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Abstract The authors describe an electrochemiluminescent
(ECL) DNA biosensor that is based on the use of gold nano-
particles (AuNPs) modified with graphite-like carbon nitride
nanosheets (g-C3N4 NSs) and carrying a DNA probe. In paral-
lel, nanoparticles prepared from gold-platinum (Au/Pt) alloy
and carbon nanotubes (CNTs) were placed on a glassy carbon
electrode (GCE). Once the g-C3N,4 NHs hybridize with DNA-
modified AuNPs, they exhibit strong and stable cathodic ECL
activity. The Au/Pt-CNTs were prepared by electrochemical
deposition of Au/Pt on the surface of the CNTs in order to
warrant good electrical conductivity. On hybridization of
immobilized capture probe (S;), target DNA (S,) and labeled
signal probe (S3), a sandwich-type DNA complex is formed
that produces a stable ECL emission at a typical applied voltage
of —1.18 Vand in the presence of peroxodisulfate. Under opti-
mized conditions, the method has a response to target DNA that
is linearly related to the logarithm of its concentration in the
range between 0.04 f. and 50 pM, with a 0.018 f. detection
limit.

Keywords Electrochemiluminescent bioassay - DNA
hybridization - Graphite-like carbon nitride nanosheets -
Au/Pt-CNTs
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Introduction

The pursuit of rapid and sensitive detection of specific DNA
assay has received significant attention, due to its ever increas-
ing demands for genetic diseases, disorders, the detection and
characterization of viruses, bacteria, and parasites [1-3]. To
realize the specific and sensitive DNA detection, numer-
ous systems have been established including chemilumi-
nescence (CL), fluorescence, atomic force microscopy, sur-
face plasmon resonance spectroscopy, electrochemical tech-
niques, and so forth [4-9]. Among the diverse techniques,
electrochemiluminescence (ECL) integrating the merits of
chemiluminescence and electrochemistry, has achieved over-
whelming success because of its extremely high sensitivity,
wide dynamic range, rapidness, simplicity, and stable labels
by coupling with immunoassays and DNA probe assays.

2D nanomaterials, consisting of single or few atomic
layers, have attracted tremendous attention due to their ex-
traordinary properties and potential applications [10—14].
Graphite-like carbon nitride (g-C5Ny4) as a typical applicable
2D material semiconductor consists of carbon and nitrogen,
which exhibits structural similarity to graphene but different
from the property point of view, has received great attention
[15]. Investigations on single or several-atom-thick g-C5Ny4
nanosheets (NSs) have proven their potential with respect to
high water-dispersibility, high fluorescent quantum yield,
strong electrochemiluminescence (ECL) activity, good stabil-
ity, and improved photocatalytic property compared to their
bulk counterparts [16—18].

However, it was reported that the ECL stability of g-C3N4
NS:s significantly decreases with the increasing of applied po-
tential; as the scanning potential beyond —0.9 V, over-injection
of highly energetic electrons into the conduction bands of g-
C3N4 NSs resulted in the partial electro-reduction of g-C3Ny4
NSs to form a less conductive layer, eventually blocks
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subsequent ECL emissions, which is distinctly unfavorable
for the construction of reusable and sensitive ECL bio-
sensor based on g-C3N4 NSs [19]. The passivation problem of
g-C53Ny4 NSs can be resolved by functionalizing supported
metal nanoparticles (MNPs) with optimized size and
shape, which results in controlled access to metal-
semiconductor heterojunctions and enhanced electron
transfer between photoexcited semiconductor and
MNPs [20].

Herein, AuNPs were deposited on both sides of g-C3Ny
NSs and form a sandwich-like Au-g-C;N, nanocompos-
ite. As a consequence, the prepared Au-g-Cs;N4 NSs
exhibit strong and stable cathodic ECL activity com-
pared to g-C3N4 NSs due to the important roles of AuNPs in
trapping and storing the electrons from the conduction band of
g-C3Ny NSs, as well as preventing high energy electron in-
duced passivation of g-C3N4 NSs. In addition, AuNPs can
prevent g-CsN4 NSs from being electrochemically degraded
and catalyze the reduction of persulfate (S,0g” ) into hole
donor (SO, ) at the same time, thus leading to the enhance-
ment of ECL emission of Au-g-C3N,4 NSs nanohybrids.

Carbon nanotubes (CNTs), pseudo-one-dimensional car-
bon allotropes, possess high aspect ratio, high surface area,
and excellent material properties [21], that make them unique
properties for applications in various fields such as electron-
ics, catalysis, and medicine [22]. To expand CNTs potential
applications, strategies for functionalizing CNTs by doping or
grafting are critical for the pursuit of making a desirable plat-
form for various applications. Noble metal nanoparticles pos-
sess the merits of high surface reactivity, good solubility, and
excellent bioactivity [23]. Furthermore, bimetallic nanoalloys
nanoparticles have also been demonstrated to possess both
synergistic effect and electronic effect which are distinctly
superior to those of their monometallic counterparts. And no-
ble metal nanoparticles attached to or deposited on the CNTs
have drawn considerable attention owing to their widespread
applications [24]. Herein, a technique has emerged to integrate
CNTs with Au/Pt alloy NPs and further applied in the fabri-
cation of DNA sensing platform, which can not only improve
the surface area, but also facilitate the electron transfer for
signal amplification.

Herein, we report a novel ECL strategy for high sensitive
detection of specific sequences DNA based on Au/Pt-CNTs as
substrate combined with the excellent ECL activity of Au-g-
C5Ny4 NSs. In the presence of target DNA (S,), the Au-g-CsNy
NSs labeled signal probe (S3) can hybridize with S, and pro-
duce a remarkable amplified ECL signal in the presence of
S,0¢%". With the increasing of S,, more Au-g-C3N4 NSs la-
beled S; was immobilized on the electrode, leading to ascend
of the ECL intensity. On the basis of variation of the ECL
intensity, a novel ECL DNA biosensor was constructed.
This designed DNA biosensor allowed the rapid detection of
this target with a dynamic range and excellent selectivity,
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which makes it a potential for various applications in highly
sensitive determination of DNA.

Experimental section
Reagents

Carbon nanotubes (CNTs, CVD method, purity= 98%) were
purchased from Nanoport Co. Ltd. (http://www.nanotubes.
com.cn/) (Shenzhen, China). The ultrapure water was
obtained from a Lichun water purification system
(>18 MQ-cm ') and used throughout. 6-mercapto-1-
hexanol (MCH) was purchased from Nanoport. Co. Ltd.
(http://www.nanotubes.com.cn/) (Shenzhen, China). The
buffers involved in this work are as follows: DNA
immobilization buffer, 10 mM Tris-HCI and 0.1 M
NaCl (pH 7.4); hybridization buffer, 10 mM phosphate
buffered saline (PBS, pH 7.4) with 0.25 mM NaCl; washing
buffer, 10 mM PBS, and 0.1 mM NaCl (pH 7.4). 10 mM Tris-
HCI buffer (pH 7.4) containing 0.1 M K,S,05 and 0.
1 M KCI were used as the coreactant for ECL system.
Guanidine hydrochloride and hydrogen hexachloroplatinate
(IV) hydrate (H,PtCls:6H,0) were obtained from Sigma-
Aldrich (www.sigmaaldrich.com), chloroauric acid
(HAuCl44H,0) was obtained from Shanghai Reagent
Company (http://www.alibaba.com/showroom/shanghai-
chemical-reagent-co.html) (Shanghai, China), and all the
other reagents were at least of analytical grade.

The human serum samples were provided by
Shandong Tumor Hospital and those DNA sequences
are presented below.

Capture DNA (S)): 5-TGG AAA ATC TCT AGC AGT
CGT-(CH,)¢-NH,—3'

Target DNA (S,): 5-ACT GCT AGA GAT TTT CCA
CAC TGACTA AAA GGG TCT GAG GGA-3'

Signal DNA (S;): 5-SH-(CH,)s-ATG TCC CTC AGA
CCCTTT-3

One-base mismatched DNA (S,): 5-ACT GCT AGA
GAT TTT CCA CAC TGA CTA AAA GGG TCT
GTG GGA-3

Non-complementary (Ss): 5-ACT GCT AGA GAT
TTTCCA CAC TGA CTA CTT CAA CAG TGC
CCC-3

Apparatus

The ECL measurements were conducted on a flow injection
luminescence analyzer (IFFM-E, Xi’an Remex Electronic
Instrument High-Tech Ltd., Xi’an, China) with the voltage
of the photomultiplier tube (PMT) set at 800 V. Cyclic
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voltammetric measurements (CVs) were performed with a
CHI760D electrochemical workstation (Shanghai CH
Instruments, China). Transmission electron microscopy
(TEM) images were obtained from a Hitachi H-800 mi-
croscope (Japan). Electrochemical impedance spectros-
copy (EIS) was carried out on an IM6x electrochemical
station (Zahner, Germany). Scanning electron micro-
scope (SEM) images were obtained using a QUANTA
FEG 250 thermal field emission SEM (FEI Co., USA).
Energy dispersive spectrometer (EDX) was obtained
using an Oxford X-MAX50 EDX (Oxford, Britain).
Ultraviolet visible (UV-vis) was recorded on a UV-3101 spec-
trophotometer (Shimadzu, Japan). The photoluminescence
characterization was achieved on a LS-55 spectrofluorometer
(P. E. USA).

Preparation of acidized CNTs

The commercially purchased CNTs were purified and oxi-
dized according to the literature with some modifications
[25]. First, the CNTs were pretreated by refluxing CNTs in
60% HNO; at 60 °C for 6 h to remove the metal particles and
other impurities. After the purification process, the surface
oxidation of the CNTs was carried out by 100 mL of a
HNO3/H,SO, (1/3) mixture in an ultrasonic bath for 12 h at
room temperature. Next, the acid-treated CNTs was separated
and washed by centrifugation with doubly distilled water to
neutral pH. After treatment with a 0.22 pm fitration mem-
brane to remove overlong CNTs, the oxidized CNTs
were dried in an oven at 60 °C overnight, and finally
stored in water at 2 mg-mL ™" for further use. The presence of
carboxylic groups on the surface of acidoxidized CNTs pro-
vides a negative surface charge. The acidic treatment has the
secondary effect of making the CNTs shorter and less

Scheme 1 Construction process
of the ECL DNA sensing strategy

GCE
S

entangled, leading to suspensions of well-dispersed individu-
al, charged nanotube segment.

Synthesis of g-C3N4 NSs

The bulk g-C3N, NSs were prepared following the previously
reported literature [26]. Typically, analytical grade guanidine
hydrochloride (4 g) was put into an alumina crucible with a
cover and placed in the middle region of the quartz tube
(25 mm in inner diameter and 1000 mm in length). In order
to react adequately, the initial materials were heated in an
electric furnace at a rate of 2.5 °C-min” " up to 450 °C, and
this temperature was maintained for 3 h under ambient atmo-
spheric conditions. The quartz tube was then cooled to ambi-
ent temperature. After that, the yellow g-C3N4 NSs powders
were collected in the covered crucible. Then, the g-C3N,4 NSs
were obtained by liquid exfoliation of prepared bulk g-C3;N4
in water. Briefly, 100 mg of bulk g-CsN4 NSs powder was
placed into a mortar, then dispersed into 100 mL water and
ultrasonic treated for 30 min. The unexfoliated g-C3N, was
separated through centrifugation at about 6000 rmp, the su-
pernatant was concentrated with a rotary evaporator at 60 °C
under reduced pressure. And a milk-like suspension with the
concentration of about 2 mg'mL ™" was obtained.

Preparation of the Au-g-Cs;N4 NSs

To prepare the Au-g-CsN4 NSs, 10 uL of 0.01 M HAuCly
solution and 2 mL of the above prepared g-C3N4 NSs suspen-
sion were mixed under stirring. After 10 min sonication with
2 min interval for 3 times, 25 pL of 0.01 M freshly prepared
NaBH,4 solution was added quickly to the suspension to re-
duce the AuCly , followed by continuously stirring for anoth-
er 20 min. After that, 10 uL of 0.01 M sodium citrate solution
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Fig. 1 SEM image of CNT a and Aw/Pt-CNTs composites b; ¢ EDS analysis of Au/Pt-CNTs composites

was dropped into above solution and continued for 30 min ~ Preparation of Au-g-C;N, NSs conjugated signal DNA
stirring. The Au-g-C3N4 NSs possessed good dispersibility — (S3)

and stability was obtained with a concentration about 2 mg:

mL ! after remove excess NaBH,, sodium citrate and un-  The prepared Au-g-CsN4 NSs composites were first mixed
bound gold nanoparticles by centrifugation. with S5 solution (1 mL, 50 uM). After incubating for 2 h at

Wavelength (nm)
c d 30 350 400 450 500 550 509

a C

— [ (%]
g 8 3
PL intensity (a.u.)

o
(=

Absorbance (a.u.)

w
o

0

T T T T ;i : ’ . i
10 20 30 40 sS0 60 70 80 300 350 400 450 500 550 600
20 (®) Wavelength (nm)

Fig.2 TEM image of g-C5N,4 NSs a and Au-g-C;N4 NSs b; XRD patterns NSs (curve a and c¢) and Au-g-C3N4 NSs (curve b and d), inset shows in

¢ of g-C3N4 NSs (curve a) and Au-g-C3Ny NSs (curve b); d UV-vis Fig. 2d the color change of g-C3N,4 NSs solution without (leff) and with UV
absorption spectra (black line) and PL spectroscopy (red line) of g-C53Ny irradiation (middle) and Au-g-C5N,4 NSs (right) exposure to UV irradiation
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Fig. 3 a EIS response of (a) bare GCE, b CNT modified GCE, ¢ electro-
deposition of Au/Pt on CNT modified GCE, d after S; and MCH modifi-
cation, e hybided with target DNA S,, f immobilization of S3-Au-g-C3Ny
NSs, Inset: the electrical equivalent circuit applied to fit the impedance data;
R, the ohmic resistance of the electrolyte solution, R, is the electron trans-
fer resistance, R¢ film resistance, Q is the constant phase element related to
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4 °C with gentle stirring, the mixture was washed with buffer,
and centrifuged (7000 rpm, 3 min) for three times. Following
that, the precipitation was diluted into 0.5 mL with PBS fur-
ther blocked possible remaining active sites with 1.0% (wt)
MCH. At last, the Au-g-C3N4 NSs labeled S5 conjugation (Ss-
Au-g-C3Ny4 NSs) were aged in salts solution (0.1 M NaCl and
10.0 mM acetate buffer) for 24 h, followed by centrifuging at
10,000 rpm for 10 min. The composites were added into im-
mobilization buffer and stored at 4 °C prior to use.

Fabrication of the DNA biosensor

The DNA biosensor was prepared as the following steps
which can be seen from Scheme 1: (i) prior to surface mod-
ification, the glassy carbon electrode (GCE) (5 mm diameter)
was firstly polished with alumina slurry and rinsed thorough-
ly with absolute alcohol and distilled water in ultrasonic bath,
and dried in air at room temperature; (i) 10 pL of CNTs
composites were initially deposited on the electrode surface,
and then dried at room temperature; (iii) the electrochemical
deposition of Au/Pt was performed on the CNTs modified
GCE in aqueous solution containing 1.0 mM HAuCl, and
1.0 mM H,PtClg, with the deposition time 200 s and the

Table 1
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the charge capacitance at the electrode/electrolyte interface, Q, is the con-
stant phase element related to the charge capacitance at the metal/electrolyte
interface and W is the Warburg impedance due to mass transfer to the
electrode surface; (B) ECL responses of g-C3N; NSs (2 mg~mL7]) and
Au-g-C3Ny NSs (2 mg~mL71) modified Au/Pt-CNTs decorated GCE in
the absence (curve a and b) and presence (curve ¢ and d) of S,0¢%"

potential —0.2 V; (iv) after washed with PBS (pH 7.4), the
GCE was immersed into an immobilization buffer containing
10 nM capture probe DNA (S;) for 40 min, S; were effec-
tively assembled on the surface of Au/Pt-CNTs composites
modified electrode; (v) the S; modified electrode was further
treated with 1.0% (wt) MCH for 30 min to obtain a well
aligned DNA monolayer and block the possible remaining
active sites, followed by washing with water to remove phys-
ical adsorption; (vi) for the hybridization reaction, the modi-
fied electrode was immersed into stirred Tris-HCI solution
containing varying concentration of S, for 2 h at 42 °C
allowing DNA strands to be stretched out well, which was
an important procedure (before hybridization with the capture
probe was denatured to single-stranded DNA by keeping the
tube at 95 °C for 10 min and then in a freezing mixture
consisting NaCl and ice for 1 min); (vii) the electrode was
hybridized with signal reporter (S;-Au-g-C3N,4 NSs biocon-
jugates) for 2 h at 37 °C. After hybridization, the electrode
was extensively rinsed with washing buffer (10 mM Tris-
HCI, pH 7.4) and dried under a stream of nitrogen prior to
characterization. The ECL emission was detected by the PMT
biased at 800 V. The ECL signals related to the S, concen-
trations were measured as well.

Impedance components for the step-wise EIS in Fig. 3a determined by fitting EIS experimental data using the equivalent circuit

Curve R, () Q, (mF-cm ?) n R¢ (D)

Q, (mFem™®) 1y Re () W ()

a 10.45 (0.42%) 8.25E-4 (4.32%)  0.96 (0.04%) 21.6 (4.87%) 432 (345%) 098 (0.06%) 1.01E-3 (2.54%) 7.42E-3 (3.25%)
b 11.62 (0.34%) 5.12 0.85 (0.03%) 366.00 (0.25%) 5.84 (1.89%) 048 (1.66%) 6.25E-4 (0.06%) 0.76E-4 (1.74%)
c 10.34 (2.23%) 7.82 0.95 (3.21%) 2768.00 (0.34%) 7.77 (123%)  0.53 (0.03%) 0.53E-4 (0.05%) 0.13E-4 (1.03%)
d 13.32 2.31%)  4.32 (0.84%) 0.98 (2.12%) 789.00 2.23%) 224 (3.03%) 0.64 (0.08%) 3432 3.02%)  1.25E-3 (2.11%)
e 10.41 (0.54%) 10.39E-2 (1.32%) 0.96 (0.48%) 137.90 4.21%)  0.65 (0.07%) 0.72 (3.83%) 86.43 (2.34%)  1.81E-3 (0.23%)
£ 12.62 (0.46%) S.14E-2 (3.42%)  0.89 (0.42%) 37.90 (3.87%)  0.24(0.16%) 0.85(0.17%) 147.74 (2.75%) 6.41E-3 (0.34%)
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Results and discussion
Characterization of CNTs and au/Pt-CNTs

The surface morphology of the CNTs and Au/Pt-CNTs com-
posites was detailedly verified by SEM and energy dispersive
spectrometer (EDS) analysis, shown in Fig. 1. The carboxyl-
ated CNTs obtained by chemical oxidation shows a homoge-
neous surface and good dispersion (Fig. 1a). Compared with
Fig. 1a, it is observed in Fig. 1b that the nanoparticles deco-
rated uniformly on the surface of CNTs. Furthermore, the EDS
analysis is also used to evaluate the surface functionalization
by Au/Pt (Fig. la).

Characterization of g-C;N4 NSs and Au-g-C;N4 NSs

The prepared g-CsN4 NSs and Au-g-C3N4 NSs were char-
acterized by TEM, XRD, UV-vis absorption spectra and
photoluminescence (PL) spectroscopy. It is clearly observed
that g-CsN4 NSs was irregular thick block material with a
two-dimensional sheet-like structure (Fig. 2a). Compared
with g-C5;N4 NSs, large numbers of black colored dots cor-
responding to the AuNPs uniformly distributed on the sur-
face of g-CsN4 NSs without agglomeration (Fig. 2b). The
crystallinity and phase composition of the synthesized g-
CsN4 NSs and Au-g-CsN4 NSs was investigated by XRD
(Fig. 2c). There is a characteristic diffraction peak at 27.2°
(curve a in Fig. 2c) associated with the aromatic systems
interplanar stacking of g-C5N4 NSs [16]. After the formation
of Au-g-C3N4 NSs, two new diffraction peaks of 38.2° and
44.4°, typical peaks for the (111) and (200) planes of
AuNPs, are observed (curve b in Fig. 2c¢), indicating the
deposition of AuNPs on the g-C3N4 NSs. In the UV-vis
absorption spectra (Fig. 2d), compared with g-C3N4 NSs
alone (curve a), an obscure absorption peak around
520 nm, the characteristic absorption peak of spherical
AuNPs, is observed, further demonstrated the formation of
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Fig. 5 ECL responses of Au/Pt-CNTs decorated GCE (curve a), Au-g-
C3N4 NSs modified CNTs decorated GCE (curve b), Au-g-CsN, NSs
modified Pt-CNTs decorated GCE (curve c); Au-g-C3N4 NSs modified
Au-CNTs decorated GCE (curve d), and Au-g-C3N4 NSs modified Au/
Pt-CNTs decorated GCE containing 0.1 M K;,S,0g. The PBS was 0.1 M
phosphate with pH 7.4. The scan rates were all 100 mV-s . The voltage
of the PMT was set as 800 V

Au-g-C3Ny NSs (curve b). Both g-C3N4 NSs (curve ¢) and
Au-g-C3Ny NSs (curve d) displayed a luminescence peak at
about 450 nm, Inset in Fig. 2d shows that the g-C5;N, NSs
(middle) and Au-g-C3N4 NSs (right) display blue fluores-
cence exposed to UV light of 365 nm wavelength.

EIS characterization of the DNA biosensor

EIS is an effective method to monitor the changes of inter-
facial properties, allowing the understanding of chemical
transformation and processes associated with the conductive
electrode surface. Electrochemical impedances of the elec-
trodes were performed in a background solution of 5.0 mM
K3Fe(CN)g containing 0.1 M KCl, and the frequency range is
at 100 mHz to 10 kHz at a bias potential of 170 mV (vs Ag/
AgCl). In EIS, the diameter of the semicircle at higher
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Fig. 4 ECL emission from g-C3N4 NS film a and Au-g-C3;N4 NSs b under continuous CVs for 10 cycles with applied potential from —1.5 to 0 V. The

scan rates were 100 mV-s !
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Fig. 6 Calibration curve corresponding to the ECL signals as a function
of target DNA S, concentration. Inset shows the linear relationship
between the ECL signals and the logarithm of the target DNA S,
concentration

frequencies corresponds to the electron-transfer resistance
(R.); a change in the value of R,, was associated with the
blocking behavior of the modification processes in the GCE,
and was reflected in the EIS as a change in the diameter of
the semicircle at high frequencies. Figure 3a shows the EIS
corresponding to the stepwise modification of the GCE at
different stages. The R,, of bare GCE was small (curve a).
When CNTs was modified on the GCE surface, the R,, de-
creased markedly owing to the superior electroconductibility
of CNTs (curve b). It was observed that the R,, further de-
creased after deposition of Au/Pt on the surface of CNTs,
indicating that the Au/Pt-CNTs is an excellent electric
conducting material and accelerated the electron transfer
(curve c). Significant gradual increases in R,, values after
immobilized S; and blocked with MCH onto the electrode
surface were observed, which was attributed to the insulating
property of protein molecules (curve d). The R,, increased
continuously (curves e and f) after the DNA biosensor incu-
bated with target DNA S, and S;-Au-g-C3N, NSs, suggest-
ing successful fabrication of the biosensor. Electrical equiv-
alent circuit (inset in Fig. 3a) was initiated to fit satisfactorily
the data as given in Table 1 obtained over the measured
frequency range.

ECL emission of the DNA biosensor

The possible ECL reaction mechanisms are presented in
Electronic Supporting Material (ESM). Figure 3b displays
the ECL curves of the g-C3N4 NSs and Au-g-C3N4 NSs-
modified GCE in the absence (curve a and c¢) and presence
(curve b and d) of coreactant S,04>~ by cycling the potential
between 0 and 1.5 V. It can be seen that there is a weak
cathodic ECL signal response on the g-C3N4 NSs and Au-g-
C;N,4 NSs-modified GCE in the buffer without S,0g>~ solu-
tion due to the weak ECL reaction between g-C3N4 NSs and
Au-g-C3N4 NSs and dissolved oxygen (curve a and b).
However, both g-C3N4 NSs and Au-g-C3N4 NSs exhibited
bright ECL emission in the presence of S,0¢> (curve ¢ and
d), which ascribed to the strong high-energy annihilation be-
tween electrons and holes [27]. The Au-g-C;N, NSs has a
higher ECL emission (curve d) compared with g-C3N4 NSs
(curve c), lower ECL onset potential (—0.90 V), and peak
potential (—1.18 V) that arise from AuNPs electrocatalytic
reduction toward S,0g>~ and more hole-donor (SO4-~ free
radical) generated [19].

To demonstrated that AuNPs play an important role in sta-
bilizing ECL intensity of g-C3N4 NSs, the ECL emission of g-
C3N4 NS film and Au-g-C3N, NSs were investigated. As
shown in Fig. 4a, in the presence of coreactant K,S,0Og with
an applied potential scanning from 0 to —1.5 V, the ECL emis-
sion of bare g-C3N,4 NS rapidly degrades with cyclic potential
scan increased, which was ascribed to electrode passivation
occurring after cyclic potential scan, leading to a sharp de-
crease in ECL emission at subsequent potential scans [19].
While, the ECL emission from Au-g-C3N4 NSs is quite stable
under 10 repeated cyclic voltammetric scans (Fig. 4b), indicat-
ing its satisfying reversibility and reliability as a sensing signal.

To monitor the effect of Au/Pt-CNTs on the signal ampli-
fication of the ECL bioassay, four types of substrate (CNTs,
Au-CNTs, Pt-CNTs and Au/Pt-CNTs) were prepared. As
shown in Fig. 5, the Au-g-C5;N4 NSs modified Au/Pt-CNTs
decorated GCE (curve e) showed maximum ECL emission
compared with other substrate (curve b-d) ascribed to the for-
mation of excellent conductive layers on the surface of the
GCE. No ECL emission was observed in the absence of Au-
g-C3N4 NSs (curve a). The results indicated that the

Table 2 Performance

comparison of the present Method Materials Linear range Detection limit Reference
strategy with previously
reported method Chemiluminescence CuS 0.02-2 pM 4.8 tM [28]
Fluorescence CdSe/ZnS nanocrystals 60-500 nM 60 nM [29]
Electrochemistry Methylene blue 20-100 nM 0.1 nM [30]
Colorimetry AuNPs 20-100 nM 0.1 nM [31]
ECL Fe;0,@CdSe 0.001-100 nM 0.12 pM [32]
ECL Au-g-C3N, NSs 4%x1025%x10*™M  0.018 M This work
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origination of the ECL response was from Au-g-CsN4 NSs
with K,S,Oyg as coreactant.

Analytical performance

Prior to DNA quantification, the following parameters were
optimized: (a) Sample pH value; (b) Incubation time; (c)
Incubation temperature. Respective data and Figures are
given in the Electronic Supporting Material. We found the
following experimental conditions to give best results: (a) A
sample pH value of 7.4; (b) Incubation time 2 h; (¢) Incubation
temperature 37 °C.

The quantitative behavior of the DNA biosensor was
assessed by monitoring the difference of the ECL intensity
upon the concentration of S, at optical conditions. As shown
in Fig. 6, the ECL intensity of the sensor increased with the
increasement of S, concentrations, and exhibited a good linear
relationship with the logarithm of S, concentration from
0.04 f. to 50 pM. The linear regression equation was
I = 887.71 + 360.52 Ig(cDNA/fM), with a correlation co-
efficient of 0.9966. The detection limit value for S, was de-
termined at 0.018 fM, estimated at a signal-to-noise of 3 cri-
terion, which suggested a satisfactory detection limit and lin-
ear range. Compared with some existing DNA detection
methods, this ECL biosensor using Au-g-C3N4 NSs as probe,
provides a more effective approach with wider dynamic con-
centration response range and lower detection limit for the
analysis of DNA (Table 2).

Specificity, stability and reproducibility of the DNA sensor

The specificity of the designed DNA sensor in discriminating
perfect target DNA from one-base mismatched (S4) and non-
complementary (Ss) was tested via comparing the ECL signal
changes. The results demonstrated that this DNA biosensor
exhibited an excellent specificity to the target DNA (Fig. 7a).
This result suggests that the ECL biosensor has good ability of
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Table 3  Determination of target DNA in spiked samples

Sample  Added”/fM  Detected”/ fM  RSD®  Recovery?/ %
1 0 ND - -

2 10 9.73 3.7 973

3 100 99.43 4.2 99.43

4 500 513.7 3.6 102.74

5 1000 1046.8 4.6 104.68

* Added means the values that we add into human serum sample.

® Detected means the amount of target DNA obtained according to the
standard curve equations from eleven parallel detections; ND = not
detectable.

°The RSD of measurements are calculated from eleven independent
experiments.

9Recovery means the ratio of [Detected]/[Added]

distinguishing mismatched DNA, and can be implemented for
single nucleotide polymorphism detection. Stability of the
DNA sensor is a key factor in their application. As shown in
Fig. 7b, the ECL signal had little change under continuous
potential scanning for 10 cycles, which indicated the good
storage stability of the DNA biosensor. To investigate the
reproducibility of the DNA sensor, intra- and inter-assay were
both estimated. The reproducibility expressed as relative stan-
dard deviation was 4.7% for intra-assay and 3.8% for inter-
assay. The experimental results indicated that this strategy was
reliable and can be used for target DNA detection with accept-
able reproducibility.

Practical application

To demonstrate the analytical reliability of this method for
clinical application, eleven replicate determinations of target
DNA in spiked human serum samples were carried out under
the optimal condition. Different amount of target DNA (10
M, 100 fM, 500 fM, 1000 fM) were added into the spiked
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Fig. 7 a Specificity of this ECL DNA biosensor in detecting different targets; b ECL response of the DNA biosensor with 10 f. target DNA under a

continuous cyclic potential scan between 0 and —1.5 V for 10 cycles at 100 mV-s~
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human serum sample. Results were displayed in Table 3 with
a satisfactory recovery in the range from 97.3-104.7%. The
results demonstrate the ability of our ECL DNA biosensor to
detect perfect matches in human serum, which would be
expended for accurate gene diagnostics.

Conclusions

In summary, we design a new ECL detection platform for
ultrasensitive monitoring of DNA based on Au-g-C5N4 NSs
as the signal-transduction tags. Introduction of gold nanopar-
ticles greatly strengthened the ECL emission with the exis-
tence of coreactant K,S,0g ascribed to the efficience catalyz-
ing to S,04> and reducing electron over-injection, and en-
hanced the detectable sensitivity of this biosensor. In addition,
the combination of Au/Pt-CNTs produced a synergic effect in
the analytical performance of the resulting electrode, which
can improve the electronic transmission rate as well as in-
crease the surface area. The proposed biosensor performed
good sensitivity and accuracy for the detection of target
DNA. This study offers an alternative, simple, and cost-
effective technique for trace target DNA molecular, also holds
great potential for point-of-care testing, public health and en-
vironmental monitoring in remote regions, developing or de-
veloped countries.
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