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Abstract

Achieving the early diagnosis of breast cancer, through ultrasensitive detection of tumor marker miRNA-155, is a signifi-
cant challenge. Therefore, an ultrasensitive hairpin electrochemical biosensor based on graphite-like phase carbon nitride
composite was proposed. In this paper, poly(D-glucosamine) (PDG) was used as a stabilizer and reducing agent to prepare
gold nanoparticles at room temperature, and then a graphite-like phase with a two-dimensional lamellar structure carbon
nitride was further combined with it to obtain the poly(D-glucosamine)/gold nanoparticles/graphite-like phase carbon nitride
nanocomposite (PDG/AuNPs/g-C;N,), in order to achieve the goal of signal amplification. The specific hairpin capture probe
(HP) that recognized and bound miRNA-155 was then grafted. The hairpin biosensor showed a linear range of 0.1 fM-1 pM
with a detection limit of 0.05 fM using differential pulse voltammetry (DPV) electrochemical analysis. Furthermore, the
excellent performance hairpin electrochemical biosensor had been applied to the detection of miRNA-155 in human serum
samples with good recovery.
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Introduction

Breast cancer has become one of the most common malig-
nant cancer, with 2.2 million cases per year globally. A large
number of studies have proved that miRNAs are closely
associated with their occurrence, development, and prog-
nosis [1-3]. MicroRNA (miRNA) is a category of endog-
enous, non-coding single-stranded small RNA molecules
with approximately 20-24 nucleotides that are involved
in sorts of physiological and pathological processes [4].
MicroRNA-155 is one of the most widely studied miRNAs,
and its high expression in the course of cancer development
makes it a novel marker of breast cancer [5-8]. The current
main methods to detect miRNA include traditional North-
ern blotting, microarray, and real-time quantitative PCR, all
of which have their advantages. Still, they require expen-
sive equipment and time-consuming experimental process
[9-11]. The electrochemical sensors have the superiority of
simple equipment, fast response, high sensitivity, and easy
operation. They are also capable to achieve sensitive, effi-
cient, and rapid target detections in actual samples or field
environments [12—14]. Therefore, the electrochemical sensor
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has a tremendous potential for the monitoring of breast can-
cer marker miRNA-155.

Electrochemical sensors based on different nanomaterials
are listed in Table 1. These sensors achieved low detection
limits and required relatively complex steps. As one of the
essential components of miRNA sensors, hairpin capture
probes (HP) were formed when single-stranded DNA mol-
ecules met by folding back on themselves, causing comple-
mentary base pairs to form hydrogen bonds [21]. Compared
with conventional linear nucleic acid molecular probes,
DNA probes with hairpin structure can distinguish nucleic
acid base pairs well and have higher specificity [22]. There-
fore, in the field of miRNA detection, nucleic acid amplifi-
cation strategies such as strand displacement amplification
(SDA) and target-catalyzed hairpin assembly (CHA) based
on hairpin structures have been widely used in various bio-
sensors [23, 24]. For example, Zhou et al. used hairpin-type
nucleic acid chains as capture probes, combined with a
hybridization chain reaction. They introduced CuCo-CeO,
nanospheres to achieve ultrasensitive electrochemical analy-
sis of miRNA-155 specificity with the detection limit of 0.05
fM, demonstrating the advantages of hairpin-type probes for
trace detection of microRNA biomarkers [18]. Therefore,
it is valuable to construct a sensitive and straightforward
miRNA-155 sensor based on hairpin DNA probe.

The nanostructure of graphite-like carbon nitride
(g-C;Ny) is similar to the two-dimensional planar lamel-
lae of graphene, and the carbon and nitrogen atoms in the
structure have formed a highly delocalized n-conjugated
system through hybridization [25]. Because of its excellent
visible light activity, high specific surface area, and good
electrochemical performance, it has caught extensive atten-
tion in the professional field of photocatalysis and sensing
[26-28]. Gold nanoparticles (NPs) are also widely used in
electrochemical sensors on account of their good conduc-
tivity, which can significantly enhance the current response
signal [29, 30]. The g-C;N, nanosheets were used as car-
riers and combined with gold nanoparticles through elec-
trostatic adsorption, which can further increase the specific
surface area of nanocomposites and promote electron trans-
fer through synergistic effects. Poly(D-glucosamine) (PDG),

also known as chitosan, is a biopolymer containing rich
active amino and hydroxyl groups obtained by the deacety-
lation of chitin [31, 32]. Its amino group can be protonated
under acidic conditions to obtain cationic polyelectrolyte
[33]. In addition, the strong intermolecular hydrogen bond-
ing makes it have good film-forming properties [34, 35].
PDG can also be regarded as a reducing agent and stabilizing
agent to synthesize AuNPs at room temperature.

For the study, an electrochemical hairpin biosensor based
on PDG/AuNPs/g-C;N, nanocomposite for the miRNA-155
detection was proposed. After the composite material was
synthesized at room temperature, and then applied dropwise
to cover the surface of the glassy carbon electrode, a con-
ductive film is obtained with an amplifying effect on the
electrical signal. Then, the sulthydryl-modified DNA strand
[36] was annealed to obtain an HP through an Au-S bond
to connect with the modified electrode to obtain the corre-
sponding hairpin biosensor. When the biomarker miRNA-
155 was captured by the HP, the electron transfer reaction
on the electrode surface was blocked, and the peak current
signal decreased. The hairpin biosensor used differential
pulse voltammetry to obtain the calibration curve, and its
performance was evaluated, including stability, specific-
ity, and repeatability. Finally, the electrochemical hairpin
biosensor was applied for the miRNA detection in actual
serum samples of breast cancer patients, indicating its prac-
tical significance in early screening and auxiliary diagnosis
of breast cancer.

Experiment
Materials and apparatus

The sulthydryl-modified hairpin probe sequence was syn-
thesized and further purified by Sangon Biotech Co., Ltd.
from Shanghai, China, and its modified DNA sequence was
5'-TAA TCG TGA TAG GGG TAT GGA CAT GGA ACC
CCT ATC ACG ATT AGC ATT AAA GA-SH-(CH2)6-3'.
All of the synthesized and purified RNA sequences were
also purchased from Sangon Biotechnology Co. (Shanghai,

Table 1 Comparison with

. X Method Materials Linear range LOD Ref
different reported miRNA-155
biosensors Electrochemical MoS, 1 fM=10 nM 0.32 fM [15]
Electrochemical rGO/poly(2-aminoben- 1 fM-10 nM 0.98 tM [16]
zylamine)/AuNPs
Electrochemical Fc/HGQs/Fe;0, 0.1 fM-1 nM 74.8 aM [17]
Electrochemical CuCo-CeO, 0.1 fM-10 nM 0.05 fM [18]
Electrochemiluminescence luminol-AuNPs-Ti;C, 0.3 fM—1 nM 0.15 ftM [19]
Electrochemiluminescence Ru-MOF 0.8 fM—1 nM 0.3 fM [20]
Electrochemical PDG/AuNPs/g-C;N, 0.1 fM-1 pM 0.05 fM This work
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China). HAuCl4-3H20, PDG, and bovine serum albumin
(BSA) were provided by Sigma-Aldrich (St. Louis, Mis-
souri, USA). Graphite-like carbon nitride was purchased
from XFNANO Technology Co., Ltd. in Nanjing, China.
And the phosphate buffer solution (PBS, 0.1 M pH 7.40)
was configurated by KCl, NaCl, Na2HPO4, and KH2PO4.
The chemicals mentioned above belong to analytical reagent
grade and without further purification. The water used was
ultrapure in the whole experiment (conductivity of 18.25
MQ cm).

Analytical techniques used include electrochemical
impedance spectroscopy (EIS) and electrochemical cyclic
voltammetry (CV) for characterization. In addition, elec-
trochemical differential pulse voltammetry (DPV) was used
for target miRNA detection. These electrochemical analysis
methods were performed by using a CS2350H electrochemi-
cal workstation which was from Wuhan Corrtest Instrument
(Wuhan, China). A traditional three-electrode system was
used, with a 3 mm diameter glassy carbon working elec-
trode (GCE), a saturated Ag/AgCl reference electrode, and
a platinum wire counter electrode. 5 mM concentration [Fe
(CN)]*7/[Fe (CN)g]*~ redox in PBS (pH 7.40) was used as
the electrolyte solution for electrochemical analysis. Trans-
mission electron microscopy was used to characterize the
structure and morphology of the synthesized composites
(TEM, Tecnai G2 F30).

Synthesis of PDG/AuNPs/g-C;N, nanocomposites

AuNPs were synthesized using PDG reduced under room
temperature through the magnetic stirring method. The spe-
cific procedure was as follows: 50 mg of PDG powder was
dissolved in 10 mL 1% dilute acetic acid solution and stirred
magnetically for 30 min to obtain a clear and transparent
mixture. Then the HAuCl,-3H,0 solution with the concen-
tration of 0.01 M, 200 pL was slowly added to the above
precursor solution and stirred continuously at a magnetic
stirring speed of 750 rpm under room temperature. After
continuous stirring for 4 h, the color of the reaction solu-
tion changed from light yellow to faint red, indicating that
PDG/AuNPs were successfully synthesized and stored in
the refrigerator at 4 °C. The synthesis steps of PDG/AuNPs/
g-C;N, composites were as follows. Firstly, bulk g-C;N,
nanosheets need to be exfoliated by ultrasonication. Briefly,
a g-C;N, solution with the concentration of 1 mg mL™!
was sonicated continuously for 4 h. Subsequently, the solu-
tion was centrifuged at 2000 rpm for 20 min, and the liquid
supernatant was collected to obtain a g-C;N, nanosuspen-
sion. Then 100 pL of g-C;N, nanosuspension was aspirated
and added to 150 pL of PDG/AuNPs solution, following the
mixture was sonicated for 30 min to obtain a homogeneous
mixed solution. Finally, the PDG/AuNPs/g-C;N, nanocom-
posite was stored in a refrigerator at 4 °C for later use.

Analytical procedure

In this experiment, the glassy carbon electrodes were pol-
ished to the mirror surface using 0.3 pm and 0.05 pm alu-
mina powder one after another. Then the electrodes were
ultrasonically cleaned in ethyl alcohol and ultrapure water
each for 5 min, and activated by electrochemical cleaning in
a 0.5 M sulfuric acid solution. After each step, the electrodes
were rinsed repeatedly with ultrapure water, and eventually,
the electrodes were dried in a constant temperature drying
oven at 50 °C after activation.

After preprocessing the electrode, the modified electrode
was obtained by dropping 6 pL of nanocomposite suspen-
sion liquid on the clean surface of the GCE and then drying
it. The DNA sequence was heated to 95 °C, annealed for
2 min, and cooled down to room temperature, and then HP
was obtained. 6 pL of 1.5 pM HP solution was dropwise
deposited on the nanocomposite modified GCE surface and
incubated at 4 °C for 14 h in the refrigerator. Subsequently,
the non-specific binding sites were passivated using 6 pL of
0.25% BSA solution at 37 °C for 30 min, followed by PBS
(pH 7.40) washing. Finally, drying under nitrogen was car-
ried out, and 6 pL of different concentrations of the miRNA-
155 solutions were added to the electrode surface and subse-
quently incubated at 37 °C for 45 min before recording the
current signal values by the DPV method, in the presence
of 5 mM redox probe.

Collected actual serum samples

The human serum samples were collected from China
Resources & Wisco General Hospital. All samples were
conformed to the Helsinki Declaration and approved by the
Ethics Committee and the consent of informed volunteers.
The fasting venous blood was collected in anticoagulation
tubes, centrifuged (4 °C, 15 min, 3000 rpm), and following
the supernatant was taken to obtain serum samples, which
were stored at — 80 °C for testing.

Results and discussion
Sensing scheme

For this study, an ultrasensitive biosensor based on g-C;N,,
PDG, and gold nanoparticle nanocomposite was proposed,
for the detection of miRNA-155. As shown in Scheme 1,
PDG contains a mass of hydroxyl groups and -NH;* under
acidic conditions, which can be used as a stabilizer and
reducing agent to prepare gold nanoparticles with tetra-
chloride acid as raw material. While g-C;N, was a two-
dimensional nanosheet with a lamellar structure and it was
exfoliated under ultrasonication, the specific surface area
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Scheme 1 Fabrication of the sensing platform

was then increased to be used as a carrier to provide abun-
dant gold nanoparticle attachment sites. The PDG/AuNPs/g-
C;N, composites were synthesized by combining g-C;N,
with PDG/AuNPs via electrostatic adsorption. When the
compound was applied to the surface of the GCE electrode, a
conductive film coating was formed to significantly enhance
the current signal value and improve the sensitivity of the
sensor. The miRNA-155 could be specifically recognized
after the HP was incubated on the surface of the modified
electrode. The presence of miRNA-155 would lead to the
change in the current signal. In the absence of miRNA-155,
the electron transfer on the immune electrode surface was
not hindered, and the redox reaction could proceed faster.
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When miRNA-155 is present, the electron transfer rate was
affected by its electronegativity due to the appearance of a
DNA-RNA hybrid double strand, and the electrical signal
recorded by the electrochemical workstation subsequently
decreases. Finally, the hairpin biosensor proposed in this
study has been applied to detect miRNA-155 in human
serum.

Morphology and structure characterization
As shown in Fig. 1, in order to characterize the nano-

materials, transmission electron microscopy (TEM)
was used for observation analysis of their morphologies
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Fig. 1 TEM image of the a PDG/AuNPs, b g-C;N,, ¢ PDG/AuNPs/g-C;N,

and structures. Figure 1a shows the gold nanoparticles
obtained after the reduction of gold tetrachloride acid,
indicating that they can be successfully synthesized using
PDG at room temperature. The uniformly dispersed gold
nanoparticles with a particle size of approximately 12 nm
are observed in Fig. 1a. In Fig. 1b, the thin layer of g-C3N,
spreads in a flake shape, manifesting that the large g-C;N,
nanolayers were successfully exfoliated. In addition,
Fig. 1c shows the TEM diagram of PDG/AuNPs/g-C;N,
composite material that gold nanoparticles were uniformly
adsorbed on the surface of the g-C;N, nanosheet. They
form composites by electrostatic adsorption and have
the potential to significantly increase the current signal
response value by synergistically achieving an increase in
electrical conductivity and specific surface area.
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Electrochemical characterization of the hairpin
biosensor

CV and EIS were essential methods for the electrochemical
characterization of hairpin biosensors. It can be seen from
Fig. 2a that the changes in the redox current value of CV
correspond to each step of the modification process of the
GCE electrode. The bare GCE (curve a, black) presents the
smallest current value, and the current signal value of the
modified electrode was significantly higher after the drop-
wise addition of PDG/AuNPs complexes (curve b, red). It
was account of the satisfactory electrical conductivity of
gold nanoparticles and high specific surface area, which
expedited the electron transfer rate of the redox probe [Fe
(CN)6]3‘/4‘]. The redox current value (curve c, blue) was
further increased after the addition of g-C;N,, which was

= a
b 3004 * b
A C
= " . v d
250 = . * e
- -
200 - =
o~
< - -
E w
< 150 4 -
£ - -
= -
(=} I
=~ 100 4 . A
§ Wy
50 +
0+
L} L] L L} L)
0 200 400 600 800 1000

Z'(Ohm.cm*2)

Fig.2 The CV (a) and EIS (b) electrochemical characterization of biosensor platform fabrication. (a) bare/GCE; (b) PDG/AuNPs/GCE; (c)
PDG/AuNPs/g-C;N,/GCE; (d) PDG/AuNPs/g-C;N,/HP/GCE; (¢) PDG/AuNPs/g-C;N,/HP/miRNA-155/GCE
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ascribed to the laminar structure of g-C;N, further increas-
ing the surface area to accelerate the electron transfer reac-
tion. After incubation of the HP overnight (curve d, green),
the signal value decreased significantly. After miRNA-155
was captured by the hairpin sequence (curve e, purple), the
signal was further attenuated. It was because DNA probes
and RNA sequences had a large number of phosphate groups
and were negatively charged, resulting in electrostatic repul-
sion that impeded the electron transfer rate. CV characteri-
zation results indicated the successful construction of a
miRNA-155 hairpin-based electrochemical biosensor.

In Fig. 2b, the hairpin sensor was characterized by EIS,
and the diameter of the high-frequency half-arc of the
Nyquist plot represented the magnitude of the electron
transfer resistance on the corresponding electrode surface.
Obviously, the highest impedance of the bare electrode in
the figure (curve a, black) was about 600 Ohm. After modi-
fication by PDG/AuNPs, the semicircle diameter of curve
b (red) was greatly reduced to about 133 Ohm, its good
electrical conductivity. After further modification of PDG/
AuNPs/g-C;N,, the semicircle size of curve c (blue) was
further reduced (67 Ohm), indicating that the addition of
g-C;N, enhanced the specific surface area of the composite
and accelerated the electron transfer rate. Curves d (green)
and e (purple) represent the impedance values of the capture
probe (200 Ohm) and the eventual incubation of miRNA-
155 (316 Ohm) on the modified electrode surface of the
composite, respectively. The semicircle diameter of curves
d and curves e increased successively from Fig. 2b, because
of the negative charges of the nucleic acid sequence that led
to the increase of resistance value. The above results were in
accord with the characterization by CV, which demonstrated
the successful construction of the sensor.

Optimization of experimental conditions

Experimental conditions affecting the result data were opti-
mized to improve the performance of the sensing platform.
The peak current values for condition optimization were
measured by the DPV method, and the current difference
Al=1,—-1 (I, response value in the presence of miRNA-
155, I,: response value in the absence of miRNA-155) was
measured. The optimization of the HP concentration is
shown in Fig. S1(a). It is clear that the difference increased
when the concentration increases from 0.5 to 1.5 pM,
after which the difference decreased as the concentration
increases, indicating that the active sites tend to saturate.
From the figure, it can be seen that the optimal concentration
of the HP was 1.5 pM.

The incubation time of the HP was also one of the factors
affecting the sensor performance. The DPV current differ-
ence in Fig. S1(b) shows that the difference was the largest
when the incubation time with the capture probe is 14 h. All

@ Springer

subsequent experiments were carried out under the condition
of incubating the capture probe for 14 h.

In Fig. S1(c), the current difference varies with the vol-
ume of PDG/AuNPs/g-C;N, suspension, on account of the
thickness of the coating film for the composite onto the elec-
trode affects electron transfer. When the volume of the coat-
ing film was less than 6 pL, the current difference increased
with the volume of the material. On the other hand, when the
volume was larger than 6 pL, the thick nanocoating blocked
electron transfer and current difference shows a decreasing
trend. It could be concluded that the experimental condi-
tions were optimal when the volume of coated film of PDG/
AuNPs/g-C;N, composite on the electrode surface was 6 pL.

Quantification of miRNA-155 in PBS

The miRNA-155 standard curves were all measured under
the optimal experimental conditions, and the correlation
between the concentration of the target and the peak cur-
rent value was analyzed using the DPV method. From the
analysis in Fig. 3a, it can be obtained that in the range of
0.1 fM-1 pM, when the concentration of the miRNA-155
standard solution increases, the DPV peak current shows a
decreasing trend. It is because significantly more miRNA-
155 has formed a negatively charged complex with the HP,
the electron transfer was impeded and the reaction rate of [Fe
(CN)61>~*"] reduced, and the current decreased accordin gly.

In Fig. 3b, it can be clearly seen that the logC value of
the miRNA-155 standard solution has shown a linear trend
with the DPV redox peak value difference A/ (Ip -1, Ip:
the current response value of miRNA-155, /: the current
response value of blank). In addition, the linear regres-
sion equation between the two variables was A/=6.141 log
C+115.186 (C: the concentration of 1071°~107'? mol L™!
for miRNA-155), and the correlation coefficient (R?) was
0.996. According to the standard curve and the relevant
provisions of the International Union of Pure and Applied
Chemistry (IUPAC), the LOD value was determined as 30/,
o being the background of the blank and S the sensitivity to
be equal to 0.05 fM [37]. This detection limit is very low,
compared to that of the previously published miRNA-155
electrochemical biosensors (Table 1). The ultrasensitive
analysis of the biosensing platform for miRNA-155 was
demonstrated.

Quantitation of miRNA-155 in serum

To further investigate the practical application potential
of this hairpin biosensor in the detection of miRNA-155
in actual serum samples, a series of miRNA-155 solutions
with healthy human serum diluted at a ratio of 1:4000 was
configured, and the concentration gradient is shown in
Fig. S2. The solution concentration was configured with five
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Fig.3 a DPV current responses for different miRNA-155 concentrations: 1071, 10715, 107", 10713, 10="2 mol L™"; b the calibrated curve of the
hairpin type electrochemical biosensor toward different concentrations of miRNA-155

gradients, 1072, 1073, 1074, 10715, and 107! mol L7, in
which the DPV current changes were consistent with the
standard curve, and the current peak decreased with the
increase of miRNA-155 concentration, presented a negative
correlation, as shown in Fig. S2(a). In Fig. S2(b), when the
sensor worked in human diluted serum, the linear regres-
sion equation between the difference of current value and
the concentration of the target substance was A/=5.578 log
C+106.471. Compared with the standard curve, the cor-
relation coefficient R? was 0.991, less than 0.996, which
was decreased because the serum matrix is more complex,
which affects the linear relationship. However, the above
data results all met the requirements, indicating that the sen-
sor could be applied to the miRNA-155 detection in actual
serum samples within the concentration range from 1070
to 1072 mol L.

Selectivity, reproducibility, and stability
of biosensor

In this study, several interfering RNAs were selected to
confirm the specificity of the miRNA-155 hairpin sen-
sor, including miRNA-141, miRNA-21, miRNA-210,
and let-7a [38, 39], which have partially identical base
sequences with the target RNA (Table S1). The concentra-
tion of interfering RNA was 100 times more than that of
the miRNA-155, and the concentration of miRNA-155 was
10~"* mol L™'. As shown in Fig. 4a, when the interference
concentration was much higher than that of miRNA-155,
the DPV current difference of miRNA-155 was still sig-
nificantly higher than that of interfering miRNA, and the
interfering RNA concentration was all lower than 10 pA.
Therefore, the miRNA-155 hairpin biosensor proposed in
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Fig.4 a Selectivity of the hairpin electrochemical biosensor. The
concentration of interfering RNA was 100 times more than that of
the miRNA-1535, and the concentration of miRNA-155 was 10™'* mol

L~"; b reproducibility of three different hairpin biosensors; ¢ stability
of the PDG/AuNPs/g-C;N, based hairpin biosensor stored at 4 °C
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this study had a good selectivity and could be applied to
serum samples with the complex matrix.

Regarding the reproducibility performance assessment
of the sensor, three electrodes were established in the same
experimental operation method, and the identical concen-
tration of miRNA-155 solution was measured by DPV
method. The measurement results showed (Fig. 4b) that
the DPV current difference values of all three electrodes
were less than 5%. This result indicates that the hairpin
biosensor had a good reproducibility.

Stability is also one of the critical properties belonging
to the sensor, and the same conditions were used through-
out the experiments. The constructed hairpin electrochem-
ical biosensor was assayed for a certain concentration of
miRNA-155 and stored in a 4 °C refrigerator. The treated
electrodes were measured daily for 15 days. Some infor-
mation can be seen in Fig. 4c, and the DPV current value
on the 15th day was more than 90% of that on the first
day, indicating that the electrochemical sensor had a good
stability.

Actual serum sample measurement

The above results demonstrated the good performance of
the hairpin electrochemical biosensor proposed in this
study, so spiked recovery experiments were performed in
4000 times diluted serum of healthy humans, as shown in
Table 2. After the addition of the corresponding miRNA-
155 solution, the spiked recoveries were 101.16%,
102.57%, and 97.17% after three measurements on aver-
age, with the corresponding relative standard deviations
(RSDs) of 2.85%, 2.11%, and 3.21%, respectively. The
above data suggested that the sensor had the potential to be
applied for the miRNA-155 detection in actual serum sam-
ples. Therefore, in this study, serum from two healthy indi-
viduals, two cured patients, and six breast cancer patients
were collected and studied for preliminary detection using
this sensor (Fig. 5). The results have revealed that miRNA-
155, a breast cancer biomarker that changes accordingly
during the progression of the disease, was significantly
higher in the serum of breast cancer patients than in other
subjects. The ultrasensitive detection of miRNA-155 in
serum by this sensor indicates its potential for clinical
application and early diagnosis.

Table 2 Recovery of miRNA-155 in healthy human serum samples

Sample  Added (fM) Found (fM) Recovery (%) RSDs (%)
1 5 5.058 101.16 2.85

50 51.286 102.57 2.11
3 500 485.870 97.17 3.21
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Conclusions

As PDG contains a large amount of polycationic NH;* under
acidic conditions, gold nanoparticles could be successfully
synthesized under the condition of normal temperature mag-
netic agitation and then combined with a g-C;N, carrier,
PDG/AuNPs/g-C;N, composite with excellent amplification
of electrical signals could be obtained. The hairpin elec-
trochemical biosensor based on composite materials had a
wide detection range for miRNA-155, and the detection limit
was as low as 0.05 fM. In addition, the accuracy, stability,
specificity, and reproducibility of the sensor showed good
experimental results, and further analyses of miRNA-155 in
actual human serum samples were performed. Therefore, the
PDG/AuNPs/g-C;N, hairpin sensor has a particular practical
analysis for miRNA-155, which is conducive to the early
detection of breast cancer patients and provides a new thera-
peutic monitoring approach for the corresponding diagnosis.
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