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ABSTRACT: Due to the inherent mechanism limitation of photocatalytic fuel cell based self-powered biosensors (PFC-SPBs), it
was difficult to distinguish the power density of various photoactive materials or recognition events in one detection process, which
made it lack multitarget quantitative capacity. In order to solve this problem, we proposed an electron-transfer-regulated conversion
strategy for the construction of multiplexed PFC-SPBs. Herein, the n-type CdS/Fe,0; nanorod array (NR) heterojunction and p-
type CuBr semiconductor were used as photoactive materials to prepare the photoanode and photocathode. Based on the
appropriate Fermi level differentiation between these two photoelectrodes, a self-powered sensing platform driven by visible light
without external energy supply was achieved. In this design, two kinds of common and easily coexisting mycotoxins OTA and AFB1
acted as model analytes. The coupling of “signal off” and “signal on” was realized by controlling the electronic transmission on the
interface between the photoanode and photocathode, so as to achieve the simultaneous detection of two mycotoxins. This work
established a proof-of-concept for the integration of a dual-photoelectrode with dual-assay that could provide the innovative
inspiration for the formation of a general multiplexed self-powered sensing platform.

1. INTRODUCTION formation of single-photoelectrode PFC-SPBs. Another elec-
trode was selected with precious metal Pt,'* Prussian blue,"® or
electroactive materials.'* In our previous work,'> we designed a
dual-photoelectrode PFC-SPB with TiO, nanoparticles as a
photoanode and nitrogen-doped graphene-BiOBr as a photo-
cathode. By increasing the absorption and conversion of light,
the energy utilization was improved and the use of an
expensive Pt electrode was avoided.

Although the aforementioned works have made great
contributions to the development of PFC-SPBs, they still
lacked multitarget quantitative capacity.'®™'® The design

Photocatalytic fuel cell based self-powered biosensors (PFC-
SPBs), as the next generation of sensing platforms, not only
inherit the merits of electrochemical technology,l’2 such as
high sensitivity,” rapid response,” and simple equipment,” but
also have better performance in selectivity, miniaturization,
high efficiency, and low cost.” PFC-SPBs rely on a two-
electrode system (only a cathode and an anode without a
reference electrode), which simplifies the structure and
facilitates the integration of the device.” Moreover, it could
convert light and chemical energy into electricity simulta-
neously, creating more energy utilization.® Due to the absence
of external voltage, the nonspecific redox reaction of Received: February 3, 2021
electroactive interferences could be effectively prevented, Accepted:  March 30, 2021
avoiding the false positive results. Depending on these Published: April 8, 2021
fascinating characteristics, various PFC-SPBs have been

constructed,””"" and most of them used photosensitive

semiconductors as a photoanode or a photocathode in the
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strategy of multiplexed PFC-SPBs was different from
numerous studies of electrochemistry,'”*° photoelectrochem-
istry,21 fluorescence,”” and electrochemiluminescence biosen-
sors.”” Owing to the inherent mechanism of the photocatalytic
fuel cell (PFC) technique, it was difficult to distinguish the
power density from various photoactive materials or
recognition events in one detection process. Meanwhile, the
common multitarget analysis methods, such as the wavelength-
resolved strategy,24 potentiometric-resolved strategy,25 and
light addressing strategy,26 were not suitable for the
construction of PFC-SPBs. For instance, the photoactive
materials used in the wavelength-resolved strategy must be
wavelength selective and had a narrow spectral response range
to ensure that the excitation wavelengths of each material
could not overlap and energy transfer could not occur.”” As a
result, it was difficult to select suitable photoactive materials
and high requirements for the illuminant. An instrument with
continuously adjustable wavelength and monochromaticity was
needed, which increased the cost.”® For the potentiometric-
resolved strategy, an appropriate bias voltage must be applied
to make one of the photoactive materials not produce
photocurrent at the critical voltage, so as to identify the signal
response of another photoactive material.””** However, there
is no need to exert external voltage to generate a signal in the
self-powered detection, which limited the application of this
strategy. In addition, although the light addressing strategy
could realize the simultaneous detection of multitargets, it
required a small enough excitation beam and the uniform
excitation of each area, and it also put forward a hi§her
demand for the precision of electrode array modification.”"

To date, the research on PFC-SPBs is only in the initial
phase; almost no efforts have been devoted to the construction
of multiplexed PFC-SPBs. However, it is particularly valuable
in the practical application, especially for agricultural products
which are easily contaminated by many types of mycotoxins.
According to the research, due to the various fungi requiring
similar environments in their growth or toxigenic conditions,
91.4% of contaminated samples have detected two or more
kinds of mycotoxins at the same time.*” Notably, the co-
occurrence of mycotoxins in the same agricultural product
could display obvious synergistic or additive damage for
human or animal health.”*** For example, ochratoxin A
(OTA) and aflatoxin Bl (AFBI1) usually coexist in moldy
maize and its products, engendering a combined toxicity than
the total harm caused by each toxin.”> Therefore, it is urgent to
establish a simple, sensitive, and low-cost multiplexed
technology for simultaneous monitoring of OTA and AFBI1
in farm goods. Compared with the method that only responds
to a single target, the multiplexed assay exhibited more
advantages including the increased analysis throughput,
reduced time and procedures, less sample usage, and lower
cost. Thus, such a multiplexed PFC-SPB could bring great
convenience and provide more comprehensive results for
mycotoxin screening.

Herein, a multiplexed dual-photoelectrode PFC-SPB based
on an electron-transfer-regulated conversion strategy was
fabricated. CdS sensitized Fe,O; nanorod array (NR)
heterojunctions and CuBr semiconductors have been used in
the preparation of photoanodes and photocathodes due to
their excellent physicochemical properties and photoelectric
conversion performance. According to the appropriate differ-
entiation of Fermi level between the photoanode and
photocathode, the self-bias voltage was generated to drive
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the transfer of photoinduced electrons, realizing the PFC-SPB
that could provide energy during the detection. These dual-
photoelectrodes with excellent photoelectric conversion
capacity improved the utilization of light energy and ensured
the stable and eflicient signal output. Due to the steric
hindrance effect of the photoanode produced by the
combination of aptamer(yrsy and target, the electron trans-
mission between interfaces was inhibited, thus forming a
“signal-off” OTA detection. Then, the positively charged
mesoporous silicon dioxide nanospheres (PMSNs) with high
specific surface area were used as carriers to fix aptamer gp:)
and the electron capture agent ([Fe(CN)¢]>”) for AFB,
detection. The [Fe(CN)4]*™ was released in the pore of
PMSNss via the specific recognition between aptamer(,gp;) and
AFB1. As an electron acceptor, it accelerated the electron
transfer and consumption in the external circuit, thus
presenting a “signal-on” response for AFB1 detection. Based
on the electron-transfer-regulated “on—off—on” conversion of
power density, this multiplexed PFC-SPB could obtain the
specific and sensitive dual-assay of OTA and AFB1, which has
not been reported to our knowledge.

2. EXPERIMENTAL SECTION

2.1. Fabrication of the CdS/Fe,O; NRs/FTO Photo-
anode. The Fe,O; nanorod arrays (NRs) were in situ grown
on FTO substrate usinog a modified hydrothermal method and
calcination treatment.”® First, 1.01 g of FeCl;-6H,0 and 0.33 g
of urea were dissolved in 30 mL of deionized water. The
mixture was stirred for 20 min to make it completely dissolved
and then poured into the Teflon-lined stainless steel autoclave.
Then, two pieces of fluorine-doped tin oxide (FTO) glass were
immersed into the reactor with the conductive side downward.
After hydrothermal reaction at 100 °C for 12 h, the FeOOH
NRs/FTO were washed with ultrapure water to remove the
impurities adsorbed on the surface and then annealed at 700
°C for 15 min to form the Fe,O; NRs/FTO.

CdS/Fe,O; NRs/FTO were fabricated by chemical bath
deposition. Briefly, 1.19 g of CdCl,, 2.03 g of NH,Cl, and 1.37
g of thiourea were mixed in 500 mL of ammonia solution (0.76
mol/L). Then, the prepared Fe,0; NRs/FTO were put into
this mixture and reacted at 80 °C for 20 min for CdS
deposition. After that, the products were washed and annealed
at 400 °C for 1 h to obtain the CdS/Fe,O; NRs/FTO as the
photoanode.

2.2. Fabrication of the CuBr/ITO Photocathode. CuBr
was used as photoactive material to prepare the photocathode.
The Kapton tape was sealed on the cleaned indium tin oxide
(ITO) glass to determine the working area of 0.5 X 0.5 cm®
After that, 20 mg of CuBr was dispersed in 1 mL of N,N-
dimethylformamide, and then, 20 uL of the above dispersion
was added onto the ITO substrate. After drying by infrared
lamp irradiation, the CuBr/ITO photocathode was obtained.

2.3. Preparation of the Aptamerpz,,—PMSN—[Fe-
(CN)¢]*~ Conjugate. First, mesoporous silicon dioxide
nanospheres (MSNs) were synthesized via the following
procedure.”” A 0.1 g portion of CTAB was dissolved in 7
mL of ultrapure water. Subsequently, 1.8 mL of ethanol and 3
mL of ether were added. Then, 2 mL of TEOS and 0.1 mL of
ammonia were dripped slowly. After vigorous stirring for 4 h,
the mixture was centrifuged and washed with water and
ethanol three times. The obtained MSNs were dried at 60 °C
and annealed at 550 °C to remove the surfactant and form the
inner channels. Afterward, the surface charge of MSNs was
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Scheme 1. Schematic Diagram of the Multiplexed Self-Powered Biosensor with Dual-Photoelectrodes”
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Figure 1. SEM image of FeOOH NRs/FTO (A), Fe,O; NRs/FTO (B), and CdS/Fe,O; NRs/FTO (C). (D) Elemental mapping of CdS/Fe,0,
NRs/FTO. (E) XRD of FTO, FeOOH NRs/FTO, Fe,0; NRs/FTO, and CdS/Fe,0; NRs/FTO. (F) UV—vis spectra of different photoanodes.

modified by PDDA. A 20 mg portion of MSNs was dispersed
in 10 mL of 1% PDDA solution (0.02 mol/L NaCl), which was
ultrasonicated for 30 min to obtain the positively charged
MSNs (PMSNs). The product was then centrifuged, washed,
and dried for future use.

Second, the aptamer ,g3)—PMSN—[Fe(CN)4]*~ conjugate
was prepared. A 10 mg portion of PMSNs was dispersed in
[Fe(CN)4]*~ solution (1 mL, 100 mmol/L) and shaken for 10
h at room temperature. In this process, [Fe(CN)s]*~ as the
electron acceptor was diffused into the pores of PMSNs.
Subsequently, 10 uL of 10 pmol/L aptamerspp;) was added
and shaken for another 6 h. Therefore, the aptamer(,pz,) could
be attached to the surface of PMSNs by electrostatic

adsorption. The mixture was centrifuged and washed three
times to remove residual aptamer(,pp;) and [Fe(CN)]*".
Finally, the prepared aptamer(AFBl)—PMSN—[Fe(CN)6]3_
conjugate was scattered in 1 mL of 0.01 mol/L PBS (pH
7.4) and stored at 4 °C for use.

2.4. Construction of a Multiplexed PFC-SPB and PFC
Measurement. The construction of the multiplexed self-
powered sensor was shown in Scheme 1. A 10 uL portion of
0.1% chitosan solution was coated on the CdS/Fe,O; NRs/
FTO photoanode. After drying by infrared lamp, 20 uL of 2.5%
glutaraldehyde was dropped on the electrode as a cross-linking
agent for the connection of NH,—aptamer(gr,). After washing
with 0.01 M PBS, the modified photoanode was incubated

https://doi.org/10.1021/acs.analchem.1c00503
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Figure 2. (A, B) TEM image of MSNs. (C) Pore size distribution of MSNs. (D) N, adsorption—desorption isotherm plot of MSNs. (E) Zeta
potential of MSNs (a), PMSNs (b), aptamer(sz,)—PMSN—[Fe(CN)¢]*~ conjugate (c), and aptamer,ppy—PMSN—[Fe(CN)4]*~ conjugate

incubated with AFB1 (d).

with 20 uL of 1 umol/L NH,-aptamergry) for 12 h at 4 °C in
a moisture atmosphere and then gently rinsed to remove the
physically adsorbed aptamer. Subsequently, 20 yL of 3% BSA
was used to block nonspecific binding sites. Finally, this
aptamergr,) modified CdS/Fe,O; NRs/FTO bio-photoanode
and CuBr/ITO photocathode were introduced to an electro-
Iytic cell with 0.1 mol/L PBS (pH 7.4) to form the single-
chamber multiplexed self-powered sensor.

The PFC measurement was performed with a two-electrode
system. Concretely, both the bio-photoanode and photo-
cathode were irradiated vertically by a 500 W Xe lamp. The
initial power density (P,) was tested in 0.1 mol/L PBS (pH
7.4). For the detection of two mycotoxins, the photoanode was
immersed in 200 pL of a mixture containing OTA and AFB1
with various concentrations and incubated at 37 °C for 30 min.
The OTA concentration was determined by measuring the
power density variation. Subsequently, S0 uL of apta-
mer ypp)—PMSN—[Fe(CN)4]*~ conjugate was injected into
the above solution and incubated at 37 °C for 1 h. Afterward,
the mixture was added to 20 mL of supporting electrolyte, and
the power density was measured again to determine the
concentration of AFBI.

3. RESULTS AND DISCUSSION

3.1. Characterization of CdS/Fe,O; NRs/FTO. The
morphology of prepared CdS/Fe,O; NRs/FTO was inves-
tigated by SEM under low and high magnifications. As can be
perceived from Figure 1A, FeOOH NRs were grown vertically
on the FTO surface with uniform size and high coverage. And
these rod-shaped arrays presented a quadrilateral top with a
side length of about 100 nm in local enlarged region. After
calcination at high temperature (Figure 1B), these sharp four
corners were passivated and became a circular top, indicating
the transformation from FeOOH to Fe,O; NRs. The
microscopic growth morphologies of CdS modification were
shown in Figure 1C; CdS nanoparticles were wrapped on each
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Fe,O; NR, which significantly increased the diameter and
roughness of rod structure. In addition, the image of TEM
(Figure 1D) showed that CdS nanoparticles were deposited to
the whole outer wall surface of one-dimensional nanorod from
the top to the bottom. These increased specific surface areas
could provide more active sites for the aptamer immobiliza-
tion. The element mapping showed that CdS/Fe,O; NRs were
solid rods with a diameter of about 120 nm. The elements of
Fe and O constituted the main body of the rod, while Cd and S
were basically attached on the outer surface, forming a core—
shell structure.

The phase and crystal structures of all samples were
measured by powder X-ray diffraction (XRD) and shown in
Figure 1E. Some characteristic peaks at 26.49, 33.74, 37.81,
51.56, 61.63, and 65.69° (JCPDS no. 77-0452), corresponding
to SnO, from FTO substrate, could be observed in all samples.
The formation of FeOOH was determined by the diffraction
peak at 61.17°, indexing to the (220) peak of wustite (JCPDS
no. 74-1880). After the annealing process, the peaks were
found at 24.15, 33.16, 35.63, and 64.00°, assigning to the
(012), (104), (110), and (300) planes of Fe,O, with hematite
structure (JCPDS no. 87-1165). For CdS/Fe,0; NRs/FTO,
some new diffraction peaks at about 26.55, 30.75, 44.04, and
52.16° were well matched with the (111), (200), (220), and
(311) planes of CdS (JCPDS No. 80-0019), indicating the
successful modification of CdS on Fe,O; NRs.

Figure 1F showed the optical properties of the above
samples measured by UV—vis spectrophotometry in the range
200—1000 nm, where FeOOH had an absorption edge around
620 nm. With the formation of Fe,O; and the enhancement of
crystallinity during the calcination process, the Fe,0;
presented a wider absorption edge of about 680 nm and a
narrower E, of 2.2 eV.*® After modification by CdS
nanoparticles, the spectrum of CdS/Fe,O; NRs/FTO was
further shifted toward the long-wavelength region, exhibiting
absorption edges close to 750 nm as the estimated E; of 2.4
eV.”” The results show that the deposition of CdS on the

https://doi.org/10.1021/acs.analchem.1c00503
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Figure 3. (A) OCP of the prepared PFC-SPB without (curve a) and with (curve b) photoirradiation. (B) V—I and (C) P—I curves of the PFC-SPB
with the CdS/Fe,0; NRs/FTO photoanode and different photocathodes: Pt (a) and CuBr/ITO (b). (D) V—I and (E) P—I curves of the PEC-SPB
with the CuBr/ITO photocathode and different photoanodes: Fe,O; NRs/FTO (a) and CdS/Fe,O; NRs/FTO (b).

surface of Fe,O; NRs could improve the photoabsorption,
promote the electron—hole separation, and enhance the signal
response.

3.2. Characterization of the Aptamerg;)—PMSN—
[Fe(CN)6]3_ Conjugate. Based on the improvement of our
previous work, MSNs were prepared via the sol—gel method.””
As shown in Figure 2A, the MSNs presented a uniform
morphology of mesoporous nanospheres with a mean size of
about 250 nm. From the local magnification (Figure 2B), it
could be seen that the product had a rough surface and fine
pores. A large number of silica nanoflakes grew radially from
the center to the periphery, forming mesoporous nanospheres
with many folds on the surface. These folds provide more
specific surface area for aptamer immobilization, while the
ordered channels provide more space for the loading of
electron acceptor ([Fe(CN)4]*"). The pore size distribution
plot and N, adsorption—desorption isotherm were investigated
in Figure 2C and D. The average pore size was about 2.9 nm
with the Brunauer—Emmett—Teller (BET) surface area of 604
m?/g, which was suitable for the encapsulation of [Fe-
(CN)4]*~.* In order to prove the successful preparation of
the aptamer ,pp)—PMSN—[Fe(CN)¢]*~ conjugate and the
teasibility of target trapping, the zeta-potentials of each step
were determined. As shown in Figure 2E, after PDDA
modification, the zeta-potential of the MSNs was reversed
from —4.9 to +52.6 mV due to the adsorption of the PDDA
layer with positive charge. Another reversal occurred when
[Fe(CN)g]*>~ was encapsulated in PMSNs and sealed with
aptamerspp;). This may be due to the negative charge of
phosphate backbones in aptamers.”’ In the presence of the
targets, the aptamers adsorbed by electrostatic adsorption fell
off, so the electronegativity of the conjugate could recover to a
certain extent. These phenomena proved the successful
preparation of the aptamerypp)—PMSN—[Fe(CN)]*~ con-
jugate and the ability of the aptamer to capture the target.
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3.3. Mechanism of the Multiplexed PFC-SPB. A
multiplexed self-powered sensor based on a dual-photo-
electrode internal-driven photocatalytic fuel cell was con-
structed for simultaneous detection of OTA and AFBI. As in
Scheme 1, this platform was assembled in a single-chamber cell
with aptamergrs)/CdS/Fe,0; NRs/FTO as the bio-photo-
anode, CuBr/ITO as the photocathode, and aptamer(spp;)—
PMSN—[Fe(CN)¢]*~ conjugate as the signal probe. In the
probe design, PMSNs were used as the carriers and
[Fe(CN)4]*~ could be diffused into the channels of PMSNs.
Due to the positive charges of PDDA, the aptamers with
negative charge could be fixed on the surface of PMSNs by
electrostatic adsorption and act as a biological gate to seal
[Fe(CN)g]*>™ in the channels. When two kinds of targets
existed simultaneously, OTA would be captured and attached
to the bio-photoanode surface by the specific recognition of
aptamer(grs). Based on the steric hindrance effect, the
electronic transmission between the solid—liquid interfaces
was affected, thus reducing the signal response and realizing
the detection of OTA. Subsequently, the conjugate probe was
added to the electrolyte. After aptamer(ygp;) combined with
AFB1, the aptamers were detached from the surface of the
PMSNs, and the electron acceptors encapsulated in the
channels were released, which accelerated the electron transfer
of the external circuit and improved the signal response, thus
realizing the sensitive detection of AFBI.

In order to explore the performance of this PFC-SPB, the
influence of light irradiation was investigated. As shown in
Figure 3A, the open circuit potential (OCP) of the PFC-SPB
with photoirradiation (curve b) was about 3 times of that
without illumination (curve a). Therefore, the excitation of
light had a significant effect on the generation of electricity in
the system and was conducive to driving the migration of
electrons on the two photoelectrodes, so as to improve the
signal response. In addition, the output signal based on
different photoanodes and photocathodes was also inves-
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Figure 4. (A) Schematic diagram of the energy level and the response mechanism of the PEC-SPB. (B) EIS spectra of Fe,0; NRs/FTO (a), CdS/
Fe,0; NRs/FTO (b), aptamer(gys)/CdS/Fe,0; NRs/FTO (c), and OTA/aptamer(ors)/CdS/Fe,0; NRs/FTO (d). (C) Cyclic voltammograms
of [Fe(CN)¢]*™ at the cathode in the absence (a) and presence (b) of AFBI.
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concentration. The V—I (D) and P—I (E) responses for different concentrations of AFB1: (a) 0.001, (b) 0.02, (c) 0.1, (d) 0.2, (e) 1, (f) S, (g) 20,
(h) 50, (i) 200, and (j) SO0 ug/L in PBS (0.1 mol/L, pH 7.4) at a bias potential of 0 V. (F) Relationship between AP, and the logarithm of
AFBI concentration. The selectivity (G) and the stability (H) evaluation of the constructed multiplexed self-powered sensor.

tigated. As shown in Figure 3B and C, both of them used CdS/
Fe,0; NRs/FTO as the photoanode. Compared with the
output voltage and power density of the traditional Pt
electrode (curve a) and CuBr/ITO photocathode (curve b),
it could be seen that the maximum output power density
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(Pax) Of prepared dual-photoelectrodes PFC-SPB based on
CuBr/ITO as the photocathode was significantly higher than
that of the single photoelectrode PFC-SPB based on the Pt
electrode. These results showed that the strategy of a dual-
photoelectrode construction had stronger absorption and
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conversion ability for visible light and could effectively improve
the utilization of optical energy. The CuBr/ITO photocathode
represented excellent performance by matching the photo-
anode with an appropriate energy level. Moreover, from Figure
3D and E, the responses under different photoanode
constructions were shown. With CuBr/ITO as the photo-
cathode and Fe,O; NRs/FTO as the photoanode, P, was
1.73 yW/cm™>. However, the PFC-SPB constructed by CdS/
Fe,0; NRs/FTO exhibited about 3.6 times of P, ,, with the
value up to 6.18 uW/cm™. This may be due to the
modification of CdS nanoparticles enhancing the light
absorption effectively. Compared with the pure Fe,O; NRs,
the heterojunction of CdS and Fe,O; could effectively suppress
the recombination of electron—hole pairs and expedite the
charge separation and migration.

The detailed mechanism of electronic transmission between
interfaces was shown in Figure 4A. When the two photo-
electrodes were irradiated, the electrons in the valence band
(VB) of the photoanode and photocathode could be excited
concurrently and jumped to their conduction band (CB),
respectively, to form the electron—hole pairs. Due to the
stronger electronegativity of CdS than that of Fe,O;,
photogenerated electrons could be quickly transferred from
the CB of CdS (—0.52 V vs NHE) to that of Fe,O; (0.28 V vs
NHE)** and then injected into the FTO. Based on the large
Fermi level deviation between the photoanode and photo-
cathode (the Fermi levels of the photoanode and photo-
cathode are close to the CB of CdS and the VB of CuBr)," the
electrons were transferred to the photocathode through the
external circuit. Subsequently, these electrons accumulated on
the CB of CuBr (—1.27 V vs NHE) could be consumed timely
and effectively by the reduction of [Fe(CN)¢]*", thus
promoting the generation and migration of electrons between
the two photoelectrodes and enhancing the response.

In order to verify the feasibility of this PFC-SPB, the
interfacial characteristics and signal variation of the photo-
anode and photocathode were investigated. As shown in Figure
4B, the stepwise assembly process of the bio-photoanode was
demonstrated by the impedance spectrum. The electron-
transfer resistance (R,,) value of CdS/Fe,O; NRs/FTO was
smaller than that of Fe,O; NRs/FTO, indicating the
modification of CdS is helpful for the separation and transfer
of electrons, and the output signal of the heterojunction is
significantly greater than that of the monomer Fe,O;. After the
aptamer(gra) was fixed on the photoanode surface, the R
value increased to 245 €, due to the steric hindrance effect
caused by aptamers. When the target was captured, the value of
R, continued to increase, suggesting that OTA attached to the
photoanode surface could inhibit the transport between
interfaces. These reasonable variations in R,, explained that
the proposed self-powered sensor was feasible in OTA
detection. In addition, cyclic voltammograms (CVs) were
used to investigate the signal change of the photocathode. In
Figure 4C, in the absence of AFBI, the electron acceptor was
encapsulated in the PMSNs, so a pair of small redox peaks
were obtained. After AFB; was added, the aptamer(sppy)
hybridized with the target and separated from the surface of
PMSNS. Then, [Fe(CN)¢]*~ as electron acceptor was released;
thus, the peak current was significantly enhanced. These
responses have indicated that this multiplexed PFC-SPB could
realize the simultaneous detection of OTA and AFBI.

3.4. Analytical Performance of the Multiplexed PFC-
SPB. Based on the dual-photoelectrode internal-driven photo-
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catalytic fuel cell, the simultaneous detection of OTA and
AFB, was realized under the optimal experimental conditions
(the detailed analysis could be found in the Supporting
Information, Figure S1). The V—I and P—I curves were
investigated in Figure SA and B. With the increase of OTA
concentration, more OTA—aptamer complexes were attached
on the photoanode, which increased the steric effect and
suppressed the electron transport between the solid—liquid
interfaces, thus resulting in the decrease of short-circuit current
density and power density. In Figure SC, the change of
maximum output power density caused by OTA (APqr,) was
proportional to the OTA concentration (APgrs = Pomax —
P, o Where Py and P, .. represented the maximum output
power density in the absence and presence of a target,
respectively). When the concentration of OTA was between 1
ng/L and 20 pg/L, APqor, was linearly correlated with the
logarithm of OTA concentration. The regression equation of
OTA was calculated to be APy, = 2.20 + 0.50[log Cora (Hg/
L)] with a correlation coefficient of 0.991 and a detection limit
of 0.18 ng/L (S/N = 3). Moreover, as shown in Figure SD and
E, with the increase of AFB1 concentration, more [Fe-
(CN)4]*>™ was released into the electrolyte, which accelerated
the electron transfer between the photoanode and photo-
cathode, thus increasing the short-circuit current density and
power density. In Figure SF, APupg; (AParg; = Pomax — Pimaw
where P, represented the maximum output power density
after incubation of aptamer(,pg;)—PMSN—[Fe(CN)4]*~ con-
jugate) was positively proportional to AFB1 concentration, and
a good linear relationship was obtained between AP,gg; and
the logarithm of AFB1 concentration in the range from 1 ng/L
to 50 pg/L. The regression equation of AFB1 was calculated to
be APypp; = 2.09 + 0.57[log Cypp; (g/L)] with a correlation
coefficient of 0.991 and a detection limit of 0.82 ng/L (S/N =
3). Due to the efficient light utilization, simple operation, and
multitarget recognition, this self-powered sensor could provide
a more comprehensive and convenient detection method for
mycotoxin pollution in agricultural products. Compared with
the published reports (Table S1), this work exhibited a wider
detection range and lower detection limit. Especially, it
achieved a multitarget analysis, while most of the previous
work could detect only one target (OTA or AFB1). Its
multitarget recognition ability benefitted from the application
of an electron-transfer-regulated conversion strategy in the
design of the PFC-SPB, so that the response of each
recognition element could be distinguished without mutual
interference. In addition, the dual-photoelectrodes with
excellent photoelectric conversion properties could enhance
the absorption and utilization of light energy, so as to improve
the sensor performance. And this membrane free single-
chamber structure further promoted the development of PFC-
SPBs to miniaturization and integration.

The selectivity of the prepared PFC was investigated by
mycotoxins such as deoxynivalenol (DON), T-2 toxin (T-2),
ochratoxin B (OTB), and ochratoxin C (OTC) at the same
concentration of 5 pg/L, respectively. As shown in Figure 5G,
the responses of these interferents were much lower than those
of OTA and AFBI, revealing that the AP, was caused by the
specific recognition of aptamers. Therefore, this method had
high specificity and anti-interference ability. In addition, the
long-term stability of the self-powered sensor was shown in
Figure SH. After the photoelectrodes were kept at 4 °C for 3
weeks, the value of P, could still maintain 94% of the initial
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response, showing the excellent robustness and long-term
storage stability.

To evaluate the practicability and reliability of this sensing
platform, the recoveries of OTA and AFBI in maize were
assessed by the standard addition method. The corn kernels
were purchased from a local market. After full crushing, the 25
g of corn flour was mixed with § g of NaCl evenly and then
transferred into a volumetric flask and diluted to 100 mL with
80% methanol. Subsequently, the mixture was homogenized
and extracted at high speed for 2 min. After filtration, the
extract was diluted S times for future use. Prior to the addition
of standard solution at each concentration, the liquid
chromatography—mass spectrometry was used to ensure that
there was no OTA and AFB1 contamination. Then, 0.5 pug/L
of OTA, AFBI, and their mixture (containing 0.3 ug/L of
OTA and 0.3 ug/L of AFB1) was added into the extract
samples and tested directly without any pretreatments. As
shown in Table S2, the recoveries were 95.2% with the RSD of
6.3% for OTA, 97.4% with the RSD of 6.2% for AFB1, and
105.3—109.5% with the RSD of 3.0—-5.9% for the mixed
sample. These results demonstrated that the self-powered
sensor can be used for the simultaneous detection of two
mycotoxins in real samples.

4. CONCLUSIONS

In summary, a multiplexed dual-photoelectrode PFC-SPB
based on the electron-transfer-regulated conversion strategy for
simultaneous detection of OTA and AFB1 was designed, which
was composed of the CdS/Fe,0; NRs/FTO photoanode and
CuBr photocathode in a membrane free single chamber. This
proposed PFC-SPB exhibited a wide linear range of 1 ng/L to
20 pg/L for OTA detection and 1 ng/L to 50 ug/L for AFB1
detection with the detection limit of 0.18 ng/L for OTA and
0.82 ng/L for AFBI. Its excellent selectivity, sensitivity, and
multitarget recognition ability benefited from the following
aspects: (1) Based on the electron-transfer-regulated con-
version strategy, the signal response of each recognition
element could be distinguished. And this strategy was not
highly dependent on the type of photoactive materials, the
precision of electrode modification, and the performance of
light sources. (2) No external voltage was required for the
application process, which prevented the nonspecific redox
reaction of some electroactive interferents on the electrode
surface, thus obtaining a higher selectivity. (3) The structure of
a dual-photoelectrode system and membrane free single
chamber could shrink the device dimension, which provided
a new construction strategy for the development of
miniaturized devices. (4) The photoanode and photocathode
with a high efficiency of photoelectric conversion could
improve the utilization of light energy, enhance the sensitivity
of analysis, and avoid the expensive Pt electrode. In a word,
this sensor was low-cost and time-saving, which not only
exhibited the comprehensive and accurate results for
mycotoxin contaminated samples but also provided a useful
perspective for the development of a multiplexed self-powered
Sensor.
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