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ABSTRACT: DNA methylation catalyzed by methylase plays a key role in
many biological activities. However, developing a highly sensitive, simple,
and reliable way for evaluation of DNA methyltransferase (MTase) activity is
still a challenge. Here, we report a sandwich-assembled electrochemilumines-
cence (ECL) biosensor using multifunctional carbon nitride nanosheets
(CNNS) to evaluate the Dam MTase activity. The CNNS could not only be
used as an excellent substrate to conjugate a large amount of hairpin probe
DNA to improve the sensitivity but also be utilized as an internal reliabil-
ity checker and an analyte reporter in the bottom and top layers of the
biosensor, respectively. Such a unique sandwich configuration of CNNS
well coupled the advantages of ECL luminophor that were generally assembled
in the bottom or top layer in a conventional manner. As a result, the bio-
sensor exhibited an ultralow detection limit down to 0.043 U/mL and a
linear range between 0.05 and 80 U/mL, superior to the MTase activity
assay in most previous reports. We highlighted the great potential of emerging CNNS luminophor in developing highly sensitive
and smart quality self-testable ECL sensing systems using a sandwiched configuration for early disease diagnosis, treatment, and
management.
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■ INTRODUCTION

DNA methylation by methyltransferases (MTase) occurs abun-
dantly in most living organisms and regulates a variety of cellu-
lar processes.1 Recent research reveals that a rapidly growing
number of human diseases such as cancers are associated with
abnormal DNA methylation.2,3 Thus, developing a sensitive MTase
activity assay is of paramount significance in early disease diag-
nosis and therapy. Traditional detection methods including high-
performance liquid chromatography,4 gel electrophoresis,5 and
radioactive labeling6 are golden standards, but they are labori-
ous, time-intensive, and discontinuous and usually require expen-
sive instruments. For this reason, various nanomaterial-derived
biosensors using spectroscopic and electrochemical methods
are proposed for detecting DNA MTase. For example, spectro-
scopic methods using the enzyme-responsive DNA−gold nano-
particle (AuNP) assembly7,8 and electrochemical methods using
graphene oxide (GO)/AgNP/luminol composites9 have been
reported to assay the MTase activity, which can partially over-
come the above disadvantages but suffer from narrow detection
range or low sensitivity. To this end, various polymerase chain
reaction (PCR) and isothermal amplification techniques have

also been explored;10−12 nevertheless, the complicated design
of DNA sequences and uncertain inhabitation of MTase activity
from operating conditions limit their applications. In this regard,
developing a highly sensitive, simple, and reliable way for eval-
uation of DNA MTase activity is still a challenge.
Among those alternatives, electrochemiluminescence (ECL)

that is driven by electrochemical generation of excited states,
mostly cooperating with coreactants, has drawn numerous
attentions for biosensors because of its attractive features such
as the absence of photoexcitation background and principally
higher signal-to-noise ratio over photoluminescence (PL).13−19

Of note, as an emerging luminophor for ECL biosensors, semi-
conducting polymeric carbon nitride (CN), which has been
extensively studied for photocatalysis20,21 and photoelectro-
chemistry,22,23 exhibits advantages such as high biocompatibility,
controllable band-gap luminescence, and low cost with respect
to conventional luminophors such as Ru complex, luminol, and
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heavy-metal-containing quantum dots (QDs).24−30 Several pio-
neering works in templating CN with nanopores31 and chemi-
cally tailoring32 and exfoliating33 bulk CN into QDs/nanosheets
have been reported, which further expands the scope of poten-
tial sensing applications of CN and improves the sensing per-
formance. Moreover, compared to the very recent counterparts
such as carbon/graphene/polymer dots that often exhibit defect
luminescence, the nanostructured CN mostly shows band-gap
luminescence; that is, the emission wavelength does not depend
on the wavelength of excitation light.32 As such, the unambig-
uous luminescence mechanism of CN would largely avoid the
uncertainness in practical sensing applications as carbon/graphene/
polymer dots meet, especially in complicated environments.
On the other hand, two general strategies have been reported

to utilize the CN luminophor as the probe in ECL biosensors.
One is to immobilize CN directly on the substrate electrode
and subsequently assemble with functional molecules as recog-
nition units that often inhibit the ECL of CN. When biological
recognition event occurs, the amount of molecules that sit on
the probe would inhibit the ECL of CN, and the signal decrease
varies with the concentration of target molecules.34,35 Such a
signal-off strategy normally has a robust immobilization of CN
probes. However, the maximum signal decrease is limited to
100% (complete quench) of original CN ECL intensity, which
is not favorable for improving the sensitivity of the sensor.
In the other strategy, the CN probe is captured during the recog-
nition event that is often assembled at the last step of the mod-
ified electrode. A higher concentration of target molecules brings
more amount of captured CN on the modified electrode, which
will produce a stronger intensity of the ECL signal.36,37 Of note,
with respect to the signal-off strategy, there is more room to
increase the ECL intensity for this method, which is advanta-
geous to boost the sensing sensitivity. However, the monitoring
of assembly processes often requires external electrochemical
probes that may be irreversibly adsorbed and/or penetrated
into the sensing interface, causing uncertain disruption of the
biosensor. As each of them has their own characteristic set of
advantages and limitations, both of these two popular ways
have been individually applied to CN-based ECL biosensors as
well as other photo-electrochemical biosensors.38−40 However,

to the best of our knowledge, the coupling of these two strat-
egies in a single ECL biosensor that combines the advantages of
each system has been rarely reported.
Herein, a sandwich-assembled electrode using multifunc-

tional CN nanosheets (CNNS) is proposed to evaluate the
Dam MTase activity (Figure 1). Except for being used as an
excellent substrate for conjugating a large amount of hairpin
probe DNA (p-DNA), the CNNS were successfully utilized
as dual ECL signal reporters in both the bottom and top layers
of the modified electrode, which were responsible for the bio-
sensor reliability and concentration of analyte, respectively.
Such a unique sandwich configuration not only offers a sensing
performance superior to those of most previous MTase bio-
sensors even using PCR/isothermal amplification techniques
(Table 1), with a wide linear range of 0.05−80 U/mL and a
detection limit down to 0.043 U/mL, but also enables an internal
reliability self-check function during biosensing as usual without
any supplementary chemicals.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Dicyandiamide (DCDA, 99%),

HAuCl4·3H2O, and K2S2O8 were purchased from Sigma-Aldrich.
Dam methyltransferase (Dam MTase) supplied with 10× Dam
methylase buffer, S-adenosyl methionine (SAM), Dpn I endonuclease
supplied with 10× CutSmart buffer, M.SssI methyltransferase (M.SssI
MTase) supplied with 10× NEBuffer 2, and hairpin DNA (5′-
CAGAGATCCATATACGTTTTTCGTATATGGATCTCTGAAAAA-
(CH2)3-SH-3′) were obtained from New England Biolabs (Ipswich,
MA). Phosphate-buffered solution (PBS, 0.01 M, pH 7.4) used in this
work was prepared using 137 mM NaCl, 10 mM Na2HPO4, and 2 mM
KH2PO4. All other chemicals were of analytical grade and obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) unless other-
wise specified. Ultrapure water (18.2 MΩ·cm at 25 °C, Thermo Scien-
tific, USA) was used throughout the experiments.

Characterization. Transmission electron microscopy (TEM) images
were recorded on a JEOL JEM-2100F transmission electron micro-
scope (Japan) operated at 200 kV. UV−vis absorption spectra were
measured with Cary 100 (Agilent, Singapore). PL measurements were
performed on a FluoroMax-4 fluorescence spectrometer (HORIBA
Jobin Yvon, Japan). ECL detection experiments were carried out on an
MPI-E ECL analyzer system (Remex Electronic Instrument Lt. Co.,
Xi’an, China) with a three-electrode system containing a Pt wire as the

Figure 1. Procedures of assembling the sandwiched CNNS ECL biosensor and the control for evaluating the Dam MTase activity on the glassy
carbon electrode (GCE). GCE/CNNS−AuNPs (step A), GCE/CNNS−AuNPs/p-DNA (step B), GCE/CNNS−AuNPs/p-DNA/Dam/Dpn I
(step C), and GCE/CNNS−AuNPs/p-DNA/Dam/Dpn I/CNNS (step D).
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counter electrode, Ag/AgCl (saturated KCl) as the reference elec-
trode, and a bare or modified GCE as the working electrode. The
supporting electrolyte was 0.01 M PBS (pH 7.4) with 0.1 M K2S2O8 as
the cathodic ECL coreactant. ECL emission was obtained by cyclic
voltammetry within a potential window ranging from −1.3 to 0 V. The
scan rate was 100 mV/s. Electrochemical impedance spectroscopy (EIS)
was measured on Gamry Reference 600 potentiostat/galvanostat/ZRA
(U.S.A).
Preparation of Bulk CN and CNNS. Bulk CN was synthesized

according to previous procedures.28 Briefly, 10 g of DCDA was put
into a capped crucible and heated at 500 °C in air for 4 h at a 4 h ramp
time. The nanosheets were obtained by liquid-phase exfoliating of the
as-prepared bulk CN. Briefly, 100 mg of bulk CN was dispersed in 100 mL
of water and then ultrasonicated for 16 h (KQ-400 KDE, 400 W,
40k HZ, China). The initial formed suspension was then centrifuged at
7000 rpm (Eppendorf Centrifuge 5415R) to remove the residual unex-
foliated large particles before being used for further studies.
Preparation of CNNS−AuNPs and Control Samples (AuNPs

and GO−AuNPs). CNNS−AuNPs27 and GO−AuNPs41 were prepared
according to the previous procedures with a slight modification. For
CNNS−AuNPs, briefly, 40 μL of HAuCl4 (0.01 M) solution was added
to 8 mL of the above prepared CNNS dispersion (ca. 0.1 mg/mL)
under stirring. The obtained dispersion was then sonicated for 10 min,
followed by stirring for 2 h at room temperature. The same process
was repeated three times. Afterward, 40 μL of sodium citrate solution
(0.01 M) was added dropwise into the dispersion, followed by stirring
for 30 min. Then, 100 μL of freshly prepared NaBH4 solution (0.01 M)
was added quickly to the above dispersion, and the stirring reaction
was maintained for 20 min. The obtained nanocomposite was centri-
fuged and washed three times with water to remove excess NaBH4,
sodium citrate, and unbound AuNPs. The final solid was redispersed in
1 mL of water and stored at 4 °C until use.
GO was prepared by a modified Hummers’ method from natural

graphite.42 GO−AuNPs were synthesized according to previous pro-
cedures.41,43−45 Briefly, after mixing 5 mL of 0.1 mg/mL GO disper-
sion (0.1 mg/mL) with 250 μL of HAuCl4 (0.01 M) under stirring for
2 h, 250 μL of sodium citrate solution (0.01 M) was added dropwise

into the dispersion, followed by stirring for 30 min. Then, 625 μL of
freshly prepared NaBH4 (0.01 M) was added quickly with the aid of
ultrasonication for 30 min at room temperature. The obtained nano-
composite was centrifuged and washed three times with water to remove
excess NaBH4, sodium citrate, and unbound AuNPs. The final solid
was redispersed in 1 mL of water and stored at 4 °C until use.

AuNPs were prepared by the citrate reduction of HAuCl4.
46 Briefly,

aqueous solution of HAuCl4 (1 mM, 100 mL) was brought to reflux at
continuous stirring, and then 10 mL of 38.8 mM sodium citrate solution
was added quickly and kept boiling for another 15 min. This resulted in
a change in the solution color from pale yellow to deep red. Then, the
heating source was removed, and the dispersion was stirred for several
minutes, allowed to cool to room temperature, and subsequently filtered
through a Micron Separations Inc. 0.45 μm acetate filter. The as-obtained
AuNPs solution was stored in brown bottles at 4 °C until use (Figure S1).

General Procedure for the Assembly of ECL Biosensors. Prior
to modification, the GCE (d = 3 mm) was successively polished with
0.3 and 0.05 μm alumina slurry, then washed ultrasonically in anhy-
drous ethanol and ultrapure water, respectively, and dried in a N2

atmosphere. Subsequently, 3 μL of the CNNS−AuNPs dispersion was
drop-cast on the GCE. After the modified electrode was dried at room
temperature, the free CNNS−AuNPs nanohybrid was rinsed out with
PBS (0.01 M, pH 7.4). Then, 10 μL of hairpin DNA (4 × 10−7 M)
solution was dropped onto the electrode and incubated for 2 h at
37 °C, followed by blocking with 2 mM 2-mercaptoethanol (MCH)
for 40 min. The electrode was further incubated with 10 μL of appro-
priate buffer containing Dam MTase (0.5 μL) at 37 °C for 2 h to initi-
ate the methylation reaction. Afterward, 10 μL of a solution containing
appropriate buffer and Dpn I (10 U) was deposited dropwise on the
electrode and incubated for 2 h at 37 °C. Finally, 5 μL of CNNS disper-
sion (ca. 0.1 mg/mL) was dropped on the electrode and incubated for
1 h at 37 °C. The uncaptured CNNS was rinsed out using PBS.

Selectivity and Inhibition Investigation of the Dam MTase
Assay.M.SssI MTase was selected as the potential interfering enzyme.
The selectivity experiments were conducted with 80 U/mL MTase in
the same way as the Dam MTase activity detection procedure. To fur-
ther study the inhibitor-screening ability of the proposed assay, the

Table 1. Comparison of Different Methods for Assay of the Dam Activity

detection techniques methods
linear range
(U/mL)

LOD
(U/mL) refs

fluorescence fluorescent probes coupled with enzyme-linkage reactions 0.8−40 0.8 48
fluorescence superquenching of aggregation-induced emission 0−20 49
fluorescence label-free fluorometric biosensing based on perylene probe monomer-excimer transition 0.2−80 50
fluorescencea hairpin-shaped DNAzyme 0.4−500 0.4 51
fluorescencea exonuclease III-aided signal amplification 0.01−10 0.01 10
fluorescencea versatile DNAzyme-based amplified biosensing 0.5−40 0.2 52
fluorescencea label-free molecular beacon-mediated quadratic isothermal exponential amplification 0.0005−0.01 1.5 × 10−4 53
UV−vis enzyme-responsive nanoparticle system with a DNA−AuNP substrate 0−40 7
UV−vis cation exchange of CuS nanoparticles and click chemistry of functionalized AuNPs 5−120 54
UV−visa methylation-responsive DNAzyme 0.25−400 0.25 55
electrochemistry combining DNA methylation-sensitive cleavage and terminal transferase-mediated extension 0.1−20 0.04 56
electrochemistry methylation-responsive hairpin-capture DNA probe 0.1−1 0.07 57
electrochemistry controllable assembly of single-wall carbon nanotubes 0.1−1 0.04 58
DPV discrimination of the aggregation of long and short DNA on a negatively charged indium tin

oxide microelectrode
0.5−50 0.18 59

colorimetry AuNPs coupled with enzyme-linkage reactions 1−10 0.3 8
chemiluminescencea hybridization chain reaction-based branched rolling circle amplification 1−10 0.52 60
chemiluminescencea hairpin probe-based primer generation rolling circle amplification 0.025−2.5 0.000129 11
TIRF images a single QD-based nanosensor 0.004−2 0.002 61
SERS mesoporous silica nanoparticle probe 0.1−10 0.02 62
SERSa target-triggering primer generation-based multiple signal amplification 0.001−10 2.57 × 10−4 63
ECL GO/AgNP/luminol composites 0.1−20 0.03 9
ECL quenching ECL of tris(2,2′-bipyridine) ruthenium using ferrocene 0.1−100 0.03 34
ECL CNNS probe 0.05−80 0.043 this work

aPCR/isothermal amplification techniques were used.
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inhibition effect of 5-fluorouracil on the Dam MTase activity was inves-
tigated by incubating the hairpin DNA-coated electrode in 10× Dam
buffer consisting of 80 U/mL Dam MTase and 160 μM SAM with
various concentrations of the inhibitors.

■ RESULTS AND DISCUSSION
Immobilization of AuNPs on CNNS for Reliable Cou-

pling Biomolecules. Figure 1 shows the general processes of
assembling sandwiched CNNS ECL sensor for evaluation of
the Dam MTase activity. Because of the chemical innerness of
CNNS, to ensure a reliable connection between biomolecules
and CNNS, AuNPs were first deposited on CNNS. For this,
HAuCl4 was first chemically adsorbed on CNNS by proton-
ation and then reduced in situ using NaBH4. The successful
deposition of AuNPs on CNNS was first verified by the UV−vis
absorption spectra. Compared to bare CNNS, an evident new
absorption peak at ca. 520 nm (Figure 2a), corresponding to

the characteristic plasmon resonance of AuNPs, was observed
for CNNS−AuNPs. The TEM images in Figures 2b and S2a
further demonstrated that the AuNPs with an average size of
ca. 3 nm (Figure S3) were homogeneously anchored on CNNS.
No agglomeration of the AuNPs was observed, revealing that the
formed AuNPs were tightly anchored to the inherent functional
groups on the surface of CNNS. In contrast, similar to previous
reports,35,41,44,45 the AuNPs (see the absorption of plasmon
resonance in Figure S4) of larger size and lower immobilization
density were less homogeneously distributed on GO nanosheets
(Figures 2c and S2b). Such an evident difference in the immo-
bilization of AuNPs may be ascribed to the fact that the uni-
form distribution of N atoms with unpaired electrons in the
framework of CN could adsorbed the AuNP precursor, that is,
HAuCl4, more homogeneously than the random oxygen-containing
active sites by the conventional Hummers’ method in GO prep-
aration. In this regard, AuNPs were more homogeneously
deposited on CNNS than on the GO substrate, which is sup-
posed to conjugate more biomolecules in a more robust manner.

Moreover, it was noted that the electronic conductivity of
CNNS was largely improved after being deposited with AuNPs,
which is vital in electrochemical applications. Figure 2d shows
the EIS spectra of GCE/CNNS, GCE/CNNS−AuNPs, and
GCE/GO−AuNPs. The Nyquist diagrams of all electrodes con-
sisted of a line at a low frequency and a semicircle at a high fre-
quency, the diameter of which often indicates the charge-transfer
resistance (Rct).

35 As CNNS is a poor electrical conductor, the
EIS spectra of GCE/CNNS exhibited a semicircle with the
largest diameter (Rct = 347.8 Ω) among them at a high frequency.
Nevertheless, the semicircle was largely reduced after the depo-
sition of AuNPs on the CNNS (Rct = 233.0 Ω), approaching
close to that of GO−AuNPs (Rct = 128.5 Ω) on the same order
of magnitude. Thus, as an extra benefit, the EIS results con-
firmed that much improved conductivity of the CNNS after the
deposition of AuNPs was also achieved.

Assembling a Sandwich-CNNS-Based MTase ECL Bio-
sensor with the Capability of Quality Self-Check. In general,
the assembling of sandwich-structured MTase ECL biosensors
includes four steps (Figure 1): (A) drop-cast of CNNS−AuNPs
on a GCE both as the substrate for further coupling biomole-
cules and the quality self-check reporter, (B) conjugation of
p-DNA via Au−S bonding as a connector, (C) methylation of
the hairpin probe by the Dam MTase at the recognition site
(5′-GATC-3′), yielding the methylated DNA probe, which was
recognized and cleaved by Dpn I, and (D) capturing CNNS by
the single-stranded DNA (ssDNA) left on the electrode as the
MTase activity reporter because ssDNA has a much stronger
noncovalent interaction with CNNS compared to the double-
stranded DNA.47 EIS was widely used to monitor each step of
assembling because the surface properties and the charge-
transfer resistance of the modified electrodes vary during the
biosensor fabrication process. As shown in Figure 3a, the EIS

spectra of GCE/CNNS−AuNPs (step A) exhibited a semicircle
with a small diameter (Rct = 277.0 Ω) at a high frequency. After
p-DNA activation, p-DNA was bonded on the CNNS−AuNPs
film via Au−S bonding, leading to an increase of Rct (470.0 Ω)
due to the poor conductivity of p-DNA (step B). The EIS spectra
of GCE/CNNS−AuNPs/p-DNA/Dam/Dpn I slightly decreased
(step C, Rct = 460.0 Ω), suggesting that the steric hindrance
decreased compared with that in the previous step, which could
be attributed to the formation of ssDNA. Rct (650.7 Ω) increased
after the capture of CNNS (step D), which could be attributed
to the greater steric hindrance.
Nevertheless, of note, similar to the cyclic voltammetry method,

such EIS measurements need specific redox species as the probes,

Figure 2. (a) UV−vis absorption spectra of CNNS and CNNS−AuNPs.
(b) TEM image of CNNS−AuNPs. (c) TEM image of GO−AuNPs.
(d) Nyquist plots (scatters) and simulation (lines) of CNNS, CNNS−
AuNPs, and GO−AuNPs. The inset in (d) shows the equivalent
Randles circuit.

Figure 3. (a) Nyquist plots (scatters) and simulation (lines) and (b)
ECL responses of GCE/CNNS−AuNPs (step A), GCE/CNNS−
AuNPs/p-DNA (step B), GCE/CNNS−AuNPs/p-DNA/Dam/Dpn I
(step C), and GCE/CNNS−AuNPs/p-DNA/Dam/Dpn I/CNNS
(step D). Photomultiplier tube (PMT) voltage: 350 V.
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such as Fe(CN)6
2+/Fe(CN)6

3+. The external chemicals would
not only make the sensing procedure complicated but also have
risks in denaturing the assembled biomolecules because the uni-
versal electrostatic interactions and electric flow during the
electrochemical measurements would make the redox probe
unavoidable to adsorb on the surface or penetrate into the inner
space of the assembled biomolecules. These potential side effects
are largely overlooked in previous studies, and quality check is not
applicable to each biosensor in fabrication, leading to erroneous
results by the unqualified one. Therefore, it is highly anticipated
to develop biosensors with the quality self-check ability without
any external chemicals or tool kits, similar to a power-on self-test,
a process performed by embedded firmware routines immedi-
ately after a computer or other digital electronic equipment is
powered on to check if devices are functioning properly.
For this challenge, the ECL signals of the sandwich-structured

ECL sensor during each assembly step (Figure 1) were recorded.
As shown in Figure 3b, when CNNS−AuNPs were deposited
on the GCE (step A), an evident ECL from CNNS was observed.
After p-DNA was immobilized on CNNS−AuNPs through the
Au−S bond and followed by the MCH blocking, the ECL
intensity decreased (step B) because of the steric hindrance
effect. With further interaction with Dam/Dpn I (step C), the
ECL value was partially recovered, indicating that the hindrance
decreased. After capturing top-layer CNNS via noncovalent
interaction by ssDNA (step D), the ECL intensity increased
significantly. It was noted that the ECL responses of each stage
were in accordance with those of EIS results in Figure 3a. More-
over, except for coreactants and supporting electrolytes that were
needed for sensing processes, no extra chemicals were intro-
duced in the proposed biosensor system, and the ECL signal that
was closely related to the quality of the biosensor was directly
generated by the embedded bottom CNNS probe in the sand-
wiched biosensor. This suggested that we can facilely detect the
reliability of biosensors similar to sensing target molecules,
without introducing any extra chemicals. The advantage of this
strategy was that it can largely avoid a series of unreliable prob-
lems during sensing procedures, such as uncertain failures in
bioconjugation and the subsequent wrong readouts. Although a
similar way was used to verify the successful fabrication of ECL
and photoelectrochemical biosensors,38−40 the concept of qual-
ity self-check for each biosensor to minimize the unqualified
one in practical sensing has been rarely realized. It is supposed
that the quality self-check function by the embedded probe
without any extra additives in sensing could open up a new era
for smart biosensors in practical applications.
Evaluation of the MTase Activity by the CNNS

Sandwich-Structured ECL Sensor. The stability and inten-
sity of the ECL signal would significantly influence the reliabil-
ity and sensitivity of ECL biosensors. It was observed that the
ECL intensities of GCE−CNNS−AuNPs were almost not changed
under 20 continuous cyclic voltammetric scans between −1.3
and 0 V (Figure S5), indicating their high stability. Moreover,
except for GCE/CNNS−AuNPs, the control substrate elec-
trode including GCE/GO−AuNPs, GCE/AuNPs (i.e., merely
using CNNS at the top layer; see D′ in Figure 1), and Au elec-
trode was used to assemble the MTase biosensor. Under the
same conductions, interestingly, GCE/CNNS−AuNPs exhibited
the overwhelmingly strongest ECL intensity than other coun-
terparts (Figure 4a). The uniform distribution of a high density
of AuNPs with small particle sizes on CNNS not only enhanced
the electronic conductivity of the CNNS emitter in the bottom
layer but also improved the loading of probe DNA and

subsequent capturing of more CNNS probe by ssDNA at the
top layer, an important factor for the enhanced performance of
the MTase biosensor.
The relationship between the ECL intensity and the Dam

MTase concentration was investigated. It was found that the
ECL intensity increased with the increase of the Dam MTase
concentration in the range of 0.05−80 U/mL (Figure 4b).
A good linear relationship between the ECL intensity changes
of step D and step C (Figure 1) and the Dam MTase concentra-
tion could also be obtained. The detection limit (LOD, S/N = 3)
was estimated to be 0.043 U/mL (Figure 4c). Such sensing
performances were superior to those in most previous reports
even with PCR/isothermal amplification techniques, as shown
in Table 1.
The high sensitivity of this sensor can be explained by the

unique sandwiched structure of the CNNS. On the one hand,
as discussed in Figure 4a, the CNNS−AuNPs worked as a
better substrate (D in Figure 1) than bare GCE (D′ in Figure 1)
and even GCE/GO−AuNPs to effectively immobilize hairpin
probe,64,65 which was favorable for improving the sensitivity.
On the other hand, with respect to the signal-off strategy, there
is more room for the captured amount of the CNNS probe by
ssDNA in the top layer at the last step in sensor fabrication
procedures (step D in Figure 1). Thus, it is highly anticipated
that a much more boosted ECL intensity would be observed,
with respect to the ECL recovery strategy that utilized the
CNNS at the bottom layer (step C in Figure 1). To confirm
this speculation, the ECL intensity change before (step B in
Figure 1) and after (step C in Figure 1) the formation of ssDNA
was also investigated. It was found that the ECL intensity also

Figure 4. (a) ECL intensity of the MTase biosensors using different
substrates (PMT voltage: 600 V). To get unoverflowed ECL, the PMT
voltage was decreased to 350 V, which is shown in the inset. (b) ECL
intensity obtained from the biosensors using the configuration of
CNNS at the bottom (left) and the sandwich CNNS (right) triggered
by different concentrations of Dam MTase. (c) Calibration curves of
the biosensors using the configuration of CNNS at the bottom (black)
and the sandwich CNNS (red), indicating that the latter offered
superior linear range and detection limit. (d) ECL intensity change of
the biosensors using the configuration of CNNS at the bottom (black)
and the sandwich CNNS (red) at the same concentration of Dam
MTase (5 U/mL), suggesting that the latter had higher sensitivity.
PMT voltage: 350 V.
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increased with the improvement of the Dam MTase concen-
tration but with a lower slope and a much narrower linear range
(0.5−80 U/mL). Moreover, it was noted that Dam MTase with
the same concentration can cause much higher ECL intensity
change of the sandwich-structured biosensor (Figure 4d). All of
these performances of the CNNS sandwich-structured biosen-
sor (D in Figure 1) are superior to those of traditional one that
using the CNNS probe only at the bottom (C in Figure 1) or
the top layer (D′ in Figure 1).
The specificity of the Dam MTase for the sandwich CNNS-

based ECL biosensor was evaluated in the presence of only
Dam MTase or Dpn I or using other type of MTase (M.SssI
MTase + Dpn I) as an interfering control. It was found that at
identical conditions, only in the presence of both Dam MTase
and Dpn I, a significant ECL intensity change could be observed
(Figure 5a), whereas those with M.SssI MTase + Dpn I and

merely Dam MTase or Dpn I were negligible. This was ascribed
to the highly specific site recognition of Dam MTase and Dpn I
toward their substrate, namely, the hairpin probe DNA in this
study.11 These results suggested that the proposed sandwich
CNNS biosensor had excellent selectivity for Dam MTase by
cooperating with Dpn I.
Except for playing an important role in the virulence of bac-

terial pathogens, Dam MTase, after the inhibition, also has poten-
tial applications in cancer therapy and antimicrobial drug develop-
ment.11 For this, the study of whether our simple and sensitive
assay method can be employed for the screening of Dam MTase
inhibitors was further undertaken. Herein, 5-fluorouracil was
introduced to estimate the inhibition of the Dam MTase activ-
ity (80 U/mL, Figure 5b). It was observed that because of the
weakened methylation-blocked effect, the relative ECL intensity
was monotonically decreased with increasing concentrations of
the inhibitors. Thus, the proposed sandwich CNNS biosensor
was applicable to the Dam MTase activity inhibition investigation.
Detection of Dam MTase in Realistic Samples. The

proposed ECL biosensor was also used to detect Dam MTase
in human serum samples. Several ECL sensors were fabricated by
incubation in the diluted normal human serum samples (diluted
in a 1:10 ratio with 0.01 M pH 7.4 PBS). The recovery test was
performed using the standard addition method.14 As displayed
in Table 2, for Dam MTase at different concentrations of 0.05,
0.5, 5, and 80 U/mL, there was a good agreement between the
added and measured values of the Dam MTase concentrations,
and the recoveries ranged from 97.4 to 113%, thereby validating
the reliability and practicality of this method.

■ CONCLUSIONS
In this work, a sandwich CNNS-based ECL biosensor was
developed for the evaluation of the Dam MTase activity. It was
revealed that the multifunctional CNNS could not only be used
as a substrate to effectively immobilize biomolecules by being
deposited with AuNPs so as to boost the sensitivity but also be
utilized as an internal biosensor reliability checker and an analyte
reporter in the bottom and top layers of the biosensor, respec-
tively. Such a unique configuration coupled the advantages of the
CNNS emitter in the conventional bottom or top layer. Our
result also demonstrated the performance of the CNNS sandwich-
structured ECL biosensor, which is superior to those of most
biosensors in previous reports in sensing Dam MTase activity
with an ultralow detection limit down to 0.043 U/mL and a
linear range from 0.05 to 80 U/mL. This work would open a
promising avenue to develop highly sensitive and smart quality
self-testable ECL sensing systems using a sandwiched config-
uration of emerging CNNS luminophors for early disease diag-
nosis, treatment, and management.
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Table 2. Recovery Results of Dam MTase Added in 10%
Human Serum Samples

entry
added
(U/mL)

found
(U/mL)

relative standard deviation
(RSD) (%, N = 3)

recovery
(%)

1 0.05 0.0566 2.28 113.0
2 0.5 0.5333 2.65 106.6
3 5 4.868 4.47 97.4
4 80 80.887a 5.34 101.1

aThe sensing performances at the updetection range of the proposed
sensor was tested. For this, 80 U/mL Dam MTase in human serum
was undertaken. According to the calibration curve, 80.887 U/mL was
obtained with acceptable RSD and recovery. Although it was very close
to the actual values (only over 1.1%), it exceeded the detection range
and should not be used in the practical detection.
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