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g r a p h i c a l a b s t r a c t
� A simple and enzyme-free surface
plasmon resonance imaging (SPRi)
biosensor was developed for micro-
RNA detection.

� The excellent signal amplification
efficiency was achieved by catalytic
hairpin assembly and spherical
nucleic acid.

� The designed SPRi biosensor showed
wide detection range of 4 orders
magnitude and low limit of detection
of 53.7 fM.

� The method could distinguish mem-
bers of homologous microRNA fam-
ilies, even with single base
differences.
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MicroRNAs (miRNAs), considered as therapeutic targets and biomarkers, play important roles in bio-
logical processes. Herein, an enzyme-free surface plasmon resonance imaging (SPRi) biosensing method
has been developed for miRNA detection based on catalytic hairpin assembly and spherical nucleic acid.
The hairpin H1 tethered on the surface of the sensor chip is unfolded by miRNA, and then the hybridized
miRNA is released through the displacement of the hairpin H2 for the successive hybridization and
assembly process. The emerging DNA fragments on the sensor chip surface after hairpins assembly are
further used to hybridize with spherical nucleic acid, inducing a remarkably amplified SPR signal. This
biosensing method is highly sensitive to miRNA with a detection limit of 53.7 fM and a linear range of 4
orders of magnitude. Moreover, the biosensor demonstrates good specificity and has the ability to
distinguish members of homologous miRNA family even with single base differences. Thus, the SPRi
biosensing method may hold a great promise for further application in early clinical diagnosis.

© 2020 Elsevier B.V. All rights reserved.
gshijia@163.com (S. Ding).

mailto:lijianbo@cqmu.edu.cn
mailto:dingshijia@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2020.02.055&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2020.02.055
https://doi.org/10.1016/j.aca.2020.02.055
https://doi.org/10.1016/j.aca.2020.02.055


X. Wei et al. / Analytica Chimica Acta 1108 (2020) 21e2722
1. Introduction duplex is further utilized to hybridize with spherical nucleic acid,
MicroRNAs (miRNAs) are a large family of non-protein coding
RNA molecules which play important roles in post-transcriptional
regulation of genes and biological processes [1]. Evidences have
suggested that the abnormal expression of miRNAs is closely
related to the cancer occurrence and development [2,3]. Thus,
developing highly sensitive miRNA detection method is of great
significance for the early diagnosis of cancer. However, the intrinsic
characteristics of miRNAs, such as small sizes, sequence homology,
low concentration, and easy to degrade, seriously challenge routine
techniques [4e7], therefore encouraging researchers to develop
new biosensor techniques to meet the requirement of clinical
diagnosis.

Surface plasmon resonance imaging (SPRi) biosensor, moni-
toring the change of optical refractive index near the thinmetal film
that occurs during the complex binding or dissociation processes of
biological molecules, has been ameliorated to detect small mole-
cules, proteins and nucleic acids [8]. Unlike other biosensors that
always require additional tagging procedure, such as fluorescence
[9], electrochemistry [10], and electrochemiluminescence [11]. SPRi
biosensor is endowed with tremendous advantages, including
label-free, real-time monitoring and high-throughput. To highly
sensitive detect interesting clinical biomarkers with lowabundance
in complex biological samples, plenty of amplification strategies
have been proposed by improving the mass of material that binds
to SPRi sensor chip [12].

For one thing, isothermal amplification strategies, which ach-
ieve the goal that one target can rapidly generate numbers of
products, are becoming significant approaches in facilitating the
sensitivity of miRNAs detection [13]. However, enzyme-based
amplification methods not only increase the cost of testing but
also require strict control of reaction conditions, thus limiting the
further clinical application [14]. Recently, enzyme-free amplifica-
tion strategies, including catalytic hairpin assembly (CHA) [15],
hybridization chain reaction (HCR) [16], and entropy-driven reac-
tion [17], have been developed to solve the limitations brought by
enzyme-based amplification methods. In particular, CHA has
demonstrated to be a powerful signal amplification method due to
rapid turnover rates that lead to high sensitivity and low back-
ground associated with the target-specific reactions [18]. Taking
these merits together, CHA has been widely applied for the detec-
tion of various biomarkers [19]. Nevertheless, to our knowledge,
integration CHA into SPRi biosensor has not been reported.

For another thing, nanomaterials have also been used to develop
novel SPRi biosensor [20,21]. Among them, spherical nucleic acid
has gained much more attention, due to the characteristic nano-
structure of nucleic acid shell and AuNP core. AuNP core not only
possess large surface areas that provide numbers of loading sites,
but can protect nucleic acid from degradation in complex envi-
ronments [22]. Besides, the nucleic acid shell can prevent AuNP
from aggregation and improve the specificity of biosensor by ac-
curate recognizing receptor via strict base paring [23]. Moreover,
the localized surface plasmon wave of the AuNP core enables SPRi
biosensor to significantly improve sensitivity [24]. Thus, spherical
nucleic acid is regarded as ideal signal amplification nanomaterial,
especially for SPRi biosensor.

Herein, a simple, enzyme-free and sensitive SPRi biosensor was
developed for miRNA detection based on catalytic hairpin assembly
and spherical nucleic acid. The hairpin probe tethered on the sensor
chip is triggered by target miRNA. With the involvement of hairpin
probe 2 (H2), the target miRNA can be replaced and then released
for the subsequent assembly process, resulting in the formation of
numerous H1eH2 duplexes. The emerging free end of H1eH2
leading to a remarkably amplified SPR signal. Owing to the excel-
lent signal amplification ability of catalytic hairpin assembly and
spherical nucleic acid, the proposed method showed high sensi-
tivity for miRNA detection. Moreover, this method is qualified to
distinguish members of homologous miRNA families, even with
single base differences. And it is successfully used for miRNA
analysis in complex biological sample, proposing an alternative
miRNA quantification method for early clinical diagnosis.

2. Experimental section

2.1. Reagents and materials

6-Mercapto-1-hexanol (MCH) was obtained from Sigma-Aldrich
(St. Louis, USA). Tris (2-carboxyethyl) phosphine (TCEP) was pur-
chased from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). HAuCl4$4H2O was obtained from Sinopharm Chem Co., Ltd
(Shanghai, China). Triton X-100, bovine serum albumin (BSA),
diethylpyrocarbonate (DEPC) were purchased from Sangon
Biotechnology Co., Ltd (Shanghai, China). Fetal bovine serum was
obtained from BBI Life Sciences Corporation (Shanghai, China).
Gelred nucleic acid stain was purchased from SenBeiJia Biological
Technology Co., Ltd (Nanjing, China). The gold sensor chip that
possessed twenty detection spots was provided by University of
California. All aqueous solutions were prepared by aMilliporeMilli-
Q gradient ultrapure water system (Millipore, MA).

The HPLC-purified oligonucleotide sequences were obtained
from Sangon Biotechnology Co., Ltd (Shanghai, China) and listed in
Table S1. DNA hybridization was conducted in 10 mM Tris-HCl
(500 mM NaCl, 1 mM MgCl2, pH 7.4) and the miRNA hybridiza-
tionwas conducted in Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM
EDTA, pH 8.0). The running buffer (pH 7.4) contained 30 mM so-
dium phosphate, 3 mM EDTA, 450 mM NaCl, and 0.25% Triton X-
100. The hairpin probes were incubated at 95 �C for 10 min and
then slowly cooled to room temperature.

2.2. Apparatus

A home-built surface plasmon resonance imaging (SPRi) sensing
platform was used for SPRi measurements. The structure of the
platform was described in Supporting Material. UVevis absorption
spectra were recorded with a UV-2550 spectrophotometer (Shi-
madzu, Japan). Transmission electron microscopic (TEM) image
was conducted by an H-7500 transmission electron microscope
(Hitachi, Japan). The gel electrophoresis was performed on the DYY-
6C electrophoresis analyzer (Liuyi Instrument Company, China) and
visualized on Bio-Rad ChemDoc XRS (Bio-Rad, USA).

2.3. Preparation of spherical nucleic acid

The preparation of spherical nucleic acid was performed ac-
cording to the method described in the previous literature with
slight modification [25]. The preparation procedures were depicted
in Supporting Material.

2.4. Sensor fabrication

All detection spots of the gold sensor chip were firstly washed
with acetone, ethanol and ultrapure water for 3 min, then cleaned
with fresh piranha solution (H2SO4 and H2O2 at a volume ratio of
7:3) for 10 min to remove surface organic impurities, then thor-
oughly rinsed with ultrapure water and dried under nitrogen. The
immobilization of thiolated hairpin probe on the gold sensor chip
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was conducted in KH2PO4 (1 M) solution containing 2 mM hairpin
probe at 4 �C overnight. Subsequently, the gold sensor chip was
washed by ultrapurewater and treatedwith 1mMMCH and 1% BSA
for 1 h, respectively, to prevent non-specific adsorption, finally,
rinsed with ultrapure water and dried under nitrogen.

2.5. Target-induced catalytic hairpin assembly

Generally, 50 mL of different concentrations of let-7a miRNAwas
dropped onto the gold sensor chip for hybridization with the
thiolated hairpin probe H1, and incubated at 37 �C for 2 h. Then the
gold sensor chip was rinsed with ultrapure water and dried by
nitrogen. After that, 50 mL Tris-HCl solution (10 mM) containing
2 mMH2 was dropped onto the gold sensor chip for target-induced
catalytic hairpin assembly and incubated at 37 �C for another 2 h.
Finally, the gold sensor chip was rinsed by ultrapurewater and then
dried under nitrogen before the SPRi measurement.

2.6. SPRi measurement

The prepared gold sensor chip was installed on the SPRi in-
strument. When the sensing signal reached a steady state, the
spherical nucleic acid dispersed to 400 mL with running buffer was
injected into the flow cell at the rate of 10 mL/min. Owing to
different injection time points, the starting times of SPR response
signals were discrepant. Then the gold sensor chip was rinsed with
running buffer at the rate of 50 mL/min to remove the uncombined
analytes. For all the experiments, the temperature was set to
25 ± 1 �C. The developed SPRi biosensor could monitor simulta-
neously twenty spots with same reaction in a measurement. The
real-time data was recorded by a home-built SPRi platform.

2.7. Gel electrophoresis

To assess the feasibility of catalytic hairpin assembly, a 3%
agarose gel electrophoresis experiment was performed at 110 mV
in 1 � TBE buffer (90 mM Tris-HCl, 90 mM boric acid, 2 mM EDTA,
pH 7.9) for about 39 min. The gel was imaged by Bio-Rad ChemDoc
XRS.

3. Results and discussion

3.1. Design of the SPRi biosensor

The principle of the proposed SPRi biosensing method for
miRNA detection is shown in Scheme 1. In this work, two hairpin
probes hairpin 1 (H1) and hairpin 2 (H2) are employed. In the
absence of target let-7a miRNA, due to the combination of self-
complementary sequences, two hairpin probes do not interact
with each other and form a stable stem loop structure. The gold
sensor chip is firstly modified with the thiol group functionalized
H1 by AueS interaction. In the presence of target let-7a miRNA,
target let-7amiRNA can hybridizewith H1 (a, in red) and unfold the
hairpin structure of H1 by a toehold mediated strand displacement
reaction [26]. The exposed sequence (b, in green) of H1 can bind
with H2 (b*, in purple) by the branch migration process to form a
H1: H2: miRNA complex [27]. After that, the target let-7a miRNA
will dissociate from the H1: H2 duplex owing to the inherently
unstable state of H1: H2: miRNA complex. The liberated target let-
7a miRNA is allowed to continuously trigger catalytic hairpin as-
sembly to form the H1eH2 duplex, resulting in the generation of
numerous H1eH2 duplexes on the gold sensor chip. Finally, the free
end of H1eH2 duplex (c, in black) on the gold sensor chip can
further hybridize with the spherical nucleic acid for signal ampli-
fication and monitored in real time by SPRi instrument.
3.2. Feasibility of the developed biosensor

The reaction pathways of catalytic hairpin assembly are
confirmed by 3% agarose gel electrophoresis analysis experiments.
As shown in Fig. 1B, although H1 (lane 3) and H2 (lane 4) contain
complementary sequences, there is no change of the band posi-
tions in the mixture (lane 6), indicating that the hairpin probes
form a sufficiently stable stem-loop structure. Similarly, the
electrophoretic migration of a new band is slower than H1, indi-
cating that H1 has a good ability to recognize the target miRNA
(lane 5). When target miRNA was mixed with H1 and H2, a new
band appears at shorter electrophoresis distance, which confirms
the formation of H1eH2 duplexes (lane 7). These results clearly
demonstrate that catalytic hairpin assembly can be initiated by
the target miRNA and later on give rise to abundant assembly of
H1eH2 duplexes.

AuNPs and spherical nucleic acid were characterized by TEM
and UVevis absorption spectra, respectively (Fig. S1). To further
confirm the feasibility of catalytic hairpin assembly combined with
spherical nucleic acid for target miRNA detection, SPRi measure-
ments were performed and shown in Fig. 1A. Minimal SPR sensing
signal was observed in the absence of the let-7a miRNA, demon-
strating that no H1eH2 duplex capable of hybridizing to spherical
nucleic acid was assembled due to the hairpin structure of the
hairpin probe being intact. Compared with the presence of target
miRNA, with the introduction of spherical nucleic acid, the SPR
sensing signal showed a significant increase, which was attributed
to the formation of a great deal of H1eH2 duplex initiated by the
target miRNA and the excellent SPR signal enhancement capability
of the AuNPs.△RU represented the SPR total response signal which
was applied for subsequent evaluation of the detection perfor-
mance. These results clearly demonstrate the feasibility of the
proposed enzyme-free SPRi biosensing method for let-7a miRNA
detection.

3.3. Optimization of the experiment conditions

In order to improve the detection sensitivity and efficiency of
the biosensor, experimental parameters such as the concentration
of H1 and the reaction time of H1 and H2 were optimized. The
H1eH2 duplex assembled on the gold sensor chip would hybridize
with spherical nucleic acid, so its density has a great effect on the
SPR sensing signal. The SPR responses of different immobilization
concentrations of H1 (0.5e2.5 mM) toward 10 pM target miRNA
were firstly investigated. As shown in Fig. 2A, the SPR response
increased with an increase in the immobilization concentration of
H1 before 2 mM. As the immobilized concentration was further
increased, the SPR response decreased slightly, which may be due
to the greater steric hindrance effect and limited target hybridiza-
tion efficiency. Thus, 2.0 mM was used as the optimal immobiliza-
tion concentration for the subsequent miRNA detection. The
hybridization time of H1 and H2 was further investigated and
depicted in Fig. 2B, with the reaction time increased gradually, the
SPR response rose accordingly and tended to reach the plateau at
2 h. Therefore, we chose 2 h as the optimal reaction time for the
detection of miRNA.

3.4. Analytical performance of SPRi biosensor

Under the optimal experimental conditions, the quantification
of target miRNA based on catalytic hairpin assembly and spherical
nucleic acid was investigated. As shown in Fig. 3A, the SPR
response was measured at different concentrations of the target
miRNA. In the absence of target miRNA (a, in black) and, spherical
nucleic acid cannot bind to the gold sensor chip due to the



Scheme 1. Schematic illustration of the SPRi biosensing method.
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unsuccessful formation of H1eH2 duplexes, resulting in a negli-
gible SPR signal compared to the original stable baseline. At low
level of target concentration (<0.1 pM), the SPR signal showed a
negligible increase, due to the fact that the lower target could not
drive catalytic hairpin assembly effectively. With the concentra-
tion of target miRNA increased (0.1 pMe1500 pM), the SPR signal
response gradually increased, indicating the formation of the
H1eH2 duplexes and the signal enhancement by spherical nucleic
acid. In addition, the signal did not increase with further
Fig. 1. A. SPR sensorgrams corresponding to a blank reaction and spherical nucleic acid-inte
assembly. DNA ladder markers (lane 1), let-7a miRNA (lane 2), H1 (lane 3), H2 (lane 4), H1
increasing concentration (>1500 pM). It may be that the materials
loaded on the surface of the gold film were saturated. The SPR
signal response of designed biosensor was correlated with the
target miRNA concentration (Fig. 3B). The calibration curve of SPR
signal response showed a good linearity with the logarithm of
target miRNA concentration from 0.1 pM to 1500 pM. The linear
range of the proposed method was wider than that of surface
plasmon resonance based on streptavidin functionalized gold
nanorods-assisted signal amplification strategy (0.1 pMe100 pM)
grated catalytic hairpin assembly. B. The gel electrophoresis results of catalytic hairpin
þlet-7a (lane 5), H1þH2 (lane 6), H1þH2þlet7a (lane 7).



Fig. 2. Optimization of experimental parameters. A. Evaluation of the concentration of H1. B. Evaluation of the hybridization time of H1 and H2. All data expressed as
mean ± standard variation (n ¼ 3).
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[28]. The regression equation was Y ¼ 34.917 log C (fM) - 55.663
and the correlation coefficient was 0.991, where Y represents the
SPR response signal and C represents the concentration of let-7a
miRNA. The detection limit was calculated to be 53.7 fM, which
was much lower than 45 pM of functional nucleic acid-based
amplification machine SPRi method and 0.5 pM of enzyme-free
single nanostructured enhancer SPRi method [29,30]. Compared
with other reported methods for miRNA detection (Table 1), the
proposed method showed high sensitivity and desirable linear
range for miRNAs detection, attributing to the high amplification
ability of catalytic hairpin assembly and excellent SPR signal
enhancement by spherical nucleic acid.
Fig. 3. A. SPR sensorgrams for detection of let-7a at 0, 0.01, 0.1, 1, 10, 100, 1000, 1500, 500
calibration curve. All data expressed as mean ± standard variation (n ¼ 3).
3.5. Specificity and reproducibility of SPRi biosensor

The specificity assessment of the proposed method is essential
due to the sequence homology among different miRNAs in the
same family. To evaluate the specificity of the designed SPRi bio-
sensing method, a number of let-7 family members (let-7a-f) with
homologous sequences of only 1e2 nucleotide differences were
tested. Fig. 4 shows the comparison of the SPR signal responses of
the let-7a miRNA, the blank and the other let-7 family members
with the same concentration of 10 pM. Only let-7a causes signifi-
cantly increased SPR signal response and other let-7 family mem-
bers can be clearly discriminated from let-7a even with only 1e2
nucleotide differences. Therefore, the proposed SPRi biosensor
0 pM (from a to i). B. Plot of SPR signal response versus let-7a concentration. Inset:



Table 1
Comparison of our strategy with other methods in miRNA detection.

Detection platform With/without enzyme Amplification strategy Linear range Testing time LOD

SPRi Enzyme-based amplification Functional nucleic acid-based amplification 0.02 nMe10 nM 75 min 45 pM [29]
This work Catalytic hairpin assembly and spherical nucleic acid 0.1 pM-1.5 nM 50 min 53.7 fM

Fluorescence Enzyme-based amplification Duplex-specific nuclease signal amplification 1 pM-100 nM 30 min 100 fM [31]
Enzyme-free amplification FRET between silver nanoclusters and CdTe 5.0 pM-50 nM 60 min 1.2 pM [32]

Electrochemistry Enzyme-based amplification Two-stage cyclic enzymatic amplification 1 fM-100 pM 180 min 0.36 fM [33]
MNAzyme-mediated rolling circle amplification 10 fM-1 nM 210 min 1.66 fM [34]

SPR Enzyme-free amplification graphene oxide-gold nanoparticles composites amplification 0.1 pM - 2.0 nM 60 min 0.1 fM [35]
multiple signal amplification strategy 205 min 0.6 fM [36]
gold nanoparticles-decorated molybdenum sulfide 110 min 0.5 fM [37]
Streptavidin functionalized gold nanorods 0.1 pMe100 pM 45 min 45 fM [28]

FRET: fluorescence resonance energy transfer; MNAzyme: multi component nucleic acid enzyme.

Fig. 4. SPR sensorgrams and SPR signal response corresponding to various miRNAs (10 pM). All data expressed as mean ± standard variation (n ¼ 3).
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exhibited good specificity for let-7a miRNA detection. This is
because the sufficiently stable stem-loop structure of H1 and H2
which can only be unfolded by the target miRNA to form the
H1eH2 duplex. To further assess the reproducibility of the pro-
posed SPRi biosensing method, five replicate measurements were
conducted for 1 pM target let-7a miRNA. The coefficient of varia-
tions was 8.71%, which demonstrated good reproducibility of this
method.

3.6. Recovery experiment

The ability to be applied in complex matrix of the method was
investigated by testing miRNA in 10% diluted fetal bovine serum.
Briefly, Different concentrations of the let-7a miRNA were mixed
into 10% diluted fetal bovine serum for detection. The recovery was
evaluated to be 102e109% (Table S2), indicating that the analytical
performance of the SPRi biosensingmethodwas not undermined in
complex matrix. Therefore, the designed SPRi biosensing method
may provide a potential tool for miRNA detection in biological
samples.

4. Conclusions

In summary, an enzyme-free and label-free SPRi biosensing
method was established for highly sensitive and specific detection
of target miRNA based on catalytic hairpin assembly and spherical
nucleic acid. The combination of catalytic hairpin assembly and
spherical nucleic acid significantly enhanced the detection sensi-
tivity of the method to let-7a miRNA with a limit of detection at
53.7 fM. The catalytic hairpin assembly provided a highly amplified
efficiency and excellent specificity to distinguish members of ho-
mologous miRNA families without the participation of enzymes.
Furthermore, the developed biosensing method could also be
applied to detect let-7a miRNA in complex matrix. Therefore, this
SPRi biosensor strategy offers a potential alternative for the quan-
tification of miRNA in biomedical research and early clinical
diagnosis.
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