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ABSTRACT: S-Formylcytosine (SfC) is a rare base found in mammalian DNA,
which is thought to be involved in the demethylation of DNA. As a stable
epigenetic modification, SfC participates in gene regulation and cell differentiation,
and plays an important role in the growth and development of plants. However,
the abundance of SfC is only as low as 0.002—0.02% of cytosine. Therefore, to
further understand the functions of SfC, a rapid, highly sensitive, and efficient
method is needed for detecting SfC. Herein, a novel photoelectrochemical (PEC)
biosensor was constructed for SfC detection, where a MoS,/WS, nanosheet
heterojunction was employed as a photoactive material, amino-functionalized
Fe;0, and SMCC were used as a linker, 4-amino-3-hydrazino-5-mercapto-1,2,4-
triazole was adopted as SfC recognition reagent, and black TiO, (B-TiO,) was
used as a signal amplification unit. Under the optimal experimental conditions, this
PEC biosensor showed a wide linear range of 0.01—200 nM and a low detection
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limit of 2.7 pM (S/N = 3). Due to the specific covalent reaction between —NH, and —CHO, the biosensor presented high detection
sensitivity, even discriminating SfC with S-methylcytosine and S-hydroxymethylcytosine. The biosensor was then applied to
investigate the effect of heavy metal Cd?** on SfC content in the root, stem, and leaves of maize seedlings.
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In recent years, various epigenetic modifications of nucleic
acids have attracted extensive attention due to their
important roles in cell differentiation, DNA replication,
transcription, and translation in organisms.' $-Formylcytosine
(5fC), as an important epigenetic modification of cytosine in
DNA, plays a unique role in the process of gene regulation.” As
a derivative produced by further oxidation of 5-hydroxyme-
thylcytosine by ten—eleven translocation (TET) proteins, SfC
is involved in the process of DNA demethylation, regulation of
chromatin, cell development, and is even related to the
identification of proteins.” To understand the biological
function of 5fC, accurate detection of SfC in the genome is
necessary. However, due to the low content of $fC in genomic
DNA?* (less than 1/10 of the ShmC content), the detection of
SfC is challenging. To date, most detection methods for 5fC
have been constructed based on fluorescent labeling, mass
spectrometry, and bisulfite-free sequencing methods.’
Although these techniques have successfully detected S5fC,
there are still some disadvantages to be minimized. For
example, fluorescent labeling methods are inadequate for the
detection of SfC in samples such as tissues and cells because
the obtained limit of detection (LOD) is inappropriate.
Similarly, the mass spectrometry method requires harsh
reaction conditions, expensive equipment, and skilled oper-
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ators. Therefore, the development of new detection methods
for SfC detection is necessary.

As an emerging detection technique, photoelectrochemical
(PEC) analysis is being actively developed. Hence, PEC
analysis has attracted extensive research attention in various
fields.*” In the process of PEC detection, a light source is used
as the excitation light source and an electrical signal is used as
the response signal. The two different forms of light and
electricity can be effectively separated, offering the PEC
detection method the advantages of both electrochemical and
optical methods, including simple operation, fast response, low
background signal, inexpensive instrument, and high detection
sensitivity." Hence, PEC techniques have been widely applied
to bioanalysis, particularly the detection of multiple bio-
molecules, such as adenosine,” microRNA,'*"! S-hydroxyme-

thylcytosine,'” acetylcholinesterase,'> myoglobin,'*" carci-
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noembryonic antigen,m and ATP."” Thus, PEC biosensors will
provide an ideal platform for SfC detection.

In general, the photoactive material is a crucial part for
constructing the PEC biosensor, which plays a key role in
molecular immobilization, signal generation, and signal trans-
mission in the whole system.'® As a two-dimensional
transition-metal dichalcogenide (TMD) with a layered
graphene-like structure, molybdenum disulfide (MoS,) has
unique advantages in the applications of sensitive photo-
detectors,"’ energy storage devices,”® and light-emitting
diodes”' owing to its layer-controlled band structure and
carrier transport properties, which will benefit it as a
multifunctional semiconducting optoelectronic material.”>**
The layer-controlled band structure of MoS, makes it have a
unique thickness dependence. As the thickness changes, its
band gap can changes from an indirect band gap to a direct
band gap, showing more excellent physical and chemical
properties. At the same time, due to the effects of quantum
effects, these layered two-dimensional materials also produce
some better characteristics, such as better optical activity.
Therefore, it is important to prepare layered molybdenum
disulfide nanosheets by micromechanical peeling technology or
some other techniques and to effectively regulate the carrier
behavior. According to some reports, the bulk MoS, can be
exfoliated to produce nanosheets by ultrasonic-assisted
exfoliation or intercalation method. Because the luminous
intensity of MoS, is related to its thickness, the exfoliated
MoS, has strong photoluminescence characteristics and
abundant edge active sites, which can greatly improve the
photoactivity of MoS,. However, it still has problems to limit
the application of MoS, in PEC biosensors, such as low visible
light utilization rate, high carrier recombination rate, and low
active sites.”* Therefore, it is necessary to broaden the light
absorption range and increase the photoelectric conversion
efficiency of MoS,. One of the effective methods to minimize
the rapid recombination of photogenerated electrons and holes
in semiconductor materials is to construct a semiconductor
heterojunction by combining a narrow band gap semi-
conductor with pure MoS,. Because face-to-face contact
could provide a maximized interfacial region between the
two composites, it largely facilitates charge separation and
migration processes.”>”° In addition, the carriers cross the
junction due to the mismatch of electronic structure for both
the layers and the barrier heights altered in the process of
carrier transport.”” Therefore, the design of reasonable
heterojunction with matched band gaps is believed to be
significant in enhancing the photoelectric activity. Tungsten
disulfide (WS,), another well-known layered transition-metal
chalcogenide, is particularly attractive due to its narrow band
gap (1.2—1.3 eV), large specific surface area, and high carrier
mobility.”® The band edge of the MoS, nanosheet matches
well with the edge of the WS, nanosheet. Therefore, the
MoS,/WS, heterojunction can greatly improve the photo-
activity of MoS,. Though this heterojunction has recently
received extensive attention and research in many fields,”” > a
MoS,/WS, heterojunction has rarely been applied as a visible-
light-sensitive material in the development of PEC biosensors.

Detection selectivity is another crucial factor for the PEC
detection of SfC. Due to the similar structure to 5-
hydroxymethylcytosine (ShmC) and S-methylationcytosine
(3mC),** SfC detection can be greatly influenced by cytosine
derivatives. To address this problem, the specific covalent
reaction of 5fC can be considered. That is, the only difference
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between SfC and other cytosine derivatives is —CHO at its C5
position; thus, SfC can be specifically discriminated based on
the specific covalent chemical reaction of —CHO. Therefore, it
is generally necessary to further identify and capture SfC by
introducing an active molecule that can react specifically with
the aldehyde group. In general, substances which can react
with reactive aldehyde groups include amides, hydroxylamines,
hydrazine, ammoniacs, etc.”* It is noteworthy that 4-amino-3-
hydrazino-S-mercapto-1,2,4-triazole (AHMT), a well-known
Purpald reagent, is often used to detect aldehydes.*>*® The
reaction between hydrazine (on AHMT structure) and the
formyl group is highly effective, rapid, and occurs under mild
conditions.>” In addition, the cost of the use of AHMT is low.
Due to the above advantages, AHMT was employed as an
aldehyde detection reagent.

In this work, a novel, simple, and sensitive PEC biosensor
was developed for SfC detection in the genomic DNA of the
roots, stems, and leaves of maize seedlings. A MoS,/WS,
heterojunction nanocomposite was employed as a photoactive
material, AHMT was used as a linker in the covalent reaction
of —CHO, and black TiO, (B-TiO,) was adopted as a signal
amplification material. To evaluate the applicability of the
biosensor, this PEC biosensor was applied to the investigation
of the effect of Cd** on the 5fC content in roots, stems, and
leaves of maize seedlings. In our previous work, the detection
of SfC was performed using PEC techniques.”*® However,
there are some disadvantages needing to be conquered,
including 5fC-contained DNA sequence detection, low
detection sensitivity, signal “on—oft” model, complicated
preparation process of the photoactive material, practical
applicability, etc. To dissolve the above questions, the PEC
method developed in this work is an “off—on” model using
MoS,, WS,, and black TiO, ternary heterojunction structure,
and the detection target is a single SfC molecule, which can not
only improve the detection sensitivity but also expand the
applicability of the developed method and even achieve the
detection of 5fC content in genomic DNA.

B EXPERIMENTAL SECTION

Reagents and Instruments. FeCl,-4H,0, FeCl;-6H,0, (3-
aminopropyl) triethoxysilane (APTES), titanium butoxide, ascorbic
acid (AA), cadmium nitrate, acetonitrile, and ethanol were received
from Aladdin (China). N-Succinimidyl 4-(N-maleimidomethyl)
cyclohexanecarboxylate (SMCC) was provided by Thermo Fisher.
MoS, powder, WS, powder, and white TiO, were obtained from
Sigma-Aldrich. 4-Amino-3-hydrazino-S-mercapto-1,2,4-triazole
(AHMT) was purchased from TCI (JPN). S-Formyl-2’-deoxycyti-
dine-S'-triphosphate (Sf-dCTP), S-methyl-2’-deoxycytidine-5'-tri-
phosphate (Sm-dCTP), and S-hydroxymethyl-2’-deoxycytidine-5'-
triphosphate (Shm-dCTP) were supplied by TriLink Biotechnologies
(San Diego). N'-methyl-2'-adenosine-5'-triphosphate (m'-ATP) and
N°-methyl-2'-adenosine-5'-triphosphate (m®-ATP) were purchased
from Jena Bioscience (Germany). 2’-Deoxycytidine-S'-triphosphate
(dCTP), 2’-deoxyguanosine-S'-triphosphate (dGTP), 2’-deoxyade-
nosine-S'-triphosphate (dATP), and 2'-deoxythymidine-S’-triphos-
phate (dTTP) were provided by Sangon (Shanghai, China).

Transmission electron microscopy (TEM) images were obtained
on a Tecnai G2 F20 instrument (Fei Company). Scanning electron
microscopy (SEM) images were collected on a Quanta Q400. Atomic
force microscope (AFM) was performed on a Dimension Icon
microscope (Brook) using a tapping mode. Powder X-ray
diffractometry (XRD) was performed on a Smartlab SE equipment
operated at 40 kV and 30 mA (Toyko, Japan). PEC detection was
performed on a CHI832A electrochemical workstation equipped with
a 500 W Xe lamp as a light source.”® A three-electrode system was
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Scheme 1. Schematic Illustration of the Construction Process of the Proposed PEC Biosensor

5fC

used in the Mott—Schottky experiments, comprising a modified glassy
carbon electrode as the working electrode, a Pt wire as the counter
electrode, and a standard calomel electrode as the reference electrode.

Synthesis of MoS,, WS, Nanosheets, and Amino-Function-
alized Fe;0,. MoS, nanosheets were prepared using a typical
ultrasound method.*® First, 1 g of MoS, powder and 0.3 g of sodium
cholate were added into 200 mL of distilled water. Then, the solution
was sonicated for 20 h at room temperature. Afterward, the dispersion
was centrifuged at 3000 rpm for 15 min to remove any large MoS,
pieces. Finally, the product was collected by centrifugation (12 000
rpm, 10 min) and washed several times with double-distilled water
and ethanol. Finally, it was freeze-dried in vacuum.

WS, nanosheets were prepared using the ultrasonic-assisted liquid-
phase exfoliation technique as previously reported,41 where bulk WS,
powder was employed as a raw material, PAA as an exfoliating
reagent, and water as a solvent. Briefly, bulk WS, powder (1.5 g) and
PAA (420 uL) were added into 20 mL of sterilized water and the
mixture was sonicated for 8 h. Then, the dispersion was centrifuged at
3000 rpm for 10 min, and the upper dark green layer was collected,
which was further centrifuged at 10000 rpm for 10 min. The as-
obtained black precipitate was washed several times with double-
distilled water and finally freeze-dried in vacuum.

Amino-functionalized Fe;O, was prepared by following a previous
report, but with some modifications.*” First, 50 mL of a 0.5 M HCI
solution and a known quantity of FeCl,-4H,0 and FeCl;-6H,0
(molar ratio, 1:2) were added into a three-neck flask and stirred under
N, atmosphere at a 90 °C water bath, followed by the addition of 1.5
M sodium hydroxide solution to adjust the pH to 9.3—9.7. After
stirring for 30 min, the prepared Fe;O, was magnetically separated
and washed with double-distilled water three times. To modify with
amino group, the magnetic particles were first dispersed into 200 mL
of ethanol under ultrasonication. Then, S mL of 95% APTES was
added into the dispersion under N, atmosphere and stirred for 2 h at
75 °C. Finally, the prepared amino-functionalized Fe,O, (Fe;O,—
NH,) was collected by magnetic separation and the product was
washed three times with double-distilled water and ethanol separately.
The prepared Fe;0,—NH, was dried under 60 °C in vacuum.

Synthesis of B-TiO, Nanospheres. B-TiO, nanospheres were
prepared by following a previous report with few modifications.*
Briefly, 1 g of white TiO, and 1 g of NaBH, were thoroughly ground
and transferred to an alumina boat, and calcined at 300 °C for 2 h
under a N, atmosphere. After being allowed to be at room
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temperature, the mixture was washed with water and collected by
centrifugation. Finally, it was dried at 60 °C before use.

Fabrication of a PEC Biosensor. Before biosensor preparation,
three aqueous nanomaterial dispersions (3 mg/mL MoS, nanosheets,
2 mg/mL WS, nanosheets, and 3 mg/mL NH,—Fe;O,) were
ultrasonically prepared.

Indium titanium oxide (ITO) conductive glass pieces were initially
cleaned before being used as ITO electrodes, as previously reported
by us.** After cleaning, 40 uL of the prepared MoS,, WS,, and NH,—
Fe;0, dispersion was applied to the ITO surface and dried under an
infrared lamp. The obtained electrode was denoted as Fe;0,/WS,/
MoS,/ITO. Then, 40 uL of 1 mg/mL SMCC was applied to the
electrode surface and incubated for 2 h under room temperature in a
humid cell. The prepared electrode was denoted as SMCC/Fe;0,/
WS,/MoS,/ITO. After that, the electrode was incubated with 20 uL
activated propionic acid for 30 min to eliminate the unreacted —NH,
of NH,—Fe;O,. Subsequently, 40 yL of 100 ug/mL AHMT was
placed on the modified electrode surface, which was incubated for 120
min to promote the reaction between SMCC and the sulfydryl group
of AHMT. The electrode was denoted as AHMT/SMCC/Fe;0,/
WS,/MoS,/ITO. Afterward, the electrode was further incubated with
40 pL of different concentrations of SfC for 120 min at 37 °C under
humid condition. The obtained electrode was named as SfC/AHMT/
SMCC/Fe;0,/WS,/MoS,/ITO. Finally, 40 uL of B-TiO, was
deposited on the electrode surface and incubated for 110 min,
producing B-TiO,/S5fC/AHMT/SMCC/Fe;0,/WS,/MoS,/ITO. It
must be emphasized that the electrode was washed three times with
washing buffer (10 mM Tris—HCI and S0 mM NaCl, pH 7.4) and
dried under a N, stream between each modification step.

Sample Preparation and Detection. In this work, the effect of
heavy metal Cd** on 5fC content in maize seedling roots, stems, and
leaves was investigated. First, the maize seeds were sterilized in a 2%
sodium hypochlorite solution for 5 min and then soaked in distilled
water overnight. Next, the full, evenly sized maize seeds were planted
on plastic trays exposed to sunlight and moisture every day. During
the growth of the seeds into seedlings, different concentrations of
Cd?* solution were introduced into the incubation system, and these
seedlings were further cultured for 7 days in Petri dishes.
Subsequently, the roots, stems, and leaves of these maize seedlings
were harvested and immediately frozen in liquid nitrogen before being
ground into powder. Afterward, genomic DNA in these maize roots,
stems, leaves was extracted using a plant genomic DNA extraction kit
(TianGen, Beijing, China). Then, the DNA concentration was
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Figure 1. (A) SEM micrograph of bulk MoS, powder, (B) TEM micrograph of MoS, nanosheets, and (C) AFM micrograph of Mo$S, nanosheets,
where the inset is the height profile. (D) SEM micrograph of bulk WS, powder, (E) SEM micrograph of WS, nanosheets, (F) TEM micrograph of
WS, nanosheets, and (G) AFM micrograph of WS, nanosheets, where the inset is the height profile. (H) FT-IR spectrum of Fe;O, and NH,—
Fe;0,, (I) TEM micrograph of Fe;O,, (J) SEM micrograph of B-TiO,, (K) TEM micrograph of B-TiO,, and (L) XRD pattern of white TiO, and

B-TiO,.

measured using a Quawell Q3000 micro-volume UV spectropho-
tometer (San Jose). Finally, genomic DNA was degraded to its
individual nucleotide component by DNA Degradase (Zymo, Japan),
which was stored at —80 °C. To detect the SfC content, the PEC
biosensor was fabricated as described in the Experimental Section
except that SfC was replaced by 40 uL of the digested genomic DNA
solution.

B RESULTS AND DISCUSSION

Detection Strategy. In this work, a novel PEC method
was developed to quantitatively detect SfC. MoS,/WS,
heterojunction was employed as a photoactive material. The
specific covalent reaction between AHMT and the aldehyde
group on 5fC is used to identify and capture S5fC. B-TiO, and
MoS,/WS, form a ternary heterojunction, and the synergy of
the three materials increases the light absorption efficiency and
significantly improves the PEC response. The biosensor
fabrication process and SfC detection strategy are illustrated
in Scheme 1. First, MoS, nanosheets and WS, nanosheets were
immobilized on the ITO electrode surface to fabricate the
WS,/MoS,/ITO electrode. Then, Fe;O,—NH, was further
modified on the electrode surface, where Fe;O,—NH, was
employed as the immobilization matrix of SMCC through the
specific covalent reaction between SMCC and —NH, of
Fe;0,—NH,. It is well known that SMCC contains an amine-
reactive N-hydroxysuccinimide (NHS ester) and a sulthydryl-
reactive maleimide group; thus, it can react with —NH, and
—SH. Based on the covalent reaction between SMCC and the
—SH of AHMT, AHMT was further modified on the electrode
surface. Because there is a hydrazine group in the AHMT
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structure, SfC was then specifically recognized and captured on
the electrode surface through the covalent reaction between
the hydrazine group of AHMT and the aldehyde group of 5{C.
At this point, the phosphate group of 5fC was oriented away
from the electrode surface. Finally, based on the covalent
reaction between the phosphate group of 5fC and B-TiO,, B-
TiO, was further captured on the electrode surface. The
formation of B-TiO,/WS,/MoS, ternary heterojunction
accelerated the transfer of interface electrons, prolonged the
lifetime of carriers, and achieved further signal amplification of
PEC biosensor. Because the magnitude of the PEC response
has a quantitative relationship with SfC, 5fC can be detected
with high sensitivity and selectivity.

Characterization of Materials. The morphologies of
MoS,, WS,, and B-TiO, were first characterized by SEM,
TEM, and AFM techniques. The structural properties were
studied by powder X-ray diffraction (XRD). Figure 1A
presents the scanning electron micrograph of MoS, powder
that shows a large and block structure with several microns in
length. It can be clearly seen from the transmission electron
micrograph in Figure SI1A that the MoS, powder has several
layers. Figure 1B,C shows the morphological characteristics of
MoS, nanosheets. TEM micrograph indicated that MoS,
possessed a thinner nanosheets structure. The atomic force
microscopy (AFM) image of a MoS, nanosheet is shown in
Figure 1C, and the inset shows a thin thickness estimated as
~4 nm. According to relevant literature reports, the thickness
of a single layer of molybdenum sulfide is 0.8—1 nm.*
Therefore, it is confirmed that the bulk MoS, was successfully
exfoliated into a smaller nanosheet with four layers. The
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Figure 2. (A) Photocurrent responses of (a) MoS,/ITO, (b) WS,/MoS,/ITO, and (c) B-TiO,/WS,/MoS,/ITO in 10 mM Tris—HCI containing
10 mM AA (pH 7.4). (B—D) Mott—Schottky plots of MoS,, WS,, and B-TiO,, respectively. (E—G) VB-XPS spectra of MoS,, WS,, and B-TiO,,
respectively. (H) Schematic band structures of MoS,, WS,, and B-TiO,. (I) PEC response of different electrodes in 10 mM Tris—HCI containing
10 mM AA (pH 7.4). (a) MoS,/ITO, (b) WS,/MoS,/ITO, (c) Fe;0,/WS,/MoS,/ITO, (d) SMCC/Fe;0,/WS,/MoS,/ITO, (¢) AHMT/
SMCC/Fe;0,/WS,/MoS,/ITO, (f) SfC/AHMT/SMCC/Fe,0,/WS,/MoS,/ITO, and (g) B-TiO,/SfC/AHMT/SMCC/Fe,0,/WS,/MoS,/
ITO. The applied potential is —0.4 V. The 5fC concentration is 1 nM.

scanning electron micrograph of WS, powder in Figure 1D
indicates a large, block structure similar to that of MoS,.
Moreover, the TEM micrograph (Figure S1B) shows that the
WS, powder showed a thicker number of layers. The
morphology of WS, nanosheets was investigated by SEM,
which exhibits a relatively thin sheetlike structure (Figure 1E).
Figure 1F demonstrates that a WS, nanosheet was successfully
prepared by the ultrasonic-assisted liquid-phase exfoliation
technique. Compared to Figure S1B, not only the thickness is
reduced but also the size is significantly reduced, indicating
that the large piece of WS, was successfully peeled into small
nanosheets. The atomic force microscopy (AFM) image of
WS, nanosheets is shown in Figure 1G, and the inset exhibits a
thin thickness estimated as ~3 nm. According to relevant
literature reports, the thickness of a single layer of
molybdenum sulfide is 0.8 nm.* Therefore, it is confirmed
that the bulk WS, was successfully exfoliated into smaller
nanosheet with four layers. The formed nanoflakes made it a
special structure with higher specific surface area. In addition,
Fourier transform infrared (FT-IR) spectroscopy was
performed to prove the successful preparation of Fe;O, and
the successful modification of the amino group. As illustrated
in Figure 1H, the stretching vibration of Fe—O (586 cm™")
proves the successful synthesis of Fe;O,. After treatment with
APTES, the stretching vibration of N—H (3153 cm™") proved
the successful amino functionalization of Fe;0,. Fe;O,—NH,
consisted of almost spherical particles with an average size of
approximately 10—30 nm (Figure 1I). Interestingly, scanning
electron micrograph and transmission electron micrograph of
B-TiO, showed that B-TiO, was spherical in shape with a
particle size of 150—200 nm (Figure 1J,K). In addition, B-TiO,
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obtained by the reduction of white TiO, is black, which is
attributed to the introduction of oxygen vacancies (i.e., Ti**-V
sites). The position of the XRD diffraction peaks of white TiO,
and B-TiO, did not change significantly (Figure 1L), proving
that both of them have the characteristic of the anatase
polymorph of TiO,. However, after reduction, the XRD peak
intensity of B-TiO, weakened, which may be the result of the
partial loss of crystallinity during the thermal reduction of
NaBH,.

To prove the mechanism of PEC signal improvement, some
experiments have been carried out, and the energy band
structures of MoS,, WS,, and B-TiO, were analyzed by Mott—
Schottky plots*’~*” and valence band photoemission spectrum
(VB-XPS)*™ in Figure 2. As shown in Figure 2A, the MoS,/
ITO electrode showed an initial photocurrent of about 280 nA
(curve a). After WS, was coated on the MoS,/ITO electrode, a
larger PEC response of about 597 nA was obtained (curve b).
After deposition of B-TiO, (curve c), the photocurrent of the
B-TiO,/WS,/MoS,/ITO electrode greatly increased to 1416
nA. The remarkably increased photocurrent in B-TiO,/WS,/
MoS,/ITO could be ascribed to faster electron transport from
valence band (VB) to conduction band (CB) and a high
separation efficiency of the photogenerated electron—hole
pairs due to the introduction of B-TiO,. To further prove it,
the band structure of MoS,, WS,, and B-TiO, was investigated
by the Mott—Schottky plots and VB-XPS spectra, which are
generally used for the analysis of the flat band potential (Eg,)
and band gap energy of semiconductor. As shown in Figure
2B—D, the positive slope of the plot indicated that these
materials were n-type semiconductors in 0.5 mol/L Na,SO,
solution. The Eg values (which were calculated from the
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Figure 3. Effects of concentration of MoS, (A) and WS, (B), incubation time of SMCC (C), AHMT (D), 5fC (E), and B-TiO, (F) on PEC
response of the biosensor. For (A—F), the Sf-dCTP concentration is 1 nM. The error bar was obtained by three measurements.

intercept of the axis with potential value) were —0.45, —0.56,
and —1.61 V vs saturated calomel electrode (SCE) for MoS,,
WS,, and B-TiO,, respectively. For many n-type semi-
conductors, Eg is often estimated to be 0—0.2 V below the
conduction band (E_).*”** Based on it, the estimated E,
values of MoS,, WS,, and B-TiO, were calculated to be —0.13,
—0.24, and —1.29 V (vs normal hydrogen electrode (NHE)),
respectively,ss_57 or —0.37, —0.48, and —1.53 V (vs SCE),
respectively. As seen from Figure 2E—G, the band gap energies
(E,) of MoS,, WS,, and B-TiO, were estimated to be 1.57,
1.37, and 2.38 eV, respectively. So, the valence band energies
(E,,) were 1.44, 1.13, and 1.09 eV, respectively (E,, = Eg, +
Eg). According to these results, the band structures of MoS,,
WS,, and B-TiO, are depicted in Figure 2H. These results
prove that the Eg value of B-TiO, was higher than those of
MoS, and WS,. Thus, the electrons of B-TiO, can transfer to
WS, and further transfer to MoS,. Moreover, B-TiO, can
increase the electron transfer amount of WS, to MoS, due to
the energy-level matching of these materials.

Detection Feasibility Assay of the Biosensor. Photo-
current response is an excellent method to characterize the
electrode modification process, which can effectively reflect the
process of photogenerated electron transfer at different
modified interfaces to verify successful modifications. To
validate the constructed biosensor, the PEC response of
different electrodes was recorded in detection buffer (10 mM
Tris—HCI with 10 mM AA, pH 7.4) under visible light
illumination.

As shown in Figure 2I, the photocurrent of MoS,/ITO
electrode is about 280 nA (curve a), indicating that MoS,
nanoflakes have stable and excellent photoelectric activity.
After WS, was modified on the electrode surface, the
photocurrent is significantly increased to 495 nA (curve b).
It can be attributed to the formation of a WS,/MoS,
heterojunction, where WS, can improve the photocurrent
response of MoS, by accelerating charge separation and
retarding electron—hole pair recombination. Because Fe;O,
can accelerate the transfer of photogenerated electrons due to
its good conductivity, the PEC response increased to 539 nA
after Fe;O, was coated on the WS,/MoS,/ITO electrode
surface (curve c). However, the photocurrent reduced to 475
nA when SMCC was modified on the Fe;0,/WS,/MoS,/ITO
electrode (curve d). This is explained by the steric hindrance
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effect of SMCC, hindering the diffusion of the electron donor
(AA) to electrode surface. Subsequently, the photocurrent
further decreased to 410 nA when AHMT was immobilized on
the electrode surface (curve e), which could be also ascribed to
the increased steric hindrance effect. After AHMT/SMCC/
Fe;0,/WS,/MoS,/ITO was incubated with 5f-dCTP, the PEC
responses decreased to 330 nA (curve f), which could be
attributed to the steric hindrance effect and the electrostatic
repulsion effect of 5f-dCTP. The transfer of the electron donor
to the surface of MoS,/WS, heterojunction is hindered, and as
a result, the recombination rate of electrons and holes is
increased, thereby reducing the photocurrent. Finally, the
photocurrent increased strongly when B-TiO, was immobi-
lized on the electrode surface (curve g). It is worth noting that
B-TiO, formed a ternary heterojunction with MoS,/WS,,
which accelerated the transfer of electron donors to the
electrodes, thereby significantly enhancing photocurrent.
According to the change of the PEC response, the successful
preparation of the biosensor can be confirmed.

Optimization of PEC Biosensor Testing Conditions.
To achieve the high detection sensitivity of the biosensor,
several experimental parameters were investigated, including
MoS, concentration, WS, concentration, SMCC incubation
time, AHMT incubation time, SfC incubation time, and B-
TiO, incubation time. To optimize the experimental
conditions, the biosensor was fabricated as described in the
Experimental Section except changing the optimal parameter.

As shown in Figure 3A, as MoS, concentration increased
from 1 to 3 mg/mL, the photocurrent gradually increased to
achieve a maximum value at 3 mg/mL. As the concentration of
WS, continued to increase, the photocurrent gradually
decreased. It can be attributed to the increased MoS,
thickness, which hindered the transfer of electrons to electrode
surface, increasing the recombination of photoelectrons and
holes. Therefore, 3 mg/mL was chosen as the optimal MoS,
concentration.

Figure 3B presents the effect of WS, concentration. The
photocurrent showed a trend of increasing first and then
decreasing as the concentration of WS, further increased. The
PEC signal reached a maximum value with a WS,
concentration of 2 mg/mL. It can also be ascribed to the
increased WS, thickness, which hindered the transfer of
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photogenerated electrons. Therefore, 2 mg/mL was employed
in this work.

Figure 3C shows the effect of SMCC incubation time on
PEC response. With extending the incubation time from 40 to
120 min, the PEC response gradually increased. However,
when the incubation time was higher than 120 min, the
photocurrent tended to be stable. It may be explained by the
fact that the amount of modified amino-functionalized Fe;O, is
saturated, and an excessively long incubation time does not
further increase the immobilization amount of SMCC, which
results in the stabilization of the PEC response. Therefore, 120
min was employed.

The effect of AHMT incubation time is shown in Figure 3D.
The photocurrent increased rapidly with extending the AHMT
incubation time from 20 to 100 min. When further prolonging
the incubation time, the photocurrent gradually reached a
steady state. This may be the result of the SMCC saturation
reaction and does not further increase the capture of AHMT.
Therefore, 120 min was used. Similarly, the effect of SfC
incubation time and B-TiO, immobilization time was also
investigated. As shown in Figure 3E,F, the optimal
experimental conditions were 120 and 110 min, respectively.

Detection Performance. To evaluate the sensitivity of the
developed method, the relationship between different concen-
trations of 5f-dCTP and photocurrent was investigated under
optimal experimental conditions. As shown in Figure 44, as the
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Figure 4. (A) PEC response of the biosensor with various
concentrations of SfC. (a—j) 0.01, 0.05, 0.1, 0.5, 1, S, 10, S0, 100,
200 nM. (B) Linear relationship between the PEC response and the
logarithm value of SfC concentration. Error bars represent the
standard deviation of three measurements. (C) Histogram for the
photocurrent change of the biosensor fabricated with different targets.
(D) Time-based PEC responses of the biosensor stability test during
10 cycles of light on and light off.

5f-dCTP concentration changes from 0.01 to 200 nM, the
photocurrent gradually increased. Within this concentration
range, a good linear relationship can be established between
the photocurrent and the logarithm value of Sf-dCTP
concentration (Figure 4B). The linear regression equation
can be expressed as I (nA) = 142 + 6.77logc (nM) + 637 +
9.68 (r = 0.9989, P < 0.0001, n = 10), thus enabling the
quantitative detection of SfC. The detection limit was
estimated to be 2.7 pM (S/N = 3). Moreover, we explored
the uncertainty (the 95% confidence interval) associated with
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both the slope and the ordinate intercept of the linear
equation. The data are presented in the Supporting
Information. These results show that the constructed biosensor
has a wide detection range and the detection limit is lower than
other methods. In Table 1, the fluorescence detection and

Table 1. Performance Comparison of the PEC Biosensor for
5fC Detection with Other Methods

methods linear range detection limit refs
fluorescence 5—200 nM 10 nM 58
fluorescence 50—1000 nM 42 nM 34
SPME-UPLC-ESI-MS/MS 0.1-100 ftM 0.03 M 59
LC-ESI-MS/MS 0.5—100 ftM 0.11 fM 60
photoelectrochemistry 0.01-200 nM 3.8 pM 25
photoelectrochemistry 0.01-200 nM 2.7 pM this work

analysis technology has the disadvantages of narrow detection
range and high detection limit, which limits its use to some
extent. Although the liquid chromatography/mass spectrome-
try detection method significantly expands the detection range
and reduces the detection limit, the instrument is not easy to
achieve miniaturization and has the disadvantages of expensive
and complicated operations. Therefore, the PEC analysis
method integrates the advantages of inexpensive instrument,
rapid response, and simple operation and thereby becomes a
good platform for detecting SfC. Compared to the previously
constructed sensors, this sensor further reduces the detection
limit. Thus, the developed method successfully achieves the
quantitative monitor of 5fC.

In addition, selectivity and stability play an important role in
the performance of biosensor. To investigate the selectivity of
the constructed biosensor, eight nucleotides were employed as
potential interferents, including Sm-dCTP, Shm-dCTP, dATP,
dTTP, dGTP, dCTP, ml-ATP, and m6-ATP. In the
experiment, the biosensor was first prepared with the process
as described in the Experimental Section using the above
nucleotides and Sf-dCTP. Then, the photocurrent change (Al
= I, — I,) was compared, where I, is the photocurrent of the
biosensor fabricated with different nucleotides and I, is the
biosensor fabricated with Sf-dCTP. As shown in Figure 4C, Al
for 5f-dCTP was greatly higher than that for other nucleotides,
indicating the good detection selectivity of the biosensor. To
further prove the detection specificity, the electrode was
prepared with the mixture of Sf-dCTP and other eight
deoxyribonucleotides, respectively (Figure S2B). The AI for
5f-dCTP was similar to the mixture of 5f-dCTP and other
deoxyribonucleotides. These results further prove the high
detection specificity of the developed method.

SPME-UPLC-ESI-MS/MS: solid-phase microextraction-
ultra high-performance liquid chromatography-electrospray
ionization-tandem mass spectrometry; LC-ESI-MS/MS: liquid
chromatography-electrospray ionization-tandem mass spec-
trometry.

As another crucial factor, the stability of the PEC biosensor
was also investigated by detecting 10 cycles with light on and
light off in the detection buffer. As illustrated in Figure 4D, the
photocurrent in each cycle showed a small difference with a
relative standard deviation (RSD) of 1.48%, indicating
acceptable stability.

The reproducibility of the PEC biosensor was assessed with
a view toward practical usefulness. To perform it, the
photocurrent for eight parallel prepared B-TiO,/SfC/
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Figure 5. Effect of different concentrations of Cd** on SfC content in the genomic DNA of the roots (A), stems (B), and leaves (C) of maize

seedling.

AHMT/SMCC/Fe;0,/WS,/MoS,/ITO electrodes was com-
pared, where the electrodes were fabricated with the same
process as described in the Experimental Section. As illustrated
in Figure S2C, no significant differences were found in the
photocurrent of the eight independent PEC biosensors (RSD
3.71%), indicating acceptable detection reproducibility.

Detection of DNA Formylation in Real-Life Samples.
Many factors can influence the growth and yield of crops, such
as heavy metals, salt, organic molecule, heat, and chilling.él_é4
Among them, cadmium is a heavy metal most harmful to plant
physiological and biochemical processes, mainly in the
germination of corn seeds and the elongation of roots, stems,
and leaves of crop seedling. Thus, to further evaluate the
adaptability of biosensors to 5fC detection and its application
prospects, the effects of different concentrations of Cd** on the
SfC content in the genomic DNA of the roots, stems, and
leaves of maize seedlings were investigated. As shown in Figure
S, with increasing Cd** concentration, the 5fC content
gradually decreased in the genomic DNA of roots, stems,
and leaves of maize seedlings, which demonstrated that cd*
can greatly inhibit the expression of 5fC. To verify the accuracy
of the method, the expression level of SfC was also detected by
enzyme-linked immunosorbent assay (ELISA), verifying the
accuracy of the biosensors. These results also confirmed the
great potential of the developed method for detecting 5fC in
the genomic DNA of plant tissue.

B CONCLUSIONS

In summary, a novel and sensitive PEC biosensor was
fabricated for SfC detection using a MoS,/WS, heterojunction
as the photoactive material. With the aid of WS,, the
photoactivity of MoS, was improved greatly based on the
matched energy band, which can be ascribed to the unique
electronic and optical properties of the three different
semiconductors and the synergy between the three materials
greatly improves the light absorption efliciency, accelerates
electron transfer, and extends the lifetime of the carrier. Due to
the formation of ternary heterojunction structure between
MoS,, WS,, and B-TiO,, the PEC response of the biosensor
was further improved by 147.17%, which also increased the
detection sensitivity. In our work, AHMT was used as a
recognition molecule for SfC. Based on the specific covalent
reaction between the hydrazine structure of AHMT and the
—CHO of 5fC, the target molecule was detected with high
selectivity. In addition, the proposed biosensor shows great
potential for detecting SfC in the genomic DNA of crop
tissues.
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