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ABSTRACT: DNA methyltransferases may function as important
biomarkers of cancers and genetic diseases. Herein, we develop a
dye-sensitized and gold plasmon-enhanced cathodic photoelec-
trochemical (PEC) biosensor on the basis of p-type covalent
organic polymers (COPs) for the signal-on measurement of M.SssI
methyltransferase (M.SssI MTase). The cathodic PEC biosensor is
constructed by the in situ growth of p-type COP films onto a glass
coated with indium tin oxide and the subsequent assembly of
biotin- and HS-labeled double-stranded DNA (dsDNA) probes
onto the COP film via biotin−streptavidin interaction. The
dsDNA probe contains the recognition sequence of M.SssI
MTase. The COP thin films possess a porous ultrathin nanosheet
structure with abundant active sites, facilitating the generation of a high photocurrent compared with the hydrothermally synthesized
ones. The presence of DNA methyltransferases can prevent the digestion of restriction endonuclease HpaII, consequently inducing
the introduction of gold nanoparticles (AuNPs) to the dsDNA probes via the S−Au bond and the intercalation of rhodamine B
(RhB) into the DNA grooves to produce a high photocurrent due to the dye-photosensitized enhancement and AuNP-mediated
surface plasmon resonance. However, in the absence of M.SssI MTase, HpaII digests the dsDNA probes, and neither AuNPs nor
RhB can be introduced onto the electrode surface, leading to a low photocurrent. This cathodic PEC biosensor possesses high
sensitivity and good selectivity, and it can screen the inhibitors and detect M.SssI MTase in serum as well.

DNA methylation is a well-studied epigenetic modifica-
tion,1,2 and abnormal DNA methylation may cause

various cancers (e.g., thyroid tumor and breast cancer).3−5 In
eukaryotes, MTase catalyzes DNA methylation, and its
aberrant activity may induce genetic diseases and cancers,
and thus DNA MTase may act as an important biomarker.
Until now, high-performance liquid chromatography,6 fluo-
rescent assay,7 electrochemiluminescent assay,8 polymerase
chain reaction,9 colorimetric assay,10 and gel electrophoresis11

have been developed to detect the MTase activity. However,
they usually require expensive equipment, laborious sample
treatment, and complex operation processes. New methods
with the capability of simply and sensitively detecting MTase
activity are highly required.
Photoelectrochemical (PEC) biosensors combine the merits

of both optical and electrochemical biosensors,12−19 and they
have totally separated optical excitation and signal readouts,
with distinct advantages of easy operation, fast response, low
cost, and low background.20 Their signaling mechanism mainly
relies on the alteration of electron donor/acceptor concen-
tration or the change of diffusion efficiency for the achieve-
ment of signal diminution/enhancement,21,22 and the drop-

coating modification method is frequently employed to
construct the electrodes of PEC biosensors.23,24 However,
the instability and unrepeatability of photoactive materials may
disturb the charge mobility on the electrode and adversely
influence the sensing performance. Generally, PEC sensing
relies on photoresponsive materials. n-Type semiconductors
(e.g., Bi2S3, CdS, TiO2, and ZnO) have been extensively
employed for the development of PEC sensors.25,26 However,
the n-type semiconductors as photoanodes are easily interfered
by the reaction of strongly reducing substances and oxidizing
holes. p-Type semiconductors can function as photocathodes,
and they interact with electron acceptors instead of electron
donors, efficiently resisting the reductive agents27 and
photocorrosion.28 Recently, the p-type semiconductors have
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attracted more and more attention in the development of
cathodic PEC sensors.29−32 Polymer compounds such as
triazine−thiadiazole-based copolymers,33 arylacetylene-based
copolymers,34 and polythiophene35 exhibit p-type semi-
conductor properties, with promising applications in energy
conversion and active photocathodes.36 Covalent organic
polymers (COPs) are porous polymer compounds with the
characteristics of large specific surface area, good stability,
adjustable function, and controllable structure37 and have been
widely applied in drug delivery,38,39 catalysis,40 gas storage/
separation,41−43 sensing,44 and energy storage.50 Especially, the
strong π−π stacking between two-dimensional COP layers can
produce high porosity and crystallinity, providing a transport
channel for carrier transformation and consequently making
COPs become excellent photoactive materials for PEC
biosensors.
Noble-metal nanoparticles exhibit surface plasmon reso-

nance (SPR),46,47 with the characteristics of visible light-

induced charge separation, intensive localized electric field, and
the unique plasmon absorbance.48−50 Gold nanoparticles
(AuNPs) have the advantages of controlled synthesis, good
stability, biocompatibility, and catalytic performance.51 Espe-
cially, the SPR of AuNPs can enhance the photocurrent-
transfer efficiency. Herein, we develop a dye-sensitized and
gold plasmon-enhanced cathodic PEC biosensor based on p-
type COP thin films for the signal-on measurement of M.SssI
MTase. The cathodic PEC biosensor is constructed by the in
situ growth of p-type COP films onto an indium tin oxide
(ITO)-coated glass and the subsequent assembly of biotin- and
HS-labeled double-stranded DNA (dsDNA) probes with the
M.SssI MTase recognition sequence onto the COP films. The
presence of DNA methyltransferases can prevent the digestion
of restriction endonuclease HpaII, consequently inducing the
introduction of AuNPs to the dsDNA probes via the S−Au
bond and the intercalation of rhodamine B (RhB) into the
DNA grooves to produce a high photocurrent. The SPR effect

Scheme 1. (A) In Situ Synthesis of a Porous COP onto an ITO Glass Substrate and (B) Development of a PEC Biosensor for
M.SssI MTase Assay
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of AuNPs and the RhB photosensitive enhancement can
significantly amplify the photocurrent of the PEC biosensor.
This cathodic PEC biosensor can screen the inhibitors and
detect M.SssI MTase in serum as well.

■ EXPERIMENTAL SECTION

General. The reagents and materials as well as the
apparatus and characterization are described in the Supporting
Information
In Situ Synthesis of COP onto ITO. Prior to use, the ITO

slices (4.7 cm × 1 cm) were sonicated in acetone, 10% H2O2,
and 1.0 M NaOH, followed by ultrapure water cleaning and
nitrogen blow-drying. 4,4′,4″-Triaminotriphenylamine (TAPA,
1 mg) and 2,6-dihydroxynaphthalene-1,5-diformaldehyde
(DHNDA, 1 mg) were dissolved in 550 μL of a solution
containing acetic acid, mesitylene, and ethanol (v/v/v = 1:5:5),
respectively, followed by mixing together (v/v = 1:1) and
dripping 20 μL of the mixture solution onto ITO at room
temperature. After 10 min, the unreacted residues were
removed from the ITO glass by using methylene chloride. A
thin rosybrown-colored film was obtained on the ITO surface
after drying at room temperature (Figure S1, middle).
Construction of the PEC Biosensor. The PEC biosensor

was constructed by creating a hollow-carved circle with a
diameter of 0.4 cm (surrounded by an insulation tape) in the
COP film-modified ITO electrode (Figure S1, right). The
streptavidin/COP/ITO electrode was obtained by sequentially
dropping 20 μL of streptavidin solution (0.1 mM) onto the
COP/ITO electrode and subsequently drying at room
temperature.
Detection of M.SssI MTase Activity and Inhibition

Assay. To reduce the disulfide-bonded oligonucleotides,
TCEP was used to activate DNA-1 probes for 1 h. The 2
μM DNA-1 hybridized with 2 μM DNA-2 in the buffer (5 mM
MgCl2, 1.0 mM ethylenediaminetetraacetic acid, and 10 mM
Tris, pH 7.4) at 37 °C for 30 min to obtain the dsDNA probes.
Then, 15 μL of the dsDNA probes (2 μM) was incubated with
2.0 μL of 1× NEBuffer 2, M.SssI MTase, and 160 μM SAM at
37 °C for 2 h, followed by incubation with 100 U mL−1 HpaII
+ 1× CutSmart buffer at 37 °C for 2 h. The AuNPs/dsDNA/
streptavidin/COP/ITO electrode was obtained by dripping
the reaction solution onto the streptavidin/COP/ITO
electrode, incubating for 30 min, washing with 0.1 M PBS,
and incubating with AuNPs (20 μL) for 8 h. After incubating
the modified electrode with 1 mM RhB for 30 min and
subsequent washing with 0.1 M PBS, the PEC measurements
were performed in 0.1 M PBS. Inhibition assay was carried out
by incubating inhibitors of different concentrations with 100 U
mL−1 M.SssI MTase, followed by the measurement procedures
described above.

■ RESULTS AND DISCUSSION

Principle of M.SssI MTase Detection. The imine
condensation reaction was performed at room temperature
for the in situ synthesis of COP films onto ITO, with TAPA
and DHNDA as the building blocks (Scheme 1A). The PEC
biosensor was constructed by the subsequent assembly of
biotin- and HS-labeled dsDNA probes containing the M.SssI
MTase recognition sequence onto the COP film via the
biotin−streptavidin interaction (Scheme 1B). The dsDNA
probe was constructed with two complementary single-
stranded DNA strands which contain the CpG dinucleotide

site 5′-CCGG-3′, with DNA-1 being labeled by thiol and
DNA-2 being labeled by biotin at the 3′ end. The presence of
M.SssI MTase enables the methylation of 5′-CCGG-3′ which
prevents the recognition of HpaII, and thus dsDNAs remained
on the COP/ITO electrode. Subsequently, AuNPs are
assembled onto the dsDNA/COP/ITO photocathode through
the S−Au interaction, and RhB is inserted into the dsDNA
groove. The SPR effect and excellent conductivity of AuNPs
coupled with the RhB photosensitive enhancement can
significantly amplify the cathodic photocurrent. In the absence
of M.SssI MTase, the methylation of 5′-CCGG-3′ cannot
occur, and HpaII can digest the dsDNA probes. Consequently,
neither AuNPs nor RhB can be immobilized onto the
electrode, and no enhanced cathodic photocurrent is detected.

Characterization of the COP Film and the AuNPs. The
synthesis of the COP thin film is confirmed by the Fourier
transform infrared (FT-IR) spectrum. The FT-IR spectrum of
DHNDA (Figure 1A, blue line) exhibits a C−H stretching

vibration (2918 cm−1) and a carbonyl group stretching
vibration (1639 cm−1).52 The FT-IR spectrum of TAPA
(Figure 1A, red line) shows stretching frequencies of 3338
cm−1 (N−H of amine ring) and 1621 cm−1 (CC of phenyl).
After the condensation of monomers (Figure 1A, black line),
the characteristic N−H stretching band of TAPA (3338 cm−1)
and the CO stretching band of DHNDA (1639 cm−1)
disappear, and a new C−H stretching frequency of phenyl ring
(2911 cm−1) and a new CN stretching band (1603 cm−1)
appear, verifying the formation of COP from DHNDA and
TAPA (Figure 1A, black line).45 XRD is further used to
characterize the COP thin film (Figure 1B). Two broad peaks
at 21.8 and 11.5° correspond to the [001] and [100] planes,

Figure 1. (A) FT-IR spectra of TAPA (red), DHNDA (blue), and the
COP film (black). (B,C) XRD data (B) and diffuse reflectance
spectrum (C) of the COP film. Inset of (C) shows the Tauc plot.
(D,E) High-resolution XPS spectra of C 1s (D) and N 1s (E) of the
COP film. (F) UV−vis spectrum of the AuNPs. (G,H) SEM top view
(G) and cross section (H) of the COP film onto ITO. (I) TEM image
of the AuNPs.
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respectively, with the [001] plane being induced by the π−π
stacking between the COP layers. UV−vis diffuse reflectance
spectroscopy shows that the COP thin film possesses a 300−
600 nm absorption band with a tail of more than 700 nm
(Figure 1C). The COP band gap (Eg) of 2.89 eV is obtained
based on eq 153

α ν ν= −h A h E( )g
1/2

(1)

where h is the Planck constant, α is the absorption coefficient,
A is a constant term, ν is the frequency of light, and Eg is the
band gap. Moreover, the CN bond at 285.7 and 398.8 eV is
detected in the high-resolution X-ray photoelectron spectros-
copy (XPS) spectra of C 1s (Figure 1D) and N 1s (Figure 1E),
respectively, further verifying the existence of imine linkers in
the COP film. The UV−vis absorption spectrum displays that
the 13 nm AuNPs show an absorption peak at 520 nm (Figure
1F). The scanning electron microscopy (SEM) image shows
the assembly of a homogeneous and continuous COP film
onto ITO (Figure 1G), with the boundary being hardly
distinguished between the COP film and ITO (Figure 1H),
suggesting the strong adherence of the ultrathin film onto ITO.
The transmission electron microscopy (TEM) image indicates
that AuNPs have a uniform size distribution with 13 nm
diameter (Figure 1I).
Mechanism of PEC Biosensors. We compared the

photocurrents of different modified ITO electrodes. The
COP film-modified ITO electrode generates a higher photo-
current (−819 nA) than the bulk COP-modified ITO
electrode constructed by the hydrothermal method (−95
nA) (Figure S2). Figure 2 shows that the photocurrent

generated by the AuNPs/COP/ITO electrode (−2073 nA,
Figure 2A, curve b) is much higher than that generated by the
COP/ITO electrode (−819 nA, Figure 2A, curve a). The
following two factors make contributions to the enhanced
cathodic photocurrent: (1) the direct contact between the
AuNPs and the COP film facilitates charge transfer between
them, and (2) the SPR effect of AuNPs enhances the
separation efficiency of the photogenerated carriers. Notably,
when the measurement is performed in a nitrogen-purging
deaerated electrolyte, a lower photocurrent is detected (Figure
2A, curve c), suggesting the key role of oxygen as an electron
acceptor in the cathodic photocurrent generation. The COP/

ITO electrode generates a lower photocurrent (−2512 nA,
Figure 2A, curve d) than the AuNPs/COP/ITO electrode
(−4201 nA, Figure 2A, curve e) in 0.1 μM RhB + 0.1 M PBS,
suggesting the high photocurrent induced by RhB photo-
sensitive enhancement.
We further investigated the PEC behavior of the proposed

biosensor (Figure 2B). The dsDNA/streptavidin/COP/ITO
electrode generates a higher photocurrent in response to HpaII
+ M.SssI MTase + AuNPs (−2048 nA, Figure 2B, curve c)
than that in response to HpaII + AuNPs (−1120 nA, Figure
2B, curve a), suggesting the feasibility of this biosensor for
M.SssI MTase detection. Notably, the dsDNA/streptavidin/
COP/ITO electrode generates a higher photocurrent in
response to HpaII + M.SssI MTase + AuNPs + RhB
(−2738 nA, Figure 2B, curve d) than those in response to
HpaII + AuNPs + RhB (−1416 nA, Figure 2B, curve b) and
HpaII + M.SssI MTase + AuNPs (−2048 nA, Figure 2B, curve
c), suggesting the enhanced photocurrent induced by the
intercalation of dye-sensitized RhB in the DNA grooves.
Scheme 2 illustrates the mechanism of light irradiation-

induced photocurrent from the COP film in the PEC

biosensor. Under light irradiation, photoexcitation of the
COP film induces the electron transfer from the valence band
(VB) to the conduction band (CB), generating electron−hole
pairs. Then, the excited electrons on the CB of the COP film
quickly inject into the AuNPs due to the AuNP-mediated SPR
effect, enhancing the carrier separation efficiency. Subse-
quently, the dissolved oxygen can react with the electrons on
the CB of the AuNP surface and the COP film to generate a
high cathodic photocurrent.49 Meanwhile, RhB can harvest
visible light to form RhB*, and the electron can transfer from
the VB of the COP film to the excited-state RhB* (eq 2).54

Subsequently, an electron transfers from the reduced dye RhB−

(eq 3) to O2, regenerating RhB and forming a reduction
product of O2 (eq 4). In addition, the excellent conductivity
and SPR effect of AuNPs coupled with RhB photosensitive
enhancement facilitate the electron transfer and the generation
of an enhanced photocurrent.55

ν+ → *hRhB/COP RhB /COP (excitation) (2)

Figure 2. (A) Photocurrent generated by the COP/ITO electrode (a)
and the AuNPs/COP/ITO electrode (b) in 0.1 M PBS, the AuNPs/
COP/ITO electrode in deaerated electrolyte (c), the COP/ITO
electrode (d), and the AuNPs/COP/ITO electrode (e) in 0.1 μM
RhB + 0.1 M PBS. (B) Photocurrent generated by the dsDNA/
streptavidin/COP/ITO electrode in response to HpaII + AuNPs (a),
HpaII + AuNPs + RhB (b), HpaII + M.SssI MTase + AuNPs (c), and
HpaII + M.SssI MTase + AuNPs + RhB (d). 100 U mL−1 HpaII, 0.1
mM RhB, and 100 U mL−1 M.SssI MTase were used in the
experiments.

Scheme 2. Mechanism of Light Irradiation-Induced
Photocurrent from the COP Film in the PEC Biosensora

aCB, conduction band; VB, valence band.
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* → − +RhB /COP RhB /COP(h ) (hole injection) (3)

+

→ +

− +

+

RhB /COP(h ) O

RhB/COP(h ) reduction product of O

(dye regeneration and O reduction)

2

2

2 (4)

Sensitivity of M.SssI MTase Assay. We investigated the
sensitivity of this biosensor under optimized conditions
(Figure S3). M.SssI MTase generates concentration-dependent
photocurrent (Figure 3A), and the photocurrent shows a linear

correlation with the logarithm of the M.SssI MTase
concentration in the range from 0.05 to 100 U mL−1, with
the corresponding equation being I = −1951 − 362.4 lg C (R2

= 0.9964), where C is the concentration of M.SssI MTase (U
mL−1) and I is the measured photocurrent (Figure 3B). The
detection limit is measured to be 0.022 U mL−1, which is
superior to those of previous biosensors (Table S1). The
following factors make contributions to the high sensitivity of
this PEC biosensor: (1) the function of the COP film as the
electron donor facilitates the production of an enhanced
photocurrent, (2) AuNPs with SPR effect and excellent
conductivity can improve the photocurrent efficiency of the
PEC biosensor, and (3) RhB harvests light, facilitating the
electron transfer to the excited-state RhB* from the VB of
COP for the achievement of an enhanced photocurrent.
Selectivity, Stability, and Reproducibility of the PEC

Biosensor. We investigated the selectivity of this biosensor
using HhaI MTase and DNA adenine MTase (Dam) as the
interference enzymes (Figure 3C). Hhal MTase and Dam
MTase cannot recognize and methylate the specific sequence
5′-GmCGCGC-3′ in the dsDNA probe used in this research.
As a result, the photocurrents generated by Dam (−1544 nA)
and HhaI MTase (−1554 nA) are much lower than that

generated by M.SssI MTase (−2704 nA), suggesting the good
selectivity of this PEC biosensor toward M.SssI MTase.
We further investigated the stability of this biosensor by

performing 14 consecutive cycles of scans with light on and off
(Figure 3D). The photocurrent generated by 100 U mL−1

M.SssI MTase remains unchanged for each on/off period, and
the relative standard deviation (RSD) is measured to be 1.23%.
To assess the reproducibility of this biosensor, we fabricated
six electrodes under identical conditions and used them to
detect 100 U mL−1 M.SssI MTase, respectively. The RSD is
measured to be 0.21%, suggesting the excellent reproducibility
of this biosensor.

Inhibition Assay. 5-Aza-2′-deoxycytidine (5-Aza-dC) and
5-azacytosine (5-Aza) are the inhibitors of M.SssI MTase. The
relative activity of M.SssI MTase (RA) is measured based on
eq 5

= × = ×−C
C

RA 100% 10 100%I Ii

t

( )/362.4t i

(5)

where It is the photocurrent generated by M.SssI MTase, and Ii
is the photocurrent generated by M.SssI MTase + either 5-Aza
(Figure 4A) or 5-Aza-dC (Figure 4B). Ct and Ci were obtained
according to the linear correlation equation in Figure 3B,
respectively.

= − −I C1951 362.4 lgt t (6)

= − −I C1951 362.4 lgi i (7)

5-Aza induces the concentration-dependent decrease of
relative activity of M.SssI MTase (Figure 4A), with the
measured half-maximal inhibitory concentration (IC50) being
2.1 μM, which is consistent with that (2.4 μM) obtained by the
electrochemical biosensor.56 Moreover, the relative activity of
M.SssI MTase decreases when the 5-Aza-dC concentration
increases (Figure 4B), with the measured IC50 being 1.3 μM,
which is in good agreement with that (1.3 μM) measured by a
glucometer sensor.57

Detection of M.SssI MTase Activity in Serum. To
demonstrate the proof of concept of real sample analysis, we
measured the recovery ratio of the spiked M.SssI MTase in
serum. The recovery ratio is measured to be 98.8−111.5% with
an RSD of 1.8−3.8% (Table 1), suggesting the great potential
of this PEC biosensor for complex sample analysis.

■ CONCLUSIONS
We have constructed a new cathodic PEC biosensor to
sensitively detect M.SssI MTase using the COP film as the
photoactive material. This cathodic PEC biosensor is
constructed by the in situ growth of p-type COP films onto

Figure 3. (A) Photocurrent generated by different concentrations of
M.SssI MTase. The M.SssI MTase concentration is 0, 0.05, 0.1, 0.5, 1,
5, 10, 20, 50, and 100 U mL−1 from a to j. (B) A linear correlation is
obtained between the photocurrent and the logarithm of the M.SssI
MTase concentration. (C) Photocurrent generated by 100 U mL−1

Dam MTase (orange), 100 U mL−1 M.SssI MTase (green), 100 U
mL−1 HhaI MTase (blue), and the control without any MTase (rose
red). Error bars are the standard deviations of three independent
experiments. (D) 14 cycles of continuous scanning for the assessment
of the stability of the PEC biosensor.

Figure 4. 5-Aza (A) and 5-Aza-dC (B) induce the concentration-
dependent decrease of the relative activity of M.SssI MTase.
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ITO at room temperature and the subsequent assembly of
biotin- and HS-labeled dsDNA probe containing the M.SssI
MTase recognition sequence onto the COP film via the
biotin−streptavidin interaction. The COP thin films possess a
porous ultrathin nanosheet structure with abundant active
sites, facilitating the generation of a high photocurrent
compared with the hydrothermally synthesized ones. The
presence of DNA methyltransferases facilitates the introduc-
tion of AuNPs to the dsDNA probes via the S−Au bond and
the intercalation of RhB into the DNA grooves for the
production of an enhanced photocurrent. The SPR effect of
AuNPs and dye-photosensitized enhancement can significantly
amplify the photocurrent of the PEC biosensor. This cathodic
PEC biosensor can screen the potential inhibitors and
sensitively detect M.SssI MTase in serum as well.
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