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SERS-based cascade amplification bioassay
protocol of miRNA-21 by using sandwich structure
with biotin—streptavidin system+
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In our bioassay protocol, the Ag@4MBA@DNA-biotin probes were synthesized by linking biotin-modified
DNA and 4-mercaptobenzoic acid-covered Ag nanoparticles, and the Si@Ag@anti-digoxin/digoxin-DNA
substrate was fabricated by immune linking of digoxin-DNA and anti-digoxin immobilized on a Ag-coated
wafer. Then, the probes, miRNA-21 and the substrate were constructed into a “sandwich structure” to
detect the variation in the SERS signals with respect to miRNA-21 concentrations. Next, streptavidin and
extra probes were alternately introduced to implement the cascade amplification of the SERS signal to
increase the detection sensitivity. The results show that the limit of detection (LOD) with cascade amplifi-
cation is remarkably improved from 97.81 pM to 38.02 fM, which is three orders of magnitude higher than

Received 21st November 2018,
Accepted 7th January 2019

DOI: 10.1039/c8an02259¢

the original data without cascade amplification. Furthermore, the SERS-based cascade amplification
mechanism was analyzed and is attributed to the "hot spots effect” of the noble metal nanostructure. The
biotin-streptavidin (B—S) system was introduced into the SERS detection platform, and the novel SERS-

rsc.li/analyst based cascade amplification bioassay protocol has significant creativity for the detection of nucleic acids.
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1 Introduction

A nucleic acid, also called a polynucleotide, is a biological
macromolecule formed by polymerizing a plurality of nucleo-
tides, which is not only an indispensable substance for protein
biosynthesis, but also a material basis for biological inheri-
tance." Over the decades, nucleic acid research has made great
progress and has involved various fields of life sciences.> It is
well known that there are two kinds of nucleic acid types,
namely, ribonucleic acid (RNA) and deoxyribonucleic acid
(DNA), which both play a major role in the growth, develop-
ment, reproduction, inheritance and variation of organisms.®
Typically, in terms of the growth and gene regulation of cancer
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cells, circulating tumor DNA (ctDNA) and microRNA (miRNA)
have been revealed to have cancer-specific biological features
and have emerged as potential biomarkers for cancer
detection.*”” Moreover, some highly sensitive analytical tech-
niques have been developed to accurately detect the amount of
nucleic acid as a tumor marker.® For example, Zhang et al. pro-
posed a gold nanoparticle-based chronocoulometric DNA
sensor to conveniently analyze breast cancer-associated
BRCA-1 mutant DNA and achieved a limit of detection (LOD)
of as low as 10 fM.° Kilic et al. designed an enzyme-based
electrochemical miRNA sensor that can rapidly and selectively
detect miRNA-21 in real total RNA samples without any need
for isolation or pre-concentration of miRNA-21."° Although
these techniques have been used to perform qualitative and
quantitative analysis of nucleic acids, the urgent need for a
“point of care test” in clinical cancer diagnosis still requires
exploration of rapid and ultrasensitive detection methods for
cancer-specific genes. Due to the advantages of non-destruc-
tive and highly-sensitive fingerprint spectroscopy analysis,
surface-enhanced Raman scattering (SERS) technology can
satisfy the requirement of trace detection of analytes and has
great potential for application in clinical medicine."
Currently, the SERS-based bioassay has attracted consider-
able interest in detecting tumor markers of proteins and
nucleic acid species.”> For instance, a SERS-based multiplex
immunoassay was proposed for simultaneously detecting
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tumor markers and achieved a lower limit of detection (LOD)
of 3.38 and 4.87 fg mL™" for PSA and AFP, respectively."? A
silicon-based reproducible and active surface-enhanced
Raman scattering substrate was prepared by growing silver
nanoparticles in situ on a silicon wafer and was employed to
construct high-performance sensor for multiplex DNA detec-
tion."* Nevertheless, there are still many challenges for the
development of the SERS-based bioassay for tumor markers,
especially, increasing the detection sensitivity, which is an
important issue in practical bioassays."® In fact, the SERS-
based bioassay often relies on a bio-modified metal substrate
to capture target molecules and form a sandwich structure
with Raman-tag nanoprobes for increasing the Raman signals
drastically.®*® In recent years, an ultra-sensitive sensor based
on the hairpin structure molecular beacon and high-perform-
ance SERS substrate has also achieved great success in improv-
ing the sensitivity.'® As a new development, some signal ampli-
fication solutions were proposed and successfully applied to
the SERS-based bioassay. Typically, Li et al. have achieved
the ultrasensitive SERS detection of nucleic acids by an
Exonuclease III-boosted cascade signal amplification strategy®°
and the triple signal amplification of the bimetallic cavity,
gold islands and the target-catalyzed hairpin assembly.”"
Indeed, besides the sandwich SERS structure and molecular
beacon-based SERS sensor, the above signal amplification
strategies offer beneficial insight for further improving the
detection sensitivity of the SERS-based bioassay. Therefore, it
is desirable to design more signal amplification solutions to
implement the ultrasensitive SERS detection of nucleic acids.
Furthermore, in many efforts to raise the detection sensi-
tivity, the biotin-streptavidin (B-S) system composed of a
biotin-linked reactant and a tag-labeled streptavidin, as an
effective signal amplification model, has been widely used to
quantitatively detect various analytes.”>>* For example, the B~
S-amplified enzyme-linked immunosorbent assay (ELISA) was
proposed for the determination of chloramphenicol residues
in milk and the LOD of 42 pg mL™' was obtained, which is
8-fold more sensitive than the traditional ELISA.>* The homo-
geneous immunoassay has been successfully developed to
determine the content of aflatoxin B1 in agricultural products
by coupling immunomagnetic beads and the B-S system, with
a low LOD of 5.79 pg mL™' and a wide detection range from
0.0183 to 17.9 ng mL~".>* A rapid and sensitive miRNA detec-
tion was implemented by the sandwich hybridization and the
laminar flow-assisted dendritic amplification at a low LOD of
0.5 pM due to the multiple signal-amplification between the
fluorescein isothiocyanate-labeled streptavidin and the biotiny-
lated anti-streptavidin.>® Based on the hybridization chain
reaction and B-S signal amplification protocol, a sandwich-
type electrochemical immunosensor designed to
implement the multiplex immunoassay of biomarkers and
high sensitivities with LODs of 62, 48, 77 and 60 fg mL ™" were
acquired for a-fetoprotein (AFP), carcinoembryonic antigen
(CEA), carbo-hydrate antigen (CA125) and prostate special
antigen (PSA), respectively.”” A microfluidic sandwich
immunoassay platform was developed to detect free PSA, and
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the LOD was reduced from 21.4 to 2.7 ng mL~"' by using an
additional Dbio-affinity amplification strategy of the B-S
system.”® However, to our knowledge, although many bioassay
strategies have adopted the B-S system, a SERS-based bioassay
grafted with a B-S system has not yet been explored.

In this study, by introducing the B-S system, we proposed
the SERS-based cascade amplification bioassay protocol to
achieve highly sensitive detection of miRNA-21. First, a biotin-
modified DNA (DNA-biotin) was linked with 4-mercaptoben-
zoic acid-covered Ag nanoparticles (Ag@4MBA NPs) to syn-
thesize the Ag@4MBA@DNA-biotin probes and the electron-
beam physical vapor deposition (EBPVD) technology was used
to fabricate the Ag-film substrate. Next, the probe DNA linked
to the Ag@4MBA NPs and the capture DNA immobilized on
the Ag-film substrate were hybridized with target RNA to con-
struct a sandwich structure. Then, streptavidin and the
Ag@4MBA@DNA-biotin probes were alternately added to the
above sandwich structure to form the SERS-based cascade
amplification bioassay platform for the detection of
miRNA-21. Herein, the SERS-based cascade amplification
effect is produced by the B-S system composed of streptavidin
and Ag@4MBA@DNA-biotin probes and is attributed to the
“hot spots effect” of the noble metal nanostructure. That is,
when Ag NPs are arranged in the closely spaced configurations
of the B-S system, more hot spots are formed at the nano-
particle gaps to generate a high-intensity electromagnetic field
that greatly enhances the SERS signal.>>*° The experimental
results show that the quantitative detection of miRNA-21 has a
wide concentration range from 100 fM to 100 nM and an ultra-
low LOD of 38.02 fM. The specificity of the bioassay protocol
was verified by using non-complementary RNA (miRNA-106a),
single-base mismatch miRNA and double-base mismatch
miRNA in our control experiment. Moreover, compared with
the complex fabrication processes of the SERS substrates in
other detection platforms,*'~** the simple fabrication process
of the Ag-film substrate is an attractive merit due to the direct
deposition of Ag film onto the polished surface of the silicon
wafer by EBPVD. Therefore, the SERS-based cascade amplifica-
tion bioassay protocol will have great significance and poten-
tial applications in the detection of nucleic acids.

2 Experimental

2.1 Materials and reagents

Silver nitrate (AgNO3, 99.5%), 4-mercaptobenzoic acid (4MBA),
sodium citrate tribasic dihydrate, N-hydroxysuccinimide
(NHS), and N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride (EDC) were acquired from Sigma-Aldrich
(Milwaukee, WI, USA). Bovine serum albumin (BSA) was pur-
chased from Zeke Biotech Co., Ltd (Suzhou, China). TBS/
0.05% Tween 20 buffer solution (0.05 M Tris, 0.138 M NaCl,
0.0027 M KCl, 0.05% Tween 20, pH 8) and streptavidin (SA)
were obtained from Solarbio Science & Technology Co., Ltd
(Beijing, China). Rabbit anti-digoxin was purchased from
Biosynthesis Biotechnology Co., Ltd (Beijing, China). Diethyl
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pyrocarbonate-treated water (DEPC-H,0) was acquired from
Generay Biotech Co., Ltd (Shanghai, China). Phosphate buffer
solution (PBS, pH 7.4) was bought from Sangon Biotech Co.,
Ltd (Shanghai, China). All oligonucleotides were purchased
from Generay Biotech Co., Ltd (Shanghai, China), and the
sequences of the oligonucleotides are shown in Table 1. All
the chemicals used were of analytical grade, and the
solutions were prepared with Milli-Q quality water (resistivity
of 18.2 MQ cm™") or absolute ethanol.

2.2 Synthesis of Ag NPs

Ag NPs were synthesized by the hydrothermal reduction of
silver nitrate using Lee and Meisel’s method with some modi-
fications.** First, 9 mg of AgNO; was dissolved in 50 mL of
ultrapure water in a flask, and the prepared aqueous solution
was heated to 90 °C under magnetic stirring with a 2.5 cm x
0.5 cm stir bar at a rotation speed of 300 rpm. Next, 1 mL of
trisodium citrate solution (1%, w/v) was gradually added into
the flask and the solution color rapidly changed from colorless

Table 1 Sequences of oligonucleotides used in this study

Oligonucleotide Sequence

Probe DNA (amino and biotin  5-Amino-TCAACATCAGT-Biotin-3’
conjugated DNA)
Capture DNA (digoxin
conjugated DNA)
Target RNA (miRNA-21) 5-UAGCUUAUCAGACUGAUGUUGA-3'
Control RNA (miRNA-106a) 5-AAAAGUGCUUACAGUGCAGGUAG-3'
Single-base mismatch miRNA 5-UAGCUUAACAGACUGAUGUUGA-3’
Double-base mismatch miRNA 5-UAGCUUAACAGACUGAGGUUGA-3'

5'-CTGATAAGCTA-Digoxin-3'
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to gray. Immediately, the mixture was heated until boiling and
continuously reacted for 2 h. Lastly, the Ag NPs were obtained
when the solution became grayish green. Subsequently, the Ag
colloid was cooled to room temperature and washed more
than twice by centrifugation at 8000 rpm for 15 min to remove
the anionic surfactant. Finally, the centrifuged sediment was
dispersed in 20 mL absolute ethanol for further use.

2.3 Preparation of Ag@4-MBA@DNA-biotin probes

The preparation process of the Ag@4MBA@DNA-biotin probes
is illustrated in Fig. 1. The specific steps are as follows. (1)
Coating of 4MBA onto Ag NPs: 10 pL of 4MBA solution
(10 mM, dissolved in absolute ethanol) was first added to
3 mL of the Ag colloid with ultrasonic treatment for 5 min;
this solution was then kept for 2 h at room temperature. Next,
the prepared Ag@4MBA NPs were washed by centrifugation
and the sediment was resuspended in 3 mL of ultrapure water
with an ultrasonic treatment of 30 min. Then, the monodis-
persed Ag@4MBA NP solution was obtained. (2) Linking of the
probe DNA and Ag@4MBA NPs: 10 uL of EDC (4 mg mL™") and
10 pL of NHS (2 mg mL™") were added to the prepared
Ag@4MBA NPs solution (~0.3 mg mL™") with gentle shaking
at 37 °C for 30 min to activate the carboxyl group of 4MBA.
The reactants were then washed by centrifugation and dis-
persed in 3 mL of ultrapure water with an ultrasonic treatment
for 20 min. Afterwards, probe DNA (0.5 OD, diluted in 30 pL of
DEPC-H,0) was dispersed in 200 pL of TBS/0.05% Tween@20
buffer solution and then added to the above mixture solution
and incubated at 37 °C for 3 h. The products were then
washed twice by centrifugation to remove the excess reagents.

Coating Connecting Blocking with
4MBA probe DNA BSA
A «
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Fig. 1 Schematic of the SERS-based cascade amplification bioassay protocol.
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Lastly, the sediment was ultrasonically dispersed into 3 mL of
ultrapure water to obtain the monodisperse Ag@4MBA@DNA-
biotin NPs solution. It is worth noting that the concentration
of the probe DNA (0.5 OD) is sufficient to fully link with
Ag@4MBA NPs as described in part 1 of ESL.T (3) Blocking the
remnant active sites and the nonspecific adsorption sites:
10 pL BSA (3% w/v) was added to the Ag@4MBA@DNA-biotin
NP solution at 37 °C for 3 h; then, the mixture was washed at
least three times by centrifugation to remove the excess BSA,
and the precipitate was resuspended in 3 mL of ultrapure
water. Finally, the Ag@4MBA®@DNA-biotin probe was obtained
by an ultrasonic treatment for 30 min. The probes were then
stored at 4 °C for later use. The centrifugation parameters
(8000 rpm, 15 min) were the same in all of the washing steps
listed above.

2.4 Preparation of the Si@Ag@anti-digoxin/digoxin-DNA
substrate

The fabrication process of the Si@Ag@anti-digoxin/digoxin-
DNA substrate is also shown in Fig. 1. First, a cleaned wafer
was modified via plasma treatment (15 Pa, 35 W of radio
power) for 15 min, and then 100 nm-thick Ag film was ther-
mally deposited onto the surfaces of the wafer using the
EBPVD system. Subsequently, the saturation concentrations of
the anti-digoxin and capture DNA were estimated by the steps
described in part 2 of ESIt and were set as 1 pg mL™" and
1.5 pM, respectively. Then, the Ag-coated wafer was immersed
in 700 uL of rabbit anti-digoxin solution (1 pg mL™", diluted by
PBS), and immediately immobilized at 4 °C and 60% relative
humidity overnight.>® Subsequently, the substrate was washed
successively with a TBS/0.05% Tween@20 buffer solution, PBS,
and ultrapure water to remove any redundant proteins, fol-
lowed by drying under a gentle flow of nitrogen gas. Third, the
nonspecific adsorption sites on the surface of the substrate
were blocked via treatment with a blocking solution (3% BSA,
diluted with PBS) at room temperature for more than 3 h.
Subsequently, the substrate was successively washed with TBS/
0.05% Tween@20 buffer solution, PBS (pH 7.4), and ultrapure
water to remove residual BSA and dried again with nitrogen
gas. Fourth, the substrate was immersed in the capture DNA
solution (1.5 pM, diluted by DEPC-H,0) and allowed to stand
for 3 h to ensure completion of the reaction between digoxin
and anti-digoxin. After washing the substrate with PBS (pH
7.4) and ultrapure water, the Si@Ag@anti-digoxin/digoxin-
DNA substrate was finally obtained and stored at 4 °C for later
use.

2.5 Detection protocol

As schematically depicted in Fig. 1, the SERS-based cascade
amplification bioassay protocol was performed by imitating
ELISA and grafting the B-S system. First, the Si@Ag@anti-
digoxin/digoxin-DNA substrate was immersed in the target
RNA DEPC-H,0 solution and placed in a constant temperature
shaker at 15 °C for 20 min (the hybridization time and temp-
erature are related to the chain length of the oligonucleotide
and the hybridization environment).***” The products were
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quickly washed twice with ultrapure water. Next, the cleaned
Si@Ag@anti-digoxin/digoxin-DNA substrate was immersed in
the Ag@4MBA®@DNA-biotin probe solutions, and the mixture
was similarly placed in the constant temperature shaker at
15 °C for 20 min. Subsequently, the substrate was washed suc-
cessively with PBS and ultrapure water to remove redundant
probes. At this point, the sandwich complex composed of the
Ag@4MBA@DNA-biotin  probes, target RNA and the
Si@Ag@anti-digoxin/digoxin-DNA substrate was used for the
original detection of the SERS signal. Furthermore, by the
alternate addition of streptavidin and the Ag@4MBA®@DNA-
biotin probes to the sandwich structure, the B-S system was
grafted onto the sandwich complex to enable ultrasensitive
detection with SERS cascade amplifications.

2.6 Apparatus

Scanning electron microscopy (SEM) images were obtained by
a field-emission scanning electron microscope (SU-70, Hitachi,
Japan) at an accelerating voltage of 5 kV. The UV-visible
absorption spectra were measured by a spectrometer (TU1901,
Pgeneral, China). {-Potential measurements were performed
with a nanoparticle size analyzer (Zetasizer Nano $90,
Malvern, United Kingdom). The surface of the silicon wafer
was modified using a low pressure plasma system (Zepto,
Diener electronic, Germany) at a vacuum pressure of 15 Pa and
a radio power of 35 W. Ag film was deposited by the electron-
beam physical vapor deposition (EBPVD) system (Auto306,
HHV Ltd, United Kingdom) at a rate of 0.4 nm s ' and a
vacuum pressure of 5 x 10™* Pa. Atomic force microscopy
(AFM) images were measured using an atomic force micro-
scope (Cypher-HV, Oxford Instruments Asylum Research, Inc.,
USA) in contact mode. The SERS signals were measured by
using a Raman spectrometer (BWS415, B&W Tek Inc., USA)
equipped with a semiconductor laser (785 nm, 499.95 mW), a
grating rate of 1200 lines per mm, and a charge coupled device
(CCD, 2048 pixels) detector. All the Raman signals were col-
lected under 25 mW laser power, 20x objective lens (numerical
aperture = 0.4), and 10 s accumulation time. A baseline correc-
tion of the spectra was performed using BWS software to
remove the fluorescence background. Each SERS spectrum was
obtained by averaging tested data at 30 random sites on the
substrate to eliminate the influence of outliers.

3 Results and discussion

3.1 Characterizations of Ag NPs and Ag@4MBA@DNA-biotin
probes

The SEM image of the synthesized Ag NPs is shown in
Fig. 2(a). From the SEM image, we can see that most of the Ag
NPs are spherical and have a particle size of about 40 nm. The
formation process of the Ag@4MBA®@DNA-biotin probes was
investigated by UV-vis absorption spectroscopy and {-potential
measurements. As shown in Fig. 2(b), the absorption peaks of
Ag NPs, Ag@4MBA NPs and Ag@4MBA@DNA-biotin probes
are located at 408, 416 and 421 nm, respectively. Clearly, the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) SEM image of Ag NPs. (b) UV-vis absorption spectra of Ag
NPs (blue), Ag@4MBA NPs (green) and Ag@4MBA@DNA-biotin probes
(red).

absorption peaks of the Ag@4MBA NPs and Ag@4MBA@DNA-
biotin probes have significant red-shifts with respect to the
absorption peak of the Ag NPs, which suggests that the size of
the nanoparticles gradually increases during the synthesis of
the probe and confirms that 4MBA molecules and probe DNA
are successively linked to the Ag NPs.”® Furthermore, as listed
in Table 2, during the immobilization of 4MBA molecules, the
zeta-potential of the Ag NPs changed from —20.7 to —10.9 mV
as many weakly electrolyzed 4MBA molecules bonded to the

Table 2 (-Potential measurements

Samples (-Potential (mV)
Ag NPs —20.7 +2.15
Ag@4MBA NPs —10.9 £ 2.69
Ag@4-MBA@DNA-biotin probe —21.0+1.54

Ag-coated wafer1  200nm | Ag-coated wafer 2

Ag-coated wafer 3 200nm | Ag-coated wafer 4

sample 2

sample 3
€.

sample 4

Fig. 3

(a—d) SEM images of Ag-coated wafers (1-4) fabricated at deposition rates of 0.05, 0.1, 0.2, and 0.4 nm s~
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surface of the Ag NPs to replace the negatively charged citrates.
After linking the probe DNA to the Ag@4MBA NPs, the surface
potential of the Ag@4MBA@DNA-biotin probe was —21.0 mV
due to the electronegativity of DNA molecules.*”

3.2 Characterizations of the Si@Ag@anti-digoxin/digoxin-
DNA substrate

As described in section 2.4, the Si@Ag®@anti-digoxin/digoxin-
DNA substrates were successfully fabricated using the EBPVD
technique, protein binding and immune reactions. In order to
prevent the non-specific adsorption of probes from interfering
with the detection results, a set of control experiments were
performed as follows. First, the Ag-coated wafers with 100 nm-
thick Ag film were fabricated at different deposition rates, and
their SEM images are shown in Fig. 3(a-d), respectively. The
roughness of these Ag-coated wafers was measured by AFM,
and the AFM images are shown in Fig. 3(e-h). The roughness
of the Ag-coated wafers decreases from 65.205 nm to 1.837 nm
as the deposition rate of Ag increases from 0.05 to 0.4 nm s .
The Ag-coated wafers were then used to prepare the
Si@Ag@anti-digoxin/digoxin-DNA substrates. After immersion
in the Ag@4MBA@DNA-biotin probe solution for 20 min, the
substrates were filtered and washed carefully to function as
control samples. Fig. 3(i-1) show the SEM images of the control
samples, which shows that the number of probes adsorbed
onto the substrates decreases as the roughness of the Ag-coated
wafers decreases. Additionally, Fig. 3(m) shows the Raman
spectra of the control samples and shows that the SERS signal
of the samples gradually declines (samples 1-3) and ultimately

nm 8§
150

Rg=1.837nm

m
>
=
(7]
<
2 sample 2
=
S
E sample 3
3]
14
sample 4

1 obo 1 2b0 1 4b0 1 6’00

Raman Shift/cm™

860 860 1800

1, respectively; (e—h) AFM images

corresponding to Ag-coated wafers (1-4), and the cross-section profiles marked as the green line are also shown below; (i—-1) SEM images of the
control samples fabricated using the Ag-coated wafers (1-4), respectively; (i) Raman spectra of the control samples.
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disappears (sample 4) as the number of absorbed probes
decreases. This result demonstrates that the substrate fabricated
by the smooth Ag-coated wafers exhibits an excellent character-
istic of low non-specific adsorption to the probes. Thus, the Ag-
coated wafer fabricated at a deposition rate of 0.4 nm s™' was
used in our subsequent experiments.

3.3 Cascade SERS amplification-based bioassay of miRNA-21

According to the SERS-based cascade amplification bioassay
protocol described in section 2.5, the miRNA-21 was detected
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by measuring the SERS signal of 4MBA in the sandwich struc-
ture during the original detection, first order amplification
detection and multi-order amplification detection. In our
experiments, the 100 nM miRNA-21 solution was diluted with
DEPC-H,0 at room temperature to prepare 7 standard samples
with a 10-fold dilution ratio from 1 to 10°. Corresponding to
the initial detection and multi-order amplification, the SERS
spectra of the standard samples were recorded and are shown
in Fig. 4(a)-(d), respectively. It can be clearly seen from
Fig. 4(a) that the SERS signals decrease with a decrease in the
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Fig. 4 SERS spectra corresponding to the different concentrations of miRNA-21 by (a) initial detection, (b) first order amplification detection, (c) second
order amplification detection and (d) third order amplification detection; (e—h) the dose—response curves corresponding to (a—d), respectively.
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miRNA-21 concentrations and show a negligible weak back-
ground signal at concentrations of 107'' M and below.
Compared with Fig. 4(a), the SERS spectra in Fig. 4(b) exhibit
stronger SERS signals for various concentrations of samples,
except for the sample with a concentration of 10~"* M. These
SERS signals can be attributed to the amplification role of the
B-S system because the extra probes added to the original
sandwich structure by specific binding between biotin and
streptavidin results in more “hotspots” to produce the distinct
Raman enhancement. Similarly, Fig. 4(c) and (d) present stron-
ger SERS signals for all of the samples due to multiple amplifi-
cations from the B-S system. Thus, the sandwich complexes
grafted to the B-S system provide superior SERS performance
than that of the original sandwich structure.

Subsequently, the peaks at 1078 cm™" in Fig. 4(a)-(d) were
selected for generating the standard dose-response curve for
miRNA-21, and their peak intensities as a function of the log-
arithm of the concentrations are presented in Fig. 4(e)-(h),
respectively. As shown in Fig. 4(e), within the concentration
range from 100 pM to 100 nM, the SERS intensity of the desig-
nated peak exponentially changes with the concentration of
miRNA-21 according to the curve fitting equation y, = 8.827 x
10° exp(x/0.8869) + 207.0, and the LOD of 97.81 pM can be esti-
mated using the blank determination method.*® Similarly, the
change in the SERS peak intensity in Fig. 4(f) is also exponen-
tial within the concentration range of 1 pM-100 nM, and the
LOD = 0.7825 pM. Comparing Fig. 4(f) with (e), the sandwich
structure with the B-S system clearly has a wider detection
range and a lower LOD than those of the sandwich structure
without the B-S system. From Fig. 4(g) and (h), it is clearly
seen that the standard dose-response curves still display expo-
nential variation between 100 fM and 1 nM and their LOD are
65.77 fM and 38.02 fM, respectively. It is worth noting that
although the values of peak intensities at 10 nM and 100 nM
have large deviations with the exponential fitting curves in
Fig. 4(g) and (h), there are no effects on the practical appli-
cations due to the lack of multiple amplifications for the high
concentrations of miRNA-21. In other words, as shown in
Fig. 4(e), the original sandwich structure is sufficient for the
testing requirements above 100 pM. Also, as described in part
3 of ESIf,T the LOD (42.95 fM) of the SERS-based bioassay with
fourth-order amplification is higher than that of the third-
order amplification (38.02 fM). Thus, the third order amplifica-
tion was selected as an optimal amplification order in our
detection scheme. Therefore, the appropriate multiple amplifi-
cations provided by the B-S system can further reduce the LOD
for highly sensitive trace detection of miRNA-21.

Considering the false positive signal induced by non-comp-
lementary RNA, the selectivity of the cascade SERS amplifica-
tion-based bioassay protocol was examined. In our control
experiments, the SERS signals of the miRNA-21, single-base
mismatch ~ miRNA, double-base = mismatch  miRNA,
miRNA-106a and blank samples were detected and are shown
in Fig. 5(a). The results demonstrate that the strong character-
istic SERS signal of the Ag@4MBA@DNA-biotin probes was
only generated in the bioassay of the miRNA-21 sample, while

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) SERS spectra of Ag@4MBA@DNA-biotin probes in the specifi-

city control experiments; (b) the SERS spectra of the seven samples
recorded by the SERS-based bioassay platform.

very weak signals and even background noises were obtained
for the blank samples, non-complementary RNA
(miRNA-106a), double-base mismatch miRNA and single-base
mismatch miRNA. Therefore, the constructed SERS-based
sandwich structure grafted onto the B-S system is a highly
specific platform for detecting miRNA-21.

Finally, to check the reliability of the above SERS-based
bioassay platform, different concentrations of miRNA-21
samples were detected using both the SERS-based cascade
amplification bioassay protocol and the RT-qPCR technology.
Fig. 5(b) shows the multi-order amplified SERS spectra of the
seven samples. Combining the results in Fig. 5(b) with the
standard dose-response curves (Fig. 4(e-h)), the concentration
of miRNA-21 in each sample was obtained and are listed in the
second column of Table 3. At the same time, the sample con-
centrations detected by the RT-qPCR technology are listed in
the fourth column of Table 3. The results obtained by the
SERS-based cascade amplification bioassay protocol are con-
sistent with those of RT-qPCR and display higher detection
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Table 3 Detection results
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SERS-based bioassay RT-qPCR
Samples Concentrations Amplification orders Concentrations Cycle threshold Relative deviation
1 4.21 nM 0 4.33 nM 13.64739 —2.77%
2 6.53 nM 0 5.97 nM 13.12042 9.38%
3 329.43 pM 1 309.79 pM 17.95382 6.34%
4 2.95 pM 1 2.71 pM 25.69209 8.86%
5 493.57 ftM 2 466.57 ftM 28.56744 5.79%
6 257.42 fM 2 — — —
7 66.29 fM 3 — — —
Notes: Symbol “—” denotes no valid data.

sensitivities. Furthermore, the amplification orders in Table 3
show that the samples with high concentrations of miRNA-21
(samples 1-2) can be directly detected by the sandwich
structure without the B-S system. However, the miRNA-21
concentrations in samples 3-7 were obtained using the
multiple-order amplification of the BS system due to
their low miRNA-21 content. Additionally, the data listed in
Table S3 of the ESIf also demonstrate that the SERS-based
sandwich platform with the B-S system provides improved
detection of miRNA-21. Therefore, the proposed SERS-based
cascade amplification bioassay is a valid strategy for detecting
miRNA-21.

4. Conclusions

In summary, a novel oligonucleotide detection approach is
proposed that involves the coupling of SERS technology with
the cascade amplification of B-S system. This approach was
applied for the detection of miRNA-21. The SERS-based sand-
wich structure was composed of Si@Ag@anti-digoxin/digoxin-
DNA substrates, miRNA-21 and a Ag@4MBA@DNA-biotin
probe, and the cascade amplification of the B-S system was
implemented by binding the Ag@4MBA@DNA-biotin probe
and streptavidin to improve the detection sensitivity. Also,
with the multi-order amplification detection, the LOD
decreased by three orders of magnitude from 97.81 pM to
38.02 fM and exhibited a wider detection range from 100 fM to
100 nM after the original sandwich structure was grafted onto
the B-S system. The control experiments exhibited superior
detection selectivity for miRNA-21, and the reliability of this
SERS-based cascade amplification bioassay protocol was exam-
ined by RT-qPCR. In our experiments, the smooth Ag-coated
wafer was selected for preparing the Si@Ag@anti-digoxin/
digoxin-DNA substrate as it reduced the non-specific adsorp-
tion between the probe and the substrate. However, the sensi-
tivity of our platform was sacrificed to some extent due to the
weak SERS effect of the smooth Ag-coated wafer. In addition,
by adjusting the sequences of the probe DNA and the capture
DNA, our detection protocol may be extended to the detection
of various genes with many potential applications in clinical
diagnostics.
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