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Abstract

Herein, a novel signal-on photoelectrochemical (PEC) biosensor with nearly zero background noise (ZBN) was first fabricated to
determine the presence of organophosphorus pesticide based on in situ formation of DNA-templated Ag,S photoactive materials,
accompanied by hybridization chain reaction (HCR) signal amplification. The capture probe (S1) on the gold nanoparticle-
modified electrode can hybridize with the aptamer molecule to generate a simple PEC biosensor. In the presence of a target
molecule, the aptamer molecule is released on the double-stranded DNA (dsDNA)-modified PEC biosensor. Meanwhile, the
capture probe remains on the electrode and can open the DNA hairpins (H1, H2) which are rich in cytosine, to trigger the HCR
reaction. The rich “C” strands are uncovered after formation of a long dsDNA polymer strand, which can assemble multiple silver
ions (Ag") by means of by C~Ag™—C chelation. Then, a large number of Ag,S can be generated by challenging with S*~ solution,
producing a satisfactory photocurrent signal. The photoactive material is formed in situ, which eliminates the laborious operation.
Moreover, the signal can be highly amplified with nearly zero background noise and HCR signal amplification. Under optimal
conditions, the ZBN aptasensor exhibited high sensitivity and selectivity, with a low detection limit of 2 pg mL™" for malathion.
Importantly, the sensing platform can also be applied to determine the presence of malathion in real samples.
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Introduction [4, 5]. It has been reported that the high toxicity of OPs is

related to their ability to irreversibly inhibit the catalytic activ-

Organophosphorus pesticides (OPs), as the most commonly
used group of pesticides, are indispensable substances in ag-
riculture to ensure high crop production, owing to their low
persistence and high effectiveness [1-3]. However, the mass
application of OPs has caused serious public health concerns
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ity of acetylcholinesterase, a crucial central nervous system
enzyme, causing neuromuscular paralysis and organ failure.
The development of a reliable and sensitive strategy for effi-
cient detection of OPs has thus become a global necessity [6].
Various analytical methods have been designed for the deter-
mination of OPs including high-performance liquid chroma-
tography [7], gas chromatography-mass spectrometry [8],
thin-layer chromatography [9], and liquid chromatography-
tandem mass spectrometry [10]. Despite the satisfactory per-
formance of the classical technique, it possesses some intrinsic
limitations such as heavy reliance on professional staff and
sophisticated instrumentation. Thus, a simple and effective
strategy is needed for OP determination.
Photoelectrochemical (PEC) bioassay, an innovative ana-
lytical method, has attracted great interest due to the distinct
advantages of high sensitivity, simple instrumentation, and
easy miniaturization [11]. Additionally, in comparison with
the classical electrochemical bioassay, the sensitivity of the
PEC bioassay is greatly improved due to the lower
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undesirable background noise [12—14]. Notably, photoactive
materials that generate a photocurrent play a vital role in the
construction of the PEC sensing platform. To date, various
types of photoelectric materials have been designed and ap-
plied for fabrication of PEC bioassays, including TiO,, CdS,
BiVOy,, graphene, and co-sensitized structures [15-19]. Our
group recently constructed a signal-on PEC sensing platform
for the detection of ochratoxin A based on decahedral Au—
BiVO,@MoS, as the photoactive material [20]. Results indi-
cated that the sensing performance was significantly improved
by the co-sensitized system and the in situ-generated
polyaniline wire enwrapped on the long linear DNA polymer-
ic skeleton. However, the signal amplification was still limited
because the photoactive material was directly modified on the
electrode, causing high background signal [21]. Thus, a signal
transduction mechanism with reduced background noise was
still needed for the PEC platform.

Recently, a signal transduction mode with zero background
noise (ZBN) was proposed for designing a high-efficiency
ZBN PEC biosensing platform for detection of vascular endo-
thelial growth factor [22], protein kinase A activity [23], and
miroRNA14 [24]. The introduction of suitable photoactive
materials with high photoelectric conversion efficiency signif-
icantly improved the sensitivity of the ZBN PEC biosensor,
because it was located far from the surface of the electrode.
Silver sulfide (Ag,S), with a narrow direct band gap and wide
absorption spectrum (nearly the whole visible region), is a
suitable candidate for construction of a high-efficiency ZBN
PEC biosensor [25, 26]. A number of methods have recently
been applied for the synthesis of various kinds of Ag,S, in-
cluding microwave-activated synthesis [27], direct aqueous
synthesis [28], an oil phase-based high-temperature route
[29], and reverse microemulsion [30]. Despite satisfactory re-
sults of these strategies, there are still some limitations. For
example, (i) synthetic nanoparticles also involve high-
temperature conditions, a large amount of stabilizing agent
or heavy synthesis; (ii) the photocurrent signal may decrease
after labelling with biomolecules (antibody or DNA); and (iii)
the morphology and the performance of the nanomaterials
may change after a long period of storage. Thus, exploration
of an alternative method based on photoactive materials gen-
erated in situ would be advantageous.

Signal amplification is important for constructing a sensi-
tive ZBN photoelectrochemical biosensor. Hybridization
chain reaction (HCR), a significant discovery in DNA nano-
technology, has attracted enormous interest due to its isother-
mal amplification and enzyme-free polymerization [31, 32]. A
long double-stranded (ds)DNA product can be formed by the
DNA polymerization process between two metastable DNA
hairpins triggered by an initiator. It has been reported that a
long dsDNA polymer can act as a scaffold for loading multi-
ple enzymes [33], nano-catalysts [34], signal molecules [35],
metal ions [36], and photoactive materials [37]. Moreover,
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single-stranded DNA fragments on a long dsDNA polymer
can be used as a template for synthesizing nanoparticles. In
this contribution, we propose a simple ZBN PEC biosensing
platform to enable the sensitive detection of OPs based on in
situ formation of DNA-templated Ag,S photoactive materials.
As designed, the target molecule can open the hairpin probe
(H1, H2) which is rich in cytosine, to promote the HCR reac-
tion. Thus, the rich “C” strands on the hairpin probe will be
exposed after the HCR reaction, which can be used to assem-
ble of multiple silver ions by C~Ag"™—C chelation [38]. Then,
the Ag,S can be generated in situ through the interaction be-
tween S* and Ag* ions, producing a desirable PEC signal.
Because this approach does not require pre-synthesis of the
photoactive material or direct modification of the photoactive
material on the photoelectrode, the proposed ZBN PEC sensor
is a convenient and sensitive method for the determination of
OP molecules.

Experimental
Material and chemicals

Na,S, AgNO; and Na,SO,4 were supplied by Aladdin
(Shanghai, China). HAuCl,;-3H,0 and malathion were ac-
quired from Sigma-Aldrich (St. Louis, MO, USA). The apple
juice samples including malathion were purchased from
Kangtan Biotechnology Co. Ltd. (Guangdong, China).
Deionized water (with a specific resistance of 18.2 M(2 cm
at 25 °C) was obtained with a Milli-Q water purification sys-
tem (Millipore SAS, France).

All the synthetic DNA utilized in all processes were prod-
ucts of Sangon Biotech Inc. (Shanghai, China). The detailed
sequences of DNA are as follows:

S1: 5'-AAT TCG GGA GCC AAC ACC AGC ACA-3'
Aptamer: 5’-ATC CGT CACACCTGC TCT TAT ACA
CAA TTG TTT TTC TCT TAA CTT CTT GAC TGC
TGG TGT TGG CTC CCG TAT-3’

HI1: 5°-CCC CCC CCC CCC TTA CGC CAC CTG
GAG AAT TGC TGC TGG TGT TGG CTC CCG
TGG GT-3°

H2: 5'-TGG GTC AAT TCT CCA GGT GGC GTT
CGG GAG CCA ACA CCA GCA TCC ccCcC ccc
ccecey

Preparation of the PEC aptasensor for malathion

Firstly, a bare glassy carbon electrode (GCE) was repeatedly
polished with 0.05 wm alumina slurry to obtain a completely
clean surface, followed by sonication in anhydrous ethanol
and deionized water alternately for 3 min [39]. After coating
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with 5 pL Nafion ethanol solution (v/v, 2%), the Au was
modified on the electrode surface by electrodeposition under
an electric potential from —0.2 V to 1 V. Subsequently, the
electrodes were washed with ultrapure water and dried in air.
Then 10 uL of 1 uM S1 was incubated on the electrodes for
2 hat37°C. Next, 10 uL of 2 uM aptamer was dropped onto
the electrodes to react at 37 °C for 1 h. After washing with
ultrapure water, 10 puL of the malathion at different concen-
trations was incubated with the abovementioned mixture at
37 °C for 1 h. Malathion selectively combined with its
aptamer, leading to the dissociation of the aptamer from the
initiator strand. The above electrode reacted with the mixture
containing 5 uL of 2.5 uM H1, 5 uL of 2.5 uM H2, and 5 uL
of 4 mM AgNOs; to trigger the HCR at 37 °C for 70 min, while
a C-Ag"—C chelation reaction occurred. Next, 15 pL of
10 uM Na,S was added to the modified electrodes at room
temperature for 5 min. During this process, the Ag,S
photoactive material was formed.

PEC measurement

After washing, the above electrode was immersed in 15 mL
0.1 M Na,SO,. The PEC measurement was carried out on a
CHI 760E electrochemical workstation (CH Instruments,
Shanghai, China), which was configured with a 500-W Xe
lamp (NBET, Beijing, China) as the excitation light source
under a constant potential of 1.0 V.

Results and discussion
The principle of the aptasensor

As shown in Scheme 1, a new type of photoelectrochemical
sensor with near-zero background signal based on in situ gen-
eration of a Ag,S photosensitive material and HCR nucleic
acid signal amplification was designed for the detection of
malathion. Firstly, S1 was fixed on the electrode surface by
a Au—SH bond and then hybridized with the aptamer. After
the addition of malathion, it was able to selectively bind with
the aptamer and cause the exposure of S1. Subsequently, free
S1 triggered the HCR in the presence of HI and H2, resulting
in the generation of DNA concatemers. Simultaneously, C—
Ag*—C chelation was formed with the addition of Ag*. After
that, the in situ-formed Ag,S by the interaction of Ag* and S*~
presented a satisfactory signal to indicate the recognition of
malathion.

Morphological characterization of Ag,S
The successful synthesis of DNA-templated Ag,S nanoparti-

cles is critical for this strategy. To investigate the morphology
of the as-synthesized Ag,S nanoparticles, scanning electron

microscopy (SEM) was used. In Fig. 1A, the SEM image
shows that the Ag,S nanoparticles formed were spherical,
with an average diameter of 610 nm. The elemental compo-
sition of the Ag,S nanoparticles was characterized using
energy-dispersive spectrometry (EDS) (Fig. 1C), which con-
firmed that Ag, S and O were present in the nanostructures. In
addition, the transmission electron microscopy (TEM) image
of Ag,S illustrates that the spherical nanoparticles were well
distributed, with an average size of 7 nm. The high-resolution
transmission electron microscopy (HRTEM) image shows a
regular lattice fringe of 0.231 nm, which is in accord with the
crystalline (-1, 0, 3) plane of Ag,S (Fig. 1D) [40]. The results
revealed that Ag,S can be formed in situ through the interac-
tion of S*~ and Ag" ions.

Evaluation of feasibility

The successful formation of HCR is essential for enhancing
the performance of this PEC aptasensor. Therefore, as
displayed in Fig. 2A, agarose gel electrophoresis was used
to investigate the successful implementation of the HCR pro-
cess. Lanes 1, 2, 3, and 4 represent the gel electrophoresis
image of S1, H1, H2, and the mixture of H1 and H2, respec-
tively. As indicated from lane 4, only one spot was observed.
Therefore, it is obvious that the HCR cannot be processed
without S1. When S1 was added to the mixture of H1 and
H2 (lane 5), a typical bright band of HCR was obtained, indi-
cating that the HCR process was successfully carried out.

Afterwards, the PEC signals in the presence and absence of
the target malathion were recorded to further verify the feasi-
bility of the HCR signal amplification strategy. Effectively, in
the absence of a target molecule (curve a), HCR could not
readily occur because S1 was covered by the aptamer [14].
Similarly, introduction of the target to the S1-aptamer DNA
complex structure did not enhance the photocurrent of the
sensor due to the lack of the C-Ag*—C structure (curve b),
which suppressed the growth of Ag,S. In contrast, the photo-
current was strongly increased after the target-triggered HCR
process was carried out (curve c). During the process, Ag,S
was formed in situ on the long DNA concatemer. Hence, these
results validated the feasibility of this PEC aptasensor based
on the in situ-formed Ag,S photosensitive material and HCR
signal amplification.

Photoelectrochemical and electrochemical
characterization of the aptasensor

Photoelectrochemical characterization (PEC) was applied to
measure the features of the step-by-step modified electrode.
As indicated in Fig. 3A, no photocurrent signal was obtained
at the bare GCE (curve a) [21]. When the electrode was mod-
ified stepwise by Au nanoparticles (NPs; curve b), S1 (curve
¢), aptamer (curve d), malathion (curve e), H1, H2, and Ag*
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Scheme 1 Schematic illustration of the photoelectrochemical sensor based on HCR and in situ generation of a Ag,S photosensitive material for the
detection of malathion.

(curve 1), there was still no photocurrent response. Upon the  on the electrode. The semicircle size on the Nyquist plot re-
addition of S*7, the in situ synthesis of Ag,S NPs onthe DNA  flects the carrier transfer performance. Figure 3B shows that
concatemers obtained a strong photocurrent signal (curve g). the charge transfer resistance (R, value of the bare GCE is

Electrochemical impedance spectroscopy (EIS) was 201.6 Q (curve a). After the electrode is modified by AuNPs,
employed to further characterize the gradual electron transfer ~ the R value is decreased to 70.4 €2 (curve b), indicating that

Fig. 1 (A) SEM image, (C) EDS A
image, (B) TEM image, and (D)
HRTEM image of the in situ for-

mation of Ag,S by HCR
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Fig. 2 (A) Agarose gel
electrophoresis image (M:
marker, lane 1: 2.0 uM S1, lane 2:
2.0 uM H1, lane 3: 2.0 uM H2,
lane 4: 2.0 uM H1 and 2.0 uM
H2, lane 5: 5.0 uM S1, 5.0 uM
H1, and 5.0 uM H2); (B) photo-
current response in the absence of
(a) malathion, and without (b)
HCR and with (¢) HCR in the
presence of 6 ng mL ™" malathion

A

AuNPs have excellent electron transfer capability. The R,
value is then increased to 89.5 2 (curve ¢) with the modifica-
tion of S1. When the electrode is incubated with the aptamer,
the R value of the electrode is further increased to 116.8 €2
(curve d) with the inhibition of electron transfer [41]. After the
introduction of malathion, the R, value is decreased to 99.2 Q2
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because the target malathion combined selectively with the
aptamer (curve e). Upon the addition of the mixture contain-
ing H1, H2, and Ag" to the electrode, the R, value is 105.1
(curve f). Compared with curve d, the R, value of the elec-
trode is decreased (curve f), which is attributed to the greatly
improved electron transfer ability by Ag™ [42]. Nevertheless,

Fig. 3 PEC response (A) and EIS A B
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Fig. 4 Influence of (A) competi-
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when S? is modified on the electrode, the R, value is dra-
matically increased to 1046.3 € (curve g) on account of the
poor conductivity of the Ag,S NPs. In short, the measurement
results of EIS were highly consistent with those of PEC [32].

Additionally, cyclic voltammetry (CV) proved to be a reli-
able tool for the electrochemical characterization of the
aptasensor. The CVs of a bare GCE electrode (Fig. 3C) and
a modified GCE (Fig. 3E) were investigated at different scan
rates in 0.1 M KCI containing 5.0 mM [Fe(CN)¢]* "*".
Significantly, when the electrode was modified with the
Ag,S NPs, the peak currents decreased and the peak-to-peak
separation (AE,) increased. In addition, the redox peak

Concentration of $* (mM)

currents of the bare electrode (Fig. 3D) and the modified elec-
trode (Fig. 3F) show a good linear relationship, with the
square root of the scan rate in the range of 10-100 mV s,
thus illustrating that the redox reaction is a diffusion-
controlled and quasi-reversible process. The electroactive area
of the bare electrode and modified electrode were calculated
using the Randles—Sevcik equation:

iy = (2.69 x 10°) n*3AcD"/*v'/? (1)

where i, is the peak current, # is the electron transfer number,
A is the electroactive area (cm?), ¢ is the analyte concentration,

Table 1 Comparison of assay
performance between the

developed sensing platform and
other strategies

Probe Linear range Detection limit Reference
Electrochemical Sensor 0.5-20 nM 0.3 nM [44]
Electrochemical Sensor 0.89-5.94 and 5.94-44.6 nM 0.68 nM [45]
Colorimetric Sensor 0.05-0.8 uM 11.8 nM [46]
Electrochemical Sensor 0.1-100 nM 0.1 nM [47]
Electrochemical Sensor 1-12 nM 0.1 nM [48]
Electrochemical Sensor Not reported 0.3 nM [49]
Photoelectrochemical Sensor 0.006-600 ng mL™" 2 pgmL™! This work
(0.018-1816.20 nM) (0.006 nM)
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Fig. 5 (A) Photocurrent
responses and (B) corresponding
linear calibration curve of this
PEC aptasensor at different con-
centrations of malathion (a—f:
0.006, 0.06, 0.6, 6, 60,

600 ng mL™"); (C) the stability
evaluation of malathion under
periodic light for 10 cycles.; (D)
specificity of the PEC aptasensor
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D is the analyte diffusion coefficient (7'=298 K), 0.673 x
10~° cm?s ', and v is the scan rate (W% s_l), 0.01 Vs ' The
calculated electroactive area of the bare electrode is
0.079 cm2, and that of the modified electrode decreases to
0.071 cm?,

The heterogeneous electron transfer (HET) rate constant
(k%) was estimated for the bare and modified electrodes via
the Nicholson method. The estimated equation is displayed
below [43]:

& = k°[xDnuF /(RT)] '/ (2)

where @ is the kinetic parameter, F is the Faraday constant, R
is the universal gas constant, and 7'is the solution temperature.
In addition, the kinetic parameter ® is a function of AE,,
which relies on the following expression:

d = (~0.628 + 0.0021X)/(1-0.017X) (3)

where X = AE,, the k° value of the bare electrode is
0.1662 cm s ! and the value of the modified electrode

100 150 200 250 300

° & \*é’v
Time (s) ¢ R

decreases to 0.0957 cm s . The results may be attributed to
the poor conductivity of Ag,S NPs, which corresponds to the
above EIS data.

Optimization of experimental conditions

In order to obtain the optimal PEC aptasensor performance,
several conditions were optimized, including the competitive
reaction time between malathion and aptamer, HCR time,
concentration of Ag*, and concentration of S*".

First, the effect of competitive reaction time between mal-
athion and the aptamer was monitored. Figure 4A shows that
the photocurrent response increased gradually with the in-
crease in the reaction time and reached its maximum value
at 50 min. Therefore, 50 min was chosen as the optimized
competitive reaction time. In addition, the PEC aptasensor
performance largely depended on HCR. Thus, the reaction
time of HCR was studied. Figure 4B shows that the response
signal increased gradually with the reaction time and reached
a stable level at 70 min due to the limitation of H1 and H2. A

Table 2  Results for detection of malathion in apple juice by the PEC aptasensor (n = 3)

Sample Malathion Added Expected Found Recovery RSD
(ng mL™") (ng mL™") (ng mL™) (ng mL) (%) (%)

1 130.14 0.06 130.20 130.197 95 2.94

2 130.14 0.6 130.74 130.73 98.3 1.39

3 130.14 6 136.14 135.90 96 2.16

4 130.14 60 190.14 192.21 103.5 1.27
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Table 3  Comparison of the PEC method with gas chromatography for
the determination of malathion in apple juice (1 =3)

Sample GC method (ng mL ") PEC method (ng mL ") Student #test

1 2 +0.06 1.98 £ 0.08 0.20
2 5+0.05 5.06 = 0.03 0.41
3 10 + 0.08 10.13 + 0.04 0.29
4 20 + 0.04 20.27 + 0.06 0.37
5 32.5+£0.02 32.83 £ 0.03 0.65
6 65 +0.02 65.55 £ 0.02 0.62
7 130 + 0.01 130.14 + 0.01 0.15

longer reaction time of HCR produced no further increase in
the response signal. Therefore, in the interest of time, a reac-
tion time of 70 min was applied as the optimal time for HCR.

The choice of the concentration of Ag* and S* was also
crucial for the generation of Ag,S. The results in Fig. 4C show
that the maximum response signal was obtained at4 mM Ag*.
Hence, 4 mM Ag"* was used for fabricating the aptasensor.
Figure 4D shows that the photocurrent signal increased grad-
ually with an increase in the S~ concentration from 2 mM to
10 mM. A further increase in the S*~ concentration yielded no
significant enhancement in the photocurrent response, so
10 mM S* was adopted for the preparation of the assay.

Analytical performance

Under the optimal assay conditions, the PEC aptasensor was
used for the detection of different concentrations of malathion.
As can be seen from Fig. 5A, the photocurrent response in-
creased stepwise with the increase in malathion concentration
from 0.006 to 600 ng mL ™", Figure 4B reveals that the photo-
current was proportional to the logarithm of malathion con-
centration in a dynamic range of 0.006-600 ng mL ™', with a
detection limit of 2 pg mL™". The linear regression equation
was calculated to be I =0.7232 1gC,,. + 2.8109, with a reliable
correlation coefficient of 0.9888. Moreover, the aptasensor
exhibited a broader linear dynamic range and a lower detec-
tion limit than the values reported in previously published
studies (Table 1).

The stability and specificity of the PEC aptasensor based
on the in situ formation of Ag,S NPs is critical to developing a
new analytical strategy. As illustrated in Fig. 5C, the photo-
current signal was detected by repeatedly turning the lamp on
and off 10 times. There was no significant change in the pho-
tocurrent, suggesting that the system had reliable stability. In
addition, the specificity of this PEC aptasensor was detected
by examining the system with non-target analytes including
dichlorvos (Dic) and chlorpyrifos (Chl). As shown in Fig. 5D,
the system did not respond to a high concentration
(2 mg mL™") of non-target analytes. By contrast, the
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photocurrent signal of the mixture containing (100 ng mL ™)
malathion and non-target analytes was similar to malathion
alone, indicating the excellent specificity of this PEC
aptasensor for malathion.

Recovery measurement

The practicability of the PEC aptasensor was investigated in
apple juice samples using the standard addition method. First,
the malathion concentration in the original apple juice samples
was detected using this PEC aptasensor. Following that, var-
ious concentrations of standard malathion (0.06, 0.6, 6,
60 ng mL™") were added to these samples to measure the
corresponding photocurrent by the PEC method. The recovery
was calculated according to the following equation [50]:

1-C2
Recovery (%) = (CC3C ) x 100 4)

where C1 is the final concentration, C2 is the initial concen-
tration and C3 is the added concentration.

It can be observed from Table 2 that the recoveries of
malathion were within a range of 95-103.5% and the relative
standard deviation (RSD) varied from 1.27 to 2.94%.

In addition, the photocurrent signal of different amounts of
malathion in apple juice was measured by a reference gas
chromatography method and the developed PEC aptasensor
method. A comparison of the results in Table 3 shows a
Student #-test value of between 0.15 and 0.65, revealing the
excellent reliability of this system.

Conclusions

In conclusion, by coupling of HCR-promoted in situ genera-
tion of photoactive materials, a sensitive signal-on ZBN PEC
biosensor was developed for determination of malathion. The
target molecule hybridized with the aptamer molecule and
triggered the HCR reaction to generate a long dsDNA poly-
mer containing multiple “C” strands. The long dsDNA
concatemer was employed to load silver ions by the terminat-
ed C-rich strands. After treatment with S**, a large number of
Ag,S were generated on the long dsDNA concatemer, pro-
ducing impressive photocurrent response. Benefiting from the
ZBN and HCR signal amplification strategy, the proposed
PEC biosensor displayed a wide linear range, low detection
limit, and excellent selectivity. Therefore, this concept offers a
new analytical strategy for developing ZBN signal-on PEC
and provides a powerful tool in the field of food safety testing.
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