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Background: Due to their unpredictable and variable nature, novel viruses pose a significant threat to human health as well as
to the economy and society. Rapid detection plays a crucial role in the surveillance and management of the transmission and
emergence of novel viruses. This study aims to establish a rapid, label-free surface-enhanced Raman scattering (SERS) platform
for the highly sensitive and specific identification of emerging viruses.
Methods: A novel self-assembly strategy based on the synergistic effect of electrostatic adsorption and hydrogel contraction has
been developed to construct highly ordered hexagonally close-packed Au nanoparticle arrays on both surfaces of a polyacry-
lamide composite hydrogel film. The drying and shrinking of the hydrogel film contribute to the reduction of the particle gap,
facilitating the formation of “hot spots” that effectively enhance near-field coupling and significantly amplify the local electro-
magnetic field in its vicinity. The label-free SERS detection of viruses relies on the intrinsic Raman fingerprints of viral structural
components, particularly the envelope glycoproteins and lipid membranes that differ distinctly from host cellular materials.
Results: The detection of malachite green and crystal violet on the substrate indicates high Raman optical activity. Validation
with probe molecules (crystal violet, malachite green) showed low limits of detection (LOD of 10–11 M) and high linearity (R2 >

0.996). Highly linear quantitative sensitivity was observed, with a limit of detection of 1 TU/mL for both severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) Spike pseudovirus and B6R Mpox pseudovirus.
Conclusion: The composite material is anticipated to serve as a novel Raman substrate, enabling the rapid identification of novel
viruses and facilitating a prompt response to epidemics.
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Introduction

Novel viruses, unknown and unpredictable, pose sig-
nificant threats to human health, the economy, and the envi-
ronment. The highly contagious coronavirus disease 2019
(COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has prompted a
global public health emergency. SARS-CoV-2 is an en-
veloped, positive-sense, single-stranded ribonucleic acid
(RNA) virus with a 30-kb genome that encodes for four
structural proteins spike (S), envelope (E), membrane (M),
nucleocapsid (N), non-structural proteins (nsp1-nsp16), and
putative accessory proteins [1]. The World Health Organi-
zation (WHO) reports that by the end of 2024, there have
been 777,310,393 confirmed cases of COVID-19, along
with 7,083,246 deaths and a fatality rate of approximately
0.911% (https://covid19.who.int/). The emergence of novel
coronavirus varieties presents ongoing problems for public
health and the control of epidemics concomitantly. More-
over, the ongoing Monkeypox virus (Mpox) pandemic has
also emerged as another major public health concern and

has drawn considerable attention from the medical com-
munity. Mpox is a zoonotic double-stranded DNA (ds-
DNA) orthopoxvirus that encodes 181 proteins and pro-
duces two types of infectious virions: the intracellular ma-
ture virus and the extracellular enveloped virus [2]. It can
be transmitted to humans through physical contact with an
infected individual, exposure to contaminated materials, or
contact with infected animals. Typical manifestations of
mpox include a rash or mucosal lesions that can persist for
two to four weeks, along with fever, headache, myalgia,
back discomfort, low energy, and enlarged lymph nodes
[3]. The global outbreak has been attributed to clade IIb
(West African clade) of Mpox. From 01 January 2022 to
30November 2024, a total of 117,663 laboratory-confirmed
cases, including 185 deaths, were reported to the WHO (ht
tps://worldhealthorg.shinyapps.io/mpx_global/). The pri-
mary objective of surveillance, case investigation, and con-
tact tracing is to promptly identify new outbreaks and inter-
rupt human-to-human transmission in order to effectively
control the global epidemic and minimize zoonotic spread.
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Diagnostic testing methods for viruses mainly include
nucleic acid amplification tests (NAATs), antigen, antibody
detections, or in combination with genomic sequencing.
Standard confirmation of SARS-CoV-2 and Mpox infec-
tions is based on the detection of unique viral sequences by
nucleic acid amplification tests in appropriately equipped
laboratory-based conditions. Primers and probes approved
for SARS-CoV-2 are designed as a two-target system for
target genes of ORF1ab, E, N or RdRp [4]. For Mpox, the
conserved regions of the core coding sequence are the fo-
cus of published primers and probes, such as E9L-NVAR
in the DNA polymerase gene, B6R in the envelope pro-
tein gene, and F3L in the ORF [5]. The integration of
CRISPR/cas12a-mediated technology with lateral flow as-
say (LFA) readout has shown promising potential in trans-
forming this technique into a genuine point-of-care test
(POCT) [6–8]. Furthermore, rapid diagnostic tests (RDTs),
such as Ag- or Ab- detecting diagnostic assays, have been
performed in the format of LFA or immunofluorescence
(IFA) to directly identify some kinds of viral proteins. De-
spites potential benefits of POCT, LFA for SARS-CoV-2
detection has shown lower sensitivity and specificity infe-
rior to the PCR assays, and relative to the method of sample
collection and infection periods [9–11]. However, serologi-
cal testing for antibodies or antigens forMpox detection has
not been extensively adopted. The current state of diagnos-
tic technology still presents gaps that need to be addressed
in order to enable rapid detection and prompt response to
emerging virus outbreaks.

Owing to its superior sensitivity, capability for mul-
tiplex detection, and non-destructive nature compared to
traditional methods, surface-enhanced Raman spectroscopy
(SERS) provides a promising platform for rapid detection.
The electromagnetic (EM) enhancement and the chemi-
cal enhancement both contribute to the amplification of
SERS, while the EM mechanism accounts for the major-
ity of the increase by a factor of ∼106 [12]. The mag-
nitude of signal enhancement is primarily determined by
several key factors, including the martials, the hot spots
and the analyte-surface distance [13]. Gold-based nanos-
tructures or gold nanoparticles (Au NPs) are mostly used
for biosensing applications due to their biocompatibility,
tunability, uniformity and electronic properties. Differ-
ent colloidal active Au NPs shapes, such as nanospheres,
cubes, plates, rods, nanoprisms and stars, have been pro-
posed and demonstrated for an enhancement factor (EF)
ranging from 105 to 1010 of various SERS active molecules
[14]. In addition, the EF can be effectively increased
by synergistically controlling hot spots in gold nanopar-
ticles, producing a re-enhancement effect. The strategies
include interparticle coupling, particle-substrate coupling
and multilayer substrates [15–18]. Though electron-beam
lithography, focused-ion beam milling, and nanoimprint
lithography have been used to fabricate reproducible and
scalable SERS substrates, these lithography-based tech-

nologies are time-consuming and require high-cost infras-
tructure. Whereas, the utilization of nanoparticles self-
assembly based on template-assisted [19–21], evaporation
[22–24], and interficial assembly [25,26] allows for the sim-
ple and cost-effective fabrication of thin-film SERS sub-
strates.

The label-free SERS detection of viruses relies on
the intrinsic Raman fingerprints of viral structural com-
ponents, particularly the envelope glycoproteins and lipid
membranes that differ distinctly from host cellular mate-
rials. Non-enveloped viruses possess icosahedral or he-
lical capsids composed of repeating protein subunits cap-
someres that offer abundant Raman-active targets. This
study presents a novel enhanced substrate for the rapid
label-free SERS detection of SARS-CoV-2 and Mpox. In
this study, we employ the self-assembly method of Au NPs
electrostatically absorbed onto hydrogels to facilitate rapid
SERS detection of SARS-CoV-2 and Mpox by generating
localized hot spots with uniform particle sizes. The desic-
cation and contraction of hydrogel, localized surface plas-
mon resonance (LSPR) of interparticle and interlayer, is im-
proved, which is beneficial for achieving higher sensitivity
Raman detection of novel viruses based on hot spots.

Materials and Methods

Reagents and Materials
Gold (III) chloride hydrate (HAuCl4·3H2O,

99.9%: Aladdin, Cat. No. 16961-25-4), acrylamide
(AAm, ≥99.9%: Aladdin, Cat. No.9003-05-8), acrylic
acid (AAc, ≥99.9%: Aladdin, Cat. No. 79-10-7),
poly(diallyldimethylammonium chloride) solution (PDAD-
MAC, 20 wt.% in H2O: Aladdin, Cat. No.26062-79-3) and
2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, ≥98%: Aladdin, Cat. No. 106797-53-9)
were purchased from Aladdin Industrial Corporation.
Dimethyl sulfoxide (DMSO, 99.5%: Sinopharm, Cat.
No. 67-68-5), N,N′-Methylenebisacrylamide (MBAAm,
≥97%, Cat. No. 110-26-9), Ethylene glycol (≥99.5%,
Sinopharm, Cat. No. 110-26-9), crystal violet (CV,
Sinopharm, Cat. No. 548-62-9) and malachite green
(MG, Sinopharm, Cat. No. 569-64-2) were purchased
from Sinopharm Reagent Co., Ltd. SARS-CoV-2 Spike
Protein Pseudovirus (Cat. No. 11906ES50) and Mpox
B6R Pseudovirus (Cat. No. 12100ES03) were purchased
by Yeasen Biotechnology (Shanghai) Co., Ltd. Deionized
water with a conductivity of less than 0.1 us/cm and an
electrical resistivity greater than or equal to 10 MΩ·cm
was purchased from Guangdong Qianjing Corporation. All
reagents were used as received without further purification.

Clinical samples from July 2024 to March 2025 were
obtained after approval from the Medical Ethics Commit-
tee of Tianjin Medical University General Hospital (IRB
approval number: 2025-KY-533) and in strict adherence to
the principle of informed consent and the Declaration of
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Helsinki. A total of 20 nasopharyngeal swabs positive for
SARS-CoV-2 and 10 skin swabs positive for Mpox, as con-
firmed by standard diagnostic methods (RT-PCR for SARS-
CoV-2 and PCR forMpox), were initially placed into sterile
containers with viral transport medium. In addition, 10 neg-
ative samples of SARS-CoV-2 and monkeypox virus were
selected as negative controls. The samples were then vor-
texed for 30 seconds to release viral particles, followed by
centrifugation at 10,000 rpm for 5 minutes to remove cellu-
lar debris. The resulting supernatant, containing viral parti-
cles, was collected and stored at –80 °C until analysis. Prior
to SERS analysis, samples were thawed at 4 °C, and 1 µL
of the diluted sample was applied onto the hydrogel@Au
NPs substrate and air-dried.

Instruments
Surface morphology was characterized using an

atomic force microscope Dimension Icon (Bruker Corpo-
ration, Santa Barbara, CA, USA) in tapping mode. The
scanning range was 5 µm × 5 µm, with a scan rate of 1
Hz. The probe had a spring constant of 40 N/m and a reso-
nance frequency of 300 kHz. Scanning electronmicroscopy
(SEM) imaging was performed using a Sigma 500 micro-
scope (Carl Zeiss AG, Oberkochen, Germany). For par-
ticle size analysis, a minimum of 200 particles was mea-
sured. X-ray photoelectron spectroscopy (XPS) analysis
was conducted on an ESCALAB 250Xi system (Thermo
Fisher Scientific, Waltham, MA, USA) with Al Kα radia-
tion (1486.6 eV). Survey spectra were recorded at a pass en-
ergy of 160 eV, and high-resolution spectra were acquired
at 20 eV pass energy. Peak fitting was carried out using
the XPS Peak 4.1 software (Raymund W.M. Kwok, Chi-
nese University of Hong Kong, Hong Kong, China), em-
ploying Gaussian–Lorentzian line shapes. Fourier trans-
form infrared (FTIR) spectroscopy was performed on an
IRTracer-100 spectrometer (Shimadzu Corporation, Kyoto,
Japan) in the range of 4000–500 cm⁻1 with a resolution of
4 cm⁻1. Samples were prepared as KBr pellets. The UV-
visible absorption of the Au NPs solution was measured us-
ing a UH4150 spectrophotometer (Hitachi High-Tech Cor-
poration, Tokyo, Japan) over the wavelength range of 400–
800 nm. Nanoparticle diameters were determined with a
Zetasizer Nano S90 instrument (Malvern Panalytical Ltd.,
Malvern, UK). Zeta potential measurements for both Au
NPs and the hydrogel were obtained using a Surpass 3 sys-
tem (Anton Paar GmbH, Graz, Austria) at 25 °C. All mea-
surements were performed in triplicate, and results are ex-
pressed as mean ± standard deviation. Surface-enhanced
Raman spectroscopy (SERS) spectra were collected us-
ing a portable i-Raman-785S spectrometer (Metrohm AG,
Herisau, Switzerland).

Synthesis of Au NPs
180 mL of ethylene glycol solution, 3.6 mL of PDAD-

MAC solution and 90 µL of 1 M HAuCl4 aqueous solution

were added to a 200 mL round-bottom flask, with adequate
magnetic stirring with 500 rpm stirring speed at room tem-
perature. Subsequently, the flask plug should be securely
sealed with a raw material tape and placed in an oil bath
at 185 ℃ for 60 min without stirring. After the addition
of 45 µL of HAuCl4 aqueous solution for chemical etch-
ing, the solution changed its color from dark red to light
red. Subsequently, excess surfactants and precursors in the
obtained suspension were removed through centrifugation
at 12,000 rpm for 15 minutes. The centrifugation process
for the surfactants was conducted three times. Aqueous so-
lutions of Au NPs with varying concentrations (0.1 wt%,
0.5wt%) were prepared by dissolving the centrifuged prod-
ucts in deionized water, respectively.

Preparation of Hydrogel Film

The mixture was prepared by thoroughly combining 2
g of acrylamide, 0.05 g of MBAAm, 3 mL of acrylic acid,
and 250 µL of Irgacure 2959 solution (prepared by dissolv-
ing 3.3 g of Irgacure 2959 in 10 mL of DMSO) with 10 mL
of deionized water. The mol% of acrylamide and acrylic
acid was 90% and 10%, respectively, with MBAAm as the
crosslinker at 0.5 mol%. The cover slips were sequentially
ultrasonically cleaned in alcohol and deionized water, fol-
lowed by air-drying before use. A total volume of 120 µL
of the mixture was applied to a coverslip, which was then
gently covered with another coverslip and exposed to a UV
light source (365 nm wavelength, 22 W intensity) for 20
minutes. The resulting hydrogel film, with a thickness of
200 µm as determined by a digital micrometer caliper, was
subsequently immersed in deionized water and stored at 4
°C for further use.

Fabrication of Hydrogel @Au NPs Arrays

The hydrogel film was immersed in an aqueous solu-
tion of gold nanoparticles (Au NPs) at ambient temperature
for 30 minutes. Subsequently, it was rinsed with deion-
ized water to remove any unabsorbed Au NPs. The un-
even edges of the hydrogel film@Au NPs were then metic-
ulously trimmed, and the film was placed on a clean sub-
strate for air drying. Prior to surface-enhanced Raman
spectroscopy (SERS) detection, the film underwent plasma
cleaning to eliminate surface residues.

Analogue Simulation

A finite-element model was created using the wave
optics module of COMSOL Multiphysics 6.2 (COMSOL
Group, Sweden) to better understand the electromagnetic
Raman enhancement effect of hot spots based on a bis-
tratal hydrogel@Au NPs substrate. The model simulated
the global electric field distribution in the frequency domain
at the microscopic scale using Maxwell’s electromagnetic
wave equation for the scattered electric field, Esca.
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Fig. 1. Schematic illustration for the fabrication of bistratal hydrogel@Au NPs arrays by Adobe Illustrator 2023 (Version 27.0,
Adobe, USA). Main procedures: (1) Synthesis of PDDA-capped Au NPs via ethylene glycol reduction; (2) Preparation of P(AAm-co-
AAc) hydrogel film via UV-initiated polymerization; (3) Electrostatic adsorption of positively charged Au NPs onto negatively charged
hydrogel film and air-drying; (4) SERS detection of viruses on the substrate. Au NPs, gold nanoparticles; SERS, surface-enhanced
Raman scattering.

Fig. 2. Characterization of Au NPs. (a) SEM images showing the morphology of Au NPs. (b) UV-visible absorption spectra illustrating
the optical properties of Au NPs. (c) Particle size distribution histogram of Au NPs (n = 200). (d) Zeta potential distribution diagram
(53.4 ± 2.1 mV, with 3 independent replicate measurements). SEM, scanning electron microscopy.
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w Esca – scattered electric field
K0 – wavenumber in free space
µr – relative permeability of medium
εγ – permittivity of medium
Au NPs were simulated as scatterers using the electro-

magnetic wave frequency domain interface, and perfectly
matched layers (PML) were introduced in the geometry of
the substrate model. The full-field solution obtained in the
first interface was used as the background field, and only
the scattering field needed to be absorbed in the PML. The
simulation was performed under two port conditions. One
of the z-direction upper surfaces was defined as the incident
plane wave, while absorbing the reflected wave reflected by
the specular surface. The other port was optimised to ab-
sorb plane waves transmitted by the substrate. Moreover,
the side boundary was set as the Floquet condition, indicat-
ing that the solution on one side of the geometry is equal
to the solution on the other side multiplied by the complex-
valued phase factor. Under the aforementioned parameters,
the model was effectively constructed as a portion of a ge-
ometry, eternally extending along the parallel plane of the
substrate.

The input parameters of the periodic port were deter-
mined by the direction of propagation and the polarization
of the incident electric field. This information was also uti-
lized to satisfy the Floquet condition internally. Incident
wave:

ka = (kx, ky, kz) = ka (cosϕa sin θa, sinϕa cos θa,− cos θa)

ka – wavenumber in the first medium
ϕa – incidence azimuth angle
θa – polar angle
The equation representing the tangential polarized

electric field vector within the plane of incidence is:

E0 = E0 (− sinϕa, cosϕa, 0) exp (−i (kxx+ kyy))

The “port” state facilitated the determination of the
overall input power, which was subsequently utilized to cal-
culate the magnitude of the electric field, denoted as:

P = I0A cos θ

I0 – the intensity of the incident field
A – the boundary area of the set port

SERS Measurement
The active Raman molecules, crystal violet and mala-

chite green, were prepared at varying concentrations to
assess the detection performance of the substrate. Solu-
tions containing SARS-CoV-2 spike protein pseudovirus
and Mpox B6R pseudovirus were separately diluted to dif-
ferent concentrations for experimental evaluation. The used
pseudoviruses are replication-incompetent and classified as
Biosafety Level 2 (BSL-2) agents, handled in compliance
with BSL-2 laboratory regulations. SERS spectra were col-
lected using a portable Raman spectrometer i-Raman-785S
(Metrohm, Switzerland) with a 785 nm laser, ×50 objec-
tive lens, 60 mW laser power, and 15 s acquisition time.
For probe molecules (crystal violet and malachite green),
solutions were prepared at concentrations of 10–5 M, 10–7
M, 10–8 M, 10–9 M, 10–10 M, 10–11M, and 10–12 M. For vi-
ral pseudoviruses, solutions were diluted to concentrations
of 106 TU/mL, 105 TU/mL, 104 TU/mL, 103 TU/mL, 102
TU/mL, 10 TU/mL, and 1 TU/mL. A 1 µL sample was spot-
ted onto the substrate surface and allowed to air-dry before
detection. Each sample was measured at 3 different spots
to ensure reproducibility.

Statistical Analysis
Linear regression analysis was performed using Ori-

gin 2024 software (Origin lab, USA) to establish calibration
curves correlating Raman intensity with concentration, with
R2 values calculated to assess linearity. Principal Compo-
nent Analysis (PCA) was conducted using the built-in tool
in Origin 2024, with preprocessing steps including vector
normalization and mean-centering. Distinct characteristic
peaks were used for clustering and differentiating samples.

Results
Fabrication of Bistratal Hydrogel@Au NPs Arrays

An electrostatic adsorption self-assembly strategy was
employed for the fabrication of bistratal hydrogel@Au NPs
arrays [27], as illustrated in Fig. 1. Ethylene glycol was
used as a reducing agent to reduce HAuCl4 to nanoparti-
cles. The corner or shape edge of the Au NPs was removed
from the gold colloid after it had been obtained by adding
a moderate amount of HAuCl4 solution for the chemical
etching process. Fig. 2a presents negatively stained images
of Au NPs, which are uniform spherical nanoparticles with
an average diameter of 53.91 nm, smooth surfaces and min-
imal aggregation. Fig. 2b displays the UV-visible absorp-
tion spectrum of the Au NPs, with a characteristic absorp-
tion peak at 562 nm. Fig. 2c shows additional SEM images
confirming the uniformAu nanospheres, consistent with the
average diameter of 53.91 nm. PDDA, not only an elec-
tronic conducting polymer but also a cationic polymer, was
utilized to synthesis PDDA-capped Au NPs [28,29]. The
positively charged Au NPs with 53.4 ± 2.1 mV (Fig. 2d)
were applied to be absorbed onto the negatively charged
hydrogel film.
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Fig. 3. Characterization of P(AAm-co-AAc) hydrogel film. (a) Digital photograph and schematic illustration of the structure. (b) Zeta
potential distribution diagram (–39.1 ± 2.1 mV, with 3 independent replicate measurements). (c) Planar SEM images at 200 nm. (d)
Cross-sectional SEM images at 10 nm.

Furthermore, a Poly(acrylamide-co-acrylic acid)
[P(AAm-co-AAc)] hydrogel (Fig. 3a) was synthesized via
free-radical crosslinking copolymerization using a constant
amount of AAm monomer and varying quantities of AAc
as the ionic comonomer [30]. As depicted in Fig. 3b, a
zeta potential of –39.1 ± 1.5 mV verified the negative
surface charge of the P(AAm-co-AAc) hydrogel film,
attributable to the hydrolysis of carboxyl groups in AAc
into carboxylate anions (-COO-). The planar SEM image
(Fig. 3c) exhibits a smooth surface morphology of the
pristine hydrogel at a 200 nm scale. A cross-sectional SEM
image (Fig. 3d) further reveals a uniform internal porous
structure.

Subsequently, the concentrations of AAc and Au NPs
were systematically optimized. At initial concentrations of
10wt%AAc and 0.5 wt%AuNPs, the hydrogel surface dis-
played sparse and random adsorption of Au NPs. Increas-
ing the Au NP concentration to 0.8 wt% led to the forma-
tion of a uniform, densely packed monolayer upon drying,
with interparticle spacings of less than 10 nm. However, in-
creasing the acrylic acid concentration hindered monolayer
formation, promoting the adsorption of Au NPs in multilay-
ered configurations instead. The optimized formulation—
0.8 wt%AuNPs and 10 wt% acrylic acid—was used to fab-

ricate a substrate featuring active nanogaps. As shown in
Fig. 4a, the hydrogel membrane was initially immersed in a
solution of AuNPs. Fig. 4b displays the resultingwet-phase
film after 30 mins of self-assembly, indicating progressive
nanoparticle deposition. Upon drying, a golden, highly re-
flective substrate featuring active nanogaps was success-
fully produced, as illustrated in Fig. 4c. The dynamic evo-
lution of the assembly process is captured in Fig. 4d,e after
1 min and 15 mins, respectively: Fig. 4d reveals sparse ad-
sorption of Au NPs on the film surface, while Fig. 4e shows
a pronounced increase in nanoparticle density, a decrease
in interparticle distance, and the initial formation of small
clusters. Further optimization during drying yielded a uni-
form, closely packed nanoparticle array with interparticle
gaps below 10 nm (Fig. 4f).

Structural Characterization

Atomic Force Microscopy (AFM) was utilized to
characterize the surface morphology of the hydrogel
film@Au NPs. The 2D and 3D AFM images presented in
Fig. 5 reveal a substrate with an average height of approx-
imately 50 nm. As shown in Fig. 5a, statistical parame-
ters derived from the height distribution function include a
root mean square roughness (Sq) of 3.169 nm and an arith-
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Fig. 4. SEM images of hydrogel@Au NPs. (a) Hydrogel film immersed in Au NPs solution. (b) Hydrogel film@Au NPs after self-
assembly for 30 mins (wet phase). (c) Hydrogel film@Au NPs (dry phase). (d) SEM image of hydrogel@Au NPs after self-assembly
for 1 min. (e) SEM image of hydrogel film@Au NPs after self-assembly for 15 min. (f) SEM image of hydrogel film@Au NPs after
self-assembly for 30 mins.

metic mean roughness (Sa) of 2.470 nm. Extreme value
parameters indicate a maximum peak height (Sp) of 8.38
nm and a maximum pit depth (Sv) of 15.07 nm. Addition-
ally, the inter-particle spacingbetween nanoparticles, as il-
lustrated in Fig. 5b, is approximately 6 nm. These findings
indicate that the hydrogel film@Au NPs exhibit a highly
uniform and controlled surface structure, which is essential
for their prospective applications in sensing and catalytic
processes. The narrow interstitial spaces between nanopar-
ticles, coupled with the negatively charged surface, create
an optimal platform for further functionalization and in-
teraction with target molecules. Moreover, the observed
roughness parameters suggest a relatively smooth yet tex-
tured surface, facilitating efficient contact and adhesion of
analytes. Such structural characteristics are anticipated to
enhance the material’s performance in subsequent experi-
mental stages, particularly when integrated into devices that
require precise nanoscale arrangements.

We also identified the characteristic peaks of infrared
spectroscopy originating from the substrate (Fig. 6a). The
spectrum of PDDA protected Au NPs was similar to that of
original PDDA, providing a broad and large peak at 3387
cm–1 of N-H stretching vibration or hydroxyl group, double
peaks at 2947 and 2882 cm–1 corresponding to the stretch-
ing vibration of C-H groups, peaks at 1640 and 1461 cm–1

of the stretching vibration of C-O, and bands at 1535 cm–1

of C-N stretching and bending vibration [31,32]. In the FT-
IR spectra of hydrogel, peaks detected at 3341 and 3196
cm–1 were attributed to asymmetric and symmetric stretch-
ing vibrations of N-H, while the peaks at 1650 and 1603
cm–1 represent the amide-I and amide-II bands of PAM,

respectively [33,34]. The bands at 1243, 1173 cm–1 veri-
fied the presence of the C-H groups of polymers P(AAm-
co-PAA) in the corresponding bonds, and the appearance
of small peaks in the range of 2931 and 1447 cm–1 was
caused by the angular vibration of methylene [35]. After
the formation of the hydrogel@Au film, it was noted that
most absorption peaks were similar to those of hydrogel,
and new peaks at 1084 and 1038 cm–1 responded to the C-
O stretching vibration of PDDA-protected Au NPs. These
results demonstrated the effective formation of a composite
film, indicating that the hydrogel@Au NPs substrate was
fabricated mainly by physical adsorption.

As shown in Fig. 6b, XPS was carried out to further
determine the contribution of all functional groups in the
adsorption demonstration. The hydrogel film before and
after Au NPs absorbed exhibited the strong signals related
to C, O, N and Au. The C1s spectra of the hydrogel@Au
NPs (Fig. 6c) were fitted by three peaks, the main peak cor-
responding to C-C and C-H at 284.8 eV, C=O at 286.2 eV,
and C-N at 288.2 eV, when compared with the XPS of the
hydrogel without a significant change [36]. The N1s spec-
trum (Fig. 6d) and O1s spectrum (Fig. 6e) clearly evidenced
the presence of amide groups presented on the hydrogel sur-
face both before and after electrostatic adsorption [37]. The
Au spectrum (Fig. 6f) exhibited two contributions, Au 4f7/2
and Au 4f5/2 (resulting from the spin-orbit splitting), lo-
cated at 83.9 and 87.6 eV, respectively [38]. After self-
assembling, conspicuous peaks of Au 4f were observed in
the wide scan XPS spectra, evidencing the successful ad-
sorption of Au NPs onto the hydrogel film.
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Fig. 5. AFM images of hydrogel film functionalized with gold nanoparticles (Au NPs). (a) Three-dimensional topographical struc-
ture. (b) Planar topographical structure. AFM, atomic force microscopy.

Analogue Simulation Calculation
A simulation area of 500 nm × 500 nm was con-

structed using spherical Au NP arrays with an interparti-
cle gap of 6 nm. The refractive indices for Au NPs and
the hydrogel were set as 1.625 + 1.750i and 1.4 + 0i, re-
spectively. A comparison of the electric field enhance-
ment produced by single-layer, and bistratal Au NPs arrays
was conducted using the aforementioned parameters. Fig. 7
presents finite-element simulations of the electric-field en-
hancement for the hydrogel@Au NPs substrate, providing
a systematic analysis of its structural evolution and electro-
magnetic properties. Fig. 7a shows a cross-sectional view
of the pristine hydrogel layer, revealing the smooth poly-
mer network of the bare P(AAm-co-AAc) substrate as a
reference. Following electrostatic adsorption, a dense bi-
layer array of Au NPs is uniformly formed on the hydrogel
surface, as illustrated in Fig. 7b. Simulations of the elec-
tromagnetic field intensity in Fig. 7c reveal a pronounced
near-field enhancement at interparticle hotspots, reaching
approximately 20 times that of single-layer structures and
an overall enhancement factor of ~106. Fig. 7d–f depicts
the gap-dependent electromagnetic coupling in the bilayer
Au NP arrays: the optimized 6 nm gap (Fig. 7d) yields the
highest near-field intensity with strongly localized hotspots;
the 7 nm gap (Fig. 7e) exhibits moderate coupling due to the
increased interparticle distance; and the 8 nm gap (Fig. 7f)
leads to further attenuation of the field enhancement. This
effect arises from the superposition of electric fields among
adjacent Au NPs, leading to a significant amplification of
the “hot spots” and a resultant overall field enhancement of
approximately 106.

Verification of Hot Spots SERS Activity
The SERS performance of the prepared substrate was

evaluated using crystal violet (CV) and malachite green
(MG) as probe molecules. Despite the additional tertiary
amine group in CV, both CV and MG exhibit similar chem-
ical structures, as shown in Fig. 8a. Upon adding 1 µL of

10–5 MCV aqueous solution on the hydrogel@AuNPs sub-
strate, the spectrum exhibited strong enhancement of the vi-
brational bands at 1585, 1536, 1389, 1299, 1174, 915, 798,
724 and 526 cm–1. Similarly, 1 µL of 10–5 MMG solution
also showed enhanced peaks at at 1585, 1536, 1391, 1174,
915, 798, 724 and 526 cm–1. Owing to the presence of an
additional tertiary amine group in CV, the band at 1299
cm–1 displayed a more prominent characteristic peak at-
tributed to ring C-C stretching vibrations [39]. Under opti-
mal conditions, the hydrogel@AuNPs arrays demonstrated
excellent SERS activity for both CV andMG, achieving de-
tection limits of 2.45 × 10–11 M for CV and 2.71 × 10–11
M for MG at the 1174 cm–1 peak. Calibration curves con-
structed utilizing the SERS peak intensities at 1174 cm–1 for
CV resulted in an R-square (R2) value of 0.997 (Fig. 8b),
whereasMG demonstrated an R2 value of 0.996 at the iden-
tical peak position (Fig. 8c).

Rapid SERS Detection of SARS-CoV-2 and Mpox

Several efforts have been made to leverage the
SERS platform for the rapid identification of various vi-
ral pathogens. Studies indicate that enveloped viruses can
be detected label-free due to their characteristic lipid en-
velopes and protein compositions—including phospholipid
bilayers, cholesterol, and envelope glycoproteins—which
produce distinct Raman fingerprints in the 1000–1600 cm–1

region. To evaluate the adaptability of this method for de-
tecting novel viruses, we tested SARS-CoV-2 Spike pseu-
doviruses and Mpox B6R pseudoviruses. For the SARS-
CoV-2 Spike pseudovirus (Fig. 9a), characteristic Raman
bands were observed at 1324, 1266, 1140, 1058, and 831
cm–1, attributed to Tryptophan (Trp) and Amide III (α-
Helix). Fig. 9b displays analogous SERS spectra for Mpox
B6R pseudovirus over the same concentration range, ex-
hibiting key Raman bands at 1077 cm⁻1 and other finger-
print regions.

The intensity of the Raman peak at 1324 cm–1 ex-
hibited a strong linear relationship with virus concentra-
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Fig. 6. FT-IR spectroscopy andXPS survey of hydrogel film@AuNPs, hydrogel andAuNPs. (a) FT-IR spectra of hydrogel film@Au
NPs, hydrogel, and Au NPs. (b) XPS full spectra of hydrogel film@Au NPs, hydrogel, and Au NPs. (c) High-resolution XPS spectrum
of C1s. (d) High-resolution XPS spectrum of N1s. (e) High-resolution XPS spectrum of O1s. (f) High-resolution XPS spectrum of Au4f.
XPS, X-ray photoelectron spectroscopy.
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Fig. 7. Finite element modelling of electric-field enhancement based on hydrogel@Au NPs substrate. (a) Cutting surface construc-
tion of the hydrogel layer. (b) Cutting surface of the hydrogel layer adsorbed by Au NPs. (c) Electromagnetic field intensity simulation of
double-layer Au NPs adsorption on hydrogel. (d) XY cross-seciton of double layer Au NPs array with a 6 nm gap. (e) XY cross-seciton
of double-layer Au NPs array with a 7 nm gap. (f) XY cross-seciton of double-layer Au NPs array with a 8 nm gap.

Fig. 8. SERS spectra and linear regression curve of CV and MG aqueous solution. (a) SERS spectra of 1 µL of 10–5 M CV and
1 µL of 10–5 M MG aqueous solution separately on the hydrogel@Au NPs substrate. (b) The corresponding relationship between the
Raman intensity at 1174 cm–1 and the varying concentrations of CV. (c) The corresponding relationship between the Raman intensity at
1174 cm–1 and the varying concentrations of MG. CV, crystal violet; MG, malachite green.

tion, with an R2 value of 0.997. Fig. 9c provides spectral
reproducibility validation through 20 random SERS mea-
surements of SARS-CoV-2 at 103 TU/mL, demonstrating
minimal spectral variance. Fig. 9d shows corresponding
20-replicate spectra for Mpox at 103 TU/mL, confirming
consistent signal enhancement across independent samples.
Fig. 9e illustrates the calibration curve for SARS-CoV-2
based on the linear relationship between Raman intensity at
1324 cm–1 and logarithmic virus concentration, achieving
an R2 value of 0.997. Similarly, for the Mpox B6R pseu-
dovirus, the intensity of the Raman peak at 1077 cm–1 was

positively correlated with the logarithm of the virus concen-
tration within the range of 1 TU/mL to 106 TU/mL, with an
R2 value of 0.997 (as shown in Fig. 9f). Fig. 10 shows the
PCA results indicate that our method can accurately capture
the SARS-CoV-2 and Mpox fingerprints and identify the
viruses in the biological background within 1 min. Fig. 10a
shows distinct clustering of 20 SARS-CoV-2 positive sam-
ples, while Fig. 10b reveals clear separation of 10 Mpox
clinical samples from negative controls, with minimal over-
lap between groups. This clear demarcation validates that
the SERS fingerprints captured by our hydrogel@Au NPs
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Fig. 9. SERS detection of SARS-CoV-2 Spike pseudovirus and Mpox B6R pseudovirus under the excitation laser of 785 nm. (a)
SERS detection of SARS-CoV-2 Spike pseudovirus with different concentrations (from 1 TU/mL to 106 TU/mL). (b) SERS detection
of Mpox B6R pseudovirus with different concentrations (from 1 TU/mL to 106 TU/mL). (c) SERS spectra provided by random 20
groups of (103 TU/mL) samples of SARS-CoV-2 Spike pseudovirus. (d) SERS spectra provided by random 20 groups of (103 TU/mL)
samples of Mpox B6R pseudovirus. (e) The calibration curve of SARS-CoV-2 Spike pseudovirus with Raman intensity at 1324 cm–1. (f)
The calibration curve of Mpox B6R pseudovirus with Raman intensity at 1077 cm–1. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
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Fig. 10. Results of PCA for SERS detection of clinical samples. (a) PCA calculation of 20 clinical positive samples and 10 negative
samples with SARS-CoV-2. (b) PCA calculation of 10 clinical positive samples and 10 negative samples with Mpox. PCA, Principal
Component Analysis.

substrate are specific and reproducible across different vi-
ral pathogens and biological matrices. The tight clustering
within each viral group indicates excellent reproducibility
across multiple substrate batches and sample preparations,
addressing a critical challenge in SERS-based diagnostics.

Discussion

This study presents the development of a bistratal
hydrogel@Au nanoparticles array-based surface-enhanced
Raman spectroscopy (SERS) technique for the rapid de-
tection of novel viruses. The core innovation of this tech-
nology lies in utilizing the drying and shrinking properties
of hydrogel film to reduce the interparticle distance from
random spacing to approximately 6 nm, thereby forming
uniformly dense “hot spot” structures that significantly en-
hance the local electromagnetic field. This self-assembly
method not only features a simple process and low cost but
also enables highly reproducible substrate preparation, pro-
viding a new technical platform for virus detection [25,39].

Compared with existing virus detection technologies,
the SERS method proposed in this study demonstrates no-
table advantages. Traditional nucleic acid amplification
tests, although highly sensitive, require professional labo-
ratory equipment and complex operational procedures. In
contrast, antigen- or antibody-based assays, though rapid,
often suffer from insufficient sensitivity and a higher risk
of false-positive issues. The SERS technology developed
in this study requires no labeling steps and can directly de-
tect virus molecules, achieving a limit of detection (LOD)
of 1 TU/mL for both SARS-CoV-2 Spike pseudovirus and
MpoxB6R pseudovirus, showing excellent linear responses
(R2 > 0.997). Furthermore, this method enables complete
detection within 1minute, greatly improving rapid response
capabilities in emergencies.

From a technical perspective, this study achieves
the electrostatic self-assembly of positively charged Au
nanoparticles (zeta potential: 53.4 ± 2.1 mV) onto the sur-
face of negatively charged hydrogel film (zeta potential: –
39.1± 1.5 mV). During the drying process of the hydrogel,

its volume contraction reduces interparticle spacing, form-
ing a dense “hot spot” structure. Finite element simulation
results indicate that the bistratal hydrogel@Au nanoparti-
cles array structure enhances the electromagnetic field in-
tensity by approximately 20-fold compared to a single-layer
structure, ultimately achieving an overall SERS enhance-
ment factor of about 106. This enhancement mechanism
mainly originates from the LSPR effect and near-field cou-
pling between particles.

The methodological innovations of this study are re-
flected in multiple aspects. First, by optimizing the concen-
tration of acrylic acid (AAc, 10 wt%) and Au nanoparticles
(0.8 wt%), uniform adsorption and close arrangement of
nanoparticles are achieved. Second, employing the hydro-
gel as a spacer avoids the high cost and complexity of tradi-
tional lithography technologies [40]. Third, this method is
highly scalable and adaptable for detecting different types
of viruses [41]. Additionally, the technology shows excel-
lent performance, achieving detection limits as low as 10–11
M for probe molecules such as CV and MG, fully verifying
its high sensitivity characteristics. The prefabricated hy-
drogel@Au NPs arrays can be stored in deionized water at
4 °C for up to 4 weeks without significant loss of SERS ac-
tivity. For long-term storage, the arrays can be lyophilized
and rehydrated before use, making them suitable for field
deployment and point-of-care applications.

Although this study has achieved significant progress,
there are still some limitations that need to be addressed.
First, while the study confirms the ability of this technol-
ogy to detect SARS-CoV-2 and Mpox, it has not yet been
validated across large-scale clinical samples encompassing
virus strains.

Second, its anti-interference performance in complex
biological matrices needs further evaluation. Furthermore,
although the limit of LOD reaches 1 TU/mL, even higher
sensitivity may be required in practical settings to detect
low viral loads during the early stages of infection.

Future investigations can be performed from the fol-
lowing aspects: first, applying this technology to detect a
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broader range of novel viruses to evaluate its generaliz-
ability. Second, developing portable SERS devices com-
bined with microfluidic technology for automated sample
processing, enabling truly rapid on-site detection. Third,
further optimizing the structure of hydrogel@Au nanopar-
ticle arrays to explore the effects of different nanoparticle
shapes and sizes on SERS performance. Finally, develop-
ing more advanced SERS data analyses by combining ma-
chine learning and deep learning algorithms to improve de-
tection accuracy and reliability.

The technical innovation of this study lies in combin-
ing the self-shrinking effect of the hydrogel film with the
plasmonic resonance properties of Au nanoparticles, creat-
ing a simple and efficient method for fabricating an SERS
substrate. This design is not only suitable for virus detection
but can also be extended to other biomarker detection fields,
with broad potential for diverse applications. With continu-
ous optimization and improvement, this SERS-based rapid
detection technology is expected to become an important
tool for responding to future outbreaks, providing strong
support for public health security.

Conclusion

In this study, we successfully fabricated bistratal hy-
drogel@Au NPs arrays via a self-assembly strategy based
on electrostatic adsorption. The hydrogel acts as an ef-
fective spacer, reducing the interparticle distance between
gold nanoparticles and facilitating the formation of a uni-
form, densely packed, high-quality substrate. This ap-
proach significantly enhances the sensitivity of Raman de-
tection, providing a promising platform for rapid identifi-
cation of emerging viruses.

The future applications of this method can be high-
lighted in two major aspects. Firstly, multiplex pathogen
detection can be achieved by the inherent multispec-
tral resolution capabilities of SERS. Secondly, integra-
tion with portable devices for point-of-care testing holds
great promise, potentially enabling rapid on-site detection
in community clinics, airports, and schools, thereby sup-
porting “early detection and isolation” strategies during in-
fectious disease outbreaks.
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