (Mumbai, India). Ferritin antigen,
anti-ferritin antibody, myoglobin, hemoglobin, bovine serum albumin (BSA), human serum (USA
origin, sterile-filtered), potassium ferrocyanide, potassium ferricyanide, ethylene diamine tetra acetic
acid (EDTA), and phosphate buffer saline tablets (PBS) (pH 7.4) were bought from Sigma-Aldrich
(Dorset, UK). A ferritin ELISA kit was used for the validation studies from Orgentec (Mainz, Germany).
DropSens carbon-coated screen-printed electrodes (SPCE, DS110) were procured from Metrohm
(Runcorn, UK). A Milli-Q reverse osmosis system was used to obtain deionized water and was used
for performing all experiments (Millipore, UK). Details of NH2-GO synthesis and its characterization
are given in Supplementary Information ESI1.

2.2. Fabrication of Microfluidics Flow Cell and Surface Modification of Electrode

The flow cell was designed on AutoDesk Inventor 2019 (San Rafael, CA, USA) and was fabricated
from two layers of poly(methyl methacrylate) (PMMA) via a CNC milling (Datron M7, Datron,
Germany) with 0.5, 1, 3, and 6 mm carbide drill bits (Figure 1). The outer dimensions of the flow cell
were 35 mm × 30 mm × 4 mm. The top layer featured a 29 mm long, 10 mm wide, and 1 mm deep
groove to house the DropSens SPE electrode. This layer also featured a spiral channel for transporting
liquid over the surface of the working electrode. The spiral had a 3.8 mm diameter and the channel was
0.6 mm wide and 140 μm deep, with a total length of 19.45 mm, capable of handling an internal volume
of 3.30 μL. At either end, there was an inlet and outlet hole (1 mm diameter). Both plates also featured
wells of 6.2 mm diameter and 3.5 mm depth to hold NdFeB magnets (6 mm diameter, 3 mm height).
The NdFeB magnets were obtained from Magnet Sales (Wiltshire, UK) and were used for clamping the
plates together with the electrode. An O-ring (Size BS012, Nitrile, Simrit Service Centre Cramlington
Ltd., UK) was used to ensure leak-free operation. Tubing (0.3 mm i.d., 1.58 mm o.d., Supelco) and
capillary (100 μm i.d. and 363 μm o.d., Polymicro Technologies) were glued into the inlet and outlet
holes with Araldite glue. At the inlet site, the tubing was interfaced to a syringe (1 mL), using an
adapter (Luer (Female) to 1/4”-28 flat bottom (Female)) and flangeless fitting (1/4”-28 flat bottom).
At the outlet site, tubing was inserted into a collection vessel. The liquid was pumped through the
microfluidic chip via a syringe pump (11 Elite, Harvard Apparatus, MA, USA) (Figure 1c). A flow rate
of 10 μL·min−1 was applied unless otherwise stated, equating a flow speed of 1.984 mm·s−1 in the spiral
channel. Before insertion into the chip device, the surface of a carbon coated screen-printed electrode
(SPCE) with a working area of 11.34 mm2 was modified with the amine-functionalized graphene
oxide (NH2-GO) by drop casting. Ten microliters of NH2-GO suspension prepared in deionized water
(1 mg·mL−1) was sonicated for 30 min prior to pipetting onto the working area of the electrode, and left
to air dry for ~30 min [31]. The electrodes were clamped between the PMMA plates prior to use.
Electrochemical measurements via cyclic voltammetry (CV) were recorded on a PalmSens3 potentiostat
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(Netherlands), interfaced with a computer using PSTrace software. The screen-printed electrode was
coupled to the potentiostat via DRP-CAC (Metrohm, Runcorn, UK) cable connectors.

 

Figure 1. (a, b) Details of the microfluidic flow cell design. The top poly(methyl methacrylate) (PMMA)
plate featured a groove to house the carbon-coated screen-printed electrode (SPCE), a spiral channel
to move liquid over the working electrode surface with inlet an outlet holes, as well as four circular
grooves to house the NdFeB magnets for clamping. The bottom plate was flat apart from the four
magnet holding recesses. (c) Photograph of the experimental setup showing the syringe pump and
collection vessel for fluid movement through the microfluidic flow cell with integrated SPCE electrode
connected to a small potentiostat for recording of electrochemical measurements.

2.3. Electrochemical Measurements

Cyclic voltammetry (CV) was used for electrochemical characterization of the electrodes along
with ferritin sensing. Ferritin antibodies (FerAb) were immobilized on NH2-GO modified SPCE
for ferritin (Fer) sensing. For immobilization of the ferritin antibodies, 10 μL of antibody solution
(10 μg·mL−1) prepared in phosphate buffer was drop-casted on the NH2-GO modified SPCE and left for
air dry for about 30 min. It is expected that the amine groups present on the NH2-GO will bind to the
carboxyl groups present in the Fc region of the antibody, therefore creating a strong binding force for
the antibody to remain on the electrode surface. For CV measurements, the phosphate buffer consisting
of 1.0 mM Fe(CN)6

3−/Fe(CN)6
4− as redox marker was used as an electrolyte and voltammograms were

run in the potential window of −0.5 V to 0.7 V. The electrochemical characterization of the electrodes
involved measuring the electrochemical response of the SPCEs after each modification; bare SPCE,
NH2-GO@SPCE, FerAb/NH2-GO@SPCE, and Fer/FerAb/NH2-GO@SPCE. This was performed to ensure
electrochemical activity of the sequentially modified electrodes, which is a prerequisite for any
electrochemical sensing. For electrochemical characterization, the effect of scan rate (0.02 V·s−1 to
0.10 V·s−1) and flow rate (0.0 and 40 μL·min−1) on the response of the developed lab-on-a-chip
embedded SPCE was also studied. The stability of the NH2-GO-modified electrode was verified by
recording its cyclic voltammograms for 96 cycles from −0.5 V to 0.5 V at a scan rate of 0.04 V·s−1.
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For ferritin quantification, different concentrations of ferritin were prepared in a redox probe
containing buffer. A redox probe containing buffer without any ferritin was used as a blank. Solutions
were loaded into the syringe and pumped through the microfluidic device at 10 μL·min−1. This flow
rate had been optimized and is discussed below. In between measurements, the electrode surface was
washed with phosphate buffer for 10 min. The effect of buffer pH (pH 5.5 to pH 8.5) and interfering
agents (hemoglobin, BSA, and myoglobin) on the CV signal were also studied. For this, the pH
of the redox probe containing buffer was adjusted with hydrochloric acid and sodium hydroxide.
The interferents were added to the sample solutions at a concentration of 500 ng·mL−1.

To check the reusability of the sensor, regeneration studies were performed. For this, after pumping
a certain concentration of ferritin over the electrode and recording its response, a solution of 30 mM
EDTA was introduced to remove the bound antigen. Then, PBS was pumped through the device
for washing, followed by pumping of ferritin analyte solution. This cycle was repeated five times.
The sensor performance was further validated by comparing the results with those obtained from
a commercial ELISA kit. For serum studies, human serum samples were aliquoted and kept in the
freezer until use and were thawed prior to use. A known concentration of ferritin was spiked into the
serum to obtain samples with different ferritin concentration and the current response was recorded as
before. All the experiments were performed at room temperature (~20 ◦C).

2.4. Computer Simulations

Computer simulations were carried out in COMSOL Multiphysics 5.2 (COMSOL AB). Mesh
convergence assessments were performed on simulation geometries to determine the appropriate
mesh settings in each of the simulations. COMSOL’s physics for laminar flow and transport of diluted
chemical species were employed for the simulations. The computed flows were calculated based on the
assumption of a non-compressible fluid and with a no-slip boundary condition imposed on the wall
domains. The transport of ferritin in the simulation was described by the generic diffusion equation
(Equation (1)) with R as a reaction term,

→
u as the velocity field, and c is the concentration of the species.

dc
dt

= ∇ · (D∇c) −∇ · (→uc) + R (1)

3. Results and Discussion

3.1. Characterization of Amine-Functionalized Graphene Oxide (NH2-GO)

The amine-functionalized graphene oxide was characterized via spectroscopy, X-ray diffraction
analysis, and electron microcopy as laid out in the experimental section. The detailed results of UV/Vis
spectra (Figure S1), FTIR spectra (Figure S2), Raman spectra (Figure S3), XRD pattern (Figure S4),
and TEM images (Figure S5) are discussed in the Supplementary Information.

3.2. Computer Simulations

COMSOL was used to study the flow profile and changes in the concentration of the liquid
inside the flow cell. For the simulations, the probe points were set at the inlet port as well as spread
across the spiral channel in the flow cell (Figure 2). The simulation showed the evolution over time
of the concentration at five distinct points on the electrode surface. The results demonstrate that a
concentration of 50% is attained at the center surface point following approximately 17 s with 100%
being achieved at 60 s. In comparison, the two peripheral surface points closest to the outlet attained
50% concentration at ~47 s, whereas the two furthest away peripheral surface points took more than
90 s.

Furthermore, it is worth noting from the modeling that the spiral channel, intended to effectively
guide the flow over the counter and reference electrode, did not fully achieve this aim. This is likely to
be due to the gap of ~500 μm in our design between the top and bottom plates of the magnetically
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clamped assembly, caused by the O-ring seal. The spiral channel is thus located above a 500 μm high
circular chamber above the electrode. The design and thus guidance of the flow could be improved by
the application of a thinner O-ring, a stronger clamping force via stronger magnets or a change to nuts
and bolts to reduce the height of this gap. This would also reduce diffusion distances and diffusion
times significantly and increase the sensitivity and speed of the sensor response.

 

Figure 2. COMSOL simulations showing (a) the simulation geometry with five simulation probe points.
The location of the reference, working and counter electrode at the bottom of the flow cell are shown in
grey. (b) Evolution of concentration over time (normalized) at the five simulation points.

3.3. Electrochemical Characterization

Effect of Scan Rate

The effect of scan rate on electrode response was studied for a bare SPCE, as well as for SPCEs
functionalized with NH2-GO@SPCE and FerAb/NH2-GO@SPCE. The scan rate was varied from
0.02 V·s−1 to 0.10 V·s−1. The obtained cyclic voltammograms, as well as plots of current versus scan rate
and current versus square root of scan rate, are shown in Figure S6. The cyclic voltammograms showed
oxidation and reduction peaks at 0.3 V·s−1 and −0.1 V·s−1, respectively, corresponding to the conversion
of Fe3+ to Fe2+ and vice versa (Figure S6a,d,g). With increased scan rate, the current increased in all
the electrodes (Figure S6b,e,h), while the redox potential changed in position. The increase in current
signal with increase in scan rate, can be accounted for decrease in diffusion layer at the electrode
surface, as a result of which more current flows [32,33]. The R2 value for the plots of current versus
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square root of scan rate was observed to be higher as compared to current versus scan rate, as expected
by the Randles–Sevcik equation, which states that for reversible electrochemical reactions, the current
increases linearly with the square root of the scan rate. This can be extended to the state that our system
has free diffusing species and the electroactive species are not limited to the electrode surface [32,33].

Effect of Flow Rate

The effect of flow rate through the channels on the electrode signal was studied next. A phosphate
buffer containing redox probe was pumped at different flow rates (0.0 and 40 μL·min−1) through the
device with a non-functionalized SPCE. The Ipa/Ipc ratios were calculated and the observed trend is
shown in Figure S7. The ratio of Ipa/Ipc is linked to the reversibility of the reactions taking place at the
electrode surface; a ratio close to 1 is expected for a highly reversible process. It is clearly evident from
Figure S7 that at flow rate of 10 μL·min−1, the ratio for the anodic to the cathodic current is closest to 1.
Thus, this flow rate was chosen for further experimentation purposes.

Stability of NH2-GO Coating

The stability of the NH2-GO coating on the electrode was checked by continuously pumping the
redox marker over the modified electrode and 48 scans were run. For up to 25 scans, the response
was constant (Figure 3a); thereafter, a slight decrease in electrochemical response started to appear.
On reaching the 48th scan, a 6.7% decline in current was observed. This suggests that the NH2-GO
coating on the electrode is sturdy and stable, and thus potentially suitable as a biosensor for continuous
detection of an analyte over an extended period of time. The stability of the FerAb/NH2-GO was not
evaluated. This can be attributed to fact that the amine groups present on the NH2-GO were able
to covalently bind to the carboxyl groups on the antibody. This ensured a strong binding force and
hence the check on stability of the surface after antibody immobilization was not considered. This is
in line with the work done by Gupta et al. wherein they used NH2-GO as a platform for the direct
immobilization of anti-E. coli antibodies [34].

Figure 3. (a) Effect of number of scans on stability of NH2-GO-modified SPCE. (b) Cyclic Voltammogram
(CV) response with varying flow rates and Cyclic Voltammogram of sequentially modified electrode
(Bare SPCE, NH2-GO@SPCE, FerAb/NH2-GO@SPCE, and Fer/FerAb/NH2-GO@SPCE, respectively) in
buffer containing redox marker at a scan rate of 0.04 V·s−1.

Effect of Functionalization and Antibody Immobilization

To study the effect of functionalization and antibody immobilization, cyclic voltammograms
were recorded for all the sequentially modified electrodes, i.e., bare SPCE, NH2-GO@SPCE,
FerAb/NH2-GO@SPCE and Fer/FerAb/NH2-GO@SPCE (Figure 3b). The electrochemical response
of bare SPCE increased when modified with NH2-GO, which can be explained by the role of lone pair
of electrons present on the nitrogen atom. This easily available lone pair of electrons participates in the

121



Biosensors 2020, 10, 91

electron transfer processes taking place at the electrode surface resulting in an increase in the conduction
of the system. The introduction of ferritin antibodies on the electrode however resulted in a decrease
in current, which is attributed to the insulating effect caused by biological molecules [35]. Though we
could not calculate the antibody density on the electrode surface, work done by Chouda et al. reports an
antibody density of 4.8 × 1012 Ab/cm2 for an immunosensor for Staphylococcus aureus. The authors used
charge transfer resistance values before and after antibody immobilization to calculate the antibody
coverage on the electrode [36]. On the addition of antigen, an immunocomplex forms between antigen
and antibody, which reduces the current significantly, further hindering the flow of current [37].

Electrochemical Detection of Ferritin and Sensor Performance

The microfluidic flow cell was next tested for quantitative electrochemical analysis of ferritin.
The Fer/FerAb/NH2-GO@SPCE was fitted into the flow cell and different concentrations of ferritin
prepared in phosphate buffer consisting of 1.0 mM Fe(CN)6

3−/Fe(CN)6
4− were pumped at 10 μL min−1

over the electrode whilst the cyclic voltammograms were recorded (Figure 4a). The current decreased
as the concentration of ferritin was increased (Figure 4b) as expected from the insulating effect of the
immune complex [35]. The linearity range obtained was 7.81 to 500 ng·mL−1, which covers the clinically
relevant range. An R2 value of 0.996 was obtained with the limit of detection (LOD) of 0.413 ng·mL−1.
The LOD, a value which indicates the lowest quantity of an analyte, differentiable from the absence of
that substance, was calculated using the formula: LOD = 3.3 × (Standard deviation/slope). As per the
IUPAC nomenclature, the LOD is defined as the minimal detectable value as the mean blank value
plus three times the standard deviation [38–41].

Figure 4. (a) Cyclic voltammograms from Fer/FerAb/NH2-GO@SPCE in presence of ferritin
(7.81–500 ng·mL−1). (b) Logarithmic plot of ferritin concentration versus obtained current. (c) Cyclic
voltammograms and (d) bar chart of obtained currents when varying the pH between pH 5.5 and
pH 8.5. (e) Cyclic voltammograms and (f) bar charts of currents obtained from five separately prepared
electrodes to confirm reproducibility.

Further, the effect of pH on the response of the lab-on-a-chip-based immunosensor was studied
(Figure 4c,d). As the pH was changed from acidic (pH 5.5) to neutral (pH 7.5), the current response
increased, with the maximum response observed at pH 7.5. When moving towards the alkaline pH
range, i.e., pH 8.0 and pH 8.5, the current signal decreased, which could be attributed to denaturation
and instability of the proteins at non-physiological conditions [35]. Ferritin has a pI of ~5.5, thus the
increasing negative charge at the higher pH values will increase electrostatic repulsion between the
participating moieties and hence the current decreases [42]. The same trend with pH variation was
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also observed by Garg et al. [19]. The sensor reproducibility was verified by preparing five electrodes
in the same way and recording their response (Figure 4e,f). It was found that all the electrodes gave a
similar response with a relative standard deviation of 0.74%.

The selectivity of the immunosensor chip device towards ferritin was confirmed by interference
studies with oxygen binding proteins such hemoglobin, myoglobin, and bovine serum albumin
(Figure 5a,b). It was observed that these interferents had a negligible effect on the sensor readout.
The reusability of the sensor was evaluated using regeneration following EDTA and PBS wash,
as described in the experimental section. As can be seen from Figure 5c,d, after five cycles of
regeneration, the current response dropped to ~11% as compared to the initial point. This hints at
the possibility of reusing the sensor device for a number of scans before a change of electrode would
be required.

Figure 5. (a) Cyclic voltammograms and (b) bar chart of currents of obtained from ferritin in the
absence and presence of interferents, i.e., hemoglobin (Hb), myoglobin (Myo), and bovine serum
albumin (BSA). (c) Cyclic voltammograms and (d) bar chart of currents of obtained five cycles of ferritin
analysis and regeneration.

The practical applicability of the biosensor device was investigated with ferritin spiked into human
serum at different concentrations, i.e., 31.25 ng·mL−1, 62.50 ng·mL−1, and 125 ng·mL−1. The obtained
signal was converted to a quantitative readout via the calibration curve as shown in Figure 4b.
The current obtained from these spiked serum samples was used to calculate the concentration of
ferritin in those samples by using the linear equation obtained from the standard calibration curve.
This resulted in a deviation of ~5–10% with potential for further optimization (Table 1).
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Table 1. Results for ferritin spiked into human serum samples.

Concentration Added (ng·mL−1) Concentration Found (ng·mL−1) % Found

31.25 34.47 110.30
62.50 70.91 113.45
125 120.27 96.21

For further evaluation, sensor response was compared to that of a commercially available ELISA
kit. The linear range in case of the ELISA was 0 to 1500 ng·mL−1 with an R2 value of 0.966 (Figure S8).
Though the linear range was higher than the present developed method, the major disadvantage
for the commercially available ELISA method is the use of secondary conjugated antibodies and a
chromogenic substrate to generate a readable signal. Moreover, for microplate readings used in ELISA
tests, a microplate reader is required, increasing the cost of the overall method. The lab-on-chip device
reported in the present manuscript on the other hand, uses only primary antibodies specific to the
ferritin antigen for the bio-recognition reactions. The handheld potentiostat employed with lab-on-chip
is not only portable but is also economical.

The current immunosensor performance is comparable with the previously reported microfluidic
or flow-based electrochemical sensors for ferritin. Ko et al. designed and fabricated a PDMS/PMMA-
laminated microfluidic device having an integrated gold-based electrode in the chip. The electrode was
immobilized with ferritin antigen and two sets of antibodies, anti-ferritin IgG and anti-IgG antibody
labeled with HRP, were used. The system relied on the precipitation reaction to generate the signal.
The work however suffered from the drawback of non-reusability of the electrode, which hinders
its usage as a point-of-care device [22]. The work by Reymond et al. on a microfluidic-based
ferritin immunoassay used an eight channel electrochemical microchip modified with magnetic and
non-magnetic microspheres for antibody immobilization. However, the research did not cover the
required clinical range of ferritin quantification [43]. In another article by Song et al., the use of cotton
thread as a microfluidic circuit was suggested, where three sets of antibodies were used in the sensor
fabrication. Though the linear range achieved by this sensor is very high (5 to 5000 ng·mL−1), the use
of multiple antibodies and a complex system increases the overall cost of the system [12]. The most
recent report for the detection of ferritin in a microfluidic fashion is the use of a paper-based electrode
system. The electrode was functionalized with graphene and further modified with EDC/NHS for
antibody immobilization to take place. This sensor performance was better than in our study in terms
of both linear range as well as the obtained LOD value. The main disadvantages of this work are the
multiple electrode preparation steps and the inability to change the electrode in the same microfluidic
device [44].

Based on the literature available for the microfluidic-based electrochemical detection of ferritin,
we can state that most of these were based on multiple steps for electrode functionalization and
employed different chemistries for antibody immobilization. Moreover, the systems lacked easy
replacement of electrodes. The immunosensor reported in the present manuscript is advantageous
over other reported immunosensors for ferritin in terms of covering the clinical ferritin range, and one
step process for both functionalization and immobilization. The amine functionalized graphene oxide
plays a dual role of electrode surface modifier and as well as immobilization matrix. The major
highlight of the current method is the continuous electrochemical detection of ferritin as compared to
the static-based systems mentioned in the introduction section. The current system has the microfluidic
channels manufactured into the top chip which allows easy electrode swapping, thereby giving
flexibility in terms of usage. We were able to demonstrate a dynamic method for the sensing of ferritin
which can be further improved upon, to develop a system for clinical settings. This device can be
useful in a small clinical setting with a lightly trained skilled technician. This system with further
improvements in the design (to make portable) can be used as a point-of-care technology. Moreover,
the system is open ended and can also be used for sensing of other analytes by changing the bioreceptor.
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4. Conclusions

An electrochemical microfluidic device for the sensitive determination of ferritin is demonstrated.
The microfluidic device enabled ferritin estimation in continuous flow, which will be helpful for
continuous monitoring. Furthermore, the amine functionalization of SPCE, integrated with the
lab-on-chip device, provided a platform for both electrode surface modification and immuno-sensing
to take place, thus simplifying the overall analysis process. The lab-on-chip with integrated
NH2-GO-functionalized SPCE is capable of sensing the ferritin in the range 7.81 to 500 ng·mL−1,
which covers the clinically relevant range and is found to be robust against pH changes and interferents.
Validation of the device was performed by comparing its response with the results from a standard
ELISA kit. The sensor response with spiked human serum samples showed promising results for
consideration for use in real time applications that can be operated even by nurses in small/local
healthcare facilities without requiring sophisticated machinery. This is a better alternative as compared
to a central facility where samples would have to be transported. Moreover, the device is open ended in
terms of applicability as simply by changing the bio-receptor, it can also be used for other biomarkers.
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Abstract: Microfluidics offer microenvironments for reagent delivery, handling, mixing, reaction,
and detection, but often demand the affiliated equipment for liquid control for these functions. As a
helpful tool, the capillary pressure control valve (CPCV) has become popular to avoid using affiliated
equipment. Liquid can be handled in a controlled manner by using the bubble pressure effects. In
this paper, we analyze and categorize the CPCVs via three determining parameters: surface tension,
contact angle, and microchannel shape. Finally, a few application scenarios and impacts of CPCV are
listed, which includes how CPVC simplify automation of microfluidic networks, work with other
driving modes; make extensive use of microfluidics by open channel, and sampling and delivery
with controlled manners. The authors hope this review will help the development and use of the
CPCV in microfluidic fields in both research and industry.

Keywords: capillary pressure control valve (CPCV); microfluidics; passive valve

1. Introduction

Microfluidic technology has made great progress in the past two decades, and is a
significant feature in a wide range of scientific and industrial work [1,2]. Microfluidic
processes have strong potential in biomedical applications due to their small volume of
samples and reagents, high throughput, and potential for automation. After decades
of development, microfluidic devices have moved partly from the laboratory to practi-
cal applications, such as cell separation [3,4], analytical reactions and detections [5,6],
immunoassays [7–9], as well as polymerase chain reaction (PCR) [10–12].

As a part of controlling and regulating liquid flow in microfluidics, micro-valves are
essential. They can also be reliable and inexpensive [13]. With the increasing complexity
and scale of microfluidic systems, research into microvalve designs has grown and various
types have been demonstrated [14]. The function of these valves can be divided into stop
valves [15], check valves [16,17], delay valves [18], retention valves [14], trigger valves [19],
and siphon valves [20]. In addition to the purpose of the valve, we can categorize valves by
the mechanism of actuation, which can be either active or passive. Active valves require an
external energy source such as electrostatic [21–23], electromagnetic [24,25], pneumatic [26],
hydraulic or photothermal [27–29]. These energy sources can control fluid flow through
the deformation of a boundary, as in electromechanical [30] and pneumatic valves [31].
The energy may also change the state of a boundary, for example, by melting ice [10],
wax [32,33], or a hydrogel [34]. These valves are best suited for repeatedly administering
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the liquid, controlling the pressure of the liquid, or pumping the liquid, but their operation
requires peripheral actuators that limit their use. In contrast, the passive valve does
not require additional driving equipment, which is more conducive to the integration
and miniaturization of equipment. Existing passive valves include capillary pressure
control valves [35], capillary burst valves [36], siphon valves [20], retention valves [14], flap
valves [37], and check valves [38–40].

In an active valve, flow stops until the barrier is removed by some external force. In a
passive valve the forward flow is stopped by a change in Laplace pressure. The capillary
pressure control valve (CPCV) is a kind of passive valve that relies on the Laplace pressure
generated by the change of the liquid front meniscus concavity. It may also be referred to
as the Laplace pressure control valve or capillary valve. CPCVs do not require external
equipment and rely solely on Laplace pressure at the liquid interfaces, which depends on
the surface tension, contact angle and channel shape. CPCVs have been widely used as flow
control valves in various microfluidic systems, which further enhances the performance of
micro devices and expands the functions available in an integrated microsystem [14,41].

Surface tension changes little for a given combination of fluid and gas at a constant
temperature, so the CPCV can be divided based on their actuating mechanism: either
contact angle changes or geometric changes. In the first group, the Laplace pressure
is different in two adjacent locations because of hydrophilic and hydrophobic pattern-
ing [42–45]. In the second group, the Laplace pressure is different in two adjacent locations
because of a change in geometry, typically an expansion, which changes the radius of
curvature [15,46,47].

The stopping principle of these valves is that the liquid will be blocked due to a
Laplace pressure change caused by a sudden change in the liquid front meniscus. To
open it and restore flow, the existing meniscus needs to be rebuilt to remove additional
pressure [36]. There are essentially two ways to do this. The first is to increase the fluid
pressure beyond the bubble pressure, usually by increasing the pumping pressure. In a
Lab on Disk system the pressure is increased by increasing the spin speed [48]. Through
theoretical calculation and experimental analysis, a large number of articles have reported
the relationship between break pressure and valve channel characteristics, including valve
channel geometry shape and material characteristics [36,46,49–51]. The second way to
open the valve is to bring fluid in from the stopped side of the valve. The merged meniscus
can then pass the stop valve. This is known as a trigger valve [19,52].

A. Olanrewaju et al. [14] have recently reviewed capillary microfluidics and described
the capillary networks. Among them, part of the contents are the collections of the CPCV
examples including stop valve, capillary trigger valve, capillary soft valve, capillary reten-
tion valve, retention burst valve, and delay valve. Moreover, the physics theories governing
capillary flow are described, and the concepts of capillary circuits are also introduced. In
this review, we focus on CPCV descriptions through the whole article. We discussed the
specific fundamental physics theories related to the CPCV in detail; categorized them
based on the theory elements with new applications of each kind of valve; discussed the
potential of real applications in industrial and academic fields. We analyzed the CPCV
examples from three fundamental elements: surface tension, contact angle and different
microchannel shape. We hope it can give a direction describing the specific phenomena
theoretically and easily for other academic and industrial control valves research, which
can have more useful applications.

There are four parts in this paper. Part 2 is for the categories of CPCV and different
three determining parameters of Laplace pressure, including surface tension, contact angle
as well as microchannel shape. Part 3 provides a review for different developments and
applications of CPCV. Part 4 is for the conclusions and outlook.
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2. Categories of CPCV

With the expansion of microfluidic technology, CPCV is more attractive as a kind of
passive valve, the threshold pressure of the valve is affected only by the geometry and
liquid properties of the device. As no moving parts are involved, these valves are easier to
manufacture and less likely to clog than moving valves.

The bubble pressure (or Laplace pressure) is the difference in pressure between the
inside and the outside of a curved surface, such as bubbles or droplets. The relationship
between Laplace pressure (P) and surface tension is described by Young–Laplace equation
as follows:

ΔP ≡ Pinside − Poutside = γ(
1

R1
+

1
R2

) (1)

The pressure is larger on the concave side of the meniscus (gas–liquid interface) than
on the convex side. Where γ is the surface tension of the liquid. R1 and R2 are the principal
radii of curvature of the meniscus related to the contact angle and microchannel shape,
where R = γ

cosθc
. The CPCV is categorized from the following aspects: surface tension γ,

contact angle θc, and its channel shape.

2.1. Surface Tension (γ)

Surface tension is defined in a very pragmatic way: the tension between any two
adjacent parts of a liquid surface that interact perpendicular to their unit length boundary
is called surface tension (γ). Using an arbitrary line to divide the liquid level into two
parts, surface tension can be understood as the pull of a molecule on one side on the other
side per unit length. At each point on both sides of the line, there is a surface tension
perpendicular to the line and tangent to the surface.

The surface tension of water/mineral oil can be calculated according to:

γ[mN/m] = 51.83 − 0.103T (2)

where T is temperature in Celsius. If the room temperature T is 22 ◦C, surface tension is
around 49.56 mN/m.

The surface tension can be caused by either the metallic bonds or the hydrogen bonds,
while the former one has a larger effect. Surface tension may be altered locally through
changing surface energy, such as addition of surfactants [53] or by applied sunlight or even
lasers [54] or magnetic fields [55].

2.2. Contact Angle (θ)

In 1805, Thomas Young defined the contact angle at the solid–liquid–gas three-phase
boundary. As shown in Figure 1A, the contact angle θc is the included angle from the
solid–liquid interface through the liquid interior to the gas–liquid interface. The contact
angle represents a method of showing liquid–solid adhesion.

The relation between interfacial tension and contact angle is given by Young’s equation:

γSG = γSL + γLGcosθc (3)

where γSG, γSL and γLG are the interfacial tensions between solid and gas, solid and liquid,
and liquid and gas, respectively.
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(A) (B) 

(C) (D) 

(E)

Figure 1. CPCV parameters and their relationships. (A) Definition of contact angle. (B) The relationship between the
angle of triangle expansion β and the liquid level meniscus. (C) The common geometrical parameters in CPCV boundary
pressure model are given. (D) Meniscus of axisymmetric channel in expansion regime bursting into divergent section,
where advancement of liquid is described mainly by wetted length x1 for (i) β < 90

◦
and (ii) β = 90

◦
. (E) Variation in

liquid pressure with liquid volume for hydrophilic and hydrophobic channels of R = 0.3 mm with expansion angles ranging
from β = 0 to 90◦, (i) hydrophilic channels interfacial properties γ = 0.072 N/m and θc = 66◦; (ii) hydrophobic channels
interfacial properties γ = 0.072 N/m and θc = 112◦. Reprinted with permission from [56]. Copyright (2008) The Japan
Society of Applied Physics.

2.2.1. Hydrophobic/Hydrophilic

Since γSG and γLG are constant, it is known from the Young’s equation that the contact
angle θc decreases accordingly when the surface tension between solid and liquid γSL
decreases, leading to the increase of adhesion energy standing for hydrophilic character-
istics. Additionally, vice versa, the contact angle increases standing for the hydrophobic
characteristics. A surface with droplet water contact angle greater than 90◦ is hydrophobic,
but less than 90◦ is deemed hydrophilic. The affinity between a material and water is
described by the term hydrophilic/hydrophobic. Materials with polar groups usually
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have great affinity for water and can attract water molecules to be easily wetted. On the
contrary, hydrophobic materials tend to be non-polar with no affinity for water and are
not easily wetted. For hydrophobic materials, when water comes into contact with the
surface of the material, the contact angle is generally greater than 90◦. Droplets that are
large enough to experience gravitational forces that exceed the capillary forces are likely
to break up into small droplets or beads. The opposite is true for hydrophilic materials,
where small droplets will aggregate into a film. As the water molecule is polar, materials
with polarizable surface groups tend to be hydrophilic, having contact angles that are less
than 90◦.

Common hydrophilic substances are aluminum, zinc, and other metals and their
oxides, glass and mica, quartz, talc, calcite, quartz, and many other minerals. In addition,
the single and associating -OH polar groups on the surface of the material, which can
form hydrogen bonds with water molecules, are hydrophilic. The hydrophobic group is
mainly represented by -NO2, Si-H, and Si-CHx groups, and the Si-F group also exists in a
small amount [57], such as paraffin, Teflon (PTFE), polyamide (PA), PC (polycarbonate),
PAN (polyacrylonitrile), fluorinated polyethylene, fluorocarbon wax, polyolefin, polyester,
fluoro-free acrylates, and so on. Modifying the surface of the material to chang the hy-
drophilic and hydrophobic nature can change the contact angle, which is an important
method to construct the surface tension valve.

Due to the capillarity property generated by surface tension, water is pulled into a mi-
crochannel with a hydrophilic surface inside, but it meets the stop barrier at the hydropho-
bic surfaces. Taking advantage of hydrophobic–hydrophilic interface (hydrophobic—more
hydrophobic; hydrophilic—more hydrophilic) effect can be used to manage the flow of
liquid in the microchannel [58].

2.2.2. Material Properties

Material selection is the first step in the fabrication of microfluidic chips, which directly
affects the function of chips and determines the processing and production methods of
subsequent chips. Chips made of different materials have different production costs,
processing difficulty and specific processing methods. The selection of chip materials
is also related to the observation and detection of subsequent experiments. Different
chip materials have a direct impact on the difficulty of optical detection in subsequent
experiments due to their different light transmittance. CPCV is an important part of a chip,
and different properties of different materials also directly affect the design and production
of CPCV.

The materials for making microfluidic chips generally include silicon, glass and
a variety of polymer materials, for example, polymethylmethacrylate (PMMA), poly-
dimethylsiloxane (PDMS), polystyrene (PS), and Polycarbonate (PC), etc. Table 1 shows
the advantages and weakness of common materials used to fabricate microfluidic chips,
where the contact angles with water were summarized.

It can be seen from Table 1 that, compared with silicon and glass, low cost and easy
processing are advantages of polymer materials, so polymer materials are mostly used
in the production of microfluidic chips. PDMS is a widely used polymer material for
microfluidic chip processing. PDMS is chemically inert and non-toxic; it has excellent
light permeability and is convenient for optical detection; with good plasticity, it is easy
to process; it is convenient for surface modification and bonding; it can be repeated many
times for mass production. In addition, most of the polymer materials are naturally
hydrophobic, such as PDMS (contact angle: 113.5 ± 2◦ [59]) and PMMA (contact angle:
97◦ [60]), and the surface performance is not stable. After hydrophilic treatment, there is
the phenomenon of hydrophobic recovery, which will gradually lose hydrophilicity and
return to hydrophobic state. This is very unfavorable for CPCV constructed by changing
surface hydrophilicity and hydrophobicity, and seriously affects the application expansion
of CPCV.
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Table 1. Properties of different materials for preparing microfluidic chips.

Materials Advantages Weaknesses Contact Angles with Water (◦)

Silicon

Chemical inertness
Smooth surface
Mature technology
Easy to mass production

Fragile
High cost
Opaque
Complex surface chemistry

Silica (super-hydrophobic): 161 [61]
Silica (conventional): 24.5 [61]
Silicon (FDTS): 113.7 ± 3.1 [62]
Silicon (DDMS):105 [63]

Glass
Good electroosmotic
Good optical properties
Easy for surface treatment

Fragile, high cost
Bonding difficult
Difficulty in a large aspect ratio

Glass (uncoated): 68.5 [64]
Glass (2% APTES): 40 [65]
Glass (MSNPs-CVD): 175 ± 2 [66]
Glass (MSNPs-Sol): 158 ± 2 [66]

Polymer

Variety and low cost
Transmission of light
Easy to process and form
Cheap mass production

Low heat-resistant
Low thermal conductivity

PDMS: 113.5 ± 2 [59]
PMMA: 97 [60]
PDMS (APTES+MA): 60 [67]

2.2.3. Surface Treatment Methods

The most commonly used materials for microfluidic devices, and therefore for surface
tension valves, are glass and PDMS. The chemical stability of PDMS is very good, so its sur-
face modification is quite difficult. In addition, the surface properties of PDMS are unstable.
Even if the surface of PDMS becomes hydrophilic through modification, the surface will
gradually lose hydrophilicity and return to the hydrophobic state, a phenomenon known as
hydrophobic recovery [68,69]. The mechanism of PDMS surface instability is not yet clear.
Most surface modification methods have not solved the problem of PDMS hydrophobic
recovery. Common surface treatment methods include plasma treatment [70,71], covalent
surfactants treatment [72], and Sol–gel coating [73,74].

Plasma treatment: this surface treatment method is currently the most commonly
used method for surface modification of PDMS [69]. Plasma is an ionized gaseous substance
composed of atoms deprived of some electrons and positive and negative ions generated
after the ionization of atomic groups. It is often regarded as the fourth state of matter in
addition to solid, liquid, and gas. In plasma treatment, oxygen plasma is used to react with
the surface of the material to expose its hydrophilic chemical functional groups. When
a surface is treated with hydrophilic plasma, it increases the surface energy of the object.
When the surface energy of an object is high, its adhesion is high. However, plasma surface
modification of PDMS can restore its hydrophobic properties within a few minutes, as
exposed hydrophilic groups recombine with uncured hydrophobic polymer chains, causing
the surface to lose hydrophilic properties. Maintaining the surface of the material in water
immediately after plasma treatment or using solvent extraction to remove the uncured
polymer can effectively slow down or prevent this recovery [70,71].

Surfactants treatment: surfactant molecules have charged “heads” and hydrophobic
“tails” that can easily adsorb onto the hydrophobic surface and change its surface prop-
erties. Amphiphilic surfactant molecules enter the microchannel by running the buffer,
the hydrophobic tail is physically adsorbed on the PDMS surface, and the hydrophilic
surfactant head is extended into the buffer, making the PDMS surface hydrophilic in situ,
to achieve the purpose of changing the surface properties of PDMS. This method not only
reduces the cost of surface modification, but also makes it more rapid and simple. As
the surfactant does not form a strong covalent bond with primary PDMS only by weak
hydrogen bond binding, desorption can occur, and excessive surfactants are needed to
dynamically supplement the desorption substances in the process, so as not to have a
negative impact on the surface performance.

Nowadays, a large number of surfactants are applied to PDMS surface modifica-
tion. For hydrophilic treatment, there is poly ethylene glycol methacrylate (PEGMA), 2-
hydroxy ethyl methacrylate (HEMA), O2 plasma, tween-20 [75], 3-aminopropyl triethoxysi-
lane (APTES) [67,76], polyvinyl alcohol (PVA) [72], polyvinylpyrrolidone (PVP) [77],
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Pluronic [78], etc. For hydrophobic treatment, there is octadecyltrichlorosilane (OTS) [79],
Sigmacoat [80], Fluorosilane coupling agent, Saline, etc.

Sol–gel coating: in this method, the “solution” and “sol” of compounds containing
high chemical active components are cured into a “gel” state through a series of treatments.
Sol–gel technology can rapidly and repeatedly construct a large number of ordered hy-
drophilic and hydrophobic surface structures on nanoscale surface, which is a promising
surface modification method at present [81–85]. The Sol–gel coating can be produced
by electrophoretic deposition, impregnation, and sputtering. At present, the deposition
coating mainly uses silica sol, which is composed of alkoxy compound and its composite
material with metal salt solution. Hydrophobic coatings can be formed directly by introduc-
ing a hydrophobic agent (hexamethyl-disilazane, trimethylchlorosilane) into the aerosol
and curing it on the material surface. In recent years, the preparation of hydrophobic
and super-hydrophobic surfaces has received extensive attention, among which the use of
organosilicon fluoro compounds, especially containing hydrolytic groups, is the key devel-
opment direction [86–88]. Fluorinated compounds can be used not only as modification
additives in the preparation of Sol–gel composites used for coating formation, but also as
the main components of hydrophobic coatings [89].

According to different materials and application scenarios, a large number of surface
modification methods have been proposed. Surface modification is a popular research
field, especially super-hydrophobic surfaces (which provide a wet angle of more than
150 degrees), including Nano-surface [86,87,90], which has been a new research hotspot
in the past two decades [74,89,91]. The surface modification method of PDMS mentioned
above is also applicable to common microfluidic materials such as plexiglass. For example,
hydrophobic glass can be obtained by preparing the surface of glass by Sol–gel method [92].
There are also other methods, such as ultraviolet (UV) treatment [93,94], chemical vapor
deposition (CVD) [95,96], self-assembled monolayers (SAMs) coatings, etc.

By changing the contact angle of the material through any of these methods, the
Laplace pressure of the liquid interface is changed. This shift in Laplace pressure is
essential for the manufacture and design of the CPCV.

2.2.4. Partial Hydrophilic/Hydrophobic Treatment

By coating the parylene layer and etching it with a designed pattern, the chip surface
can be hydrophobic. While the bottom of the microcavity is still hydrophilic, the parylene
layer also can be peeled off to restore surface hydrophilicity (Figure 2A). In another article,
silica pillars were coated with Cr and Teflon on top (red). During the lift off process, only
the top of silica pillars recovered hydrophilicity because Cr was only coated on the top
of pillars (Figure 2B). Local hydrophilic/hydrophobic property also can be obtained by
transferring the coating from plane to rugged structure (Figure 2C). To extract aqueous
droplets from oil, some local hydrophilic/hydrophobic structures were built. In one
work, Sigmacote (Sigma Aldrich, Burlington, MA, USA) was used to render the channels
hydrophobic upon further baking at 120 ◦C for 1 h. After that, the capillaries were brought
back to a hydrophilic state by stripping the silane layer. This is done by flowing 2-propanol
at both the inlet (10 kPa) and the outlet (−100 kPa) through the 50 μm channels while
drawing 0.1 M potassium hydroxide through the capillaries. In a similar work, a piece of
membrane was bonded with a droplets generation chip made of cyclic olefin copolymer
(COC) to extract aqueous droplets from oil (Figure 2D).
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(A) (B) 

  

(C) (D) 

Figure 2. Some examples of surface treatment. (A) Microwell arrays for bacteria stochastic assembly. Reprinted with
permission from [97]. (B) Hydrophilic in-hydrophobic femtolitre-well arrays. Blue color indicates hydrophilic surfaces;
red color hydrophobic surfaces. Reprinted with permission from [98]. (C) Spin coating liquid hydrophobic liquid to make
surface and part of chip wall hydrophobic. (D) Local hydrophilic/hydrophobic treatment silicon chip used in sampling
(the top half part) and hydrophilic membrane used in microfluidic droplet extraction (the lower half part). Reprinted with
permission from [80,99].

2.3. Channel Shape
2.3.1. Straight Microchannel

The principal radii of curvature R from Equation (1) may be different depending on
the shape of the microchannel. If the microchannel is a closed cylinder with radius r, the
fluid boundary meniscus in the channel is relatively static, and the two principal radii
of curvature of the meniscus are equal, substituting R = r/cosθc into Equation (1), the
Laplace pressure of the cylindrical channel can be obtained as follows:

ΔP =
2γ

r
cosθc (4)
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where θc is the contact angle for the fluids at the solid boundary. Due to the extensive
use of simple molding technology, a large number of microfluidic devices are rectangular
channels. The equation can be modified to a 3D model as [50]:

ΔP = 2γ(
1
w

+
1
h
)cosθc (5)

where, the curvature radius of the height h direction in the microchannel is Rh = h/(2cosθc),
and the width w direction is Rw = w/(2cosθc).

2.3.2. Shape Change Microchannel

In a closed hydrophilic microchannel, by gradually increasing the cross section of the
channel, the meniscus in front of the liquid will be eliminated and the additional Laplace
pressure generated by the contact angle can be offset. The details of several gradually
widening walls are summarized below.

In the rectangular channel, the gradual expansion of the channel can be carried out
along the two directions of width and height. In microchannel, the triangular expansion
angle β0 without attachment pressure should meet the following requirements:

ΔP =
2γ

h
(

cosθc − α
sinα sinβ

cosβ + sinβ
sinα [

α
sinα − cosα]

)ΔP = 2γ(
1
w

+
1
h
)cosθc (6)

The angle of triangular expansion is β. When β < β0, the liquid level meniscus is
concave, and liquid advances, wetting the surface. When β > β0, the liquid level meniscus
protrudes, and Laplace pressure creates a pressure barrier, stopping the flow of liquid
(Figure 1B).

If the microchannel height h is much bigger than the width w, then the meniscus can
be regarded as one-dimensional. The meniscus contour is considered as a section of sphere
with an arc angle of 2α. Man et al. give the pressure barrier P caused by 2D geometric
change in the case of channel mutation [47]:

ΔP =
2γ

h
(

cosθc − α
sinα sinβ

cosβ + sinβ
sinα [

α
sinα − cosα]

) (7)

The expression derived by Chen et al. gives the pressure model of the geometric
expansion of the micro-channel in the 3D model [100]:

ΔP =
2γ

w
[(−w

h
)cosθc + (

cosθc − αwsinβ
sinαw

−cosβ + sinβ
sinαw

( αw
sinαw

− cosαw)
)] (8)

Figure 1C is a top view of the model. β is the angle of expansion in the width w
direction. The depth h remains constant in the whole channel. The αw is circular arcs angle
in width directions.

Jerry M et al. undertook an extensive analysis of the axisymmetric channel pressure
barrier with sudden expansion (by suddenly increasing the cross section of the channel),
along the channel direction and gave the expression [56]:

ΔP =
−2γ

R + x1tanβ
[

cosθc − 2sinβ
1+cosα

cosβ − sinβ

sin3α
(2 − 3cosα + cos3α)

] (9)

As shown in Figure 1D, the axially symmetric channel radius of the column is R, and
the wetting length is x1. The meniscus shape, defined by α = min(π/2 − θc − β,−π),
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is held invariant throughout this regime. When β = 90
◦
, the meniscus shape is described

by α = −θc. The formula is as follows:

ΔP =
2γsinα

R + x1
(10)

Figure 1E shows the liquid pressure in hydrophilic (Figure 1E(i)) and hydrophobic
(Figure 1E(ii)) microchannels with a radius of 300 μm as a function of liquid volume for
expansion angles in the range β = 0–90◦. For a straight channel (β = 0), the pressure in
hydrophilic microchannels is maintained at a positive constant of 195 Pa driving the liquid
downstream without being blocked, the pressure in hydrophobic microchannels is negative
(−195 Pa) indicating that an external force is required to propel the liquid forward. As
the meniscus arrives at the edge where sudden expansion in the cross section begins, the
pressure drops rapidly to reach a minimum, followed by a steep increase. The liquid is
blocked by the pressure barrier formed at the sudden opening and an increase in liquid
volume needs an extra force. In other words, a sudden expansion of the microchannel
can act as a valve to control the flow of liquid in the channel. In hydrophilic pipe, if β is
small (β < β0), the falling pressure of the liquid is still positive, and the Laplace pressure
continues to push the liquid forward, it is a valveless state. Note that except for the channels
with large expansion angles (β + θc > π), threshold pressure increases with an increase in
expansion angle.

2.4. Examples of the CPCV

In microfluidics, a series of valves with unique structure and function are manufac-
tured using the principle above. There are many examples to show the control valve
applications [101–111]. According to the different functions of valves, CPCV includes stop
valve, trigger valve, and delay valve [112].

2.4.1. Stop Valves

The purpose of the stop valve is to temporarily block the flow of liquid in the capillary.
A stop valve can be formed by reasonably changing the structure of the meniscus in the
microchannel to generate the additional pressure we need and block the liquid flow. There
are two main ways: the first kind of valve depends on changes in the hydrophilic and
hydrophobic properties of the microchannel surface, such as the hydrophilic microchannel
surface which is coated with hydrophobic materials [45,113,114]. The second type of
capillary valve is fairly simple to manufacture and does not require additional surface
treatment to alter the microchannel hydrophilicity. The liquid is simply stopped when the
microchannel cross section changes abruptly (hydrophilic microchannels expand suddenly
or hydrophobic microchannels shrink suddenly) [46]. These stop valves can stop the flow
of liquid in microchannels without external forces and have been successfully used in the
partially wetted regime.

Surface treatment type stop valve. Go Takei et al. designed and manufactured a four-
step wettability passive surface tension stop valve with a pressure barrier of 6.8–12.5 kPa
based on the characteristics of titanium dioxide nanoparticles, and proposed a method
for microfluidics to control the surface wettability of microchannels [113]. The super-
hydrophobic surface can be obtained by hydrophobic treatment on the rough surface
of titanium dioxide. The surface wettability changes from super-hydrophobic to super-
hydrophilic by photocatalytic decomposition of hydrophobic molecules under controlled
light irradiation. The wettability pattern of the channel surface can be flexibly drawn,
exposure can be controlled by graphics, and wettability can be adjusted over a wide range.
Yingxue Zhang et al. used a surface tension stop valve that can be used in collecting skin
sweat. The valve is positioned at the interface between the single-opening liquid collection
chamber and the microfluidic channel to ensure the collection of sweat and reduce the
evaporation of sweat [45]. As shown in Figure 3A, when sweat enters the hydrophilic
microchannel, the stop valve forms a pressure barrier to prevent sweat from entering
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the back channel and forcing sweat into the collecting chamber. When the sweat fills the
chamber completely along the wall, the stop valve will not work and the liquid passes over
the stop valve.

 

 
(A) (B) 

  

(C) (D) 

 

 
(E) (F) 

Figure 3. Structures of CPCV. (A) Surface treatment type stop valve. Reprinted with permission from [45]. Copyright 2020
Royal Society of Chemistry. (B) Cross section expanding type stop valve. (C) Single layer trigger valve. (D) Stair-step trigger
valve. ((B–D) reprinted with permission from [14]. Copyright 2018 Royal Society of Chemistry.) (E) Chamfer-type trigger
valve. Reprinted with permission from [15]. (F) Comb-like delay valve. Reprinted with permission from [18].

Cross section expanding type stop valve. The liquid flow in the microchannel is
stopped by a sudden expansion in the channel geometry without external intervention.
The normal stop valve stops the liquid only by expanding the width of the microchannel.
This single-layer method is very simple and reliable in active hydrophobic systems. A two-
level stop valve was designed and manufactured by Gliere and Delattre using hydrophilic
microchannel and hydrophobic PDMS covers, and the threshold pressure and microchannel
size were theoretically analyzed and experimentally verified (Figure 3B). A two-level stop
valve with channel cross section extending along the width and depth was prepared by
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reactive ion etching technique. Tests on the 15 μm × 15 μm valve confirmed that the
valve can block the buffer normally and it opens at a burst pressure within the range of
1–10 kPa [46].

2.4.2. Trigger Valves

Stop valves can be easily converted into trigger valves by cross-setting two microchan-
nels. The flow of the first microchannel stops flowing at the intersection of channels, and
the stopped liquid flow can be restored when the second liquid reaches the intersection.

The trigger valve can be assembled by stop valves to allow the stopped liquid to
resume flow due to the subsequent trigger liquid [115,116]. For microfluidic applications
requiring accurate control of reaction time and liquid flow, ensuring that multiple reagents
reach the reaction chamber simultaneously is the core of the problem. If the reagents
that should have reached the cross junction of the channel do not arrive at the same
time, bubbles are often generated between multiple reagents because the inlet and outlet
channels are directly connected to the reaction chamber. These bubbles may change the
planned flow path of the reagent or directly truncate the channel [52]. Considering the
principle of the stop valve at the junction of multiple channels, the trigger valve is designed
to ensure that a single fluid stops at the valve, and the flow will be resumed only after the
arrival of the second liquid, which can effectively avoid the bubble problem existing in
the microchannel.

The geometry of the trigger valve determines its function. The basic structure consists
of two inlets and one outlet in a shape similar to the Y-junction (Figure 3C). When the liquid
from the two inlet reaches the connection point alone, the Laplace pressure of the liquid
increases due to the abrupt change of channel cross section, and the Y-junction acts as a
geometric stop valve. However, when more than one inlet liquid is present at the junction,
the valve allows the liquid to pass through the exit, because liquid contact rebuilds the
original liquid meniscus, and the Laplace pressure of the newly formed meniscus is not
enough to stop the liquid. These trigger valves can hold liquid in an inlet for an average of
15 min, but require a very high aspect ratio to successfully stop the liquid [14].

Yaw-Jen Chang et al. introduced the chamfered side structure into the trigger valve [15],
as shown in Figure 3E. As a flow control device, there will be a countercurrent phenomenon
in the commonly used T-type trigger valve, and the use of chamfer can alleviate this phe-
nomenon. The chamfered side of the valve not only holds the reagent in place, but also
increases the contact area between the reagents. Due to chamfering, the stop reagent
meniscus is more likely to be triggered by reconstruction, and the reagent is also more
likely to be pulled into the main channel.

The stair-step triggered valve with lower aspect ratios designed and discussed by
Zhang Lei et al. is shown in Figure 3D. Instead of two microchannels narrowing into a
point, the stair-step trigger valve microchannels meet at an orthogonal intersection. The
stair-trigger valve is sufficient to stop the liquid for more than 30 min and is more reliable
than the single level trigger valve. However, a single level trigger valve can stop either
liquid until both are present while the stair-trigger valve can only stop one liquid, which
seems more useful. The valve channel, with sudden expansion along the width and depth
of the channel, is fabricated on silicon using a two-step etching process. The two entrances
of the stair-step trigger valve are non-equivalent. The function of the stair-step trigger
valve is to stop the flow of the liquid from the cut-off passage and allow the liquid from the
triggered passage to pass through the stepped structure normally [19]. Chen, Xi et al. used
polyethylene glycol (PEG) and other materials to modify the surface to form the stair-step
liquid trigger valve, and further evaluated and discussed the reliability of the valve [117].

2.4.3. Delay Valves

For some microfluidic systems, it is necessary to accurately control the arrival time of
reagents. This can be accomplished with delay valves.
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The delay valve controls the liquid flow time by increasing the flow resistance which
decreases the liquid velocity or increasing the channel length to increase the wetting
length [18,42]. In order to reduce the velocity of the liquid, it is possible to add hydrophobic
marks in the channel to increase the resistance.

The moving speed of the filling liquid front in the wide microchannel is lower than
that in the narrow microchannel. M. Zimmermann et al. achieved two parallel flow paths
by simply combining the smaller channel with the larger one. At the same time, they
used the guide structure to prefabricate the sequence of liquid entering each area, so as to
achieve the purpose of delay [112].

Ji Won Suk et al. proposed a simple method for making the delay valve using an array
of hydrophobic patterns to control the liquid velocity to reach the purpose of delay. The
whole microchannel is composed of a hydrophilic floor and a hydrophobic roof. In order to
reduce the liquid flow rate, hydrophobic patches are created on the floor. By adjusting the
location, number, and spacing of hydrophobic patches, the flow rate of liquid throughout
the channel network can be customized [42].

The comb-like delay valve proposed by Jingmin Li et al. (Figure 3F) provides a delay
range from tens of seconds to several minutes, providing accurate time control for the
reaction between samples and reagents. The delay time of the delay valve can be changed
by adjusting the number and layout of the comb protrusions. As the simple structure of the
valve and the minimum line width of the comb protrusions is over 100 μm, it can be easily
manufactured in stainless steel molds and used in mass production [18]. The capillary stop
valve, capillary retention valve, also belong to this part.

3. Applications and Impacts of CPCV

With the diversification of microfluidic chip application scenarios, the function of
microfluidic chip is more and more powerful, and the role of valves is more and more
important. As one of the most unique valves to control the flow of microfluidic equipment,
the CPCV is valued for its simple design and customizable nature. CPCV can be easily
integrated into different applications by designing microchannel structures or modifying
hydrophilicity and will shine with the development of microfluidic technology. A brief
overview of valve applications in different scenarios is listed as below, which includes but
is not limited to making easy automation of microfluidic networks; making broader use of
microfluidics by open channel; sampling and delivery in a controlled manner.

3.1. Simplifying Automation of Microfluidic Networks

The use of CPCV greatly expands the application of microfluidic networks and in-
creases the automation of microfluidic chips [14]. It has accelerated the automation of
microfluidic chips combined with the point of care testing (POCT) instrument for the
automated detection of disease, which is easily broadly applied and commercialized.

3.1.1. Microfluidic Networks

A simple microfluidic network was constructed by Olanrewaju, A. O et al., in order
to achieve rapid and simple bacterial detection. The trigger valve is used to isolate the
preloaded sample and the two test reagents, and the buffer solution is added to trigger the
automatic analysis of the bacterial test without human intervention [118].

With the expansion of microfluidic networks, bubble-free filling is a key prerequisite.
By using CPCV to optimize the entire microfluidics network and pre-determine the flow
of liquid through the device, bubbles within the microfluidic structure can be effectively
avoided. As shown in the Figure 4A, CPCV can be set at each node of the microfluidic
network, such as the merging or splitting of channels and the inlet and outlet of the
assembly chamber. By setting valves at the nodes, the flow of the nodes in the network can
be controlled and the reagents filling order for the entire network can be customized. With
the cascade of valves, the driving pressure of the whole network increases continuously,
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and it needs to be established through several stages to realize the bubble-free filling of the
hydrophobic microfluidic device [119].

   

(A) (B) (C) 

 
  

(D) (E) (F) 

Figure 4. Application of CPCV in different microfluidic scenarios. (A) CPCV is used to realize the bubble-free microfluidic
network for filling. Reprinted with permission from [119]. Copyright 2014 American Institute of Physics. (B) Micropump
using CPCV components. Reprinted with permission from [120]. Copyright 2011 Royal Society of Chemistry. (C) The
optimized micro pump with an area of one square millimeter. Reprinted with permission from [121]. (D) Structure of
droplet generator using CPCV principle. Reprinted with permission from [122]. Copyright 2017 Royal Society of Chemistry.
(E) A panoramic view of the lab on disk chip. Reprinted with permission from [123]. Copyright 2010 Royal Society of
Chemistry. (F) The process of working in a lab on a disk chip. Reprinted with permission from [124]. Copyright 2010 Royal
Society of Chemistry.

3.1.2. Micropump

Professor Peng applied the principle of CPCV to assemble a micro surface tension
pump [120], the pump can pump liquid at a speed of 10 nL·s−1 into a 300 μm wide
microchannel by pneumatic control. As shown in Figure 4B, during the pump loading
process, valve 1 (inlet valve) is opened at low pressure and valve 2 (outlet valve) is closed
at high pressure, as Laplace pressure fluid passes through valve 1 into the intermediate
piston section. During pumping, valve 1 is closed and valve 2 is opened, using high
pressure to pump the liquid from the piston through valve 2. In 2016, Professor Peng
optimized the above pump (Figure 4C). By combining the pneumatic control of the input
valve and the piston into one channel and simplifying the channel, the original three-way
control was reduced to a two-way control and the compressed pump area was reduced to
1 square millimeter, which greatly enhanced the fault-tolerance and recoverability of the
pump [121].

3.1.3. Droplet Generation

Accurate generation of micro droplets is a hot topic for researchers in the microfluidic
laboratory. Zhu, Pingan and Wang, Liqiu reviewed in detail the various active and passive
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methods now used for droplet generation [125]. The T-shaped structure is the most common
droplet generation method. When mutually insoluble fluids meet at the intersection of
vertical T-shaped channel, under the action of pressure and shear force, the continuous
phase truncates the dispersed phase, which can simply disperse the dispersed phase
droplets in the continuous oil phase. In addition, CPCV-like structures are widely used
to generate micro droplets [122,126–128]. For example, the structure (Figure 4D) used by
Postek, W. et al., through a gradually narrowed microchannel or slit, can further disperse
larger droplets to produce nanoscale droplets whose size is largely determined by the
geometry of the device and which do not require additional external phase flows [122].

3.1.4. One Example: Lab on a Disk

In the last 10 years, the field of centrifugal microfluidics has experienced tremen-
dous development, and its powerful and high-performance liquid handling capabilities
have led to the widespread use of modular, multipurpose lab-on-a-disc platforms in
the life sciences [41,48,129,130]. CPCV is often used to separate the measuring chamber
from the reaction chamber in centrifugal microfluidics [123,131], such as the work by
Lutz, Sascha et al. [124]. As shown in the Figure 4E,F, after adding the specimen and seal-
ing the inlet hole, the disc will rotate at a frequency of 6.6 Hz, the sample will be calibrated
in five adjacent metering chambers, and the excess liquid will be collected in an adjacent
waste reservoir located behind the metering chambers, during which the CPCV prevents
the sample from entering the reaction well. When unidirectional and alternating rotation
frequencies between 6.6 and 27 Hz are applied, the CPCV is opened, and the sample enters
the reaction well until it is filled. Then, the system enters a stable equilibrium state, and the
rotation frequency will not affect the position of the equable sample. CPCV with similar
structure is widely used in clinical chemistry, immunodiagnostics and protein analysis, cell
processing [129], medical diagnosis [132], and other fields.

3.2. Various Valve Actuation Mode

As a kind of passive valve, CPCV can stop the liquid in the valve without external
force. That is, the valve is in the closed state. However, opening the valve to allow the fluid
to pass normally requires additional force to break the meniscus in order to completely
wet the channel. This additional force can be introduced in a number of ways, the most
commonly mentioned being the capillary burst valve [36]. There are many microfluidic
devices that use external pressure directly to open the valve [114]. This approach is simple
and straightforward but requires additional equipment such as injection pumps and does
not reflect the driving advantages of the CPCV. The following are brief introductions of
some other driving common modes of CPCV.

3.2.1. External Forces

Using Laplace pressure to directly drive liquid (such as water in the hydrophilic
channel, oily liquid in the hydrophobic channel) to rebuild and reconstruct the meniscus to
open the valve is the most ideal method to open CPCV. This completely passive way does
not require external forces or any external equipment, and only depends on the channel
structure and the liquid properties, which is easy to implement and extremely conducive to
the miniaturization of equipment. Due to the deterministic structure and passive triggering,
these trigger valves lack flexibility in opening. When the valve is fully open, it needs to
drain all the fluid in the channel and then close the valve to restore it to its original state,
which lacks reusability. However, its disposable features, due to its low cost, are more
promising in real-time diagnosis, biological analysis, and other aspects.

Centrifugal force can be used not only to open the CPCV, but also to control the flow
direction of the centrifugal microfluid after opening the valve. For symmetrical structures,
as shown in Figure 5A, the liquid is driven into the selected chamber by changing the
direction of rotation [133]. Amin Kazemzadeh et al. designed an asymmetric structure
(Figure 5B), which can control the flow direction of centrifugal fluid without changing the
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rotation direction and without using external sources or surface treatment. The device is
related to the speed or frequency of rotation. At low speeds, because of the asymmetric
structure of the valve, the liquid is directed in one direction along the microchannel. At
high speeds, the liquid is directed in the opposite direction by Coriolis forces [134].

 
 

(A) (B) 

  
(C) (D) 

Figure 5. Different modes of valve actuation. (A) Centrifugal force drives CPCV by changing the
direction of rotation to allow the liquid to enter different chambers. Reprinted with permission
from [133]. (B) Asymmetric structure, centrifugal force driven, changing the speed of liquid into
different chambers. Reprinted with permission from [134]. (C) The laser drive is used to capture
particles. Reprinted with permission from [135]. Copyright 2017 American Institute of Physics.
(D) An example using thermally driven CPCV. Reprinted with permission from [136].

We know that the surface tension forming the meniscus creates a pressure barrier
that can stop the capillary flow. As a valve, it is a good idea to use the centrifugal force
generated by spinning to break through the pressure barrier. For example, Lab-on-CD
devices make the chip rotate through a simple platform. They use the Laplace barrier
generated by surface tension to prevent the liquid flow in the microchannel, and use the
centrifugal force generated by rotation to drive the liquid to break through the pressure
barrier and control the liquid flow [137,138]. CPCV will generate different threshold
pressure barriers with different channel sizes and shapes. When CPCV structure is fixed,
the threshold speed of the Lab-on-CD device can be calculated by CPCV position, reagent
density, and reagent column length in the microchannel. When the rotating speed of the
platform exceeds the threshold value, the centrifugal force generated is greater than the
barrier pressure, the meniscus burst liquid enters the expansion space, and the valve is
opened. According to the change of interface energy, Jerry M et al. give a simple formula to
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calculate the critical rotational speed and burst pressure to overcome the CPCV threshold
pressure at the sudden expansion of the rectangular channel section [50]. By setting the
CPCV of different thresholds and accurately controlling the rotation speed, it is possible to
integrate a variety of functions into Lab-on-CD devices, such as flow sequencing, cascade
micro-mixing, capillary metering, and so on [139,140]. For example, the sample separator
designed by Leu, T. S. et al. using density gradient centrifugation to segment the samples
liquid in the microstructure. The different density segments required by the sample can be
simply separated by rotating at different speeds [141].

3.2.2. By Changing Surface Tension

Londe, G et al. made thermos-sensitive CPCV using a switchable thermos-sensitive
polymer [142]. At room temperature, the surface of thermos-sensitive polymer is hy-
drophilic and allows water to flow. When the temperature exceeds 65 degrees Celsius, the
surface becomes hydrophobic, thus inhibiting water flow. Recently, L. Li et al. grafted
thermo-responsive polymer Poly(Nisopropylacrylamide) (PNIPAm) onto PDMS. When
the channel temperature increased from 20 to 37 ◦C, the channel surface changes from
hydrophilic to hydrophobic, forming a CPCV [143]. Thus, the temperature control valve
can regulate sample flow more flexibly. Due to the interrelationship between fluid surface
tension and temperature, increasing the temperature can make the CPCV meniscus rup-
ture. Johan Eriksen et al. embedded the near-infrared absorption dye film into a sealed
microfluidic device and used laser local heating to open a single valve [135], shown in
Figure 5C.

Wei Xu et al. proposed a basic valve design using trapped air to control flow. The
small concave structure was made in the micro channel at the same position as the CPCV
section expansion, as shown in Figure 5D. When the liquid filled the micro channel, due
to the hydrophobicity of the manufacturing material PDMS, the surface tension limited
the fluid into the concave chamber, and the hydrophobic chamber intercepted the air to
form air bubbles. By increasing the chip temperature, the bubbles gradually expanded and
moved into the main channel, limiting the flow of fluid in the channel. Finally, the bubble
completely truncated the main channel and blocked the flow of liquid [136].

3.3. Make Broader Use of Microfluidics by Open Channel

Open channel microfluidics devices usually lack at least one limiting liquid physical
sidewall or cap. By applying the hydrophilic and hydrophobic properties of the channel and
the surface tension of the liquid, the liquid is fixed to flow along a specific path [144,145].
The open channel microfluidic device is a special application of CPCV using the theory
from Section 2.4.1. Compared with traditional closed microfluidic structure, the open
channel microfluidic structure has obvious advantages and disadvantages. As the top is
open or semi-open, it facilitates the entry of sample reagents and eliminates the air-bubble
problem in traditional closed wall microsystems. At the same time, since there is no cover
at the top, it is easier to manufacture. However, the top opening also greatly increases
sample evaporation and the risk of reagent contamination. In addition, the open structure
greatly restricts the use of the drive system [146,147].

V.A. Papadimitriou et al. used CPCV to realize the fast and convenient immobilization
of antibodies after chip bonding. This method can automatically and conveniently shape
the liquid in a closed chip. The basic structure is shown in Figure 6A, a deep channel is
placed across another shallow channel, the deep channel is filled with reagents containing
antibodies, and the shallow channel perfusion is used to detect the samples. The reagent
fills the deep channel rapidly due to capillary force, and when it reaches the intersection of
the deep and shallow channels, the upper part of the reagent in the deep channel stops
flowing because of the sudden opening of the channel, which is bound by Laplace pressure.
The lower part of the reagent is free to flow through the trench below the shallow channel.
When the reagent passes through the trench through the shallow channel, the capillary
force pulls the reagent to fill the whole deep channel. Throughout the process, the reagents
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are fixed to the bottom and vertical sides of the intersection of the deep and shallow
channels, which functions like a globe valve [148].

   
(A) (B) 

Figure 6. Application of CPCV in different microfluidic scenarios. (A) Use of CPCV to quick rivet antibody with open
channel. Reprinted with permission from [148]. (B) Use of CPCV to build virtual channels. Reprinted with permission
from [149]. Copyright 2011 American Institute of Physics.

Hsuan-hong Lai et al. used the characteristics of CPCV to design the virtual walls
with a range of feature sizes [149]. As shown in Figure 6B, the virtual wall is composed
of a row of rectangular PDMS micro-columns, and the two rows of parallel virtual walls
constitute the channel, and then the device is divided into an intermediate liquid channel
and an air chamber on both sides. When the liquid is filled, because of the Laplace pressure
of the liquid, the liquid is confined within the middle channel, and the air is squeezed
into chambers on both sides of the channel. When the hydraulic pressure is enhanced, the
liquid between the micro-columns will advance towards the air chamber on both sides;
when the pressure decreases, the liquid will contract towards the middle channel; when
the pressure exceeds the threshold, the liquid passes through the virtual wall composed of
PDMS micro-columns and completely fills the air chamber. To restore the virtual wall, the
device needs to be cleared of all fluids and started at low pressure.

3.4. Sampling and Delivery with Controlled Manner

Sample collection and delivery are two indispensable functions of microfluidic chips.
The chip contact tip must first enter into the sample and then sample or deliver and
transport along a given route in a controlled manner, which is the basic guarantee for the
implementation of a microfluidic probe. CPCV can help to achieve these functions based
on the theory from theory 3.1.1. and sometimes with theory 3.1.3. It can transport and
stop the flow as well as protect the sampling or delivery microenvironment at the chip
contact tip by forming the safe barrier of hydrophilic features where only water phase can
go through rather than oil/gas phases in a controlled manner.

Choi, Jungil et al. designed a skin microfluidics device with accurate sampling
capability, as shown in Figure 7A, using a set of carefully designed CPCVs to guide sweat
to fill the micro reservoir in a sequential flow [150]. The initial liquid arriving at CPCV1 and
CPCV2 meets them in a closed state. When the breakthrough pressure of CPCV1 is reached
or exceeded, CPCV1 opens, allowing fluid to enter the chamber. After this chamber is filled
completely, CPCV2 is broken down under sufficient pressure. The breakthrough pressure
of CPCV2 is lower than that of CPCV3. Through this process, all chambers are sequentially
filled with fluid at pressures greater than the CPCV2 breakthrough pressure. Then, the
chip is removed from the skin and placed into the centrifuge. CPCV3 is turned on by
centrifugal force and the sweat is moved to the reaction chamber behind the micro reservoir
for experimental analysis. This design of CPCV satisfies that the pressure generated by
sweat glands exceeds the breakthrough pressure of CPCV1 and CPCV2 that ensures sweat
can enter and fully fill the micro reservoir. As the pressure generated by centrifugation
exceeds the breakthrough pressure of CPCV3, sweat can enter the reaction chamber.
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(A) (B) 

 
(C) 

Figure 7. Use of CPCV in sampling and delivery. (A) A sweat sampling microfluidic device that adheres to the skin.
Reprinted with permission from [150]. Copyright 2017 Wiley-VCH. (B) A needle-shaped liquid sampling and delivery
device. Reprinted with permission from [80]. Copyright 2017 American Institute of Physics. (C) Surface tension applied
in an adaptive air/liquid pocket transport system (ADAPTS) where the microscale flow (shown in red) is in the square
microchannel (shown in dark blue). Reprinted with permission from [151].

Based on the principle of CPCV, a needle-shaped microfluidic device is proposed, as
shown in Figure 7B, which can provide the sampling and delivery of nanoliter solution
in droplets [80], where CPCV serves as the safe barrier for a safe sampling and delivery
microenvironment. The device consists of a T-junction forming droplets. The needle
was formed by a parallel hydrophobic channel, and the sampling tip was formed by
seven hydrophilic microchannels (similar to CPCV). During the delivery process, droplets
dispersed in the oil phase produced by the T-junction move along the channel under
pressure at the needle tip, where the tip (seven capillaries) is hydrophilic and the droplets
can pass through with a pressure gradient close to zero but the mineral oil requires 19 kPa
pressure. During the sampling process, a negative pressure is added to the device to allow
the liquid to enter the device from the tip, create droplets in the oil phase and move with the
pressure gradient. This needle was applied for H2O2 detection [152]. The similar principles
have been widely applied by Feng on the membrane on the plastic chip [99]. It has been
further reviewed by this type of principle used in the sampling probe [153].

Xu, Hou et al. presented an adaptive air/liquid pocket transport system (ADAPTS) [151]
with solid porous structures and liquid/ gas interfaces, which are suitable for low-pressure
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applications. Initially, functional liquid is filled in the porous structures. When the transport
fluid enters, it displaces the functional liquid to open a flow path in the microchannel
(Figure 7C). By then, the applied pressure (ΔP) is bigger than the threshold pressure (Po).
The functional liquid can refill the microchannel after removal of the pressure and recover
to the original state immediately.

4. Conclusions and Outlook

In this paper, the principle, composition, and application of CPCV were briefly re-
viewed. In microfluidics, CPCV is used as flow controller and forms important parts of
microfluidic chips. CPCVs are generated by additional pressure due to meniscus variations
in microchannels. The characteristics produced by it reflect its advantages and disadvan-
tages. The CPCV does not need additional equipment; the switching pressure is convenient,
controllable, and only related to its structure; it is simple to manufacture, convenient to
integrate and put on scale production; it has a good prospects in all branches of micro-flow
control (biomedical testing, wearable devices, etc.). The disadvantages are also relatively
obvious, the valve is more passive and there is a lack of flexibility. If you want to close the
valve after opening the valve, you need to drain all the liquid in the channel and restore it
to dry, which lacks reusability. In Section 3, Xu Hou has put effort into this, while it can
only be used for low pressure applications, but it is still an improvement. The shortcoming
is also the direction of further research in the future, which needs to be jointly promoted by
the industry.

We hope the CPCV can make automation easy and merge into the point of care
instrument, which can help with the commercialization of microfluidics chips, precise
medicine and POCT detections, especially in this COVID-19 virus outbreak period. CPCV
can facilitate broader use of open channels in microfluidics by eliminating the air-bubble
problem in traditional closed wall microsystems. CPCV can be widely used in the bionic
microfluidics; CPCV can be widely used in the sampling probes to avoid the gas/oil
pollution to the sampling/delivery microenvironment.

In this review, we focused on fundamental physics theories in detail, categorized
them based on the theory elements with new applications of each kind, and examined the
potential of real applications in industrial and academic fields. We analyzed and catego-
rized the examples from three fundamental elements: surface tension, contact angle, and
different microchannel shape. We hope this review can give a direction for using the CACV
in various academic and industrial research, which can provide broader applications.
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Abstract: Recent advances in lab-on-a-chip technology establish solid foundations for
wearable biosensors. These newly emerging wearable biosensors are capable of non-invasive,
continuous monitoring by miniaturization of electronics and integration with microfluidics.
The advent of flexible electronics, biochemical sensors, soft microfluidics, and pain-free microneedles
have created new generations of wearable biosensors that explore brand-new avenues to interface
with the human epidermis for monitoring physiological status. However, these devices are relatively
underexplored for sports monitoring and analytics, which may be largely facilitated by the recent
emergence of wearable biosensors characterized by real-time, non-invasive, and non-irritating sensing
capacities. Here, we present a systematic review of wearable biosensing technologies with a focus on
materials and fabrication strategies, sampling modalities, sensing modalities, as well as key analytes
and wearable biosensing platforms for healthcare and sports monitoring with an emphasis on sweat
and interstitial fluid biosensing. This review concludes with a summary of unresolved challenges and
opportunities for future researchers interested in these technologies. With an in-depth understanding
of the state-of-the-art wearable biosensing technologies, wearable biosensors for sports analytics
would have a significant impact on the rapidly growing field—microfluidics for biosensing.

Keywords: wearable biosensors; biomedical microfluidics; healthcare monitoring; sports analytics

1. Introduction

Miniaturization of laboratory apparatus into microscale devices is a promising technology called
lab-on-a-chip (LOC) [1]. About 30 years ago the concept of micro total analysis systems (μTAS)
emerged from the field of semiconductor fabrication and was enhanced by microelectromechanical
systems (MEMS) technologies [2–4]. The μTAS concept is to shrink an entire analytical procedure,
such as cell sorting, single-cell capture, captured-cell transport, cell lysis, and intracellular analysis,
into a miniaturized multifunctional chip [5–7], and nowadays its well-known synonym is called
lab-on-a-chip (LOC) [3,4]. This growing field has garnered considerable attention since scaled-down
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biochemical analysis has several key advantages over both conventional and current laboratory
benchtop methods [3,5]. These advantages are consistently demonstrated in clinical medicine,
engineering, biology, and life science, etc., for example, to expedite the experimental process by
embracing automation and parallelization [1,8,9]; to lower the cost by reducing the volume of
expensive reagents [1,5,10,11]; to yield better interpretation of experimental results by gleaning vital
information at cellular even molecular levels [12–14].

Interest in device miniaturization [15–17], combined with advances in bio-microfabrication and
enabling materials [18], is motivating various microfluidic methods in which microchips can be
mass-manufactured at extremely low cost via polymers (e.g., polydimethylsiloxane, PDMS) and soft
lithography for microfabrication [5,19]. Microfluidics is the science of microscale devices that process
and manipulate extremely low (10−9 to 10−18 L) amounts of fluids in microchannels with dimensions
of tens of micrometers [10]. Conventional macroscale experimental technologies meet difficulties to
deal with such low amounts of fluids, impeding their development in various fields. Conversely,
microfluidic technologies begin to address numerous tough challenges, because fluid phenomena at the
microscale are dramatically different from those at the macroscale [3]. For instance, capillary forces and
surface tension are more dominant than gravitational forces [3], allowing for passively pumping fluids
in opposition to gravity [20]. Flows at the microscale are laminar instead of turbulent, resulting in more
predictable liquid handling and diffusion kinetics [5]. Based on the different phenomena behaving
at the microscale, microfluidic technologies offer a sensitive, predictable, and controllable avenue
for bioanalysis [21].

Despite all the attractive capacities of LOC/microfluidics devices that have enabled the
widespread implementation of microchip-based systems in biology and life science [3–5,22],
microfluidic technologies often only improve the performance of existing macroscale assays or provide
equivalent alternatives [13]. Conversely, they have not reached their full potential due to the lack of
essentially new capacities [3]. In recent years, however, LOC/microfluidics technologies begin to address
some problems that have not yet been solved by current laboratory benchtop methods. An excellent
example can be found in wearable/ambulatory healthcare monitoring and sports analytics harnessing
skin-interfaced wearable biosensors [15,23]. Although this field is still in its infancy, the fundamentals
of it are exceptionally strong: in the past decade, the wearable LOC devices gradually integrated with
well-established techniques, including biocompatible materials [24,25], flexible electronics [26–30],
optical/electrochemical sensors [14,26,31,32], microfluidics [21,33–35], near-field communications
(NFC) [36], pain-free microneedles [37–40], as well as big data and cloud computing [14,41,42].

These above-mentioned enabling techniques establish the foundations for a new generation of
wearable biosensors that directly interfaced with the human epidermis instead of rigid packages
embedded in wrist straps or bands [23,43–45]. The distinguishing characteristics of the emerging
wearable biosensors, lightweight, flexibility, and portability [31,36,46], have made them especially
suitable for point-of-care testing (POCT). Therefore, brand-new wearable biosensors capable of real-time
physiological monitoring quickly emerge, as shown in Figure 1. However, these wearable biosensors are
mainly designed for health monitoring [15,34,41,45,47,48], especially, some of them are only developed
to measure the physical strain/stress bending change [25,49,50]. Although many wearable devices have
been deployed in sports, they are used to monitoring biophysical markers [23], such as movement [51]
and cardiovascular information (e.g., blood oxygenation) [26,52,53].

Conversely, wearable biosensors are relatively underutilized resources to gain biochemical insights
about athletes’ health status. The POCT microfluidic devices have been used to analyze biofluids,
such as urine [31,32,54], tears [46,55,56], saliva [57–60], and sweat [27,43,61,62]. However, for the
applicability of wearable biosensing, not all biofluids show on-field potential.

Biofluids for physiological/pathological information acquisition are listed as follows.
Their suitability for wearable biosensing is also discussed.

1. Sweat: Sweat is a biofluid produced and excreted by the eccrine glands within
the epidermis, containing numerous important biomarkers that could be detected and
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assessed through the non-invasive collection and biochemical analysis [27,43,45,61,62].
For example, wearable microfluidic/electrochemical sweat biosensors are able to detect
various electrolytes, such as sodium ions (Na+) [14,61,63–67], potassium ions (K+) [14,63],
calcium ions (Ca2+) [32], and ammonium (NH4

+) [68], multiple metabolites, such as
glucose [14,37,69–72], lactate [14,21,63,73–75], several heavy metal species, such as zinc, iron,
copper, and magnesium [61,76], and drug contents, such as Levodopa [77] (more sweat analytes
can be found in Section 5.1 and Table 1). As such, sweat contains a wealth of physiologically
relevant information [41,43,45] that can reflect hydration [21,27,33,74], electrolyte balance [63],
exercise intensity [78], renal function [34,79], etc. For diagnostic use, wearable sweat
biosensors are used to diagnose cystic fibrosis (CF), liver diseases, kidney disorders, as well as to
monitor stress levels by measuring the cortisol concentrations in sweat [34,43,80]. Nonetheless,
wearable biosensors capable of real-time biochemical analysis are still at an early stage of
development. For instance, challenges still exist in extracting and calibrating the concentration
of biomarkers in sweat due to regional variations and individual hydration status. Besides,
other daunting challenges will be discussed in Section 6. In this paper, an in-depth overview of
wearable sweat biosensing will be presented since sweat is the most well-studied analyte source
among all six typical biofluids in the wearable biosensing field.

2. Interstitial fluid (ISF): ISF is an attractive biofluid presented in the human dermis, and has rich
analytes from blood, especially through capillaries. Due to the ease of fluid exchange, lots of
analytes have near levels of concentration between ISF and blood [81]. The microneedle patches
have many diagnostic applications via ISF manipulation [82]. The MNs are the miniaturized
replica of hypodermic needles aimed at minimally-invasive transdermal ISF biosensing [37,83]
without blood sampling, which will be briefly reviewed in Section 5.3.1.

3. Saliva: Saliva has been recognized as an alternative to blood, too [57–60]. Non-invasive analysis
of fluoride (F-), Na+, pH, and uric acid has been demonstrated [84]. The mouthguard platforms
combined with electrochemical biosensors for monitoring were developed for wearable salivary
monitoring of metabolites [85]. However, salivary monitoring may be affected by huge amounts
of microbes (e.g., bacteria) in the oral cavity that could cause specimen contamination [86].

4. Tears: Recently, the contact lens has attracted considerable interest as a platform for in situ
biosensing of tear fluid [46,56]. Research shows that glucose, Na+, and K+ can be found in tears
and tear fluid is less complicated than blood due to the presence of the blood-tear barrier [55].
Unfortunately, tear fluid has a relatively low potential for wearable biosensing because of the low
diversity of analytes and a strong reliance on proximal wireless power delivery.

5. Urine: Urinalysis has been widely used as a means to monitor the overall health status and screen
various diseases due to ease of non-invasive collection and relatively large amounts [31,32,54,85].
Despite these advantages, urinalysis still has difficulties performing on-field wearable biosensing
due to the difficulty of calibration of concentration levels of analytes levels, because they are
strongly related to individuals’ hydration levels.

6. Blood: It is known that blood analysis is usually not suitable for wearable sensing due to its
invasive nature, skin-piercing for blood sampling. Only several recent studies demonstrate
its utility in wearable biosensing. These studies harnessed fingernail-mounting optoelectronic
biosensors to in situ continuous monitoring of vital signs [26,52,53]. A representative example [26]
will be discussed in Section 4.2.4.

Overall, although the underlying values of wearable biosensing still need to be proven and
demonstrated, sweat and ISF biosensing show promise that may not be recognized by researchers.
Skin offers a non-invasive (sweat) and minimally-invasive (ISF) diagnostic interface rich with biological
insights from our inner body [21,47]. Thus, to demonstrate the potential value of wearable biosensors
for health-related and sports analytics by reviewing recent progress is required. Besides, due to the
space limitations, the wearable biosensors for interrogating ISF [37,83], saliva [58], and blood [26]
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are discussed in a limited manner. Wearable biosensing modalities for tracking non-sweat biofluids
(tears and urine) are not included, they could be found in recent reviews [15,44,81].

In this review, the latest developments in wearable biosensors will be reviewed in detail,
from materials and fabrication strategies, sampling modalities, sensing modalities to key analytes and
wearable biosensing platforms for health and sports monitoring with an emphasis on sweat and ISF
biosensing. Afterwards, the unsolved challenges for future researchers specializing in diverse fields
(e.g., biomedical/electronic engineering, biochemistry, healthcare, pharmaceutics, sports science, etc.)
will also be briefly discussed. A concluding section summarizes the trend towards wearable biosensing
for sports analytics and forecasts promising breakthroughs in the rapidly growing field—microfluidics
for biosensing.

Figure 1. Representative examples of wearable biosensors for both healthcare and sports monitoring.
(a) Contact lens sensors in ocular diagnostics [46]. Copyright 2015, Wiley. (b) Google glass for
immunochromatographic diagnostic test analysis [87]. Copyright 2014, American Chemical Society.
(c) A wearable microsensor array for multiplexed heavy metal monitoring [31]. Copyright 2016,
American Chemical Society. (d) A hybrid sensor for simultaneous electrochemical, colorimetric,
and volumetric analysis of sweat [73]. Copyright 2019, American Association for Advancement of
Science. (e) A wearable sensor for autonomous sweat extraction and analysis [69]. Copyright 2017,
National Academy of Sciences of United States of America (NAS). (f) A microfluidic device for
colorimetric sensing of sweat [43]. Copyright 2018, American Association for Advancement of Science.
(g) Binodal, wireless epidermal electronic systems with in-sensor analytics for neonatal intensive
care [88]. Copyright 2019, American Association for Advancement of Science. (h) Wearable textile-based
self-powered sensors [89]. Copyright 2016, Royal Society of Chemistry. (i) A microfluidic system
for real-time tracking of sweat loss and electrolyte composition [27]. Copyright 2018, Wiley.
(j) A microfluidic system for colorimetric analysis of sweat biomarkers and temperature [74].
Copyright 2019, American Chemical Society. (k) A smartwatch for continuous sweat glucose
monitoring [72]. Copyright 2019, American Chemical Society. (l) A miniaturized battery-free wireless
sensor for wearable pulse oximetry [26]. Copyright 2017, Wiley. (m) An epidermal stimulation
and sensing platform for sensorimotor prosthetic control, management of lower back exertion,
and electrical muscle activation [90]. Copyright 2016, Wiley. (n) A wearable electrochemical sensor for
noninvasive simultaneous monitoring of Ca2+ and pH [32]. Copyright 2016, American Chemical Society.
(o) A wearable salivary uric acid mouthguard sensor [58]. Copyright 2015, Elsevier. (p) A microfluidic
system for time-sequenced discrete sampling and chloride analysis [91]. Copyright 2018, Wiley.
(q) Skin-mounted microfluidic networks for chrono-sampling of sweat [63]. Copyright 2017, Wiley.
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2. Materials and Fabrication Strategies

2.1. Materials

Materials for Substrate: the softness and attachability of the substrate are the main concerns
for the stretchability of wearable biosensors, and directly determine the comfort of the biosensor
and the reliability of long-term monitoring. Common base materials are organic materials such as
polymers, silicones, and rubbers. For example, polydimethylsiloxane (PDMS) has inherent high
stretchability, non-toxic, hydrophobic, and good workability. It has been used in microfluidics,
prostheses, and wearable biosensors [92]. Polyethylene terephthalate (PET) is characterized by
lightweight and can serve as a flexible substrate for ink-jet printed electronics [93]. Polyimide (PI) film
is another commonly used substrate. It can maintain flexibility, creep resistance, and tensile strength
under high temperature (up to 360 ◦C) and acid/alkali conditions [94]. Cellulose paper is a flexible,
porous, inexpensive, recyclable, biodegradable, and biocompatible substrate material, and it has been
widely used in test strips for medical diagnosis [95,96].

For attachability, substrates for skin-mounted biosensors need to meet strict requirements,
including the wearable power source, prolonged wear time, and facile and painless removal after
use without leaving residues. Meanwhile, they should be safe and minimize skin irritation and
damage, such as epidermal stripping, blisters, skin tears, irritant contact dermatitis, allergic dermatitis,
maceration, and folliculitis [97,98]. Polymeric materials, including acrylics, hydrocolloids, hydrogels,
polyurethanes, rubbers, and silicones, have been used as the adhesive for skin-contact applications.
Adhesives can be categorized into structural adhesives and pressure-sensitive adhesives (PSA).
Materials for structural adhesives include cyanoacrylates, urethanes, epoxies, and acrylics, which lend
themselves to structural applications. PSAs should deform easily under small pressures and can
adhere to wet surfaces [99]. Aggressive adhesives based on acrylics, hydrocolloids, hydrogels,
natural/synthetic rubbers, and polyurethanes can cause skin trauma (such as skin stripping, maceration,
and allergic reactions), as well as leave residue on the skin [100]. Besides, soft silicone-based adhesives
have good biocompatibility, temperature stability, chemical inertness, and environmental stability.
These features make silicone-based adhesives suitable for many medical applications, including tapes,
wound dressings for wearable devices, and transdermal drug delivery applications [101,102].

Materials for active element: (a) Carbon materials have been widely used in wearable sensors,
and mainly include graphite, carbon nanotube (CNT), and graphene. Graphite is often used to form
pencil—paper electrode, drawing patterns on the substrate by pencil painting [103]. CNT is a carbon
material with extraordinary conductivity and mechanical strength [104,105]. Although a single CNT
has a high sensitivity to strain, it is constructed and used on a larger scale. Therefore, CNT powders
are often mixed into polymer substrates to realize wearable sensing. Compared with graphite and
CNT, graphene has better electrical conductivity and mechanical properties, and has been widely used
in flexible/stretchable sensors [106]. (b) Metal materials with excellent electrical conductivity have been
widely used in wearable biosensors. (1) nanowires (NWs) or nanoparticles (NPs); NWs and NPs are
often used as fillers to prepare piezoresistive composites and conductive ink [107,108]. For instance,
AgNWs can be embedded into PDMS to build resistive-type sensors, and conductive inks with
metal NPs can be cast and annealed on the substrate surface to form the electrodes for capacitive
sensors. (2) Flexible or stretchable configurations with stretch structures; the flexible or stretchable
configuration utilizes coiled buckled, serpentine and woven structures to make metal flexible and
stretchable [109,110]. (3) Liquid metal; liquid metal utilizes its liquid state at room temperature and
combines with microfluidic technology to achieve electrode fabrication [111,112]. (c) Polymers have
been widely explored in sensing elements for their thermal stability, high transparency, and tunable
conductivity, such as poly 3,4-ethylene dioxythiophene (PEDOT) [113] and polyvinylidene difluoride
(PVDF) polymers [114].
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2.2. Fabrication Strategies

According to the materials that can be used for flexible and stretchable sensors, the fabrication
methods are categorized into compositing materials and pattern transferring. (a) Mixing different
materials (e.g., carbon black NP, AgNW) into the composite is the simplest manufacturing
method [115,116]. The active material is blended into the polymer by stirring, and then can be made into
a dry elastic composite material in bulk or film form. Mixed composites have complex electromechanical
features, relying on fillers and polymer substrates and doping concentration and distribution state.
(b) Pattern transferring is the most common manufacturing method to produce the desired pattern
of wearable biosensor geometries. It mainly includes microscale modeling, lithography, printing,
and handwriting. Microscale modeling is used to prepare the substrates, electrodes, and sensing
microstructures in composite materials. Lithography is a pattern transfer method that can realize
various novel geometric shapes in flexible electronic products. Lithography technology specializes
in manufacturing complex stretchable systems with high-precision dimensions, exquisite structure,
and rich functions [117,118]. Printing can deposit and pattern many materials on various substrates
at the same time without the need for complicated equipment and clean rooms. Screen printing
is a typical printing technique that required masks [119,120]. This technology has been widely
adopted to fabricate working electrodes in electrochemical sensors and the sensing elements in
electromechanical sensors. The handwriting method is a technique in which various instruments are
used to directly draw electrodes on the substrates, which has become an alternative for manufacturing
low-cost, DIY sensors [96,121]. This technology gives end-users the ability to design and implement
sensors based on “on-site, real-time” requirements. With a more complex structure, rollerball pens
and fountain pens can be written with a variety of inks (including metallic inks, liquid metals,
and organic mixtures) to generate controllable geometric shapes on many substrates. In addition
to screen printing technology, inkjet printing technology is also an important technology that has
been widely used in sensor fabrication [122,123]. Inkjet printing is a precise and fast film preparation
technology, which sprays functional ink droplets onto paper or other substrates through nozzles.
The materials used include carbon nanotube, graphene, conductive metal solution, polymer, and liquid
metal, and other functional inks [124,125].

3. Sampling Modalities

To lay foundations for various biosensing modalities, including optical and electrochemical
sensing, sampling modalities will be introduced. The majority of sweat analytical methodologies
mainly adopt three sampling methods, direct contact, chamber collection, and multistep sampling.
For example, paper-based methods, such as disposable test strips, have the devices directly contact the
human epidermis to sample biofluids in just a few seconds. As shown in Figure 2a, Oncescu et al. [126]
developed a smartphone-based biosensing system, which consisted of a disposable test strip for
sweat/saliva sampling, a back compartment for eliminating the interference from ambient lighting
conditions to improve the accuracy of colorimetric sensing, and a smartphone application for measuring
biomarkers by digital image analysis and displaying the results to end-users.

Another sampling method concerns chamber collection. The microfluidic systems using this
sampling method have microchannels for guiding the sweat to fill on-chip microchambers
for biochemical/enzymatic reactions to yield measurable color/potential changes [34,61,74,127].
The chamber collection method for sweat sampling and subsequent in situ biomarker analysis
has been widely adopted, thus examples and corresponding technical details will be thoroughly
reviewed in the following sections (Sections 4.2.1 and 4.2.3).

The last sampling method, multistep sampling, also has its applications in microfluidic biosensing.
In the first step, various microchambers are also exploited for in situ sweat collection. However,
unlike most microfluidic systems conducting in situ analysis, these microchambers are specially
designed for the temporary storage of sweat but not for on-chip analysis. Microfluidic valves, such as
capillary bursting valves (CBVs) (Figure 2b) [63] and hydrophobic valves (HVs) (Figure 2c) [128],
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are exploited to carry out sweat collection and storage in a time-sequential manner by microfluidic
networks with interconnected sets of microchambers. The CBVs and HVs open only until the
microchambers set before them have filled with sweat, enabling passively guiding sweat through the
microfluidic network sequentially. After sweat sample acquisition, there is another step to transport
the sweat for ex-situ laboratory analysis. For instance, Choi et al. [63] developed a skin-interfaced
microfluidic chip with CBVs for chrono-sampling and ex-situ biomarker analysis of sweat (Figure 2b).
CBVs were exploited to collect sweat in a time-sequential manner. Afterwards, centrifugation and
retrieval of collected sweat from chambers allowed for chemical analysis of sweat biomarkers
(lactate, Na+, and K+) by mass spectrometry.

Figure 2. Representative examples of sweat sampling modalities. (a) A smartphone-based sweat
biosensor, consisting of a disposable test strip for sweat sampling via direct contact [126]. Copyright 2013,
Royal Society of Chemistry. (b) A microfluidic biosensor with capillary bursting valves (CBVs) for
sampling sweat in a sequential manner and with an interconnected set of chambers for the temporary
storage of sweat samples for subsequent ex-situ analysis of sweat biomarkers [63]. Copyright 2017,
Wiley. (c) A skin-interfaced microfluidic biosensor with sweat collection chambers and hydrophobic
valves (HVs) for chrono-sampling of sweat; (i)—(iv) A series of images during the fluid sampling for
demonstrating the working principle of HVs [128]. Copyright 2020, Royal Society of Chemistry.

4. Sensing Modalities

Real-time tracking of the physiological status of patients or athletes by wearable biosensors
is essential to provide insightful information about their health conditions, sports performance,
cardiovascular capacities, and so on. As described previously, the progress in enabling materials and
fabrication strategies further improves both mechanical features (flexible, stretchable, non-irritating)
and performance (selectivity, sensitivity, durability, reproducibility, accuracy) of wearable sensors.
Several microfluidic, electrochemical, and optical biosensors demonstrate greater functionality.
The main two sensing modalities, including electrochemical and optical sensing, which make
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optimum use of these systems for wearable in situ analysis of biofluids (e.g., sweat, saliva, and blood),
will be systematically reviewed in this section. Other sensing modalities will also be briefly discussed.

4.1. Electrochemical Sensing

Early developed wearable biosensors mainly focused on detecting a single parameter, such as
sodium concentrations [64]. Recently, multianalyte tracking changes in biofluid chemistry becomes
a widely available biosensing technique since the upsurge of the electrochemical sensing methods,
including potentiometry, conductometry, and also voltammetry/amperometry [45].

4.1.1. Potentiometry

Potentiometry is a highly sensitive, selective, reproducible electrochemical sensing method that
has been exploited for wearable, non-invasive monitoring of biofluids (e.g., sweat, urine, and tears).
The potentiometric biosensor usually contains several ion-selective electrodes (ISEs) and a reference
electrode (RE) [14]. The potential of the RE is independent of the analyte concentrations, and the
potential of ISE, conversely, depends on them. Eventually, the differences between ISEs and RE are
used to determine the concentrations of targeted analytes. The research group at the University of
California (Berkley) developed a wearable potentiometric biosensor for in situ monitoring of Ca2+ and
pH [32]. As shown in Figure 3a, a PET-based flexible biosensor array of ionized calcium and pH was
interfaced with a flexible printed circuit board (FPCB). Measurements of the concentrations of Ca2+ and
pH were based on ISEs, coupled with an Ag/AgCl RE. An interfacing signal conditioning circuitry was
used to measure the electrical potential differences between the ISEs and a RE, that were proportional
to the logarithmic concentration of respective target ions. As mentioned previously, sweat contains a
wealth of electrolytes, such as Na+, K+, and NH4

+. Thus, the selectivity of potentiometric biosensors
is of utmost importance. To demonstrate the high selectivity of this platform, H+, NH4

+, Mg2+, K+,
and Na+ were added to the Ca2+ solution sequentially. However, as shown in Figure 3b, the potential
changes due to the addition of non-targeted ions were significantly smaller than due to the Ca2+.
The performance test results (Figure 3b, right) also showed its high reproducibility (n = 6, RSD = 1.5%;
RSD, relative standard deviation). Moreover, electrochemical sensing modalities also allow for
seamless system integration, the FPCB of this biosensor integrated signal transduction, conditioning,
processing, and wireless data transmission chipsets, eliminating delayed sample processing compared
to traditional benchtop methods.

Figure 3. A fully integrated electrochemical biosensor for non-invasive in situ analysis of biofluids.
(a) An image and a schematic illustration of a fully integrated potentiometric biosensor, consisting of
Ca2+, pH, and temperature sensors patterned on PET substrate (b) Performance test results of Ca2+

sensors: ion-selectivity and reproducibility (n = 6) [32]. Copyright 2016, American Chemical Society.
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4.1.2. Conductometry

Conductometry is another electrochemical sensing modality, but it has not yet been applied to
wearable biosensing due to the reliance on high-capacity power sources and bulky electronics [45].
Few conductometric sensors were used to analyze biofluids in the literature. Ogasawara et al. [129]
reported a flexible conductimetric sensor for ocular disease diagnosis by measuring the electrical
conductivity of tears. There is a significant difference (p < 0.01) between electrolyte concentrations of
healthy individuals and keratoconjunctivitis sicca (KCS) patients, which can be used to diagnose KCS
patients without ocular damage by conductometric sensing.

4.1.3. Voltammetry/Amperometry

Voltammetry and amperometry are two rapid, real-time methods for detecting a milieu of analytes,
such as lactate and heavy metals [31,76,127]. Voltammetric/amperometric biosensors have at least
one three-electrode configuration, which includes a working electrode (WE), an RE, and a counter
electrode (CE) [45]. Especially for voltammetric sensing, a time-dependent varying voltage with
respect to the RE is applied, and the response between the WE and the RE is scanned within a range to
oxidize/reduce the analytes. The peak heights or amplitudes of local maxima in the measured current
are exploited to determine the concentrations of the analytes. For example, Zhang et al. [127] reported a
wearable electrochemical biosensor based on molecularly imprinted Ag nanowires (AgNWs) for in situ
monitoring sweat lactate (Figure 4a). The majority of sweat lactate electrochemical biosensors employ
enzymatic reactions for gleaning detectable electrochemical signals. However, some environmental
factors (e.g., temperature) can affect the activity of enzymes.

Figure 4. Wearable voltammetric/amperometric biosensors for sweat/saliva analysis. (a) A wearable
voltammetric biosensor based on Ag nanowires (AgNWs) and molecularly imprinted polymers (MIPs)
for in situ monitoring of lactate in the human sweat. A three-electrode MIPs-AgNWs biosensor mounting
on the volunteer’s arm; the principle of MIPs’ formation and biosensing on the carbon working electrode;
differential pulse voltammetry (DPV) responses and the calibration curve of MIPs-AgNWs biosensor
for detection of lactate [127]. Copyright 2020, Elsevier. (b) A wearable amperometric mouthguard
biosensor for real-time continuous salivary uric acid detection, screen printed uricase carbon working
electrode, and its fabricated printed circuit board assembly (PCBA) [58]. Copyright 2015, Elsevier.
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Molecularly imprinted polymers (MIPs) were introduced for in situ detection of lactate in sweat,
eliminating the need for proper storage of enzymes. This novel skin-mounted biosensor consisted of a
three-electrode configuration: a MIPs-AgNWs coated carbon WE for providing specific binding sites
to sweat lactate molecules, an Ag/AgCl RE, and a carbon CE. As shown in Figure 4, differential pulse
voltammetry (DPV) responses, especially the peak current changes, were recorded for sensing of sweat
lactate at concentrations from 10−6 M to 0.1 M. Considerable interest in sweat lactate stems from its
positive correlation to the exercise intensity [78], which can be used to evaluate the athletic performance.
Thus, this AgNWs-MIPs biosensor is highly applicable for sports analytics, especially during endurance,
high intensity, or high strength activities.

Similar to voltammetry for wearable sweat biosensing, amperometry has been used for
electrochemical biosensing of saliva [58,84]. Mouthguard electrochemical sensors have been
established for wearable biosensing of saliva analytes, such as glucose [59], lactate [84], uric acid [58],
and bacteria [57]. For example, in 2015, Kim et al. [58] presented a wearable mouthguard biosensor for
real-time monitoring saliva biomarker, uric acid, in a highly sensitive, selective manner (Figure 4b).
The WE, RE, and CE were screen-printed on a flexible PET substrate and the Prussian-Blue
carbon WE underwent chemical modification—crosslinking uricase and o-phenylenediamine (OPD).
The PET-based sensor was integrated with an amperometric circuitry—miniaturized fabrication printed
circuit board assembly—that consisted of a Bluetooth low energy communication System-on-Chip.
The resulting wearable mouthguard biosensor showed high sensitivity to uric acid and had a wide
linear range (covering both healthy and hyperuricemia people’s salivary uric acid concentration levels)
(R2 = 0.998). Besides, saliva’s suitability of non-invasive monitoring has been proven in previous
literature, a good correlation between blood and saliva concentration of uric acid have been
found [130,131]. This wearable salivary biosensing platform can be rapidly expanded to multiparameter
detection of saliva analytes and would have various real applications in the future.

4.2. Optical Sensing

4.2.1. Fluorometry

Fluorometric sensing is a simple approach to circumvent the need for in situ processing and data
transmission, and also the on-chip power supply. The fluorescent-based biosensor only serves as
the sweat sampler and in situ bioreactor that generates measurable changes in fluorescent intensity.
Although fluorometry relies on visual readout devices (e.g., mobile phone), this sensing modality not
only reduces the complexity of the wearable biosensor, it also lowers the cost of mass-manufacture
of the device due to the simple structure without embedded electronics. Besides, the intrinsic merits
of fluorescent-based biosensors are high sensitivity, selectivity, and accuracy. Fluorometric sensing
exploits the chemical probes which interact with the target analytes and emit measurable fluorescence.
The fluorescence is excited by a given light source (e.g., light-emitting diode, LED) and quantified by a
photodetector (e.g., smartphone camera). Sekine et al. [61] presented a ground-breaking microfluidic
biosensor using fluorometric sensing to determine the concentrations of sweat chloride, sodium,
and zinc (Figure 5). Sweat was routed from inlets to fill the microchambers with fluorometric reagents
time-sequentially under the control of CBVs. After the mixture of sweat and fluorescent probes,
the light-shielding film over the fluorometric microchambers was removed and the smartphone-based
optical module was exploited to capture the fluorescent images of the microchambers. The optical
module consisted of a smartphone and a dark box, which contained a blue excitation filter to delineate
the range of wavelengths of the excitation light and a colored emission filter to enable detection of excited
fluorescence intensities without interference from the excitation light. Meanwhile, the two-round
microchambers, consisting of a mixture of an ionic liquid of known concentration and the fluorometric
reagents, served as fluorescence reference makers. Finally, the fluorescent intensities of fluorometric
microchambers measured by ImageJ were used to determine the concentrations of sweat chloride,
sodium, and zinc. The results of human trials in field tests strongly correlated with those measured
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by conventional benchtop methods. Hence, fluorometric sensing avoids the interference of ambient
light conditions, leading to higher accuracy, but has a minor drawback—increasing the reliance on the
optical module (e.g., dark box).

Figure 5. A fluorometric microfluidic biosensor for the detection of sweat biomarkers. Digital image
of a fluorescent-based microfluidic device for in situ sensing the concentrations of sweat chloride,
sodium, and zinc; fluorescent image illustrating the signals associated with targeted biomarkers;
schematic illustrations of the smartphone-based optical module for fluorometric sensing [61].
Copyright 2018, Royal Society of Chemistry.

4.2.2. Bioluminescence

Bioluminescent (BL) sensing has been widely used for the detection of pollutants and toxicants,
including organic chemicals (e.g., benzene, toluene) [132] and heavy metals (e.g., lead, zinc, cadmium,
copper, and mercury) [132–134], in water, food, or the environment, especially for environmental
toxicology and bioterrorism controls. Compared to fluorometry, which requires external excitation
light [135], BL exploits genetically engineered luminous cells/bacteria to detect specific compounds
by measuring the BL signals produced by these recombinant cells/bacteria in the presence of the
analytes [132,134,136,137]. BL bacteria emit light in a hospitable environment but with decreasing
BL levels in the presence of the increasing amount of the toxicants. The weaker the light emitted by
BL bacteria, the higher the degree of toxicity [132]. However, bioluminescence has not yet been used
for tracking analytes in biofluids due to the reliance on living cells/bacteria. But, when the storage
and maintenance of BL cells/bacteria as well as the sensitivity of BL sensors, are greatly improved,
in the future, BF sensors may be used for rapid in situ analysis of biomarkers by integrating wearable
technology. Here, a portable BL biosensor will be discussed to further illustrate the principles and
show the potential of bioluminescent sensing.

To facilitate on-field detection of toxicants, Cevenini et al. [138] developed a smartphone-based
BL whole-cell toxicity biosensor for real-time, cost-effective, quantitative toxicity testing without
trained personnel and laboratory instrumentation (Figure 6). This BL sensing platform consisted
of two main components, including a 3D printed BL-cell-contained cartridge for quantification of
the BL signals and an Android application, Tox-App, to capture, storage, and process the image,
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as well as provide real-time toxicity testing results. The human embryonic kidney cells (Hek293T)
served as biosentinel cells that expressed a green-emitting luciferase. Dimethyl sulfoxide (DMSO)
was used as a model toxic compound, and the percentage of BL signal normalized with respect to
control (set as 100%) represented the cell viability value, which delimited the severity of toxicants:
“Safe” (cell viability: 100–80%), “Harmful” (79–30%), and “Highly toxic” (<30%). This device
provided real-time quantitative results about the toxicity of tested samples, and used BL cells as living
biosentinels, enabling battery-free biosensing of toxicants and revealing the great potential of BL
cell/bacteria sensor for portable quantitative biosensing.

Figure 6. A smartphone-based bioluminescence (BL) whole-cell toxicity biosensor for on-field
detection of toxicants; several easy steps required to carry out the toxicity test; dimethyl sulfoxide
(DMSO) toxicity curve and the warming message (safe, harmful, or highly toxic) obtained with the
smartphone-based biosensor and the Android application (Tox-App), set as “Safe” (cell viability:
100–80%), “Harmful” (79–30%), and “Highly toxic” (<30%) [138]. Copyright 2016, Elsevier.

4.2.3. Colorimetry

Colorimetric sensing modality using soft microfluidics is another way for non-invasive, in situ
analysis of biofluids. The colorimetric sensing approach allows inexpensive, rapid, semiquantitative
assessment of many sweat biomarkers, such as glucose, urea, lactate, and chloride [21,34].
The biochemical reactions between sweat biomarkers and reagents embedded in sensing platforms
yield measurable changes in optical wavelength. Subsequently, capturing the optical information and
converting it into quantitative data, such as pH and concentration of the analytes, were accomplished
by high-quality digital image capture (e.g., digital camera, smartphone camera) and color extraction
(RGB values). Finally, comparing the RGB values extracted from digital images with standard
calibration curves measured in the laboratory beforehand can easily determine the concentration of the
analytes. As the simplest optical sensing modalities, colorimetric sensing techniques offer multiple
attractive features, such as ease of mass-manufacture, simultaneous monitoring of multiple analytes,
and ultrathin, lightweight, flexible constructions [73,91,139]. These attributes make them extremely
suitable for healthcare monitoring at home or sports analytics in the field. To further illustrate the
capabilities of colorimetry, several representative examples will be hereby introduced.

The pioneering work was demonstrated by Koh et al. [21] in 2016, a wearable microfluidic device
for colorimetric sensing of sweat. This device integrated four microchannels for guiding the sweat to
fill four microreservoirs containing colorimetric reagents for analysis of biomarkers, including glucose,
lactate, chloride, and pH. However, this microfluidic biosensor has limitations in accuracy. Recently,
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considerable efforts have been made to improve the performance of colorimetric sensors based on
microfluidics and enzymatic reactions. Zhang et al. [34] established a microfluidic biosensor for
colorimetric analysis of biomarkers relevant to kidney function. In Figure 7a, three separate sets of
microreservoirs were introduced to achieve the time-sequential analysis of pH and concentrations of
urea and creatinine. The printed color reference markers embedded in the capping layer facilitated the
quantitative analysis of optical information gleaned by color extraction. This microfluidic biosensor
not only improved the accuracy by providing time-sequential results of sweat biochemistry, but also
circumvented the requirements for physical exertion by collecting sweat immediately after or during
warm-water showering. Hence, this water-proof microfluidic device has vast potential for healthcare
monitoring of vulnerable populations, such as infants and the elderly, as well as for sports analytics in
aquatic settings [33].

Figure 7. Microfluidic biosensor for colorimetric sensing biomarkers in sweat. (a) A soft microfluidic
biosensor for colorimetric analysis of biomarkers relevant to kidney function. A top view of its
layout and targeted biomarkers, and an exploded view of its different layers and components [34].
Copyright 2019, Royal Society of Chemistry. (b) A soft, skin-interfaced multifunctional microfluidic
biosensor for accurate colorimetric sensing of sweat temperature, pH, chloride, glucose, and lactate.
Two representative optical images of color development of assay microreservoirs as a function of
sample concentrations and the corresponding RGB values of glucose and chloride [74]. Copyright 2019,
American Chemical Society.

Another representative example of colorimetric sensing was a skin-interfaced multifunctional
microfluidic system developed by Choi et al. [74] (Figure 7b). This device made good use of similar
colorimetric modalities to monitoring pH, chloride, glucose, and lactate. But, importantly, this work
further improved the accuracy of colorimetric sensing via its special layout. The color calibration
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markings laminated onto the top surface of the system, to surround each of the microreservoirs
or each segment of the serpentine microchannel, as shown in Figure 7b. This layout facilitated the
real-time quantitative analysis in various lighting conditions (such as under natural ambient conditions),
which increased the accuracy of optical information gleaned from digital image analysis. The bottom
two images showed in Figure 7b were the optical images of the color development of microreservoirs
as a function of sample concentrations and the corresponding RGB values of glucose and chloride.
The spectral information for color reference markers was obtained from a series of in vitro tests with
standard samples of simulated sweat. Moreover, this platform also exploited thermochromic materials,
a ternary cholesteric liquid crystalline mixture, for real-time temperature sensing (ranging from
31 to 37 ◦C) of sweat as it generated from the skin. Compared to electrochemical sensing
modality, colorimetric sensing provides an easier way to monitoring sweat biochemistry and thermal
conditions without the need for wearable power source, in situ data processing, and wired/wireless
data transmission.

4.2.4. Optoelectronic Sensing

Advanced body-worn optoelectronic devices have been designed for quantitative, continuous
sensing of vital signs. Recently, Kim et al. [26] reported an optoelectronic biosensor for pulse oximetry
(Figure 8). Due to the high-power consumption of the LEDs, conventional pulse oximeters either
rely on the bulky battery or hard-wired power supply [52]. To realize the on-field tests, wireless,
battery-free, fingernail-mounted pulse oximetry was developed. This miniaturized oximeter exploited
the bilayer loop antenna configured to maximize the efficiency of power harvesting and the distance
for wireless data transmission. Wireless delivered power was used to drive a microcontroller and an
operational amplifier. The infrared and red LEDs emitted light chronologically under the control of the
microcontroller. The intermediate photodetector captured the backscattered light and an analog-digital
converter amplified and digitized the resulting signals. Ultimately, the data of blood oxygenation
(SpO2), heart rate (HR), and heart rate variation (HRV) was wirelessly transmitted via NFC chipsets.
This fingernail-mounted oximeter extends the mounting time up to 3 months and minimized the risk
for irritation and discomfort. Long-term non-irritating integration with the human body allows for
continuous monitoring of athletes’ cardiovascular physiology, enabling easier management of daily
athletic training and progress. Besides, “fingernail-mounted” modalities show several unnoticed
but outstanding merits over “skin-interfaced” modalities. Compared to the skin, the fingernail
can be exploited as a mounting location for long-term biosensing due to its optical transparency,
mechanical rigidity, minimal interfacial water loss, and absence of nerve endings.

Figure 8. A novel optoelectronic wearable biosensor for wireless, battery-free pulse oximetry.
A schematic illustration of the layout of the fingernail-mounted pulse oximetry, and a block diagram
of the functional components; images of an unencapsulated device, a device next to a US one-cent coin,
and a fingernail-mounted device during operation [26]. Copyright 2017, Wiley.
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4.3. Other Sensing Modalities

Although the notable advances reported in the above-mentioned studies demonstrate the
excellent performance of skin-interfaced wearable sensors for sweat biosensing, other sensing
modalities still hold great potential. Over the past decade, novel sensing modalities emerge
quickly, revealing promising solutions for long-term, non-irritating, and personalized therapeutics.
Various mounting locations (e.g., tooth, fingernail) [26,52,53], integration methods (e.g., wearable,
implantable) [140–143], and sensing modalities (e.g., volumetric, ultrasonic and optofluidic) [53,140,144]
have opened up a spectrum of applications in wearable/ambulatory healthcare and sports analytics.
Novel biosensing modalities for promoting these fields are urgently required, but herein we only present
one novel sensing modality, volumetric sensing, to show the enormous potential of wearable biosensing.

Volumetry

Microfluidic systems demonstrate great potential for wearable biosensing. In the past five
years, an innovative biosensing modality—volumetric biosensing, a quantitative method to ascertain
sweat loss/rate for reflecting users’ hydration status and providing suited rehydration strategies—
quickly emerged. Herein, volumetric sensing of sweat will be introduced with two illustrative
examples. Soft microfluidic biosensors make use of the pressure naturally-induced by the sweat glands
to drive sweat through a series of microchannels to fill sweat collecting channels time-sequentially
for real-time quantification of sweat loss/rate [63,145]. The microfluidic platforms, for volumetric
sensing of sweat over local anatomical regions, usually consist of opening(s) for defining the sweat
collecting area(s) where sweat can enter the platform, water-soluble dye(s) inserted adjacent to the
inlet(s) to facilitate real-time visualization of sweat loss, and the serpentine microchannel(s) for
sweat volumetry [21,34,43,74]. Finally, volumetric sensing of the colored sweat collected by the
microchannel(s) is performed by digital image capture and analysis. Wearable biosensors for on-field
tests usually exploit smartphone cameras for quantification of sweat loss/rate by image processing and
real-time display of the data for end-users [21,27,73].

In recent years, various microfluidic platforms, characterized by different microchannel layouts
and geometries, have been developed for volumetric sensing of sweat [43]. But, few of them can operate
in aquatic settings (such as during showering, swimming, or diving). To fulfill the requirements of
sweat volumetry for athletes participating in aquatic sports, Reeder et al. [33] developed a waterproof
skin-interfaced microfluidic biosensor for sweat volumetry, biomarker analysis, and thermography
(Figure 9a). Underwater sweat collection and volumetric sensing of sweat loss/rate were introduced.
The special microfluidic inlet and outlet pores were essential for sweat loss visualization and device’s
waterproofing. As shown in Figure 9a, the water-soluble reagents, consisting of a food dye to
facilitate the visual inspection of sweat collection, resided in the microchamber adjacent to the inlet
pore. This food dye contained red/blue particles with different dissolution rates that generated a
volume-dependent color gradient as the microchannel filled with sweat. The serpentine microchannel
has 40 turns, each of which has a volume of 1.5 μL. Thus, the sweat loss/rate can be quantified
by counting the sweat-filled turns. Besides, this device contained only one tiny outlet and a small
amount of “dead volume” near the outlet pore, eliminating the interference from the outside aquatic
environment, which was considered a highly attractive feature for aquatic sports analytics.

Another research presented an alternative method, instead of using colored dyes, to quantify
sweat loss/ rate. Kim et al. [27] established a microfluidic/electronic biosensor for digital tracking of
sweat loss/rate and electrolyte composition. As shown in Figure 9b, this platform also deployed a
serpentine microchannel for volumetry of collected sweat, but a single pair of electrodes with five
pairs of probing pads were used to trace the collected sweat. The total resistance (Rn) across the main
electrodes depended on the number of pairs of probing pads that were bridged by sweat. The bottom
two schematics of Figure 9b showed the correlations between the number of pairs of probing pads
bridged by collected sweat and the amount of sweat collected by the microfluidic channel. This novel
approach circumvents the need for digital image capture and analysis, which seemingly simplifies
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sweat volumetry. However, the volumes of microchannels between pairs are significantly different
(from 2.6 μL to 27.2 μL). Despite the flaw mentioned here, future research efforts on the device design
may provide a possible solution to equal the volumes of microchannels between different pairs of
probing pads. Hence, optimizations of the geometry of the microfluidic channel and the corresponding
layout of the electrodes present a promising direction for the improvement of digital sweat volumetry.

Figure 9. Wearable biosensors for sweat volumetry. (a) A waterproof skin-interfaced microfluidic
biosensor for volumetric sensing, biomarker analysis, and thermography in aquatic settings; images
showing the special inlet and outlet pores, as well as the volumetric sensing by using red/blue dyes
to facilitate the visual inspection [33]. Copyright 2019, American Association for Advancement of
Science. (b) A microfluidic/electronic biosensor for digital tracking of sweat loss/rate and electrolyte
composition; illustrations showing the volumes of microfluidic channels that lay between different
pairs of probing pads [27]. Copyright 2018, Wiley.

5. Key Analytes and Wearable Biosensing Platforms

5.1. Key Analytes in Wearable Biosensing

Biofluids are largely unexplored resources that contain a rich milieu of important
biomarkers, from electrolytes [14,61,126], metabolites [21,34], heavy metals [31], cytokines [146,147],
hormones [80,148,149] and amino acids [150] to exogenous drugs [77,83], each of which provides
valuable insights into physiological status, health conditions, pharmacokinetics, and sports performance.
Sweat and ISF are two representative biofluids that offer great potential for home-based healthcare
monitoring or on-field sports performance assessment due to ease of non/minimally-invasive collection
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and analysis by using wearable biosensors [15,41,81]. Although traditional wearable platforms have
demonstrated the effectiveness of measuring a few biophysical markers [25,49,50], skin-interfaced
biosensors mainly exploit valuable resources—sweat and ISF biochemical markers for healthcare and
sports monitoring as shown in Table 1. But, due to the space limitation, only the key sweat targets
will be discussed herein, the key ISF analytes and a few wearable biosensors for ISF analysis will be
presented in a limited manner in Section 5.3.

Electrolytes, the most abundant analytes in sweat, are widely tested in wearable biosensing [151].
Significant interest in Na+, K+, NH4

+, and Ca2+ stems from their applications in disease diagnostics
and sports analytics. For example, the breakdown of proteins can result in the presence of ammonium
in blood before the liver converts them to urea [68]. There, high levels of NH4

+ in excreted sweat can
be used as indicators of hepatic diseases, such as hepatitis, cirrhosis, and related disease—hepatic
encephalopathy (HE) [35,152]. Kim et al. [35] reported a wearable microfluidic biosensor with integrated
enzymatic reactions for colorimetric sensing of the concentration of ammonia and ethanol in sweat.
This sweat biosensor could serve as a diagnostic tool of HE. Besides, ionized calcium is another
important marker of homeostasis. Excessive variations of Ca2+ levels in biofluids are detrimental
to the human body, causing myeloma, renal failure, kidney stones, and hyperparathyroidism [32].
Moreover, electrolytes, especially Na+ and K+, play a critical role in maintaining the electrolyte balance
and hydration status. Excessive loss of them could result in hyponatremia, hypokalemia, and muscle
cramps, leading to inferior sports performance [14].

Metabolites are rich solutes in sweat which are highly attractive for diverse applications in
wearable disease diagnostics and sports analytics. For instance, glucose and lactate attract most
research efforts [45]. Real-time tracking of glucose concentration in biofluids not only has utility in the
diagnosis of diabetes mellitus [153], but also can reflect energy availability and consumption for athletic
monitoring [43]. Likewise, sweat lactate represents a key indicator of muscle fatigue, tissue hypoxia,
and exercise intensity [21,75]. Thus, many wearable biosensors capable of simultaneously monitoring
sweat glucose and lactate have been successfully developed [14,21,73–75], because of the importance
of continuously gleaning metabolic information from sweat. Additionally, another three sweat
metabolites, including urea, uric acid, and creatinine, create opportunities for diagnostics of kidney
disorders. The levels of sweat urea and creatinine are typically higher in patients with kidney disorders
than in healthy individuals, since the failure of glomerular function [79,154]. As described previously,
Zhang et al. [34] reported a microfluidic biosensor for colorimetric analysis of urea and creatinine for
POCT of kidney diseases. Similarly, newborns usually undergo sweat chloride tests for the diagnosis
of cystic fibrosis (CF) [69,155].

Other key targets, such as hormones [80,148,149], cytokines [146], heavy metals [31,61,76],
and exogenous drugs [83,156], have also attracted considerable attention in wearable biosensing for
healthcare monitoring. As such, cortisol is a steroid hormone in sweat, and recent efforts have been made
in wearable cortisol monitoring for stress level tracking and disease diagnostics, including Cushing’s
syndrome and Addison’s disease [80,148,149]. Besides, cytokines and heavy metals have also been
non-invasively analyzed by wearable sensors to gain insights into inflammatory response [146,147],
heavy metal exposure and detoxication [31], respectively. Moreover, wearable biosensors have been
exploited to monitoring exogenous drugs, such as Levodopa and caffeine [77,156]. Wearable biosensing
has a considerable potential to transform the current state-of-the-art precision medicine and drug
delivery research [83]. The concentration of drug in biofluids (especially sweat and ISF) gleaned
from wearable monitoring can serve as feedback to improve personalized drug dosage, to establish
closed-loop therapeutics, and to provide raw data for pharmacokinetics [77,153,157].
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Table 1. Key sweat and ISF analytes in wearable healthcare and sports monitoring.

Key Targets Analytes References Representative Applications

Electrolytes

1 Na+ [14,61,126] 1. Disease diagnostics (Ca2+ for kidney stones and
hyperparathyroidism; NH4

+ for 3 HE)
2. Sports analytics (Na+ and K+ for electrolyte

balance, muscle cramps, and de/rehydration)

1,2 K+ [158–160]
1 NH4

+ [35,68,161]
1 Ca2+ [32,161,162]

Metabolites

1,2 Glucose [37,75,153] 1. Disease diagnostics (glucose for diabetes,
chloride for cystic fibrosis; urea, uric acid,
and creatinine for kidney diseases, such as
uremia; cholesterol for atherosclerosis)

2. Sports analytics (lactate for muscle fatigue,
tissue hypoxia, and exercise intensity; glucose for
energy availability and consumption)

1,2 Lactate [74,127,163]
1 Creatinine [21,34]
1 Chloride [33,69,74,91]
1 Uric acid [150,164,165]

1 Urea [34,166]
2 Cholesterol [167]

Heavy metals
1 Zn [31,61,76]

1. Monitoring of heavy metal intake and
detoxification (excess or deficiency)

2. Determination of heavy metal exposure1 Cu,1 Cd,1 Pb,1 Hg [31]

Cytokines
1,3 IL-1β [146] 1. Monitoring of inflammation (CRP, TNF-α)

2. Precision medicine (IL-1β for 3 IBD treatment)
1,3 CRP [146]

1,2,3 TNF-α [147,168]

Hormones 1 Cortisol [80,148,149]
1. Disease diagnostics (Cushing’s syndrome,

Addison’s disease)
2. Mental health management (stress levels)

Amino acids
1 Tyrosine [150]

1. Disease diagnostics (liver diseases,
traumatic brain injury, Alzheimer’s disease)

2. Nutritional management (eating disorders)2 Glutamate [169]

Exogenous
drugs

2 β-lactam [83] 1. Precision medicine (personalized drug dosage,
closed-loop therapeutics)

2. Drug delivery (pharmacokinetics, therapeutic drug
monitoring for antibiotics)

2 Vancomycin [170]
1 Levodopa [77]

1 Caffeine [156]

Others

1,2 Ethanol [35,171,172] 1. Alcohol consumption analysis

1,2 pH [32,34,74,173] 1. Sports analytics (electrolyte balance)
2. Disease diagnostics (metabolic alkalosis)

1 Sweat loss/rate [21,33,34,73]
1. Sports analytics (de/rehydration)
2. Disease diagnostics (autonomic nervous

disorders; hyper/hypohidrosis)

2 Immunoglobulin [174,175] 1. Early disease detection
2. Investigation of vaccine effectiveness

Analytes sources: 1 sweat and 2 interstitial fluid (ISF); 3 Abbreviation: HE, hepatic encephalopathy;
IL-1β, Interleukin-1β; CRR, C-reactive protein; TNF-α, Tumor necrosis factor-α; IBD, Inflammatory bowel disease.

5.2. Wearable Sweat Biosensing Platforms for Healthcare and Sports Monitoring

The rich composition of sweat analytes makes the wearable sweat biosensing platform applicable
to healthcare and sports monitoring. Over the past decade, an increasingly large number of
wearable biosensors have been developed, as we systematically reviewed in Section 4. However,
the potential impact of wearable sweat biosensing technologies on sports analytics has not yet been fully
recognized. To broaden the scope of wearable sweat sensing (like other analytes, integrated biosensors),
several wearable platforms will be briefly introduced herein.

In one example, Reeder et al. [33] developed a waterproof microfluidic platform for sweat
volumetry, biomarker analysis, and thermography in aquatic settings (Figure 10a). For biomarker
analysis, colorimetric sensing was introduced: the reagent resided in the adjacent chamber reacted with
sweat to create a colorimetric response corresponding to the concentration of chloride. A printed color
reference dial at the center facilitated visual inspection. Besides, two representative biosensors exploited
electrochemical sensing for in situ monitoring of heavy metals—Zn, Cd, Pb, Cu, and Hg [31] (Figure 10b),
and an exogenous drug—caffeine [156] (Figure 10c). These systems based on electrochemical biosensing
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are characterized by high selectivity, sensitivity, and reproducibility. Tai et al. [156] reported a wearable
biosensor with the capability of methylxanthine drug monitoring by electrochemical DPV, which is an
important step to complement the traditional method of drug dosage tracking—blood sampling and
analysis. Sports medicine personnel could be specifically interested in this work due to their ability
to monitor the drug dosage during exercise intervention of the diseased. Another example of using
wearable biosensors for drug monitoring was combined with microneedles technologies, and will be
described in the following Section 5.3.1.

Figure 10. Wearable sweat biosensing platforms for healthcare and sports monitoring. (a) A waterproof
skin-interfaced microfluidic biosensor for sweat chloride analysis in aquatic settings [33]. Copyright 2019,
American Association for Advancement of Science. (b) A wearable biosensor for multiplexed monitoring
of heavy metals, including Zn, Cd, Pb, Cu, and Hg [31].Copyright 2016, American Chemical Society
(c) A wearable biosensor for methylxanthine drug (caffeine) monitoring [156]. Copyright 2018, Wiley.
(d) A skin-mounted hybrid sensor for analysis of sweat glucose, lactate, pH, and chloride; correlations of
data acquired from sweat biosensors (black line) with that acquired from blood glucose and lactate
meters (red line), respectively [73].Copyright 2019, American Association for the Advancement
of Science.

Recent progress has led to the advent of hybrid biosensors, which can monitor multiple parameters
by simultaneously performing electrochemical, colorimetric, and volumetric sensing. To yield a
comprehensive evaluation of the physiology and sports performance of end-users, Bandodkar et al. [73]
developed a skin-mounted microfluidic/electronic biosensor for simultaneous monitoring of chloride,
pH, lactate, glucose, and sweat loss (Figure 10d). The hybrid biosensor contained a reusable,
thin NFC subsystem and a soft, disposable microfluidic subsystem. The NFC subsystem allowed for
electrochemical sensing in a mode that targeted glucose and lactate, and spontaneously generated
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electrical signals proportional to their concentrations. The microfluidic subsystem embedded
colorimetric reagents for tracking the pH and concentration of chloride, with an additional ratcheted
microchannel for quantification of sweat rate and total sweat loss. As shown in Figure 10d (right),
a field study aimed to suggest the potential for acquiring semi-quantitative data by analyzing sweat
biochemistry. This study focused on comparing temporal variations in glucose and lactate levels
in blood and sweat due to exercise engagement or food intake. The results showed a comparison
between the data acquired from hybrid biosensors with the data acquired from blood glucose and
lactate meters, respectively. Over two days, the blood glucose and lactate levels after each session
followed trends that qualitatively similar to those of data measured in sweat. These correlations were
confirmed by literature [69,153,176–178].

5.3. Microneedles Platforms

Several decades ago, microneedles (MNs) were first introduced to perform transdermal
drug delivery [179]. MNs with small length (usually less than 1000 μm [180,181]) penetrate the
stratum corneum and open windows for the ISF biosensing or form transient microchannels for
drug delivery while preventing the nerves and blood vessels from stimulation and impairment.
Currently, MNs have been utilized for applications in the following areas: ISF sampling [180,182],
disease diagnostics [153,183,184], drug delivery [179,185,186], cosmetics [181,187–189], etc.

MNs have wide applications and show tremendous promise for applying biomedical advances
into wearable healthcare and sports monitoring due to the three following intrinsic advantages.

1. Enhanced compliance. The patients and athletes will not suffer from pain, discomfort,
and needle-phobia [179,180,190,191].

2. Easy-to-use. MNs are user-friendly biosensing and drug delivery devices that can be
directly applied to the skin. Conventional methods, hypodermic injections, conversely,
demand professional personnel who undergo rigorous medical training [179].

3. Real-time in situ biosensing and controllable/long-term drug delivery. MNs realize pain-free,
in situ diagnostics even combine with feedback-based long-term drug delivery [160].

Recent advances in wearable MN patches capable of minimally-invasive, transdermal sensing
biofluids [153,160,179,192,193] and pain-free drug delivery [184,194,195] provide an opportunity
to perform sports monitoring, especially beneficial to sports nutrition and sports medicine [196].
These techniques combined with electrochemical/microfluidic biosensing modalities are expected to
lead to several breakthroughs in wearable biosensing.

5.3.1. Microneedles for Transdermal Biosensing

In recent years, although the majority of MNs are still focused on painless drug delivery, MNs for
transdermal biosensing are promising and receive considerable attention [190]. ISF contains rich
physiological/pathological information than ever envisaged [197], in the meantime, the MN-based
biosensor can serve as a portal for the pain-free acquisition of valuable information. Besides,
recent research efforts have led to the emergence of advanced microfabrication and biophotonics
that facilitate the manufacture of MNs [37,39,198]. More complicated MN platforms that integrate
electrochemical biosensors [157,169,181] or biofuel cells [37] (harvesting energy from biofluids, such as
sweat and ISF, to power wearable platforms) have been manufactured. These integrated biosensors
demonstrate great promise for monitoring physiological status and athletic performance in field tests,
as well as detecting doping in sports competitions.

MNs only penetrate the stratum corneum of the skin, therefore do not reach the capillary
to sample blood for biosensing. Instead of hypodermic needles that sample blood for medical
testing, the transdermal MN-based biosensors adopt a minimally-invasive way to sample the ISF
for therapeutic drug monitoring (TDM). Using the TDM to optimize the drug dosage is important
for improving therapeutic efficacy and predicting any adverse outcome, such as resistance and
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toxicity [199]. For example, Gowers et al. [83] developed a TDM system (Figure 11a), an MN-based
biosensor for real-time continuous monitoring levels of β-lactam antibiotics in vivo. The MNs were
coated with multiple layers, including a gold working electrode layer, a pH-sensitive iridium oxide
layer, a β-lactamase hydrogel layer, and a poly(ethylenimine) layer. The pH-sensitive layer detected
changes in local pH as a result of β-lactam hydrolysis with the presence of β-lactamase. Afterwards,
the potentiometric modality was applied for establishing the relationship between variations in local pH
and the potential measured. Such a biosensor is capable of real-time tracking penicillin concentrations,
paving the way for personalized drug dosage that is a large step towards precision medicine. But,
these MN-based biosensors are still at an early stage of development. A daunting challenge still exists,
namely the need for a continuous, reliable power supply.

Figure 11. Representative applications of microneedles (MNs) for transdermal biosensing and pain-free
drug delivery. (a) MN-based biosensor for continuous monitoring of β-lactam antibiotic concentration
in vivo [83]. Copyright 2019, American Chemical Society. (b) MN-based self-powered glucose sensor
and schematic reaction on two of the hollow MNs located within the MNs array [37]. Copyright 2014,
Elsevier. (c) Multilayered pyramidal dissolving MNs, composed of silk fibroin tips supported on
flexible pedestals, for improving drug delivery [38]. Copyright 2017, Elsevier. (d) MN patch with
drug-loaded tips and effervescent backings for long-acting reversible contraception [40]. Copyright 2019,
American Association for the Advancement of Science.

A majority of wearable biosensing devices rely on the external power supply [14,26,88,90,153],
which causes numerous technical difficulties in the field tests. Thus, researchers begin to seek
new methods to obviate the need for an external power supply. Bandodkar et al. [200] made
a major thrust of biofuel-cell (BFC) wearable devices that scavenged energy from human sweat.
The wearable energy harvester they developed converted readily available sweat lactate into electricity.
Lightweight, ultrathin, stretchable, high power density were the attractive features of this wearable
harvester. Nowadays most MN-based sensing patches are still relying on the external power
supply [83,153,201]. To overcome this major drawback, Valdés-Ramírez et al. [37] developed an
MN-based self-powered BFC glucose biosensor that harvested biochemical energy from the wearer’s
ISF (Figure 11b). The self-powered biosensor harnessed glucose as the fuel to eliminate the need for an
external power supply, and also provided power signals proportional to the glucose concentration.
Besides, this self-powered MN-based sensor displayed high selectivity and stability that showed
considerable promise for battery-free transdermal glucose monitoring. In short, the combination
of energy harvester, electrochemical sensor, and MN technology will address some key challenges,
such as integrating monitoring multiple analytes in ISF and automatic feedback-based transdermal
drug delivery using MN-based self-powered BFC biosensors.

5.3.2. Microneedles for Pain-free Drug Delivery

Microneedles for transdermal drug delivery reduce the systemic side effects and improve dosage
efficacy and patient compliance [180] compared to hypodermic needles [38,180,202]. Typically,
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external small molecules (e.g., drug contents) can be minimally-invasive delivered percutaneously
harnessing passive mass transfer. To facilitate the establishment of closed-loop diagnostic and
therapeutic systems, MNs for drug delivery are also attractive, especially for controlled or long-term
non-irritating drug release. In the past few years, great efforts have been made to find a
way for controllable/long-term drug delivery using MNs, such as thermo-responsive MNs [153],
stretch-triggered MNs [196], multilayered MNs [38], and effervescent MNs [40].

To deliver the drug contents in a controllable manner, Lau et al. [38] developed a multilayered
pyramidal dissolving MN patch with flexible pedestals (Figure 11c). The drug release time and
rate were regulated by the dissolution rate of diverse biomaterials in different layers of the MNs.
Hence, the MNs were applicable to control the release rate of the anti-inflammatory drug to facilitate
personalized sports medicine. For instance, the rapid dissolution of the tip’s outermost layer of
the multilayered pyramidal MNs can quickly control inflammation and continuously treat chronic
inflammation via sustained dissolution of the inner layer.

Another group demonstrated the pursuit of long-term personalized drug delivery. Wei Li et al. [40]
developed an effervescent system to increase access to long-acting contraception (Figure 11d). The MNs
consisted of drug-loaded tips and effervescent backings containing polyvinylpyrrolidone (PVP),
sodium bicarbonate, and citric acid. Once inserted in the skin, the ISF solubilized the effervescent
backing and the CO2 generated from the reaction of citric acid with sodium bicarbonate facilitated
the separation of the interfaces between the MNs’ tips and patch backings (detachment efficiency
of 91.7 ± 2.4%). Long-acting contraception was achieved in vivo by the dissolution of MNs’ tips to
release levonorgestrel (LNG) for 2 months and maintained the LNG concentrations above the human
contraceptive threshold level for >1 month (after rats being administered MNs).

In sum, MNs are not only appealing avenues to interrogate the ISF for biosensing, to carry
out controllable/long-term transdermal drug delivery [179,185,186], but also can facilely incorporate
with electrochemical biosensors [157,169,181] to realize closed-loop personalized diagnostics and
therapeutics [153,193,203]. Moreover, recent advances in biofuel cells [89,200,204–206] could further
address the key issue, lack of thin and reliable wearable power sources. These eminent features would
enable a broad range of important applications in the sports field where real-time athletic performance
monitoring and personalized sports injury treatments are urgently demanded [196]. We envisage
that the advancement of MNs for biosensing and drug delivery will encourage the emergence of new
generations of wearable athletic biosensors, that would revolutionize sports monitoring and sports
medicine in the near future.

6. Unsolved Challenges for Future Research

Although considerable research efforts and remarkable progress have been made in wearable
biosensing for healthcare monitoring and sports analytics, especially the field of microfluidics for
sweat biosensing, several technical difficulties remain in aspects related to lack of well-established gold
standard, as well as the selectivity, sensitivity, power supply, integration, cost of the device. First of
all, unlike blood tests that have numerous well-established clinical gold standards, such as diabetes
diagnosis (glucose concentration≥ 7 mmol/L) [207], it is particularly difficult to establish gold standards
for wearable biosensing of non-blood biofluids. Take sweat biosensing, for example. The sweat loss
and the concentration of biomarkers show wide variations between different regions of the body.
Besides, acquiring reliable concentrations of biomarkers (especially for scarce analytes) is challenging
due to the relatively small amounts of collected sweat compared to total sweat loss. The calibration of
biomarker concentrations is equally challenging since their strong relation to individual hydration
status. Therefore, additional advances in wearable biosensors are needed, especially those related to
diagnostic applications.

Furthermore, most wearable devices, especially electrochemical biosensors, rely on the
continuous, reliable power supply, including miniaturized batteries, wireless power delivery devices,
and biofuel-cell (BFC) energy harvesters. Miniaturized batteries, both coin cell and flexible batteries,
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have poor performance, requiring frequent recharging or large power source carried by wearers.
The alternative, wireless power harvested from NFC chipsets, also has a tough problem that proximity
(<1 m) is required for power delivery. Biofuel-cell energy harvesters scavenging energy from sweat or
ISF metabolites (e.g., lactate, glucose) have some potential but power density still needs to elevate.
Additionally, wearable biosensors, such as soft, skin-interfaced microfluidic/electrochemical biosensors,
have to in situ monitor multiple analytes at extremely low concentrations without sample pretreatment.
Thus, sensitivity and selectivity of biosensors are considered fundamental requirements for wearable
healthcare monitoring and sports analytics. Besides, in situ monitoring biomarkers and real-time data
acquisition demand the integration of monitoring subsystem, data processing subsystem, and wireless
data transmission subsystem. This integration will yield significant additional expenditures and
difficulties. More importantly, a majority of wearable biosensors meet difficulties to re-use since
they do not discern the disposable and re-useable components of wearable biosensors. Nonetheless,
future studies may focus efforts to design cheap, single-use plug-in parts of biosensors, which will
explore possible avenues for the investigation and commercialization of this fascinating technology.

Unmet challenges also exist in the translation of biomedical advances into sports analytics.
As mentioned previously, a vast majority of wearable technologies focus on healthcare monitoring.
Firstly, well-established biomedical techniques have not yet been broadly applied in the sports field,
since the enormous potential of the wearable biosensor for sports analytics has not been recognized by
most researchers (e.g., biomedical engineers). Unfortunately, innumerable multidisciplinary studies
concerning wearable technologies have been conducted within the medical and engineering fields
instead of outside fields, such as sports analytics or sports engineering. Secondly, current existing
sports analytical techniques, especially for chemical analysis of biofluids, are confined to the
laboratory or hospital settings. Specifically for sports biochemists, difficulties largely follow from
lack of engineering background and expertise, few opportunities for interdisciplinary collaborations.
Ultimately, although several research groups at Northwestern University, University of California
(Berkley) gain opportunities for in-depth interdisciplinary collaborations and develop numerous
wearable biosensors for sports analytics, an obstacle, lack of practical data interpretation, in the path of
the widespread application and commercialization of wearable biosensors still stubbornly persists.
The wearable biosensors they developed have increasingly high performance related to sensitivity,
selectivity, accuracy, and multifunctionality. Nevertheless, even if accurate data of sweat biomarkers
gleaned by wearable biosensors can be facilely collected, the concentrations of sweat metabolites and
electrolytes can be easily displayed on the smartphone, the end-users still do not know what these
mean and how these data represent their health status and sports performance. Therefore, what next
for wearable biosensors, from healthcare monitoring to sports analytics? It is perhaps a revolutionary
technology for the future, although a great deal of work needs to be done before it achieves prosperity
in academia and success in commercialization.

7. Conclusions and Perspectives

Recent advances in stretchable materials, microfluidics, optical/electrochemical sensors,
image processing and analysis, NFC and wireless power supply, microneedles, as well as big data
and cloud computing provide a robust foundation for wearable biosensing, especially the field of
microfluidics for sweat and ISF biosensing. The emerging sampling and sensing modalities for obtaining
sweat biochemical information offer profound insights into human physiology, metabolism, and sports
performance, which complement traditional biophysical sensing modalities. Representative examples
of wearable biosensors capable of in situ monitoring sweat biomarkers, from electrolytes, metabolites,
heavy metals, cytokines [146], hormones [80,148,149], amino acids [150] to exogenous drugs [83,156],
provide a window on the valuable biochemical resources that have a substantial impact on disease
diagnostics, precision medicine, drug delivery, and sports analytics. However, the majority of advanced
wearable sweat biosensors still focus on healthcare monitoring to improve home-based disease diagnosis.
Although wearable biosensors for sports analytics are underdeveloped, the transition from focusing
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on healthcare monitoring to combining with sports analytics is an important step in a trend towards
better preventive healthcare and sports & health science. It offers revolutionary capacities for future
wearable technologies. It also in its infancy, and a great deal of work still needs to be done, such as
integration of well-developed technologies (e.g., ultrasonics, implants, optofluidics, optoelectronics,
microneedles, etc.), for building up a picture of future biosensing technologies. Despite the remarkable
progress that several research groups achieved over the past five years, daunting challenges remain in
the power supply, data interpretation, the cost of mass-fabrication, as well as in-depth interdisciplinary
collaboration. With these challenges overcome, the commercialization and widespread adoption of
wearable biosensors in sport-related fields will be fully realized, and state-of-the-art athletic monitoring
and sports analytics will be transformed fundamentally.
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Abstract: Nanoparticles (NPs) and microparticles (MPs) have been widely used in different areas
of research such as materials science, energy, and biotechnology. On-demand synthesis of NPs and
MPs with desired chemical and physical properties is essential for different applications. However,
most of the conventional methods for producing NPs/MPs require bulky and expensive equipment,
which occupies large space and generally need complex operation with dedicated expertise and labour.
These limitations hinder inexperienced researchers to harness the advantages of NPs and MPs in their
fields of research. When problems individual researchers accumulate, the overall interdisciplinary
innovations for unleashing a wider range of directions are undermined. In recent years, modular and
integrated systems are developed for resolving the ongoing dilemma. In this review, we focus on
the development of modular and integrated systems that assist the production of NPs and MPs.
We categorise these systems into two major groups: systems for the synthesis of (1) NPs and (2) MPs;
systems for producing NPs are further divided into two sections based on top-down and bottom-up
approaches. The mechanisms of each synthesis method are explained, and the properties of produced
NPs/MPs are compared. Finally, we discuss existing challenges and outline the potentials for the
development of modular and integrated systems.

Keywords: synthesis; nanoparticles; microparticles; microfluidics; integrated systems; modularisation

1. Introduction

Particles, generally referred to as small pieces of material with sizes ranging from a few nanometres
to hundreds of micrometres, possess many unique chemical and physical properties that are different
from those of bulk materials. At large, particles can be categorised into two groups: nanoparticles (NPs)
and microparticles (MPs) based on sizes. Owing to their large surface areas in relation to the mass,
NPs and MPs are applied in areas such as catalysis [1–3], sensing [4,5], and imaging [6,7]. Moreover,
materials in such small scale can be easily handled, transported, and processed compared with the
same materials in bulk.

In general, NPs (with sizes range from a few to hundreds of nanometres) have various shapes
and structures such as sphere, rod, wire, tube, cube, cone, and spiral. Besides, NPs can be crystalline
or amorphous. Inorganic NPs such as nanocrystals made from noble metals or rare-earth elements
can be used in drug delivery [8] and biological sensing [9]. In amorphous cases, liquid metal (LM)
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NPs made from gallium (Ga)-based alloys are gradually attracting attentions in fields of drug delivery,
tumour therapy, and soft electronics [10–12]. Besides, organic polymeric nanocomposites with good
biocompatibility show potentials in drug delivery vehicles [13]. The applications for various NPs are
outlined and summarised in Table 1.

Table 1. Overview of applications for different types of nanoparticles (NPs).

Type to NPs Applications Reference

Liquid metal
(EGaIn, Galinstan, other Ga-based alloys)

Soft/flexible/wearable electronics
Biomedical applications

(e.g., drug delivery, medical imaging,
therapeutics, and antimicrobial activities)

[12,14–16]

Nobel metal
(Au, Ag, platinum group of metals)

Antimicrobial activities
Optoelectronics

Catalysis
Biomedical applications (e.g., drug delivery,

medical imaging, and photothermal therapeutics)

[17–20]

Transition metal
(Cu, Ni, etc.)

Wastewater treatment
Antimicrobial and anticancer activities

Catalysis
Biomedicine

Energy storage

[21–24]

Oxides of metals
(Fe2O3, SnO2, Al2O3, etc.)

Anti-infective applications
Electrochemical sensing and biosensing

Catalysis
Optoelectronics

Medical imaging

[25–27]

Semiconductor quantum dots
(CdSe, CdTe, CdSeTe, etc.)

Catalysis
Solar concentrators

Medical imaging
Cellular imaging

[28–31]

Carbon-based materials
(CNTs, graphene, CB, etc.)

Electrochemical sensing
Energy storage

Catalysis
Cellular imaging

Biomedical applications (e.g., bioimaging, biosensors,
drug delivery, theranostics, and tissue engineering)

[4,32–35]

Organic polymer
(PLGA, PLGA@HF, PEG, etc.)

Mostly biomedical applications (e.g., drug delivery,
tissue regeneration, molecular imaging, and cancer phototherapy) [36–38]

A variety of synthesis approaches for NPs have been developed, and they can be categorised
as either the top-down or bottom-up method, as shown in Figure 1. For the top-down approach,
methods such as ultrasonication, laser ablation, and thermal decomposition have been introduced to
break bulk materials into nanoscales [39,40]. In such approaches, high energy or pressure is required,
and it is hard to produce NPs with sizes below 100 nm [41]. This process is also not suitable to
produce uniform NPs and complex structured nanocomposites due to the uncontrollable disruptive
forces. As for the bottom-up approach, NPs are synthesized by the built-up of materials from atoms to
clusters to nanoscale structures. Methods such as photochemical reduction, chemical precipitation,
microemulsion, microbial reduction, and hydrothermal methods are commonly used in synthesising
NPs [39,41].

Both organic and inorganic MPs with sizes from a few to hundreds of micrometres have been
frequently used as vehicles to carry functional molecules, such as proteins and drugs [42]. Complex MPs
with customised sizes, morphologies, and compositions have been widely investigated by researchers
in recent years. Preparing such MPs using conventional emulsification methods is challenging because
the interfacial tension drives the automatic morphoring of emulsions into spherical shape [43]. In the
past two decades, microfluidics has been adopted as a novel synthesis technique for producing MPs
with customised properties [44,45]. Using monodispersed microdroplets produced by microfluidics as
templates, MPs can be formed after solidification [46]. For instance, microspheres can be produced from
single emulsion, while core/shell, Janus, and other irregular shapes are available from transformation
of double or multiemulsions. In addition to microfluidics, millifluidic reactor (reactor with channel
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diameter in millimetre scales) systems have also been implemented for MPs synthesis to increase
the productivity. These techniques can easily connect with typical laboratory instruments [47].
In addition, systems using acoustic [48], centrifugal [49], and jetting mechanisms [50] are developed
to synthesis functional MPs. Such systems can be established easily without the need of complex
microfabrication processes.

Figure 1. Scheme of top-down and bottom-up synthesis of nanoparticles (NPs).

Optimising synthesis methods is beneficial in the production of quality NPs and MPs to further
stimulate the development of electronic, medical, and sensing research. Despite this, most of the
conventional methods require bulky and expensive equipment, leading to complex, labour-consuming
operations. These limitations impede inexperienced researchers with different backgrounds to
synthesise customised NPs/MPs. Additionally, without automatic control systems, most of the
conventional methods follow specific protocols that require extensive experience. This lack of flexibility
and controllability would require enormous and unnecessary efforts for researchers to synthesise
NPs/MPs with repeatable quality and desired properties, causing inadequate utilisation of NPs/MPs in
their fields of research. For example, conventional bottom-up methods produce NPs in small batches
through a series of chemical reactions; the discrepancy in manual operation may cause variation of
size and properties of the produced NPs from batch to batch. To address these limitations, a feasible
solution is the development of “modular” and “integrated” systems for assisting the synthesis of
NPs/MPs in a repeatable manner. In this solution, complex production systems are divided into various
manageable modules, and the individual modules can be readily assembled and dissembled on a
need base. After assembling into an integrated system, each module interacts with others and exhibits
different functions. Based on the requirements of researchers, suitable modules can be chosen and
assembled to produce customised NPs/MPs.

This review will discuss current modular and integrated systems for the synthesis of NPs/MPs.
We categorize the systems into two main groups: systems for producing (1) NPs and (2) MPs. Systems for
synthesising NPs are elucidated by top-down and bottom-up approaches. These versatile systems
utilise various mechanisms such as sonication, laser ablation, microfluidics, flame synthesis, centrifugal,
and spinning force for the on-demand production of NPs/MPs. Several representative examples are
provided to illustrate the mechanisms and production efficiency of such systems. Finally, we envision
the challenges and opportunities for the development of future modular and integrated systems.

2. Integrated Systems for Synthesising NPs

Numerous integrated systems have been developed to facilitate the production of NPs for research
in laboratories or application in the industry without complicated operations. Here, we categorise the
systems based on top-down and bottom-up methods. We first elucidate top-down production methods
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enabled by (1) sonication, (2) laser ablation, (3) microfluidics and millifluidics, and (4) flame synthesis.
The bottom-up methods would be explained in later text.

2.1. Systems Based on Top-Down Methods

Synthesis mechanisms like sonication and laser ablation are suitable to produce metallic NPs for
top-down methods. Bulk materials can be comminuted into nanoscales, and the existence of ligands or
the rapid formation of oxide layer prevents the products from assembling back into large scales [51,52].

2.1.1. Sonication Systems

Sonication is applied as sound energy to agitate bulk materials, as shown in Figure 2A. The sonication
systems such as probe sonicator and ultrasonic bath have attracted attention for the production of LM
NPs. The spontaneous formation of an oxide skin on the surface prevents LM NPs from assembling back
into bulk materials. For the top-down production of LM NPs, sonication probe systems are commonly
used, which can provide larger power density and yield NPs more efficiently than that of ultrasonic
bath. However, the rapid heating induced by the high-power intensity of sonication probe drives
undesired oxidation, dealloying and phase transitions of LM NPs [53]. To eliminate the undesired
effects and efficiently produce LM NPs, a dynamic temperature control system was developed [54].
Figure 2B displays the exploded schematic of the system, combining sonication probe, cooling modules,
control module, and power supply. The system adjusted the supplying power to Peltier cool pads at the
same time by detecting the real-time temperature of the vial through the thermocouple to keep the vial
in target temperature. This system is capable of producing NPs smaller than 50 nm, which is beneficial
for applications in nanomedicine.

Figure 2. Schematics of ultrasonic mechanism and representative platforms. (A) Schematic of sonication
mechanism. (B) Exploded schematic of the liquid metal (LM) NP production platform with a dynamic
temperature control system. Reprinted with permission from ref [54]. Copyright (2020) American
Chemical Society. (C) Experimental setup of the on-chip LM NP production platform. Reprinted with
permission from ref [51]. (D) Exploded schematic of a liquid-based nebulization system. Reprinted with
permission from ref [55]. (E) The schematic of the mechanism for producing EGaIn LM NPs.
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Despite the mentioned advantages of probe sonicator, the bulky and expensive nature limit its
use. As a substitute, a microfluidic LM NP production platform using ultrasonic bath was created,
as shown in Figure 2C [51]. This platform utilises microfluidic chips to generate microdroplets of LM
and further breaks them into NPs in ultrasonic bath. By adjusting the dimensions of microchannels
and the applied centrifugal force on the suspension, NPs with different size distributions of NPs can
be collected. This simple and low-cost platform can be applied in any laboratories with inexpensive
ultrasonic bath. In addition, Tang et al. designed a liquid-based nebulization system for producing LM
NPs, as shown in Figure 2D. This cost-effective platform can achieve one-step production of stable
and functional LM NPs [55]. The lack of severe turbulence after activating the transducer indicates
that the production process is different from the case of using sonication probe systems, and the
production mechanism can be explained using the cavitation hypothesis, as shown in Figure 2E.
The generated vapor cavities of water within the slip layer between LM droplet and the surface of
transducer collapse at the EGaIn–solution interface, which liberates EGaIn NPs into the surrounding
suspending medium. Additionally, the thickness of oxide skin on the NPs can be controlled using an
integrated electrochemistry system.

2.1.2. Laser Ablation Systems

The core of laser ablation is to ablate the surface of the solid target material by a
femtosecond–nanosecond pulsed laser to synthesize NPs. It constitutes a green technique that
does not need any metal precursors and reductants to stabilise the colloidal dispersions and the
highly pure colloids are produced without any by-products [56]. In addition, the production process
is conducted under ambient conditions without the need of extreme temperature and pressure.
The typical setup of liquid-phase laser ablation is schematically presented in Figure 3A. This technique
can cover a wide range of suitable target materials and solvents. By tuning laser parameters and other
assisting factors, the size and shape of NPs can be controlled. Due to the formation of new phase
in laser ablation involves both liquid and solid, researchers are able to select and combine various
solid targets and liquids to synthesize NPs for fundamental research and industrial applications [57].
The exact mechanism is complicated and still under investigation. Generally, this method involves
photon-induced material ionization, plasma phase formation, and the nucleation of NPs [58]. Due to
the simplicity of processing, the production of metal NPs such as gold (Au), silver (Ag), and copper
(Cu) by laser ablation is of a great scientific interest. The lack of grafting agents in general laser
ablation systems causes aggregation of NPs in the solution. To fix this issue, Hu et al. established an
ultrasonic-assisted pulse laser ablation (PLA) system by applying ultrasonic bath to assist the laser
ablation process, resulting in a decrease in particle size and an enhanced fabrication rate, as shown in
Figure 3B [59]. This system used a laser with a wavelength of 532 nm to produce Au and Ag NPs,
with smaller average sizes compared with the system without an ultrasonic bath.

To efficiently produce NPs with controllable sizes, Yu et al. established a multiple-pulse picosecond
fibre laser system with a 3D stage that can be adjusted to change target position while producing
NPs [62]. By altering the subpulse number in an envelope, NPs with sizes ranging from 4 to 120 nm
(standard error of 5%) were produced. Moreover, Mahdieh et al. utilised a Nd:YAG laser system
with a Joulemeter measuring pulse energy to investigate the effects of water depth and laser pulse
numbers on the size of the produced colloidal NPs including aluminium (Al) and titanium (Ti) [63].
At a certain water depth, the increase in laser pulses numbers can lead to smaller mean NP sizes.
Kőrösi et al. also established a picosecond laser system for producing ligand-free size-controllable Ag
NPs by applying different laser wavelengths, which can maintain stable without any additives and be
applied for antimicrobial activities [64]. Herbani et al. produced Au, Ag, and Cu NPs with average
sizes of 20–40 nm by a pulse laser ablation system [65]. The effective laser wavelengths for correlated
NPs production are found, e.g., the effective laser wavelength for Au and Ag targets is 532 nm and
that for Cu target is 1064 nm. Apart from the laser wavelength, the effects of liquid medium were also
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investigated using a femtosecond laser ablation-assisted system. It was determined that the deionised
water medium have positive impacts on the properties of the produced Ag NPs [66].

Figure 3. Schematic of laser ablation systems for producing NPs. (A) Schematic representation of
a typical setup for liquid phase laser ablation. (B) An ultrasonic-assisted pulse laser ablation (PLA)
system. Reprinted with permission from ref [59]. (C) Illustration of magnetic field assisted laser
ablation system. Reprinted with permission from ref [60]. (D) Schematic showing the laser ablation in
liquid setup. A laser beam is deflected by two scanning systems: a polygon scanner for the vertical axis
and a galvanometric mirror for the horizontal axis. Reprinted with permission from ref [61]© The
Optical Society.

In addition to laser and liquid medium parameters that affect the synthesis of NPs, external
environment also influences laser ablation [40]. Various field-assisted laser ablation systems have been
established. These fields include electric [67], magnetic [60,68,69], and electrochemical ones [70–72].
The germanium dioxide (GeO2) NPs with a high refractive index can be produced by applying different
electric fields assisting laser ablation. Shapes of NPs, such as cubes or spindles, are obtained with the
assistance of electric fields, in whose absence would result in spherical particles [67]. Apart from using
the magnetic field to assist laser ablation, one step fabrication of one-dimensional (1D, which means a
very large aspect ratio) magnetic NPs (such as cobalt carbide spheres) can be achieved, which effectively
simplifies the NPs synthesis process [60]. Figure 3C illustrated the setup of the laser ablation system.
During the period when laser beam is focused on the target sample, a strong and uniform magnetic
field in vertical direction is applied to achieve the synthesis of NPs and one-step fabrication of 1D
chains. Moreover, external magnetic field enables the acceleration of Au NPs formation [68] and can
increase the aspect ratio (up to 17–18) of Au NPs [69]. Additionally, electrochemistry-assisted laser
ablation can change the morphology and composition of produced NPs. The products can possess
excellent optical multiabsorption [72] and magnetic [70] properties. To meet the demand of industrial
production, Streubel et al. created a novel laser system that achieved a continuous ablation rate up to
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4 g/h to produce a variety of metal NPs, such as Au, Ag, and Pt [61,73]. This platform consisted of a
3 ps laser system (Amphos 500flex), two scanning systems (a polygon scanner for the vertical (fast) axis,
a galvanometric mirror for the horizontal (slow) axis), a water-filled chamber, and a liquid flow system,
as shown in Figure 3D. The fast axis is controlled by the polygon scanner, which reaches speeds up to
500 m/s, while the slow axis utilises the galvanometer mirror with speeds up to 10 m/s. The liquid
flow system can pump the liquid continuously to take away the generated NPs that remain in the path
and shield the laser pulses. The platform adapted a repetition rate of 10 MHz to bypass the cavitation
bubbles, minimizing the plasma-induced cavitation bubbles that limits the productivity of NPs.

To make it convenient for researchers to distinguish and pick up feasible systems for their
researches, the integrated systems developed in recent years based on these two mechanisms are
outlined and summarised in Table 2. As the costs may impede researchers conducting their academic
experiments, we mark the cost of each system by asterisks to discriminate different systems. The systems
including bulk expensive equipment such as laser generators, syringe pumps, high temperature,
and pressure reactors are regarded as high costs and marked with high number asterisks; the systems
incorporating commercially available components or modules that are easy to get are regarded as low
cost and gain low number of asterisks.

Table 2. Overview of integrated systems for the top-down production of nanoparticles (NPs).

NPs Type
Enabling

Technologies/Modules
Crucial

Parameters
NP Size (nm) Costs 1 Year Reference

EGaIn Microfluidics
Ultrasonic bath

Dimension of
microchannel s

Centrifugal force
200–700 (peak) �� 2018 Tang [51]

EGaIn Liquid-based nebulization Input voltage ~160–200 � 2019 Tang [55]

EGaIn additive Ultrasonic bath
Cooling water machine 286 ± 21 ��� 2020 Guo [74]

Au Laser ablation
Subpulse

number in an
envelope

~4–120 ��� 2017 Yu [62]

Ag Laser ablation Liquid medium 3.4–15.4 ��� 2020 Menazea [66]

Au, Ag Laser ablation
Ultrasonic bath Ultrasonic field 5.4–7.8 (Au)/

7.9–12.1 (Ag) ���� 2020 Hu [59]

Au Laser ablation pH 13 ± 3 ��� 2017 Palazzo [75]

Au Laser ablation 14 ± 2.1 ��� 2015 Affandi [76]

Au Laser ablation
Magnetic field Field tensity ~3–8 ���� 2016 Serkov [68]

Au Laser ablation
Magnetic field

Residence time
in the external
magnetic field

~20 ���� 2019 Shafeev [69]

Ag Laser ablation Laser pulse
energy ~10 ��� 2015 Valverde-Alva [77]

Au Laser ablation Laser fluence
Liquid media ~3.16 (average) ��� 2015 Tomko [78]

Ag Laser ablation Laser
wavelength 3 and 20 ��� 2016 Kőrösi [64]

Ag, Cu,
Ag-Cu alloy

Femtosecond laser
ablation Laser irradiation

~33.4(Ag)/~22.7(Cu)/
~23.8(Ag-Cu alloy) ��� 2019 Bharati [79]

Copper
(I and II) oxide

Continuous flow
Laser ablation ~14 ��� 2019 Al-Antaki [80]

Pt, Au, CuO High-speed
pulsed laser ablation

Laser fluences
Repetition rates
Ablation time

4–7 ��� 2016 Streubel [73]

Al, Ti Laser ablation
Laser pulse

number
Water depth

19–38 (Ti)/29–41 (Al) ��� 2015 Mahdieh [63]

Pt, Au, Ag,
Al, Cu, Ti

Laser ablation
Two scanning systems

Repetition rate
of laser 7 ���� 2016 Streubel [61]

CuO Laser ablation in liquid Laser energy 3–40 ��� 2016 Khashan [81]

Cu3Mo2O9
nanorods

Laser ablation
Electrochemistry

~100 (diameter)
~3 μm (length) ��� 2011 Liu [70]

CdO Pulsed laser ablation ~47 ��� 2017 Mostafa [82]
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Table 2. Cont.

NPs Type
Enabling

Technologies/Modules
Crucial

Parameters
NP Size (nm) Costs 1 Year Reference

Au@CdO Pulsed laser ablation ~11.35 ��� 2017 Mostafa [83]

Transition metal
vanadates

nanostructures

Laser ablation
Electrochemistry Applied voltage ~300 (diameter)

~100–140 (thickness) ��� 2012 Liang [72]

Cobalt
oxide/hydroxide Laser ablation

Laser
wavelength

Laser fluence
~10–22 (average) ��� 2014 Hu [84]

CeO2/Pd Pulse laser ablation ~20(CeO2)/~9(Pd) ��� 2015 Ma [85]

GeO2
nanotubes/spindles

Laser ablation
Electrical field

Ultrasonic vibrator

Applied
electrical field

~200–500 (nanotube)
~200–400 (spindle) ���� 2008 Liu [67]

FePO4
Ultrasonic intensification

Impinging jet reactor
Ultrasonic

power 107–191 ���� 2019 Guo [86]

α-Fe2O3 laser ablation Laser fluencies 50–110 ��� 2015 Ismail [87]

Fe2O3

Laser
ablation/fragmentation

technique
Liquid media 50–200 ��� 2014 Pandey [88]

Magnetic NPs Laser ablation
Magnetic field ~200–500 ���� 2014 Liang [60]

Carbon nanotube Laser ablation Laser
wavelength 1.3 ��� 2015 Chrzanowska [89]

Carbon Pulsed laser
ablation in vacuum ~33 ��� 2017 Kazemizadeh [90]

1 The number of asterisks (�) represents the cost of synthesis system; 1 means relatively low cost, while 5
means expensive.

2.2. Systems Based on Bottom-Up Methods

Because the synthesis of monodispersed NPs is challenging by top-down methods, microfluidic and
flame synthesis systems have been developed based on bottom-up mechanisms. By precisely controlling
the crucial reaction parameters, micro-/millifluidic systems enable the production of a wide variety of
organic and inorganic NPs [44], and some scalable architectures that combine individual units together
in parallel. This technique promotes the potential in industrial production level [91]. In addition,
without complex steps, flame synthesis systems are promising and capable of producing high-purity
products like Ag [92] and carbon [93]. These two methods will be elaborated in detail in the
following sections.

2.2.1. Microfluidic and Millifluidic Systems

The concept of microfluidics emerged in the beginning of the 1980s. This technology can precisely
control the fluid in channels on a scale of tens to hundreds of micrometres and with the features of
small volumes, small size, low energy consumption, and microdomain effects. It has been widely
used in engineering, physics, chemistry, and biotechnology. Regarding using microfluidic chips
as microreactors, the systems can realize the synthesis of NPs, nanoframeworks, and nanocrystals.
Additionally, millifluidic systems have also been implemented for NPs synthesis, achieving high
production rate.

Semiconductor NPs such as cadmium selenide (CdSe) quantum dots (QDs) with highly crystalline
and narrow size distributions have been applied in biological imaging. To synthesise CdSe QDs with
high quality in good control, Marre et al. designed a microfluidic system to achieve supercritical
continuous-microflow synthesis process, as shown in Figure 4A [94]. This system consists of a
high-pressure, high-temperature microreactor, a compression-cooling aluminium part, a high-pressure
syringe pump, a 5-way high-pressure valve, and a high-pressure reservoir containing four vials.
To improve the syntheses process in microreactors, high pressure is applied to the whole system.
The microreactor was pressurised first from inlet to outlet by pressurised gas cylinder. Then, the two
high-pressure syringe pumps assured the flow rate of precursor is controllable. The precursor in the
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high pressure microreactor remained liquid or become supercritical, leading to fast mixing and narrow
residence-time distribution. With this system, quantum dots with different size distributions and
nuclei concentrations were synthesized by adjusting the precursors initial concentration, temperature,
and residence time in the microreactor. This system verified the possibility of materials synthesis in
supercritical media in a continuous style at the microscale. Additionally, Toyota et al. presented a
combinatorial synthesis system that contains several microreactors with high reproducibility to
efficiently obtain high-performance CdSe NPs, as shown in Figure 4B [95]. This system has four
sections: syringe pump, mixing section, heated reaction section, and spectroscopic measurement
section. Applying the parallel operation of microreactors, the optimum sets of five reaction parameters,
including the temperature, linear velocity, capillary length, reaction time, and reaction additive
concentration, can be obtained to produce NPs with desired properties. The whole processing time for
synthesising one batch of NPs, including raw material solutions preparation, system setup, reaction,
production measurement, analysis, and instruments clean-up, is just around 20 min.

Figure 4. Microfluidic/millifluidic systems for producing NPs. (A) microfluidic system for producing
CdSe quantum dots (QDs). Reprinted with permission from ref [94]. (B) A combinatorial synthesis
system contains several microreactors for CdSe NPs production [95]. (C) A multichannel droplet
microfluidic reactor. Reprinted with permission from ref [91].

Scale-up synthesis of CdSe nanocrystals, which can meet the demand of industry production,
is admirable. However, it is still challenging to develop scalable architecture that allows multiple
channels to be supplied from a small number of feed reservoirs. Crucially, individual channels must
be stable for operation and keep operations over extended periods of time. Nightingale et al. reported
a multichannel droplet microfluidic reactor for achieving large-scale synthesis of nanocrystals [91].
A common set of feed reservoirs, two pumping systems, and five-way passive flow-drivers were
contained in this platform, as shown in Figure 4C. A high-pressure liquid chromatography pump that
withdraws carrier fluid can maintain a continuous flow. By adjusting back-pressure and pressure
drop channels to regulate the reagent phase, the system enables the stable balanced flow distribution,
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providing the possibility of high yield synthesis of NPs. This system can yield 1.5 g of CdSe
in the first hour, while cadmium telluride (CdTe) and cadmium selenide tellurium (CdSeTe) can be
synthesized with the yields of 3.7 and 2.1 g, respectively. Moreover, the system can work a maximum
of 9 h continuously to produce 145 g of CdTe and showed no signs of degeneration of performance
during the running time.

However, commercial applications with Cd-based NPs are limited because of its high toxicity.
Cd-free alternatives, such as indium phosphide (InP) QDs, have been of booming interest for research
and industry areas. A millifluidic reactor system was designed for multistep and continuous synthesis
of InP/stilleite (ZnSeS) NPs by Vikram et al. [96]. The reason of choosing millifluidic reactors instead of
microfluidic reactors is the ability of producing high-quality NPs at high production rate for large-scale
synthesis. The modular system included two or more distinct reactors, for core formation, shell growth,
and cooling modules, and one or more inline mixing units, for adequate and fast mixing the precursors
outside the reactors. A static mixer was incorporated inside the reactor modules to minimize the
residence time distribution of the reactants in the reactor as it broke up the parabolic flow profile.
This system yields NPs with narrow size distribution and desired optical properties by precise control
over rapid and uniform heating, cooling, and mixing of flows at a high production rate. It can be further
optimised by adding other modules for crystal growth kinetics studies. Additionally, the real-time
observation of nucleation and the growth of lead sulphide (PbS) QDs at high temperature was first
achieved in microfluidic systems by Lignos et al. [97]. The droplet-based microfluidic platform was
integrated with online absorbance and fluorescence detection (collecting the real-time data during the
synthesis process) for kinetic analysis of PbS QDs synthesis. More importantly, this system can be used
to study the fast kinetics of nanomaterial syntheses and ion exchange reactions (e.g., the time of the
nucleation of PbS occurred is <1 s).

Apart from semiconductor NPs, noble metals including Au, Ag, and platinum (Pt) group metals
with different sizes and shapes in nanoscale exhibit different optical properties, which have shown
potential in applications of sensing and catalysis [98]. Duraiswamy et al. presented the synthesis of
anisotropic Au nanocrystal dispersion with a droplet-based microfluidic method with T-junction [99].
However, this system failed to enable a fully continuous process and limit the scaling up synthesis,
as it lacked real-time monitoring for the synthesis of Au NP seeds and had limited residence time of
growing nanocrystals on-chip. Lohse et al. developed a simple millifluidic benchtop reactor system
for high-throughput synthesis to obtain Au NPs with different sizes and shapes [100]. This system
included multiple commercially available modular components and peristaltic pumps, which can be
used in almost any chemistry research laboratory. Flow rates between 35.0 and 60 mL/min for the
system can produce monodisperse Au NPs. The reason for using millifluidic reactors is that they
have the advantages of easy fabrication, good resistance to fouling, and the possibility for large-scale
synthesis. To achieve scaling up synthesis of Au NPs, a new approach based on millilitre-sized
droplet reactors was displayed by Zhang et al. [101]. Commercially available components such
as syringe pump, T-connectors, and polytetrafluoroethylene (PTFE) tubes were assembled into
the device. Au, palladium (Pd), and Pd-M (M = Au, Pt, and Ag) nanocrystals with controllable
sizes, shapes, compositions, and structures on a yield of 1–10 g per hour have been synthesized
successfully without losing uniformity, providing exciting opportunities to biomedical and petroleum
industries. Cattaneo et al. utilised different setup of millifluidic reactors to synthesize monometallic Au,
bimetallic AuPd, and Au@Pd core–shell NPs in continuous flow style [102]. They produced titanium
dioxide (TiO2)-supported bimetallic AuPd with a mean particle size of ~2 nm, and the size distribution
is narrower compared to the distribution of conventional batch methods.

For synthesising Ag NPs, Matthias et al. described a microfluidic system by combining a
split-and-recombine-mixer, a T-shaped mixer and a Dean-flow-mixer, to synthesize uniform seed
particles for forming anisotropic Ag triangles [103]. In comparison with batch methods, the size,
edge length and thickness of the seed particles can be adjusted precisely. Likewise, Cheol et al.
developed a customised microfluidic reactor by assembling single functional microfluidic units,
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which overcame the limitations of the device reconfiguration in conventional polydimethylsiloxane
(PDMS)-based microfluidic platforms [104]. The sizes of the Ag NPs can be adjusted from 4.3 to 11.45 nm
with different flow rates. Since the reactor was easy to assemble and the size of the Ag NPs was
controlled precisely by simply changing the injection flow rate of the precursor, the reactor can be
suitable for the synthesis of NPs requiring precise control of temperature and chemical concentrations.
To synthesize various noble metal NPs, Niu et al. designed a droplet-reactor system with the capabilities
of both water and oil separation and the product purification, as shown in Figure 5A [105]. By Niu’s
method, noble metal NPs with uniform sizes and well-controlled shapes can be easily obtained through
assembling four different modules: reaction, cooling, water/oil separation, and purification. Such a
droplet-reactor system is possible for automated operation by assembling the modules of both water
and oil separation and product purification into a millifluidic system to further achieve continuous
and scalable production of noble metal NPs in industrial scale.

Figure 5. Schematic of modular microfluidic systems for producing NPs. (A) A droplet-reactor system
with the potential for automation. Reprinted with permission from ref [105]. (B) A microfluidic origami
chip with different configurations for enhancing mixing. Reprinted with permission from ref [106].

Besides noble metal NPs, polymeric NPs with different functionalities provide the potential in
biomedical applications. Poly(lactic-co-glycolic acid) (PLGA) NPs with great biocompatibility and
biodegradability are applicable for making drug delivery vehicles, which can reduce cell toxicity and
improve therapeutic efficacy [106]. To realize the best cellular uptake and anticancer efficacy, NPs with
a diameter of ~100 nm are desirable. Jiashu et al. presented a microfluidic origami chip for the synthesis
of PLGA NPs [106]. The novel 3D origami structure can avoid rapid velocity changes (Figure 5B),
shorten the mixing distance, and reduce the mixing time, as it has smooth turns and two counter-rotating
cortices perpendicular to the flow direction. Applying the novel chip, the doxorubicin-loaded PLGA
NPs, which were around 100 nm with a monodisperse size distribution, were synthesized efficiently.
The productivity of NPs can reach 1200 mg per day. After this work, Liu et al. designed a versatile and
robust microfluidic platform with glass capillaries, which took advantage of chemical resistance [107].
The platform adopted a coflow capillary setup in which a tapered glass capillary was inserted into
another bigger cylindrical one. This platform enables high linear velocity ratio between the inner
and outer fluids, resulting in the fast mixing and uniform self-assembly of NP precursors with
controlled microvortices and unsteady jetting. This platform can synthesize homogeneous NPs with
a productivity of 242.8 g per day, a much higher than that of the origami one. Regardless of the
type of organic solvents or stabilizers used, NPs with a narrow size distribution can be obtained.
To further scale up the production rate and achieve precise control over the NP structure, a superfast
sequential nanoprecipitation microfluidic platform was designed [108]. The platform consisted of
three nested cylindrical glass capillary tubes assembled in the coaxial arrangement. High-throughput
production of core/shell nanocomposites was demonstrated. By sequentially mixing nanocomposites
in superfast time intervals (in microseconds range), the nanoprecipitation processes can produce stable
nanocomposite cores without any stabilizers. When operated in the continuous mode, this platform
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can offer a high production rate of drug nanocrystal encapsulated nanocomposites up to 700 g per day,
meeting the standard of clinical studies and industry production.

2.2.2. Flame Synthesis Systems

Combustion is of great interest for material synthesis like carbon and Ag NPs for its scalability.
Such a technique does not need tedious steps and can easily form high-purity products with metastable
compositions [109]. The typical schematic of flame aerosol synthesis is outlined in Figure 6A. The energy
from the flame flows to precursor materials to cause evaporation and drives the reaction of nucleation,
agglomeration, and growth, and then, NPs formed are collected by a holder. In terms of synthesising
inorganic nonmetallic NPs, Mädler et al. designed a spray apparatus consisting of an external-mixing
gas-assisted nozzle, syringe pump, a glass microfiber filter, a water-cooled holder, and a vacuum
pump [110]. By creating gas flow using vacuum pumps, the particles can deposit on the filter during
flame spray. This system synthesized nanostructured silica (SiO2) particles with specific surface
area using different oxidant flow rates and precursor/fuel compositions. Moreover, SiO2 production
rate can reach up to 9 g/h (diameter of 7–40 nm) using a liquid mixture of hexamethyldisiloxane
(HMDSO)/ethanol at a molar ratio of 1:10.

Figure 6. Flame synthesis systems for producing NPs. (A) Schematic representation of a typical
flame synthesis system. (B) Schematic of methane coaxial jet diffusion flam system. Reprinted with
permission from ref [111]. (C) Experimental setup for single isolated droplet combustion. Reprinted
with permission from ref [112]. (D) The setup and schematic of the liquid flame spray (LFS) system.
Reprinted with permission from ref [92].

Mohapatra et al. was able to simplify the process of the flame synthesis and introduced a
facile wick-and-oil flame system to synthesize high-quality hydrophilic onion-like carbon NPs [93].
Without any complex instruments and catalyst, the NPs produced by such system have high purity and
narrow size distribution for 25 nm with a standard derivation of 5 nm. Besides, Esmeryan et al. designed
a novel system that contains conical chimney with adjustable air-inlet opening [113]. They obtained
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amorphous, graphitic-like and diamond-like phases of carbon coatings by changing the size of opening.
To dig into the effect of sampling substrate, time, and height, a methane coaxial jet diffusion flame
system combines a carbon nanomaterial collection system, a burner, a flow control device, and a gas
distribution system together [111]. The collection system includes a scissor lift to adjust the sampling
height and a double-acting pneumatic cylinder operated by signal generator. The system can be
adjusted to change the sampling time by controlling the motion of substrate in horizon direction and
the tip of self-locking tweezers attached to replaceable substrate, as shown in Figure 6B. Compared with
substrates of copper and nickel-chromium, carbon nanotubes collected at nickel foam substrate are
produced with highest yields.

Apart from inorganic nonmetallic NPs, the synthesis of metal NPs also get benefits from the flame
spray pyrolysis (FSP) system. Various integrated synthesis systems have been established on demand.
For example, Li et al. established a single droplet combustion system for synthesizing tin dioxide
(SnO2) NPs in order to provide fundamental information for the process of FSP [112]. This system
combined a droplet-on demand generator, a spark ignition module, and carbon-coated Cu grids.
Droplets ejected from the generator are ignited by spark from two electrodes and the formed NPs
are collected on carbon-coated Cu grids, as shown in Figure 6C. Two paths of NPs formation were
found, in which large SnO2 NPs are formed during the period for microexplosions of droplet surface,
while the small ones are obtained during the steady combustion. Additionally, Brobbey et al. utilised
a one-step flame synthesis method with liquid flame spray (LFS) system to produce homogeneous
monolayer of Ag NPs on a paper surface [92]. Figure 6D illustrates the process by which a burner
nozzle generates flame with Ag NPs, which are deposited on a paper with a rotating carousel that
adjusted the passing times and speed. This environment-friendly method can deposit 30 nm NPs
without effluents, and the amount of the produced NPs can be effectively adjusted by changing the
passing times, which highlights potential in industry production by roll-to-roll processing.

Additionally, alumina (Al2O3) NPs can be synthesized by in-flight oxidation of flame
synthesis [114]. This system adopted flames, which flow in the horizontal direction, with different ratios
of oxygen and acetyl. Micro Al powders as precursors were dropped from the top, generating various
sizes of NPs collected in the powder collector. Moreover, Fe ions have impacts on the synthesis
and characterizations of Al2O3 NPs in the FSP system [115]. In this system, the reaction occurred
in the combustion chamber and the final NPs can be collected in the microfiber filters via a vacuum
pump. Different from commercial Al powders as precursors, this system used Al acetylacetonate
and Ferrocene. Researchers found that two types of Al2O3 (θ- and η-) were obtained and the ability
of fluoride removal is most efficient in the absence of iron, and the ferrocene added was capable
of suppressing the formation of θ-Al2O3. Highly crystalline hexagonal caesium tungsten bronze
(Cs0.32WO3) NPs are available by FSP followed by annealing [116]. The system integrated an ultrasonic
nebulizer, to form droplets and avoid precipitation; a glass flame reactor; and a bag filter to collect NPs.
The particles gained from the system were then annealed inside a tubular furnace and high-purity
Cs0.32WO3 NPs were obtained after cooling naturally. Compared with conventional methods, such a
system requires shorter reaction time and has high energy efficiency.

The representative integrated systems using milli-/microfluidics and flame synthesis systems are
summarised in Table 3.

Table 3. Overview of integrated systems for bottom-up methods.

NPs Type
Enabling

Technologies/Modules
Crucial

Parameters
NP Size (nm) Costs 1 Year Reference

CdSe
Continuous-microflow

synthesis
High-pressure microreactor

Solvent phase
Concentration
Temperature

Residence time

~3–6 ���� 2008 Marre [94]

CdSe Combinational
microreactors

Temperature
Reaction time

Reaction additive
concentration

~2–4.5 ���� 2010 Toyota [95]
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Table 3. Cont.

NPs Type
Enabling

Technologies/Modules
Crucial

Parameters
NP Size (nm) Costs 1 Year Reference

CdTe, CdSe,
alloy CdSeTe

Multichannel
droplet reactor ���� 2013 Nightingale [91]

InP/ZnSeS Millifluidic reactor system

Flow rate
Reactor

temperature
Shell precursor
concentration

5.9 ± 1.2 ��� 2018 Vikram [96]

PbS Droplet-based microfluidic Temperature
Flow rate 2–6 �� 2015 Lignos [97]

Au

Millifluidic benchtop
reactor system

“Y” mixer
Flow synthesis

Concentration ~2–40 ��� 2013 Lohse [100]

Au Zigzag micromixer
Seeds volume

Residence channel
length

75 ± 6 ��� 2017 Thiele [117]

Au, bimetallic
AuPd

Millifluidics
Continuous flow

Flow rate
Reactor geometry

6.4 ± 1.5 (I-shape
connection)/6.3 ± 1.3

(helical reactor)
�� 2019 Cattaneo [102]

Ag Droplet-based
microfluidic reactor

Static mixing
Temperature

Flow rate
4.37–11.45 ��� 2018 Kwak [104]

Ag Drop-based microfluidics
Concentration

ratios
Flow rates

4.9 ± 1.2 �� 2016 Xu [118]

Nobel metal Millilitre-sized
droplet reactors

Capping agent
Reductant
Reaction

temperature

~9–50 ��� 2014 Zhang [101]

Nobel metal Multichannel
droplet reactor

Capping agent
Reductant
Reaction

temperature

~2.5 ��� 2018 Niu [105]

Pd-Pt, Pd@Au
(core@shell) Duo-microreactor Concentration 18.0 ± 2.7 ���� 2019 Santana [119]

BaSO4, Au,
CaCO3

Segmented flow
microchannel

Passive picoinjection
Injection volume 30–40 (BaSO4)

32–91 (Au) ���� 2018 Du [120]

Superparamagnetic
iron oxide Micellar electrospray 36 ± 6 ���� 2014 Duong [121]

Ni Continuous flow
microreactor Flow rates ~6.43–8.76 ��� 2015 Xu [122]

Fe3O4
Flow synthesis

“T” mixer

Linear velocity
Residence time

Reactor dimension
4.9 ± 0.7 �� 2015 Jiao [123]

PLGA@HF,
PLGA@AcDX Multiplex microfluidics Flow rates ~60–550 �� 2017 Liu [108]

PLGA Microfluidic origami chip Flow rates ~100 �� 2013 Sun [106]

PLGA,
hydrophobic

chitosan,
acetylated

dextran

3D coaxial flows
Glass capillaries ~100–400 ��� 2015 Liu [107]

Metal-organic
frameworks
(MIL-88B)

Nanolitre
continuous reactor

Segmented flow

Residence time
Temperature
Volume slug

90–900 ��� 2013 Paseta [124]

Silica,
polymersomes,

niosomes
Microreaction technology Flow rates 238–361 (silica)/275–75

(niosomes) ��� 2019 Bomhard [125]

Ag Liquid flame spray Passing times ~10–100 ��� 2017 Brobbey [92]

SnO2
Single droplet combustion

Flame spray pyrolysis
Metal-precursor

concentration ~3–39 ���� 2020 Li [112]
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Table 3. Cont.

NPs Type
Enabling

Technologies/Modules
Crucial

Parameters
NP Size (nm) Costs 1 Year Reference

α-Al2O3 Flame synthesis Ratios of oxygen
and acetyl 50–150 ��� 2014 Kathirvel [114]

Cs0.32WO3
Flame-assisted
spray pyrolysis

Flame
temperature

Flow rate
~6–300 ��� 2018 Hirano [116]

Fe/Al2O3 Flame spray pyrolysis

Precursor molar
ratio

Multicomponent
structures

183–187 ��� 2016 Hafshejani [115]

Carbon Flame synthesis
Conical chimney

Combustion
regime ~200 ��� 2016 Esmeryan [113]

Carbon
nanotube

Flame synthesis
Methane diffusion flames

Sampling time
Sampling height

Sampling
substrate

30–110 ��� 2018 Chu [111]

Onion-like
carbon

“Wick-and-oil”
flame synthesis ~25 ± 5 ��� 2016 Mohapatra [93]

1 The number of asterisks (�) represents the cost of synthesis system; 1 means relatively low cost, while 5
means expensive.

3. Integrated Systems for MPs Production

MPs with specific size and composition exhibit a promising potential in numerous areas of
applications such as adductive manufacturing [126], eco-friendly electronic systems [127], and drug
delivery systems [128]. Apart from traditional synthesis methods of MPs, which require redundant
process and complex operation, microfluidics has been adopted as a novel synthesis technique due
to its advantages of low volume and high controllability [43]. Besides, off-chip generation platforms
are desirable because they are easy to operate, which facilitate inexperienced researchers [129].
Certain systems show unique advantages as they can produce MPs with a certain size range or reduce
the cost of producing a certain type of MPs. For example, magnetic droplets with a diameter of ~100 μm
can be simply produced by magnetically driven step emulsion device [130]. Off-the-shelf self-setting
rubber can be introduced in a flow-focusing microfluidic system for the efficient and low-cost synthesis
of W/O emulsions with a large size range (from 100 to 500 μm) by simply adjusting the diameter of the
rubber nozzle [131]. Furthermore, some systems can achieve the versatile production of various MPs,
such as LM, hydrogel, and double emulsion [129]. Based on the different production mechanisms,
this section will discuss integrated systems utilising techniques including: (1) microfluidics, (2) acoustics,
(3) centrifugal and spinning force, and (4) jetting.

3.1. Microfluidic Systems

Microfluidics is capable of producing microdroplets with specific properties by controlling and
manipulating the microscale fluid in a small chip [44]. Microfluidic platforms that consists of a
microfluidic chip and syringe pump can produce a variety of microspheres in one step, such as
poly(3,4-ethylenedioxythiophene) (PEDOT)-based microspheres [127], enzyme-immobilised reusable
polymerised microcapsules [132], and biodegradable chitosan microspheres [133]. The microfluidic
chips fabrication usually requires cleanroom facilities and photolithography, impeding research carried
out in laboratories without such conditions. To fabricate easy-to-make fluidic devices for producing
MPs, Lapierre et al. designed a pipette tip based on microfluidic system using commercially available
self-setting rubber and conventional components [131]. Such a microfluidic device can be fabricated by
combining a micropipette tip with tubing in the appropriate materials and size. The entire assembly
process takes less than 10 min, without any microfabrication expertise requirement. The droplet size is
determined by nozzle diameter and the flow rate of each phase. Monodisperse emulsion with the size
ranging from 100 to 500 μm can be generated by simply using nozzles with different inner diameters,
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while double water-in-oil-in-water (W/O/W) emulsions can be generated by regulating the flow rates
of the three phases. The produced emulsions can be used in tissue engineering, 3D cell culture,
biocatalysis, and hydrogen storage materials. In addition, Kahkeshani et al. developed a novel step
emulsification device, which is driven by magnets to emulsify ferrofluids [130]. Without using pumps,
the system only needs magnetic field to control the emulsification of ferrofluid-containing solutions.
The device consists of a sample reservoir, connecting channels, terrace, step, continuous phase reservoir,
and magnet, as shown in Figure 7A. Detailed configurations of the platform is given in Figure 7B.
The magnetic field breaks the bulk ferrofluid within the emulsification device and the droplet size
depends primarily on the channel geometry instead of the flow rates of the ferrofluid, interfacial forces,
or magnetic force. Moreover, the droplet generation rate can be adjusted by changing the movement
frequency of the magnet and the number of connecting channels between the ferrofluid reservoir and
continuous-phase reservoir. This pumpless, novel method could be beneficial for point-of-care assays
and cell sorting in droplets.

Figure 7. Microfluidic systems for producing microparticles (MPs). (A) Schematic view of a magnetically
driven microfluidic droplet generation technique using ferrofluids (without any pumps). (B) Top and
front views of the microfluidic device with dimensions. Reprinted with permission from ref [130].
(C) Overview of multidimensional scale-up strategy (not to scale). Reprinted with permission from
ref [134].

Apart from one-step fabrication methods with microfluidic flow-focusing systems, high throughput
and scaling up productions are also widely investigated in recent years. Amstad et al. presented a
microfluidic device named “millipede device.” The core of this new design is to increase the number of
individual nozzles in parallel [135]. The device can produce monodisperse droplets with a diameter
ranging from 20 to 160 μm and a coefficient of variations (CV) of 3%. With 550 individual nozzles
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in parallel, the throughput reached up to 150 mL per hour. If the millipede device is packed into
array, 800 L of 160 μm droplets can be produced in the dripping regime, which provides potential in
industrial applications. Kim et al. [133] presented a 512-microchannel geometrical passive breakup
device was presented. Microspheres with diameters of 40.0 ± 2.2 μm can be produced (3 mL/h).
The same group further improved this design by adding 256 T-junctions in the last branch of the
device [136], and the micro water droplets produced can have a smaller size of 35.29 μm (CV of 8.8%)
at a higher production rate of 10 mL/h. To enhance the reusability, a glass microfluidic device was
designed to achieve high-throughput step emulsification with 364 linearly parallelised droplet makers
and the throughput can reach up to 25 mL/h [137].

Additionally, integrated systems that combines the microchannel and different modules are
developed to generate NPs with higher yield. Han et al. proposed the concept of factory-on-chip [134].
They established a large-scale 400-microchannel high-throughput system by assembling a 3D
microfluidic network from channel to system. In this type of device, multiple microchannels are lined in
parallel on a two-dimensional array, and multiple arrays are stacked in a reconfigurable manner in the
third dimension as a module. The integration of Q modules could achieve a production rate proportional
to three scale-up numbers N, M, and Q, as shown in Figure 7C. The configuration of circular array
causes smaller pressure imbalance among the channels than the parallel array under the same operation
conditions. Gravity and flow resistance lead to the stacking effect (i.e., the produced NPs diameters
vary among different array layers) as the arrays are stacked in the vertical direction. Applying the
synthesis system based on the scale-up strategy mentioned above, chitosan/TiO2 functional MPs
with a diameter of 539.65 μm (CV of 3.59%) were synthesized in a large throughput (80 mL/min).
Mohamed et al. developed a continuous and integrated microfluidic platform to produce monodisperse
cell-laden microgel droplets [138]. Three main functional modules including a flow-focusing junction,
an on-chip photo cross-linking chamber, and a hydrodynamic filter unit were assembled into the
system. With these modules, droplets generation, separation, and other required processes can be
successfully achieved. Goff et al. designed a bench-top contact flow lithography system that consists of
an illumination unit, a stage unit, and an imaging unit [139]. By applying a multichannel microfluidic
chip to contact flow-lithography, the platform dramatically increased the synthesis rate for chemically
homogenous particles (>106 particles per hour). Likewise, Jeyhani et al. developed a microfluidic
flow focusing device with microneedles, which are commercially available [128]. The microneedle
inserted into the microchannel formed a 3D focusing configuration that can remove the wetting effects
of the disperse phase. The 3D flow focusing system enabled the control production of microdroplets
with diameters ranging from 5 to 65 μm. The generation of water-in-water microdroplets can reach
a production rate up to 850 Hz. To produce MPs containing radiotracers, Jia et al. for the first time
designed an integrated system containing an automated radionuclide concentrator and an automated
microdroplet synthesis platform. This system made possible the synthesis of MPS for patient doses of
[18F] fluoride [140].

Furthermore, control modules that aims at fabricating monodisperse or specific-shaped MPs
have been introduced to some microfluidic systems. For microdroplets produced by the conventional
T-junction microfluidic channels, Zeng et al. compared two different driven methods using syringe
pump and pressure pump [141]. Pressure-driven method exhibited lower polydispersity than
the other one, providing theoretical support for the design of complex flow-control microfluidic
systems. Furthermore, the mathematical model relating pressure fluctuations was established,
which indicates that an increase in microchannel height and a decrease in width can reduce the
effect of pressure fluctuations on MPs production when using T-junction microfluidic channels [142].
Crawford et al. combined imaging-based feedback and pressure-driven pumping to develop an
imaged-based closed-loop feedback system for producing microdroplets with specific sizes [143].
This was achieved by acquiring volume parameters using a high-speed camera and by utilising
the proportional-integral-derivative (PID) algorithm to control both the volume and frequency of
droplet production. Other than imaging-based methods, Fu et al. presented an electrical-detection
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droplet microfluidic closed-loop control system, which could increase the efficiency and accuracy of
the measurement of the droplet size [144]. Furthermore, artificial neural network (ANN) displays
the potential for microdroplet prediction, and Mahdi et al. presented an ANN-based microfluidic
system [145]. Two dimensionless numbers (Reynolds number and capillary number in continuous
and dispersed phase, respectively; total four parameters) are picked as four neurons for input layer.
The neural network architecture has 10 neurons in the hidden layer, and the dimensionless length of
the drops is selected as the neuron for the output layer. Overall, 742 experiments were conducted to
build up a database for the network, and the platform was capable of predicting droplet size in a high
precision (mean square error is ~1.4 × 10−6).

Moreover, 3D-printing has been regarded as a novel technology being low-cost and convenient
process and can, therefore, be applied to fabricate microfluidic devices. After assembling the
device together, different types of droplets with desirable sizes can be obtained. Zhang et al.
reported a 3D-printed “plug-and-play” device consisting of a generator, a commercial tubing and
a fingertight fitting for generating microdroplets with a size of ~50 μm [146]. Figure 8A illustrates
a 3D-printed screw-and-nut droplet generator [147]. The nut was attached vertically to T-junction
droplet channels, while the screw with an external thread (total 75 teeth) was used to adjust the
height of the channel. By simply rotating the screw along the axial, the gap height is adjusted
between 0 and 75 μm, precisely controlling droplets with various diameters generation. The size of the
produced droplets ranged from 39.0 ± 2.6 to 1404.3 ± 23.3 μm. The water-in-oil (W/O) and oil-in-water
(O/W) emulsions provide the application in chemical reactions, drug testing, chemical and biological
analyses, and medical engineering. To scale up production, Hwang et al. developed a 3D-printed
chimney-shaped millifluidic device for producing droplets with diameters ranging from 36 to 616 μm
(CV < 4%) [148]. As shown in Figure 8B, two inlets in the opposite direction at the low position of the
device side allow the fluid to flow into the tapered void chamber and form droplets in a parallelised
manner, which reduces the overlapping of flow channels. One outlet at the top of the chamber is
responsible for transferring out the produced droplets. The control of the droplet size was achieved
by adjusting the flow rate ratio between the dispersed aqueous phase and the continuous oil phase,
as well as the apex angle. Moreover, the possibility of scaling up production was investigated by
fabricating four chimneys with the same dimensions and incorporating them into an integrated device
(4-PC); a distributer connected to the device was built to ensure the uniform supply and distribution of
both the dispersed and continuous phase into the device, as shown in Figure 8C. The result showed
that uniform droplets (CV less than 5%) were generated smoothly, indicating that the device can be
further modularised to meet different demands and achieve scaling-up production. Furthermore,
magnetic LM droplets with controllable sizes can be generated by a 3D-printed coaxial microfluidic
device [149]. The device integrated three modules to produce magnetic LM droplets with diameters
ranging from 650 to 1900 μm (CV < 5%) by changing the flow rate ratio of the two phases of magnetic
liquid metal and poly(ethylene glycol) (PEG) solution.

3.2. Acoustic Systems

Acoustic waves can break large droplets into microdroplets. Piezoelectric elements are often
used for making low-cost acoustic wave generators for microdroplets production. Using piezoelectric
transducers, Kishi et al. designed a droplet-generating system [150]. The system consisted of a
compressor, a regulator, a constant pressure pump, a voltage amplifier, a high-speed camera, and an
ultrasonic torsional transducer, as shown in Figure 9A. The constant pressure pump continuously
pumped liquid into the device and the piezoelectric transducer generated acoustic waves at a regular
interval to produce microdroplets with a uniform size. The droplet diameter is determined by the
applied flow rate, the ultrasound frequency, and the radius of the nozzle. Besides, the produced
droplets can be applied in noncontact deposition for liquid crystal displays, drug delivery systems,
and biomedical research. Similarly, Fujimoro et al. developed a droplet production system with a
torsional bolt-clamped Langevin-type transducer [151]. The two constant pressure pumps ensure that
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the phases of water and oil are steady and adjustable; through the transducer, droplets were generated
in ambient liquid; the inset illustrated the structure of the designed transducer incorporated with a
micropore plate and piezoelectric elements. This platform can generate droplets continuously as long
as the pressure pump keeps injecting liquid through the transducer. The diameter of the generated
water-in-oil (W/O) and silicone emulsions was 62.5 ± 2.6 μm, while the driving frequency and the
vibrational velocity of micropore kept constant at 37.0 kHz and 96.5 mm/s.

Figure 8. Microfluidic systems applying 3D printing technology. (A) Setup of a 3D-printed
screw-and-nut droplet generator, the schematic also illustrates the control of the droplet size. Reprinted
with permission from ref [147]. (B) Virtual object photographs of the 3D-printed millifluidic device
with two inlets for continuous and dispersed phase and one outlet. Reprinted with permission from
ref [148]. (C) Real image of the four-parallelised-chimneys device with the same apex angle. Scale bar
is 2 cm.

Figure 9. Schematics of acoustic systems for MPs production. (A) Schematic of a droplet generation
system incorporating an ultrasonic torsional transducer and a micropore plate. Reprinted with
permission from ref [150]. (B) Exploded schematic of the acoustic-based LM microdroplet production
platform. The inset is the assembled view. Reprinted with permission from ref [48].

Apart from aqueous microdroplets, Figure 9B illustrates an acoustic-based miniaturised system for
producing LM MPs [48]. The piezoelectric transducer is stuck to the thin glass slide that adheres to the
PDMS post to maximize the vibration; the Cu tape is used as electrode. The polymethylmethacrylate
(PMMA) wall is attached to the thin glass slide with the 45◦ angle, leading to the most efficient
production of EGaIn microdroplets. The acoustic waves generated from the piezoelectric transducer
disk can transfer destructive forces to the droplets to compete with cohesive forces on the liquid
interface, breaking it into microscale (40–50 μm) drops. This system enables the production of
microdroplets with controllable size by tuning applied voltage to change the surface tension of the
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liquid metal and effectively avoids the use of cumbersome and expensive sonication bath or probe.
Besides, such miniaturised system shows the versatility that can also be used as electrochemical sensor
for heavy metal ion detection. For example, the EGaIn microdroplets coated WO3 NPs fabricated by
the platform can detect the Pb2+ with the sensitivity minimizing to 500 ppb.

3.3. Centrifugal and Spinning Systems

Centrifugal forces can also be harnessed to break aqueous solutions into microdroplets.
Centrifugal forces are generated by the rotation of liquid, and the microdroplets are pinched off
from the orifice (no limitation of the number of capillary orifices) when the centrifugal force surpasses
the interfacial tension exerted by the capillary orifice. Gelation of the produced sodium alginate
microdroplets can be induced using calcium chloride (CaCl2) solution [152]. Furthermore, the shapes
and morphologies of MPs can be tuned effectively by the partial dissolution of the products and
manipulating the 3D microflows to deform the precursor microdroplets, realizing complex-shaped
3D multicompartmental MPs [153]. This type of devices has numerous advantages including easy
fabrication, low cost, small volume required, and less sensitivity to fluid’s properties. A centrifuge-based
axisymmetric coflowing microfluidic device can be prepared without the need of any photolithography
process. It consists of two round capillaries (inner and outer capillaries), a capillary holder, and a
sampling microtube, which can be used for producing microdroplets, as shown in Figure 10A [154].
The screw is introduced to adjust the distance between lower and upper part of the holders. By rotating
the microtube, W/O microdroplets were pinched off from inner capillary; the sizes of monodisperse
water microdroplets increase as the inner capillary diameters enlarge. Additionally, Shin et al.
developed a centrifuge-based step emulsification device for producing microdroplets with diameters
ranging from of 18 to 90 μm (CV < 2%) [155]. The device includes a reservoir part for storage of the
dispersed phase, a triangular microchannel part and a step at the channel end for droplet formation,
as shown in Figure 10B. Such device is put into a commercial centrifuge with a fixed angle of 45◦ to
provide excessive pressure on the dispersed phase to infuse the dispersed phase into a microchannel.
Then, the microdroplets are pinched off and stored into the microtube. With a fixed channel height,
monodisperse droplets are generated under high levels of the oil phase; on the contrary, polydisperse
droplets are produced under low levels of the oil phase. The high monodisperse droplets can be
generated in a high centrifugal force (~>1500× g), which is yet to be observed in the conventional
step emulsification. Moreover, under the constant aspect ratio of the microchannel (width/height) and
centrifugal force, the higher the height of the microchannel is, the larger droplets can be obtained.
Such droplets highlight the potential applications in biochemical reactors and food, cosmetics, and
medical industries.

Other than rotating the microtube, Chen et al. designed a liquid emulsion generator to produce
W/O microdroplets by moving a micropipette in a revolving manner [49]. The system consisted of a
hydrophobic-coated glass micropipette, a servo motor, an eccentric wheel, a syringe, and a syringe
pump (Figure 10C). The water phase flows through the micropipette under the pressure of syringe
pump while it is spun by the servo controller and then breaks into uniform droplets. Due to the
higher density of the droplets compared with the mineral oil, the products can smoothly sink down
the bottom of the microtube. Microdroplets with diameters ranging from 25 to 230 μm (CV < 5%),
which are suitable for single cell analysis, were produced by tuning the flow rate of the continuous
phase and the motion velocity of the micropipette tip. However, when the platform works under the
high flow rate of water phase and the high motion velocity of the micropipette, droplets with a high
polydispersity will be generated. These satellite droplets are the result of high dispensing rate of water
phase, and droplets near the rotation region of the tip of micropipette are smashed by the moving
micropipette with a high speed. A centrifugal microchannel array droplet generating system was
established for digital polymerase chain reaction (PCR) [156]. This system not only eliminates the usage
of complex microfluidic devices and control systems but also greatly suppresses the loss of materials
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and cross-contamination. The diameter of microdroplets depends on the size of the microchannel and
the centrifugal force.

Figure 10. Schematics of centrifugal and spinning systems. (A) Illustration of the centrifuge-based
axisymmetric coflowing microfluidic device. Reprinted with permission from ref [154]. (B) Components
and schematic of the centrifuge-based step emulsion device. Reprinted with permission from ref [155].
(C) Schematic illustration of the liquid emulsion generator and process of droplet formation. Reprinted
with permission from ref [49]. (D) Schematic representation of the off-chip spinning microdroplet
generator. Reprinted with permission from ref [129].

To further improve the throughput of the microdroplets generation, an off-chip microdroplet
generator using a spinning conical frustum was developed, as shown in Figure 10D [129].
The direct-current motor controlled by a PWM motor controller drives the tungsten-steel shaft
via a gear set, and a stainless-steel conical frustrum is fixed at the end of the shaft. The diameters of
microdroplets can be tuned by rotation speed, flow rate of the continuous phase, the gap between the
needle tip and the surface of the frustrum, and the application of an electric field. The higher the speed
the conical frustum spins at, the smaller the diameters of microdroplets obtained. After applying the
electric field between the needle and the frustum, the droplet size can further decrease due to the
reduction in the interfacial tension between water and oil. Apart from water droplets, LM droplets that
are relatively difficult to produce in microfluidic platforms due to the high density, viscosity, and surface
tension can also be generated within the corn syrup–water mixture. The LM MPs can be adopted in
microelectromechanical systems, electrochemical sensors, and constructing 3D structures. Similarly,
an off-chip spinning disk microdroplet production platform using submerged electrodispersion was
designed to simplify the process of the production of LM microdroplets [157]. The platform consisted
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of a Cu electrode, a Teflon sleeve, a 34G needle, a tungsten steel shaft, and a polymethylmethacrylate
(PMMA) disk. LM microdroplets with uniform sizes (<5%) were produced using the submerged
electrodispersion technique. The spinning disk provided the dragging force to take the produced
microdroplets away from the ground electrode and therefore avoided the undesired coalescence
of droplets.

3.4. Jetting Systems

Inkjet printing technology can rapidly create and release liquid droplets for precise deposition.
In brief, jetting is induced by driving an actuator (typically pneumatic or piezoelectric) at the print head
to propel the fluid, then microdroplets are expelled from the nozzle to the solution or a target surface,
as shown in Figure 11A. Inkjet printing has become a standard production process in the industry and
can accommodate a wide range of fluids. Numerous integrated jetting systems have been developed
to address a wide variety of applications. Gao et al. presented a drop-on-demand jetting system by
integrating a lift platform, a pressure control system, a syringe filter, and an imaging system [158].
With this integrated system, microdroplets with a diameter of 100 μm were made with a jetting velocity
at 2.42 m/s. For the formation of microdroplets of liquid with a high viscosity, a pneumatically driven
inkjet printing system was designed [50]. By assembling a pneumatic printing system for generating
droplets by alternatively applying negative and positive air pressure to the precursor, a monitoring
system for detecting the droplet formation process, and a measuring system for analysing the printing
volume together, viscous microdroplets (1-384.5 Cp) were formed (CV of the diameter ≤1.07%).

Apart from pneumatic-driven systems, the alternating viscous and inertial forcing jetting (AVIFJ)
mechanism was successfully applied in the jetting system [159]. The AVIFJ-based microdroplet
deposition system contains modules of data processing, microdroplet dispensing, materials delivery,
3D motion, and observation. The piezoceramic is driven by a periodic voltage signal and moves
in a reciprocating motion; the glass nozzle is fastened to the holder and the holder is connected to
the piezoceramic. In the first half of the reciprocating micromotion, the fluid in the nozzle is driven
by the viscous force between the fluid and the nozzle and moves downward. In the second half
of the reciprocating micromotion, the fluid keeps moving downward by inertia, while the nozzle
moves upward. Consequently, production of microdroplets can be achieved using the reciprocating
micromotion of the nozzle. The system can form microdroplets (diameter of 52–72 μm, with a nozzle
diameter of 45 μm and jetting speed of 0.4–2.0 m/s), which can be applied in addictive manufacturing
and cell printing.

In addition to water, solder droplets that are suitable for metal additive manufacturing can be
formed using this jetting technology. Ming et al. presented a piezoelectric membrane-piston-based
jetting technology (PMPJT) system, as shown in Figure 11B [160]. A computer numerical control system
is introduced to produce an electrical pulse signal that excites the piezoelectric ceramic, forcing the
vibration bar to move. Figure 11C simply illustrates the working principle of PMPJT. When the
electrical pulse signal applies, the vibration bar moves downward to stretch the metal membranes and
some molten metal flows through the orifice of the nozzle to form a stream. After turning off the pulse
signal, the membranes begin to restore and induce the shrinking of the stream at the orifice. Due to
gravity and inertia of the stream, molten metal is finally separated from the main body. The spherical
microdroplets are finally formed because of the surface tension. By adjusting the voltage and length of
the electrical pulses and temperature of the metal, the diameter of microdroplets formed in this system
ranged from around 85 to 121 μm. The system can operate at a working temperature higher than
180 ◦C to generate solder MPs. Similarly, StarJet technology was used to generate Al alloy MPs [126].
The assembly of the StarJet printhead includes the inserted Macor reservoir, the cap, and the body
(made from Inconel 718 alloy). The reservoir outlet tube with diameter of 400–600 μm prevents the
melting metal from flowing out of the printhead by counteracting capillary forces, and the nozzle chip is
directly mounted under the reservoir outlet tube. The melting metal is pneumatically pushed towards
the nozzle chip and forms microdroplets. Such a prototype of printhead in drop-on-demand mode
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enables the direct printing MPs of Al alloys, which extends to the application of Al alloy MPs in additive
manufacturing. Moreover, using the principle of laser-induced forward transfer, Zenou et al. utilised a
laser system to induce Al microdroplets jetting from donor to accepter, as shown in Figure 11E [161].
By measuring the electrical signal obtained once the Al microdroplet touches the accepter, the velocity
of Al microdroplets can be estimated. Such a jetting process demonstrates the effective energy transfer
from the laser to the Al microdroplets. Above-introduced integrated systems for synthesising MPs are
summarised in Table 4.

Table 4. Overview of integrated systems for synthesis of microparticles (MPs.)

MPs Type
Enabling

Technologies/Modules
Crucial

Parameters
MP Size (μm) Costs 1 Year Reference

PEDOT/PSS-agarose
hybrid MPs

Microfluidic
droplet generator

Continuous oil
flow rate 20–80 �� 2016 Lee [127]

Solid core
enzyme-immobilised

microcapsules
Flow focusing 580 ± 10 �� 2019 Varshney [132]

Magnetic droplets

Step emulsion device
Magnetically driven
microfluidic droplet
generation technique

Dimensions of
channels 85–125 �� 2016 Kahkeshani

[130]

W/O emulsions
W/O/W emulsions

Flow focusing
Droplet-based microfluidics

Commercially available
self-setting rubber

Flow rate
Nozzle diameter 100–500 � 2015 Lapierre [131]

Chitosan
microspheres

512-microchannel
geometrical passive

breakup device
T-junction

Flow rate 40.0 ± 2.2 �� 2019 Kim [133]

PLGA microspheres

512-channel geometric
droplet-splitting

microfluidic device
256 T-junction

6.56 �� 2020 Kim [136]

Cell-laden microgel Flow-focusing platform
On-chip Cell concentration ~240–300 �� 2019 Mohamed [138]

Drops
Parallelised microfluidic

device
Millipede device

Device geometry 20–160 �� 2016 Amstad [135]

Free-floating
polymer (PEGDA)

Contact flow lithography
system

Microchannel
dimensions 20–150 ��� 2015 Goff [139]

W/O and O/W
emulsions

Glass microfluidic device
Step emulsification 80.9 (CV = 2.8%) �� 2017 Ofner [137]

Chitosan/TiO2
composite

Factory-on-chip
Modularised microfluidic

reactors
539.65 ��� 2017 Han [134]

Water-in-water
(W/W) emulsions

Microneedle-assistance
Microfluidics
Flow focusing

Column pressure 5–65 ��� 2019 Jeyhani [128]

W/O emulsions
Electrical detection

Microfluidics
Closed-loop control

Flow rate 200 ���� 2017 Fu [144]

Liquid metal Microfluidic
flow-focusing device

Electrical potential
Flow rate ~80–160 ��� 2016 Tang [48]

W/O and oil-in
water (O/W)
emulsions

3D-printed droplet
generator

Plug-and-play

Liquid flow rate
ratio

Viscosity of the
dispersed phase

~50 �� 2016 Zhang [146]

PEGDA 3D-printed generator
Screw-and-nut

T-junction gap
height

Flow rates
34–1404 �� 2019 Nguyen [147]

W/O droplets

3D-printing technology
Millifluidics

Chimney-shaped void
geometry

Flow rates
Apex angle 36–616 �� 2019 Hwang [148]
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Table 4. Cont.

MPs Type
Enabling

Technologies/Modules
Crucial

Parameters
MP Size (μm) Costs 1 Year Reference

Magnetic liquid
metal

3D-printed coaxial
microfluidic device

Orifice diameter
Flow rate ratio 650–1900 ��� 2020 He [149]

EGaIn
Acoustic waves

Electrochemistry
Electrocapillary

Oxidative/reducing
voltages

Activating
frequency

10–80 ��� 2016 Tang [48]

Water-in-oil (W/O)
emulsions Ultrasonic transducer

Vibrational
velocity
Pressure

62.5 ± 2.6 ��� 2018 Fujimoro [151]

Pure water, silicone
oils

Ultrasonic
torsional transducer

Pressure
Resonance
frequency

Diameter of liquid
column

~80–120 ��� 2015 Kishi [150]

W/O microdroplets
Glass-capillary-based
microfluidic device

Tabletop minicentrifuge

Diameter of inner
and outer

capillary orifice
~6.6–13.8 �� 2014 Yamashita [154]

W/O emulsions Spinning micropipette
liquid emulsion generator

Flow rate
Motion velocity of
the micropipette

25–230 �� 2016 Chen [49]

W/O emulsion Centrifugal microchannel
Size of

microchannels
Centrifugal force

~52.5 �� 2017 Chen [156]

Calcium alginate Centrifugal microfluidic
technique

Centrifugal force
Circumference of
the channel outlet

~109–269 ��� 2015 Liu [162]

W/O picolitre
droplets

Centrifuge-based step
emulsification device

Level of oil phase
Centrifugal force

Height of
microchannel

18–90 ��� 2019 Shin [155]

Gallium-based
liquid metal

Submerged
electrodispersion technique

Spinning disk

Electric field
Flow rate

Rotation speed of
the disk

~10–800 ��� 2019 Zhang [157]

Water, liquid metal,
hydrogel, double

emulsions
Spinning conical frustum

Rotational speed
Applied voltage

Flow rate
~200–550 � 2019 Tang [129]

Sodium alginate
multicompartmental

particles

Centrifuge-based droplet
shooting device

Barrel
configuration
Diameter of

capillary orifice

99 and 16 ��� 2012 Maeda [152]

Sodium alginate
with complex shape

Centrifuge
3D

nonequilibrium-induced
microflows

Diffusional flow
Marangoni
microflows

~112.4–135.1
(various shapes) ��� 2016 Hayakawa [153]

Janus MPs Centrifugal gravity
UV irradiation 282 (mean) ��� 2020 Tsuchiya [163]

Solder (Sn63Pb37)
Piezoelectric

membrane-piston-based
jetting technology

Pulse length
Voltage value
Temperature

~85 ���� 2019 Ma [160]

PDMS, UV-curing
optical glue (high

viscosity >2000 cps)

Tip-assisted electric field
intensity enhancement

effect
High-resolution capability

of EHD printing

Applied voltage
Gap distance
Nozzle inner

diameter
Deposition time

>2.3 ���� 2019 Zou [164]

Al
Pneumatic

drop-on-demand
technology

The aspect ratio of
the nozzle hole

The distance
between inlet hole

and nozzle hole

359.9 ���� 2017 Zhong [165]

Ink drops

Pneumatic valve
Feedback control

Ejection technology
Machine vision

Solenoid valve
“ON” time ����� 2018 Wang [166]
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Table 4. Cont.

MPs Type
Enabling

Technologies/Modules
Crucial

Parameters
MP Size (μm) Costs 1 Year Reference

Al alloys (AlSi12) StarJet technology Applied pressures 235 ± 15 ���� 2017 Gerdes [126]

Alginate Drop-on-demand jetting
Piezoelectric print-head

Voltage waveform
Microdroplet

velocity
Concentration of
CaCl2 solution

~80–110 ���� 2016 Gao [158]

Water drops
Piezo-actuated

microdroplet generator
Drop on demand

Deflection voltage
Suction and

compression time
Nozzle diameter

450–1000 ���� 2014 Sadeghian [167]

Chitosan aerogel Jet cutting
Supercritical drying of gel

Nozzle diameter
Cutting disc

velocity
Number of wires
of the cutting disc

700–900 ��� 2020 López-Iglesias
[168]

Sodium alginate
Alternating viscous and

inertial force jetting
mechanism

Applied voltage
Nozzle diameter
Fluid viscosity

~30–80 ���� 2017 Zhao [169]

Sodium alginate
Alternating viscous and

inertial force jetting
mechanism

Actuation signal
waveforms

Nozzle
dimensional

features
Solution velocity

53–72 ���� 2015 Zhao [159]

Al Supersonic
laser-induced jetting

Incubation time
Droplet velocity ~3.9 ���� 2015 Zenou [161]

High viscous
microdroplets

Pneumatically driven
inkjet printing system

Droplet volume
Standoff distance

frequency

~143–247
(12.2–63.5 nL) ���� 2016 Choi [50]

1 The number of asterisks (�) represents the cost of synthesis system; 1 means relatively low cost, while 5
means expensive.

Figure 11. Illustrations of jetting mechanism and jetting systems. (A) Schematic of a typical jetting
platform. (B) Schematic diagram of the piezoelectric membrane-piston-based jetting technology
(PMPJT) system. (C) The principle of microdroplet formation based on the PMPJT. Reprinted with
permission from ref [160]. (D) Schematic illustration of the aluminium (Al) microdroplets generation
system combining supersonic laser-induced jetting and velocity measuring function. PD represents
photodiode and LS is laser system. Reprinted with permission from ref [161].
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4. Conclusions and Outlook

In this review, we have discussed the modular and integrated systems developed in recent years
for producing a wide variety of NPs and MPs. For the synthesis of NPs, we have elucidated some
representative systems based on top-down and bottom-up methods, which are summarised in the
Tables 2 and 3, respectively. In terms of top-down approaches, the products can be synthesized rapidly
by breaking the bulk materials into nanoscales. Sonication probe systems are suitable for producing
LM NPs with small enough sizes, and the production performance can be optimised by incorporating
appropriate control modules. However, it is still problematic for producing uniform-sized NPs as the
disruptive force is uncontrollable. Laser ablation systems are ideal for the production of pure metal
NPs like Au and Ag. Besides, these systems are capable of fabricating specific structures of NPs by
combining external fields. Because industrial scale of production requires high power and multiple
sets of expensive laser systems, the above-mentioned techniques are yet to be readily used in industry.

As for bottom-up approaches for producing NPs, microfluidics can precisely control the reaction
time and volume to enable various NPs production with uniform and monodisperse sizes. In recent
years, different groups had designed various structures of microfluidic chips and integrated multiple
synthetic procedures into a single microfluidic device to produce NPs with desired functions and
morphologies. Moreover, multichannel microreactor systems for providing continuous flow enable the
scaling up of production, which would allow for expansion to achieve an industrial level of production.
Nevertheless, the fabrication of microfluidic chips requires the photolithography techniques and
specialised microfluidic facilities in cleanroom, which limits accessibility. In addition, the integrated
systems usually need to be driven by external pumping systems—an inconvenience for settings other
than laboratory. In addition to microfluidics, flame synthesis is a powerful bottom-up method. It does
not need tedious steps and can easily form metastable compositions with a high purity in a short
reaction time. However, such systems still face challenges. For example, it is difficult to produce
more complicated NPs other than noble metals and carbon using flame synthesis platforms; also,
the properties of substrate limit the productions and utilisation of NPs.

For the production of MPs (summarized in Table 4), microfluidic technology has many advantages,
including the ability to control size, morphology, and composition of particles. In recent years,
3D printing technology further facilitates the fabrication of microfluidic devices without the need of
photolithography. This technology lowers the entry requirements of using microfluidics and benefits
the advancement of future integrated systems. In addition, other MPs generation systems have been
developed using techniques including acoustic, centrifugal, spinning force, and jetting. By controlling
parameters such as acoustic frequency, rotating speed, and driving force/frequency, MPs with various
sizes, morphologies, and compositions, can be synthesized on demand. These integrated systems
avoid complicated structures and reduce the difficulties of operation, which may lead to an expansion
of the applications of MPs.

On the other hand, the development of modular and integrated systems for the versatile production
of NPs/MPs await enhancement. For instance, some integrated systems require large space and hard
to be decomposed into modules. In addition, in many cases, bulky peripherals are still needed to
operate and control the platforms. Besides, the use of specialised and noncommercial components
in many of the systems limits their accessibility. Regardless of these hardships, we still believe that
further development of modular and integrated systems will bridge the gap between harnessing the
vast potential of NPs/MPs research and the difficulty of synthesising NPs/MPs in simple, repeatable,
and on-demand manners in different laboratories. We anticipate that researchers can readily select and
establish synthesis systems for the production of customised NPs/MPs with a simplified process, thereby
breaking the obstacle in exploring a wider range of applications of NPs/MPs. We envisage that some
modular and integrated systems possess the potential to meet the industrial scale and quality, making
it possible to further reduce the cost and complexity of synthesising NPs/MPs. As such, assisting the
production of NPs and MPs using modular and integrated systems with the characteristics of automatic
control, simple user interface, customisable functions, which only requires basic equipment which
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most of the laboratories can offer, can certainly facilitate interdisciplinary innovations for unleashing a
wider range of research directions.
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Abstract: This Perspective discusses the literature related to two-phase biocatalysis in microfluidic
droplets. Enzymes used as catalysts in biocatalysis are generally less stable in organic media than
in their native aqueous environments; however, chemical and pharmaceutical compounds are
often insoluble in water. The use of aqueous/organic two-phase media provides a solution to this
problem and has therefore become standard practice for multiple biotransformations. In batch,
two-phase biocatalysis is limited by mass transport, a limitation that can be overcome with the use of
microfluidic systems. Although, two-phase biocatalysis in laminar flow systems has been extensively
studied, microfluidic droplets have been primarily used for enzyme screening. In this Perspective,
we summarize the limited published work on two-phase biocatalysis in microfluidic droplets and
discuss the limitations, challenges, and future perspectives of this technology.

Keywords: microfluidics; two-phase biocatalysis; microfluidic droplets; enzyme

1. Introduction

Biocatalysis is an empowering technology in synthetic organic chemistry. The use
of enzymes for chemical transformations often grants unparalleled chemo-, regio- and
stereoselectivity, and even enables transformations that would be impossible to achieve
with conventional chemical methods [1–4]. Owing to these advantages, recent years have
witnessed a growing popularity of strategic enzymatic steps in the preparation of phar-
maceuticals, natural products, and other fine chemicals [5–10]. By reducing the length of
synthetic routes and the demand for laborious purification processes, biocatalytic transfor-
mations typically exhibit more favorable green chemistry metrics than their corresponding
chemical counterparts [11,12]. As such, biocatalysis continues to evolve into the intuitive
choice for the development of environmentally friendly chemical processes, both in aca-
demic as well as industrial settings [13]. However, the efficient application of enzymes
is often hampered by the low water solubility of desired starting materials. As many
compounds of interest in organic chemistry exhibit only limited hydrophilicity, substrate
loadings in biocatalytic transformations are often restricted to the low millimolar range,
far below the desired titers for industrial settings [11]. To increase the substrate concentra-
tions and thereby decrease solvent use, several strategies and process designs have been
established. Among these, the use of two immiscible liquid phases, an aqueous and a
non-aqueous phase, the latter usually comprising an organic solvent [14–16] or ionic liq-
uid [17,18], has emerged as an elegant and remarkably versatile approach. The enzymatic
reaction typically takes place in the aqueous phase under substrate concentrations near
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the solubility limit, while the non-aqueous (commonly organic) phase acts as a substrate
reservoir, continuously delivering the substrate to the aqueous phase. At the same time, the
non-aqueous phase serves as a product sink, removing the reaction product from the aque-
ous phase. Beyond enabling exceptionally high net substrate concentrations, two-phase
biocatalysis has several key advantages, including the prevention of inhibition effects or
shift of reaction equilibria via continuous product removal, as well as straightforward prod-
uct isolation via phase separation [19,20]. Despite these advantages, biphasic processes are
yet to become a true standard technique in biocatalysis, as the design of efficient biphasic
enzymatic transformations is challenging and requires non-trivial engineering. Another
major challenge is the mixing of the two liquid phases which maximizes mass transfer
but can also compromise the stability and hence the activity of the enzyme catalyst [21].
Moreover, stable emulsions can form when performing liquid–liquid two-phase reactions
in batch under vigorous stirring, complicating phase separation and thus product isolation
during subsequent down-stream processing [22]. The aforementioned challenges can be
overcome with the use of microfluidic systems.

2. Biocatalysis at the Microscale

Flow chemistry has been performed in organic chemistry laboratories in academia
and industry for the development, optimization, and intensification of chemical processes
for several decades [23]. More recently, the first biocatalytic reactions performed in mi-
crofluidics were reported [24,25]; however, flow biocatalysis today remains in its infancy
compared to flow chemistry. This is surprising considering the many advantages mi-
crofluidics offer, such as the possibility of continuously operated reactions, much higher
surface-to-volume ratios and hence short diffusion paths, and tremendously increased
mass and heat transfer rates [26,27]. These advantages are especially promising for liquid–
liquid two-phase biocatalytic reactions that are often limited by mass transfer in batch [28].
As different physical effects influence fluid flow at the microscale compared to larger
scales [29], fluid flow regimes unachievable on the macroscale (such as laminar flow) can
be achieved in microchannels. Moreover, process development significantly benefits from
microscale technology due to reduced consumption of reagents and time, speeding up
process development and reducing development costs [26]. In the biocatalysis field, this
has led to the development of microfluidics-based screening methods for activity-based
screening of metagenomic libraries [30,31] or mutant libraries derived from enzyme evo-
lution campaigns [32,33]. Additionally, enzyme characterization and process parameter
estimation and optimization are also facilitated by the use of microfluidic devices (often mi-
crofluidic droplets) due to ultra-high throughput and low reagent consumption [23,34–36].
In addition to high-throughput screening and characterization possibilities, miniaturiza-
tion provides a tool that allows researchers to gain an understanding of fundamental
process principles and reaction characteristics. This is made possible by the fact that
experimental conditions can be precisely and independently controlled in microfluidic
systems. Although some processes optimized at the microscale cannot be directly scaled
up, fundamental process understanding gained at the microscale can still facilitate process
optimization in the macroscale. Finally, smaller volumes and better spatial and temporal
reaction control in microsystems increase safety in biocatalytic reactions that involve, e.g.,
toxic reagents [37].

3. Droplet Generation in Microfluidic Systems

For two-phase biocatalysis in microfluidics, the two liquid phases need to be in contact
to ensure fast mass transport across the interface. With the absence of turbulence at the
microscale, molecular diffusion becomes the dominant mechanism of mass transfer. A
liquid–liquid, two-phase flow in microchannels can be achieved through laminar flow or
using microfluidic droplets.

Laminar flow is dominant when Reynold numbers are low and is characterized by
fluid streamlines parallel to the channel walls. The two phases flow next to each other
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in the form of two layers forming one interface (Figure 1a) or three layers forming two
interfaces (Figure 1b). Two-layer flow profiles are commonly produced using T-junctions
and three-layer laminar flow profiles using Ψ-junctions. The width of each phase, i.e., the
volume each phase occupies in the channel, can be adjusted by changing the flow rate ratio
between the two liquids. Such microsystems are often used for two-phase biocatalysis using
immiscible hydrophobic substrates, as they provide advantages like short diffusion paths
across the aqueous/non-aqueous interface and easy phase separation at the outlets [38,39].

Figure 1. Laminar flow in a microfluidic channel: (a) two liquid phases flowing next to each other
and forming two layers and one interface; (b) two liquid phases flowing next to each other and
forming three layers and two interfaces. The microfluidic device architectures used to achieve these
flow patterns are shown as inserts.

Similar to laminar flows, microfluidic droplets have also been employed as a tool
for biphasic enzymatic transformations, however, to a much lesser extent. Microfluidic
droplet formation requires two immiscible fluids (gas–liquid or liquid–liquid), referred
to as the continuous phase (medium in which droplets flow) and the dispersed phase
(droplets). In the context of two-phase biocatalysis, liquid–liquid droplets are formed using
an organic and an aqueous phase. Each microdroplet can be regarded as an independent
microreactor, with fast mass transfer taking place across the droplet boundary. In addition
to efficient mass transfer, reactions in microfluidic droplets can greatly reduce the consump-
tion of expensive reagents due to their tiny volumes (commonly pL to nL) and at the same
time limit cross-contamination. There are two common droplet geometries; ellipsoidal
(Figure 2a) and spherical (Figure 2b). Ellipsoidal droplets can be produced using T-, Y-
and Ψ-junctions. They are larger compared to spherical microdroplets and their width is
typically determined by the width of the microfluidic channel. The flow of large ellipsoidal
droplets (slugs) in a microchannel is commonly referred to as slug flow. Spherical micro-
droplets are produced using flow focusing or co-flowing microfluidic structures and often
have diameters much smaller than the width of the microchannel. Device geometries and
droplet generation methods are discussed in detail below.

Figure 2. (a) Ellipsoidal microdroplet in a microfluidic channel/slug flow. (b) Spherical microdroplets
in a microfluidic channel/droplet flow. The microfluidic device architectures used to achieve these
flow patterns are shown in the inserts and discussed in detail below.
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3.1. Microfluidic Droplet Production and Their Applications in Two-Phase Biocatalysis

Various applications of microfluidic droplets employed in the field of biocatalysis
have been reported in the literature. These can be divided into three main categories: (1) mi-
crofluidic droplets for ultrahigh-throughput library screening, (2) microfluidic droplets for
enzyme characterization and parameter estimation, and (3) intensification of two-phase
biocatalytic reactions using microfluidic droplets or droplet-like fluid flows. The first two
categories have already been reviewed comprehensively in recent literature and will not
be further discussed in this perspective [23,30,33,34]. Herein, we focus on synthetically
useful biocatalytic reactions employing two liquid phases, in an effort to highlight the
benefits and limitations associated with droplet microfluidics when used to perform these
reactions. Before we discuss specific examples of two-phase biocatalysis in droplets, we
offer a relevant introduction into the production technology of droplet microfluidics.

3.2. Production Technology of Droplet Microfluidics

Droplet formation methods can be classified as passive or active. Passive methods
primarily use microchannel architecture and flow rates to control the formation of droplets,
while active methods employ external force fields (e.g., light, electricity). In droplet-based
biocatalysis, active droplet formation methods are generally avoided as the used external
force fields could harm the enzymes or cells used to facilitate the reactions. The most
common passive hydrodynamic methods used to produce microdroplets can be categorized
into three groups according to the microchannel architecture: T-junction, flow-focusing,
and co-flowing devices. The geometry of the intersection where the two flows meet, the
flow rate of each phase and the properties of the fluid (surface tension, viscosity, etc.)
determine the local stresses that deform the liquid interface and cause droplet formation.

T-junction: T-junctions were first proposed by Thorsen et al. in 2001 [40]. Droplets
in this device architecture are formed when two mutually immiscible fluids meet at the
T-shaped microchannel intersection. Under the action of pressure and shear, the continuous
phase cuts off the dispersed phase to form droplets. As seen in Figure 3, T-junctions have
a simple architecture and are easy to fabricate, which makes them a popular choice for
applications in biocatalysis. However, the droplet width is determined by the width of the
microfluidic channel, and therefore, spherical droplets with smaller diameters cannot be
produced. This can be a limiting factor when using these devices for two-phase biocatalysis,
as the available droplet surface area can be quite small compared to that of smaller droplets
that float in the middle of the channel. This can partly inhibit mass transfer across the
droplet interface (e.g., diffusion of substrate from the organic to the aqueous phase), a
critical step during biocatalysis.

Figure 3. Droplet generation in a T-junction. Large droplets are formed in the channel, resulting in
slug flow.

T-junctions, and similarly Y-junctions, have been the most commonly used microfluidic
architectures to perform biphasic biocatalysis experiments. Some examples include work
from Pohar et al., who used microfluidic devices of this architecture for the synthesis of
isoamyl acetate [41], and Tušek et al., in which Y-junction microfluidic devices were used to
study hexanol oxidation [42]. In the work of Tušek, two-phase biocatalysis was performed
in a droplet microreactor and a cuvette under the same conditions. A kinetic model and a
reactor model were established based on the results of the biotransformation. Comparing
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the kinetic parameters estimated by the two measurements, the maximum reaction rate in
the microreactor was estimated to be approximately 33 times higher than in the cuvette.
Additionally, in the experiments performed in microfluidic droplets, almost no reaction
inhibition or reverse reaction were observed.

Flow focusing: The first micromachined flow-focusing system was introduced in
2001 by Ganan-Calvo et al. [43]. In 2003, Anna et al. used the flow-focusing geometry to
form microfluidic water droplets in oil (water-in-oil droplets) and oil droplets in water
(oil-in-water droplets) [44]. To generate microfluidic droplets, the continuous phase is
injected into the microfluidic device through two side channels and is used to squeeze
the dispersed phase, flowing through the central channel (Figure 4). The formation of
microfluidic droplets is also facilitated by geometric constraints, such as the introduction of
an orifice (a neck). The flow-focusing method can produce spherical microfluidic droplets
with a diameter much smaller than the channel width.

Figure 4. Droplet generation in a flow-focusing device. Small spherical droplets are formed in the
channel resulting in droplet flow.

The use of flow-focusing microfluidic devices for two-phase biocatalysis has been very
limited despite the many advantages this method provides, such as controlled generation
of spherical microdroplets (as opposed to ellipsoidal, see Figure 2), that float in the center
of the channel, away from the walls, enabling mass transfer across the droplet interface.
The only example of biocatalysis in flow focusing systems was published by Novak et al.,
who used this method for the synthesis of isoamyl acetate enzymes in microdroplets and
the recovery of ionic liquids [45]. The use of microfluidic droplets enabled a significantly
higher productivity of isoamyl acetate compared to the respective batch process. More
details about this work can be found in Section 4.

Co-flowing: Co-flowing is a method in which a capillary is embedded in a microchan-
nel, and the dispersed and continuous phases flow through the capillary and the microchan-
nel, respectively [46]. Unlike flow-focusing systems, co-flowing channels do not have a
“neck-like” structure. The continuous phase does not squeeze the dispersed phase, but it is
itself squeezed around the dispersed phase (Figure 5). This causes a destabilization at the
dispersed phase front, which causes it to break into microdroplets. The size of droplets
generated in co-flowing devices is controlled by the channel widths, the diameter of the cap-
illary, and the flow rates used in experiments. In general, the co-flowing method produces
well-controlled droplets with a diameter smaller than the width of the microfluidic channel.
To date, no co-flowing system has been used in two-phase biocatalysis, presumably due to
the complicated droplet generation principle and device fabrication process.

Figure 5. Droplet generation in a co-flowing microfluidic system. Small spherical droplets are formed
in the channel resulting in droplet flow.
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3.3. Droplet Generation and the Use of Surfactants

Droplet generation in microfluidic systems generally requires the use of surfactants,
especially when droplets are generated using the flow-focusing or co-flowing methods.
Surfactants are amphiphilic molecules commonly added to the continuous phase at small
concentrations to promote the formation of new interfaces [47]. These molecules are
adsorbed at the liquid–liquid interface to promote droplet stabilization and prevent coales-
cence [48]. Therefore, the addition of surfactants is important for stable droplet generation
and manipulation and can also affect droplet properties such as their size.

However, as these amphiphilic molecules line the interface between the aqueous and
organic phase, i.e., the droplet perimeter, it is expected that they also play a key role in
the control of molecular exchange across the interface. Indeed, the rate of solute transport
across a droplet interface through a surfactant monolayer has been shown to depend on
many parameters such as the solute and surfactant size and structure, the density of the
monolayer, and the curvature of the interface [49]. As mass transport across the droplet
interface is a critical step during biocatalysis, the choice of suitable surfactants is also
critical for high conversion rates. Additionally, surfactants have been shown to affect
the catalytic activity of enzymes [50], and in turn, enzymes themselves can potentially
serve as “surfactants” that stabilize droplet formation, as reported in the examples of
lipase-catalyzed isoamyl acetate synthesis discussed in more detail below [41,45].

Most examples on biphasic biocatalysis in microreactors have relied on the use of
polysorbate 20 (also known commercially as Tween 20) [28,50] or simply on the amphiphilic
properties of the enzyme catalyst itself [41,51]. Previous work on enzyme evolution in
microdroplets has primarily relied on fluorinated polyethers as surfactants [52,53]. Apart
from available synthetic surfactants, a broad range of biological surface-active agents
(biosurfactants) are also known today, ranging from various glycolipids or lipopeptides
to surface-active proteins (e.g., hydrophobins) [54–56]. Biosurfactants have found various
applications in industry due to their high interface activity [57]; their use in microfluidic
droplet stabilization remains however limited.

3.4. Microfluidic Device Materials

When microfluidics are intended to host biotransformations, the choice of device
material is critical. Aspects such as surface tolerance to solvents, channel hydrophobicity
and gas permeability need to be carefully considered. The materials most commonly used
in the fabrication of microreactors are glass, polycarbonate, and polytetrafluoroethylene
(PTFE). Glass has the advantage of good transparency, chemical stability, and good bio-
compatibility. However, the fabrication of microchannels in glass requires expertise in
microtechnology, as advanced processing using photolithography or laser microstructuring
are necessary. Low entry manufacturing technologies such as 3D printing have also been
investigated as they can be easily adopted by non-experts and used to create inexpensive
devices [58]. However, the resolution that can be achieved using 3D printing methods such
as stereolithography is limited (feature size in the order of a few hundred micrometers),
and therefore, larger devices are produced, which requires a higher consumption of sample
and reagents. Additionally, synthetic resins often display low tolerance against organic
solvents. Polycarbonate offers the advantages of low cost, low water absorption, and good
processing performance. It is the material of choice for microfluidics used in biomedical
research and biological analysis, but its tendency to absorb some organic solvents makes it
difficult to use for two-phase biocatalysis applications. However, surface coatings offer a
solution to this problem. Mohr et al. used polycarbonate-based microfluidics coated with a
25-μm film of fluorinated ethylene propylene to create a recirculating, two-phase flow mi-
crobioreactor. The fluoropolymer coating was used to increase the chemical resistance and
hydrophobicity of the microchannels [59]. Finally, PTFE offers inertness to chemicals and
solvents, antifouling properties, moderate gas permeability, and low non-specific protein
adsorption compared to polycarbonate. It is therefore widely used in the field of biphasic
biocatalysis, especially used in microreactors made from microcapillary tubing [60].
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4. Examples of Two-Phase Biocatalysis in Microdroplets

Biocatalytic esterifications, redox reactions, and lyase-catalyzed conversions mak-
ing use of two liquid phases of different polarity have been performed in microdroplets
(see Figure 6). These biphasic biotransformations have been used to increase substrate
concentration in the reaction, efficiently extract product into the non-aqueous phase for
simplified downstream processing, or reduce substrate and/or product inhibition of the
enzyme. In the following paragraphs, notable examples of two-phase biocatalysis in micro-
droplets are discussed. These examples include work performed in both microfabricated
reactors, as well as droplets generated in similar device architectures using microcapillaries
(capillary-based microreactors).

In 2009, Znidarsic–Plazl and coworkers reported the CalB-catalyzed synthesis of
isoamyl acetate, a flavor, and fragrance compound used in food, cosmetics, and pharma-
ceutical industry, from isoamyl alcohol and acetic anhydride in a continuously-operated
Ψ-shaped droplet microreactor made out of glass [41]. The employed two-phase sys-
tem consisted of a water-miscible ionic liquid and n-heptane. While all reagents and the
aqueous enzyme solution were suspended in the ionic liquid phase, the product (isoamyl
acetate) was efficiently extracted into the hydrophobic organic phase. Using a 3:1 ratio
of alcohol to acetic anhydride and a microfluidic flow pattern that resulted in a combina-
tion of long slugs (ellipsoidal droplets) and circulating fine droplets of n-heptane in the
continuous ionic liquid phase, enabled an almost 3-fold productivity increase compared
to the respective batch process. This significant improvement was mainly attributed to
more efficient mixing and hence a much higher interfacial area between liquids within the
microchannel. When a flow-focusing microfluidic chip was used for the same enzymatic
reaction, uniform n-heptane droplets were formed in the ionic liquid phase [45]. This
resulted in an even higher interfacial area, across which the reaction and product extraction
takes place, with the amphiphilic lipase positioned at the ionic liquid-n-heptane interface.
Moreover, the integration of a membrane-based phase separator allowed the reuse of the
enzyme-containing ionic liquid over several cycles.

In another approach, the performance of capillary microreactors with various inner
diameters was compared, when Rhizomucor miehei lipase was used for the esterification of
oleic acid with 1-butanol for biodiesel production [60]. The aqueous phase containing the
dissolved enzyme and the organic phase comprising fatty acids and butanol in n-heptane
were introduced through a Y-junction resulting in a slug-flow profile. Two microreactor
materials were used: hydrophobic PTFE or hydrophilic stainless steel. In PTFE channels,
aqueous droplets were formed within the organic slug. In stainless steel channels, droplets
of the organic phase were formed within the continuous aqueous phase. An increase
in the volumetric organic-to-aqueous phase flow ratio significantly improved enzyme
performance in the stainless steel microreactor in contrast to the PTFE-based one. This
difference was explained by a larger increase in the interfacial area when the organic phase
is moving through the continuous aqueous phase in the form of long droplets, as compared
to the short aqueous droplets in a continuous organic phase observed in the PTFE-based
microreactor [60].
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Figure 6. Biocatalytic two-phase reaction examples performed in microfluidic droplets.
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Next to those biocatalytic esterifications, Koch et al. reported the successful formation
of C-C bonds using crude lysates of two different hydroxynitrile lyases in specially de-
signed microreactors [37]. Enzyme-catalyzed addition of HCN to different aldehydes using
a two-liquid phase system under undefined slug flow in Y-shape microfluidics yielded
α-cyanohydrins with excellent enantioselectivity. The organic phase made of MTBE con-
tained the respective aldehyde, while the cyanide (in form of KCN) was provided via
the enzyme-containing aqueous phase. The authors further demonstrated that this setup
could be applied successfully for the screening of different reaction parameters using only
minute amounts of reagents and a significantly shorter time compared to batch experi-
ments. As another example, the industrially relevant hydration of acrylonitrile by nitrile
hydratase to form acrylamide was reported using a membrane dispersion, stainless steel
microreactor [61]. In membrane dispersion microreactors, the two phases are separated by
a membrane. Droplets are formed when one phase is pushed into the other through the
membrane. In the work discussed here, acrylonitrile was added as a substrate to the con-
tinuous aqueous phase, which contained whole Rhodococcus ruber TH3 cells as the catalyst.
Membrane dispersion was used to produce acrylonitrile droplets with 25–35 μm diameter.
The large surface area of these microdroplets significantly enhanced mass transfer and led
to high acrylamide concentration (45.8 wt%) within 35 min of reaction.

Selected biocatalytic redox reactions in microfluidic droplets have also been reported,
which utilize key advantages of microdroplets and have served as model systems for
process optimization. Mohr and colleagues examined the performance of a promiscu-
ous pentaerythritol tetranitrate reductase under anaerobic conditions in a recirculating
continuous-flow microbioreactor [59]. Coating the polycarbonate bioreactor walls with
thick hydrophobic fluoropolymer enabled the formation of stable aqueous droplets in
isooctane using a T-junction. Installation of spectroscopic cells in the recirculating organic
and aqueous channels allowed UV-spectroscopic reaction monitoring based on the ab-
sorbance of the substrate/product and the NADPH cofactor. By implementing a NADPH
recycling system in the aqueous phase, the authors also investigated the performance of
the bioreactor when it comes to the reduction of selected olefins. They found an improved
performance compared to analogous reactions in batch, presumably due to a combination
of increased mass transfer granted by a higher surface-to-volume ratio, as well as efficient
product removal from the aqueous phase. To further study mass transfer limitations in
biphasic redox reactions, Buehler and coworkers examined the effect of various process
variables on the reduction of 1-heptaldehyde by a thermophilic alcohol dehydrogenase [28].
An aqueous buffer containing the enzyme, the cofactor, and recycling system based on
formate dehydrogenation was mixed with a hexadecane phase at a T-junction and formed
slugs in the organic phase. The authors probed the effects of flow rate, capillary diameter,
phase ratio, as well as enzyme and substrate concentrations under segmented flow con-
ditions. By optimizing these parameters, the system could be tuned for efficient enzyme
usage, while maintaining high productivity. Remarkably, despite the enzyme’s inhibition
at >1 mM substrate in the aqueous phase, the mass transfer optimization performed in this
capillary system enabled the efficient feeding of substrate and concurrent product removal,
achieving product titers of almost 40 mM. In an additional study, the same authors utilized
slugs formed in a capillary T-junction to address the low stability of the dehydrogenase
under operational conditions [50]. Inactivation of the enzyme at the liquid interface was
successfully eliminated through the application of low concentrations of Tween 20 as a
surfactant, most likely via stabilization of the phase barrier. Finally, Zelic and colleagues
used the reverse reaction as a model system for the evaluation of kinetic parameters in a
continuously operated Y-shaped tubular microreactor [42]. Using Saccharomyces cerevisiae
alcohol dehydrogenase, the authors examined the oxidation of hexanol in a biphasic system
composed of buffer and hexane. Compared to batch experiments, the authors found a
drastic increase in the reaction rate as well as a complete elimination of product inhibition.

A further example comes from our own recent work, where we used flow-focusing mi-
crofluidic devices to perform testosterone dehydrogenation catalyzed by the
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17β-hydroxysteroid dehydrogenase (17β-HSD) from Comamonas testosteroni [62] in mi-
crofluidic droplets. Microfluidic devices were fabricated in glass using femtosecond laser
ablation. The buffer solution containing the enzyme was used as the aqueous carrier phase
and methyl tert-butyl ether (MTBE) containing testosterone was used as the organic phase
confined in the microdroplets. For reactions performed in microfluidics with 10 mM steroid
concentration, a 91% conversion of testosterone to androstenedione was obtained in only
40 s of reaction time, resulting in a space-time yield (STY) of 234 g L−1 h−1. In comparison,
respective batch reactions yielded 85% conversion after 10 min reaction time, resulting in a
STY of only 14.6 g L−1 h−1.

The works discussed above underscore the value of microdroplets in the testing and
optimization of biphasic biocatalytic processes that typically suffer from product inhibition
and low mass transfer rates. At the same time, many questions arise about the utility of
droplet microreactors and the root of the underutilization of such systems in biocatalytic
process design.

5. Conclusions and Future Perspective

As presented in detail above, microfluidic systems offer a unique set of advantages
that make them particularly suitable as reaction vessels for two-phase biocatalysis. These
advantages include continuously operated reactions, short diffusion paths, and tremen-
dously increased mass transfer rates. Biphasic biocatalytic processes have been reported in
microfluidic devices, primarily ones utilizing laminar flow configurations [38,39]. Despite
the additional advantages offered by droplet-based microfluidics, such as dramatically
increased surface-to-volume ratios, their use in two-phase biocatalysis remains limited.
This is mainly due to the complexity associated with microfluidic device fabrication and
the establishment of a stable droplet flow. Commercial droplet generation and control
systems (such as the Elveflow Microfluidic Droplet Pack) offer an out-of-the-box solution
to this problem as their use requires no expertise in microtechnology. The few examples of
two-phase biocatalysis in microdroplets discussed above primarily utilize simple T-, Y-,
or Ψ-junctions to establish slugs [37,41,50,59,60]. Slug flow can be realized at lower flow
rates compared to droplet flow and does not typically require the use of surfactants or
channel surface treatment. Additionally, slug flow can be established in microcapillary
tubes, making this method more accessible to researchers with no access to microfabrication
facilities or specialized equipment. However, slugs usually have large, variable diameters
that are difficult to control. This means lower surface-area-to-volume ratio compared to
microfluidic droplets generated in flow-focusing systems and less controlled experiments.
Flow-focusing devices have a relatively complicated architecture and droplet generation
often requires device and process optimization. However, the droplets produced in these
systems have a uniform, defined spherical shape and a diameter that is smaller than the
channel size. This ensures a large interfacial area between the two phases in biphasic
biocatalysis, which in turn should lead to enhanced conversion and reaction rates because
of increased mass transport across the interface. Stable microdroplets that do not coalesce
usually require the use of a surfactant. Surfactants line the interface between the aqueous
and organic phase, and it is thus expected that they would also control molecular exchange
across the interface. On the other hand, as enzymes can be inactivated when in contact with
organic solvents, the addition of surfactants could have a positive effect, by eliminating
enzyme inactivation at the liquid-liquid interface as shown in one literature example [50].
Similarly, a large interfacial area between the aqueous and organic phases in microdroplet
systems might introduce an additional risk for enzyme inactivation, as enzyme inactivation
in liquid−liquid bubble column systems was found to be proportional to the interfacial
area [63]. A large interfacial area is, however, a requirement for enhanced mass transfer.
The tradeoff between maximized mass transfer and high enzyme inactivation rates in
small droplets with large surface-to-volume ratios remains to be investigated, as it was
never explicitly studied in droplet microfluidics. It should be noted here, however, that
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such enzyme inactivation will largely depend on the solvent system used as well as the
employed enzyme and it hence needs to be addressed on a case-by-case basis.

To directly compare and evaluate the effectiveness of each method when employed in
two-phase biocatalysis is a difficult task. Although individual studies often compare results
obtained in batch process to results obtained in droplet-based processes, a comparison
between two-phase biocatalysis in batch, laminar flow, slug flow, and droplet flow has
not been performed. Nevertheless, comparisons between batch processes and droplet
processes consistently show higher conversion in droplets, explained by enhanced mass
transport, product removal (lower product inhibition), and reaction rates.

As evident by the literature review and discussion in this manuscript, microfluidic
droplets have the potential to improve biphasic biocatalysis but have so far been grossly
underutilized. Biocatalytic reactions that are product inhibited could particularly benefit
from fast mass transfer that allows in situ product extraction into microdroplets. Similarly,
reactions that are substrate inhibited benefit from chemical compartmentalization and
short diffusion paths. Although slow biocatalytic reactions might not be compatible with
conventional continuous-flow microfluidics due to the short liquid residence time in these
devices (seconds to few minutes), longer channels, stationary reaction chambers, or the use
of long capillaries offer alternatives that can make long reactions in microdroplets feasible.

In summary, several questions related to the application of this technology in biocatal-
ysis remain unanswered, including:

- Which method of droplet generation produces the best results and why?
- Which type of flow (laminar, slug, droplet) can deliver the best results and why?
- What are the effects of surfactants on biotransformation?
- Is there a tradeoff between enzyme inactivation and enhanced mass transfer when the

interfacial area increases?

Answers to these questions would provide researchers with the tool kits necessary
to make informed decisions about the most suitable technology to use for their reactions.
This would lower the barrier for the adaptation of droplet microfluidics in biocatalysis
laboratories and would fuel development in this direction.
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