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Efficient and accurate detection of GC-associated
miR-96-5p using a competitive lateral flow method
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To facilitate rapid, efficient, and accurate detection of miR-96-5p associated with gastric cancer (GC), we
developed a bioanalytical platform by integrating surface-enhanced Raman spectroscopy with lateral flow
assay (SERS-LFA). With these SERS-LFA strips, miR-96-5p within the specimen competed with Au rhombic
dodecahedron (AuRD) conjugated single-stranded DNA (ssDNA) to bond to the immobilized hairpin DNA
(hpDNA) probe on the T line. Consequently, higher abundance of miR-96-5p led to reduced conjugation
of AuRD on the T line, thereby resulting in diminished SERS intensity. The biosensor exhibited
a detection time of approximately 30 min and demonstrated a low limit of detection (LOD) for miR-96-
5p in PBS buffer solution, down to 3.7 fM. To validate its clinical utility for the early diagnosis of patients
with different degrees of gastric lesions, we performed quantitative evaluations in cohorts that included
healthy individuals, patients with mild intraepithelial neoplasia, patients with severe intraepithelial
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neoplasia, as well as patients diagnosed with GC. The results obtained from the SERS-LFA strips were in

agreement with those obtained from the quantitative real-time polymerase chain reaction (QRT-PCR).
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1. Introduction

Gastric cancer (GC) is one of the five most prevalent malig-
nancies globally, and is ranked fourth in global mortality
rates.”” Reports from 2020 indicated that the global count of GC
patients exceeded 1 million, representing 7.7% of all cancer
cases, and resulted in over 700 000 annual fatalities.® In early
gastric cancer (EGC), invasion of cancer tissue was restricted to
the mucosal layer and submucosa. Timely surgical intervention
can significantly improve the five-year survival rate. The condi-
tion often goes unnoticed due to its mild symptoms and minor
physical signs, leading to late detection and diagnosis, typically
in more advanced stages. Consequently, this leads to a poor
prognosis and low survival rates for GC patients.** During that
period, GC diagnosis commonly involves gastroscopy, barium
X-ray studies, ultrasound and similar methods. However, the
approaches lack real-time monitoring capabilities, require
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Given the accomplishments, this biosensor has significant potential for the clinical diagnosis of GC,
offering a promising avenue for timely detection and improved patient prognoses.

skilled medical professionals, and are expensive and time-
consuming.® Therefore, the development of a new quantitative
tumor marker detection method is imperative to allow the
timely identification and effective therapy of patients with GC.
The short non-coding RNA molecule microRNAs (miRNAs) play
a crucial role in the regulation of gene expression and partici-
pate in the biological mechanisms that govern tumor cell
migration, apoptosis, metastasis and amplification.”*® Recent
research revealed that miR-96-5p can suppress the apoptosis of
GC cells, thus facilitating the growth of GC cells."*™** MiR-96-5p
accelerates gastric cancer cell proliferation by directly targeting
the FOXO3 gene." Overexpression of miR-96-5p in plasma of
patients with GC establishes its potential as an innovative
tumor marker for GC detection. The technology for detecting
tumor-associated miRNA has rapidly advanced. The quantita-
tive real-time polymerase chain reaction (qQRT-PCR), Northern
blotting and DNA microarrays can be employed for miRNA
detection. However, their applicability in cancer diagnosis is
impeded by complex operations, stringent operator require-
ments, reliance on specialized equipment, high costs, and
prolonged detection times.">™"”

Surface-enhanced Raman spectroscopy (SERS) is a highly
effective spectroscopic technique with a distinct molecular
fingerprint, enabling rapid response and non-destructive anal-
ysis.'®*® Furthermore, SERS demonstrates exceptional sensi-
tivity and ultra-high selectivity, surpassing those of
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conventional Raman techniques. This superior performance is
attributed to the ability to SERS significantly enhance the
Raman scattering signal of molecules adsorbed on the surface
of the substrate, allowing the detection of even trace amounts of
substances.”*** The SERS technology has been widely used in
the detection of various biological specimens and illnesses,
incorporating biomolecules, immune proteins and tumor
cells.”>>* The Raman signals of the analyte molecule are
amplified when in proximity to the corners of nanoparticles or
the spaces between neighboring nanoparticles, referred to as
“hot spots”, representing regions of space with exceptionally
strong electromagnetic fields.”® In the past, precious metal
particles such as gold and silver had been widely employed in
SERS applications, and in compared to silver nanoparticles,
gold nanoparticles have attracted a lot of attention because of
their strong stability, excellent biocompatibility and straight-
forward but powerful surface properties.”**” In addition, the
Raman reporter molecule with the SERS nanotag can also
adsorb onto the surface of metal nanoparticles, inducing elec-
tromagnetic and chemical enhancement, resulting in a signifi-
cant amplification of the Raman signal emitted by the target
biomarker.*® Gold nanoparticles are available in various forms,
including spherical, cubic and star-shaped structures.”**"
Compared with other shapes of gold nanoparticles, Au rhombic
dodecahedron (AuRD) can demonstrate pronounced enhance-
ments in the regional electric field strength and the emergence
of numerous “hot spots”.** Additionally, AuRD offers advan-
tages such as low manufacturing cost, short synthesis cycle and
mild preparation conditions. Lateral flow assay (LFA) is char-
acterized by its cost-effectiveness, short detection duration and
long-term stability.® LFA has attracted much attention as
a point of care test (POCT) in a variety of fields, such as food
testing, environmental toxin analysis and infectious disease
diagnosis.**** However, traditional LFA relied on visual detec-
tion and did not involve electronic devices or sample prepara-
tion, which led to limitations in sensitivity and quantitative
detection.*® To overcome these limitations, SERS is integrated
into LFA, resulting in a significant improvement in sensitivity
and quantitative detection as discussed earlier.*** Further-
more, SERS nanotags have emerged as a preferred choice for
LFA due to their robust stability, ability to detect multiple
targets, and exceptional sensitivity compared to commonly used
markers in bioanalysis, such as fluorescent nanoparticles and
magnetic nanoparticles.*>*

In recent years, the application of the SERS-LFA strip plat-
form has garnered significant attention due to its exceptional
sensitivity and quantitative detection capabilities. This platform
has been widely utilized for the detection of biomarkers,
including proteins and miRNAs and has yielded promising
results.**™** For example, Shen et al. employed SERS-LFA strips
to achieve ultrasensitive detection of procalcitonin, with a limit
of detection (LOD) of 0.03 ng mL ™ *.** Similarly, Liu et al. utilized
SERS-LFA strips for the ultrasensitive detection of microRNAs
using sandwich structures, achieving an estimated LOD of 1.24
pM.*® Compared to sandwich structures, the competitive
structure can demonstrate high adaptability, typically being
directly coated with metal nanoparticles, allowing flexible
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adjustment of nanoparticle size, distribution and other
parameters. This facilitates the fabrication process, thereby
reducing its complexity. SERS-LFA strips that incorporate
a competitive structure demonstrate significant advantages,
including reduced inspection time, enhanced testing efficiency,
improved user convenience, and decreased costs.

In this study, an innovative and competitive LFA based on
SERS was developed for ultrasensitive detection of miR-96-5p,
enabling the rapid and accurate identification of biomarkers
related to GC. The surface of AuRD was modified using the 4-
MBA Raman reporter molecule and single-stranded DNA
(ssDNA) to prepare SERS tags, replacing colloidal gold typically
used in traditional LFA. Optimization was conducted for the
categories and concentrations of Raman reporter molecules, as
well as the ssDNA concentration and incubation time after the
addition of ssDNA to ensure stable utilization of SERS tags on
LFA strips. The repeatability of LFA detection experiments
across different batches was tested, specificity of LFA strips was
assessed by detecting other mismatched miRNAs, and consis-
tency of LFA strips was evaluated by detecting Raman signals in
various regions on the same strip. Furthermore, Raman signals
of miR-96-5p were detected at different concentrations and
calibration curves were constructed to assess experimental
sensitivity. To further verify the feasibility of the method, the
detection of miR-96-5p was performed in the serum of healthy
individuals, patients with mild intraepithelial neoplasia,
patients with severe intraepithelial neoplasia and patients with
GC. SERS-LFA successfully determined the concentration of
miR-96-5p in the serum of GC patients, demonstrating prom-
ising clinical potential for early disease detection and biomed-
ical investigation.

2. Materials and methods
2.1 Materials

Cetyl trimethylammonium chloride (CTAC), chloroauric acid
tetrahydrate (HAuCl,), sodium borohydride (NaBH,), 4-mer-
captobenzoic acid (4-MBA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), n-hydroxy succinimide (NHS), ascorbic
acid (AA) and absolute ethanol were produced by Shanghai
Aladdin Biochemical Technology (China). Mouse monoclonal
antibody (MIgG), goat anti-mouse antibody (GMIgG), strepta-
vidin and oligonucleotides used were all produced by Shanghai
Sangon Bioengineering (China). The oligonucleotides in Table 1
were used as described by the manufacturer. Sample pads,
coupling pads, nitrocellulose (NC) membranes, absorbent pads,
and PVC sheets were supplied by Shanghai Kinbio Biotech-
nology (China). All experiments used Milli-Q water sourced
from Millipore (USA), with a resistivity exceeding 18 M.

2.2 Collection and preservation of human serum samples

Blood samples from human veins were obtained from the
Affiliated Hospital of Yangzhou University. A total of 120 venous
blood samples were collected as shown in Table 2, consisting of
30 from healthy individuals, 30 from patients diagnosed with
mild gastric mucosal intraepithelial lesions, 30 from patients

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sequences of oligonucleotides used

Name Sequences (5'-3')

miR-96-5p UUUGGCACUAGCACAUUUUUGCU

hpDNA-bio Biotin-(CH,)s-AGCAAAAATGTGCTAGTGCCAAA
sSDNA SH-(CH,)s-GGCACTAGCACATTTTT

MT1 UUUGGCACGAGCACAUUUUUGCU

MT3 UUUGGCACGAGCAAAUUUUAGCU

Random UAGUAAUCCCGAGCCCCUGAU

Table 2 Demographic information of the participants

Groups Healthy subjects Mild Severe GC
Mean age (years) 54 62 64 67
Male 14 15 16 18
Female 16 15 14 12
Sample number 30 30 30 30

diagnosed with severe gastric mucosal intraepithelial lesions,
and 30 from patients diagnosed with GC. Serum samples were
collected from fasting individuals and consent was obtained
from all participants after providing them with relevant infor-
mation. After collection, the samples were centrifuged at
4000 rpm for 5 min at 4 °C, and the resulting upper serum layer
was carefully extracted. The resulting upper serum stratum was
stored at —80 °C for preservation.

2.3 Production of gold seed solution

CTAC (0.32 g) and 2.4 x 10~* M HAuCl, solution (150 uL) were
added to 10 mL of water. Simultaneously, 0.02 M NaBH, solu-
tion (10 mL) was prepared and refrigerated. Following this,
NaBH, solution (0.45 mL) was introduced to the stirred HAuCl,
solution, resulting in the solution turning brown, indicating the
creation of gold seeds. The seed solution was left at room
temperature for 1 h to eliminate excess borohydride, resulting
in seed particles with a size range of approximately 3-5 nm.

2.4 Composition of AuRD

To prepare the growth solution in two beakers, the surfactant
CTAC (0.32 g) was introduced into each beaker, followed by the
addition of 9.485 mL of water to attain a final total solution
volume of 10 mL in each beaker. Subsequently, the bottles were
placed in a water bath kept at 20-25 °C. Equal volumes of 0.01 M
HAuCl, solution (250 pL) and 1.0 x 10~ M KI solution (20 pL)
were introduced into both beakers. Finally, 0.04 M AA (220 pL)
were introduced into the growth broth. After the introduction of
AA, the solution lost its color, signifying the reduction of Au®** to
Au. Subsequently, the seed solution (60 pL) was injected into
bottle A. Upon continuous stirring, the solution gradually
turned light pink in approximately 5 s. Then, the contents of
bottle A (60 pL) were transferred to bottle B and thoroughly
mixed for 5 to 10 s. Subsequently, the solution in bottle B was
left undisturbed for 15 min to facilitate the growth of the pellet,
and it was centrifuged at 8000 rpm for 10 min using
a centrifuge.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5 Fabrication of SERS tags

5 mL of AuRD was added to 100 pL of 4-MBA (1 mM) at room
temperature and stirred at 600 rpm for 3 h to ensure complete
mixing. 4-MBA was allowed to bind to the surface of AuRD via
Au-S bonds, serving as Raman reporter molecules to signifi-
cantly enhance Raman signals. Subsequently, 100 puL of ssDNA
(0.1 mM) was combined with 100 pL of TCEP (10 mM) solution
and reacted at room temperature for 2 h. Following the
completion of the reaction, the ssDNA and TCEP mixture was
added to the solution containing 4-MBA-labeled AuRD and the
mixture was vigorously combined for a duration of 12 h. Next,
30 pL of EDC (120 mM) and 30 pL of NHS (30 mM) were added
to the aforementioned mixed solution and incubated for 3 h.
MIgG was then added to the solution. EDC and NHS facilitated
the activation of carboxyl groups in MIgG, enabling the
coupling of MIgG with 4-MBA. Finally, 100 pL of BSA solution
(1 wt%) was introduced into the resulting solution and incu-
bated for approximately 2 h to mitigate nonspecific binding.
Concurrently, the solution was spun in a centrifuge (8000 rpm,
10 min) to remove excess reagents. The centrifuged solution
constituted the required SERS tags. After additional washing
and centrifugation steps, the SERS tags were suspended in PBS
buffer and stored in a freezer at —4 °C for the future.

2.6 Preparation of LFA biosensors based on SERS

Sample pads, coupling pads, nitrocellulose (NC) membranes,
and absorption pads collaborated to construct the lateral flow
assay (LFA) strips. The coupling pads were initially immersed in
a buffer solution that contained 0.35% Triton X-100, 600 mM
Tris—-HCl and 0.2 mM Nacl, followed by drying at 36.5 °C for 1 h
and subsequent storage at room temperature. The prepared
SERS tags were dispersed onto a coupling pad and then dried at
room temperature. The NC membrane featured two lines,
including the T line and the C line. Streptavidin facilitated the
binding to biotin, enabling the immobilization of hairpin DNA
conjugated to biotin (hpDNA-bio) on the NC membrane. For the
preparation, 100 pL of hpDNA-bio (1 pg mL™") was mixed with
60 pL of streptavidin (1 pg mL™"), followed by the addition of
600 pL of PBS solution. The mixture was then incubated at room
temperature for 2 h, followed by removal of the surplus hpDNA-
bio through centrifugation (8000 rpm, 15 min). The centrifuged
solution was added to the PBS solution and diluted to 10 pL.
The resulting solution was further diluted to 10 mL with PBS
solution and dispersed onto the NC membrane to form the T
line. Additionally, the C line on the NC membrane was gener-
ated by dispensing 10 pL of GMIZG (1 : 50 dilution).

2.7 SERS measurement

First, a 50 pL diluted sample was dispensed onto the sample
pad of the SERS-LFA strips. Under the capillary action, the
sample migrated along with the SERS tags toward the absorp-
tion pad. Half an hour later, a chromogenic band appeared on
the LFA band, indicating that the sample contained miR-96-5p.
In addition, if the C line is colored, it indicates that the
biosensor is working. MiR-96-5p in the sample, as well as the
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ssDNA conjugated to the SERS tag, could be captured by
immobilization of hpDNA-bio on the NC membrane due to the
biotin interaction with streptavidin. Thus, it was possible to
make relevant SERS measurements. SERS measurements were
performed at 785 nm laser wavelength, a 5 mW excitation light
power, and a 50x objective with an integration time of 20 s.
Since the peak measured by the 4-MBA was 1073 cm™*, all
spectra were measured in the interval of 600-1800 cm™". Each
obtained spectrum has been baseline corrected and smoothed
before processed, while removing the noise from the instru-
ment. Furthermore, on the SERS-LFA strip T line, we selected 10
different points for SERS measurement each time and then
obtained the average SERS spectrum for the quantitative anal-
ysis of miR-96-5p to ensure the validity and accuracy of the
information.

2.8 Characterization

UV-vis absorption spectra of the nanoparticles were detected
using an Agilent ultraviolet absorption spectrometer from the
United States. S-4800II field emission scanning electron
microscope was used for scanning electron microscope (SEM)
measurement at 3.0 kV. Select TECNAI 12 transmission electron
microscope for transmission electron microscopy (TEM) scan-
ning under an accelerated voltage of 60 kV. High-resolution
TEM (HRTEM) images of nanoparticles were acquired using
FEI Tecnai G2 F30 s-twin TEM. Selected area electron diffraction
(SAED) measurements were performed using a 200 kv field
emission transmission electron microscope. Raman spectra of
all samples were acquired using the Renishaw inVia Micro-
Raman system.
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3. Results and discussion
3.1 Design concept of LFA biosensors based on SERS

The design concept of the LFA biosensor based on SERS for
detecting miR-96-5p was depicted in Fig. 1(a), illustrating the
composition process of the AuRD and SERS tags. The Au-S
bonds allowed the 4-MBA to be conjugated to the AuRD surface.
4-MBA could enhance Raman signals through physical and
chemical effects and serve as a Raman reporter molecule. Under
specific conditions, ssDNA modified with thiol groups was
activated and coupled with AuRD through Au-S bonds. Subse-
quently, MIgG could be coupled with 4-MBA via amide bonds.
Ultimately, the preparation of  the AuRD@4-
MBA®@ssDNA@MIgG SERS tags was completed.

As shown in Fig. 1(b), during the assay, a sample containing
miR-96-5p was dropped onto a sample pad and transported
toward the absorption pad by capillary action. When traversing
the conjugate pad, AURD@4-MBA@ssDNA@MIgG moved along
with the sample pad towards the absorption pad. HpDNA-bio
was immobilized in T cells by streptavidin. HpDNA-bio acted
as a complement to ssDNA and miR-96-5p, both of which were
competitively bound to hpDNA-bio. Compared to ssDNA, miR-
96-5p had more complementary base pairs with hpDNA-bio,
so miR-96-5p bound to hpDNA-bio more strongly. Conse-
quently, when miR-96-5p was present in the sample, its strong
binding affinity would preferentially bind to hpDNA-bio. At this

point, there was no attachment of the AuRD@4-
MBA@ssDNA@MIgG to the top of the T line. However, the
GMIgG on the C line would capture AuRD@4-
MBA@ssDNA@MIgG, which forms AuRD@4-

N AuRD e 4-MBA

ssDNA m1R-96-5p

‘N
Y GMigG Y MigG
(b) Laser
Streptavidin
NC membrane . Cline Absorption Pad
mampleiFad Conjugate Pad Tline % hpDNA-bio
Positive Negative

Ts000

600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

. S

Tso00
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& Raman shift (cm™)

j%\' L

N

L ]

Fig. 1 Schematic diagram of the design principle of the LFA biosensor based on SERS. (a) Preparation of SERS tags, (b) schematic diagram of
assembled SERS-LFA for the detection of miR-96-5p and its detection results.
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MBA@ssDNA@MIgG@GMIgG. Upon observation with the
naked eye, only the C line would exhibit color. Conversely, when
miR-96-5p was absent from the sample, hpDNA-bio on the C
would capture AuRD@4-MBA@ssDNA@MIgG, forming
AuRD@4-MBA@ssDNA@MIgG@HpDNA-bio. In this case, the
color would appear on both the T line and C line upon naked
eye. Therefore, qualitative detection of miR-96-5p could be
achieved through color comparison, and quantitative detection
could be achieved by analyzing the SERS spectrum of 4-MBA.

3.2 Characteristics of AuRD

We characterized the morphology and structural characteristics
of AuRD by using SEM and TEM. As shown in the typical SEM
image in Fig. 2(a), AuRD was well distributed in the solution
with uniform morphology and similar structure. Meanwhile,
these nanoparticles formed a sharp vertex at the intersection of
each edge. In Fig. 2(b), the partially enlarged HRTEM image
displayed the crystal structure with a spacing of 0.255 nm. To
further characterize its crystal structure, we also captured SAED
images of AuRD, as shown in Fig. 2(c), clearly displaying the
crystal diffraction pattern. As shown in the TEM image in
Fig. 2(d), the typical length of AuRD measured approximately
40 nm, while its typical width was around 35 nm. As shown in
Fig. 2(e), the typical UV visible near-infrared spectrum of AuRD
showed a pronounced absorption peak at a wavelength of
540 nm. The Raman spectra of 4-MBA-labeled AuRD were
shown in Fig. 2(f). Due to the bending of the C-H bonds in the
plane and the symmetric stretching of the C=C bonds in 4-

0.255 nm
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MBA, its characteristic peak appeared at 1073 cm™'. As shown
in Fig. S1,7 4-MBA had good stability and reproducibility.

Finally, according to the formula for calculating the
enhancement factor (EF): EF = (Isgrs/Csgrs)/(Irs/Crs), We
calculated the EF of AuRD. I and C represented the intensity and
concentration. Isgrs represents the SERS intensity of AuRD
measured at Csgrs concentration. Igg was the Raman intensity
of AuRD at Cgrg concentration under non-SERS conditions. The
concentrations of Cgprs and Cgrs were 107 ° M and 102 M,
respectively. When using the SERS intensity in Fig. 2(f), the
calculated SERS EF for AuRD was 3.55 x 10°, suggesting that
AuRD exhibited a strong surface enhancement effect.

3.3 Qualitative analysis

Fig. 3(a) presented two different test outcomes on the T line,
which served as indicators for the presence or absence of miR-
96-5p in the sample. SERS spectra corresponding to the T line
and the C line were depicted in Fig. 3(b)—(e). In cases where miR-
96-5p was detected in the sample, it exhibited a preference for
binding to hpDNA-bio, leading to the accumulation of the cor-
responding SERS marker on the C line, while minimal accu-
mulation occurred on the T line. This differential accumulation
was qualitatively analyzed by observing visible color changes. By
comparing color intensities between the C line and the T line,
the presence or absence of miR-96-5p in the sample could be
determined. On the contrary, when miR-96-5p was absent in the
sample, the SERS tags bound to hpDNA-bio and accumulated
predominantly on the T line, causing observable color changes.
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Fig.2 Characterization of AuRD. (a) SEM image of AuRD, (b) partial enlargement of the HAADF-STEM image of AuRD, (c) SAED pattern of AuRD,
(d) TEM image of AuRD, (e) typical UV-vis near-infrared spectra of AURD, and (f) Raman spectra of 4-MBA-labeled AuRD and 4-MBA.
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Fig.3 (a) Color rendering results of strips at two different concentrations (0 pg mL~* and 1000 pg mL~* miR-96-5p), when the concentration of
miR-96-5p was 0 g mL™%, (b) the SERS spectra on the C line and (c) SERS spectrum on the T line of the strips were obtained, when the
concentration of miR-96-5p was 1000 pg mL™%, (d) SERS spectra on the C line and (e) SERS spectrum on the T line of the strips were obtained.

The qualitative analysis of miR-96-5p was performed by
comparing the colors on the T line. Observation of color
intensity or the presence of the SERS marker on the T line
enabled the identification of the absence of miR-96-5p in the
sample. This color-based analysis offered a concise and efficient
approach for qualitatively detecting miR-96-5p. Due to the
binding of GMIgG and MIgG, the unreacted SERS tag aggre-
gated on the C line. Consequently, the C line consistently
exhibited coloration regardless of the presence or absence of
miR-96-5p in the sample, serving as a reliable control indicator
to ensure the accuracy of the test result. As illustrated in
Fig. 3(c), the absence of miR-96-5p (0 pug mL ') in the sample
resulted in coloration on the T line, accompanied by the char-
acteristic peak at 1073 cm ™. Similarly, in Fig. 3(e), the presence
of miR-96-5p (1000 ug mL ') led to the disappearance of color
on the T line, and the characteristic peak at 1073 cm ™' van-
ished. Thus, the presence or absence of color and the maximum
value at 1073 cm ™" could serve as indicators for determining
positive or negative miR-96-5p results in the sample. Fig. 3(b)
and (d) illustrated the corresponding characteristic peaks at
1073 cm ™" on the corresponding C line. The presence of color
and peaks provided a reliable indicator for the qualitative
analysis of miR-96-5p deletions in the sample.

3.4 Optimized the parameters of SERS-LFA strips

We examined various analytical parameters, including types of
Raman reporter molecules, 4-MBA concentrations and volumes,
buffer solutions, incubation times, and hpDNA-bio concentra-
tions, to determine their effects on the sensitivity of SERS-LFA

31814 | RSC Adv, 2024, 14, 31809-31819

strips. These parameters were subjected to optimization
procedures. Furthermore, a SERS intensity of 1073 cm " was
utilized to gauge the sensitivity achieved in the analysis. Opti-
mization experiments were conducted to identify the most
suitable Raman reporter molecule for maximizing SERS signal
enhancement. 4-MBA, DTNB, 5-FAM, and R6G were selected as
candidates for evaluation and comparison due to their known
enhancement properties of SERS. Experimentally, it was deter-
mined that 4-MBA yielded the highest and most robust signal
enhancement for the specific application. As shown in Fig. 4(a),
the SERS intensity was optimized when 4-MBA served as the
Raman reporter molecule, underscoring its superiority among
the tested candidates. Therefore, 4-MBA was considered the
most appropriate choice to maximize the enhanced SERS
signal. Subsequently, the concentration of 4-MBA as the Raman
reporter molecule was optimized. As depicted in Fig. 4(b), the
SERS intensity peaked at 80 mM of 4-MBA concentration,
signifying its optimal selection to maximize the SERS intensity.
Next, the volume of the 4-MBA solution was optimized. As
portrayed in Fig. 4(c), the maximum intensity of SERS was
achieved with the addition of 4 pL of the 4-MBA solution,
designating 4 pL as the optimal volume for attaining the highest
SERS intensity. Various buffers were assessed for their impact
on the binding of ssDNA to hpDNA-bio. Among Tris-acetate,
PBS, HEPES, and PIPES, PBS exhibited the strongest SERS
intensity and was therefore chosen as the buffer solution for the
experiment in Fig. 4(d). The incubation time was optimized by
evaluating durations of 10 min, 20 min, 30 min, 40 min, and
50 min. As demonstrated in Fig. 4(e), the SERS intensity reached
a peak at 30 min of incubation time, indicating optimal reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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saturation. The impact of increasing the concentration of the
hpDNA-bio solution on SERS intensity was also investigated. As
depicted in Fig. 4(f), SERS intensity saturated when the hpDNA-
bio concentration reached 10 pg mL ", thus designating 10 pg
mL " as the optimal concentration to achieve maximum SERS
intensity in the experiment.

(@)

35000

(b)

3.5 Specificity, reproducibility, and consistency of SERS-LFA
strips

Under optimal test factors, the specificity of SERS-LFA strips
was investigated, a critical aspect for the accuracy of the SERS-
LFA. Single-nucleotide mismatch (MT1), triplet-nucleotide
mismatch (MT3), and random sequences were chosen as
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Fig.5 (a) SERS intensities of different miRNAs at 1073 cm™ at the same concentration, (b) the SERS intensity and (c) spectrum of the T line when
measured with different batches of SERS-LFA strips, (d) 4-MBA SERS mapping on the SERS-LFA strips T line, when seven points ‘a—g' were
arbitrarily selected on the T line, (e) the SERS intensity and (f) SERS spectrum of 4-MBA at the characteristic peak of 1073 cm™ were randomly

selected.
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interfering miRNAs to assess the specificity of the SERS-LFA
strips. The concentrations of miR-96-5p and the interfering
miRNAs were standardized at 10 mM in a PBS solution.
Furthermore, the intensity of the peak at 1073 cm ' was
designated as the characteristic peak to observe and analyze
miR-96-5p in our experiments. As depicted in Fig. 5(a), the
experimental findings revealed efficient binding of SERS tags to
hpDNA-bio when the sample included MT1, MT3, random
sequences, and blank control, leading to visible coloration on
the strips and a significant increase in the measured SERS
intensity. Importantly, in the presence of miR-96-5p in the
sample, it competitively interacted with the ssDNA on the SERS
tags for binding to hpDNA-bio. MiR-96-5p exhibited superior
binding affinity compared to ssDNA, consequently diminishing
the binding of the SERS tags to the SERS-LFA strips and
resulting in a reduction in the measured SERS intensity. To
assess the reproducibility of SERS-LFA strips, 8 distinct batches
of strips were fabricated at various time points. As illustrated in
Fig. 5(b) and (c), minimal discrepancies were observed in the
measured SERS spectral intensity and shape across the different
batches. This finding underscores the reproducibility of SERS-
LFA strips, confirming that consistent and reliable results can
be achieved using this approach in multiple batches.
Consistency played a crucial role in detection using the
SERS-LFA strips. Initially, the T line was labeled with 4-MBA,
and the resulting SERS profile measurements are presented in

(b)

View Article Online

Paper

Fig. 5(d). The scanning range of the T line was evaluated as 50 x
50 mm?, and the maximum intensity at 1073 cm ™" was graphed
for each point. The SERS signal strength was depicted using
a spectrum of colors, which transitioned from blue (indicating
the lowest intensity) through green, orange, and yellow, to red
(representing the highest intensity). Although minor variations
were observed, the overall consistency of the SERS-LFA strips
was deemed satisfactory. Additionally, the SERS spectra were
measured at 7 randomly selected points along the T line. As
illustrated in Fig. 5(e) and (f), the deviation in signal intensity at
1073 cm™ ' among these 7 points on the T line was calculated to
be 2.65%. This observation indicated that the SERS-LFA strips
exhibited relatively minimal deviations in signal intensity at
different points on the T line, thereby further confirming their
consistency and reliability.

3.6 Sensitivity of the SERS-LFA strips

To test the sensitivity of the SERS-LFA strips, we experi-
mented with various dilutions of miR-96-5p in human serum.
Fig. 6(a) and (b) showed a photographic image of the miR-96-
5p test system (ranging from 10 fM to 10 nM). As the
concentration of miR-96-5p decreases, the SERS signal
increases and the corresponding color change in the test
system becomes apparent. Furthermore, we observed

a strong linear correlation between the SERS intensity
1073 cm

1

measured at and the logarithm of the
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(a) Photographic images of SERS-LFA bands with T line of varying concentrations of miR-96-5p (10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM,

10 nM), (b) the SERS-LFA strips measure the intensity of SERS on the T line at different concentrations of miR-96-5p, (c) calibration curve of the

logarithm of SERS intensity and miR-96-5p concentration corresponding to the test line at 1073 cm
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Table 3 Comparison with other published miRNA assays
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Method Detection target Linear range LOD Time Ref.

SERS miR-21 10 pM to 10 nM 4 pM 90 min 46

SERS miR-375 10 fM to 1 nM 10 fM 60 min 47
Immunoassay miR-21 200 fM to 2 nM 13 fM 120 min 48
Electrochemical miR-21 10 pM to 10 mM 1.73 pM 60 min 49
Fluorescence miR-141 5 pM to 5 nM 0.42 pM 90 min 50

SERS miR-96-5p 10 fM to 10 nM 3.7 fM 30 min This work

concentration of miR-96-5p. According to Fig. 6(c), the rele-
vant linear regression equation was y = —4619.84x + 19
314.98 and R* was 0.9894. We calculated the detection limit
of miR-96-5p in human serum applying the formula LOD = 3
X SDpjank (Where SDpank Was the standard deviation of the
blank measurement) as LOD = 3.7 fM. As shown in Table 3,
the LOD was relatively low compared to most miRNA assays.
Therefore, SERS-LFA strips could detect miR-96-5p with high
sensitivity and could meet the clinical needs for diagnosis.

3.7 Clinical application of the SERS-LFA strips

To assess the practicality of using SERS-LFA strips in clinical
settings, we employed them to detect the presence of miR-96-
5p in serum specimens collected from a cohort consisting of
30 healthy subjects, 30 patients with mild intraepithelial
neoplasia, 30 patients with severe intraepithelial neoplasia,
and 30 patients diagnosed with GC. Typical pathological and
gastroscopic images of the four populations are shown in
Fig. 7. The SERS intensities and concentration of miR-96-5p
in the serum of 120 patients were shown in Fig. 8(a) and
(b). Through the analysis of the SERS signals acquired from
these specimens, we aimed to determine the potential diag-
nostic or prognostic utility of miR-96-5p in various disease

conditions. An intensity histogram of the SERS spectra
measured at 1073 cm™ ' was presented in Fig. 8(b). As illus-
trated in Fig. 8(c), mean SERS spectra of miR-96-5p were
derived for the four distinct populations under investigation:
healthy subjects, patients with mild intraepithelial
neoplasia, patients with severe intraepithelial neoplasia and
patients with GC. This histogram offered a visual represen-
tation of the distribution of SERS signal intensity at specific
characteristic peaks of miR-96-5p within the population
studied. The intensity of SERS at 1073 cm ' exhibited
a gradual decline with disease progression. Subsequently,
the varying peak intensities were substituted into the
previous regression equation to determine the concentration
of miR-96-5p. As shown in Tables S1-S4,f miR-95-5p was
measured by SERS and qRT-PCR in 120 patients, and the
relative error between the two methods was presented. The
mean values of miR-95-5p measured by SERS and qRT-PCR in
four different populations were shown in Table 4. The rela-
tive errors between SERS-LFA and qRT-PCR for the detection
of medical serum were presented in Table 4, showing values
of —3.509%, 5.692%, —3.693%, and 4.908%. The congruence
of the results obtained from these two methods suggests
promising clinical utility for SERS-LFA.

Fig. 7

(a) Pathological images of healthy subjects, (b) pathological images of mild gastric mucosal intraepithelial lesions, (c) pathological images

of severe gastric mucosal intraepithelial lesions, (d) pathological images of GC, (e) gastroscopic image of healthy subjects, (f) gastroscopic image
of mild gastric mucosal intraepithelial lesions, (g) gastroscopic image of severe gastric mucosal intraepithelial lesions, (h) gastroscopic image of

GC.
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(a) The SERS intensity of miR-96-5P in serum of 120 patients, (b) the concentration of miR-96-5P in serum of 120 patients, (c) SERS

intensities at 1073 cm ™! measured in the four populations, (d) the SERS-LFA strips were used to measure the SERS spectrum of healthy subjects,

mild, severe and GC patients.

Table 4 Mean of results of SERS and qRT-PCR in clinical serum
specimens

qRT-PCR Relative error
SERS (pM)  (pM) (%)
Healthy subjects 0.055 0.057 —3.509
Mild 0.947 0.896 5.692
Severe 1.747 1.814 —3.693
GC 3.249 3.097 4.908

4. Conclusion

To summarize, we developed a competitive LFA technique
utilizing SERS that provided high-sensitivity and quantitative
analysis capabilities for miR-96-5p. The upregulated expression
of miR-96-5p in patients with GC made it an ideal and emerging
biomarker for diagnostic purposes. In our approach, miR-96-5p
competed with ssDNA on the SERS tag and bound to capture
hpDNA-bio immobilized on the T line of the SERS-LFA strips. By
measuring the SERS intensity along the T line, we quickly and
accurately measured miR-96-5p levels. The sensitivity of our
method was assessed, yielding a LOD value of 3.7 fM. Further-
more, our method exhibited a robust linear relationship
between miR-96-5p concentration and SERS intensities in the
range of 10 fM to 10 nM. Moreover, the SERS-based competitive
LFA technique offered simplicity, convenience, and rapidity,
holding great promise for clinical applications in GC detection.

31818 | RSC Adv,, 2024, 14, 31809-31819
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