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Abstract
The rapid and accurate detection of viral biomarkers is critical for controlling infectious disease outbreaks, as highlighted by
the COVID-19 pandemic. Here, we present a label-free platform for the ultrasensitive detection of SARS-CoV-2 spike protein
and IgG antibodies in liquid using surface-enhanced Raman spectroscopy (SERS) based on an array of plasmonic H-shaped
nano-apertures. The nanostructure is designed to support a resonance at 777.8 nm. The Raman signal of both biomolecules was
recorded at several locations on the nanostructure under off-resonance laser excitation at 785 nm, confirming its reproducibility.
The designed nanostructure enables limit of detection of 0.85 ng/mL in a liquid environment, without the need for complex
surface functionalization or labeling. Using principal component analysis (PCA), we successfully distinguished between spike
protein, IgG antibodies, and their mixtures, highlighting the platform’s ability to analyze complex biological matrices. This work
advances the development of sensitive SERS-based biosensors for the rapid and accurate detection of emerging pathogens in liquid
environments.

1 Introduction

Infectious diseases caused by viruses remain a major challenge
to public health and global economic stability. Viral outbreaks,
such as the recent COVID-19 pandemic caused by SARS-CoV-
2, emphasize the need for early detection and diagnosis in
order to minimize their impacts [1–4]. The ability of SARS-CoV-
2 to spread asymptomatically has further complicated efforts
to control its transmission, overwhelming healthcare systems
worldwide. These challenges highlight a critical gap in current
detection methods, emphasizing the need for diagnostic plat-
forms that offer high sensitivity, selectivity, accuracy, and rapid
response, particularly in resource-limited settings. Although
cultured-based diagnostic methods, such as polymerase chain
reaction (PCR), enzyme-linked immunosorbent assay (ELISA),

and lateral flow immunoassays (LFIA), remain the gold standard
for viral detection [5–7], they come with significant limitations.
For example, PCR-based methods provide the desired sensitivity,
i.e, 37.9% [8], and specificity, i.e., 65.5% [8], by amplifying viral
RNA, but are time-consuming, require specilized equipment,
and trained staff [9]. Similarly, serological-based methods, such
as ELISA and LFIA are widely used for antigen and antibody
detection due to their simplicity [5, 10], however, they lack the
sensitivity needed for detection (i.e. ELISA exhibits a sensitivity of
39.1% and a specificity of 99.3% [11],while LFIA shows a sensitivity
of 58.9% and a specificity of 99.2% [12]), particularly when viral
loads are low [13, 14].

As an alternative, spectroscopic methods, particularly Raman
spectroscopy, have emerged as powerful techniques formolecular
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characterization due to their non-invasive, label-free nature and
ability to provide chemical fingerprints [15]. However, conven-
tional Raman spectroscopy is challenged by inherently weak sig-
nals, limiting its ability to detect low-concentration biomolecules
[16]. Surface-enhanced Raman spectroscopy (SERS) addresses
this limitation by amplifying Raman signals through plasmonic
nanostructures, enabling ultrasensitive detection [17]. SERS has
been applied in several fields, including environmental monitor-
ing, food safety, as well as biomedical diagnostics [18–21]. In the
context of viral detection, SERShas shownpromise for identifying
viral proteins, nucleic acids, and whole virions with a remarkable
detection limit [22–24]. For instance, arbitrarily oriented gold
nanoplates are used as SERS substrates to detect SARS-CoV-2
spike protein with a detection limit of 6.8 ng/mL [25]. Despite
these advancements, achieving stable signal enhancement and
reliably distinguishing target biomolecules in their natural envi-
ronments remains a significant obstacle [26].

In addition, the design and the fabrication of plasmonic nanos-
tructures are essential in determining the required characteristics
of SERS-based diagnostic systems [17, 27, 28]. A wide range of
single-shaped metallic nanoparticles has been explored, such as
nanospheres, nanorods, nanodisks, nanostars, and others [17,
29]. Among these, nanospheres are commonly used due to their
morphology, which enables a Raman enhancement factor of 105–
106 (EF) [29]. However, the distribution of the single-shaped
nanostructures is often limited to a specific point, resulting in
aggregation, which can lead to spot-to-spot variations in the
Raman EF, making it sometimes difficult to detect the weak
signals of biomolecules [30, 31]. Enhanced field localization can
be achieved through inter-coupling or plasmon hybridization
when the individual metallic nanostructures are in close prox-
imity, creating an array [32–37]. Furthermore, their well-defined
geometric arrangements not only provide a large EF but also high
reproducibility, making them suitable for applications requiring
uniform and reliable SERS performance [38, 39].

Among various nanostructure designs, an array of nano-apertures
highlight their potential for surface-enhanced Raman scattering
applications [40–43]. In this study, we developed a platform
for the rapid detection and identification of SARS-CoV-2 spike
protein and IgG molecules by combining SERS and Principal
Component Analysis (PCA). An array of modified H-shaped
nano-apertures was fabricated on a gold substrate to amplify the
weak Raman signal of biomolecules and to minimize the inter-
ference from the substrate background, reducing the spot-to-spot
variations and improving reproducibility. While single and dimer
nano-apertures provide electromagnetic field enhancement, their
range and field confinement can be limited.We hypothesized that
a more complex, coupled structure, like an H-shape nanostruc-
ture, could leverage plasmonhybridization between its horizontal
and vertical elements [21, 32]. This design aims to create a
more intense and spectrally tunable hotspot, potentially leading
to higher absorption and a larger, more reproducible Raman
enhancement across the array. Furthermore, by combining SERS
with Principal Component Analysis (PCA), we demonstrated the
ability to distinguish between closely related biomolecules, such
as the SARS-CoV-2 spike protein and IgG antibodies in complex
mixtures. This label-free and probe-free approach eliminates the
need for surface functionalization, making it highly suitable for
rapid and sensitive detection in resource-limited settings.

1.1 Materials andMethods

We performed the finite-element method to calculate the elec-
tromagnetic field enhancement of the proposed nanostructure,
which was designed using the dimensions based on experimen-
tal geometric characteristics obtained from scanning electron
microscopy (SEM) images. The mesh was set to finer-custom
with a minimum size of 2 nm and a maximum size of 40 nm.
The Floquet periodicity was used with a periodic port from
which we illuminated with a plane wave at normal incidence
to the glass side. The thickness of the gold film is 50 nm.
The single nanostructure consists of two vertical l-shaped nano-
apertures positioned on either side of a horizontal l-shaped
nano-aperture, forming an overall shape that resembles a mod-
ified letter H. We refer to the structure as a modified H-shaped
nano-aperture. The unit structure is repeated along the x- and
y-axes with a period of 400 nm. The complex dielectric con-
stants of the gold, titanium, and glass substrate were obtained
from Ref. [44]. Finite element analysis provided us with the
theoretical resonance wavelength of the proposed structure at
777.8 nm.

The metallic nanostructure was fabricated on a 50 nm thin
film of gold, using focused ion beam (FIB) milling. The gold
was deposited on a borosilicate glass substrate with a 5 nm
titanium adhesion layer. Figure 1a shows a scanning electron
microscopy image of 7 × 6 single units at a normal surface, while
the geometric characteristics of the single structure were noted
in the enlarged image. For the experimental results, an array
of 20 × 20 units was fabricated with a period of 403.2 nm in
both directions. The etched film was then treated with oxygen
plasma to remove any deposited gallium residue resulting from
the FIB etching [45]. Figure 1b illustrates the experimental setup.
Briefly, a confocal micro-Raman spectrometer (LabRAM HR
Evolution, HORIBA Scientific, JP) was used to collect Raman
spectra at room temperature. A diode laser beam at 785 nm with
a maximum output laser power of 17 mW was used. The laser
beamwas focused using a high numerical aperture (NA= 1.25) oil
immersion objective lens onto the sample tomaximize theRaman
signal. The spectrometer has a spectral resolution of 1.0 cm−1 and
a spectral range of 100–4000 cm−1. Each spectrum was averaged
from three scans with an integration time of 10 s. The analysis
included baseline correction before peak position determination.
Then, Savitzky–Golay filter was used for spectra smoothing by a
3𝑟𝑑-degree polynomial function.

For the solution preparation, mouse IgG (I5381) and phosphate-
buffered saline (PBS) tablets (P4417) were purchased fromSigma–
Aldrich. SARS-CoV-2 spike protein peptide (ABIN138227) was
purchased from antibodies-online.com, Germany. The solution
of IgG molecules or S protein in PBS was prepared in several
concentrations and stored in 4 ◦C until processing the next day.
The solution was sonicated for 3 min before being used. Then,
10 𝜇L of the solution was pipetted onto the target substrate, i.e.
microscope glass, gold film, andH-shaped nano-aperture. In this
label-free configuration, the spike proteins and IgG antibodies
bind to the gold nano-apertures via non-specific adsorption,
a process driven by electrostatic and hydrophobic interactions
between the protein surfaces and the metallic film [46, 47].
The sample was immediately sealed (seal spacer with 9 mm
diameter and 50 𝜇m thickness) under a glass coverslip to create
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Figure 1 (a) Scanning electronmicroscopy (SEM) image of an array of 7× 6 units, viewed at 00 from the surface of the nanostructure. The geometry
parameters for a single unit (enlarged view) are: 𝛼 = 403.2 ± 0.8 nm, b = 30.3 ± 2.7 nm, c = 37.1 ± 2.5 nm, d = 107.7 ± 1.6 nm, t = 67.4 ± 1.5 nm and
h= 146.2± 2.7 nm. The periodicity for the x- and y- direction is the same equal to 403.2 nm. (b) Schematic image of the set-up used in this study to collect
the Raman spectrum of the target biomolecules, i.e. IgG molecules, spike (S) protein and their mixture, on the plasmonic nanostructure. The sample
was illuminated using a laser beam with an excitation wavelength of 785 nm.

a stable, hydrated microenvironment. This prevented evapora-
tion throughout the measurement, ensuring the biomolecules
remained in their native liquid state, suspended in PBS, and
were not concentrated or denatured by drying. Note that the total
operational sample-to-result time, encompassing device plasma
cleaning, sample deposition and sealing, and spectral acquisition,
was approximately 15 min.

2 Results

Figure 2a shows the electromagnetic field enhancement for
777.8 nm excitation light propagating along the z-axis, incident
from the glass side, and linearly polarized along the y-axis. Upon
illumination, surface plasmon resonances (SPRs) are excited,
leading to a strong hotspot at the horizontal nanocavity. The
localized electromagnetic field enhancement can concentrate the
analyte in this region, leading to a significant amplification of
the Raman signal. Figure 2b shows the absorption spectra of an
array of vertical l-shaped nano-apertures, two vertical l-shaped
nano-apertures, and the modifiedH-shaped nanostructure when
immersed in phosphate buffered saline (PBS) solution (i.e, refrac-
tive index of 1.335 [48]). We observe that in the case of the single
l-shape nano-aperture, the resonant appears at 644.5 nm, for
the double l-shaped nano-aperture at 650.4 nm, while for the
modified H-shaped nanostructure, the resonance is located at
777.8 nm. In themeantime, an increase in absorption peak around
38% compared to the single or double l-shape nano-aperture was
noted. This observation is further supported in Figure 2c, which
illustrates the reflection, transmission, and absorption spectra,
noting the nanostructure’s resonance when immersed in PBS
solution as well as the excitation laser of 785 nm (dashed line in
Figure 2c). Furthermore, since the resonance is highly sensitive
to refractive index changes of the surrounding medium [17, 49,
50], we studied how the resonance of theH-shaped nanostructure
shifts in response to them (Figure 2d,e). For this analysis, a 2 nm
thick layer of higher refractive index material was added over the

gold nanostructure (as would be caused by a biomolecular layer),
with PBS as themedium surrounding this thin layer. Our findings
show a redshift in the resonance as the refractive index of the
layer increases (Figure 2d,e), consistent with reported results in
the literature [17, 49, 51]. In addition, the platform exhibited a
bulk refractive index sensitivity of 403.2 nm/RIU (Figure 2e) and
a figure-of-merit (FOM= S / FWHM) of 5.4 RIU−1, quantifying its
competitive sensing capability.

The potential of the resonant feature for SERS was quantitatively
evaluated via its quality factor and effective mode volume. The
Q-factor was calculated from the theoretical absorption spectrum
(Figure 2c) to beQ≈ 10.4 (from 𝜆𝑟𝑒𝑠 = 777.8 nmandFWHM= 74.75
nm). The effective mode volume, defining the electromagnetic
field confinement, was determined as 𝑉𝑒𝑓𝑓 = (2b ⋅ h + t ⋅ d) ×
(gold thickness) ≈ 8.06 × × 10−4 𝜇𝑚3 from the nano-aperture
geometry. The resultant 𝑄∕𝑉𝑒𝑓𝑓 ratio of 1.29 ×104 𝜇𝑚−3 is a key
parameter, as a high 𝑄∕𝑉𝑒𝑓𝑓 ratio is directly correlated with high
sensitivity in metasurface-based biosensors [52, 53]. The resonant
lineshape, while not a perfect Lorentzian, is characteristic of
a high-Q hybridized plasmonic system, where the coherent
coupling between the vertical and horizontal nano-apertures
produces a narrowed linewidth and suppressed radiative losses.
This favorable lineshape and the resultant high Q/V𝑒𝑓𝑓 ratio
can generate intense optical hotspots, where the fourth-power
dependence of the Raman signal on the local field facilitates the
detection of low analyte concentrations [52, 53].

Figure 3a shows the Raman spectrum of 4 ng/mL IgG molecules
(with an average molecular weight of 150 kDa [54, 55]) on a
microscope glass (black line), on the gold substrate of 50 nm
thickness (red line), and on themodifiedH-shaped nano-aperture
(blue line). To minimize the heating effect on biomolecules
during Raman measurements with 785 nm excitation, we kept
a low laser power of 1 mW at the sample plane. Under the
same interrogation settings, the spectra obtained through glass
or gold substrates do not display the same Raman peaks as those
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Figure 2 (a) Normalized near-field distribution of the modified H-shaped nano-aperture at the simulated resonant wavelength of 777.8 nm for
horizontal polarization (i.e., noted as y-direction). (b) Theoretical absorption spectra for an array of several nano-apertures, i.e., a single vertical l-type
nano-aperture, two vertical l-type nano-apertures and an H-shaped nano-aperture. (c) Reflection, transmission, and absorption spectra of an array ofH-
shaped nano-aperture. The resonance is noted at 777.8 nm. The dashed line indicates the excitation laser of 785 nm. (d) Absorption spectra of an array of
H-shaped nano-aperture as a function of the refractive index of the analytic. (e) Resonance as a function of refractive index. A redshift in the absorption
spectrum is observed when a 2 nm analyte layer is added, as the refractive index varies from 1.335 to 1.900. The solid line is the linear fitting of the data,
providing a slope of 403.2 ± 13.1 nm/RIU.
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Figure 3 (a) Raman spectra of 4 ng/mL IgG molecules on microscope glass (black line, ×104), gold (red line, ×50) substrates, andH-shaped nano-
aperture (blue line). (b) Raman spectra of IgGmolecules at concentrations ranging from 4 ng/mL to 400 𝜇g∕mL suspended in PBS. (c) The corresponding
calibration curve of the peak intensity at 1451 cm−1. The solid line is the linear fitting of the equation y = 10.24 C + 100.05 (R2 = 0.998). The error bars
represent the standard deviation in signal intensities, calculated from five measurements taken at five different locations on the nanostructure. (d)
Raman intensity of the 1451 cm−1 peak for 40 ng/mL IgGmolecules on a fresh nanostructure and on a nanostructure after a three-month storage period.
The inset shows the corresponding Raman spectra. (e) Raman spectra of 40 ng/mL spike (S) protein on microscope glass (black line, ×104), gold (red
line, ×50) substrates, and nanostructure (blue line). (f) Raman spectra of S protein for concentrations of 40 and 400 ng/mL. The measurements were
performed in PBS and under the same experimental conditions (excitation wavelength 785 nm, objective lens 100x (NA = 1.25), laser power of 1 mW at
the sample plane, integration time 10 s, and three accumulations).

observed with the H-shaped nano-aperture; the spectral peaks
are assumed to be a result of amplification of the plasmonic field
by the nanostructure. IgG molecules are made of 𝛽-sheet (47%),
7% of 𝛼-helices, and remaining percentages of turns and coils
[54]. The 𝛽-sheet structure in IgG molecule was identified by the
characteristic amide I peak around 1673 cm−1 and the band at
1203 cm−1 in the amide II region [55–57]. The 𝜌CH2 deformation
peak was observed around 1451 cm−1, while vibration bands
associated with phenylalanine amino acid residue were observed
around 617 cm−1 [58]. The backbone skeletal νC-C vibration band
was noted at 1078 cm−1 [57–60]. Detailed Raman peak assignment
can be found in Table 1. We additionally evaluated the efficiency
of the metallic nanostructure in the detection of IgGmolecules at
various concentrations (Figure 3b). We noted that the intensity of
the peak at 1451 cm−1 increased with the molecule concentrations
ranging from 4 ng/mL to 400 µg/mL as shown in Figure 3c. The
increase in Raman peak intensity is possibly due to the strong
interaction between themetallic nanostructure and 𝜌CH2-related
functional groups as the concentration of the IgG molecules
increased, combined with electromagnetic field enhancement
under 785 nm excitation [61, 62]. Then, the Raman intensity at
the 1451 cm−1 peak is plotted as a function of IgG concentration
in Figure 3c. The data are fit by the linear function y = 10.24
C + 100.05, where C is the concentration of IgG molecules in

ng/mL. Hence, the limit of detection (LoD) was determined by
the equation [63]:

𝐿𝑜𝐷 =
3𝑆𝑎
𝑏

(1)

where Sa is the standard deviation of the Raman intensity
magnitude of the blank solution i.e. 0 ng/mL (Sa = 2.94 is the
standard deviation of the blank Raman signal in this work) b
is the slope of the calibration curve (b = 10.4 mL/ng in this
work) [63]. Therefore, the LoD was calculated to be 0.85 ng/mL,
suggesting the potential for detecting concentrations below 1
ng/mL. Moreover, Figure 3d shows the Raman spectra of 40
ng/mL IgG recorded on a freshly prepared device and on a device
stored for three months under ambient conditions. Compared to
the Raman spectrum of the fresh sample, the SERS signal of IgG
was reduced by approximately 16% after three months of storage.

Furthermore, the spike (S) protein (located at the viral surface)
is a valuable antigen biomarker for diagnosing COVID-19 [66].
In the molecular architecture of the SARS-CoV-2 virus, the S
protein has a nail-like shape with a width of 7 nm and a length
of 23 nm [66]. Therefore, its size is within the electromagnetic
field enhancement region. The S protein contains two subunits,
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Table 1 Surface enhanced Raman spectroscopy bands assignment.

Immunoglobulin G (IgG) molecule Spike (S) protein
Raman shift Assignment References Raman shift Assignment References
(cm−1) (cm−1)

617 Phenylalanine [58] 510 Phosphorylated protein and lipids [64, 65]
670 Tyrosine (skeletal) [57–60] 560 S-S bond (𝛽-sheet) [58]
774 Tyrosine (skeletal) [57–60] 667 Tyrosine (𝛼-helix) [58]
866 Tyrosine (buried) [57–60] 758 Histidine [64, 65]
980 𝜌CH3 [57–60] 873 Tryptophan [64]
1078 𝜈C-C [57–60] 1004 Phenylalanine [58]
1203 Amide III [57–60] 1089 Histidine [64]
1316 𝛿Cα-H [57–60] 1210 Phenylalanine [58]
1451 𝜌CH2 [57–60] 1331 Amide III (𝛼-helix structures) [64]
1570 Tryptophan (indole rings) [57–60] 1445 C-H def [58]
1673 Amide I [57–60] 1572 Tryptophan (indole rings) [57, 58]

1667 Amide I [58, 64]

and its primary function is the binding to the cellular receptor
angiotensin-converting enzyme 2 by the receptor binding domain
[67]. Due to this function, the S protein is considered themain tar-
get during the design and development of vaccines. After the first
evaluation of the proposed nanostructure using IgG molecules,
we acquired the Raman spectra of 40 ng/mL spike protein sample
on three different substrates: amicroscope glass slide (black line),
a 50 nm thick gold film (red line), and the modified H-shaped
nano-aperture (blue line) (Figure 3e). Comparing the non-SERS
spectrum (black line in Figure 3e) with the SERS spectrum (blue
line in Figure 3e) reveals not only an enhancement in Raman
signal intensity but also a greater number of peaks in the SERS
spectrum, indicatingmore comprehensive chemical information.
Several bands can be recognized to obtain structure information
of the S protein, including some secondary structure Raman
peaks at 1331 cm−1 (amide III) [64], and 1667 cm−1 (amide I)
[58, 64]. In addition, some typical Raman peaks are attributed
to amino acid side-chains were also well discerned, including
tryptophan (Trp) bands at 873 and 1572 cm−1, and phenylalanine
(Phe) peaks at 1004 and 1210 cm−1. Detailed spectral signatures
of the S protein are described in Table 1, and these peaks are
consistent with the previous studies [58, 64, 65].

Then, we investigated the reproducibility of the modified H-
shaped nano-aperture by collecting Raman spectra from 40
random points on it for IgG molecules, S protein, and their
mixture at a concentration of 40 ng/mL (Figure 4a). We observe
that the Raman intensities for all the spectra oscillated around the
mean value and did not change significantly. The relative stan-
dard deviations (RSD) were calculated to assess the uniformity
of the nanostructure (Figure 4b). Specifically, the RSD is 9.15% at
1451 cm−1 for IgG molecules, 10.53% at 1445 cm−1 for S proteins,
and 11.30% at 1445 cm−1 for the mixture of both biomolecules
demonstrated the homogeneity of the proposed nanostructure
and its reproducibility. Moreover, when we compare the Raman
spectra of these samples, we observe changes in the wavenumber
regions of 650 – 750, 900 – 1000, and 1150 – 1270 cm−1 in the case

of mixture solution (as marked in Figure 4a). For instance, the
Raman peak at 710 cm−1 is observed in the mixture sample, while
it did not appear in the IgG and S protein samples. Therefore, the
origin of these peaks is not clear and could be attributed to a com-
bination of factors, including potential molecular interactions
in the mixture or changes in the local dielectric environment.
Further studies, such as with known negative control proteins,
are required to investigate this phenomenon, and it will be a
future study.

Both biomolecules may share several molecular structures and
intrinsic chemical bonds, leading to overlapping peaks in their
SERS spectra. To address this challenge, Principal Component
Analysis (PCA) was applied. PCA is a dimensionality reduction
technique that transforms complex, high-dimensional data into
a lower-dimensional space while retaining the most significant
variations [68]. In the context of SERS, PCA is particularly useful
for analyzing spectral data, as it can highlight subtle differences
between biomolecules that may not be apparent in raw spectra.
First, we computed the eigenvalues from a data matrix to
determine the PCs of the data. The principal components are
given according to the linear combination of variables [68]:

𝑌𝑖 = 𝛼𝑖1𝑋1 + 𝛼𝑖2𝑋2 +⋯ + 𝛼𝑖𝑝𝑋𝑝 (2)

or in matrix notation,

𝑌𝑖 = 𝛼𝑇
𝑖
𝑋 (3)

where T is the principal component, X is the variable and 𝛼𝑖
is the weight. The results are shown in Figure 4c, in which
the explained variance for the seven principal component num-
bers was obtained based on the normalized Raman spectra in
Figure 4a.We noted that the PCA aimed to capture themaximum
possible information in the first component (70.1%), followed
by maximum remaining information in the second component
(20.1%) and so on. As a result, the combined variance explained
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Figure 4 (a) Ramanmean spectra (dark lines) with standard deviation (light area) of IgGmolecule (gray), S protein (red), and their mixture (blue)
at a concentration of 40 ng/mL. Raman peaks in blue are observed in the mixture sample. (b) Raman intensity of the peaks 1451 𝑐𝑚−1 for the IgG
molecules, 1455 𝑐𝑚−1 for both S protein, and their mixture recorded at 40 different sites on theH-shaped nano-aperture. The green dashed lines indicate
the mean intensity at a concentration of 40 ng/mL. The relative standard deviation (RSD) was calculated to be 9.15% for IgG molecule, 10.53% for the S
protein, and 11.30% for their mixture. (c) Scree plot showing the variance explained by each principal component. The optimal number of components
for retention was determined by the identified elbow point, where the marginal gain in explained variance sharply decreases. (d) Visualization of the
datasets after PCA transformation to 2D space. Black dots are stated as samples with S proteins, red dots are represented as samples with IgGmolecules,
and blue dots are stated as samples with both biomolecules. The PCA presents the same spectra of Figure 4a, with each point corresponding to the PCA
score for one spectrum. The percentages represent the variance corresponding to each component (PC1/2). (e) The loading weights for PC1 (orange)
and PC2 (green) are plotted as a function of Raman shift to visualize the key vibrational modes that contribute to the variance captured by the first
two principal components. Positive and negative loadings indicate features that are directly or inversely correlated with the component’s direction,
respectively.
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by PC1 and PC2 approximates 90.2%, indicating that these two
PCs effectively capture the majority of the spectral variation (90.2
%).

Figure 4d shows the 2D projection of the Raman spectra using the
first two principal components, which successfully separated the
spectra of eachmolecule, as well as their mixture (blue dots), into
distinct clusters. The loading plot (Figure 4e) reveals the specific
spectral features responsible for this separation. Specifically, the
spike protein spectra project into the positive quadrant (PC1
> 0, PC2 > 0), meaning their spectral features are dominated
by vibrational modes that have positive loadings on both PC1
and PC2. This indicates that they are characterized by strong
contributions from vibrational modes with positive loadings on
both PC1 and PC2. Analysis of the loading plot identifies these
key discriminating bands for spike protein at approximately 508,
574, 1004 cm−1 (phenylalanine), 1093, 1408, and 1511 cm−1. The
strong positive loading for the band at 1004 cm−1 in PC2 confirms
that this phenylalanine peak is a statistically significant identifier
for the spike protein. Likewise, the IgG spectra project into the
negative quadrant (PC1 < 0, PC2 < 0), meaning they are defined
by features with negative loadings on both components. The
key Raman bands contributing to this signature are those with
strong negative loadings, specifically at 496, 747, 850 (tyrosine),
and 1051 cm−1. The negative loadings at 747 and 850 cm−1 suggest
that tyrosine residues are key spectral markers for distinguishing
IgG from the spike protein. Finally, the mixture projects into
an area where PC1 < 0 and PC2 > 0. This indicates that its
spectral signature is a composite: it resembles IgG (PC1 < 0)
in the features captured by the first principal component, but
resembles the spike protein (PC2 > 0) in the features captured
by the second principal component. This is consistent with the
sample containing both biomolecules.

3 Discussion

In this work, experimentally, the minimum concentrations were
used to detect the S protein and IgGwere 40 and 4 ng/mL, respec-
tively. However, based on a linear calibration curve (Figure 3c),
the limit of detection (LoD) was calculated to be 0.85 ng/mL
for IgG, demonstrating significantly higher theoretical sensitivity.
This detection limit was achieved without any surface modifi-
cation. A drop of the solution containing IgG molecules or S
proteins was placed on the metallic H-shaped nano-aperture,
and the biomolecules remained suspended in liquid within a
sealed microwell, enabling direct detection of the Raman signal
without drying or altering the surface. The broader field of SARS-
CoV-2 biosensing showcases various plasmonic approaches with
widely varying limits of detection. For instance, toroidal plas-
monic metasensors were developed, utilizing functionalized gold
nanoparticles conjugated with monoclonal antibodies to capture
the SARS-CoV-2 spike protein [69]. This configuration confines
electromagnetic fields to enable detection based on resonant
frequency shifts in the terahertz regime, achieving a LoD of
∼4.2 fM for spike protein [69, 70]. Other notable platforms include
dual-functional plasmonic photothermal biosensors with a LoD
of 0.22 pM [70, 71] and nanoplasmonic resonance sensors capable
of detecting intact virions with a LoD of 370 vp/mL [70, 72].
Furthermore, Wang et al. developed a label-free immunoassay
using functionalized magnetic nanobeads, achieving a limit of

detection (LoD) of 69 fg/mL [73]. Likewise, Seo and co-workers
employed graphene-based field-effect transistor biosensors for
SARS-CoV-2 protein S detection, reporting a LoD of 1 fg/mL [74].
Similarly, Yue et al. utilized gold nanoplates in polydimethyl-
siloxane elastomer as a SERS biosensor for SARS-CoV-2 spike
protein, achieving a LoD of 6.8 ng/mL [25]. Table 2 summarizes
current SARS-CoV-2 detection methods, their reported limits
of detection (LoD), and the corresponding values converted to
consistent units of ng/mL.While these approaches have achieved
higher LoDs than this work, they often require complex and
time-consuming steps such as surface biofunctionalization, probe
attachment, or viral RNA extraction. However, our platform
achieves detection directly in a liquid PBS environment by
simply depositing a droplet of the sample onto the nanostructure,
eliminating hours of preparation time. This trade-off of slightly
lower LoD for significantly simplified workflow is advantageous
for rapid screening applications. In addition, the selectivity of
our platform is evidenced by its ability to differentiate between
biomolecules via their intrinsic SERS fingerprints. As shown in
Figure 4d, PCA successfully clusters and separates the spectra of
the SARS-CoV-2 spike protein, IgG, and theirmixture, confirming
that the method can identify these targets based on their distinct
molecular vibrations. Future work will involve evaluating the
sensor with a broader panel of non-target proteins in complex
biofluids to further establish specificity. Regarding repeatability,
the sensor exhibits good performance on two fronts. First, the
low relative standard deviation (RSD 9–11%) calculated from
measurements at 40 random locations on the substrate (Figure
4b) confirms high spatial uniformity and measurement repro-
ducibility. Second, the device maintains a strong SERS signal
with minimal degradation over a three-month period (Figure
3d), indicating robust temporal stability suitable for real-world
applications.

Furthermore, from a manufacturing perspective, it should be
noted that the focused ion beam (FIB) fabrication used here
is ideal for prototyping, offering the high precision and design
flexibility necessary to validate our complex H-shaped nano-
apertures; however, it is a high-cost, low-throughput technique
unsuited for mass production. Future work will therefore focus
on transferring this validated design to scalable methods such
as nanoimprint lithography to enable cost-effective manufactur-
ing, without compromising the label-free detection advantage
demonstrated in this work.

Although precisely quantifying the enhancement factor (EF) is
challenging, we estimated it by taking the ratio of the SERS
intensity to the non-SERS intensity for the sameRaman peak, i.e.,
1089 cm−1, under the same acquisition conditions in the case of
S protein (Figure 3e). This peak was selected for EF calculations
because it is the most prominent and reproducible feature in the
non-SERS (glass substrate) measurements, whereas other peaks
were either absent or too weak for reliable quantification under
identical acquisition conditions. This approach yielded a SERS
EF of approximately 104 when comparing the nanostructured
substrate to the microscope glass substrate, while an EF of 102
was observed when comparing the nanostructure to the 50 nm
gold substrate. The signal enhancement in SERS arises from
the combined effects of surface interactions and electromagnetic
field enhancement [85]. The resonance effect is particularly
significant when the plasmon resonance occurs between the
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Table 2 SARS-CoV-2 detection methods with their limit of detection (LoD).

Sample
Experimental
methods

Limit of Detection
(LoD) LoD (ng/mL) Functionalization References

SARS-CoV-2 viral RNA CRISPR/Cas9-LFA 100 copies per reaction
(25 µL)

0.026 Yes [75]

SARS-CoV-2 Nanophotonic
biosensors

102–103 viruses/mL 0.1–1 Yes [76]

SARS-CoV-2 variant Delta CRISPR/Cas12a-SRS
platform

15 fM 0.15 Yes [77]

SARS-CoV-2-S protein Electrochemical 229 fg/mL 0.000229 Yes [78]
SARS-CoV-2 FET biosensor 165 copies/mL 0.00107 Yes [79]
ACE2/RBD Peptide-modified SERS 300 nM 7500 Yes [80]
SARS-CoV-2-S protein MB-labeled

AuNPs-Ab-SERS
0.046 0.046 Yes [81]

SARS-CoV-2-S protein Toroidal THz
Metasensor-AuNPs

4.2 fM 0.00059 Yes [69]

SARS-CoV-2-RNA Thermoplasmonic
Sensor

0.22 pM 2.18 Yes [71]

SARS-CoV-2-Virions Plasmonic Nanopillar
Array

370 vp/mL 0.37 Yes [72]

SARS-CoV-2-S protein SERS- H-nanostructure 0.85 ng/mL 0.85 No this work

Note on LoD conversions: Values in the ng/mL column are calculated from the original LoD using the following assumptions: (1)RNA copies: Mass of a single
SARS-CoV-2 RNA genome (30 000 nt) is estimated at 6.5 fg [82]. For Ref.[75], the value is calculated for the reaction volume (25 µL). (2)Whole virus: Mass of
a single SARS-CoV-2 virion is estimated at 1 pg [83]. (3)Molarity: Molecular weights (MW) of 9.9 × 106 g/mol for full-length RNA, 25,000 g/mol (25 kDa) for
the RBD protein [84], and 141,000 g/mol (141 kDa) for the S-protein trimer were used for conversions. (4)Mass/Volume: Direct conversion where 1 ng/mL =
106 fg/mL. Original LoD values should be consulted for direct comparison.

excitation wavelength and the Raman-scattered wavelength of
the analyte [85]. Typically, SERS enhancement factors range
from 104 to 108 [85, 86]. For instance, an array of nanoholes
fabricated on 20 nm Au film was used to detect the SERS signal
of thiophenol molecules under 785 nm laser excitation, yielding
an EF of 104 for the 1071 cm−1 band [38]. Furthermore, an array
of triangular gold nanoholes deposited on a magnesium fluoride
layer with a gold film embedded beneath it to form a Fabry–
Perot cavity was reported to detect the SERS signal of miRNA
under 785 nm laser excitation, yielding an EF of 105 [39]. On
the other hand, Zhang and co-workers reported an EF of 12 for
1507 cm−1 band using an array of bowtie-shaped nano-apertures
coated with Rhodamine 6G under illumination with 633 nm [87].
The authors noted that although the excitation laser did not
align with the plasmon resonance modes, the Raman scattering
energies overlappedwith the dipole plasmonmode, leading to the
observedRaman signal enhancement [87]. As a direct comparison
of the SERS enhancement factor is not feasible, the observedEF in
this work falls within the lower range, whichmay be attributed to
the experimental approach employed. Specifically, the S protein
was suspended in PBS solution and applied as a drop onto the
plasmonic nanostructure avoiding any biofunctionalization pro-
cess. This approach likely resulted in random protein adsorption
onto the substrate, as the hydration shell around the protein in
the PBS solution may prevent direct interaction with the gold
surface [65]. Additionally, the suspension method might have
caused some proteins to be positioned outside the plasmonic
hotspots, which may have affected the enhancement factor
[65].

In addition, the Raman signal enhancement observed in our
periodic array of H-shaped nano-apertures may be attributed not
only to the localized surface plasmons of individual structures,
but also to a collective plasmonic mode known as surface lattice
resonance (SLR) [88]. SLR occurs when plasmonic nanoparticles
or nano-apertures are arranged in a periodic lattice, leading to the
coupling of individual resonances via diffractive scattering [88].
This phenomenon gives rise to a collective resonance character-
ized by a much sharper and more intense optical response than
that of single elements [88]. The utility of SLR for ultrasensitive
biosensing has been demonstrated by a ∼ 350-fold amplification
of SERS signals achieved through ordering virus-like particles
(VLPs) into a periodic array [89]. Despite the difference in
nanostructure geometry, our platform is governed on the same
principle as other SLR-based biosensors [89]; leveraging long-
range order for signal enhancement. The periodicity of our
array (∼400 nm) is comparable to the optical wavelength in the
material (𝜆/n ≈ 588 nm for 785 nm in PBS), a condition that
may facilitate a similar SLR effect, thereby contributing to the
sensitivity and reproducibility we achieved.

Our findings, which successfully discriminated between SARS-
CoV-2 spike protein, IgG antibodies, and their mixture, using
PCA, are correlated with recent SERS studies probing similar
biomolecular interactions [89, 90]. This is demonstrated in the
work of Andrzejewska et al., who synthesized SARS-CoV-2 virus-
like particles (VLPs) with plasmonic Au cores and S1-spike
protein coronas to safely mimic the virus [89, 90]. By exploiting
the localized surface plasmon resonance (LSPR) and surface
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lattice resonance (SLR) of their design, they employed SERS to
monitor the specific binding to anti-S monoclonal antibodies.
Their key finding was the emergence of three new characteristic
vibrational bands at approximately 1068, 1337, and 1557 cm−1 upon
binding, which they attributed to conformational changes and
interactions at the N-terminal groups and tryptophan residues
of the spike protein’s receptor-binding domain [89, 90]. The
presence of these specific, interaction-induced peaks in their
controlled system is consistent with our observation that the
S-protein/IgG mixture generates a distinct composite spectral
profile (Figure 4a), separable through PCA (Figure 4e). While
their study precisely elucidated the molecular vibrations directly
associated with the binding event, our platform demonstrates the
practical utility of capturing these broader spectral differences
for the label-free identification and discrimination of biomarkers
in a complex, unmodified liquid environment. This synergy
underscores the robustness and versatility of SERS for COVID-
19-related diagnostics.

4 Conclusion

In this study, we developed a label-free approach for detecting
and identifying biomolecules by combining SERS with PCA.
We designed and fabricated an array of modified H-shaped
nano-aperture to serve as SERS substrate for analyzing SARS-
CoV-2 spike protein, IgG molecules, and their mixture. The
proposed platform demonstrates a significant sensitivity, detect-
ing spike protein at concentrations as low as 40 ng/mL and
IgG molecules at a concentration of 4 ng/mL with a calculated
limit of detection of 0.85 ng/mL. Moreover, it establishes a linear
relationship between IgG concentration and Raman intensity,
further highlighting its diagnostic potential. Raman signatures
of both biomolecules were recorded at several locations on the
nanostructure under off-resonance laser excitation at 785 nm.
Subsequently, PCA was used to extract key spectroscopic infor-
mation from the minor differences in SERS spectra, allowing for
the identification of each biomolecule and their mixture in a
liquid environment, with the absence of a biofunctionalization
process. The results of this study indicate that SERS substrate
based onmodifiedH-shaped nano-apertures combinedwith PCA
can provide efficient detection and identification of biomolecules,
even those that are newly emerging, without requiring probes or
labels in a liquid environment.
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