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Abstract—In recent years, microRNAs have been used as cancer markers in clinical testing. In this study, an
electrochemical biosensor was developed based on nanomaterials and the hybridization chain reaction
(HCR) for highly sensitive and selective detection of the target miR-378 using K3Fe(CN)6/K4Fe(CN)6 as a
redox indicator. MiR-378 is located on human chromosome 5q32 and serves as an important gene regulatory
locus. Recent studies have found that aberrant expression of miR-378 is associated with cervical cancer,
breast cancer, lung cancer, and other diseases. HCR is a simple and efficient isothermal amplification tech-
nique that does not require enzyme mediation and can be performed at room temperature. Evaluations of the
specificity, stability, and sensitivity of the developed sensor revealed its ability to rapidly and specifically
detect miR-378 in two hours with a detection limit as low as 100 cells in a volume of 400 μL, thereby indicat-
ing that this device could provide a novel approach for clinical diagnosis.
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MicroRNAs (miRNAs) are a class of small non-
coding RNAs approximately 18–24 nucleotides in size
that play a diverse range of important regulatory roles
in cells [1–3]. Recent studies have shown that numer-
ous diseases, including lung, cervical, and breast can-
cers, are associated with high expression of
miRNAs [4–6]. Consequently, these RNAs could
serve as valuable biomarkers for disease diagnosis,
treatment, and rehabilitation. Almost all existing
miRNA detection approaches, such as northern blot-
ting [7], in situ hybridization, microarray chip tech-
nology, and reverse transcriptase quantitative poly-
merase chain reaction (RT-qPCR) [8, 9], are based on
hybridization of the target miRNA with a capture
probe, which comprises a complementary nucleotide
sequence. However, all these methods have certain
drawbacks. For example, whereas RT-qPCR, cur-
rently the gold standard for miRNA analysis, has both
high selectivity and sensitivity, the procedure is time-
consuming and requires highly qualified personnel
and large instruments. Consequently, there is a need
for an alternative simple and rapid method for detect-
ing specific miRNA sequences that can be readily per-
formed in non-specialized laboratories.

Given the specific characteristics of short miRNA
sequences and their typically low abundance, effective
signal amplification is an essential prerequisite.
Among the methods of nucleic acid amplification
commonly used at present are ligase chain reaction
(LCR) [10, 11], loop-mediated isothermal amplifica-
tion (LAMP) [12, 13], strand displacement amplifica-
tion (SDA) [14, 15], and rolling circle amplification
(RCA) [16, 17]. The LCR method although also has
stringent requirements for primer design and necessi-
tates close attention to the enzyme environment.
Although the LAMP method technique has the
advantages of being simple and rapid and does not
require any special instrumentation, it also has strin-
gent requirements for primer design and laboratory
testing. The SDA method is a novel method for ther-
mostatically amplifying DNA, which is based on the
combined action of two enzyme types, a restriction
endonuclease and DNA polymerase. Whereas this
method is highly sensitive, the target sequence prepa-
ration procedure is nevertheless complex, thereby lim-
iting its application. RCA is an isothermal nucleic acid
amplification technique that enables not only linear
amplification of target sequences but also signal
amplification with high efficiency and low detection
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limits. In this regard, the hybridization chain reaction
(HCR) [18, 19] has recently emerged as a simple and
efficient isothermal amplification technique that
overcomes the drawbacks of the hybridization tech-
niques mentioned above. It is based on a point-medi-
ated chain substitution reaction that does not require
enzyme mediation, is relatively inexpensive, and can
be performed at room temperature.

Since their early development in the 1980s, electro-
chemical biosensors [20, 21] have gradually evolved
and matured. These devices essentially comprise the
target substance (e.g., antigen, nucleic acid, or anti-
body) as a sensitive element fixed to an electrode,
which converts the biological signal of the substance to
a detectable electric signal output, such as current or
resistance, thereby enabling specific recognition of the
target biomolecules [22–24]. They have the advan-
tages of miniaturization, high sensitivity, low cost, and
good specificity, and have received considerable atten-
tion in multiple fields, including materials, chemistry,
biology, and medicine [25–27].

In recent years, nanomaterials have been increas-
ingly used in electrochemical sensors due to their large
specific surface areas and good optical, electrical, mag-
netic, and mechanical properties. Given their excellent
biocompatibility and chemical inertness, gold nanopar-
ticles (AuNPs) are extensively used as nanomaterials
for electrode modification [28, 29]. Notably, they can
strongly combine with nucleic acids, antibodies, and
other biomolecules, enhancing the electron transfer
rate for electrochemical signal amplification.

In this study, a strategy was developed for amplify-
ing and detecting miR-378 using HCR and electro-
chemical biosensors. Based on the characteristics of
low content and high homology of miR-378, the arti-
cle proposed using the HCR reaction for cyclic ampli-
fication of miR-378, employing the principle of base
complementary pairing. The hybridization product is
then incubated on the working electrode. Due to the
different structures presented on the electrode, elec-
trochemical detection using cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) is utilized to
obtain different electrical signals, enabling efficient
and sensitive specific detection of miR-378. This
method, which is inexpensive, simple, and does not
require any enzymes, can quantitatively detect
miRNA-378 at the picomolar level, highlighting its
novel potential for the detection of miRNA-378.

EXPERIMENTAL

Apparatus. UV-Vis spectra were collected on a Shi-
madzu 3600 Plus UV-Vis spectrophotometer. Size dis-
tribution of gold nanoparticles was tested using a Mal-
vern Nano ZS90 Particle Size Potentiometer (Britain)
through dynamic light scattering. The characteriza-
tion of the nanoparticles was performed using a Hita-
chi High-Technologies Corporation transmission
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electron microscope (model H-7650, Japan). Gel
electrophoresis apparatus from Liuyi Biotechnology
Co., Ltd. (Beijing, China). Gel imaging was carried
out using the Shanghai Tanon Company gel image
(model Tanon 1600). Electrochemical measurements
were taken using a CHI 660C electrochemical work-
station (Shanghai, China) with a three-electrode sys-
tem consisting of a gold plate electrode (5.0 mm), a
platinum wire electrode, and a reference electrode of
Ag/AgCl (sat. KCl). Electrochemical experiments
were performed in a 2.5 mM K3Fe(CN)6 : K4Fe(CN)6
(1 : 1) solution containing 0.5 M KCl using CV and
DPV. CV was performed at a scanning potential from
–0.2 to 0.6 V at a scan rate of 30 mV/s. All electrodes
were purchased from Chenhua Instrument Company
(Shanghai, China). DPV was performed at a scanning
potential from 0 to 0.6 V with an increment potential
of 4 mV, while the amplitude, pulse width, and pulse
period were set to 0.05 V, 0.05, and 0.5 s, respectively.
The parameters for the CV method experiment are
shown below.

Materials and chemicals. Agarose regular for elec-
trophoresis use grade, all synthetic DNA strands,
HPLC-purified RNA were purchased from Sangon
Biotech Co., Ltd. (Nanjing, China). Their corre-
sponding sequences are included in Table 1. Dieth-
ylpyrocarbonate (DEPC)-treated water was purchased
from Sangon Biotech Co., Ltd. as DNA or RNA dis-
solved solution. Phosphate-buffered saline containing
0.2 M NaH2PO4 and 0.2 M Na2HPO4 was used as
electrode activation buffer, and these were purchased
from Nanjing Chemical Reagent Co., Ltd. (Nanjing,
China). 6-Mercapto-1-hexanol (MCH) was pur-
chased from Bide Pharmatech Ltd. (China). Tris
(2-chloroethyl) phosphate (TCEP) was purchased
from Meryer (Shanghai) Chemical Technology Co.,
Ltd. All remaining reagents were purchased from
Nanjing Chemical Reagent Co., Ltd. (Nanjing,
China), and all liquid reagents were analytically pure.

Construction of biosensors. Preparation of glassy
carbon electrodes. Bare glassy carbon electrodes
(GCEs) were sequentially polished with alumina pol-
ishing powders of 1.0, 0.3, and 0.05 μm, and then
cleaned with distilled water. Thereafter, the GCEs
were cleaned ultrasonically with ethanol, purified
water, and acetone solutions, each for approximately
2 min. After rinsing the electrodes with purified water,
they were dried at room temperature. The GCEs were
then immersed in 0.5 M sulfuric acid for 30 s for acti-
vation. Electrochemical tests, including CV and DPV
measurements, were performed.

Preparation of gold nanoparticles. Nanogold was
prepared by mixing 90 mL of distilled water with
10 mL of a 10 mM HAuCl4 solution in a three-necked
flask and heating to 100°C under reflux with vigorous
stirring. Following boiling, 5.2 mL of 75 mM triso-
dium citrate was added to initiate the reaction, and
after approximately 3 min, the color of the solution
F ANALYTICAL CHEMISTRY  Vol. 79  No. 9  2024
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Table 1. Oligonucleotide sequences used in this work

Oligonucleotide Sequence (from 5′ to 3′)

HP1 (ssDNA) CCTTCTGACTCCAAGTCCAGTCAAAGTACTGGACTTG-
GAGTCCTTGAACTGCCCAACCGAA

HP2 (ssDNA) GACTCCAAGTCCAGTACTTTGACTGGACTTGGTCAGCATTAT
SH-DNA (ssDNA) SH-TTCGGTTGGGCAGTTCAAG
miR-378 (ssRNA) ACUGGACUUGGAGUCAGAAGG
miR-21 (ssRNA) UAGCUUAUCAGACUGAUGUUGA
miR-155 (ssRNA) UUAAUGCUAAUCGUGAUAGGGGU
changed from pale yellow to deep red. The solution
was then refluxed for 40 min and cooled to room tem-
perature with stirring. All glassware was cleaned with
dilute nitric acid and thereafter thoroughly rinsed with
distilled water before use.

Surface modification of glassy carbon electrodes. The
surfaces of the GCEs were modified by dropping a
1 g/L solution of poly(diallyldimethylammonium)
chloride(PDDA) containing 0.5 mol/L NaCl onto the
electrode surface. PDDA is a cationic surfactant, and
chloride ions dissociate after dissolution in water,
leaving only a positively charged polymer, which can
be used to adsorb negatively charged ions. The treated
GCEs were subsequently submerged in the PDDA
solution for 6 h to adsorb further positive charges on
the electrode surface and were thereafter rinsed three
times with purified water to remove the unstable
PDDA. Subsequently, the prepared spherical nano-
gold particles were coated onto the electrode surface
with PDDA and left overnight.

Connection of sulfhydryl DNA probes to gold
nanoparticles. To attach sulfhydryl DNA (SH-DNA)
probes to the AuNPs, 1 mM TCEP in NaAc−HAc
buffer pH 5.2 was initially added to centrifuged SH-
DNA, and the resulting mixture was allowed to react
for 1 h. This step aimed to reduce the number of disul-
fide bonds in the sulfhydryl DNA. Subsequently, Tris-
HAc buffer pH 8.8 and 1 M NaCl were added, mixed
well in a vortex shaker, centrifuged, and allowed to
react dropwise on the GCE for 24 h for Au–S bond-
ing. Prior to electrochemical testing, the electrodes
were rinsed with deionized water and then immersed
in an aqueous solution of 1 mM MCH for 1 h to dis-
place nonspecifically adsorbed aptamer molecules
and to passivate the electrode surface.

Cell culturing and extraction of miRNA-378. HeLa
cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at
37°C in a 5% CO2 atmosphere. During the exponen-
tial phase of growth, cells were collected and
washed twice with phosphate-buffered saline
(pH 7.4), and thereafter suspended in 1 × CHAPS
lysis buffer (1 × 106 cells). The suspension was shaken
at 4°C for 30 min and centrifuged at 10000 rpm
for 30 min at 4°C. The resulting supernatant was col-
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N
lected and stored at –80°C until used for further anal-
ysis [30–32].

Electrochemical detection of hybridized DNA. Two
stem-loop structural probes, HP1 and HP2, were
designed based on HCR. Initially, HP1 was designed
according to the base sequence of miR-378. Bases on
HP1 were selected to be complementary paired with
miR-378 and form a stem-loop structure by itself. The
secondary structure of HP1 was simulated and
screened using the website [33]. Subsequently, the
structure of the stem-loop HP2 was designed based on
HP1. The number of bases hybridizing between HP1
and HP2 was ensured to be greater than the number of
hybridization bases between miR-378 and HP1. The
secondary structure of HP2 was simulated and
screened accordingly. A set of stem-loop sequences
with the best experimental results was selected by aga-
rose gel electrophoresis experiments from the multiple
sets of sequences designed. In the absence of the target
miR-378, the two probes HP1 and HP2 can exist sta-
bly. However, in the presence of miR-378, the second-
ary structure of hairpin HP1 is opened to form a miR-
HP1 double chain, and the sticky end of the stem end
of HP1 is exposed, thereby functioning as a promoter
to open hairpin HP2, the base part of which is identi-
cal to the target sequence. Based on kinetic and ther-
modynamic factors, HP2 displaces miR-378 and
finally forms the long double-stranded HP1-HP2
structure. The displaced target is continuously recy-
cled in the solution, contributing to signal amplifica-
tion.The hybridization reaction mixture containing
HP1 (10 μM, 15 μL) and HP2 (10 μM, 10 μL) was
heated at 95°C for 5 min, cooled slowly to room tem-
perature, and then added to the target RNA (miRNA-
378,10 μM, 10 μL) and 1 × hybridization buffer
(20 mM Tris-HCl, 1 mM EDTA, 5 mM MgCl2·6H2O,
and 50 mM NaCl; pH 8.0). To amplify the target
RNA, this mixture (40 μL) was incubated at 37°C for
60 min, after which it was dropped onto the surface of the
SH-DNA/GCE/Au electrodes for 2 h. The electrodes
were then rinsed three times with double-distilled water
and subjected to electrochemical testing (Fig. 1).
o. 9  2024
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Fig. 1. Electrochemical sensor construction and detection principle.
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RESULTS AND DISCUSSION

Characterization of nanogold. The prepared AuNPs
were analyzed using a UV-Vis spectrophotometer. As
shown in Fig. 2, the maximum absorption peak was
JOURNAL O

Fig. 2. UV absorption spectra of nanogold.
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observed at 520 nm, consistent with the surface plas-
mon resonance peak of these nanoparticles. The pre-
pared nanogold was measured again under UV light after
30 days, revealing a negligible shift in the characteristic
peak, indicating good stability of the prepared AuNPs.

The fine morphology of the prepared AuNPs was
characterized using transmission electron microscopy.
As shown in Fig. 3a, the AuNPs had uniform spherical
shapes. A size distribution plot is shown in Fig. 3b,
constructed by calculating the diameters of all parti-
cles using the Image-Pro Plus labeling map. The
diameters of these particles ranged mostly between 11
and 16 nm, with an average particle size and relative
standard deviation of 12.98 nm and 15.38%, respec-
tively. These findings indicate the presence of rela-
tively uniformly sized AuNPs. The zeta potential of
AuNPs prepared using the sodium citrate reduction
method was –38.2 mV (Fig. 4). The negative charge of
these particles can be ascribed to the adsorption of
citrate and its carboxylate oxidation products on the
nanoparticle surface. This low zeta potential of AuNPs
contributes to their good stability.
F ANALYTICAL CHEMISTRY  Vol. 79  No. 9  2024
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Fig. 3. Gold nanoparticle morphology: (a) a transmission electron micrograph of nanogold particles, (b) nanoparticle size distri-
bution.
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Fig. 4. The zeta potential of nanogold.
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Testing of the miR-378 electrochemical sensor. HP1
and HP2 probes with hairpin structures were designed
for miR-378 HCR amplification with reference [33],
and the HCR of miR-378 was confirmed using aga-
rose gel electrophoresis. The experimental steps were
as follows: firstly, a washed and dried electrophoretic
gel-making mold was prepared, and a comb was
inserted. 1.2 g of agarose was weighed in a beaker using
an electronic balance, and 30 mL of 1 × Tris-acetate-
EDTA (TAE) buffer was added. The mixture was
heated with an electric stove until boiling and trans-
parent, then the stove was switched off. After cooling
to about 60°C, 2 μL of 4S Gelred nucleic acid dye was
added, stirred well, and the gel solution was poured
slowly into the mold to spread it evenly. The gel was
left at room temperature for 30 min until completely
solidified, then the comb was gently pulled out, and
the gel plate was taken out and placed into the electro-
phoresis tank. 1 × TAE buffer was added to submerge
the gel plate completely. For spotting, 2 μL of 6×load-
ing buffer was mixed with 10 μL of DNA sample, and
then 10 μL of the mixture was added into the gel well.
After dispensing, the electrophoresis instrument was
turned on, with the constant current at 120 mA and
voltage controlled between 80 and 120 mV. Electro-
phoresis was timed for 60 min. After electrophoresis,
the gel plate was taken out and placed into the UV
imaging system to observe the position of the DNA
bands, and pictures were taken for storage. Generally,
DNA with a small number of bases migrated relatively
fast, further away from the spotting hole. When DNA
is hybridized, the number of bases increases, and the
migration rate slows, closer to the sample wells. As
shown in Fig. 5c, lane 1 is a Marker, 50–500 bp in
length, serving as an electrophoretic marker indicating
the position of the single-stranded DNA/RNA inter-
vals. Here HP1 and HP2 are stem-looped, and stem-
looped DNA moves at a faster rate than single-
stranded DNA, so the Marker can only be used as a
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N
positive control to see where the miR-378 bands are
located, as well as to verify electrophoretic manipula-
tion without problems.

HP1 and HP2 each existed stably in a hairpin
structure, and in the absence of miR-378, they were
unable to open each other to form a long double-
stranded structure. Conversely, in the presence of the
target miR-378, HCR was triggered, resulting in the
formation of a long double-stranded HP1-HP2 struc-
ture, as indicated by the gel band with a slower rate of
migration in lane 6 of Fig. 5c.

To verify that SH-DNA had bound to the AuNPs
and hybridized with the HCR products on the elec-
trode surface, the CV responses of the variegated states
of the electrodes were analyzed. As shown in Fig. 6,
the control bare GCE and the experimental bare GCE

showed a pair of redox peaks of [Fe(CN)6]
3–/4– around

0.21 and 0.27 V (curves GCE). A significant increase
in the peak current of the GCE/Au was observed,
o. 9  2024
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Fig. 5. The structure of DNA probes: (a) HP1, (b) HP2, (c) PAGE experiment confirmation of the nucleic acid reactions: lane 1,
Marker; lane 2, HP1; lane 3, HP2; lane 4, miR-378; lane 5, HP1 + HP2; lane 6, HP1 + HP2 + miR-378.
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attributable to the excellent conductivity and large sur-

face area of the AuNPs (curves AuNPs/GCE). Upon

successfully immobilization of SH-DNA on the

GCE/Au surface, a reduction in the peak current

occurred due to the mutual repulsion between the

phosphate molecules on the DNA surface and

[Fe(CN)6]
3–/4– (curves SH-DNA/AuNPs/GCE). To

eliminate nonspecific adsorption and background

staining, MCH blocking was performed, further

reducing the peak current (curves MCH/SH-
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DNA/AuNPs/GCE). In response to further modifi-

cations, the control and experimental electrodes were

found to have similar electrical properties, indicating

the stability of the modified electrodes, beneficial for

detecting miR-378. The experimental electrode exhib-

ited a significant reduction in the peak current,

attributed to the formation of a long double-stranded

hybrid of SH-DNA and HCR products (curves with

target/MCH/SH-DNA/AuNPs/GCE), while the

peak current of the control electrode showed a slight
F ANALYTICAL CHEMISTRY  Vol. 79  No. 9  2024
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Fig. 6. Cyclic voltammetry verification of the application of electrochemical biosensors for (a) the control and (b) experimental
electrodes. Differential pulse voltammetry verification of the application of electrochemical biosensors for (c) the control and (d)
experimental electrodes.
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reduction associated with the partial hybridization of
SH-DNA with HP1 in the absence of miR-378 (curves
without target/MCH/SH-DNA/AuNPs/GCE). The
DPV method is a unidirectional current and evaluates
the magnitude of the current similar to cyclic voltam-
metry, with the (c) and (d) plots corresponding to the
(a) and (b) plots, respectively, displaying the same
current trend.

Specificity and stability of the developed HCR-
based electrochemical biosensor. To determine
whether the HCR-based electrochemical biosensor
developed herein could be applied to obtain an accu-
rate disease diagnosis, it was important to establish
whether this biosensor can specifically detect miR-
378. To this end, the constructed sensors were used to
sequentially detect miR-21, miR-155, and target miR-
378, and their specificities were determined based on
the respective peak current response values. As shown
in Fig. 7a, the concentration of the samples was kept
consistent in the experiment. The blank comprised
HP1 + HP2 + DEPC water, miR-155 was the sample
containing HP1 + HP2 + miR-155, miR-21 was the
sample containing HP1 + HP2 + miR-21, and miR-
378 referred to the sample containing HP1 + HP2 +
miR-378. This method was employed to check the
specificity of the experimental procedure. Only the
presence of miR-378 resulted in a substantial change
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N
in the current response value, indicating that the con-
structed sensor had good selectivity.

The stability of the biosensor was also assessed
using three parallel testing electrodes for miR-378.
The biosensors were immersed in purified water and
stored at 4°C. These biosensors were evaluated at dif-
ferent time points, with the respective peak currents
shown in Fig. 7b. After 7 days, the error bars of the val-
ues obtained for the three electrodes were 0.05, 0.14,
and 0.09, and when measured after 3, 5, and 7 days,
the current values were 95.4, 90.5, and 93.2% of the
respective initial values, indicating the good stability
of the sensors.

Cellular assays. On the basis of query results
obtained from the DepMap website [34], miRNA-378
was found to exhibit elevated expression in HeLa cells.
Accordingly, to evaluate the accuracy of the developed
biosensors, they were used to detect different concen-
trations in HeLa cell lysates. As shown in Fig. 8, the
results clearly demonstrated that the higher the HeLa
cell concentration, the more significant the changes in
peak current, indicating the sensitivity of these biosen-
sors to the content of miR-378. Moreover, it was
established that the detection limit was as low as
100 HeLa cells, indicating that this device could pro-
vide a new method for clinical diagnosis.
o. 9  2024
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Fig. 7. (a) The specificity of sensors measured using the cyclic voltammetry method; (b) electrochemical tests were done to check
the stability of the electrodes numbered 1, 2, and 3, respectively, by immersing them in purified water at the end of the experiment
for 1, 3, 5, 7 days.
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CONCLUSIONS

In this study, an electrochemical biosensor was
developed for the detection of miRNA-378, a tumor
marker, in cells. To construct these biosensors, glassy
carbon electrodes were initially modified with gold
nanoparticles, providing binding sites for DNA-spe-
cific fixation via Au-S bonds. Using an electric bio-
sensor based on HCR cyclic amplification of the target
miRNA-378, a detection limit as low as 100 HeLa cells
was achieved. Furthermore, evaluations of the speci-
ficity and stability of the constructed biosensor indi-
cated its excellent electrochemical performance. This
biosensor shows considerable promise for providing
new perspectives and methods for clinical marker
JOURNAL O

Fig. 8. The detection performance of biosensors at differ-
ent HeLa cell concentrations. The relative rate of change
relative to the blank was tested by cyclic voltammetry with
different amounts of HeLa cells added at the same concen-
tration of HP1 and HP2 in the same volume.

0

20

10

30

ns

*

C
u

rr
e
n

t 
c
h

a
n

g
e
 r

a
te

, 
%

Blank 100 500 1000 3000 5000

Number of HeLa cells
detection. Although electrochemical biosensors have
the advantages of low cost, high sensitivity, and conve-
nience, their detection signals can be unstable, which
challenges the reproducibility and specificity of experi-
mental results. The development of nanomaterials and
advancements in science and technology have pushed
sensor development in the direction of miniaturization
and intelligence. In the future, more electrochemical
sensors with special properties and advantages will
continue to emerge and find practical applications.
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