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ARTICLE INFO ABSTRACT

Keywords: The use of paper as a smart support in the field of electrochemical sensors has been largely improved over the last
Enz‘ymef 15 years, driven by its outstanding features such as foldability and porosity, which enable the design of reagent
Antibodies and equipment-free multi-analysis devices. Furthermore, the easy surface engineering of paper has been used to
Nucleic acids . bili iff bi h h physical . 1 b . 1 hemical pol

Aptamers immobilize different bioreceptors, through physical adsorption, covalent bonding, and electrochemical poly-

merization, boosting the fine customization of the analytical performances of paper-based biosensors. In this
review, we focused on the strategies to engineer the surface of the paper for the immobilization of (bio)recog-
nition elements (eg., enzymes, antibodies, DNA, molecularly imprinted polymers) with the overriding goal to
develop accurate and reliable paper-based electrochemical biosensors. Furthermore, we highlighted how to take
advantage of paper for designing smart configurations by integrating different analytical processes in an eco-
designed analytical tool, starting from the immobilization of the (bio)receptor and the reagents, through a

Molecularly imprinted polymers

designed sample flow along the device, until the analyte detection.

1. Introduction

The risk of health emergencies represents a main threat to human
society that must be addressed in a framework of continuous growth of
the population. The recent COVID-19 pandemic event highlighted the
need for smart analytical tools with the overriding goal to help the
management of health crises at a global scale. Miniaturized self-test
devices are a key element to simplify the monitoring of disease spread
helping in the identification of patients affected by the disease. There-
fore, there is an urgent need to develop rapid and easy-to-use analytical
tools, to face any future threat, whether biological or chemical.

In the era of sustainability, the design of rapid detection tools re-
quires finding a compromise between technological progress and green
aspects for delivering effective and eco-designed devices [1,2]. The
green aspects embrace the principles of easy sample pre-treatment,
miniaturized devices for on-site analysis, multiple analytes detection,
reduction of the sample amount needed for the analysis, reduction of
waste produced, and minimization of toxic reagents [3,4]. Considering
the recent vision of White Analytical Chemistry, the cost-effectiveness,
time efficiency, simplicity of procedures, and the reduction of
advanced equipment/infrastructure are added features to evaluate for

the development of environmentally friendly analytical tools [5].

The use of paper-based analytical devices (PADs) is increasing in the
analytical field, as these devices meet many of the sustainability criteria
such as the use of ubiquitous and renewable material like paper, cost-
effectiveness, user-friendliness, low-energy, and plastic-free analysis
[6-14].

Over the last 15 years, the paper has been used in several types of
analytical tools. Whiteside group was the first to explore the develop-
ment of PADs as colorimetric sensing devices, using PADs for the
detection of glucose and protein in artificial urine [15]. In addition to
colorimetric detection, paper has been introduced to electroanalysis in a
pioneering study by C. S. Henry et al. in 2009 [16]. In that example, the
filter paper was selected to realize screen-printed electrochemical cells,
with higher sustainability with respect to the conventional supports
used in screen-printing (e.g., plastic, ceramics). Moreover, the multiplex
detection of glucose, lactate, and uric acid in human serum was achieved
by driving the sample through microfluidic pathways defined on the
paper by photolithography.

The work of Henry et al. awakened the researchers’ attention toward
the potentiality of PADs in the electrochemical field. Since then,
considerable efforts have been made to develop PADs within all the
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application fields and provide more practical and accurate eco-designed
electroanalytical devices, demonstrating the effectiveness and versa-
tility of PADs [16-18].

In this framework, an advantageous aspect relies on the use of paper
for the immobilization of biocomponents by harnessing the porosity and
the versatile chemistry of cellulose to entrap molecules within the cel-
lulose matrix or to functionalize the paper itself for improving the
immobilization efficiency.

The present review aims at describing and discussing the different
strategies explored for the immobilization of biocomponents to develop
electrochemical biosensors on paper supports. We believe that our re-
view can provide an in-depth understanding of the benefits explored so
far, furnishing the guidelines on how using the paper supports can
deliver smart electrochemical biosensors that combine sustainability
and relevant analytical performances.

In detail, our review initially provides a brief overview of the paper
support involvement in the analytical field, highlighting the various
characteristics that make the paper a leading alternative to conventional
non-renewable materials. Then, a study of the various parameters that
guide the selection of a specific type of paper is discussed, in combina-
tion with the right configuration (lateral or vertical flow). Finally, the
main section of this review is devoted to a thorough study of how
electrochemical PADs have been combined with different (bio)recog-
nition elements (i.e., enzymes, antibodies, molecularly imprinted poly-
mers, nucleic acids, aptamers, cells, peptides) for fabricating high-
performance biosensing devices able to detect biological or chemical
target analytes in different matrices including blood, urine, sweat,
water, soil, and air.

2. Features of the paper for electrochemical (bio)sensing
platforms

2.1. Paper properties for (bio)sensing

Paper has been used for chemical measurements for centuries,
starting from litmus paper used to measure pH in 1784 [19]. Since the
works of Whiteside and Henry’s groups, PADs have been increasingly
used for the development of colorimetric and electrochemical sensing
devices. A search of the Scopus database using the sentence “paper-
based analytical device” yields more than 1500 scientific papers
demonstrating several works on developing paper-based devices.

The widespread use of paper as a solid support in the manufacture of
PADs can be attributed to its outstanding characteristics [7,13,20,21].
Table 1 summarizes the main properties that make the paper an irre-
placeable material for electrochemical (bio)sensor development.

Considering the sustainability, i) the production and disposal of
cellulose itself are more sustainable processes when compared to other
materials for sensor development (e.g., ceramic, plastic), ii) few mi-
croliters (e.g., 5, 10 pL) are commonly required for PAD preparation (e.
g., loading of reagents) minimizing the amount of reagents, and iii) the
waste resulting from the analysis is minimal both in terms of reagents
used and sample required, bringing advantages in the sampling pro-
cedure as well as the waste disposal. Furthermore, the paper itself can be

Table 1
Summary of the most significant paper properties in the development of PAD-
based (bio)sensors.

Environmental Economical and Key features for customizable

sustainability practical advantages applicability

e Sustainable sources e Worldwide e Easy cut and folding

e Easy disposability availability e Biocompatibility

e Minimization of the o Lightness e Porosity
reagents o Affordability e Capillary forces

e Minimization of the o Easy/ready-to-use e Adsorption properties
waste devices

Screening analysis
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disposed of by incineration, further reducing the impact of waste pro-
duction and management.

Considering the technical aspect, paper can be easily cut and folded,
allowing for the realization of a variety of sensor configurations. In
addition to the simplest configuration, e.g., a single piece of paper used
as the support for electrode deposition, complex structures can be
designed using origami configuration.

Additionally, the hydrophilicity nature and the porous structure of
cellulose allow the liquids (e.g., reagents, samples) to flow through the
paper matrix, driven by capillary action without the need for external
forces. This feature makes PAD-based (bio)sensors standalone devices
and offers advantages for on-site applications (e.g., avoiding the use of
external pumps and improving the overall portability and easiness of
use).

The porosity of the paper enables also the easy storage of the re-
agents. Typically, a few pL of the reagents needed for the analysis are
loaded on the porous paper, being immobilized through van der Waals
interactions, hydrogen bonds, or specific covalent modifications (i.e.,
surface engineering). This approach is suitable for producing reagent-
free PAD-based (bio)sensors, which are ready for the analysis of the
target analyte without the need for additional reagents.

2.2. Types of paper supports used in the development of (bio)sensing
platforms

Different types of papers can be employed for the design of (bio)
sensing devices, enabling the device to be customized for the selected
application. The most widely used renewable materials like filter paper,
blotting paper, glossy paper, office paper, and nitrocellulose (NC)
membranes are manufactured from cellulose-supports such as wood or
cotton by compressing and treating the cellulosic fibers [22-24]. The use
of cellulose in the manufacture of PADs not only helps to preserve the
environment from polluting waste materials, but cellulose itself pos-
sesses a large number of hydroxyl groups that can be functionalized to
further improve its characteristics, e.g., by the addition of surfactants,
polymers, aldehydes or epoxy groups [25-27].

In general, the main parameters to consider when selecting a specific
type of paper among others are the porosity, thickness, retention ca-
pacity, flow rate, weight, functional groups, and brightness, which differ
widely from one type to another. For instance, filter paper is the most
commonly used material in PAD construction due to its wicking capa-
bilities, uniform thickness, retention capacity, and high reagent ab-
sorption. Among commercially available papers suitable for filtration,
Whatman grade 1 filter paper is known for its high wicking capacity and
low pores size (~11 pm) at the same time [28]. This grade of filter paper
is composed of about 98 % cellulose and provides a uniform and smooth
surface with a thickness of 180 pm, in addition to moderate retention
and flow velocity. In contrast, Whatman grade 4 filter paper, which has
larger pores (~25 pm), is preferred when a higher liquid retention rate is
required [29].

NC membranes belong to the second type among the most used
cellulose supports, especially in the development of lateral flow assays
(LFAs) due to their higher protein binding capacity. This type of mem-
brane can be produced by partial nitration of cellulose in the presence of
nitric acid [30]. The nitration process introduces functional groups to
the cellulose, enabling the covalent immobilization of biomolecules (e.
g., enzymes, antibodies, DNA) through the strong dipoles of the nitrate
groups or by electrostatic adsorption between the positively charged
biomolecules and the negatively charged NC membranes surface [31].
Although NC membranes have a uniform pore size (0.45 pm), high
retention rate, and smooth surfaces, they are more mechanically fragile
than filter paper and are not suitable for wax printing. In general, there
are three main types of NC membranes used in biosensing, especially in
point-of-care testing (POCT): HF-90, HF-135, and HF-180. The poros-
ities and pore sizes of HF-90, HF-135, and HF-180 are 80.65 %, 79.54 %,
and 78.67 % and 10-55 pm, 10-30 pm, and 9-14 pm, respectively [30].
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In addition to the above-mentioned materials, other types of paper
with special properties have been used for the preparation of PADs,
including paper activated by functional groups such as carboxyl groups
suitable for enzyme immobilization [32], office paper being cheap and
readily available paper on the market, characterized by its mechanical
strength and smooth surface [33], and glossy paper for its hydrophobic
nature used because easily engineered [34]. In Table 2, a brief presen-
tation of the main properties defining the paper types most commonly
used in PAD fabrication is provided.

It is not surprising that the selection of the type of paper is a crucial
step that likely determines the characteristics of the resulting electro-
chemical PAD. The first parameter to be considered is the hydrophilic/
hydrophobic nature of the support, which dictates the possibility of
using organic solvents or aqueous solutions during the sensing appli-
cation. Another relevant parameter is the strength of the material: more
robust paper types are more suitable for easier handling, reducing the
risk of mechanical degradation during the PAD utilization. For instance,
filter paper and office paper can be used as robust supports for the
screen-printing of conductive inks to produce printed electrochemical
cells. The robustness of the paper can also be improved by applying wax
layers, which is one of the most used approaches for patterning micro-
fluidic pathways on paper. Porosity is another important factor to be
considered in relation to the final application of the PAD because i) the
pore size within the cellulose matrix has a direct impact on the filtration
or pre-concentration processes that occur during the PAD preparation or
application, ii) porous papers can enable the simple drop-cast of the
biocomponent (as well as any other needed reagents) to be entrapped
within the matrix pores.

Table 2
Main properties of different paper types used for the construction of PAD-based
(bio)sensors.

Paper type Physical properties Chemical properties Availability
(cost)
Whatman grade e Pores size (~11 e Hydrophilicity Low cost
1 filter paper pm) e Made of 98 % of
e Low adsorption cellulose
ability e Abundant hydroxyl
e High mechanical groups (-OH)
strength
e High
biodegradability
Whatman grade e Pores size (~25 e Hydrophilicity Low cost
4 filter paper pm) e Made of 98 % of
e Low adsorption cellulose
ability e Abundant hydroxyl
o High mechanical groups (-OH)
strength
e High
biodegradability
Nitrocellulose e Pores size (~9-55 o Hydrophobicity Expensive
membrane pm) e Presents strong
e Excellent dipoles of nitrate
adsorption ability groups
e Weak mechanical
strength
e Excellent
biocompatibility
Office paper e Pores size (~10 e Relative Cheap
pm) hydrophobicity
e Low adsorption e Composed of
ability cellulose and alkyl
e High mechanical ketene dimer
strength
Glossy paper e Weak adsorption e High Cheap
ability hydrophobicity
o High mechanical e Made of cellulosic
strength fibers bonded to
e Non degradable inorganic fillers
o High brightness

and whiteness
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2.3. Configurations of paper-based analytical devices

After selecting the most suitable paper type, the designing of the
configuration of the PADs is another fundamental step. The configura-
tion combines specific properties of the selected paper type with addi-
tional features that can be obtained from the folding, cutting, and
overlapping of different layers of paper. Microfluidics PADs can be
designed in a two-dimensional (2D) configuration, in which the liquid
moves horizontally across the paper, or in three-dimensional (3D)
structures, in which the liquid moves vertically across the paper, by
exploiting also the folding and/or the overlapping of different paper
layers.

These patterns are typically designed using chemical methods such
as photolithography, wax printing, inkjet printing, laser printing,
flexographic printing, stamping, chemical vapor deposition, screen-
printing, and spraying [35], or by using physical methods such as
knife plotting, craft cutting, embossing, and laser cutting [36].

The 3D configuration seems more interesting in terms of improving
the performances of (bio)sensors, as it allows for multi-step testing using
multiple layers of paper. Each layer can be designed as responsible for a
specific chemical reaction and then transfer the corresponding product
to the next layer [37]. Typically, the paper layers are overlapped
through two main strategies to fabricate 3D devices: i) by stacking
different paper layers, e.g., via a double-sided adhesive or using a glue
[38], which allows for using different types of papers in the same device,
and ii) by folding a single piece of 2D patterned paper to obtain a 3D
structure, obtaining an origami-like configuration [12]. In such a
format, the fluid is driven perpendicularly to the paper surface (i.e.,
vertical flow), however, more sophisticated structures are additionally
designed to exploit both lateral and vertical flow across the paper layers.

The employment of properly selected paper types and a customized
design in 2D or 3D configuration (with vertical/lateral flow), has paved
the way for a new generation of plastic-free electrochemical (bio)sen-
sors. The following sections are devoted to a critical discussion of the
most relevant examples of paper-based electrochemical biosensors re-
ported in the literature. In detail, the discussion is organized to highlight
how different paper types and their properties can be efficiently
exploited to immobilize the (bio)components on the paper matrix, by
taking advantage of the multifunctional properties of the paper itself.

3. (Bio)recognition elements for electrochemical PADs
preparation

3.1. Enzymes

As highlighted earlier, the first electrochemical PAD was designed by
Henry’s group in 2009, for simultaneously detecting glucose, lactate,
and uric acid in serum samples using GOx, lactate oxidase, and uricase,
respectively [16]. As depicted in Fig. 1A, the oxidase enzymes were
simply cast on the three different working electrodes (WE). Each WE was
printed with carbon ink containing Prussian blue, which electrochemi-
cally mediates the reduction of hydrogen peroxide, as the enzymatic by-
product. The biosensors showed promising analytical performances,
with a limit of detection (LOD) of 0.21 mM, 0.36 mM, and 1.38 mM, for
glucose, lactate, and uric acid, respectively.

Since then, enzymes pre-loading on paper supports by a simple drop-
casting method has become one of the most widely used methods for the
preparation of enzymatic PADs, because it is easy to fabricate, inex-
pensive, requires only a few microliters of an enzyme, preserves the
integrity of the enzyme, and does not affect the chemical resistance of
the paper support.

An additional example of enzymatic paper-based biosensors is re-
ported by Li et al. who developed a sandwich-type origami PAD using
Whatman chromatographic paper (grade 1) to detect glucose in human
blood samples [39]. This configuration comprises two separate pads: an
enzymatic zone to load the GOx, and a second pad that works as an
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Fig. 1. A) Paper-based microfluidic enzymatic biosensor for simultaneous detection of glucose, lactase, and uric acid. Reprinted with permission from [16], 2009
ACS Publications. B) Fully drawn origami paper analytical device for electrochemical detection of glucose. Reprinted with permission from [39], 2016 Elsevier. C)
Paper-based biosensor for glucose detection in whole blood based on the synthesis of Prussian Blue Nanoparticles in the paper. Reprinted with permission from [41],
2018 Elsevier. D) An origami paper-based device for potentiometric biosensing. Reprinted with permission from [47], 2016 Wiley Online Library. E) An origami
paper-based electrochemical biosensor for pesticide detection. Reprinted with permission from [48], 2019 Elsevier. F) A paper-based electrochemical device for the
detection of pesticides in aerosol the phase. Reprinted with permission from [49], 2022 Elsevier. G) A wearable origami paper-based electrochemical biosensor for
sulfur mustard detection. Reprinted with permission from [50], 2019 Elsevier. H) A paper-based sensor for wearable electrochemical sweat analysis. Reprinted with
permission from [53], 2021 Elsevier. I) A microfluidic electrochemical paper-based device for the simultaneous determination of clinical biomarkers. Reprinted with
permission from [56], 2019 Elsevier. J) A 3D paper-based microfluidic electrochemical glucose biosensor based on rGO-TEPA/PB sensitive film. Reprinted with

permission from [57], 2019 Elsevier.
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electrochemical cell containing pencil-drawn WE modified with the
electrochemical mediator ferrocenecarboxylic acid, as shown in Fig. 1B.
To conduct the analysis, the device was folded along a central hole to
bring the electrodes into contact with the enzymatic pad, followed by
the addition of the sample. The linear range and the detection limit
obtained with the developed PAD were 1-12 mM and 0.05 mM,
respectively.

The sandwich-type origami configuration was also used by Liang
et al. for the determination of glucose in the presence of electrochemical
interferents such as urate, ascorbate, and paracetamol [40]. The drop-
casting strategy was used to load GOx onto the cover layer of a two-
zone enzymatic pad, which was placed over conventional screen-
printed electrodes. To selectively detect glucose, sample was added to
the electrochemical cell to completely consume urate, ascorbate, and
paracetamol by electrolysis with an applied potential of +0.7 V (vs. Ag/
AgCl RE), then the enzymatic pad was folded onto the WE and GOx was
dissolved in the electrolyte solution, enabling the coulometric detection
of glucose in the range of 0-24 mM with recoveries comprised between
98 and 102 %.

Our group has immobilized GOx onto a home-made “Paper Blue”
support. The as called “Paper Blue” was obtained by soaking filter paper
with Prussian blue precursors (i.e., potassium ferricyanide (K3Fe(CN)g)
and iron chloride (FeClg)) that were then reduced on the paper network
to form PBNPs because of the presence of impurities in the cellulose
matrix [41]. The as-prepared “Paper Blue” was employed as a support to
print the electrochemical cell by the screen-printing method. To deliver
a reagents-free PAD, the WE was preloaded with a few microliters of
GOx and finally used for the amperometric determination of glucose in
the analytical range comprised between 0 and 30 mM, as shown in
Fig. 1C. The eco-designed “Paper Blue” served in this study as both a
reservoir for GOx preloading and a reactor for PBNP synthesis, thus
providing an all-in-one biosensor that is straightforward to use by non-
specialists. In addition, the “Paper Blue” demonstrated a very satisfac-
tory correlation coefficient of 0.987 with commercial glucose strips
(Bayer Contour XT), demonstrating its practicability in glucose
monitoring.

In another approach, filter paper was used as a reservoir for loading
GOx, thereby delivering a paper-card-like that can be inserted into an in-
house made polyvinyl chloride (PVC) electrochemical cell [42]. Herein,
the Prussian blue mediator was not reduced on the paper network but
instead was loaded onto a working zone delimited on a strip of filter
paper using a wax patterning method. In detail, PBNPs were previously
synthesized in an acidic solution in the presence of carbon black (CB),
obtaining a dispersion of CB decorated with PBNPs. This strategy has
been thoroughly explored by our group [43,44], taking advantage of
using CB for improving the stability of PBNP dispersion. The CB/PBNPs
nanocomposite modified sensing area was preloaded with a few mi-
croliters of GOx before being inserted into the PVC-based electro-
chemical cell holding the gold, silver, and copper as the working,
reference, and counter electrodes, respectively. The combination of the
GOx-modified pad and the PVC cell allows for the reuse of the electro-
chemical cell by simply inserting a new pad for each assay, thus helping
to minimize waste production and costs. The paper card-like electro-
chemical platform was successfully applied for the detection of glucose
in artificial tears within the range of 0.2-2 mM with a detection limit of
50 pM.

Another well-known family of enzyme biosensors is based on the
cholinesterase enzyme. This enzyme presents a high turnover rate and it
is used for the detection of target analytes such as organophosphate
pesticides and nerve agents, having inhibition capability towards this
enzyme. Using this sensing principle, butyrylcholinesterase (BChE) has
been selected as a bioreceptor for the quantification of paraoxon, a nerve
agent simulant. BChE hydrolyzes the butyrylthiocholine into an elec-
troactive by-product, thiocholine, which can be detected in the amper-
ometric mode (e.g., +0.3 V vs. Ag/AgCl RE). Paraoxon is able to
irreversibly inhibit BChE activity, thus BChE inhibitive biosensors reveal
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paraoxon presence. To prepare a one-shot PAD, our group merged in one
platform NC membrane impregnated with butyrylthiocholine and a fil-
ter paper holding an electrochemical cell printed on a waxed-paper test
area, pre-loaded with BChE. After incubating BChE with paraoxon so-
lution for 10 min, a detection limit as low as 3 pg/L was obtained. The
prepared biosensor was successively applied to analyse paraoxon in
untreated river water and wastewater samples with recoveries of 89 + 8
% and 92 + 8 %, respectively, confirming its usefulness for environ-
mental surveillance [45].

To reduce the number of paper layers used, Cioffi et al. modified
office paper-based screen-printed electrodes with the same components
involved in the previous work, by casting a mixture of PB, CB, and BChE
onto the WE in a single drop [46]. The biosensor built on a single layer of
office paper enabled the detection of 1.3 ng/mL paraoxon in buffer so-
lutions under an applied potential of +0.2 V (vs. Ag/AgCl RE). However,
the system requires the addition of the enzymatic substrate during the
electrochemical analysis, hindering the design of a reagent-free device.
Soil and vegetable samples were also analyzed, and good recovery
values (i.e., 84-103 %) were calculated.

BChE was also used in a 3D origami setup for the development of a
potentiometric ion-sensing PAD, which was designed for detecting the
choline cation generated by the enzymatic hydrolysis of butyrylcholine
[47]. To ensure selective control of butyrylcholinesterase activity in the
presence of methyl parathion, an organophosphate pesticide, heptakis
(2,3,6-tri-o-methyl)-b-cyclodextrin was used as an ionophore. The 3D
origami biosensor consists of a test pad bordered by three folding pads
for loading BChE (enzyme pad), butyrylcholine (substrate pad), and the
sample to be analyzed (sample pad), as shown in Fig. 1D. To perform
potentiometric measurements, the test pad was cast with few drops of
carbon and Ag/AgCl inks to create a working and a reference electrode,
respectively. After folding the sample pad with the enzyme pad for 5
min, the sample pad was unfolded and the enzyme pad was refolded
with the substrate pad, with the addition of a few pL of running buffer, to
determine the degree of inhibition of BChE by methyl parathion. With
this ready-to-use PAD, a dynamic range between 0.1 and 1.0 nM was
observed, allowing for the detection of methyl parathion at the nano-
molar level.

For more practical use, a 3D origami PAD device was fabricated by
our group for the simultaneous detection of paraoxon, 2,4-dichlorophe-
noxyacetic acid, and atrazine by exploiting the ability of these pesticides
to inhibit BChE, alkaline phosphatase (AP), and tyrosinase, respectively
[48]. This device was designed by integrating office paper-based screen-
printed electrodes and various foldable filter paper-based pads that were
used to load the enzymes and their corresponding substrates, as
demonstrated in Fig. 1E. For each pesticide, two enzyme foldable pads
and two substrate foldable pads were used to monitor the enzymatic
activity of the corresponding enzyme in the absence and presence of the
inhibitor. The analysis required the addition of a few pL of distilled
water on the first couple of PADs which are then put into contact with
the printed electrode for the detection of enzymatic activity in the
absence of the inhibitor, consequently, this couple of PADs is cut. Af-
terward, a few pL of pesticide samples are added to the enzyme pad of
the second couple of PADs, which is then folded after 5 min together
with the substrate pad onto the WE, and the measurement was carried
out by adding a few pL of distilled water. By performing chro-
noamperometric analysis, all three pesticides were detected at ppb level
in the standard solutions and in the river water sample with satisfactory
recoveries (80-93 %).

Our group later developed a flower-like PAD inspired by nature for
the detection of paraoxon, 2,4-dichlorophenoxyacetic acid, and glyph-
osate in the aerosol phase, by monitoring their inhibition effects on
BChE, AP, and peroxidase activities, respectively [49]. In contrast to the
previous design, the present PADs consist of a flower-like pad consisting
of enzyme-preloaded petals that will be exposed to the pesticide-charged
aerosols and then slid onto the electrochemical cell for inhibitor deter-
mination (Fig. 1F). By conducting amperometric measurements, these
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novel PADs were able to detect three classes of pesticides in the aerosol
phase with limits of detection equal to 30 ppb, 10 ppb, and 2 ppb for 2,4-
dichlorophenoxyacetic acid, glyphosate, and paraoxon, respectively.

In addition to nerve agents, the development of PADs based on
enzyme inhibition was applied in the security field for the monitoring of
other hazardous agents. Our group reported the fabrication of a wear-
able origami-type electrochemical PAD for the detection of aerosol-
phase sulfur mustard agent, a chemical warfare agent that has been
widely used in the first half of the 20th Century [50]. The sensing
principle was based on the ability of mustard gas to inhibit the enzy-
matic activity of the choline oxidase enzyme (ChOx). In this case, the
filter paper was chosen as a porous material to immobilize a few mi-
croliters (i.e., 5 pL) of the reagents by simple drop-casting, followed by a
drying step. To realize such a design, the filter paper was printed with
three electrochemical electrodes in which a conductive graphite ink
containing a CB/PBNP nanocomposite was used to print the WE and the
CE. The ChOx enzyme was then loaded onto the same hydrophilic area
of the WE, while the substrate (choline) was loaded on another foldable
filter pad, as illustrated in Fig. 1G. The enzyme was allowed to react with
the substrate by folding the pads and exposing the biosensor to both a
liquid or aerosol sample, obtaining an inhibition in the presence of
mustard agents (i.e., bis-(2-chloroethyl)-amine) that was monitored in
chronoamperometry at +0.0 V (vs. Ag/AgCl RE). This biosensor was
applied for real-time detection of sulfur mustard, obtaining limits of
detection equal to 1 mM and 0.019 g/m? for liquid and aerosol phases,
respectively.

Physical adsorption was found to be effective in immobilizing 3-
hydroxybutyrate dehydrogenase (3-HBHD) on chromatographic paper
(grade 1) for the preparation of a “pop-up” electrochemical PAD
measuring beta-hydroxybutyrate (BHB), a biomarker for diabetic
ketoacidosis, using a commercial glucometer [51]. The pop-up PAD
includes a sample pad (port pad) and a reaction zone preloaded with 3-
HBHD (enzyme pad), designed separately from a detection area
(detection pad) that includes three stencil-printed electrodes used to
connect the pop-up PAD to a glucometer. Blood samples were intro-
duced onto the sample pad in open mode, and after 2 min of the enzy-
matic reaction, the pop-up PAD was folded to bring the enzyme pad into
contact with the detection pad. Folding/unfolding the pop-up structure
allows for easy modification of the flow path, control of the valve and
timing, and reconnection of the layers in the pop-up structure space. The
pop-up PAD showed a good linear fit in the clinically relevant range of
0.1 to 6.0 mM (R? = 0.96) with a detection limit equal to 0.3 mM.

Still with the physical adsorption, phenylalanine dehydrogenase
enzyme (PheDH) was immobilized on filter paper-based microzones
coupled to screen-printed carbon electrodes for the electrochemical
detection of phenylalanine (Phe), an indicator of dysfunctional amino
acid metabolism [52]. Here, paper microzones delimited with wax were
loaded with PheDH by a drop-casting method and allowed to dry before
being placed on the electrochemical electrode previously modified with
reduced graphene oxide (rGO) that was used to boost the electro-
chemical performance of the prepared PAD. PheDH in the presence of
NAD™ catalyzes the reversible deamination of Phe to form phenyl-
pyruvate, ammonia, and NADH. The latter can be monitored by differ-
ential pulse amperometry (DPA) at +0.6 V (vs. Ag/AgCl RE) harnessing
the ability of rGO to promote electron transfer with NADH. The re-
sponses obtained with the prepared microzone-based PAD were linear in
the range comprised between 1 and 600 pM, resulting in a LOQ of 1 yM
and LOD of 0.2 uM.

Although physical adsorption is a very simple and fast method, one
of the main drawbacks relies on the leaching of enzymes from the PAD
into the reaction media.

To face this issue, a polymer like chitosan was selected as a
biocompatible polymer to confine enzymes (e.g., GOx and lactate oxi-
dase) into a stable network [53]. For instance, Wang et al. [53] devel-
oped a bi-enzymatic PAD for the detection of glucose and lactate in
sweat by immobilizing GOx and lactate oxidase through a few drops of
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chitosan solution cast onto the selected working electrodes (Fig. 1H).
Owing to the vertical path diffusion, sweat samples can be efficiently
collected and rapidly diffused toward the working electrodes. The
developed origami PAD displayed a dynamic range between 0.08 and
1.25 mM with a detection limit of 17.05 uM in the case of the glucose
biosensor, and within the range of 0.3-20.3 mM with a detection limit of
3.73 puM in the case of the lactate biosensor, thus demonstrating its
sufficient merits to be used for real-time sweat analysis.

In another work, the ability of chitosan to form stable aqueous dis-
persions of carbon-based nanomaterials (e.g., carbon black) was
exploited to immobilize GOx on sixteen independent working areas
designed on Whatman filter paper (Grade 1) for high-throughput mul-
tiplexed analysis of glucose in urine samples [54]. The preparation of
this multiple microfluidic system was achieved by using a laser printer to
produce the microfluidic pattern combined with 16 polyester-based
electrodes for multi-analysis. The working electrodes were modified
with a few drops of enzymatic mixture obtained by adding GOx to a
dispersion of chitosan and CB nanoparticles for hydrogen peroxide
detection at +0.6 V (vs. Ag/AgCl RE). Upon addition of samples to the
sample chamber located in the center of the electrochemical system,
glucose flows by capillary forces to the working electrodes on which it
can be quantified in 16 replicates. The calibration curve obtained by the
present device was linear in the analytical range between 1.0 x 10™* M
and 4 x 1072 M, with a detection limit equal to 3 x 10> M.

The successful integration of chitosan in the preparation of enzyme-
based PADs can be attributed to its excellent features such as biocom-
patibility, biodegradability, absorption capacity, and, above all, the
abundance of reactive groups, namely the primary amino group and the
primary and secondary hydroxyl groups, which can be used for covalent
bonds or, if charged, for electrostatic interactions with enzymes [55].

Another way to immobilize enzymes on the paper support is to
exploit the high surface-to-volume ratio of nanomaterials. Cincotto et al.
synthesized nanocrystalline particles of graphene quantum dots (GQDs)
and used them for the immobilization of creatininase [56]. The micro-
fluidic PAD consists of two spot sensors designed on the same working
electrode for the simultaneous determination of uric acid and creatinine
in human urine samples, as depicted in Fig. 1I. The first spot was
modified with only GQDs for direct oxidation of uric acid, while the
second spot was coated with a few pL of GQDs, followed by the addition
of the enzyme mixture consisting of creatininase and glutaraldehyde.
Glutaraldehyde was additionally used as a cross-linking reagent. The
manufacture of the present PAD involved sandwiching a filter paper-
based microfluidic channel (sample pad) between two polyester sheets
used for printing the electrochemical cell. By applying the sample to the
injection area, simultaneous determination of uric acid and creatinine
was achieved in the range 0.010-3.0 uM, with detection limits equal to
8.4 nM and 3.7 nM for uric acid and creatinine, respectively.

Taking advantage of the presence of abundant polyol functional
groups on filter paper, the periodate oxidation method was used to
create an aldehyde-functionalized hydrophilic zone for covalent
attachment to the amino group (—NHy) of GOx [57]. In detail, covalent
immobilization of GOx to the hydrophilic zone was accomplished in two
steps: (i) periodate oxidation of the cellulose hydroxyl groups, which
involves opening glycosidic rings by cleaving the carbon-carbon bond of
a vicinal diol, leaving two pendant aldehyde groups, and (ii) imine
formation between the aldehyde group and the amino group of GOx, as
shown in Fig. 1J. To this end, GOx was dropped onto the hydrophilic
area of the CE/RE layer previously soaked for 2 h in a potassium peri-
odate solution (KIO4) to introduce the aldehyde groups of the filter
paper surface. After stacking the two layers, the 3D paper-based
microfluidic device was applied to the determination of glucose and it
showed a wide linear range between 0.1 mM and 25 mM, with a
detection limit of 25 pM.
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3.2. Antibodies

Antibodies constitute another class of biorecognition elements
widely employed for PAD preparation. These bioreceptors have been
integrated for many years into immunochromatographic assays, which
are one of the simplest, most affordable, and fastest immunoassays to
fabricate [58]. However, to overcome one of the main drawbacks of

A)
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LFAs, namely their lack of sensitivity, considerable efforts have been
devoted to the efficient integration of LFA strips into electrochemical
assays, which ensure rapid and sensitive sample analysis. In addition,
electrochemical analyses require a very small amount/volume of sample
that may not require any pretreatment steps. Depending on several
factors (eg., paper type, PAD configuration), antibodies can be immo-
bilized on a paper support through physical adsorption (by dispensing a
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few pL on the paper surface) or by the mean of covalent bonding when
several steps are required.

Based on physical adsorption, Ruan et al. immobilized capture an-
tibodies to atrazine and acetochlor on a glass fiber conjugate pad by
drop-casting method within a competitive LFA coupled to a 3D elec-
trochemical analyzer [59]. The detection principle is based on the
competition between analytes (atrazine/acetochlor) present in the
sample and haptens (atrazine-BSA/acetochlor-BSA) dropped on an NC
membrane (test lines) for the capture antibody sites, as shown in Fig. 2A.
The capture antibodies were labeled with palladium/platinum nano-
particles (Ab-Pd@Pt NPs) that act as an artificial peroxidase for the
electrochemical oxidation of thionine (THI) acetate in the presence of
hydrogen peroxide, as determined by differential pulse voltammetry.
Upon sample addition, analytes flow by capillary action to the test and
control lines of the NC membrane, resulting in an electrochemical signal
that is inversely proportional to the analyte concentration. Quantifica-
tion of atrazine and acetochlor was achieved after cutting the test line
sections and placing them in an electrochemical cell containing screen-
printed electrodes located below the strips, resulting in detection limits
equal to 0.24 ppb and 3.2 ppb for atrazine and acetochlor, respectively.
The practical use of the developed LFA was investigated by analyzing
well and river water samples, and an overall recovery of 90.8 % to 117 %
was obtained.

To further improve the performance of flow-based immunoassays, a
vertical flow assay was conceived for influenza virus detection within a
sandwich configuration [60]. This format consists of vertically stacking
a sample pad, a conjugate pad, an NC membrane strip, and an absorbent
pad on a polyester backing film that was perforated specifically to allow
bioelements flow during the assay, as depicted in Fig. 2B. In this
configuration, HIN1 influenza viruses were captured by a specific HRP-
tagged anti-influenza A HA (HRP-Ab) antibody that was previously
immobilized on the conjugate pad by drop-casting method. The formed
immunocomplexes flowed towards the NC membrane, on which the CE
and RE were stencil-printed, while gold was deposited on the WE by
Electron Beam Evaporation to form a gold paper-based electrode.
Quantification of HIN1 influenza viruses was achieved with an anti-
influenza A HA antibody (Ab-E) immobilized on the WE via 11-mercap-
toundecanoic acid (11-MUA), which formed a self-assembled thiol
monolayer (SAM) on the electrode. The carboxylic groups of MUA were
then activated using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS), allowing for the
formation of a strong amide bond (CO-NH) between the carboxylic
groups of 11-MUA and the amino terminals of the antibody (Ab-E).
Thanks to the use of a different pore size sample pad (pore size: 0.45, 11
pm) and the fast vertical flow design, the binding efficiency of the
analyte/HRP-Ab on the conjugate pad was improved and the con-
structed vertical lateral flow was applied for the analysis of both stan-
dard buffer solution and saliva samples, resulting in detection limits
equal to 3.3 PFU/mL and 4.7 PFU/mL, respectively. In addition to the
use of physical adsorption for the immobilization of antibodies on paper
pads, this method can also be utilized for the immobilization of antigens
that can serve as bioreceptors as well as for the preparation of immu-
nological PADs for antibody detection. In this framework, Henry’s group
reported a capillary flow immunosensor for electrochemical quantifi-
cation of SARS-CoV-2 IgG antibodies (anti-N antibodies) using SARS-
CoV-2 nucleocapsid protein (N-protein) as a bioreceptor [61]. The
immunosensor was composed of assembled layers of hydrophilic
polyester-based channels combining a blood-filtration membrane, a
bare filter pad, an NC membrane, and a paper-based waste pad placed at
the end of NC membrane to create a passive pumping system that
automated the steps, as illustrated in Fig. 2C. Drop-casting method was
used to store both the anti-IgG HRP antibodies and the nucleocapsid
protein (N-protein) on the bare pad and the NC membrane, respectively.
Upon the addition of the blood sample and phosphate buffer solution,
anti-N antibodies present in the blood flow to the NC membrane and
bind the N protein, while HRP-anti-IgG antibodies, driven by passive
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flow, bind SARS-CoV-2 immunocomplexes formed on the NC membrane
surface. The electrochemical quantification of anti-N antibodies was
accomplished by placing stencil-printed carbon electrodes on top of the
NC membrane so that the WE was in contact with the N protein strip. By
introducing only 10 pL of the blood sample, this novel configuration
detected SARS-CoV-2 IgG antibodies as low as 10 ng/mL in less than 20
min.

As discussed in previous sections, the immobilization of bio-
recognition elements by physical adsorption represents an effective and
practical approach. However, the washing cycles generally required in
immunoassay protocols can lead to the desorption of biomolecules that
have not been firmly bound to the surface. This problem can be solved
using different strategies that allow antibodies/antigens to be covalently
immobilized on the paper surface, regardless of the number of wash
cycles. One of the most common approaches to achieving covalent
bonding of the biorecognition element is the integration of nano-
materials in the preparation of PADs due to their high surface-to-volume
ratio, mass production, ease of functionalization, easy handling, and
high stability.

Noble metal nanoparticles, and in particular gold nanoparticles
(AuNPs), are among the most sought-after nanomaterials used for
anchoring antibodies to the paper surface due to their ease of chemical/
electrochemical synthesis, biocompatibility, and low cost. As demon-
strated by Boonkaew et al., an anti-C-reactive protein antibody (anti-
CRP Ab) was successfully immobilized on filter paper-based screen-
printed electrodes through the use of AuNPs for the label-free detection
of CRP [62]. Here, the WE separately printed with graphene-containing
carbon ink was subjected to electrochemical deposition of AuNPs prior
to immobilizing the anti-CRP antibody. The covalent immobilization of
the capture antibody was achieved using cysteine SAMs grafted onto the
surface of the gold-modified WE, which was then incubated with a
mixture of EDC/NHS capable of converting the carboxyl groups of the
cysteine to amine-reactive sulfo-NHS esters, ready to form a covalent
amide bond with the anti-CRP capture antibody. The absence and
presence of CRP were monitored by electrochemical impedance spec-
troscopy. Under optimal conditions, an increase in charge transfer
resistance at the WE surface was observed in the range of 0.05-100 pg/
mL, with a detection limit equal to 15 ng/ mL. The origami immuno-
sensor was also applied for the determination of CRP in certified human
serum samples, with satisfactory recoveries (98.0 %-103.9 %). Although
the developed immunosensor is easy to manufacture, inexpensive (no
labeled biomolecules are involved), and requires only 5 pL of sample for
analysis, the time required to incubate the system with the solutions to
be analyzed is at least 50 min, which somewhat hinders the on-site use of
the developed immunosensor.

The same scheme was adopted by Pavithra et al. for the label-free
detection of carcinoembryonic antigen (CEA) by the immobilization of
an anti-carcinoembryonic antibody (anti-CEA Ab) on filter paper, but
this time using a home-made gold nanoparticles ink (AuNPs-ink) to print
the WE [63]. The latter was modified with mercaptoamine functional-
ized receptor SAMs (R1) composed of 2-mercaptoethylamine/4-amino-
benzaldehyde generating amine groups that can be used as anchors for
antibody immobilization. To covalently immobilize anti-CEA Ab on the
WE, the functionalized surface was immersed in glutaraldehyde solution
(1 % v/v) followed by the addition of EDC/NHS coupling agent to
covalently attach the capture antibody through its carboxylic terminal.
Using differential pulse voltammetry, a detection limit equal to 0.33 ng/
mL was achieved when CEA was analyzed in phosphate buffer-spiked
solutions. The excellent sensitivity demonstrated by this device can be
ascribed to the oriented immobilization of the antibodies, through their
carboxyl groups, implying that the fragment antigen-binding region
(Fab region) was fully exposed to the analyte.

On the other hand, Cai’s group combined AuNPs with other nano-
materials in the form of amino-functional graphene (NH»-G) and thio-
nine (Thi) nanocomposites, or multi-walled carbon nanotubes
(MWCNTs) and Thi nanocomposites for the covalent immobilization of
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capturing antibodies aimed at the detection of CEA and 17f-estradiol as
part of label-free paper-based immunosensors [64,65]. In both works,
the filter paper-based screen-printed WE was modified with a few drops
of (NH2-G/Thi) or (MWCNTs/Thi) nanocomposites previously incu-
bated with a solution of AuNPs to promote its pairing with the amino
groups of NHy-G and MWCNTs. The corresponding antibodies were
dropped onto the modified WE and stored at 4 °C for a few hours to
allow for the complete interaction between amino groups on the anti-
bodies and gold surface. The use of the reported nanocomposites
allowed for the detection of CEA and 17p-estradiol at the picomolar
level, thus providing portable and highly sensitive platforms for point-
of-care analysis.

Besides, metal oxide nanomaterials such as zinc oxide nanorods
(ZNRs) known for their biocompatibility, thermal stability, and high
isoelectric point (IEP = 9.5) that facilitate the immobilization of low IEP
proteins through electrostatic interactions were also investigated for the
immobilization of human chorionic gonadotropin antibody, prostate-
specific antigen antibody, and carcinoembryonic antigen antibody on
a filter paper-based WEs [66]. The fabrication process involves first
modifying three separate WEs with reduced graphene oxide (rGO), to
improve the conductivity of the paper electrodes, by in-situ reduction of
graphene oxide on cellulose fibers in the presence of hydrazine mono-
hydrate and ammonia solution. Then, ZNRs were in situ grown on the
paper surface by a simple low-temperature hydrothermal method,
providing multiple sites for the conjugation of capturing antibodies.
Nanocomposites composed of rGO and silver nanoparticles (AgNPs)
were used as catalytic labels to modify the detection antibodies. Once
the immunological sandwiches were constructed on the WEs, the latter
were folded in a timed order below the CE and RE, which were printed
together on another pad of paper to perform amperometric measure-
ments. The proposed multiplexed immunosensor exhibited a wide linear
range of 0.002-120 mIU.mL " for HCG, 0.001-110 ng/ mL for PSA, and
0.001-100 ng/ mL for CE, with limits of detection at the picomolar
range.

Carbonaceous nanomaterials, such as carbon nanotubes (CNTSs),
which are abundant, chemically stable, highly conductive, and bearing
several functional groups (eg., -OH, -COOH, -NH,) are another category
of nanomaterials frequently used in the preparation of biosensing plat-
forms, including PADs.

For example, a paper-based electrochemical immunosensor was
developed to detect avian influenza virus antigens (H5N1, H7N9, HON2)
using paper-based flexible CNT electrodes [67]. The construction of
these immunosensors relied on the screen-printing of three distinct WEs
on filter paper using a paste made of CNTs and polydimethylsiloxane
(PDMS) which confers great flexibility to the electrodes. Antibodies
specific to the H5N1, H7N9, and H9N2 antigens were covalently
immobilized on the three WEs through the carboxylic groups of CNTs
that were previously activated using EDC/NHS chemistry. For influenza
virus antigen detection, about 10 pL of each antigen sample was suffi-
cient to form the antigen-antibody complexes within 20 to 30 min of
incubation. The immune responses were then measured by differential
pulse voltammetry and resulted in limits of detection of 0.95 pM, 1.69
pM, and 0.72 pM for H5N1, H7N9, and HIN2 antigens, respectively.
Moreover, the in-house made paper-based screen-printed electrodes
based on MWCNT-PDMS paste can help in avoiding the physical
weakness of the usual paper pads used in the preparation of PADs,
without affecting their flexibility.

To further improve the sensitivity of paper-based immunosensors,
platinum nanoparticles (PtNPs) were deposited on carboxylated single-
walled carbon nanotubes (SWCNTs) for the covalent immobilization of
anti-hepatitis C virus antibodies (anti-HCV Ab) on filter paper-based
electrodes [68]. The paper WE was screen-printed using a graphene
ink and left to dry before being modified with 1 pL of PtSWCNTs sus-
pension obtained by deposition-precipitation method. To covalently
anchor the anti-HCV Ab to the filter paper surface, the carboxyl groups
on PtSWCNTs were activated using EDC/NHS chemistry, followed by
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the addition of the antibodies. The presence of HCV antigen in the
sample solution hindered the electrochemical oxidation of the ferri/
ferrocyanide redox probe [Fe(CN)G]S’/ 4= as measured by differential
pulse voltammetry. The developed electrochemical immunosensor
showed a linear response in the range of 0.05-1000 pg/ mL, and a limit
of detection equal to 0.015 pg/ mL.

Based on the same principle of EDC/NHS activation chemistry, cel-
lulose nanocrystals (CNCs) with multiple carboxylic groups were used to
covalently immobilize anti-SARS-CoV-2 antibodies, expressed in Nico-
tiana benthamiana plant, against the receptor-binding domain (RBD) of
the SARS-CoV-2 spike protein [69]. In this study, CNCs were selected to
modify the paper pad because they possess the unique properties of a
high aspect ratio, high surface area, high mechanical strength, and
liquid crystalline nature. Moreover, CNCs are rich in functional groups
(-OH and -COOH) and can be obtained by sustainable and low-cost
process which definitely fits with the PADs concept. Therefore, the fil-
ter paper was screen-printed with a three-electrodes system, and then
the WE made of graphene ink was modified with a few drops of the
aqueous solution of CNC-COOH to graft carboxylic groups on the surface
of the WE. The EDC/NHS mixture was then added onto the CNC-
modified electrode to activate the -COOH groups and thus covalently
attach the capture antibodies to the paper surface, as demonstrated in
Fig. 2D. The quantification of RBD protein was performed by incubating
the WE for 2 h with 5 pL of sample solution. In order to wash the un-
bound analyte, the absorbent pad was folded under the detection pad
during the wash cycles. By performing differential pulse voltammetry,
spike protein was detected in the RBD concentration range of 0.1 pg/mL-
500 ng/mL, with a detection limit of 2.0 fg/mL.

Silica nanoparticles (SNs) represent another family of nanomaterials
that have been widely involved in the fabrication of biosensors. SNs are
known for their high monodispersity, ease of synthesis, and rapid
functionalization with silanol groups using various organosilane
coupling agents such as (3-aminopropyl)triethoxysilane (APTES) and (3-
mercaptopropyl)trimethoxysilane (MPTES), capable of forming cova-
lent bonds with carboxyl and thiol groups, respectively.

Therefore, SNs were recently incorporated into a microzone-based
paper immunosensor for monitoring the emerging pollutant ethinyles-
tradiol (EE2) in water samples [70]. In this design, the filter paper was
first patterned with wax to create a hydrophilic sensing microzone (7
mm in diameter) that was subsequently treated with plasma to introduce
aldehyde groups on the exposed surface. After oxidizing the microzone,
3-aminopropyl functionalized SNs were added to form covalent silanol
(Si-OH) bonds with the oxidized surface. The pendant amine groups on
the amino-SNs were covalently conjugated to the capture antibody (anti-
EE2 antibody) in the presence of glutaraldehyde. In this study, SNs
conjugated to anti-EE2 antibodies were used as an immunocapture
probe for the solid-phase extraction of EE2 from river water samples
without any pre-treatment steps. Then, the paper microzone was
transferred onto a screen-printed carbon electrode modified with elec-
trochemically reduced graphene for the detection of the EE2 released
from the immunocapture pad under acidic treatment. The proposed
microzone-based PAD was able to detect as low as 0.1 ng/L of EE2 in
standard solutions using square wave voltammetry. Moreover, five
natural and spiked water samples were analyzed to validate the reli-
ability of the proposed method, and the obtained recovery values ranged
from 97.5 % to 103.7 %, indicating the high accuracy of the developed
PAD.

3.3. Molecularly imprinted polymers (MIPs): artificial antibodies

Molecularly imprinted polymers (MIPs), also known as artificial
antibodies, are synthetic materials that possess selective recognition
sites that can bind a specific molecule (template) among others [71].
The first preparation of MIP on paper support was reported in 2013
when Ge et al. fabricated a microfluidic origami electroanalytical device
based on MIP by its electropolymerization on a porous paper working
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electrode [72]. This pioneering device comprises a central pad with CE
and RE, surrounded by four foldable pads, each consisting of a sampling
zone with an individual WE made of carbon, as depicted in Fig. 3A. Wax
printing and screen-printing strategies were used to prepare the hy-
drophilic zones and the three electrodes on A4 paper, respectively. To
enhance the conductivity of the proposed 3D origami sensor, a layer of
AuNPs was grown on the paper surface via an in-situ mechanism.
Grafting of the MIP as an artificial recognition element onto the paper
support was achieved by a simple and fast electropolymerization of the
monomer (o-phenylenediamine) in the presence of the template/target
(D-glutamic acid). Finally, the analytical performance of this MIP-PAD
was assessed by detecting D-glutamic acid in buffered solutions, using
DPV, leading to a low LOD of 0.2 nM in a linear range of 1.2 nM-125.0
nM.

MIPs can also be incorporated into the paper supports in the absence
of an applied potential, for example by in-situ formation of a boronic
affinity-based MIP around the template immobilized on the surface of
the paper electrode [73]. In such a design, the filter paper working
electrode was modified with gold nanorods grown in situ to enable co-
valent capture of 4-mercaptophenylboronic acid (MPBA) via Au—S
bonds. MIP cavities formation involved incubating the MPBA-modified
paper electrode with an OVA solution (template) for 3 h, followed by
the addition of a pre-polymerization mixture containing tetramethyl
orthosilicate (TMOS) and phenyltriethoxysilane (PTEOS) for around 12
h. Re-binding of OVA to MPBA-MIP paper was monitored by DPV in the
presence of SiO;@Au nanocomposites labeled MPBA and cerium
dioxide-modified nicked DNA double-strand polymers used as a signal
tag. The steps required for the preparation of this MIP-based sandwich
are described in Fig. 3B. Interestingly, boronate affinity was introduced
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in order to generate a double recognition of OVA, thus improving the
selectivity of the proposed MIP. Although the preparation of this affinity
MIP-based PAD took considerably more time than the electro-
polymerization process, a wide linear range from 1 pg/mL to 1000 ng/
mL was obtained with a relatively low detection limit of 0.87 pg/mL for
the OVA glycoprotein.

Another strategy that has proved successful and simple in anchoring
MIP on the paper support involves drop-casting a pre-synthesized MIP
onto the cellulose network of filter paper [74]. In this work, a nano-sized
MIP built on Fe3O04@Au nanoparticles encapsulated with silica was
constructed via a sol-gel method in the presence of serotonin, phenyl-
trimethoxysilane (PTMOS), and TMOS. As for the 3D electrochemical
PAD, it was designed by first defining a hydrophilic working zone on
filter paper using alkyl ketene dimer (AKD)-inkjet printing, coupled with
screen-printing of electrodes on the paper surface. The detection zone
was connected to a foldable sampling pad, enabling the analysis to be
carried out, as demonstrated in Fig. 3C. At the end, the synthesized MIP
was drop-cast on the WE, and 20 pL of the sample was added to the
sampling pad. According to the results obtained with linear sweep vol-
tammetry (LSV), 0.002 uM of serotonin was detected in buffered solu-
tions within the analytical range of 0.01-1000 pM.

The high chemical stability of MIPs, in contrast to natural antibodies,
allows for the easy loading of this (bio)receptor onto the paper electrode
by mixing a prepared MIP with graphene ink and screen-printing it onto
the paper surface. This strategy was reported by Amatatongchai et al. for
the determination of patulin in food samples using a 3D origami elec-
trochemical PAD [75]. In detail, patulin MIP was synthesized using 2-
oxindole as the template, methacrylic acid (MAA) as a monomer, N,N’
-(1,2-dihydroxyethylene) bis (acrylamide) (DHEBA) as cross-linker and
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2,2-azobis (2-methylpropionitrile) (AIBN) as initiator. Later, the as-
prepared MIP was added to graphene ink to print the WE with patulin
MIP. In this study, Whatman filter paper (Grade 1) was used as a sup-
port, while Penguard enamel color was employed to define hydrophobic
barriers on the paper surface. Fig. 3D shows the fabrication of the ready-
to-use imprinted PAD for patulin determination. Under the optimized
conditions, the developed PAD revealed an excellent linear dynamic
range of 0.001-25 puM, with a detection limit of 0.2 nM for patulin
mycotoxin.

To offer a more advantageous MIP-based PAD enabling the simul-
taneous analysis of different biological matrices (e.g., urine, serum,
whole blood), an alternative approach dealing with the imprinting of
more than one template can be pursued. For instance, Amatatongchai
et al. reported the development of a dual-imprinted electrochemical
PAD to simultaneously determine 8-hydroxy-20-deoxyguanosine (8-
OHAG) and 3-nitrotyrosine (3-NT) in urine and plasma samples [76]. To
prepare this 3D origami device, the filter paper was screen-printed using
a Penguard enamel color to define the hydrophobic borders surrounding
two foldable working areas (sampling zone and detection zone), as
shown in Fig. 3E. After constructing the circular hydrophilic zones, four
electrodes (2 WE, 1 CE, 1RE) were screen-printed onto the detection
zone to enable electrochemical sensing. To perform multiplexed detec-
tion of 8-OHdG and 3-NT, each WE was printed with graphene ink
previously mixed with MIPs of 8-OHdG or 3-NT synthesized by succes-
sive self-assembly of L-cysteine on silica nanospheres decorated with
silver nanoparticles. The dual-imprinted PAD revealed excellent linear
dynamic ranges of 0.01-500 uM for 3-NT and 0.05-500 uM for 8-OHdG,
with detection limits of 0.0027 pM and 0.0138 pM for 3-NT and 8-
OHAG, respectively. Later, the same group succeeded in printing two
different templates on the same MIP to ensure one-step detection of both
3-nitrotyrosine (3-NT) and 4-nitroquinolin-N-oxide (4-NQO) biomarkers
[77]. In this case, the dual-MIP was prepared on GQDs-AuNPs via a (3-
mercaptopropyl) trimethoxysilane (MPTMS) linkage and copolymeri-
zation with the 3-aminopropyltriethoxysilane (APTES) functional
monomer, in the presence of both templates. To prepare the electro-
chemical sensor, the prepared dual-MIP was mixed with graphene ink
before printing the WE on filter paper via a screen-printing approach.
The developed dual-MIP revealed excellent linear dynamic ranges for
both biomarkers of 0.01 to 500 pM for 3-NT and 0.005 to 250 pM for 4-
NQO, with LOD equal to 0.002 pM and 0.001 pM for 3-NT for 4-NQO,
respectively.

3.4. Nucleic acids

Nucleic acids (natural or synthetic) represent another type of bio-
recognition element that has recently begun to be used in the manu-
facture of PADs.

In a simple configuration, a DNA genosensor was constructed on
filter paper for the electrochemical detection of H1047R (A3140G), a
single-stranded DNA (ssDNA) relative to a missense mutation in breast
cancer [78]. The PAD was fabricated on filter paper-based screen-prin-
ted electrodes, using AuNPs to anchor recognition probes bearing a thiol
group (-SH) at the 5'-terminus. In detail, the WE printed with graphite
ink was modified with a few drops of an aqueous dispersion of gold
nanoparticles to covalently immobilize the DNA probe sequences via the
strong bonding between -SH groups and Au. The immobilization of the
DNA probe was accomplished by incubating the WE with a 20 pL drop of
probe for 60 min. Complementary hybridization between the probe and
its target was monitored by performing signal ON and signal OFF ap-
proaches. The signal ON strategy relies on the addition of a positively
charged redox mediator, ruthenium hexamine chloride (Ru(NH3)eCls),
which attaches to the negative backbone DNA double-stranded
(dsDNA), while the signal OFF strategy was achieved by immobilizing
a DNA probe labeled with methylene blue (MB) whose oxidation signal
decreases upon formation of the duplex structure (dsDNA), thus hin-
dering electron transfer between the MB and the electrode. Both
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approaches showed a wide linear range in the nanomolar window, and
detection limits equal to 5 nM and 6 nM for the signal ON and signal OFF
approaches, respectively.

To deliver a self-powered genosensor, Liu et al. developed an origami
PAD with a pop-up structure for the electrochemical detection of
adenosine 5-triphosphate (ATP) assisted by GOx-triggered reaction
[79]. The design of the PAD was inspired by pop-up greeting cards to
allow the fluidic path to be changed from supercapacitor to electro-
chemical mode. The origami PAD was composed of different areas,
including an electrode tab, a detection zone, a reaction zone, a hollow
area, and a supercapacitor tab, patterned on Whatman filter paper
(grade 2) using a wax printing method. Again, the detection zone and
the reaction zone were spatially separated to ensure no fluid connection
between them prior to analysis. The quantification of ATP was based on
the formation of a sandwich structure between: i) a DNA probe (DNA1)
modified with a thiol group and immobilized by an Au-SH bond on the
detection zone previously modified with AuNPs grown in situ, ii) an
aptamer sequence specific to ATP capture, and iii) a GOx-modified DNA
sequence (DNA2-GOx) capable of hybridizing with the aptamer. The
presence of ATP in the sample resulted in the cleavage of the aptamer-
DNA2-GOx due to the specific capture of ATP by the aptamer, leading
to the release of DNA2-GOx onto the detection zone. To operate the
supercapacitor mode, the detection zone was overlapped with the re-
action zone in a clockwise direction, resulting in the flow of GOx from
the detection zone to the reaction zone upon the addition of a phosphate
buffer. In the reaction zone, GOx can catalyze the oxidation of glucose,
pre-loaded on the reaction zone, leading to the conversion of Ks[Fe
(CN)e] to K4[Fe(CN)g], generating a voltage that was used to charge the
paper supercapacitor. After washing the detection zone, the latter was
overlapped with the electrode tab in a counterclockwise direction to
perform differential pulse voltammetry measurements, given that GOx-
DNAZ2 that was still bound to the aptamer in the detection zone could
catalyze the oxidation of glucose in the presence of ferrocenecarboxylic
acid, used as an electron transfer mediator. Fig. 4A illustrates the assay
procedure of the developed PAD with dual-mode transduction. The
proposed self-powered origami PAD enabled sensitive diagnosis of ATP
in a linear range of 10-5000 nM with detection limits of 3 nM and 1.4
nM, in the case of supercapacitor and electrochemical modes, respec-
tively. Furthermore, the employment of the pop-up configuration
enabled dual-mode detection of ATP by simply folding the device in the
desired direction.

As reported by Lu et al., the immobilization of the DNA probe on the
paper support can also be achieved by using a conductive nano-
composite to modify the WE [80]. In that work, a ssDNA probe was
immobilized on a cellulose membrane by the mean of a nickel metal-
organic framework (Ni-MOF) composite/AuNPs/CNTs/polyvinyl
alcohol (PVA), referred to as Ni—Au composite/CNT/PVA. To immo-
bilize the DNA probe, a flexible electrode was fabricated by modifying
cellulose with a solution of PVA and CNT mixtures using the vacuum
filtration method. The flexible electrode was then modified with a few
drops of Ni—Au composite previously prepared by the solvothermal
method, then the DNA probe was deposited by casting method. The as-
prepared electrode was then employed for the quantification of target
human immunodeficiency virus (HIV) DNA using methylene blue (MB)
within a signal OFF approach as shown in Fig. 4B. The developed PAD
demonstrated excellent analytical performance with a linear range of 10
nM-1 pM and a low detection limit of 0.13 nM. Actually, the introduc-
tion of the Ni—Au composite on the cellulose surface improved the
loading capacity of the ssDNA probe, compared to the electrode modi-
fied only with PVA/CNT, which can be explained by the high specific
surface of Ni—Au that offers several hydrogen bonds to interact with the
probe.

Apart from natural nucleic acids, PNAs (or peptide nucleic acids)
have recently emerged as an alternative to conventional DNA. PNAs are
synthetic oligonucleotides, comprising a repeating unit of N-(2
aminoethyl)-glycine linked to a peptide, replacing the sugar-phosphate
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in natural DNA/RNA [81]. PNAs are uncharged; they have an electro-
statically neutral structure that offers greater stability in nucleic acid
hybridization. In addition, PNAs are resistant to nuclease and protease
enzymes and bind strongly to target DNA. Among the PNA systems
available, the pyrrolidinyl peptide nucleic acid (known as acpcPNA)
invented by Vilaivan’s group, has exceptional features that make it a
powerful detection probe. AcpcPNA has an o,p-peptide backbone
derived from D-proline/2-aminocyclopentanecarboxylic acid, which
enables stronger affinity and higher sequence specificity for DNA and
RNA binding, compared with the original aegPNA [82]. In addition,
acpcPNA also offers the characteristic selectivity of antiparallel/parallel
binding to the target and a low tendency to self-hybridization. More-
over, acpcPNA can be modified at the nucleobase or backbone level to
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incorporate various functionalities.

Within this framework, Teengam et al. reported the immobilization
of acpcPNA on graphene-polyaniline (G-PANI) modified paper elec-
trodes for the electrochemical detection of human papillomavirus (HPV)
DNA [83]. Briefly, a three-electrode system was printed on filter paper
by screening carbon ink as WE and CE, while Ag/AgCl was screened as
RE. Then, six layers of G-PANI composite solution obtained by a physical
mixing method were printed on the surface of the WE using an inkjet
printing method. Prior to immobilization of the neutral acpcPNA probe,
the latter was modified with three glutamic acid residues at the N-ter-
minus to attribute a negative charge, while the C-terminus was conju-
gated to anthraquinone (AQ), an electroactive label. Immobilization of
the AQ-PNA probe was achieved, by electrostatic interaction, by
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depositing a 3 pL drop of the acpcPNA probe on the WE modified with
the positively charged G-PANI composite. Detection of HPV DNA target
was achieved by incubating the prepared WE with 3 pL of target DNA for
15 min. As a result of hybridization between acpcPNA and target DNA,
the oxidation signal decreases significantly due to the increased rigidity
of the PNA-DNA duplex compared to the native PNA probe, as illustrated
in Fig. 4C. This rigidity impedes electron transfer between the redox-
active (AQ) label and the electrode surface. Under the optimized con-
ditions, the quantification of HPV DNA resulted in a linear response in
the analytical range of 10-200 nM, with a detection limit of 2.3 nM, as
measured by square wave voltammetry.

The acpcPNA probe was also used as a synthetic bioreceptor for the
specific detection of Mycobacterium tuberculosis (MTB) using a filter
paper-based origami biosensor [84]. The PAD developed consists of two
layers: layer A holding the CE and RE printed with graphene-carbon ink
and Ag/AgCl, respectively, and layer B bearing the WE made with
carbon-graphene ink, as presented in Fig. 4D. The immobilization pro-
cedure of the acpcPNA probe on the backside of the WE involved the
formation of covalent bonds on the partially oxidized surface of the
electrode, according to the principle of periodate oxidation. By over-
lapping the two layers, the formation of a DNA-PNA duplex results in an
increase in charge transfer resistance (R.) of [Fe(CN)6]3’/ ~4 redox
probe as measured by electrochemical impedance spectroscopy. The
analysis of increasing MTB concentrations was carried out by injecting
the sample on layer A, resulting in a linear calibration curve in the
2-200 nM range with a detection limit of 1.24 nM. The PAD designed in
the present study offers several advantages: it is very easy to manufac-
ture, it does not require labeled sequences which generally increase
manufacturing costs, and the immobilization strategy is suitable for all
non-modified PNA probes.

The same PAD configuration was recently developed for the diag-
nosis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
using a specific acpcPNA probe immobilized on filter paper-based
electrodes [85]. The immobilization of the acpcPNA probe was ach-
ieved by covalent bonding based on the periodate oxidation protocol.
The only difference in PAD construction was to equip the WE layer with
a loading channel to create a redox reporter loading channel. By folding
the two layers on top of each other, a closed device was formed for the
electrochemical determination of SARS-CoV-2 DNA by monitoring the
behavior of [Fe(CN)6]3*/ ~4 redox probe using amperometric measure-
ments. The proposed DNA sensor was successfully applied to the con-
struction of a calibration curve in the range of 0.1 nM-200 nM,
achieving a detection limit of 1 pM. The practical use of this device in the
analysis of human serum samples was confirmed by the obtention of
satisfactory recovery values in the range from 96.5 % to 104.5 %.

The same group later developed an automated paper-based LFA for
the detection of hepatitis B virus (HBV) using a specific acpcPNA probe
pre-loaded onto an NC membrane [86]. The LFA device was built using a
printed-delayed configuration to enable automated reagent flow, as
illustrated in Fig. 4E. The detection platform comprises four sections: i) a
straight non-delayed channel serving as a sample pad, ii) a delayed
zigzag channel pre-loaded with Au®" ions, iii) a detection zone made of
nitrocellulose and pre-loaded with an acpcPNA probe by the drop-
casting method, and iv) an absorption pad responsible for the passive
flow of reagents. For electrochemical detection of HBV DNA in the
sample solution, a screen-printed electrode was placed under the NC
membrane. Once the sample solution is added, HBV-DNA flows rapidly
through the non-delayed channel and hybridizes with the acpcPNA
probe pre-loaded on the detection zone. In contrast, the solution flowing
through the zigzag channel is delayed by the wax barriers printed on it.
Benefiting from this difference in flow velocity, PNA-DNA hybridization
occurs first, followed by Au®" binding to the captured DNA via elec-
trostatic interactions. HBV-DNA analysis was performed by electro-
chemical reduction of captured Au®" to form Au® metallized-DNA,
followed by an anodic stripping voltammetry assay to determine HBV-
DNA concentration via the gold signal. With this time-delayed
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microfluidic design, the total time required by the developed LFA to
perform the entire assay was 7 min, with a wide dynamic range (10 pM
to 2 pM) and a very low detection limit (7.23 pM). In addition, the use of
an electrostatically neutral PNA probe minimized background current,
as no interaction occurs between the PNA probe and Au®* unless HBV
DNA is present.

3.5. Aptamers

Aptamers are single-stranded oligonucleotides designed by a
combinatorial selection process called Systemic Evolution of Ligands by
Exponential Enrichment (SELEX) [87]. They are generally 100 base
pairs in length and can be isolated from DNA or RNA libraries.
Compared with antibodies, aptamers show lower immunogenicity,
higher affinity, and excellent selectivity. One of the main advantages of
aptamers is their ability to bind a wide range of targets, including those
that are not immunogenic.

One of the very first approaches used to immobilize aptamer se-
quences on paper supports relied on the use of polystyrene microbeads
functionalized with streptavidin as anchoring points [88]. The apta-
sensor PAD was printed on a single layer of paper with two different
parts, folded into a 3D configuration. On one of the parts, an inlet area
was created by wax printing, from which two identical channels were
designed, as illustrated in Fig. 5A. At the end of their paths, the channels
recombined to form two electrochemical half-cells. On the second side,
two electrodes were screen-printed with conductive carbon ink. Once
the paper was folded at the predefined fold line, the electrodes over-
lapped in the region where the channels recombined, forming the two
electrochemical half-cells joined by a thin fluidic channel that acts as a
salt bridge. This microfluidic structure was used to immobilize a capture
aptamer specific to adenosine, whose presence induces cleavage of the
GOx previously conjugated to the aptamer sequence. In detail, biotin-
labeled aptamers specific to adenosine and conjugated with GOx were
immobilized on 10 pm diameter polystyrene (PS) microbeads whose
surface was functionalized with streptavidin. Next, a few drops of the
prepared conjugates were added to one of the prepared channels, while
no aptamer was loaded on the microbeads in the second channel, which
was used as a control. When the sample is loaded at the inlet, the target
flows through the microfluidic network and binds aptamer, inducing the
release of GOx. The released enzyme then catalyzes the oxidation of
glucose, resulting in the conversion of [Fe(CN)G]S’ to [Fe(CN)6]4’,
generating a voltage that was used to charge a capacitor connected to
the paper. In the present work, the immobilization of aptamer sequences
using polyester microbeads eliminated the need for a washing step to
remove excess probes, thus greatly facilitating the fabrication of this
PAD. In addition, the microfluidic design presented here enables the
sensor to operate as a self-powered unit, generating an output voltage
without the need for an external power source. Also, by connecting the
system to a digital multimeter, the accumulated capacitor is immedi-
ately discharged, enabling voltage readings to be taken in seconds. In the
end, the origami system developed succeeded in detecting 11.8 uM of
glucose when analyzing phosphate buffer-spiked solutions.

Later, Jiang et al. demonstrated that aptamer immobilization on an
origami paper support can also be achieved by exploiting the negative
charge of the aptamer backbone [89]. In this case, a paper microchannel
array was designed on a chromatography paper by PDMS patterning,
while the electrodes (WE, CE, and RE) were obtained by screen-printing
conductive inks. Again, the WE was printed separately from the CE and
RE to avoid contamination of the electrochemical cell during the func-
tionalization procedure on the WE. The origami configuration consists of
a sample loading pad comprising a central sample inlet with two hy-
drophilic channels carrying the CE and RE at their ends to form the
detection zone. The latter is connected to a second pad holding the WE,
which can be folded to complete the electrochemical system. The label-
free detection of Ara h1, a food allergen, was achieved using a specific
aptamer that was immobilized on the WE by electrostatic interaction.
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First of all, the WE was modified with a 5 pL drop of black phosphorus
nanosheets previously incubated with a polylysine solution to turn their
charge positive. Then, the immobilization of Ara hl aptamer was ach-
ieved by incubating the functionalized WE with 5 pL of the negatively
charged aptamer. In a total time of 20 min, the proposed platform
showed a good linear response in the range of 50-1000 ng/mL with a
detection limit of 21.6 ng/mL, as monitored by differential pulse vol-
tammetry. Thanks to the PAD design, a dual detection of the peanut
allergen Ara h1l was achieved on a single origami microfluidic chip of-
fering a more accurate analysis.

Being biocompatible, gold nanoparticles are among the most exten-
sively studied nanomaterials for immobilizing aptamers on paper. For
instance, an aptamer-based 3D macro-porous gold paper electrode was
fabricated and used for the specific capture of human acute promyelo-
cytic leukemia cells (HL-60) [90]. The origami PAD was constructed on
Whatman chromatography paper (grade 114) and composed of a paper
cell pad (red square) and an auxiliary paper pad (blue square) of iden-
tical dimensions, as depicted in Fig. 5B. On the paper cell tab, four cir-
cular hydrophilic zones were delineated with wax and then screen-
printed with carbon ink to form four working electrodes. Regarding
the auxiliary paper pad, it was shaped to contain a circular paper macro-
zone, then printed with one CE and one RE designed to cover the four
working electrodes printed on the paper cell pad. Before immobilizing
the HL-60 cell-specific KH1C12 aptamer, each WE was modified with in-
situ grown AuNPs, and then a 10 pL drop of KH1C12 aptamer was added.
The modification of the cellulose surface with AuNPs not only improved
the electrical conductivity of the paper cell zone but also considerably
enlarged the adsorption surface of the aptamer. Specific capture of HL-
60 cells by the immobilized aptamer was controlled by the addition of
horseradish peroxidase-labeled folic acid (HRP-FA). The HRP-FA bio-
probe enables both specific recognition of the folate receptor expressed
on the surface of captured HL-60 cells and amplification of the elec-
trochemical signal based on HRP-catalyzed o-phenylenediamine oxida-
tion in the presence of HyO,. By requiring only 10 pL of HL-60 cell
suspension, a wide linear range was obtained, from 5.0 10% to 7.5 107
cell mL™!, as well as a detection limit equal to 350 cells mL ™. Inter-
estingly, the use of biocompatible AuNPs to prepare this cyto-origami
device preserved the activity of captured live cells (HL-60 cells),
which were used for in-situ screening of anticancer drugs by monitoring
the apoptosis of these cells.

The immobilization capacity of AuNPs was also studied in combi-
nation with other nanomaterials, each playing a specific role in the
preparation of aptamer-based PADs. As reported by Wei et al., the use of
a nanocomposite consisting of AuNPs, rGO, and THi not only covalently
anchored the aptamers to the cellulose network but also enhanced
electron transfer on the paper surface [91]. In this work, the paper
microfluidic device was built on pure cellulose paper by defining the
hydrophilic pathways using a wax printing method, followed by screen-
printing the WE, CE, and RE on two different paper layers, as shown in
Fig. 5C. In fact, the first paper layer was designed to contain a sample
inlet connected to a microchannel capable of transporting the analyte
until the CE and RE areas, which were printed on the same cellulose
layer. The second paper layer is dedicated to the WE, designed just
below the CE/RE zone to collect the sample penetrating through the
paper in a vertical flow. The immobilization of the aptamer specific for
prostate-specific antigen (PSA) on the WE was achieved by the addition
of a 10 pL drop of AuNPs/rGO/THI nanocomposite previously obtained
by a physical mixing method, followed by the casting of a 10 pL drop of
aptamer solution. In this case, the aptamer probe was covalently
immobilized on the WE surface by the formation of Au—S bonds be-
tween the AuNPs and the aptamer modified with a mercapto group. The
specific capture of PSA by the immobilized aptamer resulted in a
decrease in the oxidation peak of THi used as an electrochemical
mediator. In the end, the electrochemical aptamer sensor developed was
able to detect PSA concentrations as low as 10 pg/ mL in serum samples,
with a dynamic range from 0.05 to 200 ng/ mL. As demonstrated in this

15

International Journal of Biological Macromolecules 253 (2023) 127409

work, combining AuNPs with other nanomaterials could increase the
aptamer immobilization surface, enhance electron transfer on the paper
surface, and trap the electrochemical mediator.

The same 2-layer PAD configuration was later designed for the
determination of programmed death ligand 1 (PD-L1) by means of a
specific aptamer covalently immobilized on filter paper using AuNP
nanocomposites [92]. In this work, a nanocomposite comprising amine-
functionalized single-walled carbon nanotube (NH,-SWCNTs), methy-
lene blue (MB), and gold nanoparticles (AuNPs) was prepared and used
to modify the WE. The use of amine-functionalized SWCNTs not only
improved the electronic conductivity of the WE, it also promoted the
anchoring of a greater number of AuNPs via Au-NH; interactions, thus
covalently immobilizing a greater number of aptamers modified with
sulfhydryl (-SH) groups. Utilizing MB as an electrochemical mediator
adsorbed on the WE, the developed aptasensor showed a wide linear
range between 10 pg/ mL and 2.5 ng/ mL, with a detection limit of 10
pg/ mL when analyzing phosphate-buffered saline solutions spiked with
increasing concentrations of PD-L1.

The same group evaluated the synergistic effect between AuNP-
based nanocomposites and the affinity-binding interaction between
biotin- and streptavidin-labeled molecules for the immobilization of
large quantities of aptamers on cellulose paper [93]. As can be seen in
Fig. 5D, the paper sensor used in this work consists of three overlapped
layers of paper; one carries a sample inlet connected to a microchannel,
the second contains the CE and RE, and the third layer is printed with a
WE alone to avoid any possible contamination of the other layers. The
WE was modified with a 10 pL drop of amino redox graphene/THi/
streptavidin-modified gold nanoparticles/chitosan nanoparticles (rGO/
THi/S-AuNP/CHI), synthesized to firmly immobilize, and through the
biotin-streptavidin pair, the aptamer probe labeled with biotin on its 5’
end. In this case, a 10 pL drop of aptamer solution was sufficient to
modify the WE, which was then incubated for 6 h at 4 °C to form the
sensing PAD. The principle of detection was based on the decrease in the
THi oxidation peak in the presence of 17p-Estradiol (17p-E2), chosen as
the model biomarker. Experimental results demonstrated that the
developed label-free aptasensor is capable of determining 17p-E2 over a
wide linear range of concentrations from 10 pg/ mL to 100 ng/ mL, with
a detection limit equal to 10 pg/ mL. It’s worth mentioning that the
biotin-streptavidin pair, known for its greater stability, could render the
sensor more stable over time, as predicted by the authors. However, a
long incubation time was required to form the conjugated pair. In
addition, blood samples had to be processed in advance to obtain the
serum, limiting the on-site application of the developed PAD.

In another work, the same authors integrated AuNPs into two
different nanocomposites for the immobilization of two different
aptamers in order to detect carcinoembryonic antigen (CEA) and
neuron-specific enolase (NSE) in serum samples using a single multi-
plexed device [94]. The microfluidic aptasensor was built from four
stacked pieces of cellulose filter paper, giving it a filtering function. The
first layer consists of a sample pad equipped with an inlet zone and a
microchannel to allow for sample flow until it reaches the filter hole. The
second layer contains two separate counter and reference electrodes,
while the third layer holds two detection zones located exactly below the
CE and RE. The final layer is the one printed with conductive carbon ink
to form two separate WEs, as depicted in Fig. 5E. AuNPs nanocomposites
combined with an amino-functional graphene (NG)-THi nano-
composites or Prussian Blue-poly (3,4- ethylenedioxythiophene)
(PEDOT) nanocomposites were used for the immobilization of CEA
aptamer and NSE aptamer, respectively. NG-THI-AuNPs nano-
composites were synthesized according to a physical mixing method as
reported in the previous work, while Prussian Blue -PEDOT-AuNPs
nanocomposites were obtained by the oxidative polymerization of EDOT
in the presence of Fe®* ions, followed by the addition of AuNPs solution.
Each WE was incubated with a 10 pL drop of a single nanocomposite,
followed by the casting of 10 pL of one of the aptamers. As the aptamers
were modified with thiol groups on their 5' end, they were covalently
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immobilized on the corresponding WE through Au—S bonds. The pres-
ence of CEA and NSE was detected by monitoring the electrochemical
oxidation of THi and Prussian Blue, respectively, used as electro-
chemical mediators. Under optimal conditions, the multi-parameter
aptasensor exhibited good linearity in ranges of 0.01-500 ng/ mL and
0.05-500 ng/ mL for CEA and NSE, respectively. The limits of detection
were found to be equal to 2 pg/ mL and 10 pg/ mL for CEA and NSE,
respectively.

3.6. Other bioreceptors

In order to prepare a paper-based cyto-device for the capture of K-
562 myelogenous leukemia cells, a concanavalin A (ConA) glycoprotein
was immobilized on a paper-based WE for affinity binding of K-562 cells
in a sandwich configuration [95]. The detection of K-562 cells was
achieved by sandwiching them between a hybrid nanomaterial modified
with ConA and deposited on WE and a ConA labeled with dendritic
palladium-silver nanoparticles (PdAg NPs) acting as an artificial
peroxidase. The origami paper design consisted of two foldable layers
containing the WE separately from the CE and RE, which were screen-
printed on the second layer of paper. ConA immobilization was ach-
ieved by depositing 10 pL of ConA solution on the WE previously
modified with 10 pL of a 3D nanocomposite composed of gold nano-
particles and graphene (3D-AuNPs/GN). The WE thus prepared was
incubated with a few pL of 1-ethyl-3-methylimidazoliumtetra fluo-
roborate ([BMIM]BF,) ionic liquid and then used to capture K-562 cells.
Here, the use of a 3D nanocomposite structure provides a higher specific
surface area, which could bind more ConA by physical adsorption.
Furthermore, the use of an ionic liquid mainly enabled high conductivity
and good stability of the prepared electrode. After the specific binding
between ConA and the mannose moieties present on the surface of K-562
cells, phorbol 12-myristate-13-acetate (PMA) was added to induce
endogenous Hy05 generation by K-562 cells, to be detected by DPV in
the presence of THi. The developed origami cyto-device exhibited a
linear range comprised between 1.10° and 5.10° cells mL ™!, with a limit
of detection of 200 cells mL ™!,

For a different application, our group used a peptide probe as a
recognition element for the preparation of an electrochemical PAD
capable of detecting botulinum neurotoxins (BoNT) produced by the
bacterium Clostridium botulinum [96]. A synthetic peptide (Cysteine-
(Ahx-Lys-Thr-Arg-Ile-Asp-Glu-Ala-Asn-Gln-Arg-Ala-Thr-Lys)-Methylene
blue) was designed to contain 14 amino acids bordered at one end by
cysteine, and by methylene blue at the other. The detection of BoNTs (A
and C) was based on the capability of these toxins to cleave sites between
Gln and Arg for BONT/A and between Arg and Ala for BONT/C, resulting
in the loss of MB label. The construction of this peptide sensor relied on
the modification of a screen-printed paper-based WE with a few pL of
AuNPs solution, followed by the addition of the peptide probe. In this
case, the peptide was covalently immobilized on the paper electrode by
the formation of Au—S bonds via its cysteine residues, as demonstrated
in Fig. 5F. After incubating the peptide-modified WE with a toxin so-
lution for four hours, the electrochemical oxidation of MB was moni-
tored in a signal-off approach using square wave voltammetry. Finally,
the pairing of the developed PAD with a smartphone-assisted potentio-
stat enabled the detection of BONT/A and BoNT/C with linearity up to 1
nM and a detection limit equal to 10 pM in phosphate buffer solutions.

4. Discussions

As discussed so far, the use of paper material has become a leading
strategy in the development of electrochemical biosensors, especially for
its suitability and advantages regarding the immobilization of bio-
receptors used in biosensing.

A detailed analysis of the literature reviewed is reported in Table 3 in
which some general trends emerge, pointing out the most common ap-
proaches used to immobilize each type of biocomponent on a paper
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platform. First of all, it is clear that Whatman filter paper (grade 1) is the
paper support most used. An interesting insight to explain this prefer-
ence is given by the presence of abundant hydroxyl groups on this kind
of paper [24], which can improve the interactions occurring in the
cellulose matrix, especially in the case of biocomponent loading by
physical adsorption. Moreover, the porosity of this kind of paper facil-
itates the homogeneous loading of the biocomponents: typically, an
aqueous solution containing the biocomponent is drop-cast on the paper
(typically between 2 and 10 pL) and adsorbed within hydrophobic
barriers through capillary forces.

Besides porous papers, office paper appears to be more suitable as a
support for the printing of the electrodes since the narrower mesh of its
cellulose network does not allow for the fast adsorption of the bio-
component solution. However, office paper can be used for cross-linking
or polymerizing molecules as immobilization strategies, even if this
paper is not able to work as a reservoir of reagents and as an equipment-
free microfluidics system, because it is not a porous support.

Regarding the anchoring of the biocomponent, this is mostly
dependent on the chemical properties of the biocomponent. For
instance, enzymes are preferentially loaded on the paper by just physical
adsorption, exploiting the adsorptive properties of porous types of pa-
pers. By contrast, antibodies, nucleic acids, and aptamers are more
commonly anchored by chemical bonding between the functional
groups of the biorecognition elements and the paper-based electrode (e.
g., Au—S or Si—O interactions), eventually via linking reagents (e.g.,
EDC/NHS, glutaraldehyde). These strategies are suitable for paper types
with different porosity. Furthermore, MIPs can be synthesized on porous
Whatman paper via polymerization processes.

Overall, all the various strategies explored for developing electro-
chemical PADs have proved successful analyses of different matrices (e.
g., blood, urine, tears, water, juice) with excellent analytical perfor-
mances. The sensitivity can be improved by using nanomaterials, which
can be efficiently applied on different paper surfaces and ensure good
electrochemical performances and highly efficient biorecognition
mechanisms. Additionally, the designing of 3D configurations, as well as
the use of the porosity of the paper for the preconcentration of the target
analyte, are features that could be further improved to develop novel
and sensitive multi analysis detection, harnessing the immobilization of
multi bioreceptors in different layers.

5. Conclusions and challenges

The considerable expansion of PADs can be justified by the excep-
tional characteristics of the paper material, which can be used for the: i)
pre-treatment of the sample to be analyzed, ii) immobilization of bio-
recognition elements capable of specifically recognizing the analyte
under consideration, iii) in-situ synthesis of nanomaterials, iv) passive
transport of analyte/reagents by capillary forces, thus delivering pump-
free devices, v) storage of all chemicals required for analysis, thus
obtaining reagent-free devices, and vi) printing of electronic compo-
nents to obtain an all-in-one device.

PADs can be combined with electrochemical transduction, thus
improving sensitivity compared with optical methods. The excellent
sensitivity achieved by electrochemical PADs guarantees their use in a
variety of fields, including clinical diagnostics, environmental moni-
toring, and food control. The most popular electrochemical PADs are
capable of operating in voltammetric modes, enabling precise and high-
throughput target detection. In addition, PADs can be coupled to
smartphone-based devices using commercially available miniaturized
potentiostats, enabling on-site detection in a matter of minutes, as well
as with machine learning combined with paper-based arrays to deliver
smart multi-modal analytical devices.

On the other hand, the great flexibility of the paper support has
enabled electrochemical PADs to be developed in different configura-
tions ranging from paper-based microzones to vertical/lateral flow
design, or even 3D microfluidic configuration involving the stacking or
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Table 3
Summary of the principal features of electrochemical paper-based devices divided based on the different immobilized bioreceptors.
Bioelement Immobilization Type of paper Nanomaterial Device configuration Analyte Analytical features Ref
strategy LOD Linear range Matrix
Enzyme GOx Physical adsorption Whatman filter paper - Paper-based SPE Glucose 0.21 mM Up to 100 mM Serum [16]
LOx #1 Lactate 0.36 mM Up to 50 mM
Uricase Uric acid 1.38 mM Up to 5 mM
GOx Physical adsorption Whatman filter paper - Paper-based PDE coupled with waxed-  Glucose 0.05 mM 1-12 mM Blood [39]
#1 patterned folding paper pad
GOx Physical adsorption Whatman filter paper - SPE coupled with waxed-patterned Glucose - Up to 24 mM - [40]
#1 folding paper pad
GOx Physical adsorption Cordenons filter paper ~ PBNPs Paper-based SPE Glucose - Up to 30mM Blood [41]
GOx Physical adsorption Whatman filter paper CB - PBNPs Paper card inserted in PVC Glucose 0.05 mM 0.2-2 mM Tears [42]
#1 electrochemical cell
Alcohol oxidase Cross-linking Office paper CB - PBNPs Paper-based SPE Ethanol 0.52 mM Up to 10 mM Beer [44]
BChE Physical adsorption Cordenons filter paper  CB - PBNPs Paper-based SPE coupled with filter Paraoxon 3 pg/L Up to 25 pg/L River and [45]
- nitrocellulose paper paper strip and NC membrane wastewater
BChE Physical adsorption Office paper CB - PBNPs Paper-based SPE Paraoxon 1.3 ng/mL Up to 25 ng/ Soil [46]
mL
BChE Physical adsorption Whatman filter paper CB - PBNPs Paper-based SPE coupled with Methyl 0.06 nm 0.1-1.0 nM - [47]
#1 multiple wax-patterned folding paper parathion
pads
BChE Physical adsorption Filter and office paper =~ CB - PBNPs Paper-based SPE coupled with Paraoxon 2 ppb 2-20 ppb River water [48]
AP multiple wax-patterned folding paper 2,4-D 50 ppb 100-600 ppb
Tyrosinase pads Atrazine 2 ppb 10-100 ppb
AP Physical adsorption Filter and office paper CB - PBNPs Paper-based SPE coupled with flower-  2,4-D 30 ppb 50-200 ppb Aerosolized [49]
BChE like wax-patterned folding paper pads  Glyphosate 10 ppb 0-150 ppb pesticides
HRP Paraoxon 2 ppb 2-20 ppb
ChOx Physical adsorption Filter paper CB - PBNPs ink Paper-based SPE coupled with wax- SM 1 mM Up to 6 mM Liquid phase SM [50]1
patterned folding paper pad 0.019 Up to 6 mM Aerosolized SM
g-min/rn3
3-HBDH Physical adsorption Whatman filter paper - Paper-based SPE included in wax- BHB 0.3 mM 0.1-6.0 mM Blood [51]
#1 patterned 3D paper structure
PheDH Physical adsorption Filter paper n° 903 rGO SPE coupled with wax-patterned paper ~ Phenylalanine 0.2 uM 1-600 pM Blood [52]
pad
GOx Physical entrapment Whatman filter paper Ti3CoTx Mxenes Paper-based SPE coupled with wax- Glucose 17.05 pM 0.08-1.25 mM Sweat [53]
LOx #1 CB patterned folding paper pads Lactate 3.73 M 0.3-20.3 mM
GOx Physical entrapment Whatman filter paper CB Multiple polyester SPE coupled with Glucose 30 pM 0.1 - 40 mM Urine [54]
#1 hexadecagonalwax-patterned paper
pad
Creatininase Cross-linking Filter paper GQDs Double polyester SPE coupled with Uric acid 8.4 nM 0.010-3.0 uM Urine [56]
hexadecagonalwax-patterned paper Creatinine 3.7 nM
pad
GOx Covalent bond Filter paper rGO-TEPA/PB Paper SPE SPE H>0, 25 pM 0.1-25 mM Sweat [57]
Antibody Haptens Electrostatic LFIA membrane cards Pd@Pt NPs Bifurcated LFIA strips Atrazine 0.24 ppb 0.1-500 ppb River water [59]1
(Atrazine-BSA/ adsorption Acetochlor 3.2 ppb 1-1000 ppb
acetochlor-BSA)
HRP-tagged anti-  Physical adsorption Whatman filter paper - NC membrane wax-patterned HIN1 4.7 PFU/mL Upto10* PFU/  Saliva [60]
A HA #1 electrode coupled with glass fiber pads mL
and filter paper waste pad
SARS-CoV-2 (N- Physical adsorption Whatman filter paper - SPE coupled with vertical stacked SARS-CoV-2 IgG 10 ng/mL Up to 100 ng/ Blood [61]
protein) #1 polyester microfluidic network Ab mL
Anti-CRP Ab Covalent bond Whatman filter paper AuNPs Paper-based SPE coupled with wax- CRP 15 ng/mL 0.05-100 pg/ Serum [62]
#1 patterned paper pads mL
Anti-CEA Ab Covalent bond Whatman filter paper AuNPs ink Paper-based SPE CEA 0.33 ng/mL 1-100 ng/mL - [63]

#1

(continued on next page)
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Table 3 (continued)

Bioelement Immobilization Type of paper Nanomaterial Device configuration Analyte Analytical features Ref
strategy LOD Linear range Matrix
Anti-CEA Ab Covalent bond Whatman filter paper NH,-G/ Paper-based SPE CEA 10 pg/mL 50-500 ng/mL Serum [64]
#1 Thi/
AuNPs
Anti-E2 Covalent bond Whatman filter paper MWCNTs/ Paper-based SPE 17 p-estradiol 10 pg/mL 0.01-100 ng/ Blood [65]
#1 THI/ mL
AuNPs
HCG-Ab, Covalent bond Whatman filter paper rGO/AgNPs/ Paper-based SPE coupled with wax- HCG 0.0007 0.002-120 Serum [66]
PSA-Ab; #1 ZNRs patterned paper pads PSA mIU/mL mIU/mL
CEA-Ab, CEA 0.35 pg/mL 0.001-110 ng/
0.33 pg/mL mL
0.001-100 ng/
mL
H5N1 Ab Covalent bond Whatman filter paper CNTs Multiple paper-based SPE H5N1 0.95 pM 10-100 ng/mL Serum [67]
H7N9 Ab #1 H7N9 1.69 pM
HIN2 Ab HON2 0.72 pM
Anti-HCV Ab Covalent bond Whatman filter paper PtNPs/SWCNTs Paper-based SPE HCV 0.015 pg/ 0.05-1000 pg/ Serum [68]
#1 mL mL
Anti-SARS-CoV- Covalent bond Whatman filter paper CNCs Paper-based SPE coupled with wax- RBD protein 2 fg/mL 0.1-500 ng/mL  Saliva [69]
2 Ab #1 patterned folding paper pads SARS-CoV-2
Anti-EE2 Ab Covalent bond Whatman filter paper RG SPE coupled with wax-patterned paper ~ EE2 0.1 ng/L 0.5-120 ng/L Water [70]
#1 SNs pad
MIPs OPD Electropolymerization Office paper AuNPs Paper-based SPE coupled with wax D-glutamic acid 0.2 nM 1.2-125.0 nM Serum [72]
MIPs patterned multiple folding paper pads
MPBA TMOS/ Chemical Whatman filter paper SiO,@AuNRs Paper-based SPE coupled with wax OVA 0.87 pg/mL 1 pg/mL - - [73]
PTEOS polymerization #1 patterned multiple folding paper pads 1000 ng/mL
TMOS/PTEOS Chemical Whatman filter paper Fe;04,@Au@ Paper-based SPE coupled with wax Serotonin 0.002 pM 0.01-1000 pM - [74]
polymerization #1 Si0, patterned folding paper pads
MAA DHEBA Chemical Whatman filter paper Mn-ZnS Paper-based SPE coupled with wax- Patulin 0.2 nM 0.001-25 pM Food [75]1
AIBN polymerization #1 QDs@PT patterned paper pad
NIPAM Thermal Whatman filter paper SiO,@AgNPs Paper-based SPE coupled with wax 3-NT 0.0027 pM 0.01-500 pM Urine [76]
DHEBA polymerization #1 patterned circular folding paper pad 8-OhdG 0.0138 uM 0.05-500 pM Plasma
MPTMS Chemical Whatman filter paper GQDs-AuNPs Paper-based SPE coupled with wax- 3-NT 0.002 pM 0.01-500 pM - [771
APTMS polymerization #1 patterned paper pad 4-NQO 0.001 pM 0.005-250 pM
Nucleic acids ssDNA Covalent bond Whatman filter paper AuNPs Paper-based SPE H1047R 5 nM (on) 0.1-3000 nM Blood [78]
and #1 (A3140G) 6 nM (off)
peptides ssDNA Covalent bond Whatman filter paper AuNPs Paper-based SPE included in wax- ATP 3 nM (SC) 0.01-5 pM - [79]
#2 patterned 3D paper structure 1.4 nM (EC)
ssDNA Covalent bond Cellulose membrane AuNPs/CNTs Paper-based SPE HIV 0.13 nM 10 nM-1 pM Serum [80]
acpcPNA (HPV) Electrostatic Whatman filter paper G-PANI Paper-based SPE HPV DNA 2.3 nM 10-200 nM PCR samples [83]
interaction #1
acpcPNA (MTB) Covalent bond Whatman filter paper G-PANI Paper-based SPE coupled with wax- MTB DNA 1.24 nM 2-200 nM PCR samples [84]
#1 patterned folding paper pad
acpcPNA (SARS- Covalent bond Cellulose membrane - Paper-based SPE coupled with wax- SARS-CoV-2 (N 1.0 pM 0.1-200 nM Nasopharyngeal [85]
CoV-2) patterned folding paper pad gene) swab
acpcPNA (HBV) Electrostatic Nictrocellulose AuNPs Paper-based SPE HBV DNA 7.23 pM 10-2 yM Serum [86]
interaction membrane
Aptamers Ara h1 aptamer Covalent bond Whatman filter paper BPNSs Paper-based SPE coupled with wax- Ara hl 21.6 ng/mL 0.05-1 pg/mL Food [89]
#1 patterned folding paper pad
KH1C12 Physical adsorption Whatman filter paper AuNPs Paper-based SPE coupled with wax HL-60 350 cells/ 5.010%-7.5107  Live cells [90]1
aptamer #1 patterned folding paper pad mL cell/mL
Anti-PSA Covalent bond Whatman filter paper AuNPs/rGO/THI ~ Paper-based SPE PSA 10 pg/mL 0.05-200 ng/ Serum [91]
apatmer #1 mL
PD-L1 aptamer Covalent bond Whatman filter paper NH2-SWCNT/ Paper-based SPE coupled wax- PD-L1 10 pg/mL 10 pg/mL - 2.5 Serum [92]
#1 NMB/AuNPs patterned folding paper ng/mL

(continued on next page)
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forming electrostatic interactions with the negative phosphate group of
DNA. On the other hand, a higher salt concentration in the working
buffer enhances base stacking interactions and thus the stability of the
DNA duplex, as a high salt concentration prevents repulsion between
two negatively charged DNA backbones.

The other issue still facing the emergence of electrochemical PADs is
the relatively low sensitivity achieved compared to conventional elec-
trochemical devices. Here again, many tactics have been employed by
researchers to improve the analytical performance of electrochemical
PADs, such as the use of conductive polymers or the incorporation of
nanomaterials (e.g., carbon nanotubes, carbon black, graphene de-
rivatives, MXenes, metal-organic frameworks) which not only help in
improving the immobilization rate of bioreceptors on the paper surface
but also guarantee good electron transfer.

In this overall scenario, the paper has paved the way for smart
electrochemical devices able to i) work in complex matrices harnessing
the electrochemical transduction and the porosity of the paper to treat
the samples, ii) manage the sample and the reagents by capillary forces
delivering equipment-free devices, iii) detect easily the target analytes
in liquid and aerosol phase, and iv) easily immobilize the bioreceptors in
a variety of configurations depending on the needs of the analytical tools
selected in function of the target analyte, the concentration, and sample
matrix, demonstrating that paper is a material that offers a plethora of
features, working as a kaleidoscope in the electrochemical sensing field
[97].
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