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Signal amplification strategies increase the complexities of biosensors while improving the response

signals. Herein, a novel electrochemical biosensor was developed based on a DNA hydrogel for sensitive

analysis using microRNA-21 (miRNA-21) as a detection model. Poly C sequences combined with C–Ag(I)–

C hydrogel formed a DNA hydrogel by the unique interaction between the cytosines and silver ions. Thus,

with a three-way conjunction structure of DNA, this C–Ag(I)–C hydrogel was constructed as a novel bio-

sensor for the detection of miRNAs. With the assistance of this hydrogel, numerous silver ions gathered

around DNA strands, which would amplify the signal. Under these conditions, the silver ions produced

distinct square wave voltammetry oxidation peak currents. This electrochemical biosensor we designed

exhibited a great linear relationship for the logarithm of the concentration of miRNA-21 from 1 fM to 100

pM with a detection limit of 0.117 fM. Furthermore, our sensors were able to differentiate miRNA-21 from

its homologous family with satisfactory responsiveness in the dilute bovine serum system.

Introduction

MicroRNAs (miRNAs) are small single strands of noncoding
RNAs that are inextricably linked to gene expression during vir-
tually every cellular process.1 As an example, microRNA-21
(miRNA-21) is a very important biomarker that is related to
many types of cancers, such as brain cancer and lung cancer.2

However, miRNAs are only 0.01% of the total RNA group, and
the detection process has to be able to function in highly
complex media.3 Additionally, miRNAs are short and very
unstable, which also increases the difficulty of obtaining accu-
rate measurements. Therefore, ultrasensitive and selective
detection for miRNAs is necessary for research purposes.

Various signal amplification strategies have been used in
biosensors to achieve ultrasensitive detection. Hybrid chain
reaction (HCR) and polymerase chain reaction (PCR) rolling
circle amplification (RCA) are widely used in signal
amplification.4–6 Dirks and Pierce first used the HCR for

signal amplification in 2004. As a type of isothermal and
enzyme-free DNA signal amplification, HCR normally includes
DNA hairpins with sticky ends and an initiator, which enables
high selectivity of biosensors with the assistance of the
Watson–Crick base-pairing rule. However, the drawbacks of
HCR are also obvious.

Designing the DNA sequence used in HCR is very difficult
as a result of unknown mechanisms operating in HCR.
Compared with the HCR, the PCR strategy uses polymerase to
synthesize a large number of nucleic acids that are used to
form a number of complex structures. Although the isothermal
enzyme polymerization reaction circumvented the requirement
of high temperature for PCR, the usage of enzyme can still
create numerous problems, such as the strict pH requirement
and waste of nucleotides.7 RCA can provide a large amount of
oligonucleic acid structures that will greatly increase the sensi-
tivity of biosensors.8 Additionally, DNA machines are used in
the amplification. DNA walkers walk on the surface of bio-
sensors driven by the HCR or the DNA enzyme reaction.9

Those strategies effectively increase the sensitivity of the bio-
sensors. However, they also increase the difficulty of building
biosensors with complex structures and repeated steps, and
increase the cost of producing the biosensors due to the expen-
sive enzymes.

DNA hydrogels have widely been used in recent years for
constructing electrochemical biosensors because of their huge
loading ability and satisfactory biocompatibility that can
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provide signal probes and amplification strategies.10,11

Typically, there are two types of DNA hydrogels: pure DNA
hydrogels and hybrid DNA hydrogels used in biosensor con-
struction.12 Their use as biosensors is limited due to slow
mass transfer of large molecules that block rapid detection,13

and because complex strategies are used in building DNA
hydrogel biosensors. There are numerous methods for build-
ing signal probes, such as chemical modification,14 physical
assemblies,15 and loading cages.11

It was found that nucleotides can form hydrogels with the
assistance of small molecules and ions. The construction of
nucleotide hydrogels is simple, and they possess a wide variety
of abilities.16 The GMP hydrogel can increase the catalysis per-
formed by hemin and is widely used to construct biosensors
due to its catalytic ability and high loading capacity.17,18 In
2019, it was observed the cytidine formed a new type of hydro-
gel that exhibited antibacterial activities. Cytidine combines
with silver ions to form a C–Ag–C structure,19 and thus the
C–Ag(I)–C hydrogel contains many silver ions that can act as
electrochemical signal probes. When silver ions were com-
bined with the poly C sequence using a unique interaction
between the cytosines and the Ag+, a new type of DNA hydrogel
was formed. Thus, there are two advantages to this DNA hydro-
gel. As a signal probe, it can simplify the building process of
biosensors, and it can also provide a much higher electro-
chemical response that can be harnessed to design selective
biosensors.

A DNA three-way junction (TWJ) is a unique branch struc-
ture that enables the modification of materials, and provides
high selectivity and specificity. Moreover, due to the relaxed
requirements for nucleic acid length, the TWJ structure can be
combined with various amplification strategies.20 In addition,
locked nucleic acid (LNA) possesses a unique type of nucleo-
tide sequence, whose 2′-o and 4′-c on the ribose is linked by
methylene bridges, and this greatly increases the thermal
stability of the LNA and the nucleic acid structures constructed
by LNA.21

In this study, we combined DNA strands with a cytidine
hydrogel to construct a simple sensitive electrochemical bio-
sensor. We employed the C–Ag(I)–C hydrogel as the signal
probe and used the signal amplification method. In the pres-
ence of miRNAs, the signal probe, which was the C–Ag(I)–C
hydrogel that was constructed using a large amount of silver
ions, was firmly modified on gold electrodes with the assist-
ance of a DNA TWJ based on LNA in order to achieve sensitive
and selective detection of miRNA-21 (Scheme 1).

Results and discussion

The microstructure of the C–Ag(I)–C hydrogel, which was
formed by the fiber-like structure of the C–Ag(I)–C complex,
was measured by scanning electron microscope, as shown in
Fig. 1A. A stable and insoluble hydrogel is shown in Fig. 1B in
the photograph of different mixtures of the silver ions, cyti-
dine, and boric acid. Obviously, the C–Ag(I)–C hydrogel was

successfully constructed from the mixture of three elements
(a), while the mixture of any other two elements: silver ions
and cytidines (b), silver ions and boric acids (c), and cytidines
and boric acids (d), did not result in any changes in the solu-
tion. This indicates that the silver ions, cytidine, and boric
acid were all the elements necessary for the formation of the
C–Ag(I)–C hydrogel.

As shown in Fig. 1C, boric acid acted as the linker for the
structure formed by cytidine and silver ions via the interaction
between the hydroxy of boric acid and the 9′-OH and 13′-OH in
cytidine (b). The peak of the IR spectra at 1084 cm−1 was due
to the formation of C–O–B bonds, which was the proof of the
interaction of B–O–C (Fig. S3†). Therefore, these three

Scheme 1 Illustration of the electrochemical detection of miRNAs.

Fig. 1 The characterization of the C–Ag(I)–C hydrogel. (A) The SEM
image of the C–Ag(I)–C hydrogel. (B) A photograph of the (a) C–Ag(I)–C
hydrogel (500 mM 1 mL cytidine, 500 mM 500 μL silver ions, and
500 mM 1 mL boric acid), (b) the mixture of 500 mM 500 μL silver ions
and 500 mM 1 mL cytidine, (c) the mixture of 500 mM 500 μL silver ions
and 500 mM 1 mL boric acid, and (d) the mixture of 500 mM 1 mL cyti-
dines and 500 mM 1 mL boric acid. (C) The chemical structure of the C–
Ag(I)–C hydrogel: (a) the chemical structure of cytidines and (b) the
chemical binding structure of boric acid and cytidines; (c) the chemical
structure of the C–Ag(I)–C complex.
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elements would combine together by the formation of C–Ag(I)–
C (c). The XPS spectra of N 1s in Fig. S1† shows a peak at 398.6
eV because of the bonds of the C–Ag(I)–C structure. In this
way, the C–Ag(I)–C units were connected one by one by boric
acid to form a complex. Large amounts of silver ions were
included in the formation of the C–Ag(I)–C hydrogel.

Circular dichroism (CD) spectra were used to confirm the
construction of a three-way conjunction (Fig. S3†). When
single-stranded DNA becomes double-stranded, there is hydro-
gen bond interaction between the bases to form the B struc-
tures that exhibit chiral enhancement, while the three-way con-
junction structures formed by three single DNA strands are
more rigid. Therefore, compared with single- and double-
stranded DNA, the chirality in the TWJ structures is more
optimal. There was a distinct increase in the positive peak at
275 nm that coincided with the appearance of the TWJ, which
suggested that a tight B DNA structure formed.22

The process of construction of biosensors was confirmed by
the cyclic voltammetry and AC impedance methods, using the
[Fe (CN)6]3−/4 couple as the electrochemical redox probe. As
shown in Fig. 2A, the bare gold electrodes exhibited a revers-
ible electro-redox reaction (a) whose redox separation per-
formed closely to 56 mV, which was the standard value of the
[Fe (CN)6]

3−/4−. When the LNA modified it by Au–S bonds, the
peak current slightly decreased (b) from 0.09 mA to 0.05 mA as
a result of the blocking efficiency of LNA for the reaction of
redox probes on the electrodes. Then, the modification of
6-mercaptohexanol (MCH) on the electrode surface led to the
much lower peak current, and the redox potential was far
removed from the common redox peak of [Fe (CN)6]

3−/4− (c),
which was caused by the negative charge of MCH that was
blocking the electronic transformation between the electrodes
and the [Fe (CN)6]

3−/4− after MCH occupied the remaining
reaction sites in order to avoid nonspecific absorption.

When the C–Ag(I)–C hydrogel was introduced on the modi-
fied electrodes, the peak current returned to 0.09 mA due to
the excellent conductivity of the silver ions (d). The same
result was obtained in the EIS investigation. A semicircle
under high frequency was observed for the Nyquist plots,
which was mainly constructed by the charge transfer resis-
tance (Rct) and the double-layer capacitance (Cdl) on the gold
electrode surface, and a straight line at the low frequency

domain using 5 mM [Fe (CN)6]
3−/4− as the signal probe. The

Rct of LNA-modified gold electrodes was slightly increased
compared with the bare gold electrodes, whose Rct was 61 Ω,
as measured by the Autolab. After the modification of MCH,
the Rct of the electrodes (595 Ω) dramatically increased
because of the increased hindrance and electrostatic repulsive
interaction. Then, the C–Ag(I)–C hydrogel contained the target
miRNA-21, and DNA 2 was modified on the surface of the
work electrode, which caused the Rct to decrease from 595 Ω to
356 Ω because of the excellent electroconductivity of silver
ions. Thus, the successful construction of electrochemical bio-
sensors was proven.

The EIS response of a three-way junction-modified gold
electrode is shown in Fig. S4† to prove the successful construc-
tion of the TWJ structure on the surface of the gold electrodes.
Compared with curve c in Fig. S4,† the gold electrodes modi-
fied by the TWJ structure were slightly higher as a result of
increased electrostatic repulsion between the negatively
charged phosphoric acid backbone and [Fe (CN)6]

3−/4−. Under
these conditions, the TWJ structure was successfully con-
structed on the gold electrodes.

To confirm that the cytidines can bind to the C sequence of
DNA 2 with the assistance of the silver ions, we designed DNA
strands whose sequences were the same as the DNA 2 but
without the poly C sequence (DNA 0), and a DNA sequence
with six cytidines at the 5′ end of DNA 1 (Table 1).

Fig. 3A shows the peak currents of the biosensors con-
structed by DNA 0, DNA 1, and DNA 2. Compared with the
DNA strands without the C-rich sequences (DNA 0), the electro-
chemical biosensor, which was constructed by the DNA

Fig. 2 The CV and EIS response of biosensors with different construc-
tion. (A) The CV and (B) EIS response of (a) the bare gold electrode, (b)
the gold electrode stepwise-modified by LNA, (c) MCH, and (d) the C–
Ag(I)–C hydrogel.

Table 1 The sequences of oligonucleotides

Name Sequences (5′–3′)

microRNA-21 UAGCUUAUCAGACUCGAUGUUGA
DNA 0 TCAACATCAGTTTTTTT
DNA 1 C̲C̲C ̲C̲C̲C ̲TCAACATCAGTTTTTTT
DNA 2 C̲C̲C ̲C̲C̲C ̲C̲C̲C ̲C̲C̲C ̲TCAACATCAGTTTTTTT
LNA AAAAAACTGATAAGCTA-(CH2)6-SH

Fig. 3 The SWV response of different modifications of this biosensor.
(A) The peak currents of the biosensors constructed by the DNA
sequence without the C (DNA 0), the DNA sequence containing 6 cyti-
dine bases (DNA 1), and the DNA sequence with 12 continuous cytidine
bases (DNA 2). (B) The peak currents of the biosensor constructed by
the mixture of (a) 60 mM B(OH)3 and 60 mM AgNO3 or (b) 60 mM cyti-
dine and 60 mM AgNO3; (c) 60 mM AgNO3; and (d) the C–Ag(I)–C
hydrogel.
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designed with 12 C (DNA 2), provided nearly 8 times higher
peak currents. Additionally, the peak current of the biosensor
constructed by DNA 0 was similar to the peak currents of the
biosensor in the absence of miRNA-21 (blank). In this process,
the C–Ag(I)–C hydrogel was connected with the C sequence of
DNA2 by the interaction of cytidines and silver ions to form
the C–Ag(I)–C hydrogel, which loaded very large amounts of
silver ions to produce much higher currents. However, the
peak currents produced by the biosensor made by DNA 1,
which contained six C at the 5′ end and was shorter than DNA
2, were slightly higher than the signal produced by DNA 0,
which did not have cytidines at the end of the 5′ sequences.

The peak currents of the biosensor made by DNA 2 were
nearly 8 times those of the biosensor made by DNA 1.
Therefore, there was no positive correlation between the length
of the C sequence and the peak currents, which proved that
there was a unique combination between the C–Ag(I)–C hydro-
gel and the C-rich sequence of DNA 2. The reason for this was
because of the weak non-covalent interaction between silver
ions and cytosines. DNA 1 contained six cytosines, and cannot
provide a stable interaction with the C–Ag(I)–C hydrogel.
Therefore, the C–Ag(I)–C hydrogel provided the signal probes
for this biosensor and proved that modification of the C–Ag(I)–
C hydrogel by DNA 2 occurred without any covalent inter-
action. It was available for the modification of the C–Ag(I)–C
hydrogel.

To demonstrate the hydrogel signal amplification capacity,
it was measured for different combinations of the three com-
ponents constituting the hydrogel. In Fig. 3B, the peak cur-
rents of the biosensors formed by (a) the mixture of boric acid
and silver nitrate, (b) the mixture of cytidine and silver nitrate,
and (c) pure silver nitrate were measured under the same con-
ditions. The peak currents produced by (c) pure silver nitrate
were much lower compared with the (d) C–Ag(I)–C hydrogel,
which were close to one in ten and thus proved the signal
amplification strategy. The C–Ag(I)–C hydrogel provided silver
ions far beyond the amount absorbed on the DNA structure by
electrostatic adsorption and the non-covalent interrelation
between the silver ions and cytidine for the biosensors.

Compared with the biosensors produced by the mixture of
any two elements in the C–Ag(I)–C hydrogel, the biosensor con-
structed by the C–Ag(I)–C hydrogel exhibited much higher
peak current. Thus, the formation of the C–Ag(I)–C hydrogel
was very important for signal amplification. Boric acid drove
the orderly repeated accumulation of the C–Ag(I)–C structure,
which provided a stable structure for this hydrogel. The
surface modification density is the key factor that affects the
appearance of the electrochemical biosensors. Therefore, the
concentration of LNA, which was the capture probe, was opti-
mized to 4 nM (Fig. S5†).

Based on the combination of the C–Ag(I)–C hydrogel and
the TWJ structure, a biosensor for miRNA-21 was successfully
constructed. Subsequently, the currents at different concen-
trations of miRNA-21 were recorded (Fig. 4A). The peak cur-
rents of the biosensor generally increased following the
increase in the concentration of miRNA-21, because the

increased formation of TWJ structures resulted in a larger C–
Ag(I)–C hydrogel that was able to gather additional Ag+ in this
skeleton on the gold electrodes. Fig. 4B shows the relationship
between the concentration of miRNA-21 and the square wave
voltammetry (SWV) responsive currents. As shown in the figure
insert in Fig. 4B, there was a satisfactory linear relationship
between the current and the logarithmic concentration of
miRNA-21 in the range of 1 fM to 100 pM, with a detection
limit of 117 aM (S/N = 3).

The linear relationship can be represented as ΔI =
0.01085 log c + 0.07874, with a correlation coefficient of 0.996
(ΔI = I − I0 I: the peak current of this biosensor in the presence
of target miRNA-21; I0: the peak current of this biosensor
without target miRNA-21). This result proved that the bio-
sensor we designed had the ability to detect miRNAs with
ultrasensitivity. Selectivity was another factor used to evaluate
biosensors. Thus, we employed miRNA-21 and created a mis-
match of (a) one base chain, (b) three base chains, and (c)
non-complementary chains to experience the process of con-
struction of our biosensor. The selectivity of the biosensor was
determined in Fig. 4C. Compared with the signal of (a) single
mismatch miRNA-21, (b) triple mismatch miRNA-21, and (c)
non-complementary miRNA-21, whose concentration was 10
pM, the signal that was produced by the target miRNA-21 was
the highest. It was approximately the fourth case for different
mismatches with miRNA-21. Thus, the biosensor we designed
exhibited excellent specificity.

The regeneration of the biosensor is shown in Fig. 4D. The
hydrogen bond formed by the double DNA strands can be
destroyed by guanidine hydrochloride. Therefore, we used it to
destroy the secondary structure of the three-way conjunction
we designed in order to measure the regeneration of our bio-

Fig. 4 The performance of the biosensor. (A) SWV response and (B)
peak current intensities in the presence of different miRNA-21 concen-
trations from (a) 0 fM to (e) 100 pM. The linear relationship between
SWV peaks and the logarithm of the miRNA-21 concentration is shown
in the inset. (C) The selectivity of the sensor hybridized to different
miRNA sequences: (a) single-base mismatched miRNA-21; (b) three-
base mismatched miRNA-21; (c) noncomplementary miRNA-21; and (d)
miRNA-21. (D) The recovery of the biosensor.
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sensor. This sensor exhibited satisfactory recovery for the
100% signal reconstruction during the second test, and the
recoveries for the third and fourth test were nearly 100%.

To test the proposed biosensor for detection of miRNA in a
real environment, the marker recovery method was used in our
work. The SWV tests for this biosensor were prepared in a solu-
tion of a defined amount of target miRNA, which was dis-
solved in bovine serum samples that were diluted 100 times
with PB buffer (pH 7.0 20 mM). Recovery of this biosensor was
calculated in Table S2,† and it ranged from 97.7% to 108.6%,
which confirmed the great usage possibilities for this bio-
sensor with real samples. The relative standard deviation
(RSD) values were less than 10%. The biosensor we designed
showed excellent detection capability when real samples were
used, as shown in Table S2.† When compared with other
works (Table S1†), the electrochemical biosensor possessed
the characteristics of simpler construction, wider linear range,
and lower detection limit that reached 117 aM.

Experimental
Reagents and materials

Cytidine and boric acid were purchased from Aladdin
Reagents. Silver nitrate (AgNO3) was obtained from Shanghai
No. 1 Reagent Factory. 6-Mercaptohexanol (MCH), the HPLC-
purified DNA2 and LNA, and miRNA-21 were synthesized by
Sangon Biotech Co. (Shanghai, China). The sequences of these
oligonucleotides are shown in Table 1. All reagents were used
without any purification. All the solutions were prepared using
ultrapure water (18.2 MΩ, Milli-Q, Millipore) in order to avoid
the influence of anions that could combine with the silver ions
to form insoluble salts. Bovine serum was obtained from the
Sangon Biotech Co. (Shanghai, China).

Instruments

A traditional three-electrode system was used for all electro-
chemical measurements: modified gold electrodes (1 mm in
diameter) were used as the work electrodes, the counter elec-
trodes were platinum wire electrodes, and the reference elec-
trodes were saturated calomel electrodes. The square wave vol-
tammetry and cyclic voltammetry were performed with an
Autolab potentiostat/galvanostat instrument (Metrohm China
Ltd, Switzerland). Circular dichroism was measured on a
JASCO-1500 instrument (Japan).

Preparation of the gold electrodes

The gold electrodes used in our experiments were polished
with 0.3 Polish power for 1 minute. Then, they were polished
with a 0.05 mm polished plate for 5 minutes. Finally, the elec-
trodes were ultrasonically cleaned with water and ethanol for
two minutes each time. The electrodes were polished by
electrochemical cleaning using the three-electrode system
under 0.5 M NaOH and 0.5 M H2SO4, 0.1 M H2SO4/0.01 M KCl,
and 0.05 M H2SO4.

Synthesis of the C–Ag(I)–C hydrogel

For synthesis, 3 μL 60 mM cytidine and 3 μL 4 nM DNA 2, and
then 1.5 μL 60 mM AgNO3 and 3 μL 60 mM B(OH)3 were mixed
together step by step following oscillation at room tempera-
ture. This 10.5 μL mixture was reacted at room temperature for
1 hour in the dark to form the C–Ag(I)–C hydrogel. Then, the
mixture was coated onto the surface of modified gold electro-
des for further use.

Modification of the gold electrodes

A mixture of 3 μL 100 nM tris(2-carboxyethyl)phosphine
(TCEP) and 3 μL 4 nM LNA was dripped onto the surface of
gold electrodes, which were cleaned in the first step. Next, the
modified electrodes equilibrated at room temperature over-
night in order to fabricate the LNA strands bound to the gold
electrodes by Au–S binding. Following that, 6 μL 100 nM MCH
was dripped onto the electrodes, which had been immersed in
ultrapure water for 1 minute and then dried. In this procedure,
MCH would block the LNA unoccupied binding sites on the
modified electrodes in order to decrease the non-specific
absorbance.

Construction of the three-way junction

After mixing with 3 μL of different concentrations of MIR-21
(the instruments used in this step were treated with high-
temperature sterilization), the hydrogel was attached to the
electrodes, whose surfaces were totally modified with LNA.
Then, the electrodes with the hydrogel were incubated at 37 °C
for 2 hours in order to form the TWJ structure. Finally, the
electrodes modified with the hydrogel were immersed in ultra-
pure water for 30 seconds to remove nonspecific absorption.

Detection of the biosensor

The signal responses of the biosensor via square wave voltam-
metry (SWV) were measured in 0.1 M KCl solution. The para-
meters used for the SWV method were a duration time of
1 min, and a frequency of 25 Hz. The oxidation peak occurred
at approximately 0.18 V.

Conclusions

We developed a novel DNA hydrogel for the sensitive detection
of miRNAs. The C–Ag(I)–C hydrogel was constructed by simply
mixing the reactants together to simplify the steps of the bio-
sensor construction. It was specifically combined with DNA 2,
which could connect with miRNA-21 and form the TWJ struc-
ture. In this way, the huge amount of silver ions, which func-
tioned as the signal probe, included in the C–Ag(I)–C hydrogel
provided eight times higher peak current than the blank and
ten times higher peak current than the current produced by
the simple connection between Ag+ and C. The C–Ag(I)–C
hydrogel combined with the formation of a TWJ structure
achieved the goals of signal amplification and high selectivity.

Under the optimal state, the established method revealed
satisfactory sensitivity and excellent selectivity. The detection
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limit was 117 aM, which meets the requirements of early cancer
detection. More profoundly, there are excellent prospects for
practical applications of this electrochemical DNA biosensor.
There was no obvious influence on the biosensor by the
diluted bovine serum. With its simple construction, it could
serve as a simple and general electrochemical biosensor for
the detection of miRNAs.
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