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Abstract: Herein, a paper-based glucose/air biofuel cell (BFC) was constructed and implemented
for self-powered pesticide detection. Our developed paper-based chip relies on a hollow-channel to
transport fluids rather than capillarity, which reduces analysis times as well as physical absorption.
The gold nanoparticles (Au NPs) and carbon nanotubes (CNTs) were adapted to modify the paper
fibers to fabricate the flexible conductive paper anode/cathode electrode (Au-PAE/CNT-PCE).
Molecularly imprinted polymers (MIPs) using 2,4-dichlorophenoxyacetic acid (2,4-D) as a template
were synthesized on Au-PAE for signal control. In the cathode, bilirubin oxidase (BOD) was used for
the oxygen reduction reaction. Based on a competitive reaction between 2,4-D and glucose-oxidase-
labeled 2,4-D (GOx-2,4-D), the amount of GOx immobilized on the bioanode can be simply tailored,
thus a signal-off self-powered sensing platform was achieved for 2,4-D determination. Meanwhile,
the coupling of the paper supercapacitor (PS) with the paper-based chip provides a simple route for
signal amplification. Combined with a portable digital multi-meter detector, the amplified signal can
be sensitively readout. Through rational design of the paper analytical device, the combination of
BFC and PS provides a new prototype for constructing a low-cost, simple, portable, and sensitive
self-powered biosensor lab-on-paper, which could be easily expanded in the field of clinical analysis
and drug delivery.

Keywords: self-powered; biofuel cell; hollow-channel; paper-based analytical device; molecularly
imprinted polymers

1. Introduction

Paper, as the most accessible medium for messages and knowledge transport through-
out human history, has attracted considerable attention in the field of point-of-care testing
(POCT) [1]. The distinct advantages of being abundant, low-cost, and easily disposable,
enable paper to be a promising solution to develop biosensors with different detection
techniques in resource-limited regions [2,3]. In recent years, microfluidics paper-based
analytical devices (u-PADs) for POCT have become increasingly popular and have attracted
more and more interest, and various analytical methods have been established on p-PADs
for quantitative analysis [4]: such as colorimetric [5], fluorescence [6], electrochemical [7],
chemiluminescent [8], electrochemiluminescent [9], and photoelectrochemical [10,11]. Al-
though, the developed p-PAD:s still featured the advantages of paper, most of them relied on
the capillary action of porous paper channels to transport fluids that was time-consuming
and allowed physical absorption: therefore, restricting its popularization [12,13]. Recently,
the emergence of hollow—channels through removing the cellulose matrix opens up new in-
sights to improve mass transfer efficiency and alter physical absorption, which is beneficial
to their popularization in the field of POCT [14-16].
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Pesticides have been widely used in the agricultural industry to improve crop yields [17].
However, the abuse of pesticides has also brought great detriment to the ecosystem and
human health due to their toxicity [18]. Especially, 2,4-dichlorophenoxyacetic acid (2,4-D)
has been widely utilized to eliminate broadleaf weeds in the field crops. Their structural
stability makes them resistant to degradation and more likely to accumulate, which may
lead to cancer in humans, and endocrine-disrupting issues [19]. Therefore, it is desirable
to develop a simple and sensitive method to realize 2,4-D monitoring. Until now, the
common methods for 2,4-D assays have been gas chromatography-mass spectrometry
and liquid chromatography-mass spectrometry [20,21]. However, the time-consuming
procedures, sophisticated instruments, and limited selectivity have restricted their extensive
application. As synthesized artificial receptor molecules, molecularly imprinted polymers
(MIPs) possess instinctive mechanical/chemical stability, a low-cost that has distinguished
MIPs from other biometric recognition molecules, and they have attracted considerable
attention among the various biosensors [22-29].

The introduction of MIPs into u-PADs provides a new analytical approach for pesticide
detection [30]. However, most methods fabricated on u-PADs such as electrochemical and
electrochemiluminescence, usually need to be excited by external energy sources causing
them to depart from on-site monitoring [31,32]. Considering the stated problems, great
efforts have been devoted to exploit portable power sources that simplify complicated
operation [33]. Great achievements have been made, but there are still great improvements
possible. Biofuel cells (BFCs), harvest electric from chemical energy, representing a new
type of green energy conversion device based on biocatalysts [34,35]. Furthermore, the
mild operation condition, miniaturization and easy integration of energy conversion with
analytes offer a promising approach for self-powered on-site analysis [36]. Various self-
powered biosensors based on BFCs have been fabricated and successfully implemented in
the field of diagnosis and environmental monitoring [37-39].

Despite great progress having been achieved, most of the BFC-based self-powered
sensors rely on sophisticated electrochemical workstations for signal collection that departs
from the development of portable, integration and low-cost systems Fortunately, coupling
BFCs with capacitors provides an effective way to enable high power charge/discharge
cycles as well as for the output signal amplification [40,41]. Based on this, we demonstrated
a self-powered biosensor that integrated glucose/O, BFC and an all-solid-state paper
supercapacitor (PS) within a signal piece of paper based on origami for 2,4-D detection
(Scheme 1). The fabricated BFC is composed of a glucose oxidase (GOx) bioanode and a
bilirubin oxidase (BOD) biocathode. MIPs grafted on the bioanode of BFC through elec-
tropolymerization of polypyrrole (PPy) acted as biological receptors for specific recognition
of 2,4-D. The competition between free 2,4-D and GOx labeled 2,4-D (Gox-2,4-D), further
influence the electric output of BFC. The generated current was temporarily collected and
stored within the PS realizing an amplified current output detected by a digital multimeter
(DMM). On the other hand, hollow channels were designed on the paper device to elim-
inate the barriers regarding low fluid flow rates and significant nonspecific adsorption.
Overall, all these features accounted for excellent analytical performance toward 2,4-D.
Our developed method paves a new way for developing integrated, portable, and ver-
satile paper-based analytical devices, as well as provides a new choice for diagnosis and
environmental monitoring in resource-limited regions.
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Scheme 1. Schematic illustration of the working principle of the assembled paper—based enzyme
biofuel cells for self—powered sensing.

2. Experimental Section
2.1. Fabrication of the Origami Biofuel Cell-Based Lab-on-Paper Device (BFCPD)

In this work, the sketch of the origami biofuel cell-based lab-on-paper device (BFCPD)
was designed on Adobe illustrator CS6. Different functional zones were differentiated
by color. The configuration of the constructed BFCPD comprised an anodic tab (blue),
a hollow-channel tab, a cathodic tab (dark blue), a hemichannel tab (green), and two
paper supercapacitor tabs (Figure S1). The square hydrophilic zone (2.5 x 2.5 mm) on the
hollow-channel tab and cathodic tab, named as the “via hole”, was modified by the Au
NPs’ decorated multiwalled carbon nanotubes (Au-MWCNTSs) that enable the “via hole”
electrical conduction from bottom to top. Each tab was folded based on the unprinted line.
The unprinted rectangle region was used for the fabrication of PS (Figure S2). After wax
printing, the obtained paper sheet was baked at 130 °C until the wax melted and penetrated
through the paper to form the hydrophobic and insulating patterns (Figures S3 and S4).
Subsequently, the paper sheet was ready for carbon electrodes and the silver conductive
wires screen-printing (Figures S5 and 56). A light yellow hemichannel on the hemichannel
tab was obtained through varying the values of C, M, Y, and K. The hydrophilic paper
fibers on the cathodic tab and the hollow—channel tab and reservoirs were removed. Finally,
the PS was fabricated based on reported work [3]. Specifically, the hydrophilic zone of the
anodic/cathodic tab (part a in Scheme S1A,B) was functionalized with Aunanoparticles and
ionic liquid CNTs endowing the paper electrode with superior conductivity to fabricate Au—
PAE (part b in Scheme S1A) and CNT-PCE (part b in Scheme S1B). The PS was fabricated
based on the reported work [42,43].

2.2. Fabrication of Bioanode

The MIPs grafted on Au-PAE were fabricated through electropolymerization of
polypyrrole (PPy) MIPs with the presence of the template molecule (2,4-D) (part c in
Scheme S1A). An electrolyte solution containing 0.1 M KCl, 0.5 mM pyrrole, and 10 mM
2,4-D in 0.05 M phosphate buffer solution (PBS, pH 7.0) was first prepared and deoxi-
dized in bubbling nitrogen gas for 10 min. Subsequently, the electropolymerization was
performed at a constant voltage of 0.8 V (vs. Ag/AgCl). After a 10-min reaction, the
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template molecules were removed and rinsed through a methanol and acetic acid mixture
(70% methanol, v/v). Afterwards, the obtained MIP-Au-PAE was rinsed with ultrapure
water and dried in an air stream. Meanwhile, the non-imprinted polymers (NIPs)-grafted
Au-PAE was prepared with the same procedure except for the introduction of template
molecules into the non-imprinted polymers (NIPs)-grafted Au-PAE.

2.3. Fabrication of Biocathode

This process involved 10 uL of BOD (10 pg‘mL_l, dissolved in 0.1 M pH 7.4 PBS) being
cast onto the CNT-PCE and maintained for 2 h at room temperature (part c in Scheme S1B).
Subsequently, physically absorbed molecules were removed through washing with PBS
(0.01 M, pH 7.4). The resulting biocathodes (BOD-CNT-PCE) were stored at 4 °C prior
to use.

2.4. Assay Procedure

Prior to assay, the designed BFCPD was first folded as indicated in Figure S7, and then
clamped by a device-holder guaranteeing that the BFECPD was stacked closely. After that,
50 uL of a 10 mM 2,4-D solution was introduced into the BFCPD through the inlet, and the
fluid transported along the designed hollow channel finally reached the bioanode. After a
25-min incubation, the recognition cavities on the MIPs were fully blocked. Excess solution
was removed from the inlet. Subsequently, 50 uL of 10 mM GOx-2,4-D solution was added
and incubated for another 25 min. During this process, the GOx-2,4-D occupied the binding
sites leading to replacement of 2,4-D (part d in Scheme S1A). Part of the 2,4-D could not be
replaced due to the stereoscopic hindrance effect from GOx. To assess the sample detection,
a 30 uL aqueous solution with different concentrations of 2,4-D was added and incubated
for 25 min. A competitive reaction occurred, the GOx2,4-D was replaced by the free 2,4-D
(part e in Scheme S1A). After washing with PBS, 50 uL of 30 mM glucose solution was
added and migrated to the bioanode and biocathode to initiate the reaction. The generated
current was collected and stored within the PS temporarily. After 60 s charging, a high
current intensity could be detected by the DMM. Based on the amplified current intensity,
the 2,4-D could be quantified.

3. Results and Discussion
3.1. Morphology Characterization

Figure 1A,B shows the scanning electron microscope (SEM) images of the bare paper
electrode which possesses porous architecture and a rough surface. Compared with the
bare paper, continuous and dense AulNPs assembled on the fibers can be seen (Figure 1C),
and the paper still maintains the original porous microstructure (Figure 1D). The SEM
image in Figure 1E,F presents well-dispersed CNTs on the surface of the paper fibers, also
demonstrating the successful fabrication of CNT-PCE. The decoration of AuNPs and CNT
would improve the conductivity that accounted for the superior performance of BFC. To
investigate the morphology of the fabricated MIPs-Au-PAE, the SEM images were derived
and the results are shown in Figure 1G,H. Compared with Au-PAE (shown in Figure 1C,D),
the surface of fibers is rougher after the decoration of PPy MIPs, and the diameter increases
with the electro-polymerized of PPy MIPs, which also illustrates a successful decoration of
PPy MIPs on the surface of Au-paper fibers.
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Figure 1. SEM images of bare paper (A,B), Au-PAE (C,D), CNT-PCE (E,F) and MIPs-Au-PAE (G H).

3.2. Electrochemical Characterization of the Bioanode and Biocathode

The electrochemical behavior of the stepwise fabrication process of MIPs—-Au-PAE
and BOD-CNT-PCE was investigated through cyclic voltammetry (CV) toward a 10.0 mM
[Fe(CN)g]?~/4~ solution containing 0.5 M KCI. As shown in Figure 2A, compared with the
bare PAE (curve a), a higher current response could be observed after the coating of a Au
layer on paper fibers (curve b), which was attributed to the factor that the Au layer could
greatly increase the conductivity. After the MIPs were grafted on the Au-PAE (curve c),
a remarkable decrease in the peak current was detected due to the reduced conductivity
of MIPs layers that acted as a definite kinetic barrier for the charge transfer. The current
increased accordingly after the removal of the template (curve d), which suggested that
the [Fe(CN)g]>~ /4~ molecules were more easily available for the electrode. After template
rebinding, the current decreased again (curve e). This may be caused by the molecules
rebinding having blocked the diffusion of [Fe(CN)g]>~/4~ to the surface of the electrode.
These results verified the successful construction of the bioanode. The results obtained
from the electrochemical impedance spectroscopy (EIS) (Figure 2B) also supported the
above results.

Meanwhile, CV (Figure 2C) and EIS (Figure 2D) were also selected to explain the
fabrication procedure of the biocathode. Specifically, the CV response of different electrodes
in the sequence of PCE < BOD-CNT-PCE < CNT-PCE, implied the successful construction
of the BOD-CNT-PCE. Moreover, the variation of the semicircle in EIS (Figure 2D) also
reflected the successful fabrication of the biocathode.

Electrochemical measurements were carried out to evaluate the performance of fab-
ricated bioanode and biocathode. Figure 3A shows that the bioelectrocatalytic current
resulted from the enzymatic oxidation of glucose within a voltage range from —0.6 to 0.4 V
versus Ag/AgCl. A low glucose oxidation potential of around 0.19 V (vs. Ag/AgCl) was
observed, which is consistent with the fact that the GOx comprises two subunits that each
include the flavin adenine dinucleotide (FAD) cofactor [44]. Figure 3B displays the polariza-
tion curves of the prepared bioanode (incubation with 100 ng-mL~! 2,4-D) in the presence
of 30 mM glucose. With the potential scanning from —0.6 V to 0.8 V, the anodic currents
increased correspondingly. It should be observed that an obvious catalytic electrooxidation
potential at —0.2 V (vs. Ag/AgCl) for glucose was observed, and reached a plateau current
density of about 10 mA-cm~2 near —0.1 V (vs. Ag/AgCl) (curve b) compared to the bare
electrolyte (curve a). This result reveals the high electrocatalytic activity of GOx toward
glucose oxidation at the MIP-Au-PAE.
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Figure 2. CV (A) and EIS (B) responses of (a) PAE, (b) Au-PAE, (c) MIPsAu—PAE, (d) MIPs—Au—PAE
after template removal, (e) MIPs—Au—PAE after template rebinding; CV (C) and EIS (D) responses
of PCE (a), CNT—PCE (b), and BOD—CNT—PCE (c).
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Figure 3. (A) CVs and (B) polarization curves for the bioanode in 0.10 M PBS (pH 7.4) with (curve
a) and without (curve b) 30 mM glucose; (C) CVs and (D) polarization curves for the biocathode in
0.10 M PBS (pH 7.4) under N, —atmosphere (curve a) and O, —atmosphere (curve b). The scan rate

for polarization curves is 1 mV-s~1.
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The performance of the fabricated biocathode was also studied in 0.1 M PBS (pH
7.4, containing 0.1 M NaCl) saturated by O, or N, (Figure 3C). From this comparison, the
onset potential around 0.5 V for O, reduction is similar to the thermodynamic equilibrium
potential of E® O,/H,0 (0.61 V at pH 7.0) with the absence of O, (curve b) [34]. How-
ever, there was no peak observed for BOD-CNT-PCE in Nj-saturated solution (curve a).
Figure 3D shows the polarization curves of BOD-CNT-PCE in a N (curve a) -saturated
solution, and an O, (curve b) -saturated solution. It could be clearly seen that the BOD-
CNT-PCE displays a higher current density in an O,-saturated surrounding than that in
Nj-saturated condition. The above results clearly demonstrate the superior performance of
the BOD-CNT-PCE toward oxygen reduction reaction.

3.3. General Working Principle of the Assembled BFC

The general working principle of the assembled BFC is illustrated in Scheme 1. Briefly,
the GOx fix on the MIP-Au-PAE could efficiently catalyze the oxidation of glucose selec-
tively to generate gluconolactone. At the same time, the FAD within GOx was reduced
to GOx-FADH], [45]. The GOx-FADH, automatically released two H* and electrons, and
regenerated to GOx-—FAD smoothly, leading to the efficient electron transfer from GOx
to Au-PAE and the electron flow from bioanode to biocathode through the external cir-
cuit. The O, molecules are reduced to H,O under a four proton-assisted electron transfer
process at the biocathode with the participation of H*, eventually realizing the energy
conversion from chemical energy to electric energy. The whole process can be illustrated in
the following reaction equations:

GOx — FAD + glucose — GOx — FADH, + gluconolactone

GOx — FADH, — GOx — FAD + 2H" + 2~

O, +4H + 4~ "P 21,0

3.4. Optimization of Experimental Conditions

In order to obtain optimal analytical performance and efficiency, the incubation time
was optimized. First, the absorption time between the eluted MIPs—Au-PAE and 2,4-D was
investigated. As shown in Figure S8A, the residual 2,4-D in solution decreased quickly
with extending the absorption time, and reached a plateau after 25 min, indicating the
equilibrium rebinding between the MIPs and the template. Therefore, 25 min was selected
as the optimal absorption time in this work. Similarly based on the results in Figure S8B,
25 min was also used as the optimal GOx-2,4-D labeling time and the competitive reaction
time between GOx-2,4-D and 2,4-D.

3.5. Analytical Performance

Under optimal conditions, the quantitative analysis and dynamic range of the devel-
oped BFCPD toward 2,4-D were evaluated by varying 2,4-D concentration in a standard
solution. As expected, good linear range relationships between the detected current with-
out (Figure 4A) or with (Figure 4B) the PS amplification and the logarithmic concentration
of 2,4-D was observed in the range from 1.0 pM-50.0 uM. The fitted linear equations were
[=74.20-9.681 g [2,4-D/pM] (R = 0.9946) and Ips = 949.22-122.181 g [2,4-D/pM] (R? = 0.985).
The limit of detection (LOD) was estimated to be 0.53 pM based on the signal-to-noise (S/N)
ratio of 3. It is interesting to see that the LOD obtained with or without PS are the same,
which might be mostly attributed to the concomitant amplification of the background.
Moreover, it should be observed that the instantaneous amplified current discharged from
PS is about 13-fold higher than that without PS charging. The amplified current could be
detected through the DMM, causing the complicated electrochemical workstation to be
abandoned.

Subsequently, the power density of the assembled glucose/O, BFC after incubation
with 1.0 uM 2,4-D in 0.10 M PBS (pH 7.0) containing 30 mM glucose was measured. At the
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specified conditions, the fabricated BFC exhibited an open-circuit voltage (Voc) of 0.75 'V,
and the maximum power density (Pmax) reached 152 mW-cm~2 at 0.5 V.
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Figure 4. The relationship between the current response and 2,4-D concentration without (A) and with
(B) PS amplification; (C) dependence of the power density on the cell voltage in 0.10 M air-saturated
PBS with 30 mM glucose; (D) selectivity investigation of the proposed method.

3.6. Specificity, Reproducibility, and Stability Investigation

Selectivity is a crucial standard to evaluate the performance of fabricated biosen-
sors. Thus, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 4-chlorophenoxyacetic acid (CPA),
2,4-dichlorophenol (2,4-DCP), 4-(2,4-dichlorophenoxy) butyric acid (2,4-DBA), and 4-chloro-
o-tolyloxyacetic acid (MCPA) were selected as interferents to access the specificity of our
developed BFCPD. As shown in Figure 4D, those interferents could barely influence the sig-
nal output and were similar to the blank. Only in the presence of 2,4-D, could a dramatically
decreased current be detected. Those results demonstrated that the constructed biosensor
possessed satisfied selectivity. Additionally, the reproducibility was investigated through
intra- and inter-assays under the same conditions. An identical signal response with the
relative standard deviation (RSD) of 3.4% and 5.2% indicated a gratifying reproducibility.
Furthermore, the stability of the developed BFCPD was evaluated through measuring the
current intensity at intervals of five days. No significant changes of the current output were
observed when stored in a refrigerator at 4 °C for four weeks, revealing the good stability
of the developed BFCPD.

3.7. Practical Application

Finally, the recovery test was conducted to evaluate the feasibility of the fabricated
biosensor toward a practical application. The standard addition method was employed
by adding different concentrations of 2,4-D into tap water and lake water, respectively. As
shown in Table 1, the recovery values of the constructed biosensor were obtained in the
range of 98.3-104% for tap water, and 97.5-103.5% for lake water. Together with the RSD
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less than 3.2% and 4.3%, this validated the reliability and practicability of our developed
BFCPD for 2,4-D determination in real samples.

Table 1. Practical determination of 2,4-D in real samples.

Tap Water Add? Detected P RSD (%, n=11) ¢ Recovery (%) 4
1 10 pM 9.87 pM 26 98.7
2 500 pM 519.4 pM 3.1 103.9
3 100 nM 103.2 nM 2.8 103.2
4 500 nM 491.63 nM 2.5 98.33
5 10 uM 10.27 uM 32 102.7
Lake Water Add? Detected P RSD (%,n=11) ¢ Recovery (%) 4
1 10 pM 10.35 pM 3.2 103.5
2 500 pM 487.5 pM 43 97.5
3 100 nM 98.59 nM 3.5 98.59
4 500 nM 5134 nM 3.0 102.7
5 10 pM 10.18 uM 2.6 101.8

2 [Added] means the values that we add into water sample. b [Detected] means the amount of 2,4-D got
according to the standard curve equations from eleven parallel detections. © The relative standard deviation

(RSD) of measurements are calculated from eleven independent experiments. 4 Recovery means the ratio of
[Detected]/[Added].

4. Conclusions

In this work, a sensitive paper-based self-powered sensing protocol based on a
glucose/O, BFC device integrated with a molecularly imprinted technique for 2,4-D de-
tection was fabricated for the first time. A PS constructed on the fabricated BFCPD and a
DMM were used as the current amplifier and the terminal current detector, respectively.
Meanwhile, hollow channels were introduced into the BECPD to transport fluids which
could make them suitable for point-of-care testing. The construction of the conductivity of
PPy MIPs layers offers a promising approach for 2,4-D-specific recognition. This is based
on a competitive reaction between 2,4-D and GOx-2.4-D, and the influence of the catalytic
oxidation of glucose at the bioanode to realize quantification. Meanwhile, the introduc-
tion of PS could collect and store the generated electrons leading to an amplified current
response that can be directly read by the portable DMM. This work provides a novel and
efficient approach to develop a multifunctional paper device to implement self-powered
sensing, that eliminates the energy source. Such findings also provide an alternative choice
for the design and development of POCT devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios12110974/s1, Figure S1. Schematic representation of this
3D-u-MOBFCAD. (A) Wax patterns of this 3D-u-MOBFCAD; (B) the reverse side of (A); (C) Right
side of 3D-pu-MOBFCAD the after screen-printing of silver wire and carbon electrode; (D) the reverse
side of (C). (a) cathodic tab; (b) anodic tab; (c) hollow-channel tab; (d) hemichannel tab; (e) unprinted
paper for paper superca-pacitor. (1) cathodic zone; (2) sample inlet; (3) anodic zone; (4) hollow-
channel; (5) hemichannel; (6) via hole; (7) sliver pad; (8) screen-printed cathodic electrode (SPCE); (9)
screen-printed anodic electrode (SPAE); (10) silver wire; (11) paper supercapacitor. (I, II) hollow area;
Figure S2. Wax-patterns of 3D-u-MOBFCAD on a paper sheet (A4) before baking; Figure S3. Right
side of the baked wax-patterns of 3D-pu-MOBFCAD on a paper sheet (A4) after dropping CNT/Au on
via hole; Figure 54. Reverse side of the baked wax-patterns of 3D-u-MOBFCAD on a paper sheet (A4)
after dropping CNT/Au on via hole; Figure S5. Right side of the 3D-u-OBFCAD on a paper sheet (A4)
after screen-printing of carbon electrodes, silver wire and drawing of graphite electrodes; Figure S6.
Reverse side of the 3D-u-OBFCAD on a paper sheet (A4) after screen-printing of carbon electrodes,
silver wire and drawing of graphite electrodes; Figure S7. Schematic Representation, Size, Shape
and Folding Procedure of the Wax Patterns on This 3D-u-OBFCAD; Figure S8. (A) Optimization
conditions of blocking time in eluted MIP-grafted Au-PAE; (B) effects of (a) labeling time and (b)
competition time in MIP-grafted Au-PAE; Scheme S1. Schematic diagram of the fabrication of
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bioanode (A) and biocathode (B), different part in (A) represents PAE (a), Au-PAE (b), MIPs-Au-PAE
(c), GOx-2,4-D occupied MIPs-Au-PAE (d), and detection of 2,4-D at MIPs-Au-PAE; different part in
(B) represents PCE (a), CNT-PCE (b), and BOD-CNT-PCE (c).

Author Contributions: Y.W.: Conceptualization, Methodology, Investigation, Writing-review and
editing, Project administration, Funding acquisition. H.S.: Formal analysis, Writing—original draft,
Methodology, Investigation. J.S.: Characterizations, Validation, Investigation. ].X.: Characterizations,
Validation, Investigation. M.Y.: Writing—review and editing. J.Y.: Writing-review and editing,
Supervision, Funding acquisition, Investigation. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of
China (22004075), Natural Science Foundation of Shandong Province (ZR2020QB091), Excellent
Youth Innovation Team in Universities of Shandong (2019K]JC016), Case-by-Case Project for Top
Outstanding Talents of Jinan, and Science, Education and Industry Integration Innovation Pilot
Project from Qilu University of Technology (Shandong Academy of Sciences) (2022]JBZ02-04).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could influence the work reported in this article.

References

1. Gerbers, R.; Foellscher, W.; Chen, H.; Anagnostopoulos, C.; Faghri, M. A new paper-based platform technology for point-of-care
diagnostics. Lab Chip 2014, 14, 4042-4049. [CrossRef] [PubMed]

2. Yamada, K,; Henares, T.; Suzuki, K.; Citterio, D. Paper-based Inkjet-Printed Microfluidic Analytical Devices. Angew. Chem. Int. Ed.
2015, 54, 5294-5310. [CrossRef] [PubMed]

3. Wang, Y.; Ge, L.; Wang, P; Yan, M,; Ge, S.; Li, N.; Yu, ].; Huang, J. Photoelectrochemical lab-on-paper device equipped with a
porous Au-paper electrode and fluidic delay-switch for sensitive detection of DNA hybridization. Lab Chip 2013, 13, 3945-3955.
[CrossRef] [PubMed]

4. Yetisen, A.K.; Akram, M.S.; Lowe, C.R. Paper-based microfluidic point-of-care diagnostic devices. Lab Chip 2013, 13, 2210-2251.
[CrossRef]

5. Sun, Y.; Zhao, C.; Niu, J.; Ren, J.; Qu, X. Colorimetric band-aids for point-of-care sensing and treating bacterial infection. ACS
Central Sci. 2020, 6, 207-212. [CrossRef]

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

7. Liu, H; Xiang, Y.; Lu, Y.; Crooks, R M. Aptamer-based origami paper analytical device for electrochemical detection of adenosine.
Angew. Chem. Int. Ed. 2012, 51, 6925-6928. [CrossRef]

8. Zong, C.; Wu, J.; Liu, M,; Yang, L.; Yan, E; Ju, H. Chemiluminescence Imaging for a Protein Assay via Proximity-Dependent
DNAzyme Formation. Anal. Chem. 2014, 86, 9939-9944. [CrossRef]

9. Huang, Y, Li, L.; Zhang, Y.; Zhang, L.; Ge, S.; Li, H.; Yu, J. Cerium dioxide-mediated signal “On-Off” by resonance energy transfer
on a lab-on-paper device for ultrasensitive detection of lead ions. ACS Appl. Mater. Interfaces 2017, 9, 32591-32598. [CrossRef]

10. Gao, C.; Yu, H,; Zhang, L.; Zhao, Y,; Xie, ].; Li, C.; Cui, K,; Yu, ]. Ultrasensitive paper-based photoelectrochemical sensing platform
enabled by the polar charge carriers-created electric field. Anal. Chem. 2020, 92, 2902-2906. [CrossRef]

11. Wang, Y.,; Zhang, L.; Kong, Q.; Ge, S.; Yu, J. Time-resolution addressable photoelectrochemical strategy based on hollow-channel
paper analytical devices. Biosens. Bioelectron. 2018, 120, 64-70. [CrossRef] [PubMed]

12. Glavan, A.C,; Martinez, R.V,; Maxwell, E.J.; Subramaniam, A.B.; Nunes, RM.D.; Soh, S.; Whitesides, G.M. Rapid fabrication
of pressure-driven open-channel microfluidic devices in omniphobic R-F paper. Lab Chip 2013, 13, 2922-2930. [CrossRef]
[PubMed]

13. Li, X.; Scida, K.; Crooks, R.M. Detection of hepatitis B virus DNA with a paper electrochemical sensor. Anal. Chem. 2015, 87,
9009-9015. [CrossRef] [PubMed]

14. Liu, W,; Cassano, C.L.; Xu, X.; Fan, Z.H. Laminated paper-based analytical devices (LPAD) with origami-enabled chemilumines-
cence immunoassay for cotinine detection in mouse serum. Anal. Chem. 2013, 85, 10270-10276. [CrossRef] [PubMed]

15.  Renault, C.; Koehne, J.; Ricco, A.J.; Crooks, R.M. Three-dimensional wax patterning of paper fluidic devices. Langmuir 2014, 30,
7030-7036. [CrossRef]

16. Giokas, D.L.; Tsogas, G.Z.; Vlessidis, A.G. Programming fluid transport in paper-based microfluidic devices using razor-crafted

open channels. Anal. Chem. 2014, 86, 6202—-6207. [CrossRef] [PubMed]


http://doi.org/10.1039/C4LC00786G
http://www.ncbi.nlm.nih.gov/pubmed/25155271
http://doi.org/10.1002/anie.201411508
http://www.ncbi.nlm.nih.gov/pubmed/25864471
http://doi.org/10.1039/c3lc50430a
http://www.ncbi.nlm.nih.gov/pubmed/23954934
http://doi.org/10.1039/c3lc50169h
http://doi.org/10.1021/acscentsci.9b01104
http://doi.org/10.1002/anie.201712903
http://doi.org/10.1002/anie.201202929
http://doi.org/10.1021/ac502749t
http://doi.org/10.1021/acsami.7b10629
http://doi.org/10.1021/acs.analchem.9b05611
http://doi.org/10.1016/j.bios.2018.08.028
http://www.ncbi.nlm.nih.gov/pubmed/30149214
http://doi.org/10.1039/c3lc50371b
http://www.ncbi.nlm.nih.gov/pubmed/23719764
http://doi.org/10.1021/acs.analchem.5b02210
http://www.ncbi.nlm.nih.gov/pubmed/26258588
http://doi.org/10.1021/ac402055n
http://www.ncbi.nlm.nih.gov/pubmed/24117197
http://doi.org/10.1021/la501212b
http://doi.org/10.1021/ac501273v
http://www.ncbi.nlm.nih.gov/pubmed/24915155

Biosensors 2022, 12,974 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wang, Y.; Zang, D.; Ge, S.; Ge, L,; Yu, J.; Yan, M. A novel microfluidic origami photoelectrochemical sensor based on CdTe
quantum dots modified molecularly imprinted polymer and its highly selective detection of S-fenvalerate. Electrochim. Acta 2013,
107, 147-154. [CrossRef]

Luo, L; Ou, Y,; Yang, Y.; Liu, G.; Liang, Q.; Ai, X.; Yang, S.; Nian, Y,; Su, L.; Wang, J. Rational construction of a robust metal-organic
framework nanozyme with dual-metal active sites for colorimetric detection of organophosphorus pesticides. . Hazard. Mater.
2022, 423, 127253. [CrossRef]

Wang, S.; Ge, L.; Li, L.; Yan, M,; Ge, S.; Yu, J. Molecularly imprinted polymer grafted paper-based multi-disk micro-disk plate for
chemiluminescence detection of pesticide. Biosens. Bioelectron. 2013, 50, 262-268. [CrossRef]

Cai, Y;; Zhu, H.; Zhou, W.; Qiu, Z.; Chen, C,; Qileng, A.; Li, K,; Liu, Y. Capsulation of AuNCs with AIE Effect into Metal-Organic
Framework for the Marriage of a Fluorescence and Colorimetric Biosensor to Detect Organophosphorus Pesticides. Anal. Chem.
2021, 93, 7275-7282. [CrossRef]

Ding, L.; Hong, H.; Xiao, L.; Hu, Q.; Zuo, Y.; Hao, N.; Wei, J.; Wang, K. Nanoparticles-doped induced defective ZIF-8 as the novel
cathodic luminophore for fabricating high-performance electrochemiluminescence aptasensor for detection of omethoate. Biosens.
Bioelectron. 2021, 192, 113492. [CrossRef] [PubMed]

Schirhagl, R. Bioapplications for molecularly imprinted polymers. Anal. Chem. 2014, 86, 250-261. [CrossRef] [PubMed]

Yan, K.; Yang, Y.; Zhang, ]. A self-powered sensor based on molecularly imprinted polymer-coupled graphitic carbon nitride
photoanode for selective detection of bisphenol A. Sensor. Actuat. B-Chem. 2018, 259, 394-401. [CrossRef]

Jin, Y.;; Luan, Y.; Wu, Z.; Wen, W.; Zhang, X.; Wang, S. Photocatalytic Fuel Cell-Assisted Molecularly Imprinted Self-Powered
Sensor: A Flexible and Sensitive Tool for Detecting Aflatoxin B1. Anal. Chem. 2021, 93, 13204-13211. [CrossRef]

Orozco, J.; Cortes, A.; Cheng, G.; Sattayasamitsathit, S.; Gao, W.; Feng, X.; Shen, Y.; Wang, ]. Molecularly imprinted polymer-based
catalytic micromotors for selective protein transport. J. Am. Chem. Soc. 2013, 135, 5336-5339. [CrossRef]

Ouyang, J.; Liu, Z,; Han, Y.; Zeng, K.; Sheng, J.; Deng, L.; Liu, Y.N. Fabrication of Surface Protein-Imprinted Biofuel Cell for
Sensitive Self-Powered Glycoprotein Detection. ACS Appl. Mater. Interfaces 2016, 8, 35004-35011. [CrossRef]

Li, G; Wu, J; Qi, X;; Wan, X.; Liu, Y; Chen, Y., Xu, L. Molecularly imprinted polypyrrole film-coated poly(3,4-
ethylenedioxythiophene): Polystyrene sulfonate-functionalized black phosphorene for the selective and robust detection of
norfloxacin. Mater. Today Chem. 2022, 26, 101043. [CrossRef]

Li, G.; Qi, X,; Wu, J.; Xu, L.; Wan, X,; Liu, Y.; Chen, Y.; Li, Q. Ultrasensitive, label-free voltammetric determination of norfloxacin
based on molecularly imprinted polymers and Au nanoparticle-functionalized black phosphorus nanosheet nanocomposite. J.
Hazard. Mater. 2022, 436, 129107. [CrossRef]

Wadie, M.; Marzouk, H.; Rezk, M.; Abdel-Moety, E.; Tantawy, M. A sensing platform of molecular imprinted polymer-based
polyaniline/carbon paste electrodes for simultaneous potentiometric determination of alfuzosin and solifenacin in binary
co-formulation and spiked plasma. Anal. Chim. Acta 2022, 1200, 339599. [CrossRef]

Parolo, C.; Merkoci, A. Paper-based nanobiosensors for diagnostics. Chem. Soc. Rev. 2013, 42, 450-457. [CrossRef]

Wang, Y.; Ge, L.; Wang, P; Yan, M.; Yu, J.; Ge, S. A three-dimensional origami-based immuno-biofuel cell for self-powered,
low-cost, and sensitive point-of-care testing. Chem. Commun. 2014, 50, 1947-1949. [CrossRef] [PubMed]

Gu, C.; Gai, P; Li, F. Construction of biofuel cells-based self-powered biosensors via design of nanocatalytic system. Nano Energy
2022, 93, 106806. [CrossRef]

Guntner, A.T.; Abegg, S.; Konigstein, K.; Gerber, P.A.; Schmidt-Trucksass, A.; Pratsinis, S.E. Breath Sensors for Health Monitoring.
ACS Sens. 2019, 4, 268-280. [CrossRef] [PubMed]

Wen, D.; Xu, X.; Dong, S. A single-walled carbon nanohorn-based miniature glucose/air biofuel cell for harvesting energy from
soft drinks. Energy Environ. Sci. 2011, 4, 1358-1363. [CrossRef]

Zhang, L.; Zhou, M.; Wen, D.; Bai, L.; Lou, B.; Dong, S. Small-size biofuel cell on paper. Biosens. Bioelectron. 2012, 35, 155-159.
[CrossRef]

Wang, Y.; Zhang, L.; Cui, K; Ge, S.; Zhao, P,; Yu, ]. Paper-Supported Self-Powered System Based on a Glucose/O, Biofuel Cell for
Visual MicroRNA-21 Sensing. ACS Appl. Mater. Interfaces 2019, 11, 5114-5122. [CrossRef]

Wang, L.; Shao, H.; Lu, X.; Wang, W.; Zhang, ].R.; Song, R.B.; Zhu, ].J. A glucose/O; fuel cell-based self-powered biosensor for
probing a drug delivery model with self-diagnosis and self-evaluation. Chem. Sci. 2018, 9, 8482-8491. [CrossRef]

Wang, Y.; Zhang, L.; Cui, K,; Xu, C.; Li, H,; Liu, H.; Yu, J. Solar driven electrochromic photoelectrochemical fuel cells for
simultaneous energy conversion, storage and self-powered sensing. Nanoscale 2018, 10, 3421-3428. [CrossRef]

Bai, C.; Wang, Z.; Yang, S.; Cui, X.; Li, X.; Yin, Y,; Zhang, M.; Wang, T.; Sang, S.; Zhang, W.; et al. Wearable Electronics Based on the
Gel Thermogalvanic Electrolyte for Self-Powered Human Health Monitoring. ACS Appl. Mater. Interfaces 2021, 13, 37316-37322.
[CrossRef]

Wang, F; Xu, J.; Hou, Y,; Huang, K; Yu, X.; Zhou, X,; Tan, X. Matching Capacitors to Self-Powered Biosensors for Signal
Amplification: Toward Ultrasensitive Electrochemical Detection for MicroRNA-21-Triggered Catalytic Hairpin Assembly. ACS
Sustain. Chem. Eng. 2022, 10, 2673-2680. [CrossRef]

Wang, Y.; Ge, L.; Ma, C.; Kong, Q.; Yan, M.; Ge, S.; Yu, J. Self-powered and sensitive DNA detection in a three-dimensional
origami-based biofuel cell based on a porous Pt-paper cathode. Chem. Eur. ]. 2014, 20, 12453-12462. [CrossRef] [PubMed]

Yao, B,; Yuan, L.; Xiao, X.; Zhang, J.; Qi, Y.; Zhou, J.; Zhou, J.; Hu, B.; Chen, W. Paper-based solid-state supercapacitors with
pencil-drawing graphite/polyaniline networks hybrid electrodes. Nano Energy 2013, 2, 1071-1078. [CrossRef]


http://doi.org/10.1016/j.electacta.2013.05.154
http://doi.org/10.1016/j.jhazmat.2021.127253
http://doi.org/10.1016/j.bios.2013.07.003
http://doi.org/10.1021/acs.analchem.1c00616
http://doi.org/10.1016/j.bios.2021.113492
http://www.ncbi.nlm.nih.gov/pubmed/34265521
http://doi.org/10.1021/ac401251j
http://www.ncbi.nlm.nih.gov/pubmed/23944653
http://doi.org/10.1016/j.snb.2017.12.075
http://doi.org/10.1021/acs.analchem.1c02074
http://doi.org/10.1021/ja4018545
http://doi.org/10.1021/acsami.6b12010
http://doi.org/10.1016/j.mtchem.2022.101043
http://doi.org/10.1016/j.jhazmat.2022.129107
http://doi.org/10.1016/j.aca.2022.339599
http://doi.org/10.1039/C2CS35255A
http://doi.org/10.1039/c3cc47731b
http://www.ncbi.nlm.nih.gov/pubmed/24396861
http://doi.org/10.1016/j.nanoen.2021.106806
http://doi.org/10.1021/acssensors.8b00937
http://www.ncbi.nlm.nih.gov/pubmed/30623644
http://doi.org/10.1039/c0ee00080a
http://doi.org/10.1016/j.bios.2012.02.035
http://doi.org/10.1021/acsami.8b20034
http://doi.org/10.1039/C8SC04019B
http://doi.org/10.1039/C7NR09275J
http://doi.org/10.1021/acsami.1c12443
http://doi.org/10.1021/acssuschemeng.1c07082
http://doi.org/10.1002/chem.201403271
http://www.ncbi.nlm.nih.gov/pubmed/25111016
http://doi.org/10.1016/j.nanoen.2013.09.002

Biosensors 2022, 12,974 12 of 12

43. Ge, L; Wang, P; Ge, S.; Li, N,; Yu, J.; Yan, M.; Huang, J. Photoelectrochemical lab-on-paper device based on an integrated paper
supercapacitor and internal light source. Anal. Chem. 2013, 85, 3961-3970. [CrossRef] [PubMed]

44. Hou, C,; Fan, S; Lang, Q.; Liu, A. Biofuel Cell Based Self-Powered Sensing Platform for 1-Cysteine Detection. Anal. Chem. 2015,
87,3382-3387. [CrossRef] [PubMed]

45.  Zhao, M,; Gao, Y.; Sun, J.; Gao, F. Mediatorless glucose biosensor and direct electron transfer type glucose/air biofuel cell enabled
with carbon nanodots. Anal. Chem. 2015, 87, 2615-2622. [CrossRef]


http://doi.org/10.1021/ac4001496
http://www.ncbi.nlm.nih.gov/pubmed/23472854
http://doi.org/10.1021/ac504694z
http://www.ncbi.nlm.nih.gov/pubmed/25711413
http://doi.org/10.1021/acs.analchem.5b00012

	Introduction 
	Experimental Section 
	Fabrication of the Origami Biofuel Cell-Based Lab-on-Paper Device (BFCPD) 
	Fabrication of Bioanode 
	Fabrication of Biocathode 
	Assay Procedure 

	Results and Discussion 
	Morphology Characterization 
	Electrochemical Characterization of the Bioanode and Biocathode 
	General Working Principle of the Assembled BFC 
	Optimization of Experimental Conditions 
	Analytical Performance 
	Specificity, Reproducibility, and Stability Investigation 
	Practical Application 

	Conclusions 
	References

