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on target-responsive hydrogel coupled with exonuclease III
and nicking endonuclease Nb.BbvCI assistant cascaded amplification
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Abstract
MicroRNAs can serve as biomarkers for many cancers, so it is significant to develop simple and sensitive strategies for
microRNAs detection. Photoelectrochemical (PEC) detection has the advantages of simple equipment and high sensitivity.
But in conventional PEC DNA sensors, tedious immobilization procedures of photoactive materials and capture probes on
electrode surfaces are inevitable. To overcome those limitations, a homogeneous PEC biosensor based on target-responsive
hydrogels has been developed (miRNA-155 has been chosen as a model target). PEC signal molecules (TiO2 nanoparticles, TiO2

NPs) were embedded in DNA hydrogels formed by hyaluronic acid sodium salt, amine-modified DNA double strands, and
polyethylenimine rich in amine groups. In the presence of the target, DNA double strands in hydrogel were nicked by endonu-
clease and TiO2 NPs were released to the supernate and a high PEC response was obtained when collecting the supernate for PEC
test, while almost no TiO2 NPs released in the absence of the target. Thanks to the exonuclease III and nicking endonuclease
Nb.BbvCI-assisted cascaded amplification strategy, the proposed biosensor exhibits high sensitivity toward miRNA-155 with a
low detection limit of 0.41 fM and a wide linear range from 1.0 fM to 100 pM. Since this method circumvents tedious electrode
modification procedures, the proposed technique exhibits the advantages of simplicity and good reproducibility. Moreover, the
prepared hydrogels have outstanding storage stability, so that they can be prepared in advance and shorten detection time. This
biosensing platform provides a versatile strategy for the construction of homogeneous PEC biosensors for the detection of diverse
targets.
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Introduction

Abnormal expression of microRNAs (miRNAs) is closely re-
lated to the initiation and development of many diseases, such
as neurological diseases, cardiovascular diseases, and multiple
cancers. [1–3] Classical technologies for miRNA detection
includes real-time PCR, [4] northern blotting, [5] and micro-
array analysis [6]. With the advantages of simple equipment,
low background, and high sensitivity, photoelectrochemical
(PEC) detection techniques have been applied in the detection
of miRNAs frequently. For example, Fu and coworkers pre-
pared a ITO/TiO2/AuNPs (Au nanoparticles) photoanode by
sequential deposition; thiolated complementary DNA was
immobilized on the prepared photoanode and conjugated with
CdTe quantum dots (QDs) to realize sensitive detection for
miRNA-21. [7] Yu and coworkers constructed a PEC sensor
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for miRNA-21 based on aptamer/Cu2MoS4/In2O3-modified
electrode through a layer-by-layer assembly strategy and
PbS QDs as effective quenchers. [8] However, in those sen-
sors, signal reporting materials and capture probes need to be
modified on the electrode first. The spatial hindrance effect on
electrode surface brings about the restriction in the configura-
tional freedom of immobilized probes, which can weaken the
bio-recognition ability and binding efficiency. [9, 10]
Meanwhile, the nonuniformity of electrode modifications will
cause low reproducibility. [11, 12] To address these problems,
some homogeneous biosensors for miRNAs have been devel-
oped. For example, Hou and coworkers utilized the diffusivity
difference between methylene blue (MB)-labeled DNA and
mononucleotides to develop a modification-free PEC biosens-
ing strategy for miRNA detection. [11] Song and coworkers
designed a homogeneous PEC biosensor for miRNA-143 by
utilizing the target-induced depletion of electron donors and
generation of products with filter effect. [12] Wu and co-
workers constructed a homogeneous electrochemical biosen-
sor for miRNA based on the sensitivity for single-stranded
DNA and dual enzyme-like activities of a 2D MnO2

nanoflake. [13] In these works, no complicated layer-by-
layer electrode modification was needed. Meanwhile, the
bio-recognition and the signal amplification processes hap-
pened in homogeneous solutions rather than electrode sur-
faces, which not only simplified the detection procedures,
but also enhanced the bio-recognition efficiency. These stud-
ies showed the merits of homogeneous PEC techniques, how-
ever, some homogeneous sensing platforms still need the la-
beling procedures, in addition, how to reduce the background
signal to improve the sensitivity of homogeneous biosensors
is still a challenge. [14, 15] Consequently, much effort still
needs to be paid to explore new effective and simple homo-
geneous strategies for miRNA detection.

Stimuli-responsive DNA hydrogels usually formed by hy-
bridization of DNA with polymer backbones, which can un-
dergo structure transition in response to external stimuli such
as pH, enzymes, ions, and biomolecules. [16, 17] Controlled
release systems based on stimuli-responsive DNA hydrogels
have been applied to develop biosensors frequently. [18–21]
The three-dimensional (3D) network structures of hydrogels
are designed to be destroyed in the presence of special target,
which results in the releasing of different reporting signal
molecules and the released molecules can be detected by dif-
ferent technologies, such as pH, pressure, electrochemical sig-
nal, fluorescence signal, and colorimetric signal. [19, 21–26]
Those immobilization-free biosensors have the advantages of
simpleness, speediness, low background, and easy combina-
tion with diverse detection techniques. However, the applica-
tion of controlled release systems in PEC detection has rarely
been reported.

In this study, a homogeneous PEC biosensor for miRNA-
155 (chosen asmodel target) has been developed by utilizing a

controlled release system based on TiO2 nanoparticle (TiO2

NP)-embedded hydrogels. The TiO2 NP-loaded hydrogels
were prepared owing to the binding of carboxyl groups in
hyaluronic acid (HA) and amine groups in polyethylenimine
(PEI) and DNA double strands (named DNA bridges). In the
presence of the target, the nicking of DNA bridges was in-
duced and caused the breakage of hydrogels and the release of
TiO2 NPs to the supernate, which was collected, and a high
photocurrent was obtained. Coupled with a signal amplifica-
tion strategy based on exonuclease III (Exo III) and nicking
endonuclease Nb.BbvCI (Nb.BbvCI), the sensitivity was high
enough to determine the target in cancer cells.

Experimental section

Materials and apparatus Hyaluronic acid sodium salt (HA,
from Streptococcus equi), polyethylenimine (PEI, M.W.
600, 99%), tetrabutyl titanate, 1-ethyl-3-(3-dimethyla-
minopropyl)-carbodiimide hydrochloride (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Aladdin
Chemistry Co. (Shanghai, China). Acetonitrile, ethanol and
ammonia solution were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Exo III and 10× Exo III
buffer were obtained from Thermo (Shanghai, China).
Nb.BbvCI endonuclease and 10× NEBuffer were purchased
from New England Biolabs (Beijing, China). All chemical
reagents were of analytical grade and used directly without
any further purification, and all aqueous solutions were pre-
pared by Milli-Q water (18.2 MΩ cm). Diethyl pyrocarbonate
(DEPC)-treated water, SanPrep Column microRNA
Extraction Kit, and HPLC-purified DNA were purchased
from Sangon Biotechnology Co. (Shanghai, China). HPLC-
purified miRNAs were obtained from the Takara
Biotechnology Co., Ltd. (Dalian, China). All miRNAs’ rele-
vant processes were under the protection of RNase inhibitor.
The sequences are shown below:

Components of the buffer solutions used in this work are
the following: 10 mM phosphate buffer saline (PBS, pH 7.4),
1× TE buffer (containing 10 mM Tris-HCl, 1.0 mM EDTA),
DNA hybridization buffer (containing 1× TE, 1.0 M NaCl,
0.2 mM MgCl2, pH 7.0), 1× NEBuffer 2 (containing 10 mM
Tris-HCl, 1.0 mM DDT, 50 mM NaCl, 10 mM MgCl2,
pH 7.9).

Scanning electron microscope (SEM) image was obtained
by a field emission scanning electron microscope (FESEM,
Nova NanoSEM 230, FEI). Transmission electron microsco-
py (TEM) image was obtained by TEM (Tecnai G2 F20 S-
TWIN, FEI, Hillsboro, OR). Powder X-ray diffraction (XRD)
spectrum was obtained by using a Bruker D8 Advance X-ray
diffractometer. PEC measurements were carried out with a
homemade PEC system; a 300-W Xe lamp was used as the
irradiation light source. FTO electrode with a fixed valid area
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of 0.30 cm2 served as the working electrode, Pt wire acted as
the counter electrode, and Ag/AgCl (KCl-saturated) electrode
worked as the reference electrode. Photocurrent was recorded
by a CHI660D electrochemical workstation (Shanghai
Chenhua, China), with a bias voltage of 0.50 V; PEC tests
were carried out in 10 mM PBS.

Synthesis of TiO2 NPs The preparation of TiO2 NPs was ac-
cording to previous reported method with some modifications
(see more details in Electronic Supplementary Material, ESI).

Synthesis of hydrogel assembled with TiO2 NPs Three hun-
dred micromolar amine-modified S1, amine-modified S2, and
assistant DNA were mixed in equal volume and hybridized at
37 °C for 2 h. S1 and S2 were hybridized with either end of
assistant DNA following base complementary pairing princi-
ple, respectively, to form complementary strands (named
DNA bridge) with a exposed toehold. 4.0 μL of 10 mg/mL
HA and 4.0 μL of 10 mg/mL TiO2 NP solution were mixed in
a centrifuge tube; 1.0 μL of 97.6 mg/mL EDC and 1.0 μL of
23.0 mg/mL NHS were added to activate carboxyl groups of
HA for 15 min (solution A). The solution of 2.0 mg/mL PEI
and DNA bridge solution were mixed in a volume ratio of 3:5
(solution B). Then, 5.0 μL of solution B was added to the
activated solution A, mixed uniformly, and placed in a
37 °C metal bath for 4 h to form target-responsive hydrogel
owing to the binding of amine and carboxyl groups. (The
synthesis of hydrogels without TiO2 NPs was almost the same
but using buffer instead of TiO2 NP solution.)

Procedures for miRNA detection Firstly, 50 μL of 2.0 μMHP
containing 0.30 U/μL Exo III was mixed with 50 μL of buffer
solution containing target in different concentrations; the
mixed solution was incubated at 37 °C for 1 h; then, the
solution was annealed at 80 °C for 20 min to inactivate the
Exo III. Next, the obtained solution and 1.0 μL of 2.5 U/μL
Nb.BbvCI were added into the centrifuge tube containing hy-
drogel and incubated at 37 °C for 2 h. Finally, 90 μL of
supernate was collected and added into a customized small
cell containing 300 μL of 10 mM PBS for PEC test. (The
customized small cylindrical cell has a smaller base area of
1.54 cm2, which was much smaller than that of usual cells. It
can ensure the effective area of the working electrode can be
submerged by collected supernatant which in a small volume,
which can avoid high dilution of the supernatant.)

Results and discussion

Characterization of prepared TiO2 NPs and hydrogels The
morphology of prepared TiO2 NPs was characterized by
SEM and TEM; the crystal structure was characterized by
XRD analysis, which indicated the successful preparation of

TiO2 NPs (see more details in ESI). The hydrogel without
TiO2 NPs and hydrogel embedded with TiO2 NPs were char-
acterized by SEM. The SEM image of hydrogel without TiO2

NPs is shown in Fig. 1a, the surface was relatively smooth,
while many spherical protuberances could be observed clearly
in the SEM image of hydrogel embedded with TiO2 NPs (Fig.
1b); meanwhile, the morphology and size of those spherical
protuberances were consistent with TiO2 NPs, indicating TiO2

NPs were embedded in the hydrogels successfully.

Principle of the homogeneous PEC biosensor for miRNA-155
As shown in Scheme 1a, the TiO2 NP-loaded hydrogel was
prepared through the binding of carboxyl groups in HA and
amine groups in PEI and DNA bridge. The DNA bridge was
the hybridization product of S1, S2, and assistant DNA. S1
and S2 modified with amine group can connect with HA rich
in carboxyl group, and the assistant DNAworks as a linker for
S1 and S2 to form the 3D network structure of hydrogel; more
importantly, assistant DNA contains the recognition sequence
and nicking site for Nb.BbvCI (the red region). The principle
of enzyme-assisted cascaded amplification strategy and the
target-responsive mechanism are displayed in Scheme 1b,
and the synthetic oligonucleotide sequences are shown in
Table 1. HP was designed with a 3′-protruding termini, and
containing two functional regions: one part was a target bind-
ing domain (the yellow region) which is complementary to the
sequence of miRNA-155, another part was a binding domain
(the green region) for the exposed toehold, in other words, the
single-stranded part of DNA bridge, which contains a recog-
nition sequence (the red region) for the nicking enzyme
Nb.BbvCI in the loop of hairpin. In the presence of the target,
one part of HP (the yellow region) hybridized with target
(miRNA-155) to form double-stranded DNA (dsDNA) and
the other part left along. With the help of Exo III, the comple-
mentary part (with the target) of HP was hydrolyzed, and the
single part of HP was left (named ssDNA). Then, the target
was released to hybridize with another HP to initiate the gen-
eration of another ssDNA; thus, a lot of ssDNA were obtained
thanks to cycle Ι. After the inactivation of Exo III (Exo III can
work on ds DNA, in order to avoid the hydrolyzation effect on
DNA bridges in hydrogels to cause high background signal,
the Exo III in the solution of cycle Ι should be inactivated
before adding to the centrifuge tube loaded with hydrogel),
the resultant solution of cycle Ι and Nb.BbvCI were added to
the centrifuge tube loaded with hydrogel. The ssDNA hybrid-
ized with the exposed toehold of DNA bridge in the hydrogel.
Since the exposed toehold of DNA bridge had been carefully
designed which contains the specific recognition site of the
Nb.BbvCI, so DNA bridge was nicked and the ssDNA was
released to induce another nick of DNA bridge (cycle II),
resulting in the breakage of hydrogel and the release of a lot
of signal molecules (TiO2 NPs) to the supernatant. High pho-
tocurrent could be obtained when collected supernatant had
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been applied for PEC test. Since HP was designed with a 3′-
protruding termini, which made HP resistant to hydrolyzation
by Exo III, consequently, in the absence of the target, the
hairpin structure of HP could not be opened, and there was
no ssDNA to trigger cycle II, so there was almost no signal
molecule released from hydrogel; a low photocurrent was ob-
tained. The photocurrent increased accordingly when the con-
centration of the target increased. Based on this, a sensitive
homogeneous PEC biosensor for miRNA can be developed.

Feasibility test Polyacrylamide gel electrophoresis (12%) ex-
periment was carried out to identify the validity of signal
amplification designed in this study realized by Exo III and
Nb.BbvCI firstly. Figure 2a shows the results of different
samples. The band in lane a corresponded to HP; upon the
addition of target, a bright new band with higher molecular
weight was observed in lane b, which belonged to HP-target
hybrid duplexes; the result proved the successful hybridiza-
tion of HP and the target. When mixed HP with Exo III (lane

Fig. 1 (a) SEM image of
hydrogel without TiO2 NPs. (b)
SEM image of hydrogel embed-
ded with TiO2 NPs

Table 1 Synthetic oligonucleotide sequences*

Name Sequence (5 3 )

HP TGCTAATCGTGATCCTCAGCTTCTATCACGATTAGCATTAA

S1 H2N-GCGTTGTTCCTTAGC

S2 TCATTAGTCCATATC-NH2

Assistant DNA ATGGACTAATGATGTAAGCTGAGGTCAAAAAGGAACAACGC

ssDNA TGCTAATCGTGATCCTCAGCTT

MiRNA-155 UUAAUGCUAAUCGUGAUAGGGGU

MicroRNA-21 UAGCUUAUCAGACUGAUGUUGA

MiRNA-145 UGGCAGUGUCUUAGCUGGUUGUU

SM-Target UUAAUGCUAAUCCUGAUAGGGGU

TM-Target UUAAUUCUAACCGUGACAGGGGU

*The underline letters for HP are the stem of the hairpin structure, the lettersmarked in green are the output ssDNA sequence, including the letters marked
in red which are the recognition sequence for Nb.BbvCI. The underline letters for assistant DNA are the complementary sequence for S1 (right) and S2
(left) and the letters marked in red are the recognition sequence and nicking site for Nb.BbvCI. The letters marked in red for SM-Target and TM-Target
are the bases which differ from those in miRNA-155
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c), the band showed no difference with HP alone (lane a),
indicating that HP was free from digestion by Exo III in
the absence of target due to its 3′-protruding termini. After
adding the target, the band of HP-target hybrid duplexes
becomes obviously dark in lane d compared with that in
the absence of target (lane b), indicating the digestion ef-
fect of Exo III to the HP-target hybrid duplexes.
Meanwhile, a new band with smaller molecular weight
appeared in lane d, which verified the generation of
ssDNA in the presence of target; these results confirmed
the actual occurrence of cycle Ι. Lane g presents successful
hybridization of S1, S2, and assistant DNA to form DNA
bridge. Lane h shows the hybridization of DNA bridge
with ssDNA (bought from Sangon Biotechnology Co.) to
DNA hybrid complex. Upon addition of Nb.BbvCI, the
band of ssDNA-DNA bridge hybrid structure becomes fad-
ed in lane i, confirming the nicking effect of Nb.BbvCI to
ssDNA-DNA bridge hybrid structure, and the new band

with smaller molecular weight corresponded to two nicked
fragments of DNA bridge. Lane e is the control group
(without target); a dim band in the same position with
nicked fragments was produced, which may be due to a
little unwished DNA hybridization or non-specific cleav-
age of DNA enzymes. Lane f is the experimental group
(with target); the band in the same position with nicked
fragments was much more brilliant than the control,
confirming the occurrence of cycle II. These results indi-
cated the feasibility of Exo III and Nb.BbvCI-based cas-
caded amplification strategy.

Then, simple experiments had been performed to verify the
feasibility of the PEC biosensor for miRNA detection. As
shown in Fig. 2b, a small PEC signal was detected because
of little leakage of TiO2 NPs if only buffer solution was added
into the centrifuge tube loaded with hydrogel. The photocur-
rent of the control group (without target, other components
were the same with the experimental group) was little higher

Scheme 1 (a) The diagram of the construction of TiO2-embedded hydrogel. (b) The principle of the proposed homogeneous PEC sensor for miRNA-
155 based on target-responsive hydrogel coupled with Exo III and Nb.BbvCI assistant cascaded amplification strategy
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than that of buffer solution; this may be due to little unwished
hybridization of DNA or non-specific cleavage of DNA en-
zymes. In the presence of 1.0 pM target, the photocurrent
intensity of the experimental group increased significantly
compared to the control, which was on account of the target-
induced nicking of DNA bridge, resulting in the breakage of
hydrogel and the release of TiO2 NPs. These results demon-
strated the feasibility of the proposed biosensor. The corre-
sponding supernate was characterized by TEM, as shown in
Fig. 2c; when only buffer solution was added into the centri-
fuge tube loaded with hydrogel, few TiO2 NPs whose diame-
ter was less than 30 nm (which was too small and escaped
from the hydrogel) and some inorganic salt crystals in buffer
can be observed in the TEM image of the supernate. In the
absence of the target, there were few TiO2 NPs that can be
observed (Fig. 2d), which may due to the non-specific cleav-
age of DNA enzymes. In the presence of the target, a lot of
TiO2 NPs can be clearly seen in the TEM image (Fig. 2e),
whose morphology and size were consistent with those in Fig.
1a and 1b. As shown in the physical pictures (inset pictures in
Fig. 2c, Fig. 2d, and Fig.2e), the hydrogels still maintained
their intact morphology in Fig. 2c and Fig. 2d; while the struc-
ture of hydrogel in Fig. 2e was damaged, the intact structure
became loose and scattered. These results verified the break-
age of hydrogels and the release of TiO2 NPs in the presence
of the target.

Analytical performance of the proposed system To assess the
analytical performance of the proposed biosensor for miRNA-
155 detection, a series of samples containing various concen-
trations of target were tested under the optimized conditions
(see more details in ESI). As displayed in Fig. 3a, with the
increase of target concentration, the value of the photocurrent
increased synchronously. And there is a good linear relation-
ship between photocurrent value (I) and the logarithmic con-
centration of the target (Ctarget) from 1.0 fM to 100 pM (shown
in Fig. 3b). The linear equation is:

I nAð Þ ¼ 103:83 Log Ctarget pMð Þ þ 535:44

The correlation coefficient (R2) is 0.991 and the limit of
detection (LOD) is 0.41 fM (S/N = 3). The performance of the
proposed PEC sensor was compared with other methods for
miRNA detection; the prepared biosensor showed a wider
linear range or lower LOD compared to previous homoge-
neous PEC sensors for miRNA. [11, 12] As displayed in
Table 2, the low LOD and the wide linear range of this sensor
were superior or comparable to previous studies for miRNA
detection based on different methods.

Several similar targets including single-basemismatched tar-
get (SM-Target), three-bases mismatched target (TM-Target),
miRNA-21, and miRNA-145 had been chosen as model
interferents (the concentration of which was 10 pM while the

Fig. 2 (a) 12% gel electrophoresis image of HP (lane a), HP + target (lane
b), HP + Exo III (lane c), lane c + target (lane d), lane c + S1 + S2 + assist
+ Nb.BbvCI (lane e), lane e + target (lane f), S1 + S2 +A (lane g), lane g +
ssDNA (lane h), and lane h + Nb.BbvCI (lane i); the concentrations of all
DNA and the target were 2.0 μM, and the concentrations of Exo III and
Nb.BbvCI were 0.15 U/μL and 0.025 U/μL, respectively. (b) PEC tests
for supernate from different samples (PEC tests were carried out in

10 mM PBS, pH 7.4, a Xe lamp was used as the irradiation light source,
with a bias voltage of 0.50 V). The TEM images of collected supernate
when adding buffer (c), the solution of cycle 1 in the absence of the target
(d), and the solution of cycle 1 in the presence of 10 pM target (e) into the
centrifuge tubes loaded with hydrogel, respectively; the inset pictures
were the physical pictures of each sample
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target concentrationwas 1.0 pM) to investigate the selectivity of
the developed sensor. As displayed in Fig. 4a, the SM-Target
and TM-Target caused a slight increase in photocurrent. The
signals after the addition of miRNA-21 and miRNA-145 had
no obvious difference compared to that from the control. When
mixed miRNA-21 and miRNA-145 with the target (mix), the
photocurrent intensity was almost the same with the
target alone; these results indicated that the proposed PEC sen-
sor had good selectivity and anti-interference performance.

To explore the reproducibility of the proposed biosensor,
five hydrogels in the same batch (intra-assay) and five
hydrogels in different batches (inter-assay) were utilized to
detect 1.0-pM target. The relative standard deviation (RSD)
of photocurrent intensity of five hydrogels in the same batch
was 2.7%, while the RSD of photocurrent intensities of five
hydrogels in different batches was 3.0%, indicating that the
proposed sensing platform had good reproducibility (shown in
Fig. 4b). The stability analysis of the biosensor is shown in
Fig. 4c, the photocurrent response after 12 cycles of on/off
irradiation still remains 96.4% of the initial value (for 10 pM
target), indicating that the biosensor had good stability. The
storage stability of prepared target-responsive hydrogels was
also investigated. Hydrogels were stored at 4 °C for 1 to
4 weeks, respectively, and the photocurrent (for 10 pM target)
obtained by those hydrogels had no obvious difference with

that by fresh hydrogels (Fig. 4d), indicating that prepared
hydrogels had good storage stability.

Real sample analysis The developed biosensor was applied
to detect the target in HeLa (human cervical carcinoma cell
line), MCF-7 (human breast cancer cell line), HUCEC (hu-
man normal cervical cell line), and MCF-10A (human nor-
mal breast epithelial cell line) cell lysates, where HUCEC
and MCF-10A were used as control, respectively (the ex-
perimental details are given in ESI). As displayed in Fig.
S3, the photocurrent increased gradually with the increase
of cell number. Furthermore, the detected concentrations of
the target in Hela cells were calculated to be 7.32 fM,
39.16 fM, and 475.52 fM when the cell number was 102,
103, and 104, respectively, while the concentrations of the
target in MCF-7 were 1.52 fM, 12.32 fM, and 162.49 fM,
when the cell number was 102, 103, and 104, respectively;
the photocurrent intensities of miRNA extracted from
HeLa and MCF-7 had obvious enhancements compared
to their control groups, which was consistent with the up-
regulated level of target in these two kinds of cells [3],
which revealed that the proposed PEC sensor had the po-
tential in monitoring miRNA in cancer cells. To evaluate
the accuracy of the method, the recovery experiment in
spiked blank sample (1× NEBuffer 2) had been carried

Fig. 3 (a) The PEC signal of the
target at various concentrations, a
to i: control (0), 1.0 fM, 5.0 fM,
10 fM, 50 fM, 100 fM, 1.0 pM, 10
pM, 100 pM. (b) Linear plot of
PEC signal vs logarithmic con-
centration of the target (R2 =
0.991)

Table 2 Comparison of the developed PEC biosensor with other strategies for miRNA detection

Method Dynamic range (fM to nM) Detection limit (fM) References

Electrochemistry 100 to 1.0 33 [27]

Electrochemistry 1.0 to 1.0 0.46 [28]

Electrochemiluminescence 100 to 0.10 33 [29]

Electrochemiluminescence 5.0 to 0.0050 0.5 [30]

PEC 1.0 to 1.0 0.26 [31]

PEC 200 to 25 65 [12]

PEC 2.0 to 0.17 0.6 [32]

PEC 1.0 to 0.10 0.41 This work
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out; the results are shown in Table S1, the recoveries in the
range of 98.5 to 103.8%, with the relative standard devia-
tion (RSD) from 2.7 to 3.9%; these results demonstrated
the accuracy of proposed PEC assay and suggested its po-
tential for real sample monitoring.

Conclusion

A sensitive homogeneous PEC biosensor for miRNA detec-
tion has been developed based on TiO2 NP-equipped
hydrogels and cascade signal amplification. With the help of
Exo III and Nb.BbvCI, the sensitivity of the biosensor was
improved enough to meet the real sample test requirement.
The proposed biosensor circumvented the tedious procedures
of electrode modification and exhibited the advantages of sim-
pleness, speediness, and good reproducibility. The prepared
hydrogels have long time storage stability, which can be pre-
pared in advance and save time during test. By simply chang-
ing the sequence of HP and DNA bridge, detection of many
different targets can be easily realized.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04935-6.
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