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ARTICLE INFO ABSTRACT
Keywords: The rapid spread of COVID-19 has underscored the need for fast, portable, and reliable diagnostic tools. Con-
COVID-19 ventional techniques such as polymerase chain reaction and emerging biosensors like surface plasmon resonance

SARS-CoV-2 protein

Ligand-free

Optical spectroscopy

Optical system optimization
COVID-19 clinical measurements

require complex procedures for ligand development and immobilization, which often involve probes, antibodies,
or aptamers. This study proposes a ligand-free detection strategy based on optical spectroscopy for the rapid
identification of the SARS-CoV-2 protein. The detection workflow includes two key phases: optimization and
clinical validation. In the optimization phase, transmittance spectral measurements were conducted on SARS-
CoV-2 protein to determine the optimal wavelength within the ultraviolet-visible-near infrared range
(200-1100 nm). The most effective fiber configuration was also evaluated using three combinations of trans-
mitter-receiver fiber diameters: 600-400 pm, 600-100 pm, and 200-400 pm. The optimal detection parameters
were identified as 275 nm for wavelength and 600-400 pm for fiber configuration. Specificity testing confirmed
complete discrimination between SARS-CoV-2 protein and other proteins, including SARS-CoV and rBmSXP,
with 100 % specificity. Subsequently, clinical validation was conducted on 21 patients using the optimized
parameters. Optical spectroscopy measurements were compared with real-time quantitative reverse transcription
polymerase chain reaction (RT-qPCR), yielding a correlation coefficient of 0.6038 with statistical significance (p
< 0.01). These findings demonstrate the potential of portable, ligand-free optical spectroscopy for rapid SARS-
CoV-2 detection at the point of care.

1. Introduction Spinelli and Pellino, 2020). The initial outbreak was reported in Wuhan,
China, in December 2019 (Khan et al., 2020), and within just three

The World Health Organization (WHO) declared Coronavirus Dis- months, the virus had rapidly spread across most countries worldwide
ease 2019 (COVID-19) a global pandemic on March 11, 2020, following (Gossling et al., 2020). As of 2025, new COVID-19 cases continue to be
a rapid escalation of confirmed cases exceeding 200,000 and over 800 reported daily in many regions, with a global death toll approaching six
deaths across more than 130 countries (Cucinotta and Vanelli, 2020; million (Sapuan et al., 2025). During the pandemic, many countries
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enforced curfews or lockdowns, severely restricting daily activities to
curb the transmission of the virus. These public health interventions
caused substantial disruptions to both economic activities and social
engagement. COVID-19 is primarily transmitted through respiratory
droplets and aerosols that are released by infected individuals during
coughing, breathing, sneezing, or speaking. Infected individuals may
present a wide spectrum of symptoms, ranging from asymptomatic to
mild flu-like illness (e.g., fever), and in severe cases, respiratory distress
(Yesudhas et al., 2021). Importantly, even asymptomatic individuals can
also transmit the virus to vulnerable populations with weaker immune
systems. Due to the highly contagious nature of SARS-CoV-2, effective
disease control strategies require diagnostic tools that are not only rapid
and accurate, but also portable.

COVID-19 is caused by a novel coronavirus known as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 con-
tains ribonucleic acid (RNA) at its core, which is bound to nucleocapsid
proteins (N-proteins). This core is encapsulated by an outer lipid layer
that is composed of membrane proteins. The membrane protein works as
chemical transmitters and to maintain the structural integrity of the
virus. Embedded alternately within the membrane are spike glycopro-
teins (S-proteins) and envelope proteins, with S-proteins being relatively
larger in size (Hardenbrook and Zhang, 2022). In terms of detection,
RNA serves as the unique molecular fingerprint of a virus, which en-
codes its specific genomic information (e.g., for SARS-CoV-2). There-
fore, detection of viral RNA in clinical samples is a direct indication of
viral presence in the host. One of the most widely used RNA-based
diagnostic techniques is polymerase chain reaction (PCR), along with
its advanced version, real-time quantitative reverse transcription PCR
(RT-gPCR). PCR quantifies the presence of SARS-CoV-2 RNA by
measuring the cycle quantification (Cq) value, following RNA extraction
from patient swab samples (Liu et al., 2020). The PCR amplifies viral
RNA through repeated cycles of denaturation, annealing, and synthe-
sis—typically exceeding 40 cycles. A lower number of cycles (i.e., lower
Cq value) or rapid RNA replication reflects a higher RNA concentration
in the sample (Mustafa et al., 2023). Although PCR is regarded as the
gold standard for COVID-19 detection, it is a laboratory-based technique
that requires skilled personnel and is time-consuming (Lino et al., 2022).

During infection, human immune system produces antibodies that
primarily target the viral S-proteins (Zhao et al., 2021). Additionally,
antibodies can also be produced against N-protein. Individuals with
weakened immune responses or reduced antibody production often
experience more severe symptoms. In protein-based sensing, this prin-
ciple of antibody—antigen interaction is replicated on sensor surfaces, as
seen in lateral flow assays (LFA) and enzyme-linked immunosorbent
assays (ELISA). These techniques (e.g., LFA and ELISA) detect binding
between an immobilized ligand such as antibody or aptamer and the
target SARS-CoV-2 protein (e.g., S-protein, N-protein) on the diagnostic
surface (Di Domenico et al., 2021; Mahmoudinobar et al., 2021).
Additionally, a secondary tag such as a fluorescent dye or horseradish
peroxidase (HRP) enzyme is also attached to the protein to enable
quantification of the binding event. However, a major drawback of
protein-based detection is the requirement for external reading in-
struments, which limits its portability and usability in resource-limited
settings.

The emergence of biosensing technologies, such as electrochemical
sensors and surface-enhanced Raman spectroscopy (SERS), has garnered
increasing attention due to their ability to perform direct measurements
without the need for secondary labelling tags (Lee et al., 2023). Addi-
tional advantages of biosensors include ease of use, cost efficiency,
portability, and seamless integration with computing platforms for
Internet of Things (IoT) applications. Most biosensors share a common
design principle involving functionalization and immobilization strate-
gies. A functionalized sensing surface which is typically composed of
substrates such as silica or electrodes are modified with nanomaterials,
including gold nanoparticles (AuNPs) or doped graphene (Yano et al.,
2022). These nanostructured platforms are subsequently immobilized
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with selective ligands (e.g., antibodies, probes, aptamers) to enable
specific binding with target analytes or antigens (e.g., proteins, DNAs).
The key distinction among biosensor types lies in their signal trans-
duction mechanisms. For example, SERS relies on the enhancement of
optical signals via localized surface plasmon resonance (Shim et al.,
2022), whereas electrochemical sensors detect changes in electrical or
electrochemical signals induced by biomolecular interactions at the
sensor interface (Mojsoska et al., 2021). Recent advancements in func-
tionalization techniques and ligand development have enhanced
reproducibility and cost-effectiveness. For instance, a study by Wu et al.
introduced butanol-assisted uniform self-assembly of AuNP-cDNA
probes for SARS-CoV-2 detection using a SERS platform (note: RNA is
converted into cDNA via reverse transcription to enable detection and
improve molecular stability) (Wu et al., 2023). In another study that
employs a similar SERS strategy, functionalized gold nanoneedles with
antibodies were used to physically trap the SARS-CoV-2 S-protein (Yang
et al., 2021). Separately, a low-cost aptamer-based electrochemical
sensor for detecting the N-protein demonstrated successful measure-
ments within 5 min of measurement times (Siu et al., 2024). Although
these recent technologies have shown significant progress, their devel-
opment procedures remain time-consuming and resource-intensive.
Therefore, this study proposes an optical spectroscopy approach that
offers a simplified workflow and eliminates the need for surface func-
tionalization, ligand development, and immobilization steps.

Optical spectroscopy method utilizes light within the ultra-
violet-visible-near infrared (UV-VIS-NIR) wavelength range of
200-2500 nm to directly interact with target samples (e.g., SARS-CoV-2
S-protein). The transmitted spectrum is then analyzed to determine the
sample’s molecular absorption characteristics (Tkachenko, 2006). The
absorption of optical radiation by a specific target is highly dependent
on its molecular composition, particularly the presence of functional
groups such as O-H, C-H, and C=0 bonds. At certain wavelengths, these
molecular bonds undergo vibrational excitation as they absorb energy
from the incident light. Optical spectroscopy has been explored in
various viral detection studies and has demonstrated promising out-
comes. For instance, a study on Zika viruses employing optical spec-
troscopy combined with an artificial neural network (ANN) achieved 97
% accuracy in distinguishing between uninfected and Zika-infected
samples (Garcia et al., 2022). Another positive result was reported in
influenza detection, where optical spectroscopy paired with soft inde-
pendent modeling of class analogy (SIMCA) successfully identified
influenza infection in all 33 patients (100 % accuracy) (Sakudo et al.,
2012). In a separate study on human immunodeficiency virus (HIV), a
strong correlation (R > 0.8) was observed between optical spectroscopy
measurements and ELISA results across 12 subjects (Sakudo et al.,
2005). Collectively, these findings highlight the significant potential of
optical spectroscopy as a reliable tool for viral detection.

In this study, optical spectroscopy is employed to measure extracted
SARS-CoV-2 S-proteins and clinical SARS-CoV-2 virus samples. First, the
optimal detection wavelength for the SARS-CoV-2 S-protein is deter-
mined based on normalized transmittance (%T) spectra, corresponding
to a prominent absorption peak. The influence of various system pa-
rameters is also assessed by altering the fiber diameters on both the
transmission and reception sides. Subsequently, the specificity of the
SARS-CoV-2 protein is evaluated using a principal component analysis
(PCA) model by comparing it with proteins from other diseases that
share similar clinical symptoms, such as fever, cough, and fatigue. These
comparator proteins include the SARS-CoV protein and the rBmSXP
protein, which are associated with respiratory infections from the
coronavirus family and Brugia malayi, respectively (Zhou et al., 2021).
Finally, a clinical study is conducted to determine the correlation be-
tween the transmittance (%7T) measured by optical spectroscopy and the
quantification cycle (Cq) values obtained from RT-qPCR. This study
differs from the previous works on COVID-19 detection using optical
spectroscopy, as those studies did not optimize the system to determine
the most effective optical parameters. Most previous approaches directly
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employed optical spectroscopy for clinical measurements without prior
system refinement (Rumaling et al., 2023). In contrast, the present study
optimizes both the detection wavelength and the fiber diameter con-
figurations. Another key distinction lies in the choice of target analyte:
this study focuses on the SARS-CoV-2 S-protein, whereas past studies
targeted viral RNA (Kitane et al., 2021; Minamikawa et al., 2021) or
N-protein (Coelho et al., 2024). Some studies even analyzed the whole
virus directly without selecting a specific molecular target. In another
study, optical spectroscopy was combined with electrostatic potential
sensing, using immobilized antibodies bound to the N-protein onto
aluminum electrodes that were attached to a cuvette (Al Ahmad et al.,
2021). Although this opto-electrochemical assay demonstrated a
promising figure of merit (FOM <1), it still required complex procedures
involving ligand development and immobilization. In this study, tar-
geting the S-protein using the optimized wavelength yields a relatively
stronger optical response, as the large S-protein is located on the
outermost surface of the SARS-CoV-2 virion. Furthermore, unlike earlier
works that only distinguished between COVID-19-positive and negative
samples, this study also considers other infectious diseases with over-
lapping clinical symptoms.

2. Experimental section

2.1. Preparation of SARS-CoV-2 protein and clinical SARS-CoV-2
samples

Samples of human coronavirus SARS-CoV-2 spike protein RBD (1
mg/mL, 50 pg; ab273065, Batch No.: GR3338712-8) and SARS-CoV
envelope protein (1 mg/mL, 100 pg; ab270833, Batch No.:
GR3424498-1) were purchased from Abcam. The recombinant BmSXP
protein sample was obtained from the INFORMM biobank. All protein
samples were stored at —80 °C prior to dilution and measurement. The
spike protein, in particular, was chosen as it plays a critical role in host
cell recognition and entry, making it a suitable biomarker for detection
strategies. The rBmSXP protein, although parasitic in origin, shares
overlapping symptoms such as fever and malaise with viral infections,
which justifies its inclusion as a negative control.

Nasopharyngeal swab samples from COVID-19 patients were
collected and immersed in viral transport media (VTM), then stored at
—80 °C at the Department of Medical Microbiology and Parasitology,
School of Medical Sciences, Universiti Sains Malaysia. The collection
was carried out between 2021 and 2022. Total nucleic acids were
extracted using the Genolution Nextractor® NX-48N automated DNA/
RNA isolation system (Genolution Inc., Seoul, Korea), following the
manufacturer’s protocol. Approximately 60 pL of eluted nucleic acid
was obtained from each sample and stored in 1.5 mL microcentrifuge
tubes at —80 °C for subsequent amplification via RT-qPCR. The clinical
sample collection and related research procedures were approved by the
Human Research Ethics Committee (JEPeM), Hospital Universiti Sains
Malaysia (Protocol No.: USM/JEPeM/COVID19-44).

2.2. Measurement of SARS-CoV-2 protein

SARS-CoV-2 spike protein was initially used as the target analyte to
evaluate its optical characteristics in the absence of other viral compo-
nents (e.g., RNA, membrane proteins) and to facilitate system optimi-
zation. Prior to measurement, SARS-CoV-2 protein, SARS-CoV protein,
and rBmSXP protein were diluted in phosphate-buffered saline (PBS, pH
7.4) in the concentration ranging from 0 to 100 ng/pL in 20 ng/pL in-
crements. A deuterium-halogen light source (AvaLight-DH-S, Avantes;
200-2500 nm) and a spectrometer (AvaSpec-ULS2048CL-EVO-RS-UA,
Avantes; 200-1100 nm) were allowed to stabilize for 30 min. Reference
and dark spectra were recorded using an empty quartz micro cuvette
(two-window, 1 x 2 mm window size, 8.5 mm optical path height, 100
pL volume). Protein samples were introduced into the cuvette using a
micropipette in ascending concentration order.
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Optical radiation from the light source was transmitted through the
sample via a sub-miniature assembly (SMA) optical fiber (Ocean Optics).
Transmitted light was collected by a second SMA fiber and captured by
the spectrometer. Spectral data were acquired using AvaSoft 8 software,
with 16 measurements recorded for each sample. To optimize the fiber
configuration, three combinations of Tx—Rx fiber core sizes were eval-
uated: 600-400 pm, 600-100 pm, and 200-400 pm. The purpose of
testing on SMA fiber combinations is to systematically investigate light
coupling efficiency and scattering losses impact on the transmittance
spectra across a range of analyte concentrations. All measurements were
performed in triplicate on separate days for each concentration, and
data were recorded independently. The cuvette was thoroughly rinsed
with ultrapure water between sample runs. The same procedure was
repeated using SARS-CoV and rBmSXP proteins to assess specificity and
comparative optical signatures.

2.3. Measurement of clinical SARS-CoV-2 samples

Reverse transcription quantitative polymerase chain reaction (RT-
gPCR) was conducted to analyze clinical SARS-CoV-2 samples, and
quantification cycle (Cq) values were obtained using the LyteStar™
2019-nCoV RT-PCR kit (ADT Biotech, Selangor, Malaysia). Each 25 pL
PCR reaction mixture contained 13.5 pL of Master Mix A, 6.5 pL of
Master Mix B, 0.5 pL of internal control, and 5 L of eluted nucleic acid
extracted from viral transport media (VITM). The RT-qPCR cycling pro-
tocol was as follows: reverse transcription at 50 °C for 30 min, initial
denaturation at 95 °C for 15 min, followed by 45 amplification cycles
consisting of 95 °C for 15 s and 58 °C for 45 s. The same clinical samples
were subsequently measured using the optical spectroscopy setup as
described in Section 2.2, employing the optimized transmitter-receiver
(Tx-Rx) fiber combination that has been identified in Section 2.2. The
clinical SARS-CoV-2 samples were directly introduced into the cuvette
for optical measurements without any prior preprocessing steps such as
centrifugation, dilution, or filtration. This approach was intended to
preserve the clinically relevant condition of the samples and to assess the
practical applicability of the assay for potential point-of-care use. The
micro cuvette was thoroughly cleaned and rinsed with ultrapure water
prior to each sample measurement. All procedures involving clinical
samples were conducted under biosafety conditions, adhering to insti-
tutional guidelines. Negative and positive controls were included during
RT-qPCR amplification to ensure assay validity and to detect potential
contamination or inhibition.

2.4. Data analysis

The optimal wavelength for SARS-CoV-2 protein detection was
determined using a multivariate statistical method, which was Principal
Component Analysis (PCA). The PCA was conducted using Unscrambler
X software (v10.3, CAMO, Oslo, Norway). All protein samples across
concentrations were visualized in a two-dimensional (2D) PCA score
plot based on the first two principal components (PC1 and PC2), which
capture the highest spectral variance. PCA was selected due to its ca-
pacity to reduce high-dimensional spectral data into principal axes,
allowing visual clustering and discrimination among closely related
protein signatures.

The optimal Tx—Rx fiber configuration was determined by calcu-
lating the change in %T per concentration unit (i.e., %/ng/pL) for three
Tx—Rx combinations: 600-400 pm, 600-100 pm, and 200-400 pm. The
%T versus concentration graphs were plotted using linear regression in
MATLAB (R2023b; MathWorks, Natick, MA), with error bars repre-
senting standard deviations.

To assess clinical relevance, the correlation between %T values from
optical spectroscopy and Cq values obtained from RT-qPCR was calcu-
lated in MATLAB. Statistical performance was evaluated based on the
correlation coefficient (R) derived from an ordinary linear regression
model, with %T treated as the dependent variable and Cq value as the
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reference. All regression analyses were performed with 95 % confidence
intervals, and p-values <0.05 were considered statistically significant.

3. Results and discussion
3.1. Optimization of optical spectroscopy system

The optimization focuses on three key attributes: wavelength, optical
fiber core diameter, and specificity. The first optimization that involves
wavelength, is illustrated by the normalized transmittance (%7T) spectra
of SARS-CoV-2 protein across the 200-1100 nm range, as shown in
Fig. 1. Two distinct minima are observed in the spectra, indicating sig-
nificant absorption features at approximately 275 nm and 970 nm.
These correspond to the primary constituents of the SARS-CoV-2 protein
and water (PBS), respectively (Antosiewicz and Shugar, 2016; Jacques,
2013). A clear inverse relationship between protein concentration and
transmittance at 275 nm is evident, where higher protein concentrations
result in greater light absorption, and consequently, lower %T values.
Notably, the 0 ng/pL sample exhibits no pronounced absorption features
at 275 nm, confirming the absence of the target analyte (S-protein) in
the solution. The identification of 275 nm as the optimal detection
wavelength suggests a dominant contribution from protein-specific
chromophores to the observed signal. Furthermore, across the full
spectrum, the curves exhibit minimal baseline fluctuation, reflecting the
stability and reproducibility of the optical system. The secondary spec-
tral minimum at approximately 970 nm, attributed to water absorption
in the PBS buffer, may serve as an internal reference for background
correction or signal normalization.

In practical applications, the absorbance ratio at 260 nm and 280 nm
(A260/A280) is a standard metric used in molecular biology to assess
the purity and concentration of nucleic acids and proteins (Desjardins
and Conklin, 2010). Nucleic acids such as DNA and RNA typically
exhibit strong absorption at 260 nm, whereas proteins absorb around
280 nm due to the presence of aromatic amino acids such as tryptophan,
tyrosine, and phenylalanine. These amino acids, particularly phenylal-
anine and tyrosine have been identified as potential biomarkers for
distinguishing COVID-19 cases ranging from mild to severe (Edelhoch,

Biosensors and Bioelectronics: X 26 (2025) 100663

1967). The slight shift in protein absorbance observed in this study (275
nm instead of 280 nm) may be attributed to variations in the relative
composition of these aromatic residues in the SARS-CoV-2 protein.
Specifically, phenylalanine is the most abundant (6.5 %), followed by
tyrosine (5.5 %) and tryptophan (2.9 %) (Luporini et al., 2021). This
contrasts in SARS-CoV, where Howard et al., found that, six out of
fourteen amino acid residues were tryptophan and tyrosine, with tryp-
tophan being more abundant than tyrosine, and phenylalanine being the
least (Howard et al., 2008). The absorbance ratio at 260 nm and 280 nm
in SARS-CoV-2 positive samples is further supported by the finding from
Rumaling et al., where distinct absorbance peaks were observed at both
wavelengths (Rumaling et al., 2023). However, their negative samples
also exhibited similar peaks, most likely due to the used of specific type
of sample buffer. In contrast, other studies have reported various
absorbance peaks at 450 nm, 850 nm, 1100 nm, and 1350 nm (Coelho
et al.,, 2024), as those measurements were conducted on whole
SARS-CoV-2 virus samples without targeting any specific analyte.

Fig. 2 shows the normalized transmittance, (%7T), plotted against
concentration of SARS-CoV-2 protein for three combinations of Tx-Rx
optical fibers; 600-100 pm, 200-400 pm, and 600-400 pm. Among
these, the 600-400 pm configuration exhibits the highest sensitivity,
with a slope of 0.5336 % T reduction per 1 ng/pL, indicating superior
responsiveness to the changes in analyte concentration. In comparison,
the 600-100 pm and 200-400 pm combinations yield sensitivity values
of 0.2406 %/(ng/pL) and 0.2046 %/(ng/pL), respectively. Although the
600-400 pm setup showed a relatively higher coefficient of variation
(CV) of 8.89 % compared to the 600-100 pm (3.79 %) and 200-400 pm
(6.31 %) configurations, all values remained within the acceptable
threshold for analytical applications (CV < 10 %) (Selinger et al., 2014).
Additionally, the smaller error bars associated with the 600-400 pm
setup further support its stability and reproducibility across repeated
measurements. Considering both sensitivity and consistency, the
600-400 pm configuration was selected as the optimal fiber setup for
subsequent experiments.

Although several previous studies on COVID-19 detection have re-
ported sensitivity enhancement using optical fibers with smaller core
diameters, such improvements are typically linked to specialized fiber
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Fig. 1. Normalized transmittance (%T) spectra of the SARS-CoV-2 protein in different concentration from 0 ng/pL to 100 ng/pL in 20 ng/pL intervals.



F.H. Mustafa et al.

Biosensors and Bioelectronics: X 26 (2025) 100663

100 T T T T T T T T
d - 200-400um: y= -0.2406 x + 96.7
90, -l R?=0.97 ]
S T~
> 80 ~~. .
% i o~ 4
'E 70 ke 600-400um: y= -0.5336 x + 94.19 @
2 —
@ % R%=0.95
S 60
[} —_ ""...,
£ ool 600-100um: y= -0.2046 x + 70.4
S R%=0.94
40
30 1 1 1 1 1 1 1 1 1

0 10 20 30 40

50 60 70 80 90

Concentration (ng/ulL)

Fig. 2. %T against SARS-CoV-2 protein concentration at 275 nm for three combinations of Tx-Rx fiber diameter: 600-400 pm, 200-400 ym, and 600-100 pm.

modifications, such as tapered fibers or plasmonic surface enhance-
ments (De Acha et al., 2021). Tapered fiber techniques, for instance,
enhance light-sample interaction by reducing the core diameter to the
micrometer scale, thereby increasing the penetration depth of the
evanescent field (Borjikhani et al., 2025). In contrast, the present study
employs standard multimode optical fibers without any tapering or
plasmonic modifications. Nonetheless, similar studies using standard
multimode fibers for glucose sensing and subcutaneous detection have
reported results consistent with the findings of this work. In those
studies, larger core diameters were found to improve detection perfor-
mance for glucose concentrations and subcutaneous thicknesses within
physiological ranges (Mustafa et al., 2016; Rodriguez-Rodriguez et al.,
2025). This is likely due to the fact that larger fiber cores have a higher
acceptance angle (0,), which allows a greater amount of light to enter
and exit the fibers at both the transmitting and receiving ends (Willner,
2019), thereby mitigating attenuation effects such as absorption.
Further analysis on specificity using PCA score plots for all concen-
trations (0 ng/pL to 100 ng/pL in 20 ng/pL intervals), based on the full
spectrum (200-1100 nm) and the single wavelength of 275 nm are
illustrated in Fig. 3(a) and (b), respectively. Note that the optimized Tx-
Rx (600-400 pm) was consistently employed in all subsequent mea-
surements to ensure reliability and reproducibility across the PCA ana-
lyses. The PCA score plot for the full spectrum (Fig. 3(a)) shows that the
first principal component accounts for 50 % of the variability in the %T
spectra among SARS-CoV-2 protein, SARS-CoV protein, and rBmSXP
protein. Redundancy between SARS-CoV-2 and SARS-CoV proteins is
clearly observed, whereas the rBmSXP protein is successfully discrimi-
nated at all concentrations. When using the optimal single wavelength
(275 nm), the PCA result (Fig. 3(b)) shows a marked improvement, with
the explained variance increasing to 100 %. At this wavelength, all three
proteins were completely differentiated across all concentrations.
Notably, the SARS-CoV-2 protein data points are scattered according to
concentration, indicating concentration-dependent variability. These
findings not only enable discrimination between COVID-19 and other
infectious diseases but also show potential for distinguishing between
healthy individuals and patients with mild, moderate, or severe

infections.

Specificity attribution becomes especially critical when using optical
spectroscopy for pathogen detection. Unlike biosensor technologies
where ligands selectively bind to the target analyte, the absence of such
specific binding in optical spectroscopy method makes this approach
heavily reliant on additional techniques such as statistical modelling and
machine learning (Wu et al., 2022).The fundamental mechanism before
applying these techniques involves several signal processing steps on the
raw optical response that is captured by the detector. These
pre-processing steps typically include interpolation, smoothing, baseline
correction, and the calculation of first and second derivatives (Osco
et al., 2022). The purposes of these techniques are to enhance spectral
features, remove baseline noise, identify redundant peaks, and minimize
baseline shifts. This approach is consistent with the work by B.F.
Rumaling et al. on COVID-19 detection, in which signal smoothing using
the Savitzky-Golay filter was performed prior to PCA analysis (Rumaling
et al., 2023). In contrast, the present study demonstrates the stability of
the optical system by applying the PCA directly to raw transmittance
data without any prior pre-processing.

Principal component analysis (PCA) is classified as an unsupervised
machine learning technique because it does not require class labels to
analyze the data, unlike supervised learning algorithms (Younes et al.,
2023). PCA is commonly used to reduce dimensionality, reveal hidden
structures in the data, and visualize clusters based on variation. In this
study, PCA is applied to differentiate between various protein types and
concentrations. There was a previous study aimed to distinguish be-
tween infected and uninfected COVID-19 samples by combining PCA
with a supervised method known as linear discriminant analysis (LDA),
following signal pre-processing (Rumaling et al., 2023). Although the
method achieved a specificity of 90 %, a notable limitation was identi-
fied. Since PCA does not incorporate class labels during dimensionality
reduction, it may discard important features necessary for effective class
separation using LDA. Therefore, selecting an appropriate number of
principal components is crucial to preserve class-relevant information. A
notable study applied supervised machine learning for COVID-19
detection using algorithms such as Support Vector Machine (SVM),
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Fig. 3. PCA score plots of all concentrations for full spectrum (200 nm-1100 wavelength range), and (b) PCA score plots of all concentrations at the specific

wavelength of 275 nm.

Random Forest, and Naive Bayes; however, it required spectral signal
pre-processing prior to classification. In contrast, the present study
demonstrates the ability to distinguish SARS-CoV-2 from SARS-CoV and

rBmSXP proteins without any signal pre-processing (Coelho et al.,
2024). In contrast, the present study demonstrates the ability to distin-
guish SARS-CoV-2 from SARS-CoV and rBmSXP proteins without any

signal pre-processing. This highlights the potential of the optical spec-
troscopy approach, combined with unsupervised analysis, for rapid and
reagent-free pathogen discrimination in clinical settings.
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3.2. Measurement of clinical SARS-CoV-2 virus

The statistical data for 21 clinical COVID-19 samples based on the Cq
values obtained from RT-qPCR measurements are summarized in
Table 1. The Cq values range from 17 to 37, covering the spectrum from
severe COVID-19 infection to the normal (non-infectious) category (van
Rossum et al., 2023). In Table 1, the close proximity between the mean
(27.49 + 6.37) and the median (28) suggests that the dataset is rela-
tively symmetrical or normally distributed. Fig. 4 illustrates the
normalized transmittance (%7T) spectra for samples with high, middle
and low Cq values. A zoomed-in view in the inset reveals a spectral shift
from 275 nm, where the peaks of the three %T curves do not align
precisely at this wavelength. This shift may be attributed to the presence
of various viral components beyond the S-protein, such as membrane
proteins, RNA, and N-proteins. Notably, the sample with a lower Cq
value, which indicates a higher viral load, demonstrates increased light
absorption and consequently a lower %T reading. The lower trans-
mittance observed in high viral load samples may also reflect increasing
concentrations of viral RNA, nucleocapsid (N) proteins, or other virion
components that absorb UV light. These findings align with the known
absorption characteristics of nucleic acids and amino acids in viral
proteins.

Additional absorption minima are also observed near 430 nm and
570 nm, consistent with a previous study that used UV-VIS-NIR spec-
troscopy on clinical SARS-CoV-2 virus samples obtained from swab tests
(Rumaling et al., 2023). In contract, a study that measured SARS-CoV-2
virus in serum samples yielded different absorption features, with
prominent peaks in the range from 780 nm to 1500 nm (Coelho et al.,
2024). The variations in absorption spectra across sample types high-
light the importance of selecting an appropriate detection wavelength.
This emphasizes the relevance of the wavelength optimization process as
described in Section 3.1, to ensure the most suitable wavelength is used
in subsequent detection steps. While the sample size is modest (n = 21),
it still captures a representative range of clinical severity, enabling a
preliminary assessment of spectral trends across infection levels.

In the statistical analysis, the ratio of transmittance (%7T) at 275 nm
(associated with protein absorbance) to 970 nm (associated with water
absorbance) was utilized for baseline normalization and offset correc-
tion (Mustafa et al., 2016b). A correlation analysis was performed to
assess the relationship between the %T ratio (275 nm/970 nm) and the
Cq values obtained from RT-qPCR as shown in Fig. 5. A positive corre-
lation was obtained (Pearson’s R = 0.6038, p = 0.0037), indicating a
statistically significant linear association between the two measure-
ments. The dispersion of data points around the regression line in Fig. 5
resulted in a root mean square error (RMSE) of 0.0775. Notably, the
linear regression line does not intersect the origin, leading to an eleva-
tion of predicted transmittance values across the entire range. This offset
contributes to the overestimation of optical signal intensity, particularly
in samples with low Cq values.

Several factors may contribute to the limited predictive performance
of the model. In particular, the optical signal may be affected by vari-
ables such as sample turbidity, background matrix effects, and variation
in sample preparation - all of which are not accounted for in the present
regression framework. Note that this study utilized native clinical SARS-
CoV-2 samples, which were introduced directly into the optical detec-
tion system without any prior pre-processing steps. This approach was
applied to maintain the samples’ clinically relevant state and to assess
the feasibility of the assay under conditions that closely resemble point-
of-care settings. While this strategy enhances the real-world applica-
bility of the method, it may also introduce matrix effects due to the

Table 1
Statistical data of Cq value from RT-qPCR measurement (n = 21).
Range Mean + SD Median
Cq value from RT-qPCR measurements 17-37 27.49 + 6.37 28
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presence of heterogeneous biological components, potentially affecting
signal accuracy and reproducibility. Future optimization efforts should
consider evaluating various sample pre-treatment strategies such as mild
centrifugation, buffer exchange, or selective filtration to mitigate
matrix-related interference while preserving clinical relevance. These
improvements could further enhance the reliability and diagnostic
performance of the optical assay in practical settings.

On the other hand, analytical performance may also be improved by
integrating the optical spectroscopic platform with signal correction
mechanisms or embedded modeling strategies for overestimation and
measurement bias. Embedded correction mechanisms have proven
effective in other spectroscopic platforms. For example, fNIRS systems
have implemented auto-calibrated loops to continuously adjust offset
currents caused by ambient light and tissue background, improving
signal fidelity (Khan et al., 2025). Similarly, Gaussian Process models
have been successfully employed to address correlated spectra in their
transmission spectroscopy (Gibson et al., 2012). By integrating analo-
gous embedded modeling or calibration modules in the optical platform
such as baseline offset correction or systematic error modeling, it could
substantially reduce overestimation bias and enhance performance in
clinical samples. Additional improvements that could be achieved are by
stratifying the dataset based on Cq thresholds (e.g., distinguishing be-
tween high and low viral load samples), where this may also help to
reduce intra-group variability and improve interpretability. Further-
more, expanding the dataset beyond the current 21 samples is critical to
increase statistical power and reinforce the robustness of the model.

4. Conclusion

The proposed optical spectroscopy technique offers an advantage
over conventional biosensors by being ligand-free and eliminating
additional laboratory procedures, which are typically associated with
ligand development, ligand immobilization, and surface functionaliza-
tion. Furthermore, this study did not involve any pre-processing of raw
optical transmittance signal, making it more robust than other studies
utilizing similar optical spectroscopy approaches for COVID-19 detec-
tion. From the optimization study, the optimal detection wavelength for
the SARS-CoV-2 protein was identified at 275 nm. A specificity of 100 %
was achieved by comparing SARS-CoV-2 protein with other proteins,
namely SARS-CoV and rBmSXP. The optimal Tx-Rx fiber size configu-
ration was determined to be 600-400 pm. Clinical sample measurements
of SARS-CoV-2 showed a correlation coefficient (R) of 0.6038 between
the optical spectroscopy transmittance (%7T) and the RT-qPCR Cq values,
with statistically significant RMSE and p-values. These findings
demonstrate that optical spectroscopy is a promising method for SARS-
CoV-2 protein detection. However, this study can be further improved
by placing greater emphasis on clinical measurement analysis, including
background effect evaluation, performance metric assessment (e.g.,
sensitivity, limit of detection), and cross-reactivity testing with other
respiratory diseases (e.g., influenza, respiratory syncytial virus), all
supported by a larger clinical sample size (i.e., more than 21 samples).
For future development toward a portable and compact free-space
configuration, it is suggested to use light-emitting diodes (LED) at the
optimal wavelength (e.g., 275 nm) along with a reference wavelength
(e.g., 970 nm). On the receptor side, a photodiode that is optically
coupled with a cosine corrector is recommended to enable light collec-
tion over a 180° field of view (as the cosine corrector has a 0, of 180° or a
numerical aperture of 1.0). In conclusion, the proposed optical spec-
troscopic method has strong potential for the detection of COVID-19 and
other infectious diseases in future applications.
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