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A B S T R A C T   

A photoelectrochemical (PEC) biosensor was constructed for 5-formylcytosine (5fC) nucleotide detection based 
on Ag2S@WS2 photoactive material and FeVO4 catalytic signal quenching. After Ag2S@WS2 was modified onto 
the ITO substrate surface, 5fC recognition reagent of Au@4-amino3hydrazino5mercapto-1,2,4-triazol 
(Au@AHMT) was further modified through electrostatic adsorption. Afterwards, based on the specific chemi
cal reaction between –NH2 and –CHO, 5fC can be selectively recognized and captured. Subsequently, the 
nanoenzyme of FeVO4 was recognized based on the specific reaction between the phosphate group of 5fC 
nucleotide and Fe3+. Under the catalysis of FeVO4, the 4-chloro-1-naphthol in the detection solution can be 
oxidized to generate a precipitate, which will be retained on the electrode surface to inhibit the PEC signal. The 
developed method presented a widely dynamic range from 0.1 to 400 nM. The detection limit was 0.062 nM 
(3σ). This method also showed good detection selectivity, reproducibility and stability. The applicability was 
verified by investigating 5fC content change in genomic DNA of rice tissues after incubated with heavy metals. 
Moreover, the inhibited influence of hydrochar towards heavy metals was also assessed.   

1. Introduction 

5-Formylcytosine (5fC) is an important epigenetic modification, 
which is produced by 5-methylcytosine (5mC) oxidation under the 
catalysis of ten-eleven translocation protein. As a kind of important 
active DNA demethylation style, 5fC plays a pivotal role in various 
biological processes, including cell differentiation (Pfaffeneder et al., 
2011b), gene regulation (Lopez et al., 2017), etc. Thus, the research 
interest has been widely aroused to reveal the role of 5fC in modulating 
the structure and function of genomic DNA (Wang et al., 2013a). To fully 
achieve this aim, monitoring 5fC level with high sensitivity and speci
ficity is crucial. However, owing to the low abundance in genomic DNA 
and the structural similarity to 5mC, 5hmC and 5caC, the detection 
method should be precise, specific and sensitive (Liu et al., 2017). To 
this end, many methods for 5fC detection have been explored, including 
polymerase chain reaction (PCR), gene sequencing, and gene chip 

technique. Though these methods can achieve 5fC detection, there are 
problems such as complicated operation and high cost. 

Breakthrough techniques have been constructed for 5fC detection, 
including a mass spectrometry-based method and fluorescence assay. 
For example, Carell’s group used liquid chromatography-mass spec
trometry technique to detect 5fC in genomic DNA of mouse embryonic 
stem cells after enzyme digestion (Pfaffeneder et al., 2011a). To achieve 
the specific recognition of 5fC, a biotin probe containing a hydroxyl
amine group was designed, which could specifically bind with aldehyde 
group of 5fC. In addition, a fluorescence method was investigated for 
5fC detection based on the synthesized hydroxylamine fluorescent 
compounds, which was specifically react with 5fC (Guo et al., 2013). 
Although these methods can achieve the selective detection of 5fC, there 
are still some shortcomings, such as expensive and bulk instrument, 
complicated operation, difficulty in synthesizing specific recognition 
molecule, etc. Thus, it is still challenging for exploring new detection 
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technique for 5fC. 
To solve these questions, photoelectrochemical (PEC) technique at

tracts our attentions. PEC is an emerging detection method for complex 
systems, where light is employed as the excitation source, and photo
current is used as the output detection signal (Zhou et al., 2020). Due to 
the complete separation of input and output signals, the ultra-low 
background signal is achieved (Hao et al., 2018). Based on the advan
tages of inexpensive apparatus, simple operation, high sensitivity, 
sample volume microscale, and instrument miniaturization, PEC tech
nique is effective tool for bioanalysis, including small molecule, nucleic 
acid, protein, bacteria, and cells, especially for epigenetic modification 
molecule (Zhou et al., 2020; Zhao et al., 2018; Li et al., 2020b, 2017, 
2019, 2020a; Wang et al., 2018b, 2018b, 2019; Cai et al., 2018; Cao 
et al., 2018; Hao et al., 2017; Yuan et al., 2020; You et al., 2020; Xu 
et al., 2020). Therefore, PEC technique should also be an alternative 
platform for 5fC with potential application prospects. 

For PEC biosensor construction, the photoactive material is crucial 
factor, which can greatly influence the detection sensitivity. Transition 
metal disulfides (TMDs) have attracted widespread interests due to the 
two-dimensional layered structure, excellent catalysis activity, large 
specific surface area (Chhowalla et al., 2013). Among various TMDs, 
WS2 has attracted increasing attention for its inexpensive price, visible 
light activity and acceptable electron mobility, which has been applied 
to many fields, such as sensing and biosensing, solar cells, light-emitting 
diodes and photosensitive devices, especially in the field of photo
catalysis (Pumera and Loo, 2014; Tan et al., 2017). WS2 possesses 
sizable bandgap around 1–3 eV and displays advantageous optoelec
tronic properties with visible light excitation (Wilson and Yoffe, 1969). 
However, owing to the high recombination of photogenerated 
electrons-hole pairs, the application of individual WS2 in PEC field is 
limited. To solve this problem, constructing heterojunction structure 
with other semiconductors is promising strategy, such as TiO2/WS2 (Ren 
et al., 2018), CdS QDs/WS2 (Wei et al., 2018) and CdS/WS2-MoS2 
(Reddy et al., 2017). Ag2S has received widespread attention for its 
excellent photocatalytic performance. Considering the band gap rela
tionship, Ag2S can be assembled on the surface of WS2 to form hetero
junction structure. The tight combination of Ag2S and WS2 will inherit 
the excellent photocatalytic performance of Ag2S and the excellent 
photoconversion performance of WS2, which will improve the photo
activity by decreasing the transfer of carriers to the transient 
electron-hole pairs recombination (Lin et al., 2019). 

Based on the formation of insoluble products on electrode surface, 
biocatalytic precipitation (BCP) is an effective signal suppression model 
to expand the detection limit by mass amplification in the analysis field 
(Patolsky et al., 2003; Zhang et al., 2019, 2018). Combining BCP with 
PEC technology, the detection sensitivity can be significantly improved. 
Thus, BCP technique has been widely used in PEC assay by forming 
insulating layer to change electron transport characteristics of the 
interface, which greatly affects the optoelectronic signal (Zhao et al., 
2012). Although BCP is a widely used technology, it still suffers from the 
disadvantages of expensive enzyme and the influence of enzymatic ac
tivity by various extreme environments (Muche and Göbel, 1996). To 
solve these problems, artificial enzymes attract our attentions. FeVO4 is 
a typical artificial mimetic enzyme with high peroxide activity that 
mimics the catalytic performance of horseradish peroxidase (HRP) to 
catalyze H2O2-mediated oxidation reaction (Yu et al., 2016). Compared 
with natural enzymes, FeVO4 owns the merits of inexpensive price, 
simple storage conditions, easy to maintain catalytic activity, and small 
differences between batches. 

Inspiring by the above researches, a novel PEC assay was developed 
for 5fC detection based on Ag2S@WS2 heterojunction and FeVO4 
nanoenzyme. To assess the applicability, the influence of two kinds of 
heavy metals (Cd2+ and Hg2+) on the expression of 5fC in genomic DNA 
of rice seedlings tissues was investigated. Moreover, the influence of 
hydrochar on the toxicity of heavy metals to 5fC expression was also 
investigated. 

2. Experimental section 

See Supporting Information. 

3. Results and discussion 

3.1. Detection strategy 

A novel and simple PEC biosensor was constructed for 5fC detection. 
Since 5fC exists in DNA as nucleotide, 5-formyl-2’-deoxycytidine-5’- 
triphosphate was employed as target molecule, which was abbreviated 
as 5fdCTP. As presented in Scheme 1, Ag2S@WS2 was adopted as pho
toactive substance, where Ag2S greatly improved the photoactivity of 
WS2 owing to the formation of heterojunction. After the modification of 
Ag2S@WS2 on ITO electrode, 4-amino3hydrazino5mercapto-1,2,4-tria
zol (AHMT) functionalized gold nanoparticles (AuNPs, this AuNP- 
based nanomaterial was abbreviated as Au@AHMT) was further modi
fied based on electrostatic adsorption, where AHMT was employed as 
5fdCTP recognition and capture reagent and AuNPs were employed as 
electron transfer accelerator and AHMT carrier for capturing more 
5fdCTP. Actually, 5fdCTP was recognized and captured by means of the 
covalent reaction between –NH2 of AHMT and –CHO of 5fC. Finally, 
FeVO4 was captured through the complexation between the phosphate 
group of 5fdCTP and Fe3+ (Ahmed Ouameur et al., 2005). As a kind of 
artificial mimic enzyme, FeVO4 can catalyze the oxidation reaction of 
4-chloro-1-naphthol to produce benzo-4-chlorohexadienone in the 
presence of H2O2. Benzo-4-chlorohexadienone can be then deposited 
onto the electrode surface as an insulating film, which can quench the 
PEC response, achieving 5fdCTP detection. 

3.2. Material characterization 

To prove the successful synthesis of nanomaterials, they were char
acterized with various techniques. As seen in Fig. 1A, the bulk WS2 (a) 
showed a massive structure with a length of several microns, which was 
further confirmed by TEM image (Fig. 1C). However, the exfoliated WS2 
nanosheets presented a small lamellar structure with a length of tens to 
hundreds of nanometers (Fig. 1B and D). The exfoliated WS2 nanosheets 
were also investigated by UV–vis spectrum (Fig. 1E). The peaks at 
624 nm and 518 nm were the characteristic absorption bands for exfo
liated WS2 in solution (Zhao et al., 2016; Yuan et al., 2014; 
Vega-Mayoral et al., 2016). Fig. 1F presented the AFM image of WS2 
nanosheets, which indicated 4 layers of WS2 nanosheets because the 
thickness for single layer WS2 is about 0.8 nm (Xu et al., 2015), proving 
the successful exfoliation of bulk WS2. 

Fig. 1G illustrated the SEM image of Ag2S, which showed irregular 
nanoparticle structure. After Ag2S was synthesized on the surface of 
WS2, much small Ag2S nanoparticles were observed (Fig. 1H). The 
mapping of Ag2S@WS2 (Fig. S1, see Supporting Information) showed 
that Ag, W, and S elements were uniformly distributed in the composite 
material, which further clarified the successful preparation of 
Ag2S@WS2 composite. The small amount of W element might be caused 
by the thickness layer of Ag2S on WS2 surface. The prepared Ag2S@WS2 
was also characterized by PL, XRD and Raman. PL can reflect the rate of 
photo-activated electron-hole complexation. As shown in Fig. 1I, pure 
WS2 nanosheets showed the strongest PL spectra with peaks at 485, 529, 
and 543 nm, exhibiting the strong recombination of electron-hole pairs. 
Upon combination with Ag2S, the peaks of WS2 nanosheets decreased a 
little, indicating that the decreased recombination of electron-hole pairs 
and improved photoactivity of Ag2S@WS2. To further prove the suc
cessful combination of Ag2S and WS2 nanosheets, the crystal structure of 
Ag2S, WS2 and Ag2S@WS2 composite nanomaterial was investigated by 
XRD. As illustrated in Fig. 1J, the diffraction peaks of WS2 and Ag2S were 
consistent with WS2 (JCPDS 08-0237) and Ag2S (JCPDS 14-0072) in 
standard card. WS2 appeared peaks at 14.3◦, 28.9◦, 32.7◦, 33.5◦, 39.5◦, 
43.9◦, 49.6◦, 58.4◦, and 59.9◦, corresponding to planes of (002), (004), 
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(100), (101), (103), (006), (105), (110), (112). The peaks for Ag2S were 
presented at 29.0◦, 31.6◦, 33.6◦, 34.4◦, 36.8◦, 37.7◦, and 40.8◦, which 
correspond to the planes of (111), (− 112), (120), (− 121), (121), 
(− 103), (031), and (200) (Lin et al., 2019). These diffraction peaks 
appeared in the curves of Ag2S@WS2 composite nanomaterial, which 
proved the successful preparation of Ag2S@WS2 composite nano
material. Fig. 1K illustrated the Raman spectroscopy of Ag2S, WS2 and 
Ag2S@WS2. WS2 nanosheets showed two peaks at 351.6 and 420.3 cm-1 

(curve a), which were well-matched with E1
2g in-plane vibrations and 

A1g vertical plane vibrations, respectively (Wang et al., 2013b). In the 
same region, Ag2S presented no obvious Raman adsorption peak (curve 
b). After WS2 nanosheets were combined with Ag2S, the intensity of 
Raman adsorption peak decreased accompanying the slight shift (curve 
c), where the E1

2g was shifted from 348.4 to 350.4 cm-1, and A1g was 
shifted from 417.2 to 419.7 cm-1. It might be caused by the combined 
Ag2S. Based on the above characterizations, the successful preparation 
of Ag2S@WS2 and FeVO4 can be confirmed. In addition, the morphology 
of hydrochar was characterized by SEM, which presented small spher
ical structure (Fig. 1L). 

The synthesized AuNPs were evaluated by TEM technique, which 
presented spherical structure of AuNPs with the diameter of about 
13 nm (Fig. 2A). Fig. 2B illustrated the photograph of HAuCl4 solution, 
AuNPs dispersion and Au@AHMT dispersion with yellow, red wine and 
dark purple, respectively. To further prove the preparation of 
Au@AHMT, the mapping of Au@AHMT was performed. As seen in 
Fig. S2, the elements for Au, C, N, and S were observed at Au@AHMT. 
Because AHMT contains C, N, S and H elements, the successful prepa
ration of Au@AHMT was confirmed. 

The prepared FeVO4 was characterized by SEM and XRD. FeVO4 
presented an irregular cube nanostructure. The average length was 
about 120 nm and the width was about 100 nm (Fig. 2C). Fig. 2D 
illustrated the XRD pattern of FeVO4. The diffraction peak of FeVO4 was 
in general agreement with the standard card (JCPDS 25-0418) and 

consistent with previous report (Yu et al., 2016), which indicated the 
successful preparation of FeVO4. However, the diffraction peaks of 
FeVO4 were weak, which indicated that the crystallinity of FeVO4 was 
poor and the product might be in amorphous form. 

In this work, FeVO4 was employed as nanozyme with the activity of 
horseradish peroxidase (HRP). To testify this activity, a colorimetric 
analysis experiment was performed (Fig. 2E). Due to the absence of 
catalyst, the oxidation of TMB by H2O2 was slowly. Thus, no blue TMB 
oxidation product was obtained (tube a). However, when FeVO4 
dispersion was added into the system, the solution quickly changed from 
colorless to blue (tube b). It strongly proved the mimic HRP activity of 
FeVO4. The color change was also confirmed by visible spectrum 
(Fig. 2F). 

3.3. Mechanism investigation for photoactivity improvement 

To certificate the improved photoactivity of WS2 nanosheets by 
Ag2S, the photocurrent of different electrodes was measured. As pre
sented in Fig. 3A, the photocurrent for WS2/ITO (curve a) and 
Ag2S@ITO (curve b) was 75 and 2080 nA, respectively. When WS2 
nanosheets were combined with Ag2S, the photocurrent was improved 
greatly to 4040 nA (curve c). This phenomenon is attributed to the 
combination of WS2 nanosheets and Ag2S, which increased the electron 
transfer rate and decreased the recombination of photogenerated 
electron-hole pairs. To prove the formation of heterojunction structure 
of Ag2S@WS2, the VB-XPS, electrochemical mott-schottky curve and 
UV–Vis DRS of WS2 and Ag2S were investigated. As illustrated in Fig. 3B 
and C, the slope for electrochemical mott-schottky curves of WS2 and 
Ag2S were both positive, indicating n-type semiconductors of WS2 and 
Ag2S. The flat band potential (Efb) was calculated to be 0.17 V and 
0.06 V for WS2 and Ag2S, respectively. The valence band (Evb) can be 
calculated based on the equation of Evb = EfB + EVB-XPS. Thus Evb for 
WS2 and Ag2S was about 1.19 V and 0.92 V (vs. SCE), which was about 

Scheme 1. Schematic illustration of the biosensor fabrication process and 5fdCTP detection.  
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Fig. 1. SEM images of bulk WS2 (A), WS2 nanosheets (B), Ag2S (G) and Ag2S@WS2 composite (H). TEM images of bulk WS2 (C) and WS2 nanosheets (D). (E) UV–vis 
absorption images of WS2 nanosheets (inset: solution color images of bulk WS2 (a) and WS2 nanosheets (b)). (F) AFM image of WS2 nanosheets. (I) PL spectra of WS2 
(a) and Ag2S@WS2 (b). (J) XRD patterns of WS2, Ag2S@WS2 and Ag2S. (K) Raman spectra of WS2 nanosheets (a), Ag2S (b) and Ag2S@WS2 (c). (L) SEM image of 
hydrochar. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 2. (A) TEM image of AuNPs. (B) Color comparison of HAuCl4, AuNPs and Au@AHMT. (C) SEM of FeVO4. (D) XRD of FeVO4. Color changes (E) and UV–vis 
absorption spectra (F) of different color reaction systems. (a) H2O2 + TMB, (b) H2O2 + TMB + FeVO4. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.). 
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0.24 V smaller than the value vs. NHE. Thus Evb for WS2 and Ag2S was 
about 1.43 V and 1.16 V (vs. NHE) for WS2 and Ag2S (Fig. 3D and E), 
respectively (Lin et al., 2019; Di et al., 2019; Zang et al., 2018). The 
bandgap energies (Eg) for WS2 and Ag2S were about 1.57 eV and 1.43 eV 
according to the UV–Vis DRS as illustrated in Fig. 3F and G. Therefore, 
the conduction band (Ecb) was calculated to be as − 0.14 eV (WS2) and 
− 0.27 (Ag2S) eV according to the equation of Evb = Ecb + Eg. Based on 
these data, a schematic illustration of band structure for WS2 and Ag2S 
was drawn as shown in Fig. 3I, which confirmed the formation of 
WS2/Ag2S heterojunction structure. The matched energy band improved 
the electron transfer rate, which decreased the recombination of pho
togenerated electron-hole pairs, and improved the photoactivity. To 
further confirm the improved photoactivity, the bandgap energy for the 
composite of Ag2S@WS2 was also investigated using UV–Vis DRS as 
shown in Fig. 3H, and the results indicated the bandgap energy of 
0.99 eV, which was lower than that of WS2 (1.57 eV) and Ag2S 
(1.43 eV). The narrow bandgap energy can promote the transfer rate, 
and improve the photoactivity. Based on the above investigation, it can 
be concluded that the formed heterojunction structure of Ag2S@WS2 
greatly improves the photoactivity. 

3.4. Detection feasibility assay 

EIS is an effective tool for monitoring electrode interface change, and 
evaluate the electrode fabrication process. Thus, the electrode modifi
cation process was characterized by EIS. In Nyquist plot, the diameter of 

the semicircle represents the interface electron transfer resistance (Ret). 
As shown in Fig. 4A, the ITO electrode showed a small semicircle (curve 
a), indicating small Ret. Then, the Ret decreased when Ag2S@WS2 was 
modified on ITO surface (curve b). It is attributed to the enlarged elec
trode area, which facilitates the diffusion of redox probe to electrode 
area. Moreover, the zeta potential of Ag2S@WS2 is positive (Fig. 4C), 
which is also beneficial to the diffusion of the negative redox probe. 
Afterwards, the Ret value further decreased due to the good conduct
ibility of AuNPs (curve c), facilitating the electron migration. When 
5fdCTP was specifically captured, the Ret of 5fC/Au@AHMT/ 
Ag2S@WS2/GCE increased (curve d). The phosphate group of 5fdCTP 
repelled the migration of the redox probe to electrode surface due to the 
strong electrostatic repulsion effect. Subsequently, the Ret value further 
increased when FeVO4 was captured (curve e), causing by the semi
conductor property of FeVO4, decreasing the electron transfer rate. 
According to the change of the Ret value, the successful preparation of 
the modified electrodes can be confirmed. 

Fig. 4B provided the PEC response of various electrodes in PEC 
detection buffer. No photocurrent was observed at ITO electrode (curve 
a). However, after Ag2S@WS2 nanocomposite was modified onto the 
ITO electrode surface, a strong photocurrent response was obtained 
(curve b), indicating the good photoactivity of Ag2S@WS2 nano
composite. Then, the photocurrent decreased when Au@AHMT was 
electrostatically adsorbed on Ag2S@WS2/ITO (curve c), which was 
caused by the energy transfer between Ag2S@WS2 semiconductor 
composite and Au@AHMT (Zhao et al., 2018; Shu et al., 2016; Shi et al., 

Fig. 3. (A) Photocurrent response of different electrodes under visible light irradiation. (a) WS2/ITO, (b) Ag2S/ITO, (c) Ag2S@WS2/ITO. Mott-Schottky plots of WS2 
(B) and Ag2S (C). VB-XPS spectra of WS2 (D) and AgS2 (E), UV–Vis DRS of WS2 (F), AgS2 (G) and AgS2/WS2 (H). (I) Schematic illustration of the matched energy 
bands of WS2 and Ag2S. 
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2018; He et al., 2018). Afterwards, the PEC response further reduced 
when 5fdTP was captured (curve d). It is attributed to the increased 
steric hindrance effect and electrostatic repulsion effect, causing by the 
immobilized 5fdCTP. After the modification of the artificial simulation 
enzyme of FeVO4, the photocurrent significantly reduced (curve e). 
FeVO4 can catalyze H2O2 to oxidize 4-chloro1-naphthol in the detection 
solution to produce benzene-4-chlorohexanedione, which will form 
insulation film on the electrode surface, blocking the migration of 
photogenerated electron, enlarging the recombination of photo
generated electro-hole pairs, and leading to a decreased photocurrent. 
Based on the photocurrent change, the application of this biosensor for 
5fdCTP detection can be certified. 

3.5. Optimization 

To achieve high detection sensitivity, several parameters were 
optimized, including mass ratios of WS2 and Ag2S, Ag2S@WS2 concen
tration, Au@AHMT concentration, 5fdCTP incubation time, FeVO4 
concentration and incubation time. 

As photoactive material, the mass ratio of Ag2S@WS2 can greatly 
influence the detection sensitivity. Thus it was investigated firstly. As 
shown in Fig. 5A, the photocurrent gradually increased with changing 

the mass ratio from 10% to 15%. Then, the photocurrent decreased 
when further increasing the mass ratio. Therefore, a 15% mass ratio was 
chosen for subsequent experiments. Expect mass ratio, the concentration 
of Ag2S@WS2 can also influence the PEC response of the biosensor 
(Fig. 5B). The photocurrent enlarged with varying the concentration of 
Ag2S@WS2 from 0.5 to 2 mg/mL. However, when the concentration 
increased further, the photocurrent decreased. It is attributed to the 
increased thickness of Ag2S@WS2, which hinders the transfer of elec
trons to the electrode surface and increases the recombination of pho
toelectrons with holes. Thus, 2 mg/mL Ag2S@WS2 was selected for 
subsequent experiments. 

As for a kind of 5fdCTP capture reagent, the amount of Au@AHMT 
will greatly influence the detection sensitivity. To optimize Au@AHMT 
concentration, different amount of Au@AHMT was modified. As illus
trated in Fig. 5C, the photocurrent showed a tendency to decrease firstly 
and then to stabilize with increasing the concentration of Au@AHMT. It 
was ascribed to the increased amount of Au@AHMT on electrode sur
face, which caused the decreased photocurrent. However, when further 
increasing Au@AHMT concentration, the amount of Au@AHMT was 
saturated, which did not lead the increased immobilization amount of 
5fdCTP and FeVO4. Therefore, 2 mg/mL Au@AHMT was used. 

As detection target, 5fdCTP capture efficiency is crucial. Thus, the 

Fig. 4. (A) Nyquist plot for different electrodes in EIS detection buffer. (B) Photocurrent response of different electrodes in PEC detection buffer under visible light 
irradiation. For graphs A and B, (a) ITO, (b) Ag2S@WS2/ITO, (c) Au@AHMT/Ag2S@WS2/ITO, (d) 5fC/Au@AHMT/Ag2S@WS2/ITO, (e) FeVO4/5fC/Au@AHMT/ 
Ag2S@WS2/ITO. (C) Zeta potential of Ag2S@WS2 and Au@AHMT. 

Fig. 5. Effect of mass ratios of WS2 and Ag2S (A), concentration of Ag2S@WS2 (B) and Au@AHMT (C), 5fdCTP incubation time (D), FeVO4 concentration (E) and 
incubation time (F) on the PEC response of the biosensor. 
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incubation time of 5fdCTP was optimized. As shown in Fig. 5D, the 
photocurrent reduced with extending incubation time from 10 to 
120 min. Then, the photocurrent became stable with further prolonging 
the incubation time, which was attributed to the saturated immobili
zation of 5fdCTP. Thus, 120 min was employed. 

FeVO4 was employed as nanozyme to catalyze the oxidation of 4- 
chloro1-naphthol to produce benzene-4-chlorohexanedione, causing 
decreased PEC response. Thus, the immobilization amount of FeVO4 can 
greatly influence the PEC response. Thus, the immobilization time and 
concentration of FeVO4 were optimized. The results were listed in 
Fig. 5E and F. The photocurrent reduced with enlarging FeVO4 con
centration from 0.5 to 4 mg/mL. However, the photocurrent did not 
change obviously with further improving FeVO4 concentration. It was 
caused by the saturated immobilization of FeVO4 on electrode surface. 
Therefore, 4 mg/mL FeVO4 was selected. Fig. 5F showed the influence of 
the incubation time of FeVO4. The results indicated that 130 min was 
employed in this work. 

3.6. Performance of the biosensor for 5fdCTP detection 

To assess the detection sensitivity of the developed method, the PEC 
response of the biosensor with different concentrations of 5fdCTP was 
investigated. Under optimal experimental conditions, the photocurrent 
of the biosensor decreased with changing 5fdCTP concentration from 
0.1 to 400 nM (Fig. 6A). As presented in Fig. 6B, the photocurrent of the 
biosensor showed linear relationship with the logarithm value of 5fdCTP 
concentration. The detection limit was 0.062 nM (3σ). The detection 
performances of this method were compared with other work and the 
results were listed in Table 1. Although the detection limit of this 
method is higher than LC-MS technique, our work possesses the merits of 
fast response, simple operation, inexpensive instrument. 

Detection selectivity is a key property affecting the detection per
formance of biosensor. Therefore, it was assessed. To perform it, 
different nucleotides were employed as possible interfering substances, 

which coexisted with 5fC in the genomic DNA, including 5mdCTP, 
5hmdCTP and m6dATP. The biosensor was fabricated as described in 
section 2.6 except that different nucleotide was employed. Then, the 
photocurrent variety (ΔI = Ib – Ia) was compared, where Ib was the 
photocurrent of Au@AHMT/Ag2S@WS2/ITO, and Ia was the photocur
rent of Au@AHMT/Ag2S@WS2/ITO after incubated successively with 
nucleotides and FeVO4. As shown in Fig. 6C, the ΔI for 5fdCTP was 
highest, indicating good specificity of the developed method. To further 
testify the good selectivity of this method, the mixture solution of 
5fdCTP and other nucleotides was employed as detection targets. The 
photocurrent of the biosensor fabricated with the mixture solution was 
similar with the biosensor fabricate with 5fdCTP, which further verified 
the good specificity. 

The reproducibility is another pivotal parameter for analytical 
method. To assess it, seven of FeVO4/5fC/Au@AHMT/Ag2S@WS2/ITO 
electrodes were prepared using 10 nM 5fdCTP and the photocurrent was 

Fig. 6. (A) The PEC response of the biosensor with different concentrations of 5fdCTP. (a–j) 0.1, 0.5, 1, 5, 10, 50, 100, 200, 300, 400 nM. (B) Calibration curve. (C) 
The histogram of photocurrent changes of the biosensor fabricated with different targets. (D) Time-based photocurrent response of the biosensor with light on and off. 

Table 1 
Performance comparison of the PEC biosensor with other methods for 5fC 
detection.  

Methods Linear range Detection 
limit 

Reaction 
time 

Ref 

Fluorescence  50–1000 nM 42 nM More than 
24 h 

(Guo 
et al., 
2013) 

Fluorescence  5–200 nM 10 nM More than 
24 h 

(Xu 
et al., 
2014) 

SPME-UPLC-ESI-MS/ 
MS  

0.1–100 fM 0.03 fM About 22 h (Jiang 
et al., 
2017) 

LC-ESI-MS/MS  0.5–100 fM 0.11 fM About 
12 h~27 h 

(Tang 
et al., 
2015) 

Photoelectrochemistry  0.1–400 nM 0.03 nM About 5 h This 
work  
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recorded. The RSD of the PEC response was 3.5% (Fig. S3), implying 
acceptable reproducibility. 

Stability is another important property for biosensors. The photo
current of the sensor was detected for more than 10 consecutive cycles. 
In cyclic testing, the photocurrent response of the PEC sensor was 
detected for 10 consecutive cycles with little variation and a stable peak 
shape. The RSD of the PEC response was 1.42% (Fig. 6D), indicating the 
good stability. 

3.7. Detection of 5fC in samples 

With the rapid development of agriculture and industry, the pollu
tion of water and soil by heavy metals is becoming increasingly serious. 
Heavy metals enter into the water and soil through various pathways to 
cause heavy metal pollution, producing toxic effects on crops and 
causing the reduction of crop yield and quality. More seriously, heavy 
metal can even enter into the food chain, causing harm to human health 
(Li et al., 2012; Wei et al., 2008). Among various heavy metals, Hg and 
Cd are the typical heavy metal pollutants in the environment, which lead 
to metabolic disorder in the body, inhibit growth and development, and 
even lead to death (Guanxing et al., 2010; Salazar et al., 2012). Thus, to 
evaluate the applicability of the PEC biosensor, the influence of heavy 
metal on the content of 5fC in rice seedling tissues was investigated. To 
carry out this work, the samples were treated as introduced in section 
2.7. The biosensor was fabricated as the process in section 2.6 except 
that 5fdCTP was replaced by the extracted nucleotides mixture from the 
leaves and roots of rice seedlings. Firstly, the apparent influence was 
firstly studied. As illustrated in Fig. 7A, with increasing Hg2+ concen
tration from 0.1 to 10 mg/L, the seedlings root shortened gradually 
accompanying the slowed growth of the plant. The similar phenomenon 
was also obtained with Cd2+ (Fig. 7D). To further understand the effect 
of heavy metal on 5fC content in the leaves and roots of rice seedlings, 
5fC expression was investigated by PEC method. As shown in Fig. 7B,C 
and E,F, different influence was achieved with different heavy metals. 
For Hg2+, it promoted the content of 5fC in genomic DNA of the leaves 
with increasing concentration (Fig. 7B). Similarly, Hg2+ also promoted 
5fC content in genomic DNA of rice seedling roots (Fig. 7C). For Cd2+, 
low concentration of Cd2+ greatly promoted 5fC content, while the 

promotion tendency of high concentration of Cd2+ decreased (Fig. 7E 
and F). These results indicated the complexity of the influence of heavy 
metal on 5fC content in genomic DNA of rice seedling tissues. Based on 
these investigation, 5fC might be as a new biomarker for the evaluation 
of the eco-toxicological effects of heavy metals towards rice. 

As for serious heavy metal pollution, practical and feasible restora
tion techniques are essential. Biomass based hydrochar presents the 
merits of abundant raw material, high specific surface area, strong 
adsorption ability for heavy metal, low biotoxicity. More importantly, it 
can react with heavy metal ions by precipitation or chelate with some 
specific modified functional groups, which can change heavy metals 
from the active state to the residue state. In addition, hydrochar can also 
reduce the enrichment of heavy metals by adsorbing heavy metal ions in 
water, while reducing its biological effectiveness (Le et al., 2019). Thus 
hydrochar might be an ideal repair material for heavy metal pollution 
(Liu et al., 2020; Kazak and Tor, 2020; Yue et al., 2019). Thus, to further 
investigate the applicability, the influence of hydrochar on decreasing 
the biotoxicity of heavy metals was investigated. As described in section 
2.7, heavy metal solution was firstly adsorbed by hydrochar, then the 
filtrate was used to cultrate the rice seedlings. Finally, 5fC in extracted 
genomic DNA was detected by PEC method. As shown in Fig. 8A and B, 
after hydrochar treatment, the apparent traits were improved greatly. 
When the rice seedlings were incubated with Hg2+ and Cd2+, the rice 
seedlings developed slowly with short root and plant length compared 
with control sample (Fig. 8A). However, after treatment with hydrochar, 
the plant development was greatly improved (Fig. 8B), which should be 
ascribed to the adsorption ability of hydrochar to heavy metal, 
decreasing the concentration of heavy metal. To further understand the 
change of 5fC content, it was measured by PEC method. As illustrated in 
Fig. 8C and D, after incubated with 10 mg/L heavy metal, the expression 
of 5fC was all improved. However, when the pollution solution was 
treated with hydrochar, 5fC content was decreased with different extent. 
As for Cd2+, the content of 5fC decreased to that as control, which 
indicated that almost all Cd2+ was adsorbed by hydrochar. However, as 
for Hg2+, the expression of 5fC only reduced a little, causing by the weak 
adsorption ability of hydrochar to Hg2+. According to these results, the 
influence of hydrochar on the biotoxicity of heavy metal is positive, 
which may be applied to repair heavy metal pollution in water. 

Fig. 7. Effects of heavy metals on the leaves and roots of rice seedlings (A and D). (A) Hg2+, (D) Cd2+. (a–d) 0, 0.1, 1, 10 mg/L. Effect of heavy metals on 5fC content 
in the genomic DNA of the leaves (B and E) and roots (C and F) of rice seedling. (Compared with the control group. NS, no significant, p > 0.05; *, p < 0.05; **, 
p < 0.01; ***, p < 0.001). 
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However, considering the relative weak adsorption of Hg2+, the pre
pared hydrochar should be modified to improve the heavy metal 
adsorption performance. 

4. Conclusions 

In summary, the influence of hydrochar on the biotoxicity of heavy 
metal was investigated using 5fC as new biomarker and PEC technique 
as new evaluation method. Firstly, a simple and sensitive PEC detection 
platform was constructed using Ag2S@WS2 as photoactive material, 
Au@AHMT as 5fC recognition and capture reagent, and FeVO4 as PEC 
response inhibitor. This method presented high detection sensitivity and 
selectivity for 5fC based on the effective signal amplification and co
valent recognition of 5fC. Using 5fC as biomarker, the biotoxicity of 
Hg2+ and Cd2+ to rice was investigated with the increased content with 
different concentrations of heavy metal. In addition, the decreased 
biotoxicity of heavy metal by hydrochar were also proved. This work not 
only provides new and sensitive technique for 5fC detection, but also 
offers new biomarker and new evaluation method for eco-toxicological 
effects of heavy metals. 
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