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ABSTRACT

A portable and non-labeled plasmonic biosensor was advanced to enable the sensitive
and selective detection of microRNA(miRNA) in biological sample. miRNAs can act on
several key cellular processes including cell differentiation, cell cycle progression and
function as oncogenes. Detection of circulating miRNAs, especially in blood or urine
samples, allows noninvasive and simple diagnosis of disease. Herein, we report a local-
ized surface plasmon resonance sensor (LSPR) based on enzyme assisted target recy-
cling system and developed LSPR probe for the detection of gastric cancer relevant miR-
NAs, miR-10b. Sensitivity of the sensor was improved by increasing the concentration
of the signal amplifying agent using the duplex specific nuclease (DSN) and by strongly
binding the developed LSPR probe, tannic acid capping gold nanoparticles, to the DNA.
Under optimal conditions, miR-10b detection could be realized in the range of 5 pM-10
nM with a detection limit of 2.45 pM. This integrated detection system represents an
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approach to sensitive detection of miRNAs and offer great applications in personalized medicine and monitoring of cancer.

INTRODUCTION

MicroRNAs (miRNAs) are a class of endogenous non-cod-
ing small RNAs that regulate gene expression and have at-
tention over the past decades from the fundamental biologi-
cal processes and biomedical research fields.!> Recent stud-
ies have demonstrated that involvement of miRNAs in di-
verse aspects of diseases including diabetes as well as brain
function and cancer.>* Moreover, miRNAs are potential
non-invasive biomarkers to monitor the body’s pathophysi-
ological status because they are released from the distant or-
gans constitute and circulated in body-fluid.>® Therefore,
sensitive sensing of miRNAs in biological samples such as
blood or urine may provide individualized therapeutic strat-
egies and facilitate precision medicine.”!'! In order to apply
miRNA detection technology in the medical diagnosis field,
a reasonable and facile system is required instead of expen-
sive equipment, such as a polymerase chain reaction (PCR)
and fluorescence spectroscopy. '3

The localized surface plasmon resonance (LSPR) is one of
the optical properties of metal nanoparticles, which occur
when the incident photon frequency is resonant with the col-
lective oscillation of the conduction electrons on the metal
surfaces.'*!3 Label-free and high sensitive sensing of bio-
molecules such as bacteria, protein and gene are possible us-
ing the LSPR properties and also LSPR have advantages of
low-cost and easy-to-use.'®!® Moreover, duplex specific nu-
clease (DSN) generating signal-amplifying mechanism may

provide the sensitivity of low abundance miRNAs in the bi-
ological samples and the selectivity of the target miRNA se-
quence homology among the family members.!” DSN can
cleave double-stranded DNA or DNA in RNA-DNA hetero-
duplexes with no significant cleavage of single-stranded
DNA or single- or double-stranded RNA.2° Moreover, DSN
exhibits a high selectivity for miRNA family members, even
for a single-base mismatch owing to the discrimination abil-
ity of the DSN between completely and incompletely
matched short duplexes. To further improve the sensitivity,
a DNA-mediated self-assembly amplification method can
provide highly ordered DNA double helixes via a triggered
cascade of DNA polymerization by an initiator or target mol-
ecules.?!"?2 Therefore, the signaling molecules can be at-
tached to these helixes with a precisely controlled density,
which could be beneficial for the final amplification effi-
ciency.

As shown in Scheme 1, the proposed protocol for the moni-
toring of miRNA-10b involves DSN-assisted target recy-
cling production of numerous intermediate DNA fragments
(Scheme 1A). miR-10b was highly correlated with size of
tumor, Lauren classification, depth of invasion, metastasis
and prognosis in gastric cancer.?*>> Subsequently, the inter-
mediate DNA induced formation of super-sandwich self-as-
semblies allowed LSPR peak monitoring of the adsorbed
tannic acid capped gold nanoparticles via hydrogen bonding
(Scheme 1B). The tannic acid capped gold nanoparticles
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Scheme 1. The principle of the hybrid signal amplification for LSPR-based miRNA sensing. (A) Duplex specific nuclease assisted
target miRNA recycling and generation of intermediate single strand DNA, initiator probe. (B) Initiator probe induced for-

mation of the DNA sandwich assemblies.

were developed in conventional LSPR probes and contrib-
uted to enhance the sensitivity of the LSPR sensing system.
Therefore, the corresponding absorption spectrum of the
LSPR chip indicated that with an increase of the miRNA
amount, the miRNA could be determined based on the rati-
ometric readout with an intrinsic self-calibration of the sys-
tem. This assay is promising for applications in clinical di-
agnosis.

RESULTS

Characterization of enzyme-assisted target recycling

To demonstrate the developed sensing platform, microRNA-
10b (miR-10b) was selected as the model target, which is
overexpressed in human gastric cancers. Thus, as shown in
Supporting Information Table S1, the capture probe (CP)
was consisted of a captured region complementary to miR-
10b and an initiator region released from capture probes
from cleavage reaction with DSN. The CP was designed
with a thiol moiety, and the CP bound to the gold substrate
through S-Au bonding (CP/GS). To confirm the CP conju-
gation on the gold substrate, CP/GS was further character-

ized by X-ray photoelectron spectroscopy (XPS) (Figure S1).

The S2p spectrum exhibited two distinct peaks at 161.8 eV
and 163.0 eV with a 2:1 area ratio and splitting of 1.2 eV,
which indicated that the thiol groups were bound to the gold
chip by forming an S-Au bond, and there were no unbound
thiol groups on the sensing surface. The peaks of N1s and
P2p are unique signals for single-stranded DNA sequences
because the N and P elements contain only phosphate groups
and nucleobase, respectively. The splitting peaks of Ols
suggested that the O element was present in at least two va-
lence states, which further validated that there was single-
stranded DNA on the sensing surface.

In the presence of a miR-10b, the captured region of CP
bound miR-10b and the DSN recognized the partial
DNA/RNA heteroduplex between the CP and miR-10b and
cleaved only the captured region of the CP in the heterodu-
plex. Therefore, the initiator probe of the CP was derived
from the surface of the gold substrate, and the miR-10b par-
ticipated in the next hybridization with other CP. The cap-
ture probe modified fluorophore (cy3) was applied at the 5-
terminal (CP-cy3), and DSN-assisted target recycling was
confirmed by fluoroscopy. To advance the performance of
the designed biosensor, the experimental conditions were
optimized. The amount and reaction time of the DSN were
the main factors affecting the analytical performance of the
sensing system (Figure S2). The fluorescence signals were
measured for the addition 0f 0.01, 0.05, 0.1, 0.2, 0.4 U DSN
in the DSN reaction buffer in the presence of miR-10b. Then,
the reaction time of the loop amplification in the presence of
the DSN and miR-10b was optimized. The optimized
amount of DSN enzymes was 0.2 U, and the optimal reaction
time was 30 min. Because the enzyme reaction was saturated
at 0.2 U, the subsequent experiment was performed at this
condition.

To further evaluate the miRNA sensing ability of CP-cy3
conjugated on the gold substrate (CP-cy3/GS), the sensitiv-
ity and selectivity were analyzed under the optimal condi-
tions. First, to estimate the target sensitivity of CP-cy3/GS,
the limit of detection (LOD) was determined by 0.1-fold se-
rial dilutions of the target miR-10b concentration from 10
pM to 10 nM (Figure 1a). There is no fluorescence signal in
absence of the target miR-10b owing to the quenching effect
on the gold substrate surfaces, and the LOD of CP-cy3/GS
was 100 pM. Second, a significant challenge to developing
an effective miRNA assay is the discrimination target among
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Figure 1. (a) Fluorescence graph of capture probe over a tar-
get miR-10b concentration profile (10 pM, 100 pM, 1 nM, 10
nM). (b)Variation of the fluorescence intensity of capture
probe in the presence of miR-10b, miR-10b with 1-base mis-
matches (1IM-miR-10b), miR-10b with 3-base mismatches (3M-
miR-10b) and miR-200b as non-complementary target.

the highly homologous series of miRNAs. Identifying these
miRNAs is important when investigating their expression
and understanding their biological functions. DSN is effec-
tive at distinguishing between perfectly matched and mis-
matched duplexes. The selectivity of CP/GS was determined
using the following four miRNA sequences: miR-10b, miR-
10b with 3-base mismatches (3M-miR-10b), miR-10b with
1-base mismatches (1M-miR-10b) and miR-200b that was
non-complementary. As shown in Figure 1b, when the same
concentration of various miR-10bs was used, a significant
difference in the fluorescence intensity of the miR-10b and
other miRNAs was observed. This result clearly suggested
that the proposed method was selective and could discrimi-

nate between the miRNA family members.

Preparation of the gold nanoparticle coated chip.

The LSPR sensing chip is a combination of a gold nanopar-
ticle coated chip (GC) and initiator capture probes (ICP) that
capture the initiator derived from the capture probe. In order
to fabricate an LSPR sensing chip producing a precise LSPR
signal, a uniform synthesis of the gold nanoparticles (GNPs)
is required. The GNPs were synthesized with a controlled
size that was useful for sensitive detection, according to a
reported method.?® The pre-synthesized seeds of the GNPs
were approximately spherical in shape with an average di-
ameter of 16.6 + 1.3 nm according to the transmission elec-
tron microscope (TEM) images (Figure S3). Furthermore, a
growth step was performed for larger sized GNPs because
LSPR signal is dependent on the size of the plasmonic
nanostructures.?’ Figure 2a shows the TEM images of the
GNPs with a 24.8 + 2.1-nm size obtained after the growth
steps. To further improve the shape and uniformity of the
particles, ethylenediaminetetraacetic acid (EDTA) was
added in the growth steps. The GNPs with a more spherical
shape and less size distribution were obtained in the EDTA
that those of the GNPs without the addition of EDTA. (Fig-
ure S4). To fabricate the GC, (3-aminopropyl)triethox-
ysilane (APTES) was used as a linker of the amine group to
conjugate the GNPs on the glass substrate via an electrostatic
interaction. And then, the GC was fabricated by the self-as-
sembly of the GNPs attached to the glass substrate. This re-
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Figure 2. (a) TEM image of the gold nanoparticles (scale bar;
100 nm) and the SEM images of (b) the gold nanoparticle
coated chip and (c) gold nanoparticle coated chip with a pol-
ydopamine layer (scale bar; 200 nm). (d) UV spectra of the (i)
gold nanoparticles in the solution, (ii) gold nanoparticle
coated chip, (iii) gold nanoparticle coated chip with a polydo-
pamine layer.

sult showed the density of gold nanoparticles on GCs in-
creases as the APTES concentration increasing. GCs using
various APTES concentrations of 1,5, and 10 % were pre-
pared. The GCs with 5 and 10% concentration showed
higher concentrated gold nanoparticles on GCs than with 1%
concentration.

In addition, the optical property of the GC was measured us-
ing UV-Vis spectroscopy. The surface plasmon absorption
spectrum of the GC with a 1 and 5% concentration of
APTES showed a maximum adsorption peak at 520 nm.
However, a shift in the adsorption peak was observed in the
GC with 10% APTES owing to the aggregation of the nano-
particles on the glass substrate. This was set as a condition
because the 5% material had a high density and stability.
Moreover, we applied polydopamine coating to increase sta-
bility in various solutions. As a result of experiments under
various concentration conditions, the absorbance spectrum
according to the concentration showed that the concentration
and shift of the LSPR peak were directly proportional (Fig-
ure S5). The substrate was unstably synthesized by the self-
assembly of dopamine and the coagulation reaction with the
GNPs under the high dopamine concentration. Due to this
phenomenon, the fluctuation of the peak was severe after re-
petitive washing. However, without the polydopamine coat-
ing, the substrate is unstable under buffer conditions and in
the washing process. And Therefore, the optimal synthesis
condition of the substrate for generating a uniform LSPR
signal was 3.3 mM while maintaining the stability of the GC
(Figure S5). As shown in Figure 2c, there was no aggrega-
tion and detachment of the GNPs on the GC with polydopa-
mine layer.?® The UV spectra confirmed that the polydopa-
mine coated GC did not significantly change the optical
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Figure 3. (a) 15% Polyacrylamide gel electrophoresis of reac-
tion products. From left to right: lane 1; DNA ladder, lane 2;
Initiator capture probe (ICP), lane 3; Initiator probe (IP), lane
4; Helper 1 (H1), lane 5; Helper 2 (H2) (b) Polyacrylamide gel
electrophoresis of reaction products. From left to right: lane
1; Duplex between H1 and H2 (Hi1/H2), lane 2; Duplex between
ICP and IP (ICP/IP), lane 3; DNA polymers composed ICP/IP
and Hi/Hz (ratio 1:1), lane 4; DNA polymers composed ICP/IP
and Hi/H2 (ratio 1:5), lane 5; DNA ladder (c) LSPR spectra at
each reaction steps. (i) gold nanoparticles coated chip (GC);
(ii) Initiator capture probe conjugated GC (GC/ICP), (iii) Ini-
tiator probe conjugated GC+ICP (GC/ICP/IP), (iv) DNA self-
assembly with H1 and H2 on GC+ICP+IP (GC/ICP/IP/H1/Hz2).

property compared to the GNP solution and gold-nanoparti-
cle coated LSPR chip (Figure 2d).

Fabrication of the DNA functionalized gold coated chip

When the GC surface was functionalized with a thiolated in-
itiator capture probe (ICP), partially complementary to the
initiator probe, an LSPR sensing chip capable of detecting
miR-10b was produced. In order to confirm the conjugation
efficiency, an ICP functionalized with fluorophore (cy3) at
the 3-terminal (ICP-cy3) was applied. For the ICP-cy3 con-
jugated with the LSPR sensing chip, the fluorescence signal
was inactivated owing to the quenching efficiency of the
gold surface. To optimize the minimum appropriate concen-
tration and time required for binding the ICP-cy3, different
concentrations (0.5, 1, and 2 pM) and binding incubation
times (30, 60, 90, and 120 min) were tested. As shown in
Figure S6, the optimum ICP concentration was 1 uM, and
the optimum binding time to the GC surface was 120 min.

Characterization of DNA sandwich structures

The homogeneous duplex between the ICP and initiator
probe (IP) was insufficient for binding the signaling probe
due to short length. Therefore, in this study, DNA sandwich
structures were employed as an amplified recognition ele-
ment binding the number of the LSPR signal probe. For
building the DNA sandwich structure, helper probes (helper
1: H1 and helper 2: H2) composed of 18 base pairs and an
additional 9 sticky end base pairs. The 9 sticky end base pairs
were located at the 5° terminal of H1 (complementary to H2)
and at the 3’-terminal of H2 (complementary to H1). In the
presence of miR-10b, the IP was released from CP through
DSN-assisted target recycling and conjugated to ICP on the
GC with the partial duplex structure. Then other unconju-
gated region of IP was partially combined with H1 and the
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Figure 4. (a) LSPR spectra after the amplification reaction (i)
without gold nanotags, (ii) ctab-capped gold
nanotags(cGNTs) and (iii) tannic acid-capped gold nanotags
(tGNTs). (b) The effect of the incubation time of tGNTs on the
DNA sandwich structures.

newly exposed sticky end of H1 hybridized the sticky end of
H2. The IP domain on the detection probe could propagate a
hybridization chain reaction events between alternating H1
and H2, and finally long nicked DNA polymers could be
formed. To investigate these issues, gel electrophoresis was
used to characterize H1 and H2 in the presence and absence
of the IP (Figure 3a-b). We used 15% polyacryl amide gel
because the single strand (ICP, IP, HI and H2) had a short
length and low mass. The last part of the ladder is 50 bp, and
the gel image shows that the single strand band was located
50 bp below. In the Figure 3(a), two peaks appear in lane 3,
upper band was generated by the self-dimer. To demonstrate
this phenomenon, we conducted the same experiment using
15% polyacrylamide gel containing urea. The role of urea is
to interfere with hydrogen bonding between DNA. The last
part of the ladder is 20 bp, and the gel image shows that the
single strand band was located 20 bp below. It was con-
firmed that the self-dimer was nor formed due to the lack of
hydrogen bonding, and thus one-band was formed in Figure
S7. The band in lane 1 of Figure 3(b) showed that the hy-
bridization between H1 and H2 formed a long chain. Com-
pared to the 100 bp ladder, the H1/H2 and ICP/IP/H1/H2
bands, located in the range from 500 bp to 1500 bp, demon-
strate high molecular weight and length. Moreover, when a
hybridization chain reaction occurs, multiple strands and
length are produced, resulting in a broad band. However,
when the IP/ICP and H1/H2 were combined at a ratio of 1:1,
the propagating efficiency decreased in lane 3. When the
amount of H1/H2 was more than 5 times that of ICP/IP, the
propagation was sufficient. Thus, the concentration at the ra-
tio of 1:5 (ICP/IP:H1/H2) showed effective propagation by
building double-stranded DNA polymers, amplifying the
signal of the LSPR (lane 4).

To clarify whether the LSPR signal originated only from the
adsorbed gold nanotags, we measured the absorbance of the
LSPR sensing chip at various steps (Figure 3c). It can be
seen that a slight red shift occurs under the condition of
GC/ICP/IP/H1/H2 where DNA sandwich structures was
generated. However, it was difficult to observe a significant
level of LSPR red shift.

LSPR signal with the tannic acid capped gold nanotags.
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Figure 5. (a) Absorbance spectra of the HCR-tGNTs based
miRNA sensors toward miR-10b and (b) Determination of limit
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of detection with various concentrations (5x10 ,10 , 10 , 10 °

and 10® M). The SEM images after incubation in the (c) pres-
ence and (d) absence of the target miR-10b.

The assembled amount of gold nanotags on the DNA sand-
wich is also another important factor influencing the sensi-
tivity of the sensors. Therefore, we developed a tannic acid
capped gold nanotags to improve the performance of the sen-
sor. The tannic acid was composed of numerous hydrophilic
polyphenols that consisted of five catechols and five gallols
at the termini, which could interact with the phosphate back-
bone of DNA via hydrogen bonding.?>-*° To verify the hy-
pothesis, the sensor performances were compared using two
types of gold nanotags: tannic acid capped gold nanotags
(tGNT) and cetrimonium bromide (CTAB) positively
capped gold nanotags (cGNT), which have been widely used.
As shown in Figure 4a, the LSPR shift in the sensing chip
using tGNT as the LSPR probe was about 2-times higher
than sensing chip using cGNT at an equivalent concentration
and time. This could be attributed to the hydrogen bonding
interaction between the tannic acid and DNA strands.

Determination of target miRNA by LSPR

To analyze the sensitivity and detection limit of the test as-
say, various concentrations of serially diluted target solu-
tions (0.5 x 10", 101, 10-19, 10”%, and 10 M) were used as
the samples on the LSPR chip surface. The LSPR peak shift
increased with an increasing concentration up to approxi-
mately the analysis capability of the target miR-10b method
examined. As shown in Figure 5a, with an increase of the
miR-10b concentration, the LSPR shift gradually increased.
On the basis of this graph, we fitted a 4-parameter logistic
model to the above data. As shown in Figure 5b, the shift
value of the absorbance at 520 nm to the target miR-10b was
fitted to 4-parameter logistic model to the above data. The
logarithmic value was dependent on the miR-10b concentra-
tion in a range of 10" M to 10" M with a detection limit of
2.45 pM, according to the following equation: LOD = aver-
age of blank + 3(standard deviation of blank). Figure Sc-d
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Figure 6. Detection of miRNA-10b on the localized plasmon
resonance (LSPR) chip. (a) Variation of the LSPR shift in the
presence of miR-10b, miR-10b with 1-base mismatches (1M-
miR-10b), miR-10b with 3-base mismatches (3M-miR-10b)
and miR-200b as non-complementary target. (b) LSPR shift
in the serum containing 10% fatal bovine serum and culture
soup of Hs746t cells. (c) LSPR shift in the mouse sample.

shows a SEM image of the LSPR chip complexed with DNA
sandwich structures and gGNTs. The enlargement of Figure
5c-d shows that shows that tGNT is not aggregated, however
bound to DNA while retaining its original shape (Figure S8).
The tGNT was bound to the DNA sandwich structures to
form a cluster, which caused the LSPR signal.

To validate the selectivity of the LSPR based sensor, the sys-
tem was challenged with various miRNAs as perfect
matched with miR-10b, miR-10b with 1-base mismatch
(IM-miR-10b), miR-10b with 3-base mismatch (3M-miR-
10b) and miR-200b that was non-complementary. As shown
in Figure 6a, LSPR shift in presence of 1 nM of miR-10b
was observed 3.1-time, 3.2-time and 3.7-time higher than
that of 10 nM of other oligomers, respectively. The LSPR
shift in presence of miR-10b was observed 3.3-times, 2.7-
times and 4.1-times higher than others in same concentration
(10 pM), respectively (Figure S9). Therefore, this strategy
was highly selective for a complementary target.

miRNA sensing in vitro mouse sample

MiRNAs regulate gene expression and are detectable in
whole blood, serum, plasma, urine, and other body fluids in
a highly stable form. Circulating miRNAs present a potential
technological advantage because of their remarkable stabil-
ity as well as their possible use in a noninvasive and rapid
diagnosis. Finally, an examination was performed to deter-
mine whether the LSPR based miR-10b sensing system
could be utilized to detect a target in a biological sample.
First, this system was applied to cell culture soup to verify
the effectiveness of the real-miRNA. An analysis of the
miRNA in culture soup or exosomes can be conducted to
easily determine the intracellular miRNA expression levels
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in the cellular state.’'3? To investigate the sensor perfor-

mance in the biological sample, the Hs746t cell line was cho-
sen based on their miR-10b expression level. As shown in
Figure 6b, a distinguishable LSPR peak shift was observed
for the miR-10b sensing system that were complementary to
the miR-10b in the culture soup of the Hs746T cells. Second,
the LSPR-based miR-10b sensing system was used to ana-
lyze the expression level in the miR-10b profiles of the urine
and plasma samples of mice with orthotopic Hs746tT xeno-
grafts (Figure 6¢). The LSPR signals measured for the urine
and plasma samples of the mice with orthotopic Hs746tT
xenografts were 6.0 times and 3.1 times respectively, com-
pared with those of normal mice. Moreover, the results
showed that the LSPR signal measured in the plasma sample
was higher than that in the urine. These results illustrated
that the LSPR based miR-10b sensing system was a promis-
ing approach for facile and sensitive detection of miRNA in
body fluids.

CONCLUSION

In conclusion, we designed simple and straightforward
method for sensitive detection of miRNAs in body fluid
samples, which involves three steps generating a signifi-
cantly enhanced LSPR signal: (i) enzyme-assisted target re-
cycling; (ii) formation of DNA sandwich structures through
sequence-specific hybridization chain reaction; (iii) gold
nanotags capped with tannic acid bind to DNA sandwich
structures. The detection dynamic range spans four orders of
magnitude (from 5 pM to 10 nM), and the detection limit of
the miR-10b was 2.45 pM. The present system showed high
selectivity and can be applied to direct detection of target
miR-10b in urine and plasma samples. The proposed method
provides convenient alternative to standard approached for
detection of circulating miRNAs in real sample and allows
precision medicine and monitoring of cancer.

EXPERIMENTAL

Materials

The oligonucleotides designed in this study were purchased
from Bioneer Inc. (Daejeon, Korea). Hydrogen tetrachloro-
aurate hydrate (HAuCls-3H,0), sodium citrate (SC), citric
acid (CA), silver nitrate, L-ascorbic acid, tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP), mercaptohexanol
(MCH), cetyltrimethyl ammonium bromide (CTAB), so-
dium borohydride, and (3-aminopropyl)tricthoxysilane
(APTES) were obtained from Sigma-Aldrich (St. Louis,
USA). Tris-HCI buffer (1 M, pH 8.8) was purchased from
Biosesang, and phosphate buffered saline (PBS, 10 mM, pH
7.4) was purchased from Welgene. All other chemicals and
reagents were analytical grade. The morphology of the na-
noparticles was observed using high-resolution TEM (HR-
TEM; JEM-2100F; JEOL, Japan) at an acceleration voltage
of 200 kV and SEM (JSM-7001F, JEOL, Japan). A hybrid
multimode microplate reader (Synergy 2 multimode reader;
VT, USA) was used to measure the fluorescence intensity,
and a UV/Vis spectrophotometer (V-650, JASCO, Japan)
was used to measure the absorbance.

Synthesis of gold substrate modified with the capture
probe

Before use, a gold substrate was cleaned with a piranha so-
lution (H2SO4:H,0, = 3:1). The capture probes were acti-
vated by a TCEP solution (0.1 M) prior to use. Then, 100 pl
of 1 uM thiol-modified capture probe were applied on the
cleaned gold substrate overnight in a reaction buffer (0.5 M
NaCl, 10 mM Tris-HCI, 0.01 M sodium dodecyl sulfate,
0.01 M phosphate, and pH 7.4). The substrates were rinsed
with 1X PBS three times to remove the unstable capture
probes. The capture probe conjugation efficiency on the gold
substrate was analyzed by measuring the fluorescence inten-
sity of cy3 (excitation/emission: 540/570 nm) after the gold
substrate was incubated in mercaptoethanol.

DSNe-assisted target recycling

The capture probe conjugated gold substrate was prepared,
and then 1Xx DSN buffer (50 mM Tris-HCI, pH 8.0; 5 mM
MgCl,, 1 mM DTT), 0.2 U DSN (dissolved in 25 mM Tris-
HCI, pH 8.0; 50% glycerol), and target miRNA were incu-
bated at 60 °C for 30 min. Finally, a supernatant was applied
to separate the sample from the well.

Synthesis of gold nanoparticles with a 25 nm diameter
A volume of 75 mL of 2.2 mM citrate buffer (SC: CA=3:1)
was heated to 100 °C with vigorous stirring. The average hy-
drodynamic diameters and zeta potentials of the gold nano-
particles were measured using dynamic laser scattering
(ELS-Z; Otsuka Electronics, Osaka, Japan). After the solu-
tion began to boil, the solution was heated for an additional
15 min for oxidation of the citrate buffer. Then, a 0.5 mL
EDTA solution (3 mM) and 0.5 mL HAuClys solution (25
mM) were sequentially injected into the solution without a
time delay. After the color of the solution changed, the solu-
tion was heated for an additional 20 min before cooling to
85 °C. At 85 °C, 0.5 mL sodium citrate (60 mM) and 0.5-
mL HAuCls (25 mM) were sequentially injected into the so-
lution without a time delay. After 40 min, the reaction was
complete.

Fabrication of the gold nanoparticles functionalized with
an initiator capture probe

Cover glasses were ultrasonically cleaned in a 0.1 M KOH
solution, DI water, and ethanol for 10 min, sequentially. The
clean cover glasses were then immersed in 5% (v/v) APTES
in ethanol for 2 h, rinsed thoroughly with ethanol, followed
by DI water, and then dried with an N, stream. The cover
glasses were then subjected to thermal annealing in an oven
at 120 °C for 2 h. After thermal annealing, the cover glasses
were immersed in a previously synthesized solution of gold
nanoparticles with a 25 nm diameter overnight. Then, the
prepared gold coated glass chips were washed with DI water
and directly immersed in freshly prepared 0.5 mg/mL dopa-
mine solution in Tris buffer (10 mM, pH 8.5) without agita-
tion at room temperature for 30 min of polymerization. Sub-
sequently, the LSPR chips were washed with DI water and
dried with an N, stream. The gold coated glass chips were
immersed in a 1 uM initiator capture probe (with 100 uM
TCEP) dissolved in 10 mM Na,HPOj citric acid and 1 M
NaCl at a pH of 3.4. After 2 h of incubation at 25 °C, the
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thiolated oligonucleotides were first self-assembled on the
gold coated glass chip via Au-S bonding and then immersed
in 1 mM MCH solution for 2 h to remove the nonspecific
adsorbed oligonucleotides and force the single strand DNA
to stand up.

Polyacylamide gel electrophoresis (PAGE)

Briefly, an aliquot comprising 1pug of each oligomers (in a
buffer containing 1x TBE, 10 mM Tris, 12 mM NaCl, and 1
mM MgCl,) was mixed thoroughly. This solution was then
heated at 95 °C for 5 min and incubated at 32 °C for 2 hours.
The resulted products were examined by PAGE to confirm
the presence of hybrids. The ladder information used in this
experiment was as follows: 20 bp ladder; EZ Load™ 20 bp
Molecular Ruler, 50 bp ladder: EBM-1004 50 bp DNA lad-
der marker, 100 bp: HIQ™ 100bp DNA Ladder.

Synthesis of gold the nanotags for the LSPR response

A volume of 75 mL of 0.5 mM HAuCly solution was heated
to 100 °C during vigorous stirring. After the solution began
to boil, the solution was heated for an additional 15 min. Se-
quentially, 0.375 mL of 500 mM SC was added to the solu-
tion. The tannic acid capped gold nanotags were functional-
ized through a stepwise addition procedure. First, the parti-
cles were functionalized overnight with CTAB, creating
CTAB capped gold nanotags. Then, the CTAB capped gold
nanotags were resuspended in 10 mM tannic acid, creating
tannic acid capped gold nanotags.

Hybridization chain reaction

The initiator capture probe conjugated gold nanoparticle
coated glass chips were immersed in the solution and was
formed after the loop amplification reaction with 5 pM H1
and H2 for 30 min at room temperature. And then, tannic
acid gold nanotags were applied for 30 min at room temper-
ature and were rinsed with PBS three times.
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