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NPs@g-C3N4) as the signal generator accompanying with T7 exonuclease (T7 Exo)-involved target cycle
amplification process. Initially, the prepared Au NPs@g-C3Ny4 as the signal generator was coated on the
electrode surface, which could produce a strong PEC signal due to the unique optical and electronic
properties of g-C3N4 and the surface plasmonic resonance (SPR) enhanced effect of Au NPs. Meanwhile,
the modified Au NPs@g-C3N4 was also considered as the fixed platform for immobilization of S1-S2
through Au—N bond. Thereafter, the T7 Exo-involved target cycle amplification process would be initi-
ated in existence of miRNA-141 and T7 Exo, leading to abundant single chain S1 exposed on electrode
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nitride surface. Ultimately, the S3—SiO, composite was introduced through DNA hybridization, thereby pro-
Si0, ducing high steric hindrance to block external electrons supply and light harvesting, which would further
microRNA detection cause a significantly quenched PEC signal. Experimental results revealed that the PEC signal was grad-
T7 exonuclease ually inhibited with the raising miRNA-141 concentration in the range from 1 fM to 1 nM with a
Cycle amplification detection limit of 0.3 fM. The PEC biosensor we proposed here provides a valuable scheme in miRNA

assay for early disease diagnosis and biological research.
© 2021 Published by Elsevier B.V.

1. Introduction

As a member of noncoding RNAs, microRNA (miRNA) is single-

_— - o . ) strand small molecule with a length of 19—23 nucleotides, which
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of miRNA is closely related to the occurrence and development of
human tumor diseases [3—5]. Also, miRNAs have been detected in
response to various human diseases, such as infectious disease,
kidney disease and heart diseases [6—8]. Therefore, miRNA is
recognized as a new and effective diseases diagnostic marker [9].
Concerning the fact that miRNAs possess the inherent character-
istics of low content, high similarity among family membership,
easy degradation and short size [10,11] it is a real challenge and
opportunity to develop a novel method able to quantify easily
miRNA with high sensitivity, good stability and strong specificity.
Photoelectrochemical (PEC) sensor is a newly emerging and rapidly
developed analytical technology that combines the optical signal
input with the electrical signal output [12,13]. To date, PEC sensors
have been successfully utilized to detect a series of targets due to
the merits of high sensitivity, excellent stability and strong speci-
ficity [14—16], which might be an excellent candidate for quantifi-
cation of miRNA.

During the construction of PEC sensor, the choice of photoactive
materials is of the essence. Graphitic-like carbon nitride (g-C3N4)
consisting of green non-toxic and low-cost elements has gained
great attention in the fields of biosensing, electrocatalysis and
photocatalysis because of its easy processability, chemical stability,
excellent electronic conductivity and catalytic activity [17—21]. In
particular, the bandgap of g-C3N4 (2.7 eV) leads its unique optical
and electronic properties [22,23]. Nevertheless, PEC sensor based
on the pure g-C3N4 has been rarely reported deriving from the fast
recombination of its photogenerated electron-hole pairs. Various
strategies have been developed to restrain the recombination of
electron-hole pairs, which includes constructing heterojunctions,
designing sensitized structures, doping with novel elements and
combining plasmonic metals [24—27]. Among them, the coupling
semiconductor with plasmonic metal has become a common and
effective avenue to inhibit recombination and improve photocur-
rent response. The introduction of plasmonic metals could lead to
the occurrence of surface plasmonic resonance (SPR) phenomenon
[28]. Concretely, the electromagnetic field of incident light would
power the collective oscillation of electrons in metal particles,
thereby enhancing the light absortion and the interfacial charge
transfer [29]. Accordingly, Au nanoparticles@g-C3N4 (Au NPs@g-
C3N4) with the SPR enhanced effect was synthesized and adopted in
this work, which presented eminent photoelectric property and
could be utilized as the excellent PEC signal generator.

Herein, a sensitive PEC biosensing platform based on Au NPs@g-
C3N4 as the signal generator coupling with T7 exonuclease (T7 Exo)-
involved target cycle amplification process was proposed for
quantitative monitoring of microRNA-141 (miRNA-141), which was
designed as Scheme 1. Initially, the prepared Au NPs@g-C3N4 with
excellent PEC property was coated on electrode surface, generating
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a strong photocurrent response. After immobilization of S1—-S2 via
Au—N bond, the blocking agent (hexanethiol, HT) was incubated.
Afterwards, miRNA-141 and T7 Exo were added, in which miRNA-
141 could hybridize with S2 to trigger the subsequent digestion
by T7 Exo. S2 was digested to abundant mononucleotides and
miRNA-141 was released to hybridize with the next S2. With the aid
of T7 Exo-involved target cycle amplification, small amounts of
miRNA-141 were converted into abundant single chain S1. Ulti-
mately, the S3—SiO, composite was introduced through the hy-
bridization between S1 and S3, leading to the high steric hindrance,
thereby directly blocking external electrons supply and light har-
vesting. In consequence, the photocurrent response of Au NPs@g-
C3N4 was gradually inhibited with the raising miRNA-141 concen-
tration, which would be recorded to quantitatively determine the
concentration of miRNA-141. The PEC biosensing platform we
designed here not only expanded the application of Au NPs@g-C3Ny4
in bioanalysis but also devoted a new routine for sensitive moni-
toring of miRNA.

2. Experimental section
2.1. Synthesis of Au NPs@g-C3Ny

g-C3N4 was synthesized as previously reported [30]. Firstly, 5 g
melamine was added in a crucible and dried at 80 °C for 24 h in
atmospheric air. Next, the intermediate product was transferred
into a muffle furnace, followed by calcinating at 550 °C for 3 h with
a ramp of 5 °C/min. Finally, residual alkaline impurities were
removed by centrifugation with nitric acid and ultrapure water. The
light yellow product (g-C3N4) was obtained and stored in refriger-
ator for subsequent use.

For preparation of Au NPs@g-C3N4 [31], 20 uL HAuCl4 aqueous
solution (10 mM) and 5 mL g-C3N4 aqueous solution (2 mg/mL)
were mixed, followed by stirring for 2 h in the dark. Afterwards,
30 pL the freshly prepared NaBH4 solution (0.01 M) was added
dropwise to the above solution with continuously stirring. The re-
action was complete until the gas evolution stopped. Finally, the
obtained Au NPs@g-C3N4 was washed by centrifugation, and
redispersed in 5 mL ultrapure water for subsequent use.

2.2. Synthesis of SiO, and S3—Si0O, composites

SiO; particles were obtained as previously reported [32]. Briefly,
6 mL ultrapure water, 16.5 mL ethanol and 2 mL NH3-H;0 were
mixed and stirred continuously to get homogeneous solution. After
20 min, 18.5 mL ethanol solution dispersed with 2 mL tetraethox-
ysilane (TEOS) was added, and the mixture was stirred for 15 h at
30 °C. SiO; particles were centrifugally washed with ethanol for
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Scheme 1. Schematic illustration of the PEC biosensing platform for miRNA assay.
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three times and then dispersed in ethanol.

Amino-modified SiO; particles (SiO,—NH,) were prepared ac-
cording to the literature [32]. 0.5 mL 3-aminopropyl triethoxysilane
(APTES) and 30 mL the prepared SiO, particles were mixed and
vigorously stirred. Subsequently, the mixture was heated to 76 °C
under refluxing for over 24 h. The product (SiO,—NH;) was
centrifugally cleaned with ethanol for several times. Finally,
Si0,—NH; were dispersed in ultrapure water and stored at 4 °C.

For preparation of S3—SiO, composite, 30 pL SiO,—NHj, 10 pL
0.05% glutaraldehyde and 1 mL 2 pM amino-terminated S3 were
mixed and stirred continuously for 2 h at room temperature to
complete the crosslinking reaction [33]. The obtained S3—SiO;
composite was purified by centrifugation, and then redispersed in
1 mL PBS for subsequent use.

2.3. Construction of PEC biosensing platform

First of all, 15 uL Au NPs@g-C35N4 (2 mg/mL) was coated on glassy
carbon electrode (GCE) surface and dried at 37 °C to obtain Au
NPs@g-C3N4/GCE. Next, 20 pL the prepared S1-S2 (2 puM) was
dropped on the surface of Au NPs@g-C3N4/GCE and kept for 12 h,
which could be steadily immobilized via Au—N bond. Subsequently,
10 pL hexanethiol (HT, 0.1 mM) was incubated for 30 min to block
nonspecific sites. Afterwards, the electrode was incubated with
20 pL of various concentrations target (miRNA-141) and 100 U/mL
T7 Exo for 90 min at 25 °C. As shown in Scheme 1, T7 Exo-involved
miRNA-141 cycle amplification process would be triggered.
Concretely, miRNA-141 would displace S1 to form the duplex of
miRNA-141/S2, which could be cleaved by T7 Exo from 5’ to 3’ di-
rection. As a result, S2 was digested to mononucleotides, and
miRNA-141 was released to displace the next S1. After N cycles,
abundant single chain S1 were exposed on electrode surface.
Finally, 20 pL the prepared S3—SiO, composite was coated on the
obtained GCE surface for 2 h at 37 °C. Scheme 1 illustrated the
construction procedure of this PEC biosensing platform.

3. Results and discussions
3.1. Characterization of the different nanomaterials

The morphologies of g-C3N4, Au NPs@g-C3Ny4 and SiO, particles
were detected by scanning electron microscopy (SEM), and the
elements of Au NPs@g-C3N4 were characterized by energy disper-
sive X-ray (EDX) spectrum. As revealed in Fig. 1A, the morphology
of the synthesized g-C3N4 was two dimensional haze structure.
After modification with Au NPs, it could be clearly found that many
nanoparticles were evenly embellished on the g-C3N4 surface
(Fig. 1B). To further confirm the successful synthesis of Au NPs@g-
C3Ny4, the concrete elements were recorded by the EDX spectrum.
As shown in Fig. 2, the elements of Au, C, N and Si could be distinctly
observed, in which Au, C and N were supplied by Au NPs@g-C3Ny4
and the element of Si originated from the immobilized substrate
(silicon slice). Besides, the SEM image of SiO, particles was recor-
ded in Fig. 1C. The SiO; particles possessed the uniform spherical
structure about 350 nm in size, indicating that the SiO, particles
were successfully formed.

3.2. PEC mechanism of the biosensor

Fig. 3A presented the photocurrent generating mechanism with
the Au NPs@g-C3N4 modified on the GCE surface. Initially, the
electrons migrated from the valence band (VB) of g-C3N4 to its
conduction band (CB) under the visible-light irradiation. Part of
electrons located in CB rapidly transported to electrode, and the
other part of electrons could immediately move to Au NPs owing to
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the interface built between Au NPs and g-CsN4. Meanwhile, the
electromagnetic field of incident light would power the collective
oscillation of electrons in Au NPs because of the existence of SPR
enhanced effect, and then these oscillated electrons would rapidly
transfer to electrode. Electron donor (H,0>) in electrolyte solution
would continuously supply electrons to the VB of g-C3N4. All of
these processes would promote the separation of electrons and
holes, leading to a strong photocurrent response. Fig. 3B presented
the photocurrent quenching mechanism after modification with
the S3—Si0, composite. Concretely, the introduced SiO, particles
through DNA hybridization could produce the high steric hindrance
on the surface of electrode. The SiO, particles not only hindered the
light harvesting but also directly blocked the external electrons
supply [34]. As a consequence, the photocurrent response of Au
NPs@g-C3N4 would be substantially quenched.

3.3. PEC characterization of the biosensor

To assess the availability of the fabricated PEC sensor, the pho-
tocurrents at different preparation stages were recorded in Fig. 4.
Clearly, a background photocurrent close to zero for bare GCE was
observed (curve a). The photocurrent increased sharply to the
maximum when Au NPs@g-C3N4 was coated on GCE surface (curve
b) because of its excellent photoelectric properties. With S1-S2
(curve c¢) and HT (curve d) continuously assembled on the above
GCE surface, the photocurrent responses decreased successively
since their charge transfer ability were poor. Ultimately, a signifi-
cantly reduced photocurrent response was obtained (curve e) after
incubating with S3—Si0,, T7 Exo and miRNA-141, which contrib-
uted to the fact that the SiO, introduced by DNA hybridization
could block electron transfer and effectively quench the photo-
current of Au NPs@g-C3Ng4. These results suggested that the step-
wise construction process of this biosensor was successful.

3.4. Electrochemical characterization of the PEC biosensor

To characterize the PEC biosensor preparation procedure step by
step, cyclic voltammetry (CV) measurement was conducted in 2 mL
PBS (pH 7, 0.1 M) containing 5.0 mM [Fe(CN)g]*~/4~ and 0.1 M KCl
between —0.2 and 0.6 V at a scan rate of 50 mV/s. As displayed in
Fig. 5A, the bare GCE (curve a) exhibited a pair of reversible redox
peaks. After the immobilization of Au NPs@g-C3N4 on GCE, the peak
current decreased (curve b) caused by the semiconductor proper-
ties of Au NPs@g-C3N4. The introduction of S1—-S2 induced the
further decrease of peak current (curve c), owing to the electronic
repulsion between [Fe(CN)5]3’/4’ and the negatively charged
S1-S2. Next, HT was modified on the resultant GCE to block the
nonspecific binding sites, resulting in a continued decrease of the
peak current (curve d). Finally, when S3—Si0;, T7 Exo and miRNA-
141 were incubated on the surface of the electrode, the peak cur-
rent was further weakened (curve e), which contributed to the fact
that the increased steric hindrance effect and the hybridization
between S3—Si0; and S1 blocked the electron transfer.

Meanwhile, as shown in Fig. 5B, electrochemical impedance
spectroscopy (EIS) measurement was employed to characterize the
fabrication of PEC biosensor. EIS measurement was recorded in
2 mL PBS (pH 7.0, 0.1 M) containing 5.0 mM [Fe(CN)]>/*~ and
0.1 M KCl over a frequency range of 10 kHz to 0.1 Hz using an
alternating current potential with an amplitude of 5 mV at a direct
current potential of 0.22 V. The charge-transfer resistance (Re;) for
bare GCE was the curve a. The Ret of the GCE modified with Au
NPs@g-C3N,4 increased obviously (curve b), which may be due to
the fact that the modified Au NPs@g-C3N,4 hindered the electron
transfer. When the S1—S2 was fixed on the Au NPs@g-C3N4/GCE,
the Rer continued to increase (curve c) due to the poor electrical
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Fig. 1. SEM images of g-C5N4 (A), Au NPs@g-C3N4 (B) and SiO, particles (C).

Fig. 3. Schematic illustration of the photocurrent generating (A) and quenching (B) mechanisms.
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Fig. 4. Photocurrent signal of (a) bare GCE, (b) Au NPs@g-C3N,4/GCE, (c) S1-S2/Au
NPs@g-C3N4/GCE, (d) HT/S1—S2/Au NPs@g-C3N4/GCE and (e) S3—Si0,/T7 Exo/miRNA-
141/HT/S1—-S2/Au NPs@g-C3N,4/GCE.

conductivity of the DNA sequence. After incubation of non-
conductive HT, the Re; increased obviously (curve d). A further in-
crease of the Rer was found after incubating with S3—SiO,, T7 Exo
and miRNA-141 (curve e) because of the increased steric hindrance
effect. These results manifested the successful preparation of the
PEC biosensor.
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3.5. Detection of miRNA-141

To evaluate the analytical performance of the presented PEC
sensing platform, the photocurrent signals were measured toward
a series of miRNA-141 concentrations under the optimal conditions,
which was shown in Fig. 6A. It was found that the photocurrent
signal decreased dramatically along with the increase of miRNA-
141 concentration from 1 fM to 1 nM. Fig. 6B showed the linear
response curve between the photocurrent signal (I) and the loga-
rithm of miRNA-141 concentration (lgc) with a linear regression
equation of = —0.3633 lgc + 1.481 and a correlation coefficient of
0.9925. Besides, the calculated detection limit was 0.3 fM and the
calculation method was derived from reference. [35] Meanwhile,
the analytical performances of the proposed PEC biosensor were
compared to some previously reported methods. In order to ensure
the rationality of comparison, these methods selected for compar-
ison used only one amplification technique because only one
amplification strategy was adopted in the proposed PEC biosensor.
As seen in Table 1, an improved sensitivity and a much wider linear
range were observed in our work, which indicated that this work
performed a prominent analytical performance for miRNA-141
detection. Besides, some works for miRNA detection possessed
the detection limit as low as aM level, which was attribute to the
application of double or even triple signal amplification strategies.
The related contents were presented in Table S1 (Electronic Sup-
plementary Material).

3.6. Stability and selectivity of the PEC biosensor
In order to explore the stability, PEC biosensor incubated with

0.1 nM miRNA-141 was monitored for 10 cycles under continuous
“off-on-off” light. Fairly stable PEC signals could be caught from
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Fig. 5. CV (A) and EIS (B) responses of (a) bare GCE, (b) Au NPs@g-C35N4/GCE, (c) S1—S2/Au NPs@g-C5N4/GCE, (d) HT/S1—S2/Au NPs@g-C3N4/GCE and (e) S3—Si0,/T7 Exo/miRNA-

141/HT/S1—S2/Au NPs@g-C5N4/GCE.
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Fig. 6. (A) Photocurrent signals with various miRNA-141 concentrations. (B) Linear relationship between the photocurrent signals and the logarithm of miRNA-141 concentration.
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Table 1

Comparison of different methods for miRNA detection.
Method Technique LOD Linear range Ref.
fluorescence DSN assisted target recycling 334 fM 100 fM-1 nM [36]
ECL hybridization chain reaction 2 fM 5 fM-5 pM [37]
colorimetry DSN assisted target recycling 44.76 fM 50 fM-3000 fM [38]
electrochemistry DNAzyme-cleavage cycling 1.8 fM 10 fM-0.1 nM [39]
CL cross-catalyst SDA 0.68 fM 1 fM-10 fM [40]
PEC toehold-mediated SDA 0.5 fM 1 fM-10 pM [13]
PEC T7 Exo-involved target cycle 0.3 fM 1 fM-1 nM Our work

Abbreviations: duplex-specific nuclease (DSN); strand displacement amplification (SDA); electrochemiluminescence (ECL); chemiluminescence (CL).
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Fig. 7. (A) Stability test of the biosensor at 0.1 nM miRNA-141. (B) Selectivity of the biosensor to miRNA-141 (column a) with 0.1 nM by comparison to the interferences at the 10 nM
level: b (blank), ¢ (thrombin), d (miRNA-21), e (miRNA-155), f (single-base mismatched sequence), g (double-base mismatched sequence) and h (triple-base mismatched sequence).

Fig. 7A and the relative standard deviation (RSD) of 2.06% could be
calculated, meaning that the proposed PEC biosensor possessed a
good stability for the detection of miRNA-141. Furthermore, the
selectivity of the designed strategy toward miRNA-141 was also
studied through utilizing thrombin, miRNA-21, miRNA-155, single,
double, triple-base mismatched sequences as interferences. From
Fig. 7B, strong PEC signals were found in existence of 10 nM in-
terferences, which was the same as the blank detection. However,
when 0.1 nM miRNA-141 was used as the detection sample, the PEC
signal reduced significantly. The result revealed a satisfied selec-
tivity toward miRNA-141 detection of the designed strategy.

3.7. Detection of miRNA-141 in human serum samples

To evaluate the preliminary application ability of the proposed
PEC biosensor, the human serum samples were used as the sample
matrixes to detect miRNA-141 through the standard addition
method. The human serum samples were isolated from the whole
blood by the centrifugation at 3000 rpm for 20 min and then stored
at —80 °C for further use. MiRNA-141 with different concentrations
were added into 50-fold-diluted human serum samples and then
detected by this PEC biosensor. The experimental results were ex-
pected in Table 2. The recoveries varied from 95.00 to 106.00% with
relative standard deviation (RSD, n = 8) between 3.50% and 6.20%,
indicating that the proposed PEC biosensor possessed excellent

Table 2
Detection of miRNA-141 in human serum samples.
Sample number Added (pM) Found (pM) Recovery (%) RSD (%)
1 500 x 1072 480 x 1072  96.00 5.20
2 500 x 1071 530 x 107! 106.00 6.20
3 5.00 5.10 102.00 3.50
4 50.00 47.50 95.00 4.20
5 500.00 490.00 98.00 3.90

application ability for miRNA-141 detection in human serum
samples.

4. Conclusion

In summary, a PEC biosensor for sensitive assay of miRNA-141
was proposed on the basis of Au NPs@g-C3N,4 as the PEC signal
generator coupling with T7 Exo-involved target cycle amplification
process. The synthesized Au NPs@g-C3N4 could produce a strong
PEC signal owing to the unique optical and electronic properties of
g-C3N4 and the surface plasmonic resonance (SPR) enhanced effect
of Au NPs. Besides, the introduction of T7 Exo-involved target cycle
amplification could convert a handful of miRNA-141 into abundant
single chain S1 for further hybridize with S3—SiO,, which could
significantly quench PEC signal and tremendously improve
analytical sensitivity during the detection of miRNA-141. The
designed PEC biosensing platform offers a new opportunity for
application of Au NPs@g-C3Ny4 in bioanalysis and provides a novel
method for sensitive monitoring of miRNA.
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