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A B S T R A C T

MicroRNAs (miRNAs) serve as significant regulators in a variety of diseases and have been emerging as a class of
promising biomarkers for early cancer diagnosis. Herein, an enzyme-free surface-enhanced Raman scattering
(SERS) platform was proposed for sensitive and reliable detection of target miRNA-21 using a corrective internal
standard (IS)-based ratiometric SERS probe coupled with mismatched catalytic hairpin assembly (CHA) am-
plification. The 4-aminothiophenol (4-ATP) was used as IS molecule and modified on the surface of silver na-
noparticles decorated silicon wafer. In principle, the presence of miRNA-21 could cyclically trigger the allosteric
effects of mismatched CHA amplification and the 3′-R6G labeled hairpin probe 1 (H1) was opened. Then, the
hairpin probe 2 (H2) hybridized with H1 to form H1–H2 complex and the released miRNA-21 was free to
participate in the next cycle of CHA reaction. Meanwhile, the H1–H2 complex could hybridize with the capture
DNA on the SERS chip, making the Raman tag of R6G close to the surface of SERS substrate, and the intensity of
SERS signal from R6G labels increase while that from 4-ATP remain relatively unchanged. Benefiting from
outstanding performances of the ratiometric SERS strategy and enzyme-free CHA amplification system, this
platform exhibits sensitivity toward miRNA-21 with a limit of detection of 3.5 fM and a broad dynamic range
from 10 fM to 100 nM. More importantly, this proposed method presents an excellent reliable SERS analysis with
the correction of IS. The developed strategy holds a potential alternative tool for miRNA detection in biomedical
research and early clinical diagnosis.

1. Introduction

MicroRNAs (miRNAs) play significant roles in a diverse range of
biological processes, including apoptosis, differentiation, develop-
mental regulation, and cell proliferation, etc. (Bushati and Cohen,
2007; Dong et al., 2013). Recently, accumulative evidences have re-
vealed that many diseases, such as cancers, genetic disorders, and
neurological disorders are closely related with aberrant miRNA ex-
pression (Boon et al., 2013; Jeffrey, 2008; Lu et al., 2005). Thus,
miRNAs are considered as promising biomarkers for early clinical di-
agnosis (Kosaka et al., 2010; Qiu et al., 2018). However, it remains a
great challenge for miRNA detection owing to their short lengths,
highly homologous sequences, vulnerable degradability, and relatively
low expression levels in cells. Therefore, it is imperative to develop
sensitive, specific and reliable miRNAs detection strategies for

biomedical research and early clinical diagnosis.
Excellent review papers have summarized the main current

achievements, challenges, and development of miRNA biosensors
(D'Agata and Spoto, 2019; Kilic et al., 2018; Mohammadi et al., 2019).
Moreover, a variety of current strategies have been proposed for miRNA
detection, including electrochemical (Masud et al., 2019; Rafiee-Pour
et al., 2016), colorimetric (Dong et al., 2018; Wu et al., 2016), fluor-
escent (Causa et al., 2015; Guk et al., 2019; Zhou et al., 2019b), elec-
trochemiluminescent (Zhang et al., 2015a; Zhu and Ding, 2019), and
surface-enhanced Raman spectroscopy (SERS) (Lee et al., 2018; Zhou
et al., 2017). Currently, SERS strategy has attracted much attention in
biological analysis (Cialla-May et al., 2017; Jayanthi et al., 2017). On
the basis of its specific signal attainability, ultrasensitivity, rapidity,
small sample volume requirement, and nondestructivity, SERS has been
recognized as a promising strategy for miRNA detection (Lee et al.,
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2019; Su et al., 2017). However, most of SERS miRNA strategies are
focused on single response signal for determination (Driskell et al.,
2008; He et al., 2017; Pang et al., 2019), which can be easily inter-
rupted by the poorly reproducible and relative fluctuation SERS signal
originated from the interference of working conditions and surround-
ings like laser power, focusing depth, and surface roughness, and even
molecular structures, making it difficult to realize quantitative SERS
analysis (Bell and Sirimuthu, 2008; Meng et al., 2018; Zhang et al.,
2015b). The ratiometric SERS strategy for the detection of miRNA is
rare (He et al., 2019) and more ratiometric concepts may contribute to
improve the above-mentioned problems. Based on these situations, we
try to develop a ratiometric SERS assay for reliable, sensitive, and se-
lective detection of miRNA, which can correct the variations of Raman
signal to improve the accuracy and credibility. Traditional ratiometric
SERS strategies always employed two different signal probes to achieve
the quantitative detection of targets (Qin et al., 2019; Shi et al., 2017; Si
et al., 2018), which could improve the accuracy and reliability of SERS
system. Nevertheless, the usage of two probes usually suffered from
disadvantages such as time-consuming and complicated labeling pro-
cedures, and high-cost of reagents. The internal standard (IS) method
was considered as an effective ratiometric strategy for calibrating signal
fluctuation originated from the interference of measurement conditions
and samples (Shi et al., 2018; Song et al., 2018). Hence, it is attractive
to develop an IS-based ratiometric SERS assay for reliably and accu-
rately quantitative determination of miRNA.

Many amplification methods have been proposed to further improve
the sensitivity of miRNA detection, including hybridization chain re-
action (HCR) (Ge et al., 2014; Zhou et al., 2019a), rolling circle am-
plification (RCA) (Deng et al., 2014; Lu et al., 2018), nuclease-assisted
amplification (Bo et al., 2018; Xiao et al., 2018), and nanomaterial-
assisted assays (Azimzadeh et al., 2016; Chand et al., 2018) etc. Al-
though the sensitivity of these methods can be significantly improved,
they still have many limitations including expensive reagents, poor
reproducibility, complicated operation process, and susceptible to re-
action conditions etc. Recently, catalytic hairpin assembly (CHA) am-
plification was considered as a robust signal amplification strategy with
enzyme-free and simple isothermal DNA reaction. Moreover, CHA
amplification could achieve hundreds-fold catalytic amplification and
overcame the limitation of enzymatic amplification including specific
reaction conditions, complex operation, and the reaction time depen-
dent on enzyme activity etc. (Quan et al., 2015; Tang et al., 2018; Zhu
et al., 2019). However, the non-specific CHA products in the absence of
target usually results in a great background noise, which limits the
amplification efficiency to some extent. Ellington et al. (Jiang et al.,
2013b, 2014) first introduced the mismatched base pairs into the active
breathing site of the assembly hairpin probe 2 (H2), which could im-
prove the signal-to-background ratio.

In this work, a novel ratiometric SERS platform was developed for
sensitive and reproducible detection of miRNA-21 by coupling an IS
sensing strategy with the mismatched CHA amplification for the first
time. The Ag nanoparticles-decorated silicon wafer (AgNPs@Si) was
fabricated as SERS substrate, with modification of 4-aminothiophenol
(4-ATP, served as an IS) on the surface via Ag–S bonds for reliably
quantitative detection. Thiolated capture DNA probes containing the
sequence complementary to 3’ of hairpin probe 1 (H1) were im-
mobilized on the surface of AgNPs by Ag–S bonds. In the presence of
target miRNA-21, the CHA amplification could be initiated to form the
H1-miRNA-21 intermediate, and then catalyzed the dynamic assembly
of H1 and H2 to produce R6G-labeled H1–H2 complexes accompanying
with the release of miRNA-21. The released target miRNA-21 could
further trigger next cycle, promoting the CHA recycling assembly.
Subsequently, the R6G-labeled H1–H2 complexes were captured by the
capture DNA binding on the SERS substrate, which remarkably reduced
the distance between R6G Raman labels and the surface of SERS sub-
strate, producing strong R6G SERS signal. As a result, with the increase
of target miRNA concentration, the Raman intensity from R6G label

increased, whereas that from IS remained relatively unchanged, al-
lowing reliably and accurately quantitative detection of different levels
of target miRNA based on the ratiometric peak intensity of R6G label
and IS. On the basic of mismatched CHA signal amplification and ra-
tiometric strategy, a robust SERS platform was proposed for miRNA
determination with desirable sensitivity, selectivity, and reproduci-
bility, showing a great potential in medical research and early clinical
diagnosis.

2. Materials and methods

2.1. Chemicals and reagents

Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), silver ni-
trate, hydrogen peroxide (H2O2, ≥30%), hydrofluoric acid (HF, ≥
40%), sulphuric acid (H2SO4, 98%), 4-aminothiophenol were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All these reagents were used without further purification. Phosphate-
doped (p-type) silicon wafers (100, 0.01–0.05Ω sensitivity) were ob-
tained from Hefei Kejing Material Technology Co., Ltd. (Hefei, China).
All DNA oligonucleotides and miRNAs were synthesized and purified by
Takara Biotechnology Co. Ltd. (Dalian, China) and their sequences are
shown in Table S1. All miRNAs were diluted in DEPC-treated water to
appropriate concentrations to protect from RNase degradation. The TE
buffer (10mM Tris-HCl, 1 mM EDTA, pH 8.0), hybridization buffer
(TNaK buffer, 20mM Tris, 140mM NaCl, 40mMMg(Cl)2, 5.0 mM KCl,
pH 7.5), DEPC-treated water, DNA Marker (25–500 bp), 5×TBE buffer
(225mM Tris-Boric acid, 50mM EDTA, pH 8.0), and agarose were
bought from Sangon Biotech Co., Ltd. (Shanghai, China). RNase in-
hibitor was obtained from Takara Biotechnology Co. Ltd. (Dalian,
China). All solutions used in the experiment were prepared with ul-
trapure water (≥18.2MΩ cm, Milli-Q, Millipore).

2.2. Apparatus

The gel electrophoresis was conducted on an electrophoresis appa-
ratus (Tanon EPS 300, China) and imaged on a gel imaging analysis
system (Tanon 1600, China). The characterization of the as-prepared
SERS substrate was performed by a scanning electron microscopy
(SEM) (Zeiss GeminiSEM 300), and an atomic force microscopy (AFM)
(NaNoManVs). SERS spectra were collected using an EZRaman-M por-
table Raman spectrometer with 785 nm excitation wavelength He–Ne
laser (Enwave Optronics, Inc.).

2.3. Fabrication of the IS decorated AgNPs@Si chip

The AgNPs@Si SERS substrate was fabricated via in-situ growth of
AgNPs on a silicon wafer through an established HF-etching method.
The silicon wafer was first cleaned according to the reported method
(Chen et al., 2017; Wei et al., 2018). Afterwards, the cleaned silicon
wafer (0.5× 0.5 cm) was further immersed into 5% HF solution for
20min to obtain H-terminated silicon wafer covered by Si–H bonds.
Subsequently, the modified chip was immediately submerged into
AgNO3 solution containing 10% HF for 5min, making AgNPs in-situ
grow on the surface of silicon wafer through reduction reaction and
produce AgNPs-decorated silicon wafer (AgNPs@Si). The obtained
AgNPs@Si substrate was washed with ultrapure water for three times
and then the internal standard (IS) signal molecule of 4-ATP (0.5 μM)
was immobilized on the surface of AgNPs via Ag–S bond by incubation
for 1 h (IS-AgNPs@Si). The unbounded 4-ATP molecules were removed
by washing with deionized water for three times, and the IS-AgNPs@Si
chip was dried with a gentle flow of nitrogen.
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2.4. Preparation of ratiometric SERS platform based on mismatched CHA
signal amplification

The thiolated-capture DNA was first mixed with 5.0 mM TCEP in
10mM Tris, pH 8.0 and incubated at room temperature for 1 h. The as-
prepared IS-AgNPs@Si chip was immersed in the DNA assembly buffer
containing 1 μM capture DNA (10mM phosphate, pH 7.0) for 24 h at
room temperature to conjugate the capture DNA. Afterwards, the chip
was then treated with phosphate buffer containing 0.1M NaCl for 14 h
to ensure adequate self-assembly between thiolated-capture DNA and
AgNPs. Then, the treated chip was fully washed with 100mM PBS
buffer to remove excess DNA and then dried with nitrogen for further
measurement.

The CHA amplification system included two hairpin probes (H1 and
mismatched H2), TNak buffer, RNase inhibitor, DEPC-treated water and
different concentrations of miRNA. The final concentration of RNase
inhibitor reached 1 U. μL−1. After amplification for 90min, the pro-
ducts were injected to the IS-AgNPs@Si chip and hybridized with the
capture DNA immobilized on the chip for 30min at room temperature.

2.5. SERS measurements of target miRNA

SERS measurement was carried out on an EZRaman-M portable
Raman spectrometer with 785 nm excitation wavelength He–Ne laser at
25 °C. The acquisition time was 1 s with 3 rounds of accumulation. All
Raman spectra in this study were calibrated by the EZRaman-M Raman
software with Auto Base Line. Each sample measurement was con-
ducted at least for three times. Other several miRNAs were also mea-
sured as the same experimental conditions as target miRNA detection.

2.6. Gel electrophoresis analysis

To demonstrate the feasibility of CHA signal amplification, the se-
quences of DNA and products of the CHA reaction were analyzed by 5%
agarose gel in 1×TBE buffer at 140 V constant voltage for 20min. The
gels were visualized via Tanon 1600 gel image analysis system.

3. Results and discussion

3.1. Principle of SERS sensor

As we all known, colloidal Au/Ag NP-based SERS-active substrate,
which the SERS signal is obtained from the random aggregation of free
Au/Ag NPs, especially in the liquid phase, inevitably resulting in poorly
reproducible and relatively unreliable SERS signals (Li et al., 2010).
Comparing to free Au/Ag NP-based SERS substrates, silicon-based SERS
substrates including metallic nanoparticle-decorated silicon wafers, or
silicon nanowire arrays, simultaneously feature good uniformity, strong
SERS enhancement, superior sensitivity, and adaptable reproducibility
(Lin et al., 2017; Wang et al., 2016). Therefore, the AgNPs@Si was
fabricated as SERS-active substrate for constructing ratiometric SERS
biosensor. The principle of the mismatched CHA amplification coupling
with IS-based ratiometric SERS biosensor for sensitive and reliable
detection of miRNA-21 is illustrated in Scheme 1. As shown in Scheme
1a, the IS molecules are first immobilized on the AgNPs@Si surface via
Ag–S bonds, and then the thiolated-capture DNA is linked on the sur-
face of SERS substrate through Ag–S bond, which is called as AgNPs@Si
chip. The H1 and mismatched H2 are primarily treated with annealing
process for obtaining complete hairpin structures. As illustrated in
Scheme 1b, in the presence of target miRNA-21, the 3′-R6G labeled H1
hybridizes with target miRNA-21 partly to form dsDNA, which makes
the H1 unfold and the complementary sequence of H1 to another
hairpin DNA H2 expose. Subsequently, the exposed sequence of H1
hybridizes with mismatched H2 to form H1–H2 complexes and the
target miRNA-21 is released. More importantly, the liberated target
miRNA-21 is available for the next amplification circulation and can

unfold another H1 to initiate the assembly of H1 and H2 via CHA re-
action, resulting in forming many H1–H2 duplexes. In addition, as
shown in Scheme 1c, the R6G-labeled H1–H2 duplexes are captured by
capture DNA probes on the SERS substrate (the whole detection system
is called as SERS biosensor), which makes the Raman reporter R6G
close to the SERS substrate and the characteristic Raman signals of R6G
(e.g., Raman peaks at 1364 cm−1 and 1509 cm−1) generate, thus the
SERS intensity of R6G is strongly enhanced induced by the Ag NP
plasmon resonance and the silicon-assisted plasmon resonance. Mean-
while, the Raman signal intensity of 4-ATP at 1079 cm−1 remains re-
latively constant during this conversion process.

In this experiment, the signal of 4-ATP at 1079 cm−1 serves as an
ideal IS which can correct the fluctuations and achieve accurately
quantitative analysis, since: 1) the non-specific absorption of other in-
terfering materials can be effectively impeded when the surface of
AgNP is covered by a great quantity of 4-ATP molecules; 2) comparing
to the intensity of R6G, the 4-ATP locates in a non-interfering region
and provides an obvious response. Therefore, 4-ATP is expected to serve
as an ideal IS, realizing the reliably quantitative detection of target
miRNA-21 based on the SERS relative intensities (IR = I1364/I1079). As a
result, the value of IR continually increases with the increase of miRNA-
21 concentration. To the best of our knowledge, it is the first report of
ratiometric SERS biosensor based on mismatched CHA amplification for
the determination of miRNA.

3.2. Characterization of the AgNPs@Si chip

The morphology of the as-prepared AgNPs@Si chip was character-
ized by scanning electronic microscopy (SEM) and atomic force mi-
croscopy (AFM). First, SEM images of the AgNPs@Si chip prepared with
different concentrations of silver nitrate (AgNO3) are shown in Fig. 1(A-
E). It indicates that the AgNPs are prepared with different sizes and
morphology under different concentrations of AgNO3. The average sizes
of AgNPs were calculated to be ∼60, ∼90, ∼110, ∼130, and
∼140 nm for the AgNPs@Si prepared with AgNO3 concentrations of 1,
2, 3, 4, and 5mM, obtained by the random measurement of 300 AgNPs
in the corresponding SEM images. Specially, in the case of AgNO3

concentrations lower than 2mM, homogeneous nanoparticles with
smaller sizes about ∼60–90 nm are obtained (Fig. 1A and B). When the
AgNO3 concentration gradually increases, AgNPs become larger
(∼110–140 nm, Fig. 1C–E). These results indicate that the AgNPs
prepared with 3mM AgNO3 are distributed uniformly on the surface of
silicon wafer, signed as 3-AgNPs@Si. Moreover, it concludes that the 3-
AgNPs@Si SERS substrate includes Si and Ag element, which is con-
firmed by the EDX spectroscopy (Fig. 1G). The Si peak originates from
the silicon wafer, while the Ag peak is assigned to the element from
AgNPs. The result of EDX spectroscopy indicates that the 3-AgNPs@Si
chip contains Si and Ag in different ratios: ∼17.11% Ag in weight ratio
and ∼4.32% Ag in atomic ratio. Then, SERS measurements of different
AgNPs@Si chips are carried out using 4-ATP as the probe. As illustrated
in Fig. 1H, the Raman intensity of 4-ATP on the 3-AgNPs@Si is the
maximum, demonstrating that the prepared 3-AgNPs@Si is the best
SERS chip. Next, to investigate the reproducibility of 3-AgNPs@Si chip,
SERS mapping spectra of 4-ATP were obtained by collecting from 50
random spots on the surface of AgNPs@Si substrate (Fig. S1). The result
demonstrates that the spectra of 4-ATP are almost identical of 3-
AgNPs@Si chip with a small relative standard deviation (RSD) value of
∼15.1% (Raman intensity of 4-ATP at 1079 cm−1), suggesting the ro-
bust uniformity and reproducibility of Raman signals on the obtained 3-
AgNPs@Si chip. The prominent reproducibility of the SERS substrate is
attributed to the in-situ deposition of AgNPs on the silicon wafer, which
can tightly immobilize nanoparticles on the surface and effectively
prevent them from random aggregation.

Subsequently, the SERS performance of 3-AgNPs@Si chip was in-
vestigated. As shown in Fig. S2, the AgNPs@Si chip produces strong
Raman signal as high as ∼13 000 after modification of 10mM 4-ATP,

J. Chen, et al. Biosensors and Bioelectronics 143 (2019) 111619

3



Scheme 1. Schematic of the ratiometric SERS platform based on mismatched CHA amplification for quantitative detection of miRNA-21. (a) Fabrication of the IS-
AgNPs@Si SERS probe. (b) The miRNA-induced mismatched CHA amplification process. (c) The principle of ratiometric SERS biosensor for miRNA-21 detection.

Fig. 1. SEM images of AgNPs@Si chips prepared with different concentrations of AgNO3: (A) 1 mM, (B) 2 mM, (C) 3 mM, (D) 4mM, (E) 5mM. (F) AFM image of the
as-prepared AgNPs@Si chip with 3mM AgNO3 (3-AgNPs@Si chip). (G) The elemental ratio of 3-AgNPs@Si chip calculated by EDX spectroscopy. (H) SERS spectra of
10−5 M 4-ATP dispersed on the surface of different AgNPs@Si chips.
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while Raman signal intensity of 4-ATP dispersed on the naked silicon
wafer without AgNPs disposition is much weaker under the same ex-
perimental conditions. The SERS enhancement factor (EF) of as-pre-
pared AgNPs@Si SERS substrates are estimated to be ∼8.9× 105,
1.5× 106, 2.1× 106, 1.8× 106, and 1.1× 106 for the AgNPs@Si ob-
tained with different AgNO3 concentrations of 1, 2, 3, 4, and 5mM and
the detail calculation of EF is presented in Supporting Information. It
can be concluded the EF increases with the size of AgNPs and reaches
maximum when the AgNPs is ∼110 nm. With the increase of AgNO3

concentration, the nanoparticles aggregate and become in-
homogenously, which results in the decrease of EF. It is worthwhile to
point out that appropriate aggregation is benefit to create of “hot spots”
and enhancement of SERS signals, while severe aggregation is detri-
mental to reproducibility and enhancement of SERS (Jiang et al.,
2013a; Wei et al., 2013). This giant SERS enhancement may be from the
boiling electromagnetic field in hot spots that are produced by the ef-
fectively coupled between AgNP itself and interconnected AgNPs with
the semiconducting silicon wafer (Peng et al., 2010).

3.3. Design and validity of the mismatched CHA amplification system

In the mismatched CHA system, two component DNA hairpins (H1
and H2) were first analyzed by Oligo Analyzer 3.1 to predict their
conformations and other parameters (Fig. S3). The parameters are ΔG
(gibbs free energy), ΔS (entropy change), and ΔH (enthalpy change)
respectively. ΔH is used to identify that the reaction is exothermic or
endothermic. According to the Gibbs−Helmholtz (G-H) equation:
ΔG= ΔH – TΔS, the values of parameters including ΔG, ΔS, and ΔH are
lower, the hairpin structure designed in this experiment is more stable
and has rarely other secondary structure, which is beneficial for CHA
reaction to decrease the generation of large background signal (Datta
and LiCata, 2003; Li et al., 2016). According to the above-mentioned
principle and the sequence of miRNA-21, H1 and H2 are designed and
their structures are exhibited in Fig. S3. As shown in Fig. S3, the melting
temperature of H1 and H2 are 78.3 °C, and 75.2 °C respectively, which
are much higher than the reaction temperature (37 °C).

To further verify the CHA reaction, the products and sequences of
CHA reaction are featured using 5% agarose gel. As shown in Fig. 2, H1
and H2 maintain stable in the absence of target miRNA-21 (Lane 5),
indicating that the cross-reaction between H1 and H2 is negligible. The
target miRNA-21 can successfully unfold H1 in the absences of H2
(Lane 6). Upon addition of miRNA-21, a mixture of H1 and H2 appears
a new band (Lane 7), which coincides with that of annealed H1 and H2
product (Lane 8), suggesting the successful CHA reaction.

3.4. Optimization of experimental conditions

The performance of this ratiometric SERS platform can be

potentially influenced by the number of mismatched bases of H2, the
concentration ratio of H1 and H2, the CHA incubating time, and the
CHA incubating temperature. Different analytical conditions were in-
vestigated in this work. First, two hairpin probes (H1 and H2) in the
CHA amplification can possibly react non-specifically despite in the
absence of target, which decreases the signal-to-noise ratio (S/N).
According to the previous reports, the mismatched bases were executed
at the 3′ termini of H2 to reduce the background noise (Zhang et al.,
2015c). As shown in Fig. S4, the value of S/N increases with the in-
crease of mismatched base number of H2 up to 2, but the value of S/N
decreases with further increase of mismatched number. The reason is
that appropriate mismatched number of H2 in CHA system can reduce
the non-specific products, but excess mismatched number can interfere
in the CHA reaction. Therefore, double mismatched bases of H2 is
chosen in the following experiments. Second, the concentration ratio of
H1 and H2 is optimized. As shown in Fig. S5, the maximum value of
SERS relative intensities (IR = I1364/I1079) is achieved at 1:1, indicating
that 1:1 is the optimal concentration ratio of H1 and H2. In addition,
the effect of CHA incubating time is also investigated in Fig. S6. The
value of IR ascends with the increase of incubating time. While the
incubating time extends to 90min, the value of IR shows a stable trend.
Therefore, 90min is chosen as the optimal incubating time for CHA
amplification. Temperature is an important parameter of reaction ki-
netics and determines the probability of collision between the mole-
cules. In this experiment, incubating temperature is a critical factor that
influences the stability and interaction of hairpins. The H1 and H2 can
not obtain an adequate probability of collision that greatly decreased
the formation of H1–H2 duplexes at low temperature. On the contrary,
the specificity of this platform will be diminished by high incubating
temperature because the stability and integrality of hairpin probes are
related to temperature. In this work, experiments were conducted at
temperature ranging from 25 to 50 °C for optimization of the incubating
temperature. Experimental date is exhibited in Fig. S7 and the result
indicates that the value of IR reaches a peak value at 37 °C, suggesting
that 37 °C is the optimum incubating temperature.

3.5. Determination of miRNA-21

Under the optimal experimental conditions, this proposed ratio-
metric SERS platform was used to analyze different concentrations of
target miRNA. On one hand, a poor linearity between the logarithmic
concentration of miRNA-21 is obtained without correction by the SERS
signal of 4-ATP. The corresponding linear fitting with a low linear
correlation coefficient (R2) of 0.972 is displayed in Fig. S8. On the
contrary, with the increase of miRNA-21 concentration, the intensity of
the peak at 1364 cm−1 increases correspondingly, while the peak at
1079 cm−1 remains relatively unchanged (Fig. 3A), which causes the
ratiometric relative peak intensities IR to increase accordingly. As a
result, a good linearity between the logarithmic concentration of
miRNA-21 ranging from 10 fM to 100 nM with a R2 of 0.994 and the
normalized SERS intensity of R6G at 1364 cm−1 corrected by the SERS
intensity of 4-ATP at 1079 cm−1 is obtained as shown in Fig. 3B. The
result demonstrates 4-ATP is an ideal IS, which significantly improves
the accurately quantitative ability of the SERS sensor for the determi-
nation of target miRNA. The limit of detection (LOD) is estimated to be
3.5 fM (S/N=3) and the detail of LOD calculation method is listed in
the Supporting Information. It reveals that this developed platform is
efficient for reliably quantitative and sensitive detection of miRNA-21,
which is attributed to the employment of mismatched CHA amplifica-
tion and ratiometric SERS strategy. A comparison with other CHA-
based strategies for the detection of miRNA using different techniques
are shown in Table S2. Compared to most of other CHA-based methods,
the ratiometric SERS-based biosensor proposed in our work has a
comparatively lower or at least a similar detection limit. More im-
portantly, this developed method avoids sophisticated instrument,
providing an on-site, sensitive, and reliable approach for miRNA

Fig. 2. Gel electrophoresis of CHA amplification products using 5% agarose gel.
Lanes 1–8: DNA marker, miRNA-21, H1, H2, H1+H2, H1+miRNA-21,
H1+H2+miRNA-21, H1+H2 after annealing (the mixture was heated to 95 °C
for 10 min and gradually cooled to room temperature). The final concentration
of DNA was 1.0 μM.
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detection with a portable Raman spectrometer.

3.6. Selectivity of the miRNA assay

To further investigate the selectivity of the developed assay, three
kinds of interference sequences including miRNA-141, single-base
mismatched (SM) and three-base mismatched (TM) miRNA-21 were
added into the reaction system, respectively. As shown in Fig. 4A, the
spectra include the blank, miRNA-141, SM miRNA-21, TM miRNA-21,
target miRNA-21, and their mixtures, suggesting that the SERS signals
of miRNA-141, SM miRNA-21, and TM miRNA-21 are similar to that of
blank, while remarkable increase in the SERS signal can be found in the
presence of target miRNA-21. According to Fig. 4B, the values of IR of
CHA-based SERS biosensor incubated with miRNA-141 or TM miRNA-
21 are close to the blank. A slight increase of the IR value is observed
when the biosensor is incubated with SM miRNA-21. However, the
target miRNA-21, which the concentration is one hundred times lower
than the interference miRNAs, exhibits an obvious increased IR value,
demonstrating that the proposed sensing platform has feature of high
selectivity for miRNA-21 over other interference miRNAs.

3.7. Reproducibility

As we all known, the reproducibility of SERS signals is a significant
property for SERS sensing strategy. To investigate the reproducibility of

the ratiometric SERS biosensor in the determination of miRNA, the RSD
values of IR are calculated to be 2.85% in the detection of 1.0 pM
miRNA, which is obtained by collecting from 30 spots in a defined area
of 10×10 μm2 of the SERS mapping spectra (Fig. 5A), suggesting the
good uniform of the SERS substrate. Moreover, the reliability of the
proposed SERS sensor was evaluated via collection from ten different
SERS chips under the same experimental conditions (Fig. 5C). As shown
in Fig. 5D, the RSD of the values of IR is 3.73%, which exhibits good
reproducibility.

3.8. Stability

Furthermore, the developed biosensor remains available after 30
days storage at 4 °C. Although the intensities of SERS signal have ob-
vious changes, the value of I1364/I1079 has no evident change, indicating
that the proposed ratiometric SERS biosensor has good stability (Fig.
S9). The reason for the good stability of the developed strategy depends
mainly on that two Raman labels in the same environment have a si-
milar Raman signal enhancement, consequently, the I1364/I1079 value
can remain relatively stable.

3.9. Reusability

In addition to the sensitivity, selectivity, and stability of the miRNA
SERS biosensor, the reusability is significant in its practical

Fig. 3. Ratiometric SERS assay performance for miRNA-21 detection. (A) SERS spectra of the ratiometric biosensor with different miRNA-21 concentrations (10 fM-
100 nM). Background (BG) presents for distilled water. (B) The linear fitting of the SERS relative intensities (IR) vs. the logarithmic of miRNA-21 concentrations. Error
bars show the standard deviations of three independent assays.

Fig. 4. (A) SERS spectra and (B) the value of IR (I1364/I1079) respectively responding to (a) blank, (b) miRNA-141, (c) single-base mismatched miRNA-21, (d) three-
base mismatched miRNA-21, (e) target miRNA-21, and (f) a mixture of all four miRNAs. Error bar represents the standard deviation of measurement taken from three
different experiments. The concentrations of SM miRNA-21, TM miRNA-21, and miRNA-141 are 100 nM, while the concentration of target miRNA-21 is 1.0 nM.
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applications. Fortunately, the developed ratiometric SERS biosensor has
a good reusability upon supplementation of target miRNA to forming
R6G-labeled H1–H2 complexes. As shown in Fig. S10a, after washing
with water once, the washed capture DNA-SERS probe was then applied
into another round of detection. Fig. S10b exhibits three-cycles Raman
spectra of the ratiometric SERS biosensor in the detection of 1.0 nM
miRNA. During each cycle, the Raman intensity of R6G at 1364 cm−1

sharply decreased when washed with water, while its intensity readily
recovered almost to the initial state after addition of the miRNA-as-
sisted CHA product. The RSD value of the ratiometric SERS signals is
4.1% within three cycles (Fig. S10c), indicating the good reusability of
the proposed ratiometric SERS biosensor.

3.10. Biological real sample analysis

The validity of our biosensor was investigated in total RNA extracts
from three human cancer cell lines, including the human breast cancer
cell lines (MCF-7), mammary epithelial cell lines (MCF-10A), and cer-
vical cancer cell lines (Hela). The relative expression levels of miRNA-
21 in those three cell lysate samples were detect using the developed
method and the quantitative real-time polymerase chain reaction (qRT-
PCR), respectively. The results indicated that the determined relative
expression levels of miRNA-21 in the three cell lysates were consistent
with those achieved employing qRT-PCR (see Fig. S11 in the Supporting
Information). Moreover, these results also revealed that MCF-7 cell
lines had higher miRNA-21 expression level than MCF-10A and Hela
cell lines, which was in good agreement with previous report (Lu et al.,
2005). In addition, different concentrations of miRNA-21, which were
spiked into the MCF-10A cell lysates, were also effectively measured by
our developed strategy. The experimental dates exhibited in Table S3

show good recovery rates of standard addition from 97.3% to 105.1%.
Moreover, to further demonstrate the capacity of the developed bio-
sensor applied in tumor cell extractions analysis, human lung adeno-
carcinoma cell line (A549) was used to measure the expression of
miRNA-21 and the results are shown in Fig. S12A. It is evident that the
increasing number of A549 tumor cells (from 102 to 106) results in a
gradual increase in the value of IR. By plotting the logarithm of the
number of A549 cells vs. the value of IR (Fig. S12B), a linear equation of
FX (R2= 0.994) can be achieved, and the detection limit for the A549
cancer cells is estimated to be 67 cells. These above results demonstrate
that this developed sensing platform holds great potential in real bio-
logical samples with great accuracy and reliability for the analysis of
miRNA-21.

4. Conclusions

In summary, an enzyme-free ratiometric SERS biosensor based on
mismatched CHA amplification system has been developed, allowing
sensitive, selective, and reliable determination of miRNA. The enzyme-
free CHA reaction overcame the defects of traditional enzyme-based
amplification and decreased the background signal of CHA system by
introducing mismatched base pairs in H2. Furthermore, the IS-based
ratiometric strategy with one Raman probe can significantly improve
the accuracy and reliability of the SERS biosensor. Taking advantages of
the ratiometric SERS probe and mismatched CHA signal amplification,
a LOD of 3.5 fM for target miRNA-21 has been achieved with a wide
linear range. However, because the developed strategy involves a por-
table Raman instrument and multiple reactions, the sensitivity may be
sacrificed to some extent and longer times are needed. Nonetheless, this
method obtains excellent reproducibility and selectivity with the

Fig. 5. (A) SERS mapping spectra of the ratiometric SERS biosensor in the detection of 1.0 pM miRNA and (B) corresponding histogram for the value of IR (I1364/I1079)
collected from 30 different spots in a defined area of 10× 10 μm2. (C) SERS spectra and (D) histogram for the value of IR from 10 different SERS substrates.
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capability of distinguishing single-base mismatch, which holds great
application prospects in disease diagnosis and biosensing. By adjusting
the sequences of CHA components, our developed platform may be
extended to the determination of various targets and presents a general
avenue to propose distinct SERS biosensors for different applications.
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