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Rational design and fabrication of Z-scheme visible-light-driven photoactive materials have drawn much at-
tention owing to their great potential in handling environment and energy crisis. In this work, Z-scheme Bi»S3/
nitrogen-doped graphene quantum dots (NGQDs) with superior photoelectric conversion efficiency were de-
signed and fabricated, which demonstrated enhanced photoactivity compared with Bi,S; owing to the improved
separation efficiency of photogenerated electron and hole pairs. The emphasis was put on designing Z-scheme
Bi»S3/NGQDs, and then the mechanism of Z-scheme charge transfer mode was verified by the electron spin
resonance (ESR) technique. On this basis, the proposed sensor exhibited a wide linear range of 0.1-120 nM and a
detection limit of 0.03nM (S/N = 3) for SDM, with high sensitivity (0.075 pA nM -1, good selectivity and
stability. Moreover, the proposed PEC aptasensor using Bi»S3/NGQDs as the photoelectrode achieved sensitive
and selective determination of sulfadimethoxine in milk samples. This work could provide some ideas for de-
signing other Z-scheme photoactive species and insights into the charge transfer mechanism of Z-scheme.
Furthermore, the promising applicability of PEC aptasensor using photoactive species could be extended to other

accurate monitoring for contaminants.

1. Introduction

Visible-light-driven photoactive species are identified as promising
and ideal candidates for extensive photochemical applications in re-
solving the environment and energy crisis due to its higher utilization
efficiency to the solar light (Chen et al., 2010; Kubacka et al., 2016;
Hong et al.,, 2016). To achieve these demanding goals, various Z-
scheme type systems have been investigated based on semiconductors
possessing band structures with a staggered alignment and different
band gaps (Yang et al., 2013; Li et al., 2015). These systems utilize
broadband light adsorption, efficient separation and transport of pho-
togenerated charges, as well as preserve sufficient band-edge potential
(Bai et al., 2015; Yuan et al., 2017). Compared with the typical het-
erojunction system, the construction of Z-scheme type systems can re-
duce the recombination of photogenerated electron-hole pairs and
maintain excellent redox ability (Zhou et al.,, 2014). However, the
majority of the fabricated Z-scheme systems always included noble
metal (Ag, Ru) (Wang et al., 2011; Sasaki et al., 2013) or redox pair
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(I057/T, Fe3* /Fe**) (Maeda et al., 2013), leading to much difficulty in
practical applications. Thence, it is significant to design a new Z-scheme
system on basis of visible-light-responsive photoactive materials.
Bismuth sulfide (Bi»S3), a semiconductor with a narrow band gap
(E,) of 1.3 eV, has attracted much attention in photochemical applica-
tions and PEC sensors due to its better photo-electron conversion effi-
ciency (Liu et al., 2015, 2017a, 2017b; Gao et al., 2016). Recently,
Wang's group constructed a CdTe-Bi,S; heterojunction for fabricating
photoelectrochemical (PEC) biointerface, which exhibited obvious
change of photocurrent responses during the detecting process (Liu
et al., 2017a, 2017b). Nevertheless, the focus is still developing more
efficient systems to obtain improved separation and transfer of photo-
generated charges. Fortunately, the formation of Z-scheme type het-
erostructure by integrating two semiconductors which have proper
band energies can improve the separation efficiency of photogenerated
electron-hole pairs, and thus enhance the photoactivity of fabricated
systems (Wetchakun et al., 2012). Nitrogen-doped graphene quantum
dots (NGQDs) can serve as an ideal electron mediate due to its
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Fig. 1. TEM images of (A) Bi,S3 and (B) Bi»S3/NGQDs and (C) XRD patterns of Bi»S3; and Bi»S3/NGQDs and (D) XPS survey spectrum of Bi,S3/NGQDs.

superiorities in conductivity, biocompatibility, and photochemical
properties (Li et al., 2012; Zhu et al., 2017; Yan et al., 2016). In this
work, the PEC activity was dramatically enhanced by the Bi»S3/NGQDs
formation with Z-scheme structure, which was benefit for improving
the sensitivity of the photoelectrochemical sensor. PEC aptasensor,
coupling the advantages of PEC technique and aptamer, has been re-
garded as an effective detection method in bioanalysis. This method has
significant merits, such as high sensitivity, low background, and spe-
cific selectivity (Zhao et al., 2014, 2016). Two important elements
should be included in PEC aptasensor: 1) the PEC active materials
transferring photoirradiation into electrical signal, 2) biological re-
cognition aptamer identifying specific target molecules for bioanalysis
(Zhao et al., 2015). To achieve these two requirements, photoactive
species with superior photoelectric conversion efficiency and targeted
biomolecules are required.

Sulfadimethoxine (SDM) has been extensively used in veterinary
treatment of coccidiosis and other bacterial infections (Song et al.,
2012), however, an early study suggests that SDM at low concentration
also has toxic effects on the target organisms and even the whole eco-
system (Biatk-Bieliniska et al., 2012). Thus, the sensitive detection of
SDM is needed even at low concentrations. Herein, an efficient PEC
aptasensor for sensitive and selective detection of SDM was established
on the basis of Z-scheme type Bi,S3/NGQDs as the photoactive reagent.
The proposed PEC aptasensor exhibited several merits including wide
linear range, low detection limit, good selectivity and satisfactory re-
coveries when it was used to quantify SDM in real milk samples.
Moreover, the mechanism for the enhanced PEC activity of Z-scheme
Bi»S3/NGQDs was also studied.

2. Experimental section
2.1. Preparation of Bi,S3/NGQDs

Bi,S; and NGQDs were obtained according to previous literatures
with modification (Okoth et al., 2016; Yin et al., 2016). 1.82g Bi

(NO3)35H,0 was dissolved in 25 mL ethylene glycol, which was stirred
for 30 min to obtain solution A. 1.35g Na,S‘9H,O was dissolved in
30 mL ultrapure water to obtain solution B. Then, solution B was added
drop-wise into solution A, coming into being a large mass of black
suspension. Meanwhile, 1.35 g urea was also dissolved in 20 mL ultra-
pure water and then put into the above suspension. Subsequently,
NGQDs with a certain amount was also added dropwise into the sus-
pension, which was further stirred for 30 min. The resulting mixture
was transferred into a Teflon lined stainless steel autoclave, sealed and
maintained at 160 °C for 12h, and the product was centrifuged and
washed with ultrapure water and alcohol for several times. The final
products were then dried to obtain the Bi»S3/NGQDs powder. In the
same way, Bi,S3 were synthesized without adding NGQDs.

2.2. Construction of PEC aptasensing interface

Prior to fabrication, ITO electrodes were treated with NaOH (0.5 M)
solution and sonicated in ultrapure water and alcohol. Then, 20 pL of
Bi,S3/NGQDs dispersion with a concentration of 2 mg mL™ was casted
onto ITO and then dried at room temperature. Subsequently, 20 uL of
0.05% chitosan (CHIT) solution as the fixing agent was decorated on
the ITO electrode. After then, served as a cross linker for the amine-
functionalized aptamer, 20uL of 0.05% glutaraldehyde (GA) was
dropped on and left at room temperature for 1 h. Next, 20 uL of amine-
functionalized SDM aptamer (2.5 uM) was immobilized on the CHIT/
Bi,S3/NGQDs/ITO electrode surface and incubated at 4 °C for 12 h. It is
mentioned that NH, group in the aptamer is covalently attached to NH,
group of the immobilized CHIT on the ITO electrode using glutar-
aldehyde (GA) as crosslinking agent (Khezrian et al., 2013). The ob-
tained aptamer/GA/CHIT/Bi>S3/NGQDs/ITO electrode was rinsed
thoroughly with PBS (pH 7.0) to remove unabsorbed aptamers. The
amount of the aptamer on the modified electrode surface were esti-
mated by a One Drop™ OD-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, USA) at 260 nm, and the amount of aptamer
combined on the electrode surface is 0.02712 OD. Then, the interface



F. You et al.

was covered with 10 puL (1 mM) bull serum albumin (BSA) and then was
put in room temperature for 1h to block nonspecific active sites, fol-
lowed by rinsing with ethanol and ultrapure water, respectively (Zhao
et al., 2012). Finally, the PEC signals of the SDM-aptamer/GA/CHIT/
Bi»S3/NGQDs/ITO were used for SDM detection.

3. Results and discussion
3.1. Characterization of the samples

TEM was investigated to obtain the detailed morphologies of Bi,S3
and Bi»S3/NGQDs. As shown in Fig. 1A, the surface of Bi,S; was pretty
smooth and clear to be seen. Moreover, Fig. 1B demonstrated the TEM
image of Bi»S3/NGQDs, which illustrated that NGQDs was decorated on
the Bi,S; surface. Furthermore, it was obvious that Bi,S3/NGQDs sur-
face became rougher than Bi,S; (the inset of Fig. 1B).

The phases of Bi,S; and Bi,S3/NGQDs were characterized by XRD.
As shown in Fig. 1C, some main diffraction peaks around 25.02°,
28.51°, 31.79°, 35.66°, 46.64°, and 52.60° were detected for Bi,Ss
(curve a) and Bi,S3/NGQDs (curve b), which were ascribed to the (130),
(211), (301), (240), (431), and (351) planes of Bi»S3 (JCPDS NO.
17-0320) (Fang et al., 2011). However, no obvious diffraction peaks of
NGQDs were heeded in Bi»S3/NGQDs owing to a little content and high
dispersion that could not be resolved by XRD (Yin et al., 2016). Besides,
no other diffraction peak was found in Bi,S3/NGQDs, which suggested
the high-purity of as-prepared sample.

XPS analysis was employed to elucidate the chemical composition
and electronic structure of Bi»S3/NGQDs. As shown in Fig. 1D, BisS3/
NGQDs was composed by Bi, S, C, O and N elements. Fig. S1A revealed
the high-resolution XPS spectra of Bi 4 f and S 2p, as shown, the Bi 4 f,,,
and Bi 4 f5,, peaks at 158.4 and 163.8 eV, and the S 2p peak at 161.2 eV
(Rauf et al., 2015). Furthermore, high-resolution XPS spectra of Cls
(Fig. S1B) peaks at 284.6, 285.2, 286.6, 287.4, and 288.9 eV were as-
cribed to C-C, C-N, C-O, C=0O, and O-C-O, respectively (Yin et al.,
2016). In addition, the N 1s (Fig. S1C) spectrum illustrated four peaks
around pyridine N, pyrrolic N, graphitic N, and N — H, respectively (Yin
et al., 2016). All these characterizations above proved the Bi,S3/NGQDs
were successfully synthesized.

3.2. PEC properties of the modified electrodes

So as to examine the PEC behavior of different electrodes, a com-
parative trial was investigated under visible light irradiation. As illu-
strated in Fig. 2A, the PEC responses of Bi,S3/ITO (curve a) and Bi,S3/
NGQDs/ITO (curve b) were 5.8 and 12.0 pA, which was ascribed to the
effective separation of photogenerated electron-hole pairs in Bi»S3/
NGQDs. Furthermore, EIS characterization was employed to study the
charge transfer processes (Jiang et al., 2015). As shown in Fig. 2B,
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Bi»S3/NGQDs/ITO (curve b) demonstrated a decreased diameter of the
semicircle compared to Bi,S3/ITO (curve a), suggesting that the in-
troduction of NGQDs modified Bi,S3 could accelerate the charge
transfer process on the electrode surface. It's generally accepted that the
recombination of photogenerated charges could enhance the PL emis-
sion signal (Xu et al., 2013), thus the PL technique was employed in this
work. As demonstrated in Fig. S2, Bi,S3/NGQDs possessed a weaker
peak than Bi,S3, which suggested the formation of Bi,S3/NGQDs could
accelerate the separation of photogenerated electron-hole pairs (Jiang
et al., 2012).

3.3. Fabrication of PEC aptasensor

A selective and sensitive PEC aptasensor was established with
visible-light-driven Bi»,S3/NGQDs photoactive species for SDM detec-
tion. Fig. 3A represents the photocurrent of aptasensor during the
fabrication and detection process. For Bi,S3/NGQDs/ITO (curve a), a
relative high photocurrent was obtained, suggesting the effective se-
paration of photogenerated electron and holes. After CHIT molecules
assembly, the photocurrent intensity demonstrated a little decrease
(curve b). This revealed that CHIT molecules had no obvious effect on
Bi,S3/NGQDs as photoactive materials. Furthermore, the photocurrent
signal was found to be further decrease after immobilization of the
aptamer (curve c). This could be explained that the steric hindrance
from the aptamer prevented the transfer of electrons (Zang et al., 2014).
However, the photocurrent response increased after formation of a
complex between aptamer and SDM (curve d). This could be ascribed
that SDM molecules captured by the aptamer was oxidized by the
photogenerated holes.

To confirm the success of the fabricating process of the PEC apta-
sensor, EIS analysis was employed to investigate the interfacial charge
transfer resistance (R.) (Jiang et al., 2016). As demonstrated in Fig. 3B,
Bi,S3/NGQDs/ITO (curve a) and CHIT/Bi,S3/NGQDs/ITO (curve b)
exhibited smaller R, due to their good conductivity. However, the
value of R increased dramatically after the aptamer modified on the
electrode (curve c), which might be attributed that aptamer molecules
with negative charges could induce the electrostatic repulsion between
the electrode surface and redox species of [Fe(CN)s]>”*" (Li et al.,
2014). After SDM incubation (curve d), the aptamer on the electrode
had a specific reaction with SDM, and then, with the SDM oxidation
process, more photogenerated holes were consumed and thus more
electrons were transferred to the electrode, leading to the reduced R,.
In view of PEC signals and EIS results, the PEC aptasensor was estab-
lished successfully.

3.4. Optimization of conditions for PEC aptasensor

To fabricate a highly sensitive PEC aptasensor for SDM detection,

(B) °e

210

150 200 250

7'©

100 300

Fig. 2. (A) Photocurrent and (B) EIS responses of Bi»S3/ITO (a) and Bi»S3/NGQDs/ITO (b).
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Fig. 3. (A) PEC and (B) EIS characterization of aptasensor fabrication process: Bi»S3/NGQDs/ITO (a), CHIT/Bi,S3/NGQDs/ITO (b), aptamer/CHIT/Bi,S3/ NGQDs/

ITO (c), and 10 nM SDM interact with aptamer/CHIT/Bi,S3/NGQDs/ITO (d).

some experimental parameters involved the NGQDs content in BiyS3/
NGQDs, the aptamer concentration, and the incubation time of SDM
with aptamer were optimized. Fig. S3 indicates the photocurrent signals
increased initially and then declined with the content of NGQDs in-
creased from 0.5 mL to 8.0 mL. This demonstrated that the appropriate
doping of NGQDs could improve the PEC activity of Bi»S3/NGQDs (Yin
et al., 2016), and Bi»S3/NGQDs (2.0 mL) with a maximum photocurrent
signal was selected for establishing PEC aptasensor in this work. Fig. S4
displays that the photocurrent declined gradually and then keep in-
variable when the aptamer concentration from 0.5 to 3.0 uM, which
was ascribed to the aptamer could prevent the electrons transfer. It is
clear that 2.5uM of aptamer concentration had reached a certain sa-
turation point, thus, 2.5puM was chosen as the optimal aptamer con-
centration.

3.5. Analytical performance of the PEC aptasensor

Under optimal conditions, the resulted PEC aptasensor toward SDM

was established by recording the photocurrent signals. As illustrated in
Fig. 4A, the photocurrent responses increased obviously with the con-
centration increased of SDM. Moreover, Fig. 4B demonstrated the re-
lationship between the photocurrent response (I) and the concentration
(c) of SDM. And a good linear relationship was determined from 0.1 to
120 nM. The detection limit was 0.03nM (S/N = 3), which was lower
than the reported results shown in Table S1.

3.6. Selectivity and stability of PEC aptasensor

To confirm the specificity of the fabricated PEC aptasensor, some
representative interfering species were involved in the interference test.
During this process, the variation of photocurrent intensity (AI) of
10nM SDM, 100nM Kanamycin, Tetracycline, Oxytetracycline,
Streptomycin, and Chloramphenicol were recorded. As shown in
Fig. 4C, dramatic photocurrent vary was received only in the existence
of SDM, for comparison, no obvious change photocurrent was observed
when the aptasensor toward other nontarget molecules, suggesting

. Fig. 4. (A) Photocurrent response of the PEC
16 (A) ! (B) aptasensor at different concentrations of SDM:
N 154 0 (a), 0.1 (b), 1 (c), 10 (d), 30 (e), 50 (f), 80 (g),
N 100 (h), and 120 nM (i). (B) The corresponding
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Fig. 6. Schematic illustration of PEC aptasensing of SDM based on Bi»S3/
NGQDs.

good specificity of the established PEC aptasensor, which should be
ascribed to the specific binding of SDM to the aptamer. Therefore, the
proposed sensor can detect SDM in the presence of other interferences.
In addition, the photocurrent signal was collected under nine on-off
cycles to test the stability of the PEC aptasensor. Fig. 4D did not show
noticeable variation, revealing the stable signal for photocurrent col-
lection. Furthermore, the reproducibility was also examined by a re-
lative standard deviation (RSD) through recording five independent
electrodes, which were modified 10 nM SDM at the same conditions.
Then RSD was calculated to be 5.6%, which demonstrated the accep-
table reproducibility of the proposed PEC aptasensor.

3.7. Application in milk samples

The applicability of the established aptasensor was studied in real
milk samples, which was purchased from the local supermarket and
then treated according to the previous method. These milks were
bought from a local supermarket and the brand is Yili. 2 mL of milk and
2 mL of PBS were mixed. And after magnetic stirring for 10 min, 7 mL of
ethyl acetate was added, shook the mixed solution vigorously for
15 min and then centrifuged the solution at 5000 rpm for 15 min, took
the supernatant. After that, added 7 mL of ethyl acetate and repeat the
above steps. The ethyl acetate was then removed from the collected
supernatant by a gentle nitrogen blow-down at 40 °C. After this process,
the final precipitate was dissolved in PBS, 1, 10, and 30 nM (0.31, 3.1,
and 9.3 ugL™") of sulfadimethoxine were added to the extracted milk
sample (Song et al., 2012; Okoth et al., 2016). The results were listed in
Table S2, the recoveries of the aptasensor were from 98.2% to 102.0%
with a RSD value of 3.2 ~ 5.6%, which indicated the potential ap-
plicability of the fabricated aptasensor for SDM monitoring in milk

234

samples.

3.8. Mechanism study

The energy levels of Bi,S; determines the route of photogenerated
charges transfer in the Bi»S3/NGQDs, thus, the conduction band (CB)
and valence band (VB) levels of Bi,S; are important and necessary in
this system, which were calculated according to the following formula:
(Liu et al., 2017a, 2017b)

Ecp(eV) = -x + 0.5E; €))

EVB (CV) = —X—O.SEg (2)

Where  and E; are the electronegativity and band gap energy of Bi,S.
According to the literature, the x value of Bi,S3 is estimated to be
5.95eV (Zhang et al., 2012). The E, value (1.28 eV) was obtained from
the Tauc's plots of Bi»S3 (shown in Fig. S5) (Zhu et al., 2014). According
to the formula above, the CB and VB values of Bi,S; were 0.81 and
2.09eV (vs NHE). We examined the energy levels of NGQDs using
linear potential scans for determining the CBM and VBM energy levels
(Yeh et al., 2014). As demonstrated in Fig. S6 and after calculation, CB
and VB values of NGQDs were — 0.8 and 1.5 eV (vs NHE).

ESR technique was used to detect the presence of O, (superoxide
radical) and "OH (hydroxyl radical) in the Bi,Ss3 and Bi,S3/NGQDs
under visible light irradiation. As shown in Fig. 5, neither O, nor ‘OH
could be observed in the ESR spectra of Bi,S;. While with the in-
troduction of NGQDs, O, could be observed in Bi,S3/NGQDs, which
was attributed to the fact that the photogenerated electrons of CB (—
0.8eV) for NGQDs were negative enough to reduce O, to O,
(-0.046 eV). Moreover, "OH was not observed for the Bi,S3/NGQDs, due
to the VB of Bi»S3 (— 2.09 eV) was not positive than redox potential of
‘OH/OH~ (2.38 V), hence the h* could not oxidize OH™ to ‘OH (Xia
et al., 2016). In accordance with the description above, a Z-scheme-type
charge transfer in Bi»S3/NGQDs was presented. As illustrated in Fig. 6,
both Bi,S3 and NGQDs are easily excited under visible-light irradiation
and correspondingly, photoexcited electrons and holes are generated in
CB and VB, respectively. The electrons in CB (0.8 eV) of Bi,S3 transfer to
the VB of NGQDs, and then coincide with the holes in VB (1.5eV) of
NGQDs. This process resulted in leaving behind the holes in the VB of
Bi,S3, which could directly oxidize SDM molecules.

4. Conclusions

In summary, a simple PEC aptasensor for sensitive and selective
detection of SDM was established based on Z-scheme Bi,S3/NGQDs
with superior photo-electric conversion efficiency. Bi»S3/NGQDs as the
photoelectrode coupled efficient PEC technique with highly specific
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aptamer resulted in good sensitivity and selectivity of the proposed
aptasensor. Also, the mechanism for the enhanced photoactivity of
Bi»S3/NGQDs was investigated. The proposed PEC aptasensor exhibited
great merits including wide linear range, low detection limit, excellent
selectivity and satisfactory recoveries when it was used to quantify SDM
in real milk samples. The formation of such sensitized Z-scheme com-
posites provides a feasible method to fabricate a universal biointerface
for PEC analysis.
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