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ARTICLE INFO ABSTRACT

Herein, a novel photoelectrochemical (PEC) biosensor was developed for the ultrasensitive detection of
microRNA-396a based on a MoS,/g-C3Ny4/black TiO, heterojunction as the photoactive material and gold na-
noparticles carrying Histostar antibodies (Histostar@AuNPs) for signal amplification. Briefly, MoS,/g-C3N4/
black TiO, was deposited on an indium tin oxide (ITO) electrode surface, after which gold nanoparticles (AuNPs)
and probe DNA were assembled on the modified electrode. Hybridization with miRNA-396a resulted in a rigid
DNA: RNA hybrid being formed, which was recognized by the $9.6 antibody. The captured antibody can further
conjugate with the secondary IgG antibodies of Histostar@AuNPs, thereby leading to the immobilization of
horse radish peroxidase (HRP). In the presence of HRP, the oxidation of 4-chloro-1-naphthol (4-CN) by H,O, was
accelerated, producing the insoluble product benzo-4-chlorohexadienone on the electrode surface and causing a
significant decrease in the photocurrent. The developed biosensor could detect miRNA-396a at concentrations
from 0.5 fM to 5000 fM, with a detection limit of 0.13 fM. Further, the proposed method can also be used to
investigate the effect of heavy metal ions on the expression level of miRNAs. Results suggest that the biosensor
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developed herein offers a promising platform for the ultrasensitive detection of miRNA.

1. Introduction

MicroRNAs (miRNAs) are a class of endogenous and noncoding
RNAs that play a crucial role in many biological processes in living
organisms gene regulation, such as cell development, differentiation,
metabolism, and apoptosis (Carthew and Sontheimer, 2009; Croce,
2009; Winter et al., 2009). MicroRNAs have a typical length of 18-25
nucleotides. Due to their high sequence homology, low content and
ease-of-degradation, the detection of microRNAs is particularly chal-
lenging (Dong et al., 2013). Fast, reliable and sensitive methods for
microRNA detection are needed. Various strategies have been explored
for microRNA detection and quantification, including microarrays
(Zhao et al., 2009), northern blotting (Pall et al., 2007), surface-en-
hanced Raman spectroscopy (SERS) (Driskell et al., 2008; He et al.,
2017), electrochemiluminescence (Cheng et al., 2014; Feng et al., 2016;
Wang et al. 2018c; Zhang et al., 2015), fluorescence (Dai et al., 2015;
Dong et al., 2014; Miao et al., 2018), photoelectrochemical (PEC) (Hou
et al., 2018; Ma et al., 2016; Wang et al. 2018b; Yin et al., 2014), and
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electrochemical methods (Hou et al., 2015; Wu et al., 2014; Zhou et al.,
2016). Although miRNAs can be successfully detected using all of these
techniques, PEC biosensors are especially attractive due to their low
background noise, easy operation and excellent sensitivity. For PEC
biosensors, appropriate choice of photoactive material(s) is critical to
performance.

Recently, molybdenum disulfide (MoS,) has received a lot of at-
tention in the development of PEC biosensing platforms, due to its
graphene-like structure, narrow band gap (1.2-1.9 eV), relatively high
charge carrier mobility and high specific surface area (Wu et al., 2017).
However, nonradiative electron-hole recombination in MoS, na-
nosheets limits the photoexcited carrier lifetimes to only few hundred
picoseconds, which is highly detrimental to PEC sensor performance
(Shi et al., 2013; Wang et al., 2015b). Accordingly, the discovery of
effective strategies for charge separation, thereby increasing photo-
excited carrier lifetimes, is vitally important to the successful integra-
tion of MoS, nanosheets in PEC biosensors.

The construction of the semiconductor heterojunctions is one of the
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most efficient approaches for suppressing the recombination of photo-
generated electrons and holes in semiconductor materials (Han et al.,
2018; Liu et al., 2017). Potential gradients at semiconductors hetero-
junctions allow the facile migration of photoinduced charges (with
electrons and holes typically migrating in opposite directions across the
interface), thereby suppressing recombination and increasing photo-
excited carrier lifetimes, resulting in enhanced PEC performance. The
band edges of g-C3N, are particularly well-matched with those of MoS,
nanosheets (Li et al., 2016). For example, a PEC biosensor based on a
MoS,/g-C3N, heterostructure was reported to display an excellent PEC
performance, which was attributed to the abundance of surface active
sites and increased charge separation (Wu et al., 2017). Ternary het-
erojunction structures involving three components can confer addi-
tional benefits due to their unique electronic and optical properties.
Zhu's group reported a ultrasensitive PEC biosensor based on a ternary
TiO5/CdSeTe@CdS:Mn heterojunction (Fan et al., 2016). The ternary
heterojunction benefitted from containing three distinct semi-
conductors, each with a different band gap, which combined sy-
nergistically to improve light absorption efficiency, promote electron
transfer and extend the lifetime of charge carriers, thereby significantly
increasing the PEC response.

Horseradish peroxidase (HRP) is an important heme-containing
enzyme that has been studied for more than a century. The HRP-bio-
catalytic oxidation of 4-chloro-1-naphthol in the presence of H,O, and
forms insoluble products on the electrode, which can be used as an
efficient amplification method for the sensing process (Alfonta et al.,
2001). Histostar is a special immunohistochemical reagent based on
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many HRP labeled polymer conjugated with secondary antibodies
(IgG). It can be used increase the availability of HRP at antigenic sites,
thereby being very effective for signal amplification.

Herein, we report the successful development of a novel photo-
electrochemical biosensor for microRNA detection based on a ternary
MoS,/g-C3Ny/black TiO, heterojunction that used AuNPs conjugated
with Histostar antibodies (Histostar@AuNPs) for signal amplification.
This PEC biosensor exhibited high sensitivity and good specificity, re-
producibility, and stability. The proposed strategy also provided a
promising platform to help researchers clarify miRNA-396a regulatory
networks and improve the rice tolerance to metal stress. There will be
significant meaning for the regulation of heavy metal stress in different
Crops.

2. Experimental section
2.1. Detection strategy of the biosensor

Scheme 1A depicts the construction and operation of the PEC bio-
sensor. Firstly, MoS,, g-C3N4, b-TiO, and AuNPs were deposited on the
bare ITO electrode surface, thereby forming a MoS,/g-C3N4/black TiO,
heterojunction as the photoelectric material (a detailed interpretation
about the contribution of each material was described in
Supplementary Material), with the AuNPs being used to immobilize
probe DNA. Then the probe DNA was self-assembled on the electrode
surface by the Au-S binding. In the presence of the miRNA-396a, a rigid
DNA: RNA hybrid was formed, which could be recognized by S9.6
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Scheme 1. Schematic illustration of the biosensor construction process (A) and the photocurrent generation mechanism of the PEC biosensor (B).
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antibody due to the high specificity and affinity of the $9.6 antibody for
DNA-RNA hybrids. After that, through the specific recognition effect
between the primary antibody and the secondary antibody, the cap-
tured S9.6 antibody can further conjugate with the secondary antibody
IgG in the composites of Histostar@AuNPs, leading to the im-
mobilization of lots of HRP. As Histostar is a special
munohistochemical reagent based on many HRP labeled polymer con-
jugated with secondary antibodies (IgG), it can increase the availability
of HRP at antigenic sites, leading to an effective amplification of the
signal. In the presence of HRP, the oxidation of 4-chloro-1-naphthol (4-
CN) by H,0, was accelerated, producing the insoluble and insulating
product benzo-4-chlorohexadienone on the electrode surface, causing a
significant decrease in the photocurrent. From the linear relationship
between the miRNA-396a concentration and the PEC response, sensi-
tive detection of microRNA-396a can be achieved. To our knowledge,
this work is the first to use black titania (b-TiO,, E; = 1.85eV) in PEC
sensor development, and builds on recent work aimed at the utilization
of b-TiO- in the field of photocatalysis to increase solar spectrum uti-
lization and enhance photocatalytic activities (Chen et al., 2011; Yan
et al., 2017).

The photocurrent generation process of the biosensor, based on the
MoS,/g-C3N,4/b-TiO4 heterojunction, is depicted in Scheme 1B. MoS,,
g-C3N4 and b-TiO, possess band gaps of 1.8 eV, 2.72eV and 1.85eV,
respectively which allowed the biosensor to make efficient use of in-
cident visible light. Importantly, the valence band and conduction band
edges of MoS,, g-C3N4 and b-TiO, are staggered which allows rapid
transfer of electrons and holes pairs between the semiconductors,
thereby minimizing charge recombination and increasing the con-
centration of charge carriers. Hence, the photocurrent response of the
biosensor was significantly enhanced through the introduction of the
MoS,/g-C3N4/b-TiO, heterojunction composite as the PEC platform.

im-

2.2. Materials and apparatus

The materials and the buffers used in this work are provided in the
Supplementary Materials.

Transmission electron microscopy (TEM) was performed on a
Tecnai G2 F20 instrument (USA). Scanning electron microscopy (SEM)
images were obtained using a Quanta Q400 (USA). Electrochemical
impedance spectroscopy (EIS) data was collected on a CHI660C elec-
trochemical workstation (CHI Instruments, Austin, TX). EIS data was
collected in 10 mM Tris-HCI containing 5.0 mM [Fe(CN)g]3”* solution
and 0.1 M KCl (pH 7.4). PEC measurements were carried out on a
CHI832A electrochemical workstation (Austin, USA) using a three-
electrode system. A modified ITO electrode (0.195 cm?) was used as the
working electrode, a saturated calomel electrode (SCE) and a Pt wire
were used as the reference electrode and the counter electrode, re-
spectively. The photocurrent was recorded in PEC detection buffer
under the visible light irradiation with an applied potential of 0.3 V.
The irradiation source was supplied by a 500 W Xe lamp (Beijing
Ceaulight Technology co., LTD., China).

2.3. Synthesis of MoS,, g-C3N,4, b-TiO, and AuNPs

MoS, was synthesized according to literature method (Ai et al.,
2016). In brief, (NH4)¢M0,0544H>0 (4.3 mM) and thiourea (129 mM)
were firstly dissolved in 150 mL of distilled water under vigorous stir-
ring to form a homogeneous solution. Subsequently, the solution was
transferred into a Teflon-lined autoclave (200 mL) and heated at 180 °C
for 24 h. After cooling, the products were collected by centrifugation
and washed three times with distilled water, and then dried under
vacuum at 60 °C.

Graphitic carbon nitride (g-C3N4) was prepared from dicyanamide
using a conventional thermal polymerization method (Wang et al.
2018b). Briefly, dicyandiamide (3.0 g) was placed in an alumina cru-
cible with lid and then heated in air from room temperature to 220 °C at
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a heating rate of 3°Cmin~!, and then held at 220°C for 2h. The
temperature was then increased to 350 °C (then held for 2 h) and finally
550 °C (held for 4h). The product was then allowed to cool to room
temperature naturally and washed with deionized water and ethanol
several times. After drying in vacuum at 60 °C, the product was col-
lected and ground into a powder for further use.

b-TiO, was synthesized according to previous report with a few
modifications (Yan et al., 2016). TiO, (1 g) was firstly mixed with
NaBH, powder (1 g) by grinding thoroughly with a mortar and pestle.
After that, the mixture was transferred to an alumina boat and heated to
300°C for 30 min under a N, atmosphere. The b-TiO, product was
washed with water and ethanol, and dried under vacuum at 60 °C.

AuNPs were prepared according to a standard citrate reduction
method (Liu and Lu, 2006). The Supplementary Materials contains
details about the synthesis of the Au NPs and also a TEM image of the
Au NPs (Fig. S1).

2.4. Preparation of Histostar@AuNPs (Hs@Auw)

Histostar@AuNPs (denoted herein as Hs@Au) were prepared ac-
cording to a literature method, with a few modifications (Wang et al.,
2014). Firstly, the pH of the AuNPs dispersion (400 pL) was adjusted to
9.0 by addition of 0.1 M K>COs. Then, Histostar (100 uL) was added to
the AuNPs dispersion followed by continuous shaking for five min.
After incubation at 4 °C for 12 h, 1 mL PEG 3350 (0.1%) was added and
the resulting dispersion lightly shaken for 20 min. The dispersion was
then centrifuged at 12,000 rpm for 30 min and the product washed with
deionized water three times. Finally, the solid was redispersed in 1 mL
of 10 mM PBS (pH 7.4) and stored at 4 °C.

2.5. Fabrication of the PEC biosensor

ITO conductive glass pieces (1 cm X 5 cm) were thoroughly cleaned
according to our previous report (Li et al., 2017; Zhou et al., 2019).
After cleaning, 40 puL of MoS,, g-C3N,4 and b-TiO, (each 2 mg/mL in
water) were successively dropped onto the bare ITO electrode. After
each semiconductor was added, the modified electrode was dried under
an infrared lamp. The obtained electrode was denoted as b-TiO,/g-
C3N4/MoS,/ITO. Then, 40 pL of the AuNPs dispersion was dropped on
the electrode and the resulting electrode (Au/b-TiO5/g-C3N4/MoS,/
ITO) dried under an infrared lamp. Subsequently, 40 uL of probe im-
mobilization buffer containing 0.1 pM probe DNA was dropped on the
Au/b-TiO,/g-C3N4/Mo0S,/ITO electrode surface and the electrode in-
cubated for 4 h. The obtained electrode was denoted as p-DNA/Au/b-
TiO5/g-C3N4/MoS,/ITO. After rinsing three times with washing buffer,
40 uL. of miRNA hybridization buffer containing different concentra-
tions of miRNA-396a were dropped onto the electrode and incubated
for 2h. The obtained electrode (RNA-DNA/Au/b-TiO/g-C3N4/Mo0S»/
ITO) was then rinsed three times with washing buffer. Next, the elec-
trode was incubated with §9.6 antibody (40 pL, 20 ug/mL) for 1h in a
humid environment. The obtained electrode was denoted as Ab/RNA-
DNA/Au/b-TiO5/g-C3N4/MoS,/ITO. After rinsing the electrode with
washing buffer, 40 uL. of Hs@Au was deposited on the electrode and
incubated for 50 min, producing Hs@Au/Ab/RNA-DNA/Au/b-TiO,/g-
C3N4/MoS,/ITO. Finally, the electrode was immersed in biocatalytic
precipitation (BCP) solution containing 10 mM 4-CN and 0.15mM
H,0,. After incubated for 15min, the electrode was rinsed with
washing buffer and then used for PEC tests.

2.6. Sample preparation for the study of the effect of heavy metal ions on
the expression level of micRNA-396a

Mature seeds of rice were used in this work. Firstly, rice seeds were
embedded in gauze and soaked with deionized water for germination.
Then, rice seedlings were treated with a solution containing Cd (II) ions
to investigate the effect of heavy metal ions on the expression level of
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microRNA-396a. In order to investigate the concentration effect, Cd (II)
solutions of concentration 1, 10, 20, 50 or 100 mg/L were sprinkled on
the leaves of rice seedlings as the water source and cultured for 24 h.
For comparison, one group of rice seedling was cultured with distilled
deionized water. Finally, the leaves were harvested for RNA extraction.
The extraction was performed using a TRIzol® Plus RNA Purification Kit
according to the manufacturer's recommended protocol (Invitrogen,
USA).

3. Results and discussion
3.1. Characterization of materials

The morphologies of the MoS,, g-C3N, and b-TiO, materials used to
fabricate the MoS,/g-C3N4/black TiO, PEC heterojunction were char-
acterized by TEM and the structural properties of b-TiO, were in-
vestigated by powder X-ray diffraction (XRD). The results were illu-
strated in Supplementary Materials (Fig. S2).

3.2. EIS Characterization of the biosensor

The stepwise fabrication process of the biosensor was followed by
EIS and details were provided in Supplementary Materials (Figure. S3).
The EIS experiments confirmed that each stage of biosensor fabrication
was successful.

3.3. Detection feasibility assay

The detection feasibility of the biosensor was confirmed through
PEC experiments. Fig. 1 shows that MoS,/ITO (curve a), g-C3N4/ITO
(curve b) and b-TiO,/ITO (curve c) offered a weak photocurrent re-
sponse under visible light irradiation. However, when g-C3N,4 (curve d)
and b-TiO, (curve e) were sequentially deposited on the MoS,/ITO
electrode, a significant increase in the photocurrent response were
observed. The formation of the ternary semiconductor heterojunction
was clearly beneficial for enhancing the photocurrent. Curve f and
curve g show the PEC response after the final enzyme catalyzed BCP
when the concentration of miRNA-396a was 0 fM and 5000 fM, re-
spectively. Clearly, when the concentration of miRNA-396a was 5000
fM, the photocurrent decreased significantly due to the formation of
insoluble benzo-4-chlorohexadienone on the electrode surface which

1200 1
e \__\
9001 ]
<
£ 600 d \—\_j
[
a
300 - b —m—m
c [/’—_—_1
g f—\!
0- J
0 10 20 30 40
Times (s)

Fig. 1. The photocurrent response of (a) M0S,/ITO, (b) g-C3N4/ITO, (c) b-TiOy/
ITO, (d) g-C3N4/MoS,/ITO, () b-TiO,/g-C5N.,/MoS,/ITO, (f) Hs@Au/Ab/RNA-
DNA/Au/b-TiO,/g-C3N4/MoS,/ITO after a final enzyme catalyzed BCP when
the miRNA-396a concentration was 0 fM, (g) Hs@Au/Ab/RNA-DNA/Au/b-
TiO,/g-C3N4/MoS,/ITO after a final enzyme catalyzed BCP when the miRNA-
396a concentration was 5000 fM.
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acts as an insulating barrier on the electrode that hinders electron
transfer. Results of Fig. 2 confirm that the proposed method is suitable
for the detection of miRNA.

3.4. Optimization of PEC biosensor testing conditions

To improve the efficiency and sensitivity of the biosensor, various
experimental parameters needed to be optimized, including S9.6 con-
centration, S9.6 incubation time, Hs@Au immobilization time and
biocatalytic precipitation (BCP) time. As shown in Fig. 2A, the PEC
response decreased with S§9.6 concentration in the range 0.1-20 ug
mL™!, which can be ascribed to the increased $9.6 increases the
Hs@Au, resulting in the increase of HRP. Then the PEC response leveled
off when the concentration was 20 uygmL ™' or higher due to the sa-
turation of the S9.6 concentration.

Fig. 2B shows the effect of S9.6 incubation time on the PEC response
of the biosensor. The photocurrent decreased with S9.6 incubation time
up to 60 min, and then leveled off duo to the concentration of $S9.6 had
reached saturation. Accordingly, an incubation time of 60 min was used
in all subsequent experiments.

Fig. 2C shows the effect of Hs@Au immobilization time on the PEC
response of the biosensor. The photocurrent decreased with the in-
cubation time from 10 to 50 min, then remained approximately con-
stant at longer incubation times. It is due to the increase of time in-
creases the Hs@Au, resulting in the increase of HRP, and the reaction
will be saturated after a certain period of time. Thus, 50 min was se-
lected as the optimal immobilization time. Finally, the BCP time was
investigated (Fig. 2D). A time of around 15 min was identified as being
near optimal and used in subsequent experiments.

3.5. Detection performance

Under the optimized experimental conditions, the ability of PEC
biosensor to detect miRNA-396a was systematically investigated. As
shown in Fig. 3A, the PEC response decreased with miRNA-396a con-
centration in the range 0.5 fM to 5 p.M. Fig. 3B reveals a strong linear
relationship between the photocurrent and the logarithm of the miRNA-
396a concentration. The regression equation was I (nA) = -19.43logc
(fM) + 98.03, with a correlation coefficient (R) of 0.9948 and a low
detection limit of 0.13 fM (S/N = 3). Compared with other methods for
miRNA detection (Table 1), the PEC biosensor exhibited a wider linear
range and also a relatively low detection limit, indicating its excellent
performance.

To evaluate the selectivity of the proposed biosensor, miRNA-399c,
miRNA-397b, miRNA-169b, miRNA-159c and single-base mismatched
miRNA were chosen as possible interferants. As shown in Fig. 3C, the
photocurrent response for miRNA-396a was significantly smaller than
for the other miRNAs. Further, the PEC biosensor response to the
miRNA-396a solution was near identical to the PEC biosensor response
to a mixture containing miRNA-396a and the other miRNAs. The data
confirms that the biosensor had a very good selectivity for miRNA-
396a.

The reproducibility of the biosensor was also investigated. Six bio-
sensors were fabricated independently using a microRNA-396a con-
centration of 50 fM (Fig. 3D). The relative standard deviation (RSD)
value for the six biosensors was 2.4%, indicating that the biosensor had
remarkable reproducibility.

The stability of the biosensor was also assessed. As shown in Fig. S4
(see Supplementary Materials), turning the light on and off 10 times
within 400s caused no obvious change in the detected photocurrent,
confirming that the PEC signal was stable and reliable. In addition, a 2-
week storage study was conducted to further investigate the stability of
the biosensor. Following biosensor storage in a humid environment at
4°C for 2 weeks, the measured photocurrent was ~ 92% of that
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Fig. 2. Effects of S9.6 concentration (A), S9.6 incubation time (B), Hs@Au immobilization time (C), and BCP time (D) on the PEC response of the biosensor.

measured for the freshly prepared biosensor, demonstrating that bio-
sensor showed very good stability.

3.6. Detection of miRNA-396a in real samples

To evaluate the analytical reliability and application potential, the
proposed method was used to analysis miRNA-396a in total RNA ex-
tracted from leaves of rice seedlings. The total RNA was diluted to
200nguL.~! and used for detection. The amount of miRNA-396a in
200 ng of total RNA sample (blank control group treated with distilled
deionized water) was estimated to be about 15 amol (75 fM in 200 pL of
reaction buffer) (RSD=1.2%, n = 5), according to the calibration curve
(Fig. 3B). To evaluate its matrix effect, different amounts of miRNA-
396a were spiked into 200ng total RNA for the assay. The results
showed the recovery of 108-111%, suggesting that the method have a
low matrix effect, and great potential for sensitively detect miRNA in
real sample (Table S2).

Heavy metal toxicity is a major factor that limit the growth and
yield of crop plants, including rice. Cadmium (Cd) is considered to be
one of the most harmful pollutants that cause serious toxicity to plants.
Common symptoms of Cd injury include stunting, chlorosis, and even
plant death (Rizwan et al., 2016). It is generally believed that an ex-
tensive understanding of plant miRNAs will significantly help induce
tolerance against environmental stresses. The miRNAs and related gene
characterization for Cd stress offer assistance in acknowledging the
plant molecular mechanisms to heavy metal tolerance (Fang et al.,
2013). Recent evidence suggests epigenetic mechanisms in regulating
gene expression in plants under Cd stress, where the expression level of

miRNA-396a normally decreased (Noman and Ageel, 2017; Zhou et al.,
2012).

In this work, the effect of heavy metal ions (Cd?*) on the expression
level of miRNA-396a in the leaves of rice seedlings was investigated.
The total RNA of all samples was diluted to 200 ng L.~ and used for
detection. According to the calibration curve (Fig. 3B), the expression
level of miRNA-396a in each sample was determined. The miRNA ex-
pression level of the blank control group was set to 1, and the relative
expression levels of the other groups were 0.752, 0.375, 0.214, 0.176
and 0.121, respectively. As shown in Fig. 4, the expression level of
microRNA-396a was down-regulated after treatment with Cd (II) ions,
with the expression level decreasing with increasing Cd (II) con-
centration. The results reveal that Cd (II) ions affect the expression of
miRNA and therefore may impair the growth and development of
plants. To testing the accuracy of the proposed method, the expression
level of miRNA-396a was also investigated by qRT-PCR. As shown in
Fig. 4, the results obtained using qTR-PCR and our method were in
excellent accord, verifying the accuracy of the biosensor. Employing
this rapid and convenient method is able to help researchers clarify
miRNA-396a regulatory networks and improve the rice tolerance to
metal stress. There will be significant meaning for the regulation of
heavy metal stress in different crops.

4. Conclusions
In summary, a novel PEC biosensor for ultrasensitive detection of

miRNA was developed, based on MoS,/g-C3N4/b-TiO, heterojunction
as the photoactive platform and Histostar@AuNPs for signal
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Table 1
Performance comparison of the PEC biosensor with other methods for miRNA 0 mg/L
detection. 1.0+
=
Methods Linear range detection limit reference 2
2 0.8
Electrochemistry 5-5000 fM 10 fM (Koo et al., 2016) 2
Electrochemistry ~ 1.0-1000 fM 0.434 fM (Sun et al., 2018) a‘
Fluorescence 0.01-200 nM 10p.M. (Wang et al., 2015a) v 0.6
Fluorescence 0.1nM to 8 yM 60 p.M. (Lu et al., 2017) ">"
ECL 1.0 fM to 1.00M 0.5 fM (Feng et al., 2016) S 04-
ECL 50 fM to 100 nM 50 fM (Lu et al., 2018) =
PEC 5-3000 fM 2.26 fM (Yin et al., 2016) &~
PEC 1.0 fM to 10.0p.M. 0.5 fM (Wang et al., 2018a) 0.2 100 mg/L
PEC 0.5-5000 fM 0.13 fM this work
0.0-

a b c d e f

amplification. To the best of our knowledge, this is the first time that b-
TiO, and Histostar have been successfully applied in the field of bio- Fig. 4. Effect of different concentrations of Cd (II) ion (0, 1, 10, 20, 50 and
sensing. The biosensor offered a linear PEC response with miRNA-396a 100 mg/L) on microRNA-396a expression.

concentration in the range 0.5 fM to 5 p.M., with a low detection limit
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