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In this work, an antifouling electrochemiluminescent (ECL) ratiometric biosensor is designed for the accurate,
selective and sensitive detection of DNA methyltransferase (MTase) activity based on a dual-signaling strategy.
Briefly, an ITO electrode is used to construct the anti-fouling interfaces with the modification of polyaniline
(PANI), AuNPs and peptide. Hairpin DNA molecules containing the symmetric sequence of 5’-CATC-3’ are at-
tached onto the modified ITO electrode and the ds-DNA can be cut off in the presence of Dam MTase and Dpnl.
The residual DNA and two hairpin DNA could lead to the extension of ds-DNA due to the Hybridization Chain
Reaction (HCR). ECL signal is amplified significantly with the insertion of PTC-NH, molecules into the dsDNA
grooves. The ECLprc.nu2/ECLAu@Iuminol 1S found in a logarithmic linear relation with the concentration of Dam
MTase. Moreover, owing to the presence of antifouling peptide on the sensing interface, the ECL biosensor was
capable of sensing MTase activity in complex biological media, such as FBS samples and human serum with
significantly reduced nonspecific adsorption effect. Assaying Dam MTase in complex sample mixture containing
5% calf serum and 5% human serum further proved the feasibility of this ECL biosensor for early clinical di-

agnosis.

1. Introduction

DNA methylation is a well-known epigenetic modification, playing a
significant role in regulating gene expression and embryonic develop-
ment (Heithoff et al., 1999; Robertson, 2005). In short palindromic
sequences, DNA methylation occurs when the methyl transfers to cy-
tosine or adenine from the donor S-adenosylmethionine induced by
DNA methyltransferase (MTase) (Cheng and Roberts, 2001). Recent
research reveals that different kinds of human diseases, such as colon
cancer (Issa et al., 1993), gastric cancer (Mutze et al., 2011), lung
cancer (Belinsky et al., 1996), and other diseases are associated with
abnormal DNA methylation (Sheehan and Dorman, 2010; Coppieters
et al., 2014). Thus, the DNA MTase has been used as predictive bio-
marker and potential therapeutic target. A variety of MTase activity
assays have been developed for the early disease diagnosis and therapy.
Traditional detection methods including gel electrophoresis (Rebeck
and Samson, 1991), high performance liquid chromatography (Li et al.,

2007a,b), and radioactive labeling (Bergerat et al., 1991), are time-
consuming, complicated, requiring radio-active substance which is ex-
pensive and not efficient. To overcome the above drawbacks and im-
prove the detection sensitivity, various strategies based on amplifica-
tion and new technologies have been developed. Polymerase chain
reaction (Van and Henikoff, 2000), bioluminescence (Jiang et al.,
2012), chemiluminescence (Zeng et al., 2013; Luo et al., 2015), fluor-
escence (Li et al., 2010; Zhao et al., 2013), and electrochemical
methods (Rauf et al., 2017; Chen et al., 2019; Gao et al., 2018), have
been developed to detect DNA MTase activity in recent years.

Due to the excellent advantages, such as controllability, high sen-
sitivity, and low-cost, electrochemiluminescence (ECL) has been at-
tracting great attention in biological analysis especially in the detection
of DNA MTase (Guo et al., 2018; Sun et al., 2017; Jiang et al., 2017;
Zhou et al., 2016; Chen et al., 2018). It is noteworthy that, though with
low detection limit, there is still a severe challenge to apply these ECL
assays in real clinical application because the nonspesific adsorption
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and interference in a complex background. To avoid the nonspecific
protein adsorption, many efforts have been devoted to develop an an-
tifouling sensing surface. Poly(ethylene glycol) (PEG) and oligo(ethy-
lene glycol) (OEG) are the two of the most widely used antifouling
materials owing to their surface hydration (Ladd et al., 2009; Luo et al.,
2014; Vaisocherova et al., 2015; Prime and Whitesides., 1991; Callow
and Callow., 2011; Liu et al., 2014a,b; Nowinski et al., 2012; Hui et al.,
2017). But PEG and OEG have a tendency to be oxidized under oxi-
dative condition that has limited their utility for long-term applications.
(Knowles et al., 2017; Ran et al., 2014; Asuri et al., 2007). Another kind
of conventional anti-fouling materials are arezwitterionic polymers,
such as  poly(sulfobetainemethacrylate) and  poly(carbox-
ybetainemethacrylate) whose synthetic processes are time-consuming
and complicated. Peptides are natively zwitterionic, hydrophilic, and
exhibit outstanding biocompatibility because of the formation of de-
protonated carboxyl groups and protonated amine groups. Moreover,
the synthetic process is considerably quick and convenient. With these
merits, peptide has become a prospective candidate as an anti-fouling
materials. A range of peptide-based antifouling films have been re-
ported (Yang et al., 2017; Cui et al., 2017; Wu et al., 2017a,b; Chen
et al.,, 2009; White et al., 2012; Liu et al., 2018; Wang et al., 2017,
2018; Hui et al., 2017; White et al., 2012).

In recent years, ratiometric ECL technology has attracted particular
attention duo to its good performance in detection such as the low
detection limit, high accuracy and reproducibility (Shao et al., 2016;
Huo et al., 2018; Chen et al., 2012). In this work, we developed a new
ECL ratiometric sensing surface with high ECL emission and sensitivity
to DNA MTase activity as well as enhanced antifouling capability of a
novel designed peptide (DKDKDKDPPPPC) with the excellent electro-
chemical activity of PANI. The electrode was incubated with Dam
MTase which was used to catalyze the methylation reaction. When the
recognition of Dpnl was activated, it could cut off the ds-DNA. The
remaining DNA could react with two hairpin DNA to form ds-DNA
polymers, allowing the insertion of PTC-NH, to achieve universal de-
tection of Dam MTase. This method could realize the detection of
MTase activity with highly sensitive and selectivity.

2. Experimental section
2.1. Reagents and materials

Tris (2-carboxyethyl) phosphine hydrochloride solution (TCEP,
0.5 M) was purchased from Nanjing Chemical Reagent Co., Ltd. Aniline,
chloroauric acid (HAuCly), luminol, bovine serum albumin (BSA) and 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC) were pur-
chased from Sigma-Aldrich. Potassium persulfate (K5S;Og), sulfuric
acid (H.SOy4, 95.0-98.0%), and hydrogen peroxide (H>O., 30%) were
purchased from Chengdu Kelong Chemical Reagent Co. (Chengdu,
China). Indium Tin Oxide (ITO) coated glass slides were obtained from
NanoSci Inc. (China). Hela cells and Raw cells were purchased from
KeyGEN BioTECH Co. (China). DMEM medium, Fetal Bovine Serum and
penicillin-streptomycin were obtained from HyClone Co. (China). Dam
MTase, M.SssI MTase, Hpall MTase, and Dpnl were purchased from
New England Biolabs. Peptides and DNA oligonucleotides were pur-
chased from Shanghai Sangon Biological Engineering Technology &
Services Co. (China). The peptides and aptamer H;, H,, H3 have the
sequences as follows:

DKDKDKDPPPPC.
5-HOOC-TTTTTGAAGGAGGGGCGATCTTTTTGATCTTTTT-(CHy)e-
SH-3'.

5’-GGGGCGATGAAACTCGCCCCTCCTTC-3.
5’-GTTTCATCGCCCCGAAGGAGGGGCGA -3
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2.2. Apparatus

ECL emission was performed on a model MPI-E ECL analyzer (Xi'an
Remex Electronics Co. Ltd., Xi'an, China). Cyclic voltammetric (CV) and
Electrochemical impedance spectra (EIS) results were obtained on a
CHI 660C electrochemical workstation (Shanghai CH Instruments,
China). All electrochemical experiments were recorded with a three-
electrode system: ITO electrode (working electrode), Ag/AgCl (satu-
rated with KCI, reference electrode), and platinum wire (auxiliary
electrode). The scanning electron images were recorded with Scanning
Electron Microscope (SEM, S-4800, Hitachi). The Transmission Electron
Micrographs (TEMs) were obtained using a JEOL-JEM 200 CX TEM
instrument (Hitachi Instrument, Japanese). The fluorescence image is
captured using TCS SP5 confocal laser microscope (Leica, Germany).

2.3. Synthesis of AuNPs, Au@luminol and PTC-NH

The AuNPs were synthesized by the reduction of gold hydrochlorate
in aqueous solution according to classic method with slight modifica-
tion (Lin et al., 2006). In short, sodium citrate (1.5 mL, 1%) was added
into 50 mL HAuCl, (50 mL, 0.01%) boiling solution with continuous
heating for 50 min. Then the colloidal suspension was left with siring to
cool down to room temperature.

The Au@luminol nano-hybrids were prepared by the reduction of
gold hydrochlorate with luminol in aqueous solution according to the
method reported previously (Cui et al., 2010). In brief, 1.6 mL of 0.01 M
luminol was added into 100 mL boiling HAuCl4 solution (0.01%, w/w)
under vigorous stirring. After the solution was kept boiling for 30min, it
turns from yellow to wine-red. The Au@luminol solution was left to
cool down and then stored at 4 °C.

The amino-terminated perylene derivative (PTC-NH,) was achieved
according to the reported procedures (Lei et al., 2015). First, PTCDA
(0.20 g) was dissolved in acetone solution (5mL). Then, anhydrous
ethylenediamine (0.5mL) was added into the mixed solution under
stirring at 4 °C. Next, the product was rinsed till pH 7.4. Finally, the
product was dispersed with deionized water and stored at 4°C for
further use.

2.4. Preparation of Au@luminol — H; probes

Initially, the Au@luminol was centrifuged (1200 rcf, 10 min) to
obtain red precipitation. Meanwhile, 35 pL of H; (100 nM) and 15 pL
TCEP (10 mM) were mixed and incubated at room temperature 0.5 h to
activate thiol. Then, the activated H; was added to the Au@luminol
solution and incubated for 4 h at room temperature. The as-prepared
mixture was centrifuged (10000 rcf, 5min), and the red precipitates
were resuspended with 300 puL of phosphate buffered saline (PBS,
0.01 M, pH 7.4). Then 75 mM EDC were added to the Au@luminol-H;
solution to activate the carboxylic groups (37 °C, 1.5 h).

2.5. Fabrication of ratiometric ECL biosensor

The ratiometric ECL system for detecting DNA methyltransferase is
illustrated in Scheme 1. First, PANI was electrodeposited onto the ITO
electrode in 0.5M H,SO, solution containing 0.5 M aniline. The elec-
trodeposition was performed by CV with scanning ranging from —0.2 V
to +0.8 V at 100 mV s~ '. Next, 100 uL. AuNPs suspension was dropped
onto the sensing areas of PANI modified electrode for 30 min at 25 °C.
The modified electrode was incubated 24h in Phosphate Buffered
Saline (PBS, 0.2M, pH 7.4) containing 2.0 mg mL ™! multifunctional
peptide. The peptides were immobilized on the modified electrode via
Au-S bonds between the cys-terminal thiols and AuNPs. Then EDC
activated Au@luminol-H; (20 uL) was added to the surface of the
modified electrode and the Au@luminol-H; was linked to peptide via
amide bond. Finally, the as-prepared sensing biosensor was cleaned
with PBS buffer (0.1 M, pH 7.4) for subsequent tests.
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Scheme 1. Schematic illustration of the ratiometric ECL signal system.

2.6. ECL detection of dam MTase activity assay

Peptide functionalized sensing biosensor was incubated with 30 uL
Au@luminol-H; (1 x 10~°M) solution for 4 h at 37 °C. Then electrode
was further incubated with buffer solution containing SAM and various
amounts of Dam MTase for 2hat 37 °C. Subsequently, 10 uL solution
containing buffer and Dpn I was dispensed on the electrode and in-
cubated for 2hat 37 °C. Next, the prepared electrodes were incubated
with a mixture of 5 pL hairpin probe H, (1 uM) and 5 pL hairpin probe
H; (1 uM) for another 2 h. After that, 10 pL. 2 mM PTC-NH, was dripped
on the modified electrode and incubated for 7 h. Finally, ECL intensity
was measured in PBS solution (0.1 M, pH 7.5) containing 0.1 M K,S,0g
and 6.5 mM H,0, from —1.8 to + 0.8 V at the scan rate of 100 mV s~ .
The voltage of the photomultiplier tube (PMT) was set at 750 V.

3. Results and discussion

Scheme 1 shows the assembled procedure of the ratiometric ECL
biosensor. First, the electrode is modified with PANI film and AuNPs.
Then, the modified electrode is incubated in Phosphate Buffered Saline
(PBS, 0.2M, pH 7.4) solution containing 2.0 mgmL ™! peptide which
was designed to be antifouling for 24h to construct the anti-fouling
interface. Owing to the presence of peptide in the sensing interface, the
prepared ECL sensor was capable of decrease the nonspecific absorption
for detecting MTase activity in complex samples. Subsequently, a
hairpin DNA containing the symmetric sequence of 5-GATC-3’ is at-
tached to the modified ITO electrode through Au-S bond. With the
bonding of hairpin DNA, the electrode is incubated inside Dam MTase
solution, which catalyzes the methylation. When DNA sequence is
methylated (5’-GAmTC-3’), Dpnl is activated which enables it to cut off
the ds-DNA. The residual DNA and two types of hairpin DNA lead to the
extension of ds-DNA polymer on the electrode surface through HCR.
The HCR-generated dsDNA polymer promotes intercalation of the ECL
indicator PTC-NH, into the ds-DNA grooves, resulting in the sig-
nificantly enhanced ECL signal output. Thus, the methylation corre-
sponding to the MTase activity could be monitored and detection with
high selectivity and sensitivity by this method.

3.1. Characterization of AuNPs and Au@luminol

The morphology and size of the obtained AuNPs and Au@luminol
are characterized with Transmission Electron Microscopy (TEM). As
shown in Fig. S1A in the Supplementary Materials, the size distribution
of the prepared AuNPs is 11-18 nm and the average diameter of which
is about 15 nm. From Fig. S1B we can see that the size distribution of
Au@luminol is 10-17 nm and Au@luminol displays an average particle
size of 14 nm. Fig. S1C presents the UV-vis absorption of luminol with
two peaks at around 300 and 360 nm (curve a), and the absorption peak
of AuNPs is 525 nm (curve b). Compared to the spectrum of AuNPs,
Au@luminol (curve c) exhibits absorption band at 365 and 530 nm,
which is consistent with that reported (Cheng et al., 2014), indicating
the successful preparation of Au@luminol.

3.2. Feasibility of ratiometric ECL biosensor

To confirm the feasibility of the approach, the ECL of PTC-NH, and
Au@luminol nanoprobes are characterized separately. As shown in Fig.
S2A and S2B, a cathode ECL emission peak of PTC-NH, nanoprobe is
observed at —1.8 V, and an intense anode ECL emission peak of Au@
luminol nanoprobe is observed at +0.8 V. To characterize ECL of the
two nanoprobes within one potential scanning, ECL emissions of both
luminol and Au@luminol are simultaneously detected. As can be seen
from Fig. S2C, two well separated ECL signals appear during one po-
tential scanning, and no additional emissions are found. Such results
demonstrate that the as-prepared PTC-NH, and Au@luminol nanop-
robes could be used as indicators simultaneously in one measurement.

3.3. Characterization of the developed biosensing interfaces

The surface morphology of sensing interface is characterized step-
by-step with SEM. Fig. S3A is the surface of bare ITO electrode. Com-
pared to bare ITO, Fig. S3B shows a network structure on the ITO
electrode surface, revealing successful electro-deposition of PANI onto
the patterned ITO electrode. In Fig. S3C, some spherical particles are
found coated on the surface of PANI, and this suggests that AuNPs are
assembled onto the PANI surface. These results demonstrate the
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Fig. 1. DPV responses of PANI/ITO (A) and peptides/AuNPs/PANI/ITO (B) before and after incubated in various FBS (0%, 25%, 50%, 75%, 100%) samples.
Antifouling property of the PANI/ITO (red) and peptides/AuNPs/PANI/ITO (black) for various concentrations of FBS samples(C). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

successful modification of ITO electrode.

3.4. Characterization of the antifouling ability

The Differential Pulse Voltammetry (DPV) is used to assess the an-
tifouling ability of the peptide-based biosensor interfaces. Fig. 1A and
Fig. 1B are the DPV responses of PANI and peptide/PANI modified ITO
electrode after incubated in various concentrations of FBS (V/V). As can
be seen in Fig. 1C, the DPV signals of the peptide/PANI modified
electrode varies less than 2% even incubated in 100% FBS. This result
demonstrates the good antifouling ability of the peptide-based bio-
sensor interface, which is further verified by fluoresceinc diacetate
(FDA) labeled cells (Fig. 2). Due to the better biocompatibility of PANI
and AuNPs, there are more cells can be seen on the PANI/ITO and
AuNPs/PANI/ITO electrodes than on the bare ITO electrode. Compared
to PANI modified electrode and AuNPs/PANI modified electrode, only a
few cells are observed at the peptide surface.

Hydrophilicity of the newly designed peptide modified biosensing
interfaces is evaluated with static sessile drop method. As shown in Fig.
S4 and Table S1, the bare ITO electrode, PANI modified electrode,
AuNPs/PANI modified electrode, and peptide/AuNPs/PANI modified
electrode present the water contact angle of (73.7 = 3.0) °,
(53.7 = 2.8)°, (42.9 = 2.4)°, and (16.1 * 1.1)° respectively. Such
results suggest good hydrophilicity of the peptide-functionalized sen-
sing interfaces.

3.5. Electrical characterization of stepwise fabrication of ECL-sensing
platform

The fabricated biosensor is characterized by Cyclic Voltammetry
(CV) and Electrochemical Impedance Spectrum (EIS) step by step with
the assembled process in PBS (0.1 M, pH 7.4) containing 5.0 mM [Fe
(CN)]*~73~ and 0.1 M KCL. A pair of typical redox peaks of ferricya-
nide ions are observed at 0.13V and 0.38 V on bare ITO electrode (Fig.
S5A, curve a). The redox peak current increases in turn with the electro-
polymerization of PANI (Fig. S5A curve b) and modification with
AuNPs (Fig. S5A curve c), which is attributed to the increase of the
active surface area on the electrode. After the electrode surface is
modified with peptide (Fig. S5A curve d) and Au@luminol (Fig. S5A
curve e), the peak currents decrease in turn; and this is a result of the
electron inert nature of the biomolecules. When Dam MTase and Dpnl
(Fig. S5A curve f) are introduced, the peak currents increase slightly.
With the capture of hairpin DNA H,, H3 and intercalated probe PTC-
NH, (Fig. S5A curves g, h), peak current decreases gradually, which is
due to the electron inert nature of DNA and probe. The corresponding
EIS spectra are shown in Fig. S5B, when bare ITO electrode (curve a) is
electropolymerized with aniline, the EIS of the PANI displays a lower
Ret (curve b), which verifies that PANI is beneficial to electron transfer
because the conducting polymer formed a porous network on the
electrode surface as shown in Fig. S2B. When PANI/ITO is modified
with AuNPs, the R, decreases, and this implies that the AuNPs have
adsorbed at PANI surface. The diameter of semicircle increases when
incubated with peptide (curve d) and Au@luminol-H; (curve e), which

c d

Fig. 2. Fluorescence images of HeLa cells (A) and Raw cells (B) incubated on (a) bare ITO electrode, (b) PANI/ITO electrode, (c) AuNPs/PANI/ITO electrode and (d)

peptide/AuNPs/PANI/ITO electrode.
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Fig. 3. PAGE analysis of marker (a), 5 pL hairpin DNA H; (107°M) (b), 5 uL
hairpin DNA H, (10~°M) (c), 5 uL hairpin DNA Hs (10~°M) (d), mixture of
5 uL hairpin DNA H; (10~ °M), 5 uL hairpin DNA H, (10~ ° M) and 5 L hairpin
DNA Hs (10~ °M) (e), mixture of 5L hairpin DNA H; (10~ ®M), 5 uL hairpin
DNA H, (10~ °M) and 5 pL hairpin DNA H; (10~ ®M) with Dam MTase and
Dpnl (f).

indicated the successful modification of peptide and hairpin DNA H;.
When Dam MTase, Dpnl (curve f) are introduced, Ret increases slightly
for the cleavage of hairpin DNA probe. When the electrode is modified
with hairpin DNA H,, Hs, and probe PTC-NH,, an increase of Re is
observed (curves f, g, h) due to the electron inert nature of biomolecules
and probes. All the above results suggest the successful construction of
the multiplex sensor.

3.6. Gel electrophoresis

Gel electrophoresis is used to confirm the HCR reaction. As shown in
Fig. 3, the first four lanes are the marker, hairpin DNA H;, hairpin DNA
H,, and hairpin DNA Hj, respectively. Lane e is the mixture of hairpin
DNA Hj, hairpin DNA Hj, and hairpin DNA H3 without Dam MTase and
Dpnl. When target Dam MTase and Dpnl were introduced into the
hairpin DNA H;, the HCR reaction between residual DNA and two
hairpin DNA H, and Hj started and a new bands of dsDNA polymers
were obtained (f). These PAGE results demonstrate successful HCR
amplification reaction.

3.7. Quantification of dam MTase

The multiplex biosensor is employed to quantify Dam MTase by
using Au@luminol and PTC-NH, nanoprobes. As shown in Fig. 4A, the
anodic ECL peak intensity at around + 0.8 V decreases with the con-
centrations of Dam MTase while that of the cathode at around —1.8 V
increases. The logarithm of (ECLprc.nu2/ECLAu@Iuminol) in Fig. 5B is in
good linear relationship with the logarithm of Dam MTase concentra-
tion wihtin 0.05-100 U'mL ™. The linear relationship can be described
as lg(ECLPTC—NHZ/EC]-‘Au@luminol) = 0.416 1gcdam MTase
(UmL™Y) + 0.048 (R = 0.993). Detection limit is calculated to be
0.02 UmL™! (S/N = 3), which is lower than that reported methods
(Table S1) (Tian et al., 2012; Li et al., 2007a,b, 2010; Wang et al., 2013,
2015; Chen et al., 2018; Zhao et al., 2014).

3.8. Selectivity of the biosensor

To investigate the selectivity of the present sensing biosensor, ef-
fects of other enzymes on the ECL intensity at the biosensor are studied.
M.SssI MTase and Hpall MTase are selected as interference enzymes. As
the former can methylates the recognition sequence 5-CG-3” while the

Biosensors and Bioelectronics 142 (2019) 111553

latter is the target sequence of 5’-GC-3’. As can be seen in Figs. 5 and 10
U'mL ™! Dam MTase could induce variations of ECL ratio, while M.SssI
MTase and Hpall MTase at the same concentration show few effects
compared to the blank sample. The ratio of the ECL signal of the mix-
ture of the three enzymes is almost the same with the single Dam Mtase.
These results clearly demonstrate that this ECL-sensing platform has
satisfying specificity for Dam MTase.

3.9. Dam MTase activity assay in biological fluid

To investigate the practical application of the ECL immunosensor,
the ECLPTC»NH2/ECLAu@luminol is tested by detecting Dam MTase in
complex sample mixtures containing 5% calf serum and 5% human
serum. As shown in Fig. S6A and Fig. S6B, the more Dam MTase is
added, the larger of the ECLprc.nt2/ECLAu@luminot 1S Observed. The re-
sults suggest acceptable accuracy of our assay for quantifying Dam
MTase in complex biological fluids.

4. Conclusion

In conclusion, an antifouling ECL ratiometric biosensor is con-
structed based on HCR amplification strategy. In the presence of Dam
MTase and Dpnl, ds-DNA was cut off and the residual DNA induce HCR
reaction to form extended dsDNA polymers causing the insertion of
numerous PTC-NH2 into the dsDNA grooves, resulting in significantly
amplified ECL signal. The ECL intensity of Au@luminol decreases with
the increasing of target Dam MTase while the ECL intensity of PTC-NH2
increases gradually in one potential scanning, resulting in a dual-sig-
naling ECL ratiometric sensing approach for the accurate and sensitive
detection of Dam MTase activity. In the constructed sensing interface,
hydrophilic peptide exhibits resistance to nonspecific protein adsorp-
tion, making the ratiometric ECL biosensor can be used to assay Dam
MTase in 5% calf serum and 5% human serum with satisfying accuracy
and without suffering from biofouling, suggesting great potential for
practical application.
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doi.org/10.1016/j.bios.2019.111553.
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