
Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

In situ template generation of silver nanoparticles as amplification tags for
ultrasensitive surface plasmon resonance biosensing of microRNA

Xin Wang, Ting Hou, Haiyang Lin, Wenxin Lv, Haiyin Li∗∗, Feng Li∗

College of Chemistry and Pharmaceutical Sciences, Qingdao Agricultural University, Qingdao, 266109, People's Republic of China

A R T I C L E I N F O

Keywords:
Silver nanoparticles
Surface plasmon resonance
In situ generation
Amplification tags
miRNA

A B S T R A C T

Surface plasmon resonance (SPR) biosensing strategies have drawn substantial attention due to their advantages
of label free, real time, and high performance, but complicated modification procedures and strict reaction
conditions of amplification tags associated with current SPR biosensors hinder their potential utilizations.
Herein, an in situ prepared AgNPs-based SPR biosensor for MicroRNA (miRNA) sensitive detection was devel-
oped based on hybridization chain reaction (HCR) without the biomodification on amplification tags. The target
miRNA initiated the HCR of the hairpin probes to generate long double strand DNA (dsDNA) chains that were
immobilized on SPR disk. Thus, with Ag+ intercalating into dsDNA chains, large numbers of AgNPs generated
after NaBH4 reduction, resulting in the significantly elevated SPR angle. Further, the SPR angle is positively
proportional to target miRNA concentrations. As a result, the in situ generated AgNPs-based SPR biosensor
realized exceptional let-7a detection with linear range of 0.001–0.1 pM and detection limit (LOD) of 0.35 fM,
lower than that of other SPR biosensors that used modifiable amplification tags. Featured with the modification-
free characteristic and excellent performance, the proposed strategy provides new way for ultrasensitive de-
tection of miRNA, and allows to detect other biomarkers by simply verifying the target responsive substances,
and thus has a great potential for health and early disease diagnosis.

1. Introduction

MicroRNAs (miRNAs), as endogenous and non-coding RNAs, can
selectively bind to messenger RNAs to regulate the gene expression, and
have been proved to be closely relevant with cancer, neurodegenera-
tion, hepatitis, and other diseases (Causa et al., 2015; Plotnikova et al.,
2014; Yan et al., 2017). In view of this, it is highly desirable to propose
sensitive miRNAs strategies for disease diagnosis and treatment (Kelnar
et al., 2014; Li et al., 2018a). Nevertheless, their small size, easy de-
gradation, sequence homology, and low expression level make miRNAs
sensitive quantitation disadvantageous using traditional techniques (Li
et al., 2018b). From this context, novel techniques for miRNAs sensitive
detection is in eager need (Chang et al., 2019; Ki et al., 2017; Masud
et al., 2017; Park and Yeo, 2014). Among them, surface plasmon re-
sonance (SPR) technique has drawn much more research attention due
to the intrinsic features of real time, label free, and high sensitivity
(Nguyen et al., 2015; Zeng et al., 2014; Zhou et al., 2018). For example,
Thierry et al. realized the ultrasensitive SPR detection of miRNA based
on an antibody conjugated gold nanoparticles (Yang et al., 2017). Lou
et al. reported an ultrasensitive SPR PrPSc assay through using magnetic

nanoparticle as signal amplification tag (Lou et al., 2017). Despite the
enhanced sensing performance, the aforementioned SPR biosensors all
needed the modification on the amplification tags surface using bio-
molecules (Gandhiraman et al., 2011; Kobori et al., 2004; Li et al.,
2017a; Wolf et al., 2005; Zubritsky, 2000), which was subject to some
problems: 1) the modification procedures are time-consuming, com-
plex, and costly; 2) the modification procedures and the steric hin-
drance of amplification tags may deactivate the immobilized molecules;
3) the reaction conditions are restrict, and easily make the amplifica-
tion tags agglomerated (Qian et al., 2018; Wang et al., 2016; Li et al.,
2017b). For the sake of addressing the issues above, we, herein, de-
veloped a novel SPR biosensor for miRNA ultrasensitive biosensing
without the need to modify the amplification tags surface with bio-
molecules.

Recently, more and more evidences have demonstrated that the
application of deoxyribonucleic acids (DNA) as templates is one of the
most effective tools available for in situ generation of metal nano-
particles (Chen et al., 2012; Mehrgardi and Ahangar, 2011; Yang et al.,
2015). Phosphate and amino groups are abundant in DNA, and con-
tributed to binding to metal ions (Ag+, Pd2+, Cu2+, etc) with high
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affinity (Cunningham et al., 2015; Lin et al., 2011a; Luo et al., 2015; Ma
et al., 2017; Tian et al., 2010; Zhou et al., 2017a). These binding metal
ions could be reduced to metal nanoparticles along with the dsDNA
skeletons (Yang et al., 2015; Zhou et al., 2017b), which have been
widely applied in sensitive analysis of L-cysteine (Lin et al., 2011b),
carcino-embryonic antigen (CEA) (Zhou et al., 2017a), Cyclin-D1 (Zhou
et al., 2017b), and miRNAs (Xia et al., 2014; Yang et al., 2015). For
example, using DNA templates, in situ prepared Pd nanoparticles were
applied in development of electrochemical biosensor for sensitive de-
tection of CEA (Zhou et al., 2017a); in situ prepared Ag nanoparticles
were utilized to develop fluorescent biosensor for sensitive detection of
biothiols (Chen et al., 2012). Besides, these metal nanoparticles were
reported to enjoy high refractive index (Liu et al., 2015, 2017), which
make for the SPR angle effectively increasing. Taking account of these
fascinating properties, we have reasons to believe that in situ template
formation strategy appears to be the best candidate for developing ul-
trasensitive SPR biosensor that avoids the biomolecules modification on
amplification tags surface. Unfortunately, as far as we are considered,
using DNA templates, in situ prepared metal nanoparticles have not
been applied in SPR assays to amplify the signal.

Herein, we developed an in situ prepared Ag nanoparticles (AgNPs)-
based SPR biosensor for ultrasensitive detection of miRNA based on
target-initiated hybridization chain reaction (HCR). AgNPs have high
real part and low imaginary part in dielectric constants (Meng et al.,
2018; Ocsoy et al., 2013), and thus would significantly increase the SPR
angle when they were immobilized on SPR disk. HCR is one of the most
commonly used amplification techniques (Li et al., 2012, 2018b; Yao
et al., 2015), and can achieve the improved sensing performance via the
formation of large amounts of dsDNA. In addition, it can be carried out
under mild conditions and does not need any enzymes. So, it is very
interesting to realize SPR signal amplification via the combination of
HCR and AgNPs. In this strategy, three DNA probes (ON1, ON2, and
ON3) were elaborately designed so that they could capture target
miRNA and subsequently the HCR was triggered to generate substantial
dsDNA on the SPR disk. Moreover, in-depth researches have suggested
that long dsDNA were favorable for in situ template generation of
AgNPs compared with short ssDNA/dsDNA. If target miRNA is absent,
ON2 and ON3 co-existed in the reaction solution, with only few dsDNA
linked to SPR disk, and thus hardly any AgNPs generated along with the
DNA skeletons, subsequently leading to small SPR angle change. The
response of the DNA probes to target miRNA autonomously triggers the
HCR to generate a long chain of dsDNA immobilized on SPR disk. As a
result, with Ag+ intercalating into the dsDNA, large amounts of AgNPs
generated, resulting in the increased SPR angle. Further, the SPR angle
is positively proportional to target miRNA concentrations. Therefore,
the in situ prepared AgNPs-based SPR biosensor for miRNA sensitive
biosensing was realized in the light of the increased SPR angle. This
strategy combines the SPR biosensing, in situ template formation, with
HCR-assisted signal amplification to get the miRNA biosensing with
high sensitivity and good selectivity, and has a great potential for
health and early disease diagnosis.

2. Experimental

2.1. Modification of the SPR disk

The SPR disk was put in the mixed solution (30% NH3·H2O/30%
H2O2/H2O) at 100 °C for 10min to complete the cleaning procedure.
After being washed with ultrapure water three times, the SPR disk was
dried with N2. Prior to modification on SPR disk, ON1 was heated to
95 °C for 5min, and then cooled down to 25 °C at a slow rate to ensure
the generation of hairpin structure. Firstly, the SPR disk was put into
1.0 μM ON1 solution, and reacted for 12 h at 25 °C to fabricate ON1
modified SPR disk (ON1/Au) through the formation of Au–S bond. After
rinsing with PBS, ON1/Au was put into 1.0mM MCH solution for 1.0 h.
Thus, the MCH/ON1/Au, which could recognize target miRNA, was

prepared and saved for the following experiment.

2.2. In situ prepared AgNPs-amplified SPR detection of miRNA

Both ON2 and ON3 transformed into the hairpin structure according
to the thermal procedure of ON1 before application. For SPR detection,
the MCH/ON1/Au was firstly installed on the SPR spectromer. Then,
500 μL solution containing miRNA was injected into the flow cell, and
miRNA hybridized with ON1 for 1.5 h to produce miRNA@ON1 com-
plex. Then miRNA/MCH/ON1/Au generated and was washed with ul-
trapure water. Further, 500 μL solution containing ON2 (0.5 μM) and
ON3 (0.5 μM) was pumped into the reaction chamber and incubated for
1.5 h to complete the HCR and form long dsDNA chains (ON3+ON2/
miRNA/MCH/ON1/Au). After that, 500 μL AgNO3 solution was added
into the chamber and reacted with ON3+ON2/miRNA/MCH/ON1/Au
for 0.5 h to finish the intercalation. Finally, a 500 μL freshly prepared
NaBH4 solution was injected and reacted for 1.5 h to reduce Ag+ into
AgNPs on SPR disk. For all steps, SPR spectra between angle and time
were recorded.

3. Results and discussion

3.1. Principle of in situ template prepared AgNPs-based SPR biosensor

The schematic representation of the designed SPR biosensor based
on in situ template generation of AgNPs and HCR to assist signal am-
plification for miRNA ultrasensitive biosensing is shown in Fig. 1. In our
work, the sequences of DNA probes (ON1, ON2 and ON3) are elabo-
rately designed. Each DNA probe exhibits a single electrophoresis band
without other secondary structure (Fig. 2A), justifying their dis-
tinguished stability. For gel electrophoresis characterization, ON1-1,
the sequences of which were the same as ON1, was used to replace ON1
for avoiding the influence of HS groups. ON1 contains the sequences
complementary to target miRNA and oligonucleotide fragments em-
bedded in the stem of ON2. ON2 and ON3 can hybridize with each
other due to their complementary sequences in the presence of target
miRNA. Firstly, probe ON1 was immobilized on SPR disk via the for-
mation of Au–S bonds, and MCH was used as blocking agent to form a
mixed monolayer to avoid any nonspecific adsorption (Bo et al., 2018;
Hassani et al., 2018). In the absence of target miRNA, probes ON1, ON2
and ON3 maintained their hairpin structures unchanged, respectively.
As expected, there are no newly appearing electrophoresis bands when
they were mixed together in the absence of target miRNA (Fig. 2A).
From this context, HCR could not be triggered to generate dsDNA ac-
companied with few Ag+ intercalating in ON1, subsequently resulting
in few AgNPs deposited on SPR disk. Thus, negligible SPR angle shift
was determined. However, upon the addition of target miRNA, the
following HCR was successfully driven. First of all, target miRNA dis-
closed ON1 to form miRNA@ON1 complex through the competitive
hybridization reaction, which could be verified by the newly appearing
band located at lower distance than that of ON1. After that, the exposed
purple fragment in ON1 hybridized with orange segment in ON2 via
complementary base pairing to unfold ON2. As such, the violent frag-
ment in ON2 was activated to unfold ON3 to release pink domain, the
sequences of which in turn hybridized with orange and yellow segment
in another ON2 to expose violent fragment. At this rate, target miRNA
would trigger the HCR to generate abundant dsDNA, which were con-
firmed by the gel electrophoresis information that new band appeared
at the lowest distance. Moreover, upon the formation of duplex DNA,
multiple Ag+ intercalated into dsDNA chains (Zhou et al., 2017b). With
the help of NaBH4 reduction, abundant AgNPs formed and deposited on
SPR disk, thus contributing to a hugely increased SPR signal. Using this
“signal-on” SPR biosensor, highly sensitive detection of miRNA would
be achieved.
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3.2. Electrochemical/SPR characterizations

To characterize the stepwise fabrication process of the established
SPR biosensor, electrochemical impedance spectroscopy (EIS) was first
conducted by using [K3Fe(CN)6]/[K4Fe(CN)6] as indicator and the
impedance spectra were shown in Fig. 2B. For the bare gold disk, the
impedance spectrum suggested a relatively small electron transfer re-
sistance (Ret) of ∼376.4Ω, validating its high conductivity. After ON1
was self-assembled onto the SPR disk, a noticeable increase in Ret was

observed with value of∼4100.1Ω, implying the successful conjugation
of SH-DNA on SPR disk. Accordingly, MCH modification made Ret in-
crease to 4459.2Ω. Upon the hybridization with target miRNA, the Ret

increased to ∼5325.4Ω. After the target-initiated HCR of ON2 and
ON3, abundant dsDNA were immobilized on SPR disk when compared
with that of miRNA/MCH/ON1/Au. Consequently, it was rational to get
much higher Ret (9142.2Ω) after HCR because of the enhanced elec-
trostatic repulsion between [K3Fe(CN)6]/[K4Fe(CN)6] and ON3+ON2/
miRNA/MCH/ON1/Au (Mills et al., 2018). Nevertheless, the Ret value
reduced obviously when AgNPs deposited on SPR disk, justifying the
effective deposition of AgNPs along with the DNA skeletons. There is no
denying that the decreased Ret was ascribed to AgNPs’ high con-
ductivity, which not only quickens the electron transfer, but also
strengthens the response efficiency. The corresponding fabrication
process could also be confirmed by cyclic voltammetry (CV) char-
acterizations and the results were illustrated in Fig. 2C. The bare SPR
disk gave a couple of reversible redox peaks located at 0.28 V and
0.18 V with high current. Nevertheless, the peak current reduced, re-
spectively, along with the sequential modification of ON1/MCH/
miRNA/ON2+ON3, powerfully proving their immobilizations on SPR
disk. Owing to the in situ template generation of AgNPs and AgNPs-
mediated conductivity enhancement, the current increased when
AgNPs formed on the SPR disk.

To further confirm the modification procedures, SPR measurements
of SPR disk at different stages were carried out (Fig. 2D). Upon the
addition of target let-7a into the reaction system (stage I) and with the
subsequently rinsing with water (stage II), the SPR angle increased
negligibly compared with that of MCH/ON1/Au. After that, with ON2
and ON3 mixed solution being injected into SPR equipment, the SPR
angle elevated from 69.45° to 69.49°, which was attributable to the
successful immobilization of HCR products on SPR disk. When Ag+

intercalated in HCR products, negligible increase in SPR angle was
detected compared with that of ON3+ON2/let-7a/MCH/ON1/Au.
Obvious increase in SPR angle was obtained once NaBH4 solution was
pumped, successfully indicating that AgNPs were formed and deposited
on SPR disk.

Fig. 1. Schematic representation of in situ DNA template prepared AgNPs-based SPR biosensor based on HCR for miRNA ultrasensitive biosensing.

Fig. 2. (A) Nondenaturing PAGE analysis of different samples: (a) ON1-1, (b)
ON2, (c) ON3, (d) let-7a, (e) ON2+ON3, (f) ON1-1+ON2+ON3, (g) ON1-
1+let-7a, (h) ON1-1+let-7a+ON2+ON3. (B) Nyquist spectra and (C) CV
curves of the different SPR disks in 5.0 mM [K3Fe(CN)6]/[K4Fe(CN)6] solution:
(a) Au, (b) ON1/Au, (c) MCH/ON1/Au, (d) let-7a/MCH/ON1/Au, (e)
ON3+ON2/let-7a/MCH/ON1/Au, (f) AgNPs/ON3+ON2/let-7a/MCH/ON1/
Au. (D) SPR angle (θ) of MCH/ON1/Au under different conditions versus the
reaction time: (I) injecting in let-7a solution, (II) injecting in water, (III) in-
jecting in solution containing ON2 and ON3 (0.5 μM), (IV) injecting in water,
(V) injecting in AgNO3 solution (100 μM), (VI) injecting in water, (VII) injecting
in NaBH4 solution (500 μM), (VIII) injecting in water.
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3.3. Feasibility investigation of in situ template prepared AgNPs-based SPR
biosensor

To confirm the feasibility of the designed SPR biosensor based on in
situ generation of AgNPs and HCR for miRNA assay, different SPR re-
sponses were obtained in the absence/presence of miRNA, using let-7a
as the model target. As shown in Fig. 3A, compared with the SPR angle
of MCH/ON1/Au (θ0, 69.45°), the ON3+ON2/let-7a/MCH/ON1/Au
showed a small increase with the Δθ (Δθ = θlet-7a – θ0, where θlet-7a is
the angle of the SPR disk under different let-7a concentrations) of only
0.04°. Thanks to the intercalation of Ag+ in dsDNA chains (Chen et al.,
2012; Lin et al., 2011b; Yang et al., 2015), massive AgNPs deposited on
SPR disk with the aid of NaBH4 and made the SPR angle increase to
69.99° with Δθ of 0.54°, which was greater than the variation of the
sensing system in the absence of AgNPs. In addition, the AgNPs/
ON3+ON2/let-7a/MCH/ON1/Au enjoyed excellent stability. The Δθ
value changed slightly when they were stored for 5.0 days (Fig. S1). On
the basis of the experimental results, it can be concluded the let-7a
could truly enhance the SPR angle through target-initiated HCR, and
more importantly, in situ template generated AgNPs could enhance the
SPR angle more significantly. This obvious enhancement was attributed
to the fact that AgNPs on SPR disk would evidently change the modified
disk's reflectivity. So, it is completely feasible to use in situ template
prepared AgNPs as amplification tags for improving the SPR angle.
Nevertheless, in the absence of target let-7a, HCR could not be trig-
gered, subsequently hampering Ag+ to be immobilized on SPR disk.
Thus, only few AgNPs were formed, leading to slight SPR angle shift.
These SPR information apparently suggested that in situ prepared
AgNPs-based SPR biosensor could achieve signal amplification and
enhance the let-7a sensing performance.

Meanwhile, scanning electron microscopy (SEM) was employed to
further explore the feasibility of the proposed SPR biosensor for let-7a
biosensing. In contrast with the SEM image of bare gold disk (Fig. 3B), a
small amount of nanoparticles with average diameter of 40 nm were
acquired (Fig. 3C) in that of AgNPs/ON3+ON2/let-7a(0.1 pM)/MCH/
ON1/Au. Undisputedly, the nanoparticles were deemed as the AgNPs
that were synthesized and immobilized on SPR disk. However, when
let-7a concentration increased, more amount of nanoparticles were
determined from the SEM characterization (Fig. 3D), which implied

that more dsDNA generated through let-7a-initiated HCR, subsequently
resulting in more amount of AgNPs being deposited on SPR disk.

3.4. Optimization of experimental conditions

As mentioned above, dsDNA, which formed on SPR disk through the
HCR of ON2 and ON3, are favorable for intercalating Ag+ and depos-
iting AgNPs on SPR disk. To guarantee the excellent performance of the
established SPR biosensor, adequate amount of ON2 and ON3 are
needed for generating dsDNA in this study. So, 0.5 μM was chosen as
the optimal concentration for them. Further, the concentrations of
AgNO3 and NaBH4 were optimized due to their direct influence on
AgNPs generation. As manifested in Fig. 4A, the Δθ values increased
progressively with AgNO3 concentration elevating from 10 to 200 μM,
and whereas, with AgNO3 concentrations higher than 100 μM the Δθ
value hardly changed. The reason for this could be ascribed to the sa-
turated intercalation of Ag+ in dsDNA chains. Thus, 100 μMwas chosen
as the optimized AgNO3 concentration. Accordingly, 500 μM was ap-
plied as the best amount for NaBH4 from Fig. 4B and used in the whole
experiment.

3.5. Analytical performance of in situ template prepared AgNPs-based SPR
biosensor

To evaluate the sensing ability of our established SPR biosensor, the
solution containing target let-7a with different amounts was injected
into the SPR instrument under the best conditions and the SPR signals
were showed in Fig. 5A and B. After the treatment with target let-7a
solution, the SPR angle intensified significantly and is highly relied on
the concentrations of let-7a. It came as no surprise to us that more let-
7a impelled the preparation of more HCR products and intensified
AgNPs formation, subsequently increasing the SPR angle. To qualita-
tively investigate the analytical performance, standard working curve
between SPR angle shift (Δθ) and let-7a concentrations (Clet-7a) was
plotted (Fig. 5C). The Δθ was linearly proportional to Clet-7a in the range
from 0.001 to 0.1 pM, with regression equation of Δθ=3.6191(Clet-7a/
pM) + 0.2003, correlation coefficient of 0.9886 and detection limit of
0.35 fM at 3σ. The comparison results of this proposed SPR biosensor
with other methods were present in Tables S–2. It can be clearly found
that such proposed SPR biosensor provided an ultralow LOD, which is
lower than that of other existing SPR techniques that applied modified
metal nanoparticles and magnetic nanoparticles as amplification tags.
This ultrahigh sensitivity might be ascribed to the fact that in situ
template formation strategy could immobilize larger numbers of am-
plification tags on SPR disk than modification strategy.

3.6. Selectivity of let-7a assay

Selectivity, as one of the essential factors in developing biosensor
with excellent performance, was investigated by choosing five inter-
ferences (let-7b, let-7d, let-7k, miRNA-21, miRNA-429) as the target

Fig. 3. (A) SPR responses under different conditions: (a) MCH/ON1/Au, (b) in
the absence of target let-7a with HCR triggered, (c) in the absence of target let-
7a with HCR triggered and AgNPs formed, (d) in the presence of target let-7a
with HCR triggered, (e) in the presence of target let-7a with HCR triggered and
AgNPs formed. SEM images of SPR disk (B), AgNPs/ON3+ON2/let-7a (0.1
pM)/MCH/ON1/Au (C), and AgNPs/ON3+ON2/let-7a (1.0 pM)/MCH/ON1/
Au (D).

Fig. 4. The relationship between Δθ values and AgNO3 (A)/NaBH4 (B) con-
centrations. Error bars represent the standard deviations of three repeated
measurements.
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analytes instead of let-7a, respectively. These biomolecules belong to
miRNAs family and have sequences similar to that of let-7a. For the
precise evaluation, the SPR biosensor was subjected to them under the
same conditions with that of let-7a and the experimental results were
illustrated in Fig. 5D. Only in the presence of let-7a, the angle of the
SPR biosensor exhibited a relatively significant change because of the
good selectivity of hybridization reaction. Whereas the Δθ values in let-
7b/let-7d/let-7k/miRNA-21/miRNA-429 solution, and even their
mixing solution, were similar to that of the sample in the absence of
target let-7a, and changed negligibly. This indicated that the Δθ is in-
tensified through the target-activated hybridization reaction. Further-
more, these five miRNAs made little influence on the recognition effi-
ciency and responsive ability of the established SPR biosensor toward
let-7a. In brief, these information fully verified that the proposed
strategy has the competence to discriminate let-7a against other
miRNAs.

3.7. Application of the SPR biosensor in real sample

To test the practicability of the developed SPR biosensor, we carried
out a series of recovery experiments through spiking different amount
of let-7a into PBS-human serum mixing solution (V:V, 1:1). As illu-
strated in Table 1, for let-7a with different amount of 0.0050, 0.0200,
0.0500, and 0.0800 pM, the recoveries were determined to be 104.0%,

97.5%, 102.8%, and 95.3%, respectively, with all RSDs lower than
4.5%, justifying the strong anti-interference ability and excellent re-
producibility. Further, the developed SPR biosensor was used to de-
termine let-7a in breast cancer patient's serum via the standard addition
method (Fig. S2). The serum was diluted with PBS buffer until let-7a
concentration was in the linear range of the established SPR biosensor.
From the experimental results, the concentration of let-7a in serum was
calculated to be 20.08 nM, which is in good agreement with that ob-
tained from qRT-PCR method (21.26 nM). These data obviously vali-
dated that the in situ prepared AgNPs-based SPR biosensor offers great
potential to achieve miRNA ultrasensitive detection in biological
sample.

4. Conclusions

In summary, a novel SPR biosensor for let-7a ultrasensitive bio-
sensing was successfully developed based on in situ template generation
of AgNPs and AgNPs-mediated signal amplification strategies. The
AgNPs were prepared in situ along with the target-initiated HCR pro-
ducts for avoiding the complex biomodification. Because of AgNPs’ high
refractive index, significantly increased SPR angle was determined. By
coupling the HCR and in situ prepared AgNPs, the developed SPR
biosensor provide sufficient sensitivity to detect let-7a with the detec-
tion limit of 0.35 fM, which is lower than that of other reported SPR
methods that used modifiable amplification tags. In addition, it also
exhibited effective discrimination ability between let-7a and other
miRNAs. Taking advantages of high sensitivity and good selectivity, the
application of the proposed biosensor in human serum samples was
conducted with excellent reliability. Furthermore, this study demon-
strated that in situ generation of metal nanoparticles may be an ap-
propriate strategy for future development of novel SPR biosensor
without the need to modify amplification tags with biomolecules.
Therefore, we infer that this work would broaden and deepen the ap-
plication perspective of SPR biosensor for biomolecules ultrasensitive
biosensing.
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Fig. 5. (A) The responses of SPR angle to different let-7a concentrations in the
range of 0.001–10 pM. (B) The relationship between Δθ and Clet-7a. (C) The
linear standard curve for Δθ and Clet-7a. (D) Selectivity experiment of the es-
tablished SPR biosensor subject to different miRNAs. The concentrations of all
miRNAs were 0.1 pM. “Mixture 1” indicates the condition in the presence of let-
7b, let-7d, let-7k, miRNA-21, and miRNA-429; “Mixture 2” indicates the con-
dition in the presence of all miRNA; “blank” indicates the condition in the
absence of let-7a. Error bars represent the standard deviations of three repeated
measurements.

Table 1
Real sample analysis of in situ template prepared AgNPs-based SPR biosensor
for let-7a spiked in diluted human serum.

Sample No. Added
(pM)

Mean measured
(pM)

Mean recovery a

(%)
RSD (%)

1 0.0050 0.0052 104.0 3.76
2 0.0200 0.0195 97.5 2.69
3 0.0500 0.0514 102.8 2.37
4 0.0800 0.0762 95.3 4.18

a Recovery (%)= 100× (cmean measured/cadded).
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