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MicroRNAs (miRNAs) are recognized as regulators of gene expression during the biological processes of cells as well as biomarkers
of many diseases. Development of rapid and sensitive miRNA profiling methods is crucial for evaluating the pattern of miRNA
expression related to normal and diseased states. This work presents a novel hollow Au nanoflowers (HAuNFs) substrate for rapid
detection and identification of miRNAs by surface-enhanced Raman scattering (SERS) spectroscopy. We synthesized the HAuNFs
by a seed-mediated growth approach. Then, HAuNFs substrates were fabricated by depositing HAuNFs onto the surfaces of (3-
aminopropyl)triethoxysilane- (APTES-) functionalized ITO glass.The result demonstrated that HAuNFs substrates had very good
reproducibility, homogeneous SERS activity, and high SERS effect.The substrates enabled us to successfully obtain the SERS spectra
of miR-10a-5p, miR-125a-5p, and miR-196a-5p. The difference spectra among the three kinds of miRNAs were studied to better
interpret the spectral differences and identify miRNA expression patterns with high accuracy. The principal component analysis
(PCA) of the SERS spectra was used to distinguish among the three kinds of miRNAs. Considering its time efficiency, being label-
free, and its sensitivity, the SERS based on HAuNFs substrates is very promising for miRNA research and plays an important role
in early disease detection and prevention.

1. Introduction

MicroRNAs (miRNAs) are small (19–25 nucleotides), non-
coding, regulatory RNAs that play critical regulatory roles
in almost every biological processes [1, 2]. Some studies
concluded that approximately one-third to one-half of human
genes are directly regulated by miRNAs with each miRNA
predicted to target several hundred transcripts, making
miRNAs one of the largest families of gene regulators [3].
miRNAs are implicated in the regulation of various cellular
processes, including proliferation, metastasis, differentiation,
and apoptosis [4]. The accumulating evidence has shown
that miRNAs or patterns of miRNAs expressed may serve as

biomarkers for a number of diseases and genetic disorders,
particularly in the development of cancers [5, 6]. For example,
Huo et al. found that miR-10a-5p have good predictive
value in assessing the 28-day mortality of patients with
sepsis [7]. Zhi et al. reported that miR-10a-5p may serve
as a biomarker useful to improving the management of
acute myeloid leukemia patients [8]. The similar results were
reported in the cervical cancer [9, 10]. Zhong et al. found
that miR-125a-5p inhibited the proliferation and invasion of
lung cancer cells and facilitated lung cancer cell apoptosis [11].
MoreovermiR-125a-5p expressionwas found to be associated
with the age of breast cancer patients [12]. Li et al. reported
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that overexpression of miR-196a-5p is associated with lymph
node metastasis and clinical stage in gastric cancer [13].
The expression pattern of cancer-specific miRNAs has been
identified in almost every type of cancer. Thus, miRNA
expression profiles may be used for cancer diagnostics and
classification, whereas current methods which are capable of
detecting and profilingmiRNA expression have limitations in
sensitivity and breadth due to the short size, low abundance,
and sequence similarity between miRNA family members
[14].The development of fast, sensitive, and efficient methods
for identification ofmiRNAs has been of great importance for
discovery of potential biomarkers of disease pathogenesis and
for high-throughput detection ofmiRNAs expression profiles
related to disease status.

Surface-enhancedRaman scattering (SERS) spectroscopy
is a powerful spectroscopic detection technique that can
enormously enhance the Raman signals of molecules
adsorbed on or near the roughened surfaces of metallic
nanostructured substrates. The detection sensitivity of SERS
is 6–14 orders of magnitude higher than conventional Raman
spectroscopy and is similar to fluorescence technique [15].
SERS can obtain richmolecular and structural information to
identify biological samples with the vibrational fingerprints
[16]. SERS also has many significant advantages over
other technologies, such as its narrow spectral band,
nondestruction, and weak Raman signal of water [17].
Therefore, it is very suitable for study of biomolecule in
vitro. Ag and Au metallic materials are commonly used
as SERS-active substrates [18]. Theoretically, their SERS
enhancement effects mainly result from the “hot spots,”
which originate from the rough surface of nanoparticles and
the gaps between metallic nanoparticles [19, 20].

Among all metallic nanoparticles, hollowAu nanoflowers
(HAuNFs), with internal hollow cavity and external multiple
sharp branches, have received a great deal of attention in
the fields of materials science. The localized surface plasmon
resonance (LSPR) of HAuNFs may be tuned between the
visible and the near infrared (NIR) wavelengths by changing
the size, branches, and shell thickness [21]. It showed that
the LSPR of HAuNFs was of higher sensitivity than that of
other nanoparticles. HAuNFs have high surface to volume
ratios and their many branches which served as potential
“hot spots” greatly enhance the electromagnetic field around
the particle, both of which are beneficial for highly efficient
SERS application [22]. In order to obtain greater sensitivity
and signal enhancement, a variety of nanoparticles have been
assembled into solid substrates (such as graphite, silicon, and
ITO glass) by template method, self-assembly, nanosphere
lithography, and electrochemical deposition. Recently, SERS
has been used for biosensing virus, bacteria, proteins, and
nucleic acid [23, 24]. Khlebtsov et al. fabricated centimeter-
scale gold nanoisland films as reproducible SERS substrates
for highly sensitive detection of the thiram fungicide in apple
peels [25]. Sun et al. developed a promising magnetic SERS
immunosensor to analyze intact but inactivated influenza
virus H

3
N
2
by constructing a sandwich complex consisting

of SERS tags, target influenza viruses, and highly SERS-
active magnetic supporting substrates [26]. Ouyang et al.
proposed a laser wrapped graphene-Ag array for detection of

Table 1: Sequences of three kinds of miRNAs.

miRNAs Sequence
miR-10a-5p UACCCUGUAGAUCCGAACUGUG
miR-125a-5p UCCCUGAGACCCUUUAACCUGUGA
miR-196a-5p UAGUAGUUUCACUGUGAUUCGGG

methylated DNA and its oxidation derivatives by SERS [27].
However, widespread applications of SERS remain limited
because of a lack of spectral reproducibility linked to the
SERS substrate used to detect the sample. Furthermore, the
surfactants and reductants on the surface are difficult to
remove, which will severely interfere with the SERS results.

In this study, employing the HAuNFs-decorated
indium tin oxide (ITO) glass as a enhancing substrate,
we applied SERS spectroscopy to classify miRNAs
(Scheme 1). HAuNFs were assembled onto the surface
of (3-aminopropyl)triethoxysilane- (APTES-) functionalized
ITO glass slip by the sedimentary self-assembly method.
We evaluated the SERS stability, homogeneity, and SERS
effect of HAuNFs substrates. Then, SERS spectra of three
kinds of miRNAs (miR-125a-5p, miR-196a-5p, and miR-
10a-5p) were directly detected in near-real time, which
could recognize the distinctive vibrational features of the
structural characteristics of miRNA. The differences among
these highly similar miRNAs have been well compared
and distinguished through difference spectra analysis and
principal component analysis (PCA) analysis. HAuNFs SERS
substrates featuring rapid, label-free, and high sensitivity
could serve as a promising tool for the ribonucleic acid
analysis.

2. Materials and Methods

2.1. Materials. Chloroauric acid tetrahydrate (HAuCl
4
⋅

4H
2
O), silver nitrate (AgNO

3
), trisodium citrate

(C
6
H
5
Na
3
O
7
⋅2H
2
O), and hydroquinone (98%) were all

purchased from Yangzhou Younuo Chemicals Co., Ltd.
(China). The (3-aminopropyl)triethoxysilane and Nile blue
A (NBA) were purchased from Yangzhou Noah Chemical
Co., Ltd. (China). All glassware used was cleaned with aqua
regia and deionized water. miRNA sequence was based on
miRBase (microrna.sanger.ac.uk). Following the principle,
the use of ABI’s Primer Express software for primer design
was synthesized by the Shanghai bioengineering technology
company (Table 1).

2.2. Synthesis of HAuNFs. HAuNFs were synthesized by a
seed-mediated growth approach, using hydroquinone and
sodium citrate as reduction agents. During the synthesis of
HAuNFs, galvanic reaction firstly happened betweenHAuCl

4

and Ag seeds in the reaction solution. As a result, Ag seeds
gradually depleted off, which was due to the rate of Ag+
diffusion being more than the rate of the Au contraction,
thus forming hollownanoshells structure. Secondly, Au3+was
reduced to Au0 on the surface of nanoshells when adding
reduction agents in reaction system. Au could continue
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Scheme 1: Schematic illustration of fabricated process of HAuNFs substrate and SERS is used for detection and identification of miRNAs.

to pile up and grow on the rough surface because of the
excess chloroauric acid. Finally, the flower-like, hollow Au
nanoparticles were synthesized.

Ag seeds were prepared as previously reported. Briefly,
100mL of 1mM AgNO

3
solution was heated to boiling while

being vigorously stirred. 1.5mL of 1% citrate solution was
injected into the boiling reaction mixture. The reaction was
allowed to proceed for 1 h, after which themixture was cooled
to room temperature. Next, 0.5mL of citrate-stabilized Ag
seed solution was put into 10mL deionized water in a glass
vial under continuous stirring. Then, 200 𝜇L 1% HAuCl

4
was

mixed with above solution for 20min to form Au nanoshells.
Finally, 50𝜇L of 1% sodium citrate and 1mL of 30mM
hydroquinone were sequentially added one by one, and, after
30min, its color turned from yellow to black-green. The
productwas centrifuged twice at 5000 rpm for 10min andwas
washed with deionized water.

2.3. Assembly of HAuNFs onAPTES-Functionalized ITO. The
fabrication process of HAuNFs substrate was described in
Scheme 1. An ITO glass slip was washed with acetone and
ultrapure water in the given order. The slip was further
cleaned in ethanol for three times and dried at 70∘C for 2 h
in an air oven.The cleaned ITO glass slip was then immersed
in 1% (v/v) ethanol solution of APTES in anhydrous ethanol
for 24 h to form a self-assembled layer followed by thor-
ough rinsing with ethanol and air-drying. Subsequently, the
APTES-functionalized ITO glass slip was placed horizontally
in the HAuNFs colloidal solution for 24 h. HAuNFs could be
deposited onto the surfaces of APTES-functionalized ITO to
obtain HAuNFs layer. The thiol moiety of APTES covalently
binds to the substrate while its pendant primary amine
group covalently binds to the nanoparticles. Finally, HAuNFs
substrate was dipped into a solution containing 0.1M KI
solution for 10min. The substrates were washed with ethanol

and ultrapure water and were dried for 30min at 30∘C.Thus,
the clean HAuNFs SERS substrates were obtained.

2.4. Instruments. The ultraviolet-visible-near infrared (UV-
vis-NIR) spectrum was measured by a Cary UV-5000
spectrometer (Agilent). Transmission electron microscope
(TEM) images were performed by a Tecnai 12 transmission
electron microscope operating at an accelerating voltage of
60 kV (Philips). The surface morphology was recorded on a
S-4800 II field-emission scanning electron microscope (FE-
SEM) operated at 3.0 kV (Hitachi). Energy dispersive spectra
(EDS) were obtained from a Siemens D5005. The dark-
field images were collected using an inverted Olympus IX70
microscope with a highly numerical dark-field condenser.

2.5. SERS Measurements. SERS measurements were per-
formedby aRaman spectrometerwith a 50xworking distance
objective lens (Renishaw). The Raman shift was calibrated
using the signal of 520 cm−1 from a silicon wafer. The laser
powers focused on samples (NBA, miR-10a-5p, miR-125a-
5p, and miR-196a-5p) were 5mW for 785 nm and integration
time of 10 s. Before SERS spectra collection,NBA solutionwas
diluted to various concentrations ranging from 1 × 10−6 M to
1 × 10−12M. For SERS measurement of miRNA, each miRNA
was dropped directly on the prepared HAuNFs substrate and
then subjected to Raman spectroscopy. The measured SERS
spectra of 10 different points were used to obtain average
SERS spectrum of miRNA.

2.6. Examining the EF. The enhancement factor (EF) of
HAuNFs was calculated by the approach developed by Le
Ru et al. [28], EF = (𝐼SERS/𝐶SERS)/(𝐼RS/𝐶RS), where 𝐼SERS
corresponds to the SERS intensity obtained for the HAuNFs
colloidal dispersion under a certain concentration 𝐶SERS of
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analyte and 𝐼RS corresponds to the Raman intensity obtained
under non-SERS conditions at analyte concentration of
𝐶RS. NBA was used as analyte and the characteristic peak
appeared at 592 cm−1 [29]. During the experimental process,
the HAuNFs colloidal dispersion was mixed with the same
volume of NBA for 4 h at 4∘C, giving a final concentration
with 10−6M. When using 𝐶SERS = 10−6M and 𝐶RS = 1 ×
10−2M and the intensities measured, we can obtain the EF of
HAuNFs.

3. Results and Discussion

3.1. HAuNFs Characterization. Figures 1(a) and 1(b) showed
the UV-vis-NIR spectra of the Ag seeds and HAuNFs. At
initial stages, Ag seeds displayed a strong absorption peak at
420 nm (Figure 1(a)). In the presence of the reductants, the
Ag seeds continued to grow intoHAuNFs, which had a strong
absorption peak at about 750 nm (Figure 1(b)). The plasmon
of HAuNFs in the NIR region shows their great potential
for in vivo application. Figure 1(d) showed typical SEM and
TEM images of the as-synthesized HAuNFs. The HAuNFs
were well dispersed as individual entities, which could be
prepared by large scale. The average diameter of HAuNFs
was about 150 nm, and their rough surface contained many
short, irregular, and obtuse branches. TEM image (see inset
image in Figure 1(d)) exhibited that HAuNFs were hollow
essence. It indicated that Ag seed at the center of the
nanoparticle have been removed. As shown in Figure 1(e), the
EDS result of the HAuNFs indicated the existence of silver,
gold, carbon, and silicon and oxygen elements. The signals
of silicon were attributed to the silicon wafer with a thin
layer of silicon dioxide.The products were basically HAuNFs
and small number of products was Au-Ag alloy. Raman
spectra of NBA (Figure 1(f), black curve) and NBA-labeled
AuNSs (Figure 1(f), red curve) were recorded under our
experimental condition (785 nm laser line, 10 s integration
time). NBA-labeled HAuNFs generated a strong Raman
signals. Then, the SERS EF of HAuNFs was calculated by
using the following expression, EF = (𝐼SERS/𝐶SERS)/(𝐼RS/𝐶RS).
SERS EF of HAuNFs is 4.3 × 105, which is much higher than
EF (1 × 105) of Au nanostars reported by Nalbant Esenturk
and Hight Walker [30].

3.2. Fabrication of HAuNFs Substrates. HAuNFs substrates
were fabricated by the sedimentary self-assembly method,
which do not need complicated equipment and are pre-
ponderant in commercial manufacture. During the experi-
ment, APTES was used to make the pendant -NH

2
group

of ITO glass slip, which could immobilize HAuNFs onto
the substrate via Au-N covalent bonding [31]. Figure 2(a)
revealed the SEM image of HAuNFs substrates. HAuNFs
had slight aggregation and uniformly distributed on the ITO
glass surface. The inset in Figure 2(a) was digital photograph
of HAuNFs substrates, which had dark black-green with
uniform colors. Dark-field microscopy is a widely used
technique for imaging plasmonic particles, which cannot
be observed in bright field. Figure 2(b) showed the dark-
field image of HAuNFs substrates. HAuNFs strongly scatter

yellow light due to their strong localized surface plasmon
oscillation with a frequency in the NIR region [32]. In order
to investigate the uniformity of the surface SERS signal, a
SERS mapping experiment was performed by the Renishaw
Raman microspectroscopy system. Figure 2(c) showed the
SERSmapping ofHAuNFs substrates, using the characteristic
peak of NBA at 592 cm−1 as themapping signal.The scan area
was 40 × 50mm2, the step size was 2mm, the laser power
was 5mW, and the acquisition time at each point was 10 s.The
color of SERSmappingwas used to display the intensity of the
592 cm−1 at each point according to a color scheme ranging
from blue (lowest intensity) through red, orange, yellow, and
red (highest intensity). From Figure 2(d), the deviation of
SERS intensities at the strongest point (Figure 2(c)-A) to
the weakest point (Figure 2(c)-B) was less than 10%, which
supported the good homogeneity of the HAuNFs substrates.

UV-vis-NIR spectrum of HAuNFs substrates was shown
in Figure 1(c). Compared with the UV-vis-NIR spectrum of
colloidal HAuNFs solution, the absorption peak of HAuNFs
substrates had a ∼18 nm red shift, which might be caused by
the changes of the distance between the particles and slight
aggregation when assembled onto ITO glass surface. We
further investigated the reproducibility of SERS signal of the
NBA-labeled HAuNFs substrates. Three substrates, made at
different time, were measured and shown in Figure 3(a). The
deviation of peak intensity at 592 cm−1 is 5.2%, showing the
substrates were made with good reproducibility. In addition
to the uniformity and reproducibility of the substrates,
the SERS stability of HAuNFs substrates was also tested
(Figure 3(b)). HAuNFs substrates were stored for an extended
period of time at room temperature. No significant changes in
the SERS spectral peak and shape were observed, indicating
the HAuNFs substrates had a very stable SERS enhancement
effect. After 20 days, the SERS intensity at 592 cm−1 was only
reduced by 8.7% compared with that of 0 days (see inset
image in Figure 3(b)). Figure 3(c) showed the SERS spectra
of various concentrations of NBA onHAuNFs substrates.The
lower concentration of NBA solutions on HAuNFs substrates
showed a silence of SERS signal, and thus the concentration
of 1 × 10−12M was known as the limit of detection for
the NBA molecules. Furthermore, a little of surfactants and
reductants remained on the surface of as-prepared HAuNFs
substrates, characterized by some Raman bands and shown
in Figure 3(d) (red curve). To reduce their interference with
SERS detection of miRNA, the substrates were rinsed with a
fresh 0.1M KI solution. Iodide can be strongly adsorbed on
Au surfaces though Au-I bond and easily replace the existing
impurities, showing a clean background in SERS spectra
in Figure 3(d) (black curve) [33]. Thus, iodide protected
substrates can be conveniently used for direct detection of
miRNAs.

3.3. SERS Spectral Analysis. To evaluate the sensitivity of
HAuNFs substrates for miRNA detection, we have studied
the SERS spectra of diluted miR-125a-5p samples with dif-
ferent concentrations adsorbed on the HAuNFs substrates
(Figure 4(a)). Meanwhile, the SERS intensity at 733 cm−1
for diluted miR-125a-5p with different concentrations was
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Figure 1: UV-vis-NIR spectra of (a) Ag seeds, (b) HAuNFs, and (c) HAuNFs substrate. (d) SEM image of HAuNFs. Inset TEM image shows
the internal structure of HAuNFs. Scale bars: 100 nm and 50 nm for the SEM image and TEM image, respectively. (e) EDS spectrum of
HAuNFs. (f) SERS spectrum of (black curve) NBA and (red curve) HAuNFs colloidal dispersion mixed with NBA under 785 nm excitation.
The integration time was 10 s and laser intensity was 5mW.
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Figure 2: (a) SEM image of the HAuNFs substrates, the inset is digital photograph of substrates. (b) Dark-field image of the HAuNFs
substrates. (c) SERS mapping of NBA-labeled HAuNFs substrates at 592 cm−1 of the band. (d) SERS spectra at point A and point B in (c).

performed (Figure 4(b)). The Raman shifts at 733 cm−1
are attributed to ring breathing mode of adenine [34]. We
can see that the detection limit of miR-125a-5p solution is
down to 10−9M. Under the concentration of 10−9M, the
valid Raman band to identify miR-125a-5p is at 733 cm−1.
Thus, the HAuNFs substrates can be employed as a perfect
SERS substrate for label-free miRNAs detection at lower
concentrations.

SERS spectra were collected for all the miRNAs in
the range between 600 and 1700 cm−1. The spectrum of
each miRNA was obtained by averaging 10 different points.
Figure 5(a) showed a stacked view of normalized mean data
for miR-10a-5p, miR-125a-5p, andmiR-196a-5p.The intensity
of SERS spectrum of miRNA was normalized to get the
relative intensity from 0 to 1. There are many characteristic
vibrational bands which may be attributed to four RNA
bases, such as the peaks at 733 cm−1, 782 cm−1 (C (ring
breathingmodes in the RNAbases)) [34], 1179 cm−1 (G, C8-H
bending) [35], 1285 cm−1 (phosphodiester groups in nucleic

acids) [36], and 1575 cm−1 (A, G (ring breathing modes of
the RNA bases)) [37]. SERS spectra of the three kinds of
miRNAs were extremely similar, but they still had differences
in the intensities of some characteristic bands.Then, to better
compare the SERS spectra differences, the difference spectra
among the three kinds of miRNAs were computed, and the
results were as follows.

The difference spectra were computed by subtracting the
spectrum of miR-125a-5p from the spectrum of miR-196a-
5p (miR-125a-5p -miR-196a-5p), the spectrumofmiR-10a-5p
from the spectrum of miR-196a-5p (miR-10a-5p - miR-196a-
5p), and the spectrum of miR-10a-5p from the spectrum of
miR-125a-5p (miR-10a-5p - miR-125a-5p). With reference to
the Raman band assignments in Table 2, we could assign the
characteristic bands in three difference spectra. As shown in
Figure 5(b) (miR-125a-5p -miR-196a-5p), we could learn that
the positive bands at 733 cm−1, 828 cm−1 (O-P-O stretching
RNA) [34], 930 cm−1(Ribose vibration, one of the distinct
RNA modes) [37], 1071 cm−1 (PO2−, symm, stretching) [34],
1223 cm−1 (A concerted ring mode (RNA)) [34], 1507 cm−1,
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Figure 3: (a) The reproducibility of HAuNFs substrates measured with NBA (1 × 10−8M). (b) SERS stability of NBA-labeled HAuNFs
substrates measured with NBA (1 × 10−8M). HAuNFs substrates were stored for several days at room temperature. Inset image was SERS
intensities of the bands at 592 cm−1 corresponding to the SERS spectra (b). (c) SERS spectra of HAuNFs substrates measured with NBA from
1 × 10−8M to 1 × 10−12M. (d) SERS spectra of (black curve) HAuNFs substrates treated with 0.1M KI and (red curve) HAuNFs substrates
without being treated with 0.1M KI.

and 1575 cm−1 were from the spectrum of miR-125a-5p,
indicating that the relative intensity of these bands which
were mainly the vibration bands of adenine and cytosine
was higher in the spectrum of miR-125a-5p when compared
with that of miR-196a-5p, whereas the negative bands for
Figure 5(b) at 1320 cm−1 (G (RNA)) [34], 1443 cm−1 (nucleic
acid modes) [38], and 1655 cm−1 (U (C=O symmetric stretch
modes of the RNA bases)) [37] were from the spectrum
of miR-196a-5p. These peaks were mainly generated by
the vibration peaks of guanine and uracil. In Figure 5(c),

the difference spectra between miR-10a-5p and miR-196a-
5p that yielded the positive bands at 930 cm−1, 1071 cm−1,
1179 cm−1, 1263 cm−1, 1342 cm−1, 1507 cm−1, and 1546 cm−1
(ring breathing modes in the RNA bases) [39] were from
the spectrum of miR-10a-5p. The majority of these peaks
could be assigned as adenine.The negative bands at 782 cm−1,
1120 cm−1, 1320 cm−1, and 1655 cm−1 were from the spectrum
ofmiR-196a-5p, which could be similarly assigned as guanine
and uracil. Furthermore, Figure 5(d) (miR-10a-5p - miR-
125a-5p) showed that positive bands at 828 cm−1, 1179 cm−1,
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Figure 4: (a) SERS spectra of miR-125a-5p with different concentrations (10−5, 10−6, 10−7, 10−8, and 10−9M) on the HAuNFs substrates. (b)
SERS intensity at 733 cm−1 for miR-125a-5p with different concentrations shown in Figure 4(a).

Table 2: Assignment of corresponding SERS bands.

Raman band (cm−1) Assignment
733 A (ring breathing mode of RNA bases)
782 C (ring breathing modes in the RNA bases)
828 O-P-O stretching RNA
930/974 Ribose vibration, one of the distinct RNA modes
1060–1095 PO2−, symm, stretching
1120 The strong C-O band of ribose (RNA)
1179 G, C8-H bending
1223 A concerted ring mode (RNA)
1263 A (ring breathing modes of the RNA bases)
1285 Phosphodiester groups in nucleic acids
1320/1342 G (RNA)
1443 Nucleic acid modes
1507 A (ring breathing modes in the RNA bases)
1546 Ring breathing modes in the RNA bases
1575 G (ring breathing modes of the RNA bases)
1655–1680 U, C (C=O symmetric stretch modes of the RNA bases)

1285 cm−1, and 1546 cm−1 were from the spectrum of miR-
10a-5p, and negative bands at 782 cm−1, 974 cm−1, 1060 cm−1,
1263 cm−1, and 1575 cm−1 were from the spectrum of miR-
125a-5p.

To further compare and quantize the differences of
miR-10a-5p, miR-125a-5p, and miR-196a-5p, based on the
normalizedmean SERS spectra of eachmiRNA,we compared
the mean relative intensity at four different Raman bands,
including 733 cm−1, 1085 cm−1, 1575 cm−1, and 1655 cm−1. As
shown in Figure 6, miR-125a-5p showed the higher relative
intensity at 733 cm−1 and 1575 cm−1 than miR-10a-5p and
miR-196a-5p. However, the relative intensity of Raman bands
at 1085 cm−1 and 1655 cm−1 for miR-125a-5p is lower than
that of miR-10a-5p and miR-196a-5p. Furthermore, there are
also some differences between miR-10a-5p and miR-196a-5p.

The relative intensity of Raman bands at 733 cm−1, 1085 cm−1,
and 1655 cm−1 was significantly higher and there was no
significance at 1575 cm−1 for miR-196a-5p as compared to
miR-10a-5p. Based on the above analysis, we could learn
that the result is consistent with these miRNAs sequences in
Table 1.

3.4. PCA Analysis. In order to determine if SERS spectra
could be used to distinguish among these miRNAs, we
employed PCA for fine analysis of the spectral data. PCA
is a multivariate statistical analysis method, by which large
spectral data are reduced into small number of independent
variables such as principal components (PCs) and contri-
butions of these factors in a given spectra are known as
scores. Scores of PCs are one of the parameters widely used



Journal of Nanomaterials 9

600 800 1000 1200 1400 1600

Raman shift (＝Ｇ−1)

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Re

lat
iv

e i
nt

en
sit

y 
(a

.u
) miR-10a-5p

miR-196a-5p

miR-125a-5p

(a)

0.6

0.4

0.2

0.0

−0.2

−0.4
600 800 1000 1200 1400 1600

Raman shift (＝Ｇ−1)

Re
lat

iv
e i

nt
en

sit
y 

(a
.u

)

miR-125a-5p − miR-196a-5p

733
828

930
1071

1223

1575

1655
1443

1320
1263

(b)

0.6

0.4

0.2

0.0

−0.2

−0.4
600 800 1000 1200 1400 1600

Raman shift (＝Ｇ−1)

Re
lat

iv
e i

nt
en

sit
y 

(a
.u

)

miR-10a-5p − miR-196a-5p

782

930
1071

1179
1263

1342
1507

1546

16551320

1120

(c)

0.6

0.4

0.2

0.0

−0.2

−0.4
600 800 1000 1200 1400 1600

Raman shift (＝Ｇ−1)

Re
lat

iv
e i

nt
en

sit
y 

(a
.u

)

miR-10a-5p − miR-125a-5p

782

733

828

974 1060 1263

1179
1285

1373

1507

1546

1575

(d)

Figure 5: (a) The normalized mean SERS spectra of miR-10a-5p, miR-125a-5p, and miR-196a-5p. Difference spectra among three kinds of
miRNAs were computed: (b) miR-125a-5p −miR-196a-5p, (c) miR-10a-5p −miR-196a-5p, and (d) miR-10a-5p −miR-125a-5p.

for classification [40, 41]. Figure 7 showed the scatter plots
of the SERS spectra for three kinds of miRNAs projected
into a two-dimensional subspace using principal component
scores PC1 and PC2. It is seen that the PC1 possesses
64.5% variation, PC2 16.7% variation. In Figure 7, each spot
represents the average SERS spectrum ofmiRNA tested once.
PCA plots indicated that these miRNAs are well divided into
three distinct groups.The intrinsic difference in composition
and concentration of four bases for different miRNAs will
cause the groups to be separated from each other. PCA
gives more intuitive results than direct analysis spectral
difference among these miRNAs. The results suggested that
PCA can easily classify the miRNAs based on their specific
spectral features. Although the traditional miRNA detection
technologies are valuable for the treatment and diagnosis
in cancer and disease, they have limited sensitivity and are
time-consuming. The SERS method described in this study

overcomes these limitations because it enables rapid and spe-
cific miRNA detection, provides a molecular fingerprint of
individualmiRNAanalytes, and offers a better understanding
of specific miRNA spectral characteristics to facilitate data
interpretation.

4. Conclusions

In conclusion, we developed an simple, sensitive, and label-
free method for detection and identification of miRNAs
based on HAuNFs substrates. These substrates with good
reproducible, uniform, andhigh SERS effectwere prepared by
the electrostatically assisted APTES-functionalized surface-
sedimentary self-assembly method. Using HAuNFs substrate
as a high-performance sensing platform, SERS spectra of
miRNAs represented much significant peaks and strong
signals. The differences in SERS spectral among three kinds
of miRNAs revealed their intrinsic difference in composition
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Figure 7: PCA scores plot of SERS spectra for three kinds of
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and concentration of four RNA bases. PCA achieved a
successful segregation of miRNAs based on their SERS spec-
tra. This novel application for SERS provides an important
advancement in miRNA detection and has the capacity
to dramatically advance our understanding of the role for
miRNAs in disease pathogenesis.
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