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ABSTRACT: In this study, upon potassium (K) element doping, the electrochemiluminescence (ECL) excitation potential of
graphitic carbon nitride (g-C;N,) obviously shifted from —1.57 to —0.74 V. Compared with other reported methods, this work was
the first one that could reduce the ECL excitation potential of g-C;N, to below the critical value of —0.9 V. It could more effectively
overcome electrode passivation and significantly improve the ECL intensity and stability. Meanwhile, the lower excitation potential
could significantly reduce other side reactions caused by high voltage, and the introduction of the K element could obviously
increase the water solubility to shorten the preparation time. The apparent decrease of the excitation potential was due to the doping
of the K element, which could reduce the band gap, increase the in-plane spacing, and expand z-conjugated systems. Furthermore,
using K-doped g-C;N, with highly stable electrochemiluminescence at lower potential as an emitter, a biosensor for microRNA-141
(miRNA-141) sensitive detection was constructed with the assistance of an innovative nicking enzyme-assisted strand displacement
amplification (N-SDA). Compared to the traditional SDA, a nicking enzyme was introduced to obviously improve the utilization rate
of the fuel chain and increase the number of cycles, finally resulting in higher signal amplification efficiency. Therefore, the
constructed biosensor showed excellent performance in the ultrasensitive detection of miRNA-141 with the limit of detection
(LOD) being 44.8 aM. This work gave a more effective means to obviously improve the ECL property of g-C;N, caused by
electrode passivation and provided a more efficient and convenient detection method for biochemical analysis.

B INTRODUCTION electrical reduction of g-C;N,, weakening of the conductivity,
and gradual decrease in the ECL response. In addition, g-C;N,,
had poor water solubility, which usually required ultrasonic
treatment for more than 10 h. These defects seriously limited
the better application of g-C3N, in the ECL field.

To solve the above problems, the current research mainly
started from the following two aspects. The first solution was
the introduction of metal nanoparticles (such as AuNPs,'®'”*!

Graphite-like-phase carbon nitride (g-C3N,) is a kind of two-
dimensional nonmetallic nanomaterial with simple synthesis,
good biocompatibility, easy functionalization, and controllable
band gap,'™ which is widely used in photocatalysis,"*
electrocatalysis,” "' pollutant degradation,"”'* and biosen-
sors' *™'” due to its excellent photoelectric properties and
catalytic ability. Since the electrochemiluminescence (ECL)
phenomenon of g-C;N, with K,S,0;3 as a coreactant was first

discovered in 2012,%° it has resulted in an upsurge of research. Received: December 15, 2021
Chen and co-workers found that g-C;N, exhibited electrode Accepted: May 4, 2022
passivation when the ECL excitation voltage exceeded —0.9 Published: May 13, 2022

V.*! The main reason was that excited electrons were
continuously poured into the conduction bands when the
scanning voltage exceeded —0.9 V, which led to partial
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Scheme 1. Schematic Representation of (A) Structure Model and Synthesis Process of AuNPs@K-doped g-C;N,; (B)
Electrode Modification Process; (C) Signal Amplification Process of Nicking Enzyme-Assisted Strand Displacement Reaction
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AgNPs,18 and PtNPs'?) to mediate the overinjected electrons
into the g-C;N, conduction bands by transferring some
electrons to metal NPs, among which AuNPs had the most
outstanding performance. Chen et al. first proposed that
AuNPs could be used to solve this problem after proposing
electrode passivation, and its initial potential and excitation
potential moved forward by 50 and 90 mV, respectively.”’
Moreover, another solution was the introduction of element
vacancies.”” > Du et al. introduced oxygen vacancies by
doping rare-earth element (Eu*) into g-C;N, synthesis, which
showed a tunable ECL wavelength.”’ The ECL initial potential
was shifted positively by 420 mV, and the ECL excitation
potential moved from —1.6 to —1.5 V. Subsequently, Zou et al.
adjusted the intrinsic electronic structure of g-C;N, by
introducing nitrogen vacancies that acted as electron traps,
which could accelerate the electron transfer and stored
overinjection electrons.”® Its initial potential and ECL
excitation potential shifted forward by 200 and 50 mV,
respectively. Although the above methods have improved the
stability of g-C3N, to a certain extent, the peak potential of g-
C;N,, was still greater than —0.9 V, which would still lead to
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obvious electrode passivation. Meanwhile, the water solubility
of g-C3N, was not obviously improved, and it still needed a
long time of ultrasonic treatment. Thus, to preferably
ameliorate water solubility and reduce electrode passivation
for improving the ECL performance of g-C;N,, we attempted
to explore new means to modulate the band gap by using
element doping.

In this study, K-doped g-C;N, with a low cathode ECL
excitation potential (—0.74 V) was synthesized, showing
excellent stability and an ultrahigh ECL response. As shown
in Scheme 1A, the K atom was doped between the lamellae of
g-C;3N,, which could improve the ECL intensity and stability
compared to the pristine g-C;N,. The introduction of the K
atom expanded 7-conjugated systems and reduced the band
gap, which greatly reduced the ECL excitation potential. And
the ECL excitation potential of the proposed K-doped g-C;N,
was more positive than —0.9 V, which more effectively avoided
electrode passivation compared with previous studies. Mean-
while, the introduction of the K element increased the water
solubility of g-C;N,, which suggested that K-doped g-C;N,
nanosheets with good dispersion and excellent performance

https://doi.org/10.1021/acs.analchem.1c05440
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Figure 2. TEM images of AuNPs@K-doped g-C;N, at scale bars of 100 nm (A) and 50 nm (B).

could be obtained only after 3 h of ultrasonic treatment. In
addition, the lower excitation voltage could effectively avoid
other side reactions caused by high voltage. Then, we further
synthesized the AuNPs@K-doped g-C;N, composites by an in
situ reduction method. AuNPs could not only facilitate the
construction of subsequent sensors but also accelerate the
conversion of $,04*" to SO,°” for promoting the ECL
intensity. After that, an ECL biosensor with K-doped g-C;N,
as an ECL emitter was constructed to achieve sensitive
detection of microRNA-141 (miRNA-141). As shown in
Scheme 1C, the signal amplification of the miRNA-141 was
realized by nicking enzyme-assisted strand displacement
amplification (N-SDA). Compared with the traditional SDA,
the introduction of Nt.BbvCI could improve the utilization
rate of combustion chain F and increase the number of cycles
to improve the signal amplification efficiency. The quenching
probe Fc-DNA was modified on the electrode interface to
obtain a “signal-off” state. However, Fc-DNA could be
removed to achieve a “signal-on” state by introducing output
DNA (F1), which realized sensitive detection of miRNA-141.

B EXPERIMENTAL SECTION

Synthesis of AuNPs@K-Doped g-C;N,. All chemicals
were analytical grade and used without further purification.
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First, g-C;N, was prepared according to refs 7, 25, and the
specific steps were as follows: 1.5 g of melamine was placed in
a porcelain cup and heated to 550 °C for 4 h in a muffle
furnace with the heating rate and cooling rate of 2 and 10 °C/
min, respectively. Then, the obtained product was dissolved in
water (0.5 mg/mL) and treated with ultrasound for more than
10 h. Second, the preparation process of K-doped g-C3N, was
the same as that of g-C;N,,”** but 3 mmol of NaOH, 0.08 mol
of KCl, and melamine needed to be ground and mixed evenly
before calcination. After calcination, the product was washed,
centrifuged, and vacuum freeze-dried to obtain pure K-doped
g-C;N,. In addition, the product only needed ultrasonic
treatment for 3 h after being dissolved in water (0.5 g/L) in
comparison to g-C3N,.

The AuNPs@K-doped g-C;N, was prepared as follows: 10
uL of HAuCl, (0.01 M) was injected into 1 mL of K-doped g-
C;N, solution and stirred for 2 h. After that, 25 uL of fresh
NaBH, solution (0.01 M) was slowly dropped into the above
solution and stirred for 20 min. Subsequently, 10 uL of
trisodium citrate (0.01 M) was added with stirring for 30 min.
Finally, the obtained solution was centrifuged and washed with
ultrapure water.

Measurement Procedure. The modified electrode was
tested in 2 mL of phosphate-buffered saline (PBS) (pH 7.4)

https://doi.org/10.1021/acs.analchem.1c05440
Anal. Chem. 2022, 94, 7191-7199
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Figure 3. (A) PL emission spectra of K-doped g-C;N, at different excitation wavelengths. (B) PL and ECL spectra of K-doped g-C;N,. (C, D) FT-

IR and XRD spectra of g-C;N, and K-doped g-C;N,.
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Figure 4. XPS spectra of (A) K-doped g-C;N,, (B) C 1s, (C) N 1s, and (D) K 2p.

containing 1 mM $,04>7, and the ECL response was studied
with a multiphoton ionization (MPI)-ECL analyzer. The ECL
scanning potential was ranged from 0 to —0.8 V with a scan
rate of 200 mV/s and the photomultiplier tube (PMT) was
800 V.

B RESULTS AND DISCUSSION

Morphological Characterization of Different Materi-
als. The structure, composition, and morphology of the K-
doped g-C;N, were studied by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
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shown in Figure 1A, K-doped g-C;N, was formed by stacking
porous lamellar structures, and TEM was used to further
understand the microstructure of K-doped g-C;N,. As shown
in Figure 1B, K-doped g-C;N, showed a thin multilayer
structure, which was consistent with the literature.”** In
addition, the element mapping diagram was used to observe
the elemental distribution. As shown in Figure 1C, C and N
were the main elements, and K was uniformly distributed in g-
C;N,, which further proved that the K atom was successfully
inserted in g-C;N,. Moreover, it could be seen from Figure 2
that many AuNPs were equably distributed on the surface of

https://doi.org/10.1021/acs.analchem.1c05440
Anal. Chem. 2022, 94, 7191-7199
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Figure 5. (A) ECL curves of g-C;N, and K-doped g-C;N, from 0 to —1.6 V. (B) ECL curves of K-doped g-C;N, and AuNPs@K-doped g-C;N,
from 0 to —0.8 V. The ECL stability of g-C;N, (C) and K-doped g-C;N, (D).
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Figure 6. ECL spectra of g-C;N, (A, B) and K-doped g-C;N, (C, D) through three-dimensional (3D) surface imaging and heat map imaging in a 1

mM S,04*” solution.

K-doped g-C;N, nanomaterial, proving that the AuNPs@XK-
doped g-C;N, was successfully synthesized.

Spectral Characterization of the K-doped g-C;N,. To
analyze the structure of K-doped g-C;N,, the photo-
luminescence (PL) spectrum, ECL spectrum, Fourier trans-
form infrared (FT-IR) spectra, X-ray diffraction (XRD)
patterns, and X-ray photoelectron spectroscopy (XPS) spectra
were obtained. As shown in the PL spectra in Figure 3A, the K-
doped g-C;N, exhibited emission behavior independent of
excitation as the excitation wavelength changed. As seen in
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Figure 3B, the PL emission wavelength of K-doped g-C;N, was
at 466 nm and the ECL emission wavelength was red-shifted to
510 nm, which demonstrated that the change in the surface
state played a dominant role in the ECL process.”” As seen
from the FT-IR spectra in Figure 3C, the bands located at
3310 cm™ correspond to the stretching vibration of N—H, and
a new absorption band of K-doped g-C;N, appeared at about
2180 cm™!, which was caused by the conversion of —C—NH,
to the cyano groups (—C=N). As shown in the XRD spectra
in Figure 3D, g-C;N, had two characteristic peaks at 13.0 and

https://doi.org/10.1021/acs.analchem.1c05440
Anal. Chem. 2022, 94, 7191-7199
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spectroscopy (E) and band gap (F) of g-C;N, and K-doped g-C;N,.

27.4°, corresponding to the (100) and (002) planes, and they
represented the in-plane packing and interlayer packing of g-
C;N,, respectively.””> However, the (100) peak disappeared
and the (002) peak shifted upon introducing K into g-C;N,
compared with g-C;N,, which indicated that K interaction
existed in the in-plane and interlayer of K-doped g-C;N,.
XPS was used to characterize the bonding state of C, N, and
K in K-doped g-C;N,. As seen in Figure 4A, the presence of
the K 2p peak proved that K was successfully inserted into g-
C;N,, and the presence of the O 1s peak might be caused by
the adsorption of H,O or O, on K-doped g-C;N,, which was
all consistent with literature reports.” > In the C 1s spectrum,
the peaks at 284.8, 288.2, and 286.4 eV corresponded to C—
C/C=C bonds, N—C=N bonds, and C—NH,, (x = 1, 2),
respectively. As seen in Figure 4C, the N 1s spectrum of K-

7196

doped g-C;N, showed three main peaks at 401.0, 400.0, and
398.7 eV, which correspond to NH, groups, tricoordinated
(N3c) nitrogen atoms, and bicoordinated (N,c) nitrogen
atoms, respectively. The binding energy of K 2p;,, was at 292.9
eV and the peak location of K 2p,,, was at 295.6 eV, which
corresponded to the interaction of K' ijons with the
surrounding N atom and C atom, respectively.” All of the
above data indicated that the K-doped g-C;N, was successfully
synthesized.

ECL Performance of g-C;N, and K-Doped g-C;5N,. The
ECL performance of g-C;N, and K-doped g-C;N, was
compared with regard to ECL excitation potential, stability,
and ECL spectrum. First, to compare the influence of K doping
on the excitation potential, ECL measurements of g-C;N, and
K-doped g-C;N, were performed under the scanning potential

https://doi.org/10.1021/acs.analchem.1c05440
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from 0 to —1.6 V, as shown in Figure SA. Compared with g-
C;N,, the peak potential of K-doped g-C;N, was about —0.8 V,
indicating that K-doped g-C;N, had more positive cathode
ECL excitation potential, which could significantly reduce the
influence of electrode passivation. Meanwhile, as shown in
Figure 5C,D, the ECL intensity of g-C;N, was unstable due to
electrode passivation, but K-doped g-C;N, had more excellent
stability. All of the above findings show that introducing K into
g-C3N, could reduce electrode passivation by decreasing ECL
excitation potential and improving conductivity. In addition,
we also explored the influence of AuNPs on K-doped g-C;N,.
As shown in Figure SB, AuNPs could obviously boost the ECL
intensity of K-doped g-C;N, but not affect the ECL excitation
potential.

As shown in the ECL spectra of the 3D surface image
(Figure 6A) and heat map image (Figure 6B), there was
maximum ECL emission of g-C;N, at 452 nm during the
potential between 0 and —1.6 V. However, the maximum ECL
emission of K-doped g-C;N, was red-shifted to 510 nm, as
shown in Figure 6C,D, which might be due to the decrease in
the band gap and expanded z-conjugated systems after K
doping.

Possible ECL Mechanism of K-Doped g-C;N,. To
explore the ECL mechanism of K-doped g-C;N,, the ECL
response and differential pulse voltammetry (DPV) at different
electrodes were measured, as shown in Figure 7. Unmodified
GCE had almost no ECL response in PBS with or without
S,04*” (Figure 7A, curve a and curve b), and the reduction
peak at —1.0 V corresponded to the reduction of S,04> to
SO,*” (Figure 7B, curve b) (eq 1). Compared with bare GCE,
the DPV of K-doped g-C;N,/GCE showed the reductive
process in PBS with the initial potential around —0.60 V and
the maximum response around —0.8 V (Figure 7B, curve c),
which indicated that K-doped g-C;N,/GCE was electrochemi-
cally active through injecting electrons into the lowest
unoccupied molecular orbital (LUMO) (eq 2). As shown in
curve d of Figure 7B, the reduction current of K-doped g-
C;N,/GCE was obviously enhanced as S,04>~ was introduced.
Moreover, K-doped g-C;N,/GCE revealed an excellent ECL
response in the PBS containing S,05°~ compared with that in
the PBS without S,04*~ (Figure 7A, curve d) (eqs 3 and 4).
This result suggested that this strong ECL emission originated
from the promotion between S,04*" and K-doped g-C;N,.
Referring to previous work,'®”" the possible ECL mechanism
was explained as follows

8,0 + e  — SO, + SO,>” (1)

K-doped g-C;N, + e~ — K-doped g-C;N,"~ (2)
SO,*” + K-doped g-C;N,*~ — SO,”” + K-doped g-C,N,*
®3)

(4)

Effect of K Atom Doping on Band Gap. According to
the reported literature,”® > the change in the band gap energy
would lead to the changes in the ECL excitation potential.
Thus, to explore the nature of ECL luminescence potential
change after doping K atom, density functional theory (DFT)
calculations and the Kubelka—Munk method were performed.
On comparing Figure 84, it could be seen from Figure 8B that
the K atom was doped between the lamellae of g-C;N,,
matching with the XRD data and FT-IR spectra. And this

K-doped g-C;N,* — K-doped g-C;N, + hv
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could increase the plane spacing, effectively accelerating the
electron transfer. Then, as shown in Figure 8C,D, the energy
band structure before and after K atom doping was calculated
according to the calculated crystal models, and the band gap
changed from 1.04 to 0.97 eV. The doping of the K atom not
only changed the in-plane spacing but also reduced the band
gap, which directly led to a positive shift of the ECL excitation
potential. The ultraviolet diffuse reflectance absorption
diagram in Figure 8E indicates that the absorption peak was
red-shifted after K atom doping, which is consistent with the
reported literature.”*® To further understand the influence of
K atom, the Kubelka—Munk method”*® was used to calculate
the band gaps, and the band gap energy of g-C;N, and K-
doped g-C;N, were 2.46 and 2.30 eV, which also indicated that
doping of the K atom led to the reduction of the band gap. The
above data showed that the energy required for excitation
decreased because of the decrease of the band gap, which led
to the positive shift of the ECL excitation potential.
Feasibility of Nicking Enzyme-Assisted Strand Dis-
placement Amplification. The polyacrylamide gel electro-
phoresis (PAGE) was used to effectively analyze the feasibility
of nicking enzyme-assisted strand displacement amplification.
As seen in Figure 9, lanes 1—5 corresponded to the single-

Figure 9. PAGE analysis: lane 1, S; lane 2, F; lane 3, F1; lane 4, F2;
lane S, miRNA-141; lane 6, S + F1 + F2; lane 7, S + F1 + F2 +
miRNA-141; lane 8, S + F1 + F2 + miRNA-141 + F; and lane 9, S +
F1 + F2 + miRNA-141 + F + Nt.BbvCL

stranded DNA of S, F, F1, F2, and target miRNA-141,
respectively. A new band at the above position of S, F1, and F2
appeared in lane 6 (S + F1 + F2), indicating the formation of
the [S:F1:F2] triple chain structure. After adding miRNA-141
to the [S:F1:F2] triple chain structure, lane 7 exhibited four
distinct bands corresponding to the [S:F1:F2] triple chain
structure, [S:miRNA-141:F2], F1, and F2. As shown in lane 8,
the F2 and miRNA-141 could be liberated through strand
displacement when excessive F reacted with the [S:miRNA-
141:F2] structure. However, As shown in lane 9, the band
corresponding to F disappeared and the band corresponding to
F1 and F2 brightened when the Nt.BbvCI was present, proving
that the nicking enzyme-assisted strand displacement amplifi-
cation strategy was successfully realized.

To prove the superiority of this strategy, we also compared
ECL signals of the biosensor with Nt.BbvCI and without
Nt.BbvClI (as shown in Figure S7). The ECL response of the
biosensor with Nt.BbvCI assistant SDA was about twice that
without Nt.BbvClI introduction, which also proved that the
nicking enzyme-assisted strand displacement amplification
strategy was feasible.

Performance of the Biosensor for miRNA-141
Analysis. First, to prove the successful construction of this
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Figure 10. (A) ECL curve of biosensor for different miRNA-141 concentrations. (B) Calibration curve for miRNA-141 analysis.

biosensor, we characterized the construction process of the
biosensor by ECL, cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS), as shown in Figures
S2 and S3. Second, to evaluate the constructed biosensor, the
ECL intensity for different concentrations of the target was
tested under the optimized conditions (as seen in Figure S6).
As seen in Figure 10A, the ECL response increased as the
concentration of miRNA-141 increased. As seen in Figure 10B,
the AI presented a favorable linear response with the logarithm
of miRNA-141 changing from 100 aM to 1 nM, and the
corresponding regression equation was Al = 26427.13 +
1409.191gc (R = 0.9912) with the limit of detection (LOD)
for miRNA-141 of 44.8 aM. In addition, as shown in Table S2,
this work had a wider response range and lower detection limit,
which doubtlessly showed that the detection method of this
work had a better application prospect.

Then, the other performances of the constructed biosensor
were investigated to evaluate biosensor performance, as shown
in the Supporting Information. As shown in Figure S8A, the
ECL response had no obvious fluctuation when the number of
consecutive scans reached 20, and the relative standard
deviation was 2.65%. Subsequently, selectivity was studied by
comparing different miRNAs, including miRNA-126, miRNA-
182-5p, miRNA-21, and their mixtures containing miRNA-141.
As seen in Figure S8B, the ECL response of the mixture
containing miRNA-141 was equivalent to that of miRNA-141,
which was far higher than that of other miRNA. Meanwhile,
the ECL intensity corresponding to miRNA-126, miRNA-182-
Sp, and miRNA-21 was as low as that of the blank control
group. The above data indicated that the constructed biosensor
showed good stability and excellent selectivity.

B CONCLUSIONS

In summary, K-doped g-C;N, with an ultralow ECL cathode
excitation potential was synthesized and applied as a ECL
emitter for constructing a biosensor of miRNA-141 sensitive
detection. Compared with g-C;N,, the interlayer spacing of K-
doped g-C;N, was increased and the band gap value was
reduced, which led to the ECL excitation potential positively
moving from —1.57 to —0.74 V. The ECL excitation potential
of the conventional g-C;N, or g-C;N, adjusted by other
methods was far negative than —0.9 V; K-doped g-C;N, with
low cathode ECL excitation potential in this study could not
only effectively avoid electrode passivation effect and improve
water solubility but also greatly reduce the side reactions in the
ECL reaction process. Then, a nicking enzyme-assisted strand
displacement (N-SDA) reaction was adopted to realize the
cycle amplification. Compared with the traditional SDA, the
novel N-SDA increased the number of cyclic amplification,
obviously improving the efficiency of signal amplification by
introducing a nicking enzyme. The constructed biosensor had

been successfully applied for the sensitive detection of miRNA-
141. This study offered a more useful means to reduce
electrode passivation of g-C;N, and provided a simple and
novel signal amplification way to successfully construct the
sensitive biosensor.
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