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MicroRNAs (miRNAs) play an important regulatory role in several diseases, especially as a class of promising
biomarkers for cancer diagnosis and prognosis. Here, a biosensor based on surface enhanced Raman spectroscopy
(SERS) combined with catalytic hairpin assembly (CHA) amplification technology was developed for ultra-
sensitive detection of miRNA-21 and miRNA-155 in breast cancer serum. By using CHA strategy, the
extremely low concentration of target microRNA in human serum can be significantly amplified through the re-
hybridization with thousands of hairpin probes to trigger amplification cycles. Besides, a sandwich SERS sensing
chip with numerous hot spots and signal self-calibration was built through the linkage between two-dimensional
Au-Si substrate and upper Ag@4-MBA@Au core-shell nanoparticles. Using this specially-designed biosensing
platform, a low detection limit of 0.398 fM and 0.215 fM with a dynamic range from 1 fM to 10 nM can be
achieved for the detection of miRNA-21 and miRNA-155, respectively. Additionally, the analysis of these two
miRNAs in serum samples is capable of identifying the breast cancer subjects from normal ones with 100% of
accuracy, as well as potentially evaluating the molecular types and prognosis for breast cancer. These results
demonstrate that the proposed SERS with CHA technology would be an alternative method for highly sensitive
and reliable detection of miRNA biomarkers contributing to breast cancer diagnosis and prognosis.

1. Introduction

Breast cancer is the most commonly diagnosed cancer among
women, with 226,419 new cases and 684,996 deaths worldwide in 2020
(Chowdhury et al., 2021; Sung et al., 2021). Previous studies have
confirmed that some microRNAs (miRNAs) are involved in the devel-
opment and progression of cancer (Zhu et al., 2020). The miRNAs are
non-coding RNAs with 21-25 nucleotides that exert gene regulation by
binding to target genes and inhibiting translation (Chen et al., 2019b;
Qin et al., 2021). They will affect various aspects of breast cancer
development and progression, such as cell proliferation, migration, in-
vasion, and differentiation, by regulating signaling pathways (Abol-
ghasemi et al., 2020). Iorioet al. firstly reported the association of
miRNAs with breast cancer in 2005. Results showed that miRNA-21 and
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miRNA-155 were upregulated in breast cancer, while miR-10b,
miR-125b and miR-145 were downregulated (lorio et al., 2005).
Following that, a growing number of studies further demonstrated that
microRNAs are potentially biomarkers for breast cancer diagnosis and
prognosis (Kandettu et al., 2020). However, traditional miRNA detec-
tion techniques which include Northern blotting (De la Rosa and Reyes,
2019; Zia and Flynt, 2018), quantitative real-time polymerase chain
reaction (QRT-PCR) (Damanti et al., 2021; Hu et al., 2021), fluorescence
(Guk et al., 2019; Ye et al., 2017) and electrochemisty (Chen et al.,
2017) have the disadvantages of requiring expensive and complex
instrumentation, complicated operation steps, time consuming and low
sensitivity [9]. Moreover, because of the low abundance of miRNAs in
cancer and the high sequence homology, accuracy detection remains
challenging [8]. According to statistics, patients with early-stage breast
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cancer have a survival rate of 98% with treatment, while the survival
rate of patients with advanced breast cancer decreases to 27% (Song and
Giovannucci, 2016). As a result, there is an urgent need for a convenient,
rapid, sensitive and reliable method for early diagnosis and prognosis
prediction of breast cancer.

Recently, surface-enhanced Raman scattering (SERS), a nano-
photonic technology has been widely used for ultrasensitive detection of
cancer due to its high sensitivity, specific fingerprint, fast acquisition,
photobleaching resistance and multiplexed detection ability (Driscoll
et al., 2013; Ma et al., 2018). Sensitive detection of cancer-related
nucleic acid is one of the most important applications of SERS for can-
cer diagnosis and prognosis, in which two kinds of sensing mechanisms
are commonly used. One category consists of non-specific detection
based on label-free SERS by mixing the metal nanoparticles with nucleic
acid. Although convenient and capable of obtaining the intrinsic spectral
signals of nucleic acid, this assay suffers from low specificity, being
susceptible to environmental interferences and low multiplexed ability.
The other one is using Raman reporter to specifically bind to the target
nucleic acid to achieve specific quantitative detection (Garcia-Rico
et al, 2018). For example, Jiamin Wu et al. proposed a
magnetic-assisted sandwich SERS biosensor for multiplex detection of
three hepatocellular carcinoma-related miRNAs(Wu et al., 2021a). Jing
Su et al. reported a DNA-mediated gold and silver nanomushroom with
internal nanogaps for simultaneous SERS detection of multiple DNAs
and RNAs(Su et al., 2017). Although promising, some issues associated
with label SERS for nucleic acid detection remains to be addressed such
as the impacts from laser fluctuations and environmental changes during
the measurement process. Besides, miRNAs are extremely short se-
quences that exhibit a high degree of homology (Roush and Slack, 2008)
and have a markedly low concentration with only 0.01% of the total
RNA mass in the pM range in plasma (Dong et al., 2013; Mitchell et al.,
2008; Williams et al., 2013). This requires assays that are sufficiently
sensitive and also show a dynamic range spanning at least four orders of
magnitude (Williams et al., 2013). Catalytic hairpin apparatus (CHA) is
an isothermal amplification technique based on a cascade DNA reaction
that produces 100-fold catalytic amplification and becomes a widely
used technique for amplifying biosensors (Zhuang et al., 2014).
Compared with enzyme-assisted amplification methods such as rolling
circle amplification (RCA), strand displacement amplification (SDA) and
loop-mediated isothermal amplification (LAMP), CHA has the advan-
tage of low cost, easy storage and simple reaction conditions (Zhang
et al. 2017, 2018b). In contrast to other enzyme-free amplification
methods, including hybridization chain reaction (HCR), DNAzyme and
entropy driven circuits (EDC), CHA offers the advantages of higher
catalytic efficiency, lower background signal and simpler stability (Zhou
et al., 2018). Therefore, label SERS-based miRNA detection needs to be
further explored and improved for the future clinically practical
application.

In this study, a novel biosensor combining SERS with CHA amplifi-
cation technology for ultra-sensitive detection of miRNA-21 and miRNA-
155. The isothermal amplification technique based on catalytic hairpin
assembly (CHA) with the advantages of low background signal and high
turnover rate (Chen et al., 2019a; Si et al., 2020; Wang et al., 2021) was
used to amplify the ultra-low concentration of target miRNA. Then, a
sandwich SERS biosensing model with signal self-calibration function
was built to dramatically increase the Raman signals of SERS reporters
and decrease the interferences from surrounding environment. Finally,
the feasibility of this SERS-based biosensor was evaluated for the diag-
nosis and prognosis prediction of breast cancer.

2. Experimental section
2.1. Materials

All qualified DNA oligonucleotides, miRNA, Diethyl pyrocarbonate
(DEPC)— water, 1x TE buffer and RNase inhibitor were purchased from
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Sangon Biological Engineering Technology & Services Co., Ltd
(Shanghai, China). The detailed sequences of nucleic acids used in this
study are listed in Table S1. Then all solutions were treated with 0.1%
DEPC followed by autoclaving. The 50bp DNA Ladder and agarose was
purchased from Beijing Solarbio Science & Technology Co., Ltd (Beijing,
China). Hydrogen tetrachloroaurate hydrate (HAuCly-4H>0), silver ni-
trate (AgNOs), dichloromethane (CH3Cly), anhydrous ethanol
(CH3CH>0H), n-hexane (CgHj4) and trisodium citrate dihydrate (TCD,
NazCgHs07-2H20) were purchased from Sinopharm Chemical Reagents
Co., Ltd (Shanghai, China). The 4-mercaptobenzoic acid (4-MBA) and
polyvinylpyrrolidone (PVP) were bought from Shanghai Macklin
Biochemical Co., Ltd (Shanghai, China). Ascorbic acid (AA) was ob-
tained from Sigma—Aldrich Co., Ltd. (Shanghai, China). 6-Mercapto-1-
hexanol (MCH) was purchased from J&K Scientific Co., Ltd (Beijing,
China). Ultrapure (Up) water (resistivity of 18.2 MQ cm) was used
throughout the process, produced by the Milli-Q gradient system. All
glassware was soaked in chromic acid for 24 h, rinsed at least five times
with Up water and dried in an oven. The all solution was subsequently
treated with 0.1% DEPC and then autoclaved.

2.2. Instruments

The UV-visible spectra were obtained with a Lambda 950 (Perki-
nElmer, USA). Dynamic light scattering (DLS) and zeta potential mea-
surements were performed by a Malvern Zetasizer NanoZ (Malvern
Panalytical, UK). The transmission electron microscopy (TEM) images
were obtained with FEI Talos F200s (FEI, USA). The scanning electron
microscope (SEM) images were obtained with a Zeiss Sigma 300 (Zeiss,
Germany). High-resolution SERS spectra were recorded with a HORIBA
Details XploRA™PLUS (HORIBA, Japan) with a 785 nm laser source.
The Raman spectrometer was calibrated prior to the measurements
using a standard Raman spectrum in silicon with a first-order Raman
peak centered at 520 em~L

2.3. Synthesis of AuNPs, AgNPs and Au@4-MBA@Ag NPs

Au NPs were prepared by the trisodium citrate dihydrate reduction
method according to Grabar’s report (Wu et al., 2021b). 1 ml of 1%
HAuCl; was added to 99 ml Up water and stirred vigorously until
boiling. Then, 1 ml of 1% TCD was added rapidly, making the color of
the solution from light yellow to dark red. Subsequently, the reaction
was kept stirring and boiling for 20 min to ensure complete reaction.
After that, the solution was cooled down to room temperature and stored
at 4 °C.

Ag NPs were prepared using the sodium citrate reduction method
reported by Lee et al. (Madzharova et al., 2020). 17 mg AgNO3 were
added to 100 ml Up water and stirred vigorously until boiling. 3 ml of
1% TCD was added and continued to stir vigorously for 1 h to make the
solution gradually change its color from clear to gray-green. 2 ml of Ag
NPs solution was centrifuged and the supernatant was discarded and
re-suspended. Then add 10 pl of 1 mM 4-MBA and stir it for 12 h to
obtain Ag@4-MBA NPs solution. Add 2.5 ml of 200 mM NaOH, 2.5 ml of
100 mM AA and 50 pl Ag@4-MBA NPs to 10 ml of 1 mM PVP solution
and stir the mixture for 10 min. Then add 0.1 mM chloroauric acid
dropwise at 100 pl/min and continue to react for 30 min. The solution
was centrifuged at 7000 rpm for 8 min and re-suspended in Up water for
three times. Finally, the washed solution was stored at 4 °C.

2.4. Synthesis of Au-Si chip

Silicon chips with Au NPs on the surface were synthesized using Lin’s
method (Lin et al., 2020). First, 2 ml Au NPs were centrifuged and
re-suspended in 1 ml 1% PVP followed by centrifugation and washing.
The precipitate was re-suspended in anhydrous ethanol to obtain
Au@PVP NPs. 4 mm x 4 mm Si Chip were placed in anhydrous ethanol
solution for 10 min and dried for use. Mix 100 pul of Au@PVP NPs with 1
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Scheme 1. Schematic illustrations of (a) the preparation of a two-dimensional substrate Au@DNA-Si chip, (b) the preparation of SERS probes (Ag@4-
MBA@Au@DNA NPs) and (c) the principle of the SERS biosensor coupled with CHA for the detection of miRNA.

ml of CH2Cly and 2 ml of Up water for 30 s. Then add 200 pl of CgHi4
until the upper layer was separated before removing the liquid. The
silicon chips were tilted and immersed in the liquid to form a gold film
with Au NPs on the wafer surface. The chips were dried at room tem-
perature before use.

2.5. Assembly of SERS sensors

All sulfhydryl-modified DNAs were first activated with equal con-
centrations of TCEP for 1 h.

Preparation of Au@4-MBA@Ag@DNA NPs: Take the activated
probe-DNA and mix the solution thoroughly with 100 pl Ag@4-
MBA@Au NPs solution. The solution was then incubated for 30 min at
room temperature and frozen at - 20 °C for 2 h. The solution was then
thawed at room temperature to obtain Au@4-MBA@Ag@DNA NPs. The
solution was washed by centrifugation and re-suspended in 100 pl of Up
water.

Preparation of Au@DNA-Si Chip: 100-fold diluted SH-DNA solution
was dropped onto Au-Si Chi and incubated overnight at room temper-
ature for 12 h, followed by 3 times of washing with Up water. The
Au@DNA-Si Chip were soaked with 100 pl of 40 pM MCH for 30 min to
seal the surface. Then, the chips were washed 3 times and left to dry at
room temperature.

2.6. Collection of clinical blood samples

The blood serum samples from 30 healthy human subjects and 30
breast cancer patients were collected from Fujian Cancer Hospital, and
the miRNA concentrations in the serum were measured using SYBR
Green qPCR Master Mix kits (ABI QuantStudio 5 Q5, USA). 1 ml of blood
was collected from each study subject between 7:00 and 8:00 a.m. after
12 h of overnight fasting. Each sample was centrifuged at 1000 rpm for
10 min to isolate the serum, and the supernatant was collected and
stored at —80 °C for use. Informed consent was obtained from all par-
ticipants. The patient characteristics are shown in Table S3.

2.7. miRNA extraction and detection

The 100 pM miRNA was diluted with DEPC solution to 10 nM, 1 nM,
100 pM, 10 pM, 1 pM, 100 fM, 10 fM and 1 fM, respectively. 10 pl of
miRNA-21 at different concentrations were added to 100 pl of Au@SH-
DNA@ROX-DNA NPs solution and the reaction was carried out at room
temperature for 2 h. After centrifugation, the precipitate was dropped
onto an aluminum plate and dried slowly at room temperature before
SERS measurement.

10 pl of 1 pM H1 and 10 pl of different miRNA concentrations were
mixed thoroughly and 10 pl of 1 pM H2 was added for 2 h at room
temperature to obtain Capture DNA double-stranded solution. 100 pl
Au@4-MBA@Ag@DNA NPs and Capture DNA were mixed thoroughly
and dropped onto Au@DNA-Si Chip and incubated together at room
temperature for 2 h. The chips were washed with PBS buffer and then
washed with Up water and dried at room temperature for the SERS
assay.

2.8. Agarose gel electrophoresis

Hairpin DNA was formed by annealing at 95 °C for 10 min and then
cooling to room temperature. 10 pM miRNA was added to 1 ym H1 and
1 pM H2, and then incubated at 37 °C for 2h. CHA results were analyzed
by agarose gel electrophoresis (2.5%, w/w) at 130 Vin 1 x TAE buffer
for 40 min.

2.9. SERS measurement

After wavelength calibration of the Raman spectrometer with a
single crystal silicon 520 cm ™' Raman peak, the Raman spectral signal
was collected in the range of 600-1800 cm™! using an excitation
wavelength of 785 (laser power of 5.8 mW) with an integration time of
5s and 50 x objective.
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Fig. 1. Characterization of SERS probe (Ag@4-MBA@Au@DNA NPs). (a—d) UV-Vis spectra, SERS spectra, size distribution and Zeta potentials of the Ag NPs, Ag@4-
MBA NPs and Ag@4-MBA@Au NPs. (e) Raman signals and (f) the intensity of single Raman peak at 1078 cm ! corresponding to Ag@4-MBA@Au NPs with different
shell thicknesses. TEM image of (g) Ag NPs and (h) Ag@4-MBA@Au NPs. (i) EDS elemental mapping of independent Ag (green), S (red) and Au (blue), as well as

merged image of Ag@4-MBA@Au NPs.

3. Results and discussion

3.1. Fabrication of miRNA sensing platform based on SERS combined
with CHA amplification technology and sensing mechanism

The principle of the SERS-based miRNA biosensor is illustrated in
Scheme 1. The scheme consists of three parts: (I) A two dimensional
SERS substrate was prepared by loading Au NPs on the Si chip via a
three-phase self-assembly method. Then, the SH-DNA was modified on
the Au-Si chip to Capture DNA products, in which the MCH was finally
used to seal the metal surface to minimize the non-specific adsorption of
single-stranded DNA (Scheme 1a). (II) A layer-by-layer modification
approach was used to prepare the SERS probes. First, we modified the
surface of Ag NPs with 4-MBA as the Raman report molecule. Then, the
outer Au layer were generated by the reduction process on the Ag@4-
MBA surface and attached to the surface to finally form core-shell NPs
(Ag@4-MBA@Au NPs). Probe-DNA was finally ligated to the surface of
Ag@4-MBA@Au NPs by the freezing method (Scheme 1b). The second
order peak of Si 936 cm ™! was used as an internal standard calibration

and the Raman signal molecule located in the middle layer of the silver
core and gold shell, thus ensuring that the nature, spatial structure and
quantity of the Raman signal molecule 4-MBA were not influenced by
the detection environment and guaranteeing the reliability of the assay
results. (III) The CHA cycle amplification system can specifically rec-
ognizes the miRNA and then generates Capture DNA. Specifically, the
number of base complementary pairing bases of miRNA with H1 was
more than that in the complementary stem-loop portion of H1 on its
own, allowing the hairpin structure of H1 to be opened to form a
miRNA-H1ldouble strand. As H2 had more base complementary pairings
with H1, H2 displaced the miRNA by competitive binding to form
Capture DNA while the released target miRNA induced the next cycle. In
turn, H1-H2 formed a stable double strand for trapping the SERS probe
to the Au@DNA-Si chip (Scheme 1c).

In the presence of target miRNA, the CHA cycling system will be
stimulated to produce a large amount of the Capture DNA, the ends of
which bind to probe-DNA on the SERS probe and SH-DNA on the two-
dimensional Au@DNA-Si substrate, respectively. Consequently, a
sandwich SERS sensing chip with a large number of “hot spots” and the
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Fig. 2. Preparation and characterization of 2D substrate. (a) SEM image of Au-Si chip. Inset: TEM image of Au NPs. (b) Raman signals at 1078 cm ! from different
positions of the Au-Si chip. (c) SEM image of sandwich biosensor (Au@4-MBA@Au@DNA NPs-Au@DNA-Si chip). SERS spectra of (d) Au-si chips, (¢) Au@DNA-si

chips and (f) sandwich nanostructure SERS biosensor.

signal self-calibration function were constructed.

3.2. Characterization of the SERS biosensor

Fig. 1a showed there was a UV-Vis absorption peak at 414 nm for
bare Ag NPs, and this peak was shifted to 419 nm after modifying the
surface of Ag NPs with Raman reporter molecules (4-MBA) by gold-
sulphur bonding. After that, the outer gold layer was successfully
grown to form core-shell structure (Ag@4-MBA@Au) with the evidence
that two broad absorption peaks located at 430 nm and 520 nm were
generated (Fig. 1a) as well as the size of nanoparticle increased from 40
+ 5 nm (Ag NPs) to 85 + 5 nm (Ag@4-MBA@Au) according to dynamic
light scattering analysis (Fig. 1¢). The morphology of Ag NPs and Ag@4-
MBA@Au was further studied by TEM as shown in Fig. 1g and h,
respectively. Notably, the surface morphology of the core-shell NPs was
relatively unusual where the Au shell was generated through lots of
small gold NPs on the surface of the silver core. This would increase the
roughness of the core-shell NPs surface, help generating a large number
of “hot spots” and consequently enhancing the SERS signal. To better
visualize the structure of these core-shell NPs, the STEM element map-
ping analysis (Fig. 1i) was performed to show the spatial distribution of
elements Ag (from the silver core only, green), S (from the embedded 4-
MBA molecule only, red), Au (from the gold shell only, blue) and merged
image of them, demonstrating that the SERS reporter 4-MBA was well
embedded between Ag core and Au layer to form Ag@4-MBA@Au NPs.
More importantly, the Raman signals of 4-MBA can be significantly
enhanced via the core-shell nanostructure by comparing Raman signals
at 1078 ¢cm~! between 4-MBA and Ag@4-MBA@Au (Fig. 1b). Addi-
tionally, the enhanced effect for 4-MBA was evaluated by adjusting the
ratio of [Agt]/ [Au3T] to generate different thickness of the outer Au
layer. At the same time, with the gradual increase of the thickness the
absorption peaks are approaching toward 600 nm, implying that the
properties of Ag NPs are weakening (Fig. S1), which fits well with the
conventional Mie scattering theory and the support of the dielectric data
(Bruzzone et al., 2003). Fig. 1e and f shows the strongest Raman signal
for 4-MBA can be achieved when the [Ag*]/[Au®*] ratio was set to 9:1.
As the thickness of the gold shell becomes larger, the laser excitation of
the 4-MBA molecule becomes weaker due to the damping effect of the
shell, and the thicker shell also hinders the output of the Raman signal
from the 4-MBA. In addition, the greater thickness of the shell may affect
its electromagnetic field coupling to the silver core, reducing the

electromagnetic enhancement (Zhang et al., 2018a). It is worth noting
that embedding the Raman reporter molecule between the metal core
and shell layer not only provides a strong signal, but also reduces the
interference from surrounding environment, contributing to the subse-
quent accurate and reliable quantitative detection (Kleinman et al.,
2013; van der Hoeven et al., 2021). The change of surface charge at each
stage of the assembly process of Ag@4-MBA@Au NPs was also detected
by zeta potential. As shown in Fig. 1d, after wrapping 4-MBA onto Ag
NPs, the zeta potential increased from —36.63 mV to —27.02 mV which
confirmed the successful wrapping of 4-MBA onto the Ag nucleus sur-
face. With the reduction of Au to the Ag@4-MBA surface, the zeta po-
tential went up to —16.94 mV to form the core-shell nanostructure.
Then, we fast linked probe-DNA to Ag@4-MBA@Au NPs surface by
freezing method, in which the potential dropped to —41.11 mV due to
the negative charge of DNA.

Next, the two-dimensional SERS substrate was prepared by loading
the AuNPs onto Si chips using oil-water separation method. Fig. 2a
showed that a uniform monolayer of Au NPs above the Si chip can be
obtained. In order to further assess feasibility of this prepared 2D sub-
strate for SERS assay, we randomly measured 200 spots on this substrate
and compared the signal variation from the characteristic Raman peak at
1078 cm™! after incubation with standard substance. Results showed
that the relative standard deviation (RSD) of Raman signals from
different positions was only 2.12% using this Au-Si chip, indicating the
excellent homogeneity of this 2D SERS substrate (Fig. 2b). After that, the
Ag@4-MBA@Au@DNA NPs were attached to the surface of the
Au@DNA-Si chip via Capture DNA to form the sandwich nanostructure
as the SERS biosensor, which can be clearly seen from SEM image in
Fig. 2c.

Meanwhile, we characterized the Raman features from Au@Si chip
to final sandwich nanostructure-based biosensor (Au@DNA-Si attached
with Ag@4-MBA@Au@DNA NPs). Fig. 2d showed a clear Raman peak
at 936 cm ™! from Si when measuring the Au-Si substrate. After modi-
fying the DNA linker on the surface of Au-Si substrate, more Raman
signals from nucleic acid bases existed (Fig. 2e). In the presence of
Capture DNA, the sharp Raman peak from 4-MBA at 1078 cm *
appeared (Fig. 2f), which further confirmed the successful construction
of sandwich nanostructure-based SERS sensing model for target miRNA
detection.
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miRNA-155, with the interfering substances presented at the same concentration. (j) Sequence list of the 3 single base mutations (A-C: 5’ end, midpoint and 3’ end) of
miRNA-21 and miRNA-155. (k) Single base mutation selectivity for (k) miRNA-21 and (1) miRNA-155 with interfering substances presented at the same

concentrations.

3.3. Ultra-sensitive SERS biosensor for miRNA detection

The above-mentioned SERS biosensor integrated with RNA recycling
amplification system via CHA was then used for miRNAs detection. First,
we used agarose gel electrophoresis to verify that the CHA process oc-
curs according to our design (Fig. S2). It can be found that in the absence
of miR-155, H1 and H2 remained stable (lane 5). After the addition of
miR-155, a new band appeared and moved slower than H1 and H2. This
indicated that H1 and H2 were consumed to form the expected product
(Scheme 1c). The double-stranded DNA produced by CHA next acted as
a key linker, anchoring the above SERS reporter to the bottom SERS chip
in this sensing model. Therefore, the signal (1078 cm™ 1) from SERS
reporter can be only observed when presence of target miRNA. Besides,
the intensity of the reporter was directly proportional to the concen-
tration of the DNA products that were determined by target miRNA.
Here, two miRNA standard samples (miRNA-21 and miRNA-155) with

different concentration were used to test the proposed SERS biosensor
(Fig. 3). In both assays for miRNA-21 and miRNA-155, the peak intensity
of the Raman reporter (4-MBA) at 1078 cm ™! gradually increased as the
concentration of target miRNA increases from 1 fM to 10 nM. Mean-
while, the Raman signals from Au-Si chip at 936 cm ™! maintained
relatively stable, indicating this peak was not susceptible to the change
in target miRNA and could be an ideal internal standard signal.

Fig. 3a and d indicated that the spectral signal of SERS reporter (4-
MBA) at 1078 cm™! gradually elevated as the concentration of two
miRNAs increased from 1 fM to 10 nM, respectively. We next performed
the linearization analysis using the absolute peak intensity of Raman
reporter at 1078 cm ! against the different concentrations of miRNA-21
(Fig. 3b) and miRNA-155 (Fig. 3e), respectively. The limit of detection
(LOD) of 0.407 fM and 0.944 fM with linear regression values (R?) of
0.93953 and 0.98101 for miRNA-21 and miRNA-155, respectively, can
be achieved at a broad linear range from 1 fM to 10 nM. When applying
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Fig. 4. SERS biosensor for miRNA analysis of blood samples from breast cancer patients. Box plots show the difference in the expression levels of (a) miRNA-21 and
(d) miRNA-155 in breast cancer (n = 30) and healthy humans (n = 30). Posterior probability scatter plot comparing breast cancer patients and healthy individuals
based on (b) miRNA-21 and (e) miRNA-155 SERS data. Receiver operating characteristic (ROC) curves of classification results for breast cancer generated from PCA-

LDA analysis based on (c)miRNA-21 and (f) miRNA-155. ***P value < 0.001.

the signals from internal standard (936 cm 1) to calibrate that of SERS
reporter, the R? value can be further improved to 0.99183 and 0.98895
for miRNA-21 and miRNA-155 (Fig. 3c and f), indicating the better
linear relationship between ratio value (I197s8/I93¢) and the concentra-
tion of target miRNA. In addition, the LOD was also optimized to 0.398
fM for miRNA-21 and 0.215 fM for miRNA-155, after the calibration
process of internal standard. This may be attributed to the fact that the
probe signal of this biosensor might vary under the fluctuations of laser
power and changes in the surrounding environment during the SERS
measurement. Notably, the intensity variations from these external
factors simultaneously happened to the internal standard. Therefore,
using internal standard to calibrate the absolute signals of SERS reporter
is a reasonable and ideal solution to avoid potential and uncontrollable
interferences.

Meanwhile, the standard curves of miRNA-21 and miRNA-155 were
detected by qRT-PCR absolute quantification method. Results showed
that the LODs of miRNA-21 and miRNA-155 were 2.28 fM and 0.45 fM
(Table S2, Fig. S3), which is inferior to that detected by the proposed
SERS biosensor. Besides, SERS has the advantages of low cost, low in-
strument dependence and simple operation. To further validate the
specificity of this sensor, we performed interference experiments using
other miRNAs with the fact that the sensor only has obvious signal
output in the presence of the target miRNA (Fig. 3g-i). Furthermore, a
series of miRNA sequences with single point mutations at the 5, 3'-end
and mid points of the miRNA-155 and miRNA-21 sequence was designed
to evaluate the ability of the biosensor for distinguishing the miRNAs
with high homology. It was also showed that only target miRNA
exhibited significantly strong SERS signal (Fig. 3j-1). These results sug-
gest that the high specificity of our designed SERS sensor allows accurate
detection of miRNAs at the molecular level, without interference from
other substances (Lee et al., 2019; Song et al., 2022). In addition, we
compared the performance of the SERS biosensor developed in this
study with existing miRNA and nucleic acid detection methods listed in
Table S2(Chang et al., 2019; Gong et al., 2021; Xu et al., 2014). Our
miRNA biosensor was found to be superior to most of them in terms of
LOD and linear range, demonstrating promising potential and feasibility
for sensitive detection of miRNA. The reasons can be attributed to
following factors: (1) The RNA recycling amplification strategy through
CHA process was employed to significantly increase the quantity of

RNA, making it possible to detect ultra-low concentration of miRNA. In
addition to that, the specificity and repeatability of this assay can be
improved in the same process. (2) The specially-designed SERS chip,
including the uniform 2D AuNPs array, the core-shell metal NPs with
embedded SERS reporters and the sandwich nanostructure, is capable of
providing abundant “hot-spots” area where localized surface plasmon
resonance occurs and leads to local electromagnetic field enhancement
at the nanoparticle surface. Consequently, the SERS signals related to
target miRNA will be dramatically enhanced. Under the
double-enhancement mechanism, the proposed SERS biosensor presents
an ultra-sensitive detection feature. Although a few studies reported a
lower LOD for miRNA detection, our biosensor has the advantage of
better detection reliability owing to the signal calibration process using
internal standard molecules, which is essential for potential practical
application.

3.4. SERS biosensor for the detection of miRNA from clinical human
blood samples

Previous studies have shown that miRNA-21 and miRNA-155 were
both oncogenes that were potential biomarkers associated with breast
cancer. In light of above excellent properties, we continued to evaluate
the feasibility of this SERS biosensor for the detection of miRNAs in
clinical human serum samples. As shown in Fig. 4a and b, the expression
of miRNA-21 and miRNA-155 from cancer group were both significantly
higher than that from normal group based on the data measured by
SERS, which is in agreement with the conventional method qRT-PCR
(Fig. S4). As shown in Fig. S5, the intensity of the characteristic peaks
varied greatly without the CHA system with poor repeatability. After
employing the CHA process, the repeatability of SERS spectra was
improved significantly, which provided unique opportunity to explore
the different features of nucleic acid between cancer and normal group.

Then, we performed principal component analysis and linear
discriminant analysis (PCA-LDA) on the SERS results of miRNA-21 and
miRNA-155 (Lin et al.,, 2022). For miRNA-21, when the diagnostic
threshold was conventionally set to 0.5, the sensitivity and specificity
are 93.3% and 100%, respectively. The both value can be further
improved to 100% when the diagnostic threshold was adjusted to 0.88
(Fig. 4b). Similarly, a sensitivity of 100% and specificity of 100% can be
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Fig. 5. Correlation between the clinical pathological parameters and miRNA-21 and miRNA-155 level detected by the SERS biosensor. Histogram presenting the
differential miRNA-21 and miRNA-155 levels in various clinicopathological parameters of breast cancer patients, including (a) Age, (b) T classification, (c) N
classification, (d) Tumor type, (e) Histological grade, (f) ER, (g) PR, (h) HER2 and (i) Ki67. DCIS, ductal carcinoma in situ; IBC, invasive breast cancer; +, positive; -,
negative; N, lymph node status; T, tumor size. *P value < 0.05. **P value < 0.01. ***P value < 0.001. The sample numbers and exact p-values for each combination

are summarized in Table S4.

obtained by adjusting the diagnostic threshold for miRNA-155 data
(Fig. 4e). In future clinical application, large-scale sample testing should
be conducted to determinate and optimize the cut-off value for miRNA.
Besides, the parameters of sensitivity and specificity can be adjusted to
meet the requirement of false-positive and false-negative in different
clinical scenarios. Further, the operating characteristic curves (ROC)
were applied to evaluate the efficiency of cancer detection based on
miRNA SERS assay combined with PCA-LDA. The area under curve was
calculated to be 1 for both miRNA-21 (Fig. 4c) and miRNA-155 (Fig. 4f)
analysis, demonstrating the excellent performance of this method based
on miRNA SERS for generating the diagnostic model and identifying
cancer subjects from normal ones.

Several reports have shown that miRNA-21 associated significantly
with advanced clinical stage, lymph node metastasis and poor prognosis
and its expression was found to be up-regulated in both serum and tis-
sues of breast cancer (Savad et al., 2012). Therefore, miRNA-21 could be
used as a non-invasive biomarker for breast cancer diagnosis and
prognosis as well as an indicator of tumor aggressiveness (Heneghan
et al., 2010). For miRNA-155, the overexpression of it leads to apoptosis
resistance that triggers an oncogenic cascade response (Chang et al.,
2011; Gironella. et al., 2007; Mattiske et al., 2012). It has been reported
that miRNA-155 was closely associated with estrogen receptor (ER) and

progesterone receptor (PR) status and was found to have increased levels
in both serum and tissues of breast cancer patients (Mattiske et al., 2012;
Sochor et al., 2014). Accordingly, miRNA-21 and miRNA-155 could be
potential promising biomarkers for disease surveillance as oncogenic
factors. = Thus, we  analyzed the correlation between
miRNA-21/miRNA-155 and clinic pathological parameters including
age, N classification, T classification, tumor type, histological grade, ER,
PR, human epidermal growth factor receptor 2 (HER2) and Ki67 in
breast cancer patients.

As shown in Fig. 5a, there was a significant elevation in miRNA-21
and miRNA-155 expression levels in patients above age 40 (Han et al.,
2017). Among the different stages of N classification and T classification,
there were significant differences in the expression of miRNA-21 and
miRNA-155 shown in Fig. 5b and c, indicating that the expression levels
of miRNA-21 and miRNA-155 might be used to evaluate tumor size and
lymphatic metastasis (Chen et al., 2012; Sales et al., 2020; Savad et al.,
2012). Ductal carcinoma in situ (DCIS) is known to be a non-obligate
precursor of invasive breast cancer (IBC) which is considered to be the
most aggressive subtype of breast cancer with consistently poor clinical
outcomes and a median overall survival of less than 4 years (Rohan
et al., 2021; White et al., 2020). It is noteworthy that miRNA-21 and
miRNA-155 were higher expressed in the serum of patients with IBC in
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comparison to DCIS (Fig. 5d), suggesting the ability of this biosensor to
effectively differentiate between DCIS and IBC and guide the proper
treatment. Fig. 5e showed miRNA-21 and miRNA-155 expression levels
were significantly increased in G3 stage compared to G2 (Wang et al.,
2010; Yadav et al., 2016). The histological grading (HG) of breast cancer
is based on the degree of tumor cell differentiation into three HGs:
highly differentiated (G1), moderately differentiated (G2) and poorly
differentiated (G3), which is one of the most definitive prognostic fac-
tors. Of them, G2 is associated with an intermediate risk of recurrence
and G3 tumors are the most aggressive (Wang et al., 2016). Hormone
levels such as ER, PR and HER2 and Ki67 can be used to determine the
molecular type of breast cancer. ER and PR positivity indicates
hormone-dependent breast cancer, while Ki67 and HER2 positivity
represents a tumor that has high invasiveness and easily recurs and
metastasizes to provide a basis for later treatment. Then, we continued
to compare the levels of miRNA-21 and miRNA-155 in various groups of
breast cancer patients classified by hormonal status (including ER, PR
and HER2 and Ki67). Results showed that miRNA-21 and miRNA-155
were highly and significantly expressed in the sera of ER-, PR+,
HER2+ and Ki67 high expressing patients (Fig. 5f-i) (Blenkiron et al.,
2007; Rodriguez-Martinez et al., 2019; Yadav et al., 2016; Zhu et al.,
2009). The above results suggest that miRNA-21 and miRNA-155 can be
used to identify molecular types of breast cancer as well as for prognosis
prediction. Therefore, development of sensitive and reliable technology
such as our proposed SERS-based miRNA biosensor is of imperative
clinical value to improve the cancer detection based on miRNA analysis.

4. Conclusion

In this study, we have developed a novel biosensor based on SERS
integrated with CHA amplification technology for sensitive and reliable
detection of miRNA-21 and miRNA-155. The ultra-low detection of limit
with 0.398 fM (miRNA-21) and 0.215 fM (miRNA-155) can be achieved
due to the double-enhancement mechanism via the RNA recycling
amplification strategy and the construction of SERS “hot spots™. Besides,
the self-calibration process using internal standard molecules enabled a
reliable quantitative detection for those miRNA with the R? of 0.99.
Based on these excellent performances, the proposed SERS biosensor is
capable of identifying the breast cancer subjects from normal ones with
100% of accuracy, as well as potentially evaluating the molecular types
and prognosis for breast cancer. In addition, this method presented the
greater dynamic range and lower limit of detection as compared with
the conventional qRT-PCR. These results demonstrate that the proposed
technology would be an alternative method for the efficient detection of
miRNA biomarkers. Notably, this biosensor can be easily modified via
different sequences for the detection of other miRNA biomarkers,
making it suitable for various cancers diagnosis. Next, more SERS probes
will be employed to simultaneously capture multiple miRNAs at one
chip with the aim of achieving “multiple-in-one” detection. Finally,
minimization of this biosensing platform including portable laser,
spectrometer and chip, would be the key step to make it become an ideal
point of care (POC) device for liquid biopsy in clinical practice.
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