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Background: MicroRNAs (miRNAs) play a significant role in the development, progression, invasion and metastasis of tumours.
Their serum concentrations are closely associated with the progression of tumour diseases and hold promise for cancer diagnosis. This
study developed a microarray chip based on surface-enhanced Raman scattering (SERS) technology for the highly sensitive detection
of cervical cancer biomarkers (miRNA103a and miRNA221). The combination of SERS technology with the microarray chip enables
the simultaneous and repeatable detection of multiple samples.

Methods: An array of gold-silver nanoboxes (Au-AgNBs) was constructed via self-assembly at the oil-water interface and anchored
within the wells of the microarray chip. Capture DNA (DNAmMiRNA103a-Cy3 and DNAmMiRNA221-Cy5) was immobilised on the
surface of the Au-AgNBs array via gold-sulphur bonds to serve as the capture matrix, thereby constructing the microarray chip. When
signal molecules approach the substrate, the SERS signal intensity is enhanced. When target molecules (miRNA103a and miRNA221)
are present in the detection environment, they bind to the corresponding capture DNA via complementary base pairing, forming
double-stranded nucleic acids. Upon the addition of a double-stranded nucleic acid-specific nuclease (DSN nuclease), the double
strand is specifically cleaved, releasing the signal molecules and resulting in a decrease in the SERS signal intensity in the detection
environment. The characteristics of the microarray chip, including reproducibility and sensitivity, were characterised. Microarray chips
and gRT-PCR were used to detect miRNA103a and miRNA221 in the serum of 30 healthy individuals (control group), 30 patients with
low-grade cervical intraepithelial neoplasia (LSIL), 30 patients with high-grade cervical intraepithelial neoplasia (HSIL), and 30
patients with cervical cancer (stage 1A).

Results: The prepared microarray chip demonstrated good reproducibility and sensitivity. Under optimal testing conditions, the lower
limits of detection for miRNA-103a and miRNA-221 on the microarray chip were 1.0934 x 10~'* M/L and 7.5667 x 107> M/L,
respectively. Serum samples from healthy subjects, patients with LSIL, HSIL and cervical cancer (stage 1A) were analysed, and the
results were compared with those obtained using the qRT-PCR method. The relative error between the two methods was less than 10%,
and the results were statistically significant (P < 0.05).

Conclusion: Microarray chips provide a reliable new method for the early screening of cervical cancer. This simple and efficient
microarray chip preparation method demonstrates excellent potential for application in experiments involving multiple samples and
replicates. Microarray chips exhibit excellent ability to distinguish between disease states, capable of differentiating between healthy
individuals, patients with LSIL, HSIL and cervical cancer.
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Introduction
Cervical cancer is the most common gynaecological malignancy and one of the leading causes of death among women with

gynaecological cancers.? In 2024, there were approximately 600,000 new cases of cervical cancer worldwide, resulting in
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around 340,000 deaths. Characterised by high incidence and mortality rates, it poses a serious threat to women’s physical and
mental health, with incidence and mortality rates in developing countries being higher than in developed countries.>~
Currently, commonly used screening methods for cervical cancer and precancerous lesions include liquid-based cytology
(TCT), HPV testing and colposcopy. At present, the sensitivity of HPV testing for cervical cancer and precancerous lesions is
76.1% and the specificity is 35.4%. Whilst it has high sensitivity, its specificity is relatively low, which may lead to some false-
positive results. TCT has a sensitivity of 29.2% and a specificity of 88.2% for detecting cervical cancer and precancerous
lesions, posing a certain risk of missed diagnoses. These limitations mean that using either method alone makes it difficult to
achieve early and accurate screening, potentially leading to delayed diagnosis or unnecessary referrals for colposcopy.
Furthermore, colposcopy is often an invasive procedure with low patient acceptance, and may even result in post-operative
complications such as bleeding and infection.®® Consequently, there is a clear clinical need to develop a novel screening
method that combines higher sensitivity with good specificity, in order to improve the detection rate of cervical precancerous
lesions and reduce both missed diagnoses and overtreatment.

MicroRNAs (miRNAs) are single-stranded RNAs found in eukaryotic cells; most are 20-24 nucleotides in length and
regulate gene expression by binding complementarily to their target genes.” In cancer, changes in miRNA expression
levels are invariably associated with the development and death of tumour cells.'® Furthermore, miRNAs act as important
signalling molecules, playing a significant role in the initiation, progression, proliferation and invasion of tumours.''
Current reports have demonstrated that miRNA-103a and miRNA-221 are up-regulated in cervical cancer and possess the
potential to serve as biomarkers for the disease.'*"?

Surface-enhanced Raman spectroscopy (SERS) is a label-free biomolecular detection technique based on inelastic
scattering. Since Fleischmann’s discovery of the surface-enhanced Raman scattering (SERS) phenomenon in 1974, it has
attracted considerable attention due to its ability to detect various small organic molecules, particularly for its high
sensitivity and specificity in detecting low-abundance analytes.'*'> As a detection method, SERS has found widespread
application in fields such as medicine, biology and food science. Its non-destructive nature, high sensitivity and low
water response make it a highly promising bioanalytical tool. For example, Xiang et al'® developed a SERS-based
sandwich biosensor to detect cardiac troponin I in serum. Lu et al'” employed electrophoresis-assisted SERS lateral flow
assay (E-SERS-LFA) for the simultaneous detection of human immunodeficiency virus p24 antigen (HIV p24) and
hepatitis B surface antigen (HBsAg). When a Raman-signalling molecule approaches a plasmonic metal nanostructure,
the intensity of its Raman signal is significantly enhanced due to the electromagnetic enhancement effect of the
nanostructure. This phenomenon stems from the local surface plasmon resonance (LSPR) generated by the metal
nanostructure upon optical excitation, leading to a dramatic increase in the electric field strength near the surface
(which can be amplified by a factor of 10* to 10'" compared to the incident field strength).'®'® Although the vibrational
frequency of the molecule itself remains unchanged, vibrational modes aligned with the direction of the electric field are
selectively enhanced, resulting in a distinctive intensity distribution in the spectrum.

Electromagnetic enhancement (EM) and chemical enhancement (CM) are the primary mechanisms of SERS enhance-
ment. The high amplification factor of EM relies on the strong local electric fields generated between the irregular edges
of the nanoparticles and the probe tip, known as the “hotspot effect”. These hotspots depend on the size, shape and
aggregation state of the nanoparticles; uniformly distributed noble metal nanoparticles can significantly enhance the
Raman signal by improving spatial uniformity.”> 2> Compared to the powerful enhancement effect of EM (enhancement
up to 107), CM exhibits a lower enhancement efficiency for SERS intensity. However, even in the absence of significant
plasmonic resonance effects, certain non-metallic or wide-bandgap semiconductor substrates can still achieve SERS
through chemical enhancement mechanisms.?*** Such materials are typically used as support substrates for noble metal
nanostructures; surface defects, charge-transfer complexes or molecule-substrate interactions can induce local redistribu-
tion of electron density, thereby generating enhancement effects similar to those of chemical adsorption.”* Consequently,
the integration of substrates with uniformly distributed nanomaterials has become a key focus for the future development
of SERS technology.

Gold-silver nanoboxes (Au-AgNBs) are hollow, cage-like structures with a regular shape, capable of generating strong
LSPR effects between their eight corners.>>2® Due to the presence of the internal cavity and the walls, surface field coupling
between the inner and outer walls of Au-AgNBs produces an excellent coupled electromagnetic field, thereby enabling
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strong light absorption and high Raman enhancement effects.”” Furthermore, the large specific surface area of Au-AgNBs
allows for the adsorption of a greater number of Raman-signalling molecules onto their surfaces, whilst a Raman
enhancement effect also arises between the Au-AgNBs.?*” These advantages enable Au-AgNBs to offer higher sensitivity
for SERS detection, thereby providing the necessary conditions for the detection of trace-level biomarkers.

Solution-based SERS detection enables rapid analysis of analytes without the need for sample preparation and can be
carried out using simple and convenient mixing protocols; however, to achieve high-sensitivity detection, most methods
still require pre-treatment steps. This limitation significantly restricts its adoption and use in practical applications such as
primary screening.**~'

In contrast, solid-support-based techniques involve immobilising noble metal nanomaterials onto solid substrates such
as silicon wafers. Utilising solid substrates for SERS detection can achieve extremely high sensitivity; for instance, Jing
et al*? employed silver nanoparticles to modify TiO, nanotube arrays for solid-phase microextraction and SERS detection
of antibiotic residues in milk, achieving a detection limit as low as 0.11 pM. Currently, solid-support-based detection
methods have reached a relatively mature stage of technical development; however, this approach has some significant
drawbacks that cannot be overlooked, such as cumbersome and complex sample preparation procedures, the need for
large sample volumes, limited detection versatility, and restricted sample throughput.®>* >

Here, this study proposes a simple, high-throughput detection method for screening miRNAs associated with cervical
cancer as tumour markers, for the early screening of cervical precancerous lesions and cervical cancer. This method
combines the advantages of microarray chips with Au-AgNBs arrays, significantly enhancing the sensitivity and
specificity of screening for cervical cancer and precancerous lesions. As shown in Figure 1, the fabricated chip comprises
two modules (Module 1 and Module 2), each detecting a different miRNA. The abundance of wells allows for repeated
testing of multiple samples, thereby reducing the false-positive rate. When miRNA103a or miRNA221 is present in the

test sample, the DSN enzyme specifically cleaves the double-stranded nucleic acid, prompting the release of signal

A. Fabrication of Au-AgNBs Microarray Chip B. SERS Detection Mechanism (Molecular Level)
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Figure | The schematic diagram for miRNA103a and miRNA221| detection by the SERS microarray chips. The fabrication of Au-AgNBs microarray chip (A) and SERS
detection mechanism (B). SERS spectrum after reaction (C) and clinical screening workflow (D).
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molecules. This causes the SERS signal intensity to decrease as the concentrations of miRNA103a and miRNA221
increase. By constructing a standard curve, the aim is to achieve quantitative detection of miRNA103a and miRNA221.
By this microarray detection chip, clinical samples from healthy individuals, patients with early-stage cervical lesions,
and cervical cancer patients were analysed. The method was calibrated using qRT-PCR to validate its clinical utility.

Materials and Methods

The Materials, Preparation of Au-AgNBs and Experimental Instrumentation sections were described in the
Supplementary Methods.

Preservation and Collection of Peripheral Blood Samples

Peripheral blood samples were collected from cervical cancer patients, individuals with cervical precancerous lesions,
and healthy controls at the Clinical Medical College of Yangzhou University, Jiangsu Province. All volunteers who
signed informed consent forms complied with the ethical guidelines issued by the Council for International Organizations
of Medical Sciences. This experimental design adhered to the 1975 Declaration of Helsinki and was approved by the
Medical Ethics Committee of the Clinical Medical College of Yangzhou University. The Ethics Approval Number is
2025ky210. All subjects were fully informed about the study and signed informed consent forms. The collected
peripheral blood was categorised into four groups: 30 healthy individuals, 30 cases of low-grade cervical intraepithelial
neoplasia (CIN), 30 cases of high-grade CIN, and 30 cervical cancer patients. Table 1 details volunteer information
(including age). Blood samples were collected prior to meals, with 5 millilitres drawn per sample to avoid dietary
interference. All blood samples were stored in a —80°C freezer.

Preparation of Microporous Chips

Microarray chips comprise two components: a glass substrate and a PDMS cover. The glass substrate containing
microporous structures is fabricated by conventional photolithography and wet etching techniques. The cover is prepared
by mixing PDMS prepolymer with a curing agent, which is then cast onto a clean, flat glass plate and cured at 90°C for
2 hours. The chip is subsequently perforated to create a multi-channel array. The PDMS cover layer undergoes ultrasonic
cleaning in deionised water and ethanol for 5 minutes, followed by nitrogen drying. Subsequently, the Au-AgNBs array
substrate, self-assembled via the oil-water interface, was anchored onto the PDMS cover. The glass substrate and PDMS
cover were then assembled and heated at 75°C for 10 minutes to enhance bonding strength. This ultimately achieved
physical and functional integration between the substrate and cover. The prepared microarray chip consisted of two parts:
Module 1 and Module 2. Both Module 1 and Module 2 measure 40 X 40 mm and were mounted together on a 90 x
50 mm substrate. Module 1 comprised 16 square wells measuring 4 x 4 x 5 mm, each with a volume of 80 mm?, whilst
Module 2 comprised 16 circular wells with a diameter of 4 mm and a depth of 5 mm, each with a volume of 62.8 mm®.
The total volume of the liquid used for testing is 36 mL (6 mL of DSN enzyme + 30 mL of sample solution), which was
less than the volume of both Module 1 and Module 2.

Preparation of SERS Detection Sensors

The DNA and miRNA sequences used in this study were shown in Table 2. First, dilute DNA103a-Cy3 and DNA221-
CyS5 (powder) separately according to the instructions to obtain stock solutions of DNA103a-Cy3 and DNA221-CyS5.
Take 2 mL each of the 10 mM DNA103a-Cy3 and DNA221-Cy5 solutions and add them to 20 mL of 10 mM TCEP
solution. Place the mixture on a 37°C shaker and agitate for 90 minutes to activate the -SH of DNA103a-Cy3 and

Table | Basic Characteristics of the Subjects to Be Included

Groups Healthy Person | LSIL | HSIL | Cervical Cancer

Age (mean) 31 39 45 51

Sample 30 30 30 30

4 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/606920/606920_Supplementary%20Methods%20and%20Fig%20S1%20and%20S2_1.docx

Xia et al

Table 2 Sequences of DNA and miRNA

Oligonucleotide | Sequences

miRNA-103a: 5-AGCAGCAUUGUACAGGGCUAUGA -3’

DNA-103a: 5'-Cy3-AAAAATCATAGCCCTGTACAATGCTGCTAAAAA-SH-3'
miRNA-221: 5-AGCUACAUUGUCUGCUGGGUUUC -3’

DNA-221: 5'-Cy5-AAAAAGAAACCCAGCAGACAATGTAGCTAAAAA-SH-3'

U/C-miRNA-103a: | 5-"AGCAGCAUUGCACAGGGCUAUGA -3’

U/C-miRNA-221: | 5'-AGCUACAUUGCCUGCUGGGUUUC -3’

miRNA-196a: 5'-CAACAACAUUAAACCACCCGA-3'

DNA221-Cy5. The resulting mixture was then dispensed dropwise into the micro-wells of the prepared microarray chip
(DNA103a-Cy3 added to round-well chips, DNA221-Cy5 added to square-well chips). Incubation at 37°C under shaking
conditions for 16 hours yielded the Au-AgNBs@DNA103a-Cy3 and Au-AgNBs@DNA221-Cy5 complexes, respec-
tively. At this stage, DNA103a-Cy3 and DNA221-Cy5 were linked to the Au-AgNBs surface via Au-S bonds. Excess
DNA103a-Cy3 and DNA221-Cy5 on the Au-AgNBs surface were removed by washing with PBS, completing the SERS
microarray chip (physical image of the microarray chips was shown as Figure S1). The prepared SERS microarray chip
was dried and stored at 4°C for subsequent use.

Surface-Enhanced Raman Spectroscopy Measurement

The construction of the SERS detection platform and the detection workflow for miRNA103a and miRNA221 were
illustrated in Figure 1. Prior to detecting miRNA103a and miRNA221, the miRNAs were first diluted into different
concentrations (10'2-10"7 M) by TE buffer. Subsequently, 30 uL of each sample solution was dispensed into correspond-
ing wells of the microarray chip. After capping the chip, it was placed in a thermostatic shaker for hybridisation at 300 rpm
and 37°C for 1 hour to form double-stranded complementary structures. Thereafter, 6 pL of DSN enzyme (10 U/mL) to cut
the hybridised complementary double strands. After reacting at 55°C for 90 minutes, the wells of the microarray chip were
sequentially washed with PBS buffer and deionised water, then dried with nitrogen for subsequent SERS spectroscopy
detection. The post-reaction microarray chip was positioned beneath a Raman spectrometer for Raman detection using
a 785 nm excitation laser. Spectra from 30 distinct points were averaged to ensure detection validity. Each measurement
point required 3 seconds, with the resulting average spectrum undergoing baseline correction and smoothing.

Statistical Analysis
All comparisons between groups in this chapter were analysed using one-way analysis of variance. ****P < 0.0001, ***P
< 0.001, **P < 0.01, *P < 0.05; ns indicates no statistical significance.

Results
Characterisation of Au-AgNBs

The synthesis of Au-AgNBs typically employs template-based methods, with the displacement reaction system using
silver nanocubes as templates being the most classical approach. This method achieves structural transformation through
the electrochemical displacement reaction between chloroauric acid (HAuCly) and silver nanocubes, thereby forming
hollow, porous gold nanocage structures. This study has developed an alternative synthetic pathway: the one-step
synthesis of gold nanocubes without requiring gold seeds or silver nanocubes. Within the mixed system, Au’®"
synergistically interacts with HMT to form complex cage-like structures, which subsequently yield gold nanoparticles
upon reduction agent treatment. The gold nanoparticles aggregate and interconnect via dipole-dipole interactions between
nanoparticles, growing along the structure formed by HAuCly and HMT to ultimately form a hollow cage structure.
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Polyvinylpyrrolidone (PVP) prevents nanoparticle aggregation and supports the nanobox structure. Characterisation of
Au-AgNBs was performed by SEM and HRTEM. Figure 2A and B displayed SEM and TEM images of Au-AgNBs,
respectively. The images revealed a uniform structure with regular arrangement, with an edge length of approximately 30
+ 10 nm. The cage-like structure was clearly discernible, exhibiting a hollow configuration with eight rounded corners.
This contrasted markedly with conventional sharp-angled nanoboxes; the smoother corners rendered the Au-AgNBs
structurally more spherical, facilitating their entry into cells via endocytosis to exert their function. Figure 2C presented
a transmission electron micrograph of Au-AgNBs bound to captured DNA. Figure 2D showed the HAADF-STEM image
of Au-AgNBs. A fuzzy layer visible on the Au-AgNBs surface indicated successful DNA attachment. Figure 2E
illustrated changes in the ultraviolet-visible near-infrared absorption spectrum during Au-AgNBs detection array
preparation. It was evident that when only Au-AgNBs were present, a strong localised surface plasmon resonance
peak appears at 520 nm. Following incubation with capture DNA, the capture DNA became attached to the Au-AgNBs
surface via Au-S bonds, causing the peak to red-shift to 535 nm. This confirmed the successful loading of capture DNA
onto the Au-AgNBs surface. Figure 2F and G displayed the zeta potential and particle size distribution of Au-AgNBs and
Au-AgNBs@DNA, respectively. Upon conjugation with capture DNA, the particle size of Au-AgNBs increased and the
originally positively charged Au-AgNBs became negatively charged, demonstrating successful attachment of capture
DNA to the Au-AgNBs surface. Figure S2 showed the Raman spectrum of DNA-103a-labelled Au-AgNBs; as can be
seen from the figure, there was a distinct characteristic peak at 257 cm™ ' corresponding to the Au-S bond. Figure 2H
presented the Raman spectrum of the Au-AgNBs with the Raman-signalling molecule (4-MBA). The Au-AgNBs labelled
with 4-MBA exhibit enhanced signal intensity, attributed to the dense “hotspots” formed between the corners of the Au-
AgNBs array. Figure 21 was the primary elemental composition of Au-AgNBs. Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping revealed that Au-AgNBs consist predominantly of Au, with minor Ag content. To investigate
the homogeneity of SERS enhancement across the Au-AgNBs array, mapping experiments were conducted on the

prepared array by 4-MBA as the signal molecule, with characteristic peaks at 1595 c¢m-1. The results were shown in
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Figure 2 SEM (A) and TEM images (B) of Au-AgNBs; TEM image (C) and HRTEM image (D) of Au-AgNBs@DNA,; ultraviolet spectroscopic absorption spectra (E), particle
size comparison (F), and potential comparison (G) of Au-AgNBs and Au-AgNBs@DNA; SERS spectra of Au-AgNBs@4-MBA and pure 4-MBA (H); elemental analysis image of
Au-AgNBs (I); SERS mapping image of Au-AgNBs array (J) and SERS signal intensity histogram with five randomly selected points at the characteristic peak of 1595 cm ™" (K).
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Figure 2J. Although some areas appear light blue, the Au-AgNBs array exhibited highly uniform enhancement. Five
points were randomly selected on the substrate surface, with SERS intensity measurements performed three times at each
point. The results were presented in Figure 2K, where the relative standard deviation (RSD) of SERS intensity across the
five points was 6.519%, indicating excellent homogeneity of the Au-AgNBs array.

Feasibility Validation

To validate the feasibility of SERS detection for double-stranded nucleic acid cleavage by DSN enzyme, capture DNA
and RNA subjected to different treatment methods were characterised using gel electrophoresis. The gel employed in this
study was a 4% agarose gel. As shown in Figure 3A, lanes 1 and 2 represented miRNA103a and miRNA221,
respectively, lanes 3 and 4 represented DNA-miRNA103a and DNA-miRNA221, respectively, while lanes 5 and 6
represented the double-stranded structures of miRNA103a+DNA-miRNA103a and miRNA221+DNA-miRNA221,
respectively. The bands in Figure 3B (1, 2, 3, 4, 5, 6) correspond to miRNA103a, miRNA221, DNA-miRNA103a, DNA-
miRNA221, miRNA103a+DNA-miRNA103a, and miRNA221+DNA-miRNA221, respectively, after treatment with
DSN enzyme. Notably, the single-stranded DNA/RNA bands showed no discernible difference from Figure 3A (bands
1, 2, 3, 4), whereas the double-stranded structures miRNA103a+DNA-miRNA103a and miRNA221+DNA-miRNA221
were cut by DSN into multiple fragments (bands 5 and 6), demonstrating the feasibility of the DSN cleavage reaction.
The feasibility of this method was further validated using SERS detection. Figure 3C and E displayed SERS intensity
measurements for the blank control (PBS), the DSN enzyme-only group, the miRNA103a/miRNA221-only group, and
the DSN + miRNA103a/miRNA221 group. No significant difference in SERS signal intensity was observed between the
blank group (PBS), the DSN enzyme-only group, and the miRNA103a/miRNA221-only group. However, the SERS
signal intensity decreased markedly in the group treated with both DSN and miRNA103a/miRNA221. Figure 3D and
F presented the histograms corresponding to the characteristic peaks at 1391 cm ! (Figure 3C) and 1601 cm !
(Figure 3E). The results indicated that DSN enzyme specifically recognised and cut the DNA phosphodiester bonds
within the DNA-miRNA103a-miRNA103a and DNA-miRNA221-miRNA221 double strands. This led to the detachment
of the signal molecules (Cy3 and Cy5) at the 5’ ends of DNA-miRNA103a and DNA-miRNA221, thereby attenuating the
SERS signal intensity. This exhibited a negative correlation with the concentration of the target sample, demonstrating
the feasibility of SERS detection based on the nucleic acid double-strand cleavage reaction catalyzed by DNS enzyme.

Optimisation of Microarray Chips Performance

Microarray chips may be influenced by temperature, pH, and reaction time. To achieve optimal performance, this study
optimised various conditions. During chip preparation, excess DNA103a-Cy3 and DNA221-Cy5 were added during
incubation to ensure uniform and maximal capture DNA binding onto the Au-AgNBs surface. Consequently, no
optimisation of capture DNA quantity was required. Figure 4A and B displayed Raman spectra (averaged from three
randomly selected points) obtained one hour after incubation, following the addition of miRNA103a and miRNA221,
respectively, to the wells. As shown in Figure 4C, the reaction time of this detection platform was investigated. After
adding DSN enzyme, the SERS intensity gradually decreased with increasing reaction time within the 0-90 minute
range. Around 90 minutes, the signal reached its minimum, and the change in SERS intensity became insignificant.
Hence, 90 minutes was selected as the optimal reaction time for this experiment. Reaction temperature significantly
influences DSN enzyme activity. Optimisation revealed (Figure 4D) an optimal temperature range of 50-60°C for DSN
enzyme activity. As temperature gradually increased, DSN enzyme activity progressively enhanced while SERS signal
intensity gradually decreased, reaching its minimum at 55°C. Beyond 60°C, DSN enzyme stability diminished and
rapidly inactivated at 75°C, thereby losing its ability to cut double-stranded nucleic acids. The presence of RNA’s 2’-OH
group enhances stacking interactions, resulting in a higher Tm value for DNA-RNA complexes (exceeding 75°C). Within
the temperature range employed in this study, temperature did not adversely affect double-stranded nucleic acids. pH
variation also significantly influences DSN enzyme activity. As depicted in Figure 4E, SERS intensity progressively
diminished with increasing pH, indicating a gradual rise in DSN enzyme activity that peaks at pH 7.5. When pH exceeds
8, the structural stability of DSN enzyme diminished, leading to decreased activity and consequently increased SERS
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Figure 4 Raman spectra of miRNA103a (A) and miRNA22| (B) after one hour of incubation in the microwell chip (averaged from three randomly selected points);
optimisation of the microarray chips reaction time (C), reaction temperature (D), and reaction pH (E).

signal intensity. Concurrently, the optimal pH range for maintaining nucleic acid double-strand functionality lied between
7.5 and 8.0. Therefore, pH = 7.5 was selected as the optimal pH value for this study.

Characterisation of Microarray Chips

Building upon the aforementioned optimisations, the analytical performance of the microarray chips, including stability,
specificity, and reproducibility were further evaluated. SERS detection was performed on microarray chips (different
batches) prepared and stored at 4°C for varying durations. Stability was assessed by evaluating changes in SERS
intensity. Figure SA and B showed the SERS spectra for modules 1 and 2 of the microarray chip, respectively. The
intensity and shape of characteristic peaks in the SERS spectra remained virtually unchanged across different storage
dates, indicating excellent stability for both modules. Figure 5C presented a line graph plotting the relative standard
deviation (RSD) of characteristic peak intensity changes for module 1 (1391 cm™") and module 2 (1601 cm™"). The RSD
were 3.524% and 4.299%, respectively. The smaller RSD values further attested to the excellent stability of this
microarray chip. Selectivity was another crucial metric for evaluating microarray chips. After incubating the chips
with different substances under identical temperature and pH conditions, DSN enzyme was added. Subsequently, SERS
signal detection was performed on the chips following DSN enzyme cleavage. The non-specific sample concentration
used was 100 pM/L. As shown in Figure 5D and F, these represented the specific detection of miRNA103a and
miRNA221 using modules 1 and 2, respectively. It was evident that the SERS signal in the control group was
significantly higher than that in the target groups (miRNA103a and miRNA221). This occurred because only the target
molecules could form specific base-pairing with the capture DNA in the corresponding detection module, enabling the
cleavage of the nucleic acid double strands by DSN enzyme. The histograms in Figure 5E and G provided a more
intuitive demonstration of the microarray chip’s specificity towards the targets (miRNA103a and miRNA221).
Reproducibility signified whether the microarray chip could be replicated on a large scale, holding significant implica-
tions for its practical application. Measurements were taken from different wells on three microarray chips, and the
average spectra of the three determinations were calculated. The average characteristic peaks and spectral shapes of the
two modules exhibited only minor differences (Figure SH and J). Figure 5I and K displayed the relative standard
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deviation (RSD) of the characteristic peaks at 1391 cm ' and 1601 cm ' as line graphs, with values of 4.197% and
3.851%, respectively, indicating the excellent reproducibility of this SERS detection platform.

Detection of Standard Solutions Using Microarray Chips

To evaluate the feasibility of microarray chips for human serum testing, changes in SERS signal intensity induced by
different concentrations of miRNA103a and miRNA221 were analysed. miRNA103a and miRNA221 were dissolved in
foetal bovine serum to form standard solutions of varying concentrations. These solutions were then added to corre-
sponding wells of the microarray chip, with SERS spectra acquired using a Raman spectrometer. As depicted in
Figure 6A and C, the SERS signal intensity progressively diminished with increasing target concentrations. This
reduction stems from DSN enzyme cleavage of DNA strands containing the signal molecules, leading to their release
and consequent attenuation of SERS signal intensity. A linear relationship was established between the logarithm of
target concentrations and the intensity of characteristic Raman peaks (1391 cm ' and 1601 cm™ ') established a linear
relationship. Analysis revealed that the logarithm of miRNA103a and miRNA221 concentrations correlated linearly with
the intensity of their respective characteristic peaks (the SERS spectrum represents the average of three measurements),
with corresponding linear equations: y = —1446.465x - 5790.646 (1391 cm ™', Figure 6B) and y = —1863.325x - 5949.24
(1601 cm ™', Figure 6D), with corresponding R? values of 0.986 and 0.978. Furthermore, the limit of detection (LOD)
was calculated by the formula C = I(blank) - 3SD. Substituting the measured values into the calibration curve equations
yielded an LOD of 1.0934 x 10~'* M/L for miRNA103a, and the detection limit (LOD) for miRNA221 was 7.5667 x
1073 M/L. Compared with other detection methods for miRNAs, this study demonstrated superior performance in terms
of detection limits (Table 3).
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Figure 6 A showed The average SERS spectrum of module one detecting different concentrations of miRNA103a (I'°M to 17'*M) (A), the red dotted boxes in the (A) is
the characteristic peaks of 1391 cm”'. The calibration curve plotting the SERS signal intensity at 1391 cm”! against the logarithm of miRNAI03a concentration (B). The
average SERS spectrum of module two detecting different concentrations of miRNA221 (17'°M to 17*M) (C), the red dotted boxes in the (C) is the characteristic peaks of
1601 cm'. The calibration curve plotting the SERS signal intensity at 1601 cm ' against the logarithm of the miRNA221 concentration (D).
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Table 3 Comparison of the Present Work with Previously
Reported miRNA Detection Methods

Detection Method Target LOD REF

Electrochemical-biosensor miRNA-182-5p 25 M [36]

Hybridization chain reaction miRNA-182 1.65 aM [37]

Electrochemical assay miRNA-1254 I aM [38]

Metalenhanced fluorescence miRNA-155 19.76 fM | [39]

SERS miRNA-106a | 53.16 aM | [40]

SERS miR-141 631 fM | [41]

This work miR-103a 0.011 pM
miR-221 0.757 pM

Detection of Microarray Chips in Clinical Samples

To further validate the reliability of microarray chips in clinical sample testing, miRNA103a and miRNA221 were
detected in serum samples from 30 healthy subjects and 90 patients with cervical cancer and precancerous lesions (LSIL,
HSIL, and cervical cancer). Serum was obtained from peripheral blood samples after centrifugation. The microarray
chips were analysed post-reaction, and all collected data underwent standardisation. The expression levels of
miRNA103a and miRNA221 in serum were then assessed via correlation analysis. Figure 7A-D display cervical HE
staining for normal subjects, LSIL, HSIL, and cervical cancer patients. As depicted in Figure 7E and G, the SERS
spectral signal intensity progressively decreased with disease progression, indicating gradually increasing concentrations
of miRNA103a and miRNA221 in the subjects’ serum. The processed SERS signal intensities at characteristic peaks
1391 em™' and 1601 cm ' were plotted as corresponding histograms. The processed signal intensities were then
substituted into the aforementioned linear equations to calculate the concentrations of miRNA103a and miRNA221 in
each subject’s serum. These values were averaged, with the results presented in Figure 7F (miRNA103a) and 7H
(miRNA221). As a widely adopted method for miRNA detection, qRT-PCR is recognised for its simplicity and high
accuracy. A concentration gradient for miRNA103a and miRNA221 was established using qRT-PCR, with concentration
standard curves generated based on measured CQ values. Subject serum samples were analysed using qRT-PCR. The
obtained CQ values were plotted against the standard curves for miRNA103a and miRNA221 to calculate serum
concentrations of these miRNAs. Data from the microarray chip were compared with qRT-PCR results to validate the
chip’s measurement accuracy. The results are presented in Table 4. The findings from the microarray chip showed no
significant deviation from those obtained via qRT-PCR, demonstrating the high accuracy of the microarray chip in
clinical testing. The diagnostic performance of this microarray chip in detecting miRNA-103a and miRNA-221 was
evaluated. As shown in Table 5, the microarray chip had a sensitivity of 0.878 and a specificity of 0.9 when
distinguishing between healthy individuals and the LSIL+HSIL+cervical cancer (1A) group; a sensitivity of 0.667 and
a specificity of 0.9 when distinguishing between healthy individuals and LSIL patients; and a sensitivity of 0.7 when
distinguishing between LSIL patients and HSIL patients, and a specificity of 0.933; the sensitivity for distinguishing
between HSIL patients and cervical cancer (1A) patients was 0.933, with a specificity of 0.833. The microarray chip is
capable of effectively distinguishing between healthy individuals, patients with cervical precancerous lesions and patients
with cervical cancer.

Conclusion and Discussion

In summary, this study has developed a SERS-based microarray chip for the early screening of cervical cancer
biomarkers miRNA103a and miRNA221. This technology enables simultaneous detection of both miRNAs on
a single chip, significantly enhancing testing efficiency. The microarray chip exhibits excellent reproducibility,
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Table 4 Detection Results of Real Samples Using the SERS Platform and qRT-PCR

The Healthy (pM) | LSIL (pM) | HSIL (pM) | Cancer (pM)
SERS miR103a 0.426 1.402 6.292 15.246
miR221 43.251 75.614 108.16 516.513
gqRTPCR miR103a 0.397 1.538 6.649 14.531
miR221 41.148 71917 104.07 530.74
Relative error [%] | miR103a 73 —8.84 -5.37 492
miR22| 5.11 5.14 393 —2.68

Table 5 The Ability of Microarray Chips to Distinguish Between Healthy Individuals, Patients with
LSIL, HSIL and Cervical Cancer

Control vs LSIL+HSIL+CA | Control vs LSIL | LSIL vs HSIL | HSIL vs CA
Sensitivity 0.878 0.667 0.700 0.933
False positive rate 0.100 0.100 0.067 0.167
Specificity 0.900 0.900 0.933 0.833
Youden Index 0.778 0.567 0.633 0.766

selectivity, and stability. Furthermore, the microarray chip is compact and portable, enabling repeated testing of multiple
samples simultaneously. Its minimal sample requirements and low production costs represent additional significant
advantages. When testing standard solutions, the microarray chip achieved the LOD of 1.0934 x 10 '* M/L for
miRNA103a and 7.5667 x 10" M/L for miRNA221. When utilising this microarray chip to analyse peripheral blood
from subjects at different disease stages and comparing the results with qRT-PCR methods, the relative error was
consistently below 10%, demonstrating high concordance between the detection outcomes and qRT-PCR data. In
summary, this microarray chip offers a novel approach for early cervical cancer screening and provides fresh insights
for detecting other biomarkers.

This study is currently at the laboratory stage and has completed feasibility validation. At present, all samples originate
from a single hospital; the sample size is small and the sources are limited, making it difficult to reflect differences across
different regions and populations. In the future, we plan to collaborate with multiple centres to expand the sample size and
enhance representativeness. Batch quality control has been established for the chip (CV < 15%, excluding poor-quality
samples such as those with haemolysis), but batch-to-batch variability persists, necessitating an automated production line;
whilst SERS equipment is expensive, portable devices may alleviate this issue. Serum processing and storage have
a significant impact on signal quality and must be strictly controlled; personnel require specialised training, and we intend
to explore integrated devices that combine pre-processing, detection and analysis in the future.
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