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Abstract

The abnormal expression of microRNAs (miRNAs) has been reported in many diseases, so it is of great interest to develop simple
and accurate methods for the detection and analysis of miRNA expression. We have developed a novel biosensor to detect
miRNAs. This method is based on a polymeric double-stranded DNA (dsDNA) copper nanoparticle (CulNP) template that is
synthesised by a polymerase. When Cu”* and ascorbic acid are added to the system, the dSDNA template (which is rich in A-T
bases) promotes the formation of CuNPs, resulting in high fluorescence intensity. This system provides sensitive analysis of
miRNA expression with a limit of detection down to 17.8 pmol/L, due to significant changes in the fluorescence signal of the
system before and after the addition of the target. The linear range between F,-F and concentration of miR-122 is 80.0 pmol/L to
4.50 nmol/L, and the recovery rate in spiked HepG2 cell lysates is 93.33—102.53%. This method expands the applications of
fluorescent DNA-CuNPs in the field of biosensor analysis, and can be used to detect and analyse any miRNA marker by

changing the target recognition sequence.
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Introduction

MicroRNAs (miRNAs) are small, endogenous, non-coding,
single-stranded deoxyribonucleotide molecules that are ubig-
uitous in eukaryotes [1, 2]. They possess great potential as a
biological marker for the detection of diseases, especially can-
cer [3-5]. For example, elevated miRNA-122 expression is
closely associated with hepatitis, liver cancer, lung cancer,
and other common diseases [3, 6-8]. As the incidence of can-
cer increases, there is an urgent need for advanced detection
methods for miRNA biomarkers in vivo. Because of the low
abundance and instability of miRNA in biological samples,
constructing a sensitive, selective, and quantitative analysis
method is challenging.
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In order to address this challenge, researchers have devel-
oped a number of nucleic acid signal amplification techniques
for the sensitive detection of miRNAs [9—12], such as poly-
merase chain reaction (PCR) [13, 14], rolling circle amplifi-
cation (RCA) [15-18], hybridisation chain reaction (HCR)
[19-22], strand displacement amplification (SDA) [23], and
other methods [10, 24-26]. These methods are novel in de-
sign, with satisfactory sensitivity and selectivity. For instance,
Chu et al. [17] first reported a target-induced RCA (TPRCA)
strategy to visualise miRNA levels in single cells with high
sensitivity and selectivity. However, the above methods are
costly and usually require labelling with fluorophores or inter-
calating dyes and specialised equipment.

In recent years, metal nanoparticles (MNPs) with strong
fluorescence emission have attracted interest as a substitute
for common organic dyes [6]. MNPs widely used as biologi-
cal sensors include gold nanoclusters (AuNCs) [27, 28], quan-
tum dots (QDs) [29-31], carbon quantum dots (CQDs) [32],
silver nanoclusters (AgNCs) [33], and copper nanoparticles
(CuNPs) [34-37]. Among these nanomaterials, AuNCs,
QDs, CQDs, and AgNCs take a long time to prepare, with
complicated steps and strict requirements for the reaction en-
vironment. By contrast, CuNPs are extremely cost-effective
nanoparticles with a large Stokes shift [11], low toxicity, good
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biocompatibility, fluorescence emission that is adjustable in
the synthesis process, and controllable formation through the
length of DNA templates, making CuNPs very suitable for
detection of complex biological matrix targets. Moreover,
DNA-templated CuNPs have strong fluorescence emission,
and have been implemented as a multifunctional DNA detec-
tion strategy for biosensing analysis [11, 28, 34-38]. For in-
stance, Tang et al. reported a novel biosensing strategy that
achieves ultrasensitive detection of miRNA using T7 exonu-
clease to regulate CuNP templates [39]. Miao et al. developed
a click reaction based on CuNPs to detect alkaline phospha-
tase [40]. He et al. utilised double-stranded DNA (dsDNA)-
CuNPs to construct a novel and intelligent composite reagent
that can be exploited for hydrogen peroxide detection [41].
In this study, we developed a simple, fast, label-free bio-
sensor for miRNA, by utilising polymerase to form a long
dsDNA-templated copper nanoparticle. When the miRNA tar-
get is not present, the SDA reaction is inhibited and the fluo-
rescence intensity is very low. However, when the target is
present, the SDA reaction is initiated and the RNA/DNA com-
plex is circulated at the same time to produce a long dsDNA
template. Finally, a large number of CuNPs form along the
long dsDNA template, and these emit intense fluorescence in
the presence of ascorbic acid. This method can achieve rapid
and sensitive detection, as demonstrated by significant chang-
es in fluorescence intensity after the addition of a target
miRNA. Furthermore, the method can detect any miRNA by
incorporating different target recognition sequence DNA [42].

Materials and methods
Materials and reagents

Tris(hydroxymethyl) aminomethane (Tris) and Agarose G-10
was purchased from Sigma (Spain). Sodium chloride (NaCl)
and magnesium acetate (Mg(Ac),) were purchased from
Huawei Ruike Chemical Co., Ltd. (Beijing, China). Boric acid
(H3BO3) and edetate disodium (EDTA) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Klenow fragment (3’ — 5’ exo) (KF) was purchased from
New England Biolabs (USA). Copper sulfate (CuSO,4-5H,0)
and 3-(N-morpholino)propanesulfonic acid sodium (MOPS)
were purchased from Yinuokai Technology Co., Ltd.
(Beijing, China). Fetal bovine serum (FBS) was purchased
from Shanghai ExCell Bio (Shanghai, China). All reagents
were analytical grade, and the water used was diethyl
pyrocarbonate-treated (DEPC) ultrapure water. The ANTP so-
lution, UltraPure diethyl pyrocarbonate (DEPC)-treated water,
and high-performance liquid chromatography (HPLC)-puri-
fied DNA and miRNA sequences were purchased from
Sangon Biotechnology Co. Ltd. (Shanghai, China). The base
sequences are shown in Table S1 in the Electronic
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Supplementary Material (ESM). The human liver cancer
HepG2 cell line was obtained from the Chinese Academy of
Sciences Cell Bank. HepG2 cells were cultured in Dulbecco's
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) FBS and incubated at 37 °C in a humidified atmosphere
containing 5% CO,.

Instruments

Fluorescence analysis was performed using the PerkinElmer
LS-55 Fluorescence Spectrophotometer (PerkinElmer, UK)
with voltage set to 750 V and slit width to 10 nm. The exci-
tation and emission wavelengths used were 350 nm and
600 nm, respectively. Gel electrophoresis analysis was per-
formed using the DYY-6C electrophoresis apparatus (Liuyi
Instrument Factory, China). Morphological characterization
was performed with a Talos F200S transmission electron
microscope.

Solution preparation

HP1, HP2, and HP3 DNA were dissolved to 20 pmol/L in
10 mmol/L Tris-HAc buffer and heated at 90 °C for 10 min.
The DNA was then slowly cooled to room temperature in
order to form a stable hairpin structure. MiRNA-122 was dis-
solved in DEPC-treated water to a final concentration of
20 umol/L, stored at —20 °C in the dark, and diluted to the
required concentration when needed.

Fluorescence-based miRNA assays

First, 0.05 wmol/L HP1, 0.3 umol/L HP2, 0.3 umol/L HP3,
30 umol/L dNTPs, 2 U KF, and various concentrations of
target miRNA-122 solution were combined in a centrifuge
tube, and diluted with 1X NEB buffer to 50 uL. The solution
was then placed in the dark for 1 min, and then incubated at
37 °C for 3 h in the dark. After polymerisation was completed,
400 wmol/L Cu?* and 4 mmol/L ascorbic acid were added,
and the volume was adjusted to 200 L with MOPS buffer.[6]
Finally, the reaction was carried out for 10 min at room tem-
perature and the fluorescence spectra of the solutions were
recorded.

Preparation of cell lysates

In this study, hepatocellular carcinoma HepG2 cell lysates
were used for complex sample analysis. The cells were dis-
persed in 10 mmol/L Tris-HCI buffer, followed by
ultrasonication for 10 min and centrifugation at 8000 rpm
for 1 min. The supernatant was then obtained and centrifuged
in a 10 kD ultrafiltration centrifuge tube at 4 °C for 30 min.
Finally, the filtrate was collected for further use.
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Gel electrophoresis

Gels were prepared with 5% agarose and 1X Tris/borate/
EDTA (TBE) running buffer. The sample was added to the
agarose gel, quickly placed in an electrophoresis tank, and run
for 90 min at 100 V [43]. Finally, the gel was placed in
ethidium bromide solution for 30 min and photographed using
the Omega-16ic imaging system (Ultra-Lum, US).

Results and discussion
Principles of the miRNA detection strategy

We used miRNA-122 as the target during development of this
assay. The design of the assay is shown in Fig. 1. Three types
DNA hairpin probes, HP1, HP2, and HP3, were designed. The
3" overhang and stem part of HP1 are the recognition sequence
of miRNA-122, and the blue regions of HP1 and HP2 have
complementary base pairing. The pink regions of HP2 and

HP3 are also complementary. The overhangs and loops of
HP2 and HP3 are rich in A-T bases and act as templates for
polymerisation to generate long dsDNA rich in A-T base pairs.
In the absence of miRNA-122, the complementary regions of
HP1, HP2, and HP3 are closed and cannot access each other.
Under these conditions, when Cu?* and ascorbic acid are
added, the fluorescence signal of the system is weak due to
the absence of A-T bases pairs. When miRNA-122 is present,
it hybridises with HP1 to form a DNA-RNA complex, which
releases the 5’ blue region of HP1 to hybridise with the blue
region of HP2. At this time, the pink portion of HP2 is released
and binds to the pink portion of the 3’ end of HP3. In the
presence of polymerase, this miRNA/HP1/HP2/HP3 structure
is polymerised from the 3' to the 5" end, forming dsDNA rich in
A-T base pairs [9]. As hybridisation and polymerisation prog-
ress, the dsSDNA template for CuNPs is formed. After comple-
tion of this reaction, Cu?* and ascorbic acid are added to form
CuNPs with high fluorescence intensity. Therefore, detection
and analysis of miRNA-122 can be achieved through DNA-
RNA binding cycles and signal amplification by polymerase.
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Feasibility of the detection strategy

In order to assess the feasibility of this method, we measured
the fluorescence spectra of dSDNA-CuNPs and formation of
dsDNA under different experimental conditions by agarose
gel electrophoresis. The fluorescence spectra of the dSDNA-
CuNPs are shown in Fig. S10 (see ESM). When the target is
absent, the fluorescence excitation and emission peaks of the
system are very low due to its inability to initiate polymerisa-
tion (ESM Fig. S10 ¢ and d). When the target miRNA-122 is
present in the system, the polymerisation reaction is initiated,
forming a dsDNA template for dSSDNA-CuNPs. As shown in
Fig. S10a and b (see ESM), the excitation and emission wave-
lengths of the dsDNA-CuNPs formed by this system are
352 nm and 600 nm, respectively.

The fluorescence emission spectra of the system are shown
in Fig. 2. When no target is present, the complementary re-
gions of HP1, HP2, and HP3 are masked. Under these condi-
tions, KF cannot initiate polymerisation and dsDNA template
formation, so the fluorescence of the CuNPs formed after the
addition of Cu®* and ascorbic acid is very low (Fig. 2a and c).
When the target is present in the system but KF is absent, the
polymerisation reaction is still inhibited, and the fluorescence
of the system is very low (Fig. 2b). If the target is present, the
polymerisation reaction is initiated and a large amount of
dsDNA template is formed. After adding Cu®* and ascorbic
acid, the system forms dsDNA-CuNPs and has high fluores-
cence intensity (Fig. 2d). These results indicate that the system
can successfully complete RNA-DNA complex circulation by
enzyme-assisted signal amplification for the analysis and de-
tection of miRNA-122. In addition, we used transmission
electron microscopy (TEM) to carry out the morphological
characterization of CuNPs (see ESM Fig. S9). The results
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Fig. 2 Fluorescence emission spectra of the system under different

experimental conditions. (a) HP1 + HP2 + HP3; (b) HP1 + HP2 +

HP3 + miRNA-122; (¢) HP1 + HP2 + HP3+ KF; (d) HP1 + HP2 +

HP3+ miRNA-122+ KF
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showed that the copper nanoparticles were synthesized with
good dispersion and particle size of about 5 nm. The above
results indicate that the copper nanoparticles were successful-
ly synthesized in the system after the addition of the target.

In addition, we assessed the formation of long dsDNA in
this assay by agarose gel electrophoresis. The results are
shown in Fig. 3. The positions of the two bright bands in lane
4 (HP1, HP2, and HP3) were nearly identical to those in lanes
1 (HP1 alone), 2 (HP2 alone), and 3 (HP3 alone), indicating
that HP1, HP2, and HP3 do not hybridise in the absence of the
target. Also, the bright bands in lane 6 (HP1, HP2, HP3, and
KF) were the same as in lane 4, showing that KF cannot
initiate polymerisation spontaneously. Most importantly, a
new large molecular weight band appeared in lane 5 (HPI,
HP2, HP3, KF, and miR-122), and the bands corresponding to
HP1, HP2, and HP3 decreased, indicating that the polymeri-
sation reaction was initiated in the presence of miR-122 by the
action of KF. This provides further evidence of the feasibility
of this target detection method.

Optimisation of assay conditions

In order to obtain the highest sensitivity in detecting miR-122,
we optimised conditions including the concentrations of HP1,
HP2, HP3, KF, Cu®", ascorbic acid, and dNTPs, as well as the
cyclic polymerisation time.

The HP1 concentration has a large influence on the recogni-
tion of the target miRNA-122 through its hybridisation efficien-
cy. The prominent single-stranded and loop portions of HP2 and
HP3 are rich in A or T bases, which affect the polymerization
and generation of the dsSDNA-CuNPs templates in the system,
resulting in variations in the fluorescence signal of the system.

Fig.3 Agarose gel electrophoresis of reactions containing components of
the system. Lane M: DNA marker 1: HP1; 2: HP2; 3: HP3; 4: HP1 +
HP2 + HP3; 5: HP1 + HP2 + HP3 + miRNA-122 + KF; 6: HP1 + HP2 +
HP3 + KF
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Fig. 4 (a) Fluorescence emission spectra in the presence of different
concentrations of miRNA-122. (b) The linear relationship between F-F,
and concentration of miR-122 in the range of 80.0 pmol/L to
4.50 nmol/L. The inset is the working curve for miRNA-122 (n =3)

Therefore, we first optimised the concentrations of HP1, HP2,
and HP3. As measured by the maximal fluorescence change
value (F-Fy) and change ratio (F/F), the optimal concentrations
of HP1, HP2, and HP3 were 0.05 pmol/L, 0.3 pumol/L, and
0.3 umol/L, respectively (see ESM Figs. S1, S2, and S3).
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This method is based on the ability of polymerase to gen-
erate a large number of dsDNA templates to form dsDNA-
CuNPs with high fluorescence intensity. The RNA-DNA
complex acts as a circulator, and the cyclic polymerisation
time of the system has a large influence on the fluorescence
signal output. Additionally, KF and dNTPs are required for
polymerisation, and the unnecessary excess KF and dNTPs
will result in nonspecific polymerization. Therefore, we also
optimised their concentrations. The optimum KF dosage was
2 U, and the optimal concentration of dNTPs was 30 umol/L;
the optimal cycle polymerisation time was 3 h (see ESM Figs.
S4, S5, and S6).

The fluorescence signal output of the system is also highly
dependent on the fluorescence of the CuNPs formed by the
dsDNA templates. The concentration of Cu”* and the reduc-
ing agent ascorbic acid have a direct influence on the forma-
tion of fluorescent CuNPs. Therefore, we optimised the cu**
and ascorbic acid concentrations, and the results are shown in
Figs. S7 and S8 (see ESM). The redundant Cu’* and ascorbic
acid will result in decreased fluorescence intensity of CuNPs,
because in the presence of excess Cu?* and ascorbic acid,
aggregation of the CuNPs can occur. According to our analy-
sis, the optimal concentrations of Cu?* and ascorbic acid are
0.4 mmol/L and 2 mmol/L, respectively.

Analytical performance of the detection method

Under the previously determined optimal conditions, we ex-
plored the analytical performance of the method for the detec-
tion of target miRNA-122. As shown in Fig. 4a, as the concen-
tration of target miRNA-122 increased, the fluorescence inten-
sity of the dsDNA-CuNPs also increased. Figure 4b shows a
plot of the change in fluorescence signal intensity by miRNA-
122 concentration, and the inset depicts the working curve for
miRNA-122. The fluorescence change value (F-Fj) was linear
in the range 80.0 pmol/L to 4.50 nmol/L miRNA-122. The
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A) Blank; B) miRNA-122; C)ssNC; D) miRNA-205; E) miRNA-223; F) miRNA-155; G) miRNA-221
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Table 1 The recovery of

miRNA-122 in spiked hepatoma Sample Spiked (nmol/L) Recovered® (nmol/L) Recovery% RSD% (n=3)
HepG2 cell lysate samples (17 =3)

0.160 0.164 £ 0.056 102.53 5.35

1.20 1.12 £ 0.075 93.33 4.73

3.00 2.87 £0.14 95.67 0.59

# (&) is the uncertainty of the concentration for the samples

linear equation was: (F-Fy)=92.53C+11.18 (R2 =0.9927).
According to the limit of detection (LOD =30/k, where o is
the standard deviation of multiple blanks, and k is the slope of
the standard curve), the detection limit of miRNA-122 in this
assay is approximately 17.8 pmol/L. Compared with other
available methods, the sensitivity of our method is slightly im-
proved (see ESM Table S2) [10].

Selectivity of the detection method

Under the optimal assay conditions, we evaluated the detec-
tion of other non-target miRNAs (miRNA-21, miRNA-155,
miRNA-221, and miRNA-223) related to hepatitis C or liver
cancer and a random sequence to investigate the selectivity of
our system. The experimental results are shown in Fig. 5. The
polymerisation cycle reaction was initiated only when
miRNA-122 was present in the system and resulted in a sig-
nificant increase in fluorescence. The other miRNAs did not
affect the fluorescence signal of the system, even when their
concentrations were 50 times that of the target. The above
results indicate that this method has good selectivity for the
detection of its target miRNA.

Application of the system to complex samples

In order to investigate the detection performance of this assay
in biologically relevant complex samples, we performed
spike-and-recovery experiments in hepatoma HepG2 cell ly-
sates. The results are shown in Table 1, and the measured
spiked recovery has a relative standard deviation (RSD) of
about 5%. These results demonstrate that this method can be
applied to complex samples for detection and analysis of tar-
get miRNAs [44].

Conclusion

We developed a label-free dssDNA-CuNP-based, enzyme-
assisted signal amplification method for the detection of
microRNA. This method utilises polymerase and RNA-
DNA complex circulation to generate large numbers of
DNA duplexes that serve as templates for the formation of
highly fluorescent CuNPs. The method has the desirable char-
acteristics of no labelling, simple and mild conditions, and
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sensitive and selective detection. The detection limit for
miR-122 is 17.8 pmol/L. In addition, the method can accu-
rately detect miRNA-122 spiked in hepatoma HepG2 cell
lysates.
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