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The COVID-19 pandemic has created a demanding need for fast, sensitive,
and reliable diagnostic methods to identify viral infections like SARS-CoV-2.
In response, surface plasmon resonance (SPR) biosensors have emerged as
effective tools for detecting biomolecules. This theoretical study focuses on
designing and refining multilayer SPR biosensor configuration to ensure high
sensitivity and stability. The optimized configuration consists of a thin silver
layer, a silicon nitride layer, a single graphene layer, and a ssDNA bioreceptor
layer, each tailored to improve the effectiveness of the proposed biosensor. The
capability of the biosensor to detect SARS-CoV-2 is assessed by analyzing its
SPR response, specifically examining variations in resonance angle, attenuation,
full width at half maximum, and sensitivity across a range of viral concentrations.
Additionally, this study evaluated performance metrics such as refractive index
sensitivity, detection accuracy, and quality factor to determine the effectiveness
of the biosensor against SARS-CoV-2. Then, this work establishes a basis for
further development of SPR biosensors aimed at various viral and biomolecular
targets, supporting advances in biosensing technology and the creation of
effective diagnostic tools to address current and future health challenges.
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1 Introduction

The widespread impact of the COVID-19 pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [1], has generated an urgent need for diagnostic
tools that are rapid, sensitive, and reliable [2]. Early detection is essential to control
virus transmission and improve patient outcomes. Conventional diagnostic techniques,
including reverse transcription polymerase chain reaction (RT-PCR) [3] and enzyme-
linked immunosorbent assays (ELISA) [4], are widely used due to their high accuracy.
However, they face several limitations, such as lengthy processing times, high costs, and
the requirement for advanced laboratory infrastructure, which restricts their accessibility
and scalability, particularly in resource-limited settings. These limitations stem from the
technical demands of the assays, which include complex sample preparation, the need for
precise thermal cycling in RT-PCR, and the use of specialized reagents and equipment
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[5]. To address these challenges, considerable research has been
dedicated to developing alternative virus detection methods. For
instance, optical trapping techniques, such as those described in
recent work using dielectric bowtie nanostructures, offer innovative
approaches to nanoparticle trapping and virus detection by enabling
efficient confinement of optical forces while maintaining low
thermal effects, thereby preserving sample integrity [6]. This
ongoing research into biosensing platforms seeks to overcome the
constraints of traditional diagnostics and enables point-of-care
testing for broader applications.

In parallel, biosensors have emerged as powerful tools for the
detection of various biomolecules and pathogens due to their ability
to convert biological responses into measurable signals [7]. Among
the different types of biosensors, surface plasmon resonance (SPR)
biosensors stand out for their label-free and real-time detection
capabilities [8]. SPR is an optical phenomenon that occurs when
polarized light interacts with a metal-dielectric interface, resulting
in the generation of surface plasmons [9]. The resonance condition
is highly sensitive to changes in the refractive index near the sensor
surface, making SPR biosensors exceptionally sensitive to molecular
binding features [10]. This technology has been successfully
applied in numerous fields, including clinical diagnostics [11],
environmental monitoring [12], and food safety [13].

In terms of effectiveness, SPR biosensors can be enhanced by
incorporating advanced materials such as two-dimensional (2D)
materials [14] or 2D periodic arrangements of one-dimensional
(1D) systems [15]. Particularly, 2D materials such as graphene,
hexagonal boron nitride (h-BN), transition metal dichalcogenides
(TMDs) (e.g., MoS₂, WS₂, and MoSe₂), phosphorene (black
phosphorus), MXenes (e.g., Ti₃C₂, Ti₂C), silicene, germanene,
stanene, antimonene, and tellurene, exhibit unique electronic,
mechanical, and optical properties that make them ideal for
sensing applications [16]. Among these materials, graphene has
received considerable attention due to its exceptional electrical
conductivity, high surface area, and biocompatibility [17]. These
properties allow graphene to serve as an effective transduction
layer in SPR biosensors, improving signal strength and sensitivity
[18]. Particularly, the large surface area of graphene is expected
to facilitate the high-density immobilization of receptors, thereby
increasing the capacity of graphene to capture target analytes [19].

Advancements have demonstrated the potential of integrating
graphene with SPR biosensors for the detection of various biological
targets, including viral pathogens [20]. The functionalization of
graphene with specific receptors, such as antibodies or aptamers,
enables the selective and sensitive detection of SARS-CoV-2,
offering a promising alternative to traditional diagnostic methods
[21]. Moreover, combining graphene with other materials, such as
silicon nitride, can further enhance the stability and performance of
the biosensor as observed by using black phosphorous [22]. Silicon
nitride, known for its chemical stability and transparency, can be
used as a protective layer or a waveguide in the biosensor design,
contributing to improved signal integrity and robustness [23].

With this in mind, the present work focuses on the theoretical
study of a multilayer SPR biosensor, incorporating graphene and
silicon nitride for the sensitive and specific detection of SARS-CoV-
2 at different concentrations. This analysis is based on numerical
simulations to determine the reflectance of the systems under
investigation, utilizing the Transfer Matrix Method (TMM) and

Fresnel equations [20, 24]. The multilayer configuration is designed
to enhance the performance of the sensor by leveraging the unique
properties of these materials. The high electron mobility and
surface area of graphene are expected to improve the sensitivity
of the biosensor, while silicon nitride provides structural stability
and optical clarity. This biosensor aims to achieve rapid, accurate
detection of SARS-CoV-2, potentially offering a powerful tool for
point-of-care diagnostics and epidemiological monitoring.

2 Methodology

2.1 Biosensor configuration

The proposed multilayer SPR biosensor is depicted in
Figure 1. This sensor architecture integrates multiple layers,
originating different configurations from the most basic to the
most complex structures (Supplementary Table S1). The base of
the biosensor is a BK-7 prism, which serves as the coupling
medium for the incident light beam. BK-7 glass is characterized
by its excellent optical transparency across the visible and near-
infrared spectrum and has a refractive index of about 1.5151 at
633 nm (Supplementary Table S2) [25]. The high optical quality
and availability of BK-7 glass make it a standard choice in SPR
sensor configurations compared to other conventional prisms
such as SF10 [20].

The plasmonic component of the sensor is a thin silver (Ag)
film deposited on the BK-7 prism. Silver is favored over other
metals such as gold due to its superior plasmonic properties,
which result in a sharper and more defined resonance peak [26].
While silver is susceptible to oxidation, this issue is effectively
mitigated by the protective silicon nitride layer, which safeguards
the silver surface from degradation. Then, a thin layer of silicon
nitride (Si3N4) is deposited over the silver film. As claimed, Si3N4
acts as a protective dielectric layer, shielding the silver film from
oxidation while maintaining the structural stability of the biosensor
[27]. Additionally, the dielectric properties of Si3N4 contribute to
enhancing the electromagnetic field at the sensor surface, which is
crucial for effective signal transduction [28]. This layer also serves
as a compatible substrate for the subsequent deposition of graphene.
Graphene, a single layer of carbon atoms arranged in a hexagonal
lattice [29], is employed as the primary transduction layer in the
biosensor. In particular, the high conductivity of graphene facilitates
efficient signal amplification, while its biocompatibility allows for
the stable immobilization of biomolecules [24].

Lastly, the biosensor surface is functionalized with a thiol-
tethered ssDNA layer designed to capture complementary sequences
of SARS-CoV-2 RNA [30]. The thiol group provides a robust
and stable covalent bond to the graphene surface, ensuring that
the ssDNA molecules are anchored and properly oriented. This
configuration not only enhances the selectivity of the sensor but
also minimizes non-specific binding, which is critical for achieving
low detection limits in complex biological samples. The use of the
ssDNA layer as the biorecognition element relies on the principle of
complementary base pairing, amolecularmechanismwhere specific
nucleotide bases in DNA or RNA naturally form hydrogen bonds
with their complementary counterparts (i.e., adenine pairs with
thymine or uracil, and cytosine pairs with guanine) [31].This precise
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FIGURE 1
SPR Biosensor proposed for sensing SARS-CoV-2.

pairing enables the ssDNA layer to selectively bind to the target
viral RNA sequence, allowing the biosensor to detect the presence
of SARS-CoV-2 RNA with high specificity and accuracy.

Supplementary Table S1 shows a systematic progression of
biosensor configurations analyzed in this study, starting from
a basic setup and advancing to more complex structures. The
simplest configuration, Sys0, encompasses only the prism, silver
layer, and medium (P/Ag/M), representing a conventional SPR
sensor. Adding a silicon nitride layer in Sys1 (P/Ag/SN/M) is
expected to improve structural stability but lacks target detection
capability. Introducing a thiol-tethered ssDNA layer in Sys2
(P/Ag/SN/T/M) provides specific binding sites for SARS-CoV-2
RNA, which is expected to enhance the selectivity of the sensor.
Similarly, the incorporation of graphene in Sys3 (P/Ag/G/M)
is expected to improve the sensitivity due to its high surface
area and excellent electronic properties. Further functionalization
with ssDNA in Sys4 (P/Ag/G/T/M) enhances both sensitivity and
specificity. Configurations Sys5 and Sys6 explore different layer
sequences of Si3N4 and graphene, affecting the sensor performance.
The final configurations, Sys7 and Sys8, integrate all components
(P/Ag/SN/G/T/M and P/Ag/G/SN/T/M), suggesting the optimal
balance of sensitivity, stability, and specificity.

To further emphasize, the specific order of layers in the final
configurations, Sys7 (P/Ag/SN/G/T/M) and Sys8 (P/Ag/G/SN/T/M)
were chosen to evaluate how layer arrangement impacts sensor
performance. In Sys7, the Si₃N₄ layer is placed directly on top of
the Ag layer, which provides immediate protection against silver
oxidation and stabilizes the plasmonic properties essential for sharp
resonance. This arrangement enables the graphene layer to be
positioned above the Si₃N₄, maximizing its role as a transduction
layer by enhancing signal amplification. The thiol-tethered ssDNA

layer sits on top, directly interfacing with the samplemedium, where
it acts as the primary biorecognition element, capturing SARS-CoV-
2 RNA with high specificity due to complementary base pairing.

In Sys8, the sequence of graphene and silicon nitride layers
is reversed. By placing graphene directly on the silver surface,
Sys8 aims to exploit the strong interaction between graphene
and silver, which can enhance electron transfer processes and
potentially further increase sensitivity. However, the Si₃N₄ layer in
this configuration still serves as a protective barrier, though above
the graphene layer. After testing both configurations, Sys7 was found
to be the optimized version (discussed below). Additionally, the
experimental feasibility of this type of graphene-based biosensors
has been widely reported [32].

Supplementary Table S2 presents the initial parameters (i.e.,
refractive index and thickness) for each layer in the proposed
biosensor before optimization. To emphasize, the BK-7 prism
(refractive index 1.5151) provides efficient light coupling. A 55 nm
silver layer (refractive index 0.056253 + 4.2760i) is selected to
generate a sharp plasmonic resonance.The 5 nm silicon nitride layer
(refractive index 2.0394) enhances the field intensity at the sensor
surface, while the graphene layer (thickness 0.34 nm, refractive
index 2.7611 + 1.6987i) amplifies the sensor signal due to its
excellent plasmonic properties. The thiol-tethered ssDNA layer
(thickness 3.20 nm, refractive index 1.462) offers specific binding
sites for the viral RNA, ensuring targeted detection.

2.2 Modeling approach

We have carried out a numerical analysis to calculate the
reflectance curve using TMMand Fresnel equation, see details about
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the mathematical model in [20, 24], for details see Supplementary
Information.Then, the total reflection analysis of the N-layer system
is obtained as:

R = |
(M11 +M12qN)q1 − (M21 +M22qN)
(M11 +M12qN)q1 + (M21 +M22qN)

|
2

It is noted that for each SPR curve, surface plasmon excitation
is identified as a dip in the reflected intensity R, corresponding
to the minimum in attenuated total reflection (ATR). The angle
of incidence at ATR minimum is called the SPR angle. Now, to
analyze the performance of the biosensor is necessary to consider the
followingmetrics, particularlly, to optimize the biosensor, wemainly
focus on the sensitivity enhancement concerning conventional
biosensors (i.e., P/Ag/M) (here N is the N− parameter to be
optimized) expressed as:

∆SNRI = (S
N
RI − S

0
RI)/S

0
RI (1)

The sensitivity to the refractive index change can be expressed as:

SNRI = ∆θ/∆n (2)

The parameter ∆θ represents the angle variation. The detection
accuracy (DA) (i.e., signal-to-noise ratio) can be expressed in terms
∆θ and full width at half maximum (FWHM) as:

DA = ∆θ/FWHM (3)

Finally, quality factor (QF) can be expressed in terms of S
and FWHM as:

QF = SNRI/FWHM (4)

3 Results and discussions

3.1 Finding the best system configuration

Figure 2 shows the reflectance curves for different system
configurations as a function of the angle of incidence ranging
from 60° to 80°. Each panel compares the SPR response of a
specific set of configurations against the baseline system (Sys0,
black). In Figure 2A, the addition of a Si3N4 layer (Sys1, green)
and a thiol-tethered ssDNA layer (Sys2, darker green) to the
baseline configuration is shown. Both configurations demonstrate
a noticeable shift in the SPR angle compared to Sys0. The
introduction of Si3N4 increases the refractive index at the interface,
causing a shift towards higher incidence angles as well as the
inclusion of the ssDNA layer in Sys2 further accentuates this shift.
Similarly, Figure 2B shows the impact of incorporating graphene
(Sys3, cyan) and its subsequent functionalization with ssDNA (Sys4,
blue). The presence of graphene sharpens the resonance dip and
causes a slight SPR angle shift compared to Sys0. Functionalizing
graphene with ssDNA in Sys4 further increases the SPR angle shift.

Instead, Figure 2C presents the configurations Sys5 (red) and
Sys6 (dashed blue), where the sequence of graphene and Si3N4
layers is alternated. Both systems show a substantial SPR angle
shift compared to Sys0. However, the alternated sequence displays a

non-critical influence of layer arrangement on the optical response
of the biosensor. Analogously, in Figure 4D, Sys7 (orange) and
Sys8 (dashed purple) represent the most advanced configurations,
incorporating graphene, Si3N4, and ssDNA layers in different
sequences, i.e., Si3N4/graphene/ssDNA or graphene/Si3N4/ssDNA.
These systems exhibit large SPR angle shifts, suggesting that Sys7 and
Sys8 are characterized by the greatest improvement.

Figure 3 and Supplementary Table S3 present the attenuation
percentage, FWHM, and enhancement percentage for the various
configurations, compared to the simplest configuration (Sys0,
Figure 3A). Figure 3B shows the attenuation percentage of
reflectance intensity as a function of the configuration system.
An increase in attenuation is observed from Sys3 onwards, with
a significant jump of 6.02%. This indicates that the incorporation of
graphene drastically augments the interaction between the incident
light and the sensor surface, resulting in greater energy loss and
thus higher attenuation. The increasing trend continues from Sys4
to Sys8, with Sys7 achieving the highest attenuation (7.80%). This
fact confirms the critical role of graphene, in the plasmonic response
and sensitivity of the biosensor.

Figure 3C depicts the FWHM of the SPR curves for each
configuration. The FWHM increases steadily with the complexity
of the configurations, indicating a broader resonance dip. Sys0 has
the narrowest FWHM (0.88 nm), reflecting a sharper resonance.
The increase in FWHM with the addition of functional layers (up
to 1.86 nm for Sys7) suggests an enhanced interaction volume,
notwithstanding the cost of a broader resonance. This trade-off
between sharpness and sensitivity is a common consideration in
SPR biosensor design due to the inverse relationship between
performance metrics and FWHM (see Equations 3, 4).

Figure 3D evaluates the sensitivity enhancement percentage
(using Equation 1) of each configuration compared to Sys0. Then,
sensitivity enhancement is defined as the change in SPR angle
position after adding the different layers in comparison with the
conventional sensor (Figure 3A). Sys7 and Sys8 exhibit the highest
enhancement (4.86% and 4.89%), primarily due to the addition
of the ssDNA layer. To clarify this fact, a drop in sensitivity
enhancement is observed in Sys3 and Sys4 due to the introduction of
graphene. It is observed that the sensitivity enhancement increases
since Sys5 (4.12%), indicating that the strategic combination of
graphene, Si3N4, and ssDNA layers can recover the sensitivity
enhancement beyond the initial drop.

Based on these results, we selected Sys7 as the best configuration
for the subsequent sensing of SARS-CoV-2. The selection of Sys7
as the optimal configuration is based on an evaluation of both
sensitivity enhancement and practical considerations for biosensor
fabrication. Although Sys8 exhibited a slightly higher sensitivity
enhancement (4.89%) compared to Sys7 (4.86%), the difference is
marginal (0.03%). On the other hand, the configuration of Sys7
is less complex compared to Sys8, reducing the risk of fabrication
challenges such as layer misalignment, uneven thickness, and
interfacial defects. In Sys7, placing the Si3N4 layer directly on the
silver film before the graphene layer provides technical advantages:

• Si3N4 acts as a protective dielectric layer that prevents the
silver film from oxidizing, which could otherwise degrade the
plasmonic properties of silver.
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FIGURE 2
SPR curves as a function of the angle of incidence, compared to Sys0: (A) Sys1 and Sys2, (B) Sys3 and Sys4, (C) Sys5 and Sys6, and (D) Sys7 and Sys8.

• This layer also serves as an excellent substrate for the subsequent
deposition of graphene, ensuring a uniform and stable interface.

• Moreover, Si3N4 enhances the electric field strength at the
metal-dielectric interface, which is crucial for improving the
sensitivity of the SPR signal.

Considering these points, the remainder of this paper will focus
on the Sys7 configuration, where the optimization of the different
layer thicknesses will be conducted while keeping the refractive
index constant and assuming that variations in the refractive index
are negligible.

3.2 Optimization of silver thickness

Figure 4A shows the SPR curves for different silver thicknesses
(from 40 nm to 65 nm) as a function of the angle of incidence.
A distinct reflectance intensity in the resulting SPR curves is
observed as the thickness of the silver layer increases. Notably,
the reflectance dip is the sharpest and most pronounced

at a silver thickness of 50 nm. Figure 4B confirms that the
minimum attenuation (0.41%) is achieved at this thickness
(Ag50nm). This suggests that at 50 nm, the SPR conditions are
most favorable for minimizing energy loss due to plasmon
excitation, resulting in an optimal resonance response. Increasing
the thickness beyond 50 nm leads to a significant rise in
attenuation, reaching 38.65% at 65 nm. This increase indicates
a higher energy dissipation in the metal layer, which can
dampen the plasmonic response and reduce the efficiency of the
biosensor.

The FWHM values, presented in Figure 4C and
Supplementary Table S4, show a decreasing trend with increasing
silver thickness. The initial FWHM of 3.50 nm at 40 nm thickness
narrows to 1.59 nm at 65 nm.This indicates that thicker silver layers
produce sharper resonance dips, which are generally associated
with higher spectral resolution. However, while a narrower FWHM
is desirable for distinguishing small refractive index changes, it does
not directly correlate with increased sensitivity in this context, as
shown by the sensitivity enhancement when compared to 40 nm
layer thickness (Figure 4D). Indeed, the sensitivity enhancement
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FIGURE 3
(A) Most basic SPR biosensor configuration. Results as a function of system configuration: (B) Attenuation percentage, (C) FWHM, and (D) sensitivity
enhancement.

(with a quasi-linear increase, y = 0.00028x-0.0933), remains
relatively low across all silver thicknesses, with values on the order
of 10–2. This indicates that, although the silver thickness affects the
plasmonic field distribution and resonance conditions, it is not the
primary factor driving sensitivity improvements in the biosensor
configuration.

Then, the optimal silver thickness is concluded to be 50 nm.
At this thickness, the biosensor exhibits minimal attenuation,
indicating the most efficient coupling of the plasmonic field.
Although sensitivity enhancement is not significantly influenced
by silver thickness, minimizing attenuation is crucial for achieving
a clear and strong SPR signal. Therefore, the optimization of the
silver layer is guided by attenuation metrics rather than sensitivity
enhancement in this case.

3.3 Optimization of silicon nitride thickness

Figure 5 and Supplementary Table S5 present the results for
various silicon nitride thicknesses ranging from 5 nm to 10 nm,
with key performance metrics such as attenuation, FWHM, and
sensitivity enhancement analyzed. In Figure 5A, as the siliconnitride
thickness increases from 5 nm to 10 nm, there is a noticeable
shift in the resonance angle along with marginal changes in the

reflectance intensity. The resonance dip becomes broader and shifts
to higher angles with increasing silicon nitride thickness, evidencing
a modification in the plasmonic response of the sensor. Figure 5B
emphasizes the marginal attenuation percentage for each thickness
value.The results show a gradual increase in attenuation from 0.41%
at 5 nm to 1.28% at 10 nm. Despite this increase, the maximum
attenuation at 10 nm remains relatively low, below 2%, suggesting
that energy losses due to plasmon excitation are still minimal, and
the resonance conditions remain favorable. The low attenuation
combined with the sharp resonance dip at higher thicknesses makes
10 nm a strong candidate for the optimal silicon nitride thickness.

In Figure 5C, the FWHM values increase with the thickness
of the silicon nitride layer, from 2.18 nm at 5 nm thickness to
3.08 nm at 10 nm. This widening of the FWHM indicates a
broader resonance dip, which can be interpreted as a reduction
in the spectral resolution of the sensor. However, this trade-off is
counterbalanced by an improvement in the sensitivity enhancement
of the sensor. Indeed, Figure 5D presents sensitivity enhancement
compared to 5 nm thickness, showing a clear linear trend (y = 1.09x
- 5.71) of increasing enhancement with thicker silicon nitride layers.
The sensitivity enhancement rises from 0.91% at 6 nm to 5.26% at
10 nm.This important increase demonstrates the positive effect of a
thicker dielectric layer in amplifying the sensitivity enhancement of
the SPR biosensor.
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FIGURE 4
(A) SPR curves as a function of the angle of incidence for different values of silver thickness. (B) Attenuation percentage, (C) FWHM, and (D) sensitivity
enhancement.

These results suggest potential for further optimization of the
silicon nitride layer. However, as shown in Supplementary Figure S1,
the SPR curve measured across thicknesses from 10 to
100 nm reveals that beyond 20 nm, the SPR signal vanishes
entirely. This observation indicates an optimal thickness range
between 5 and 20 nm. An in-depth analysis of the 5–20 nm
range is provided in Supplementary Figure S2. Specifically,
Supplementary Figure S2A displays well-defined SPR peaks up
to 15 nm, beyond which the SPR curve at 20 nm undergoes
a significant alteration. Supplementary Figure S2B reveals an
attenuation of about 3% at 13 nm, increasing critically to
87.3% at 20 nm. Meanwhile, Supplementary Figure S2C points
out a rise in FWHM from 4 to 13 nm, reaching 12.75 nm at
20 nm. Although Supplementary Figure S2D shows a sensitivity
enhancement of 20.44% at 20 nm, the pronounced attenuation
and FWHM values make this thickness unsuitable for practical
applications.

Hence, a silicon nitride thickness of 10 nm is identified as
the optimal choice for the current biosensor configuration. At
this thickness, the sensor exhibits good sensitivity enhancement
(5.26%) while maintaining attenuation below 2%. Although there
is an increase in FWHM, this is acceptable given the important
improvement in sensitivity enhancement.

3.4 Optimization of the number of
graphene layers

Figure 6 and Supplementary Table S6 show the effects of
increasing the number of graphene layers, from one to six, on
the key performance metrics of the sensor. In Figure 6A, we
observe that as the number of layers increases, the SPR dip
broadens and shifts toward higher incidence angles. This behavior
indicates a pronounced alteration in the plasmonic response of the
sensor, primarily due to the increase in optical thickness and the
stronger interaction of the electromagnetic field with the additional
graphene layers.

Figure 6B presents the attenuation values corresponding to each
layer configuration, showing a substantial increase in attenuation as
additional graphene layers are added. For a single graphene layer
(L1), the attenuation is relatively low at 1.28%. However, with each
added layer, attenuation increases sharply, reaching 41.64% for six
layers (L6). This steep rise indicates that additional layers lead to
more energy dissipation, which diminishes the signal quality and
reduces the plasmonic efficiency of the sensor.

In Figure 6C, we see that the FWHM values also increase
significantly with the number of graphene layers. For a single-layer
graphene sensor, the FWHM is 3.15 nm; however, with six layers,
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FIGURE 5
(A) SPR curves as a function of the angle of incidence for different values of silicon nitride thickness. (B) Attenuation percentage, (C) FWHM, and (D)
enhancement sensitivity.

it broadens to 8.01 nm. This widening of the FWHM indicates a
notable reduction in spectral resolution, as a broader resonance
width lowers the precision of the sensor in distinguishing small
refractive index changes. A narrower FWHM is generally preferred
for biosensing applications to ensure high accuracy and sensitivity,
making this broadening a key consideration when optimizing
layer count.

Figure 6D shows the sensitivity enhancement trend as a function
of the number of graphene layers compared to single-layer graphene,
which follows a linear relationship (y = 0.67x - 0.71). Sensitivity
improves incrementally with each additional layer, rising from
0.64% for two layers (L2) to a maximum of 3.32% for six layers (L6).
Although sensitivity increases with additional layers, the complete
sensitivity enhancement remains relatively modest. This limited
improvement in sensitivity, coupled with the significant increase
in attenuation and FWHM, suggests that beyond a single layer,
additional graphene layers yield diminishing returns in terms of
performance benefits.

To remark on the two- and three-layer graphene (Supplementary
Table S6), the attenuation is 9.33% for L2 and 18.73% for
L3 with an FWHM of 4.12 nm and 5.12 nm, respectively.
Then, the one-layer graphene (L1) continues to be the optimal
parameter for the biosensor configuration. This choice is
supported by:

• At one layer, the attenuation is minimal (1.28%), ensuring that
the sensor maintains strong plasmonic coupling and effective
signal quality.

• The FWHM is the lowest (3.15 nm) for a single graphene layer,
indicating a sharp and well-defined resonance dip, which is
crucial for high-resolution sensing.

• Although the sensitivity enhancement is higher with six layers,
the modest increase with additional layers does not justify the
significant losses in signal quality and resolution.

• Using a single graphene layer provides the best balance between
maintaining low attenuation, achieving a sharp resonance dip,
and ensuring stable performance.

3.5 Optimization of thiol-tethered ssDNA
thickness

Figure 7 and Supplementary Table S7 present the results for
varying ssDNA thicknesses from 2.4 nm to 4.4 nm. In Figure 7A,
the resonance dips remain relatively stable, indicating that variations
in ssDNA thickness have a marginal effect on the position and
shape of the resonance angle. Figure 7B demonstrates that the
attenuation percentage remains constant with thickness, from 1.24%
at 2.4 nm to 1.35% at 4.4 nm. This low attenuation, even at the
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FIGURE 6
(A) SPR curves as a function of the angle of incidence ranging from 60° to 85° by increasing the number of graphene layers from 1 to 6. (B) Attenuation
percentage, (C) FWHM, and (D) enhancement sensitivity as a function of the number of graphene layers.

maximum thickness tested, indicates that the ssDNA layer does
not significantly disrupt the plasmonic field, maintaining effective
energy coupling and resonance conditions.

The FWHM values, as shown in Figure 7C, fluctuate minimally
with changes in ssDNA thickness. The FWHM increases from
3.07 nm at 2.4 nm thickness to 3.15 nm at 4.4 nm, indicating a
minor broadening of the resonance dip.This consistency in FWHM
suggests that the ssDNA layer has a negligible impact on the spectral
resolution of the sensor within this thickness range. On the other
hand, the sensitivity enhancement compared to 2.4 nm thickness,
shown in Figure 7D, increases linearly with the thickness of the
ssDNA layer. Enhancement rises from 0.12% at 2.8 nm to 0.62% at
4.4 nm. Although themaximum observed enhancement is relatively
low (0.62%), it represents the best performance within the tested
range. Additionally, based on the linear trend (y = 0.31x – 0.76),
it is suggested that further increases in ssDNA thickness could
potentially continue to enhance sensitivity. However, prior studies
have shown that for multilayer biosensors detecting biomolecules,
sensitivity drops dramatically beyond larger ssDNA layer thickness
which can be attributed to the increased steric hindrance and
reduced biomolecular interaction efficiency [22].

Then, the optimal ssDNA thickness is identified as 4.4 nm. At
this thickness, the sensor demonstrates a balanced performancewith

low attenuation (1.35%), minimal changes in FWHM (3.15 nm),
and the highest sensitivity enhancement (0.62%) among the tested
values. Therefore, maintaining the ssDNA thickness below 5 nm is
recommended to ensure optimal interaction between the biosensor
and the target analytes, maximizing the sensitivity and stability of
the sensor. This optimized configuration will serve as the base for
the detection of SARS-CoV-2.

3.6 Application of the optimized SRP
biosensor for the SARS-CoV-2 sensing

Supplementary Table S8 presents the optimized parameters of
Sys7 and the corresponding refractive index values for SARS-CoV-
2 at various concentrations in a phosphate-buffered saline (PBS)
solution. To remark, the optimized parameters include a 50 nm
silver layer, a 10 nm silicon nitride layer, a single graphene layer
(0.34 nm), and a 4.4 nm ssDNA layer.This configurationwas chosen
to balance sensitivity, stability, and ease of fabrication.The refractive
index values for SARS-CoV-2 range from 1.340 at a concentration of
150 mM to 1.355 at 525 mM. Specifically, Kumar et al. [31] utilized
a theoretical and experimental approach to measure the refractive
index of SARS-CoV-2 at different concentrations in a PBS solution.
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FIGURE 7
(A) SPR curves as a function of the angle of incidence for different values of ssDNA thickness. (B) Attenuation percentage, (C) FWHM, and (D)
enhancement sensitivity.

They employed the Kretschmann configuration of the SPR sensor,
in which a p-polarized light beam is incident on a multi-layered
structure.

Figure 8 and Supplementary Table S9 present the results of
detecting SARS-CoV-2 using the optimized Sys7 configuration at
various concentrations. The analysis focuses on the effects of virus
adsorption on attenuation, FWHM, and sensitivity enhancement
of the biosensor as the refractive index of the medium changes
(by Equation 2) with increasing viral concentration. Figure 8A
shows the SPR curves for different concentrations of SARS-CoV-
2, corresponding to refractive index values ranging from 1.334
(PBS only) to 1.355 (525 mM). As the concentration increases,
the resonance angle shifts toward higher values, indicating a
direct correlation between virus concentration and refractive
index change. Figure 8B shows a steady increase in attenuation
from 1.35% at 0 mM (PBS only) to 4.10% at 525 mM. This increase
reflects the enhanced interaction between the sensor surface and
the virus particles, leading to greater energy dissipation. The higher
attenuation at elevated concentrations suggests that the sensor is
effectively responding to the presence of the virus, making it a
reliable indicator of viral load in the sample.

The FWHMvalues, shown in Figure 8C, increase gradually from
3.23 nm at 0 mM to 3.95 nm at 525 mM. This broadening of the
resonance dip indicates a slight reduction in spectral resolution as

the virus concentration increases. The broader FWHM at higher
concentrations suggests that the interaction volume between the
sensor surface and the analyte is expanding, which could reduce
the precision of the sensor in distinguishing small changes in
refractive index. However, the FWHM remains within amanageable
range, ensuring that the sensor maintains its effectiveness even
at higher viral concentrations. Figure 8D depicts the sensitivity
enhancement as a function of SARS-CoV-2 concentration compared
to the absence of the virus (0 mM). The linear relationship (y =
0.011x+0.644) shows a steady increase in sensitivity, from 2.31% at
150 mM to 6.34% at 525 mM.The observed sensitivity suggests that
the optimized Sys7 configuration is well-suited for detecting even
small changes in viral load, making it effective for early diagnosis
and monitoring of SARS-CoV-2.

Figure 9 and Supplementary Table S10 show the performance
metrics for the optimized Sys7 configuration in detecting SARS-
CoV-2 across different concentrations. Keymetrics such as variation
in the resonance angle (Δθ), sensitivity to refractive index changes
(S), detection accuracy (DA), and quality factor (QF) are analyzed.
The Δθ values increase linearly with SARS-CoV-2 concentration,
ranging from 1.73° at 150 mM to 4.74° at 525 mM. This linear
relationship (y = 0.008x+0.482) confirms that the sensor is highly
responsive to changes in the refractive index caused by different viral
concentrations.
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FIGURE 8
(A) SPR curves as a function of the angle of incidence for different values of SARS-CoV-2 concentration. (B) Attenuation percentage, (C) FWHM, and (D)
enhancement sensitivity.

The S values also show a linear increase in viral concentration,
ranging from 172.5°/RIU at 150 mM to 189.6°/RIU at 525 mM.
This indicates that the responsiveness of the sensor to refractive
index variations improves with higher viral concentrations, which
is crucial for achieving accurate detection. The linear equation
(y = 0.05x+165.05) reflects this trend, suggesting that the sensor
can maintain high sensitivity even at lower concentrations, which
is essential for early-stage detection of the virus. The DA is
a critical parameter for evaluating the precision of the sensor
in distinguishing different concentrations of SARS-CoV-2. The
DA increases steadily from 0.50 at 150 mM to 1.20 at 525 mM,
following a linear trend (y = 0.002x+0.218).This progression further
highlights the improved ability of the sensor to accurately detect
and differentiate between various viral concentrations, reducing the
likelihood of false positives or negatives.

The QF is a measure of the whole performance of the sensor,
considering both sensitivity and resonance sharpness. In this
study, QF decreases slightly from 49.76 RIU−1 at 150 mM to 48.06
RIU−1 at 525 mM. This decline, described by a linear rend (y
= 0.004x+50.384), suggests that while the sensor maintains high
sensitivity, there is a minor trade-off in spectral resolution as the
concentration increases. However, the QF remains above 48 RIU−1,
indicating that the sensor retains a high level of performance
across the tested concentration range.

3.7 Comparison with previous works

Table 1 provides a comparison of the sensing performance of
our proposed SPR biosensor alongwith recently reported biosensors
[32–38]. Various configurations usingmaterials such as PtSe₂,MoS₂,
WS₂, and BaTiO₃ in combination with metals such as Ag and
Au have been investigated in recent studies, each offering unique
advantages in specific applications. In particular, the sensitivity
of our biosensor (189.6°/RIU) falls within a competitive range
when compared with other designs. For instance, the hybrid
structures reported by Moznuzzaman et al. [35] (194°/RIU) and
Lin et al. [33] (194°/RIU) demonstrate similar sensitivity, while
configurations by Dey et al. [36] (208°/RIU) and Mostufa et al. [37]
(230.77°/RIU) provide slightly higher sensitivities. However, the
inclusion of a single graphene layer in our sensor design offers
a balance between sensitivity and spectral resolution, ensuring
minimal signal attenuation and better suitability for point-of-care
diagnostics.

In terms of QF, our biosensor (48 RIU⁻1) achieves moderate
values, which are lower than some alternatives, such as the TiO₂-
Ag-MoSe₂-Graphene sensor by Moznuzzaman et al. [35] (540.39
RIU⁻1). While certain designs achieve higher QF values, these often
involve multiple or complex nanomaterial combinations that may
increase fabrication complexity and cost. Our choice of a simpler,
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FIGURE 9
(A) Angle variation after the adsorption of SARS-CoV-2 at different concentrations. Performance metrics: (B) Sensitivity, (C) Detection Accuracy, and (D)
Quality Factor.

TABLE 1 Comparison of the sensing performance of the proposed SPR biosensor with recently reported configurations for biosensing applications,
including sensitivity, quality factor (QF), and specific applicability.

Ref. Configuration Sensitivity (°/RIU) Concentration (mM) QF (RIU−1) Applicability

[33] PtSe2-Ag/PtSe2-Au 165 --- --- Use in biocompatible
biosensors

[34] Hybrid Structure with
Graphene/MoS2/WSe2/WS2

194 --- --- Application in food safety
biosensors

[35] Nano-ribbons of Graphene
and WSe2

155.68 --- 164.28 (Nano-ribbon) Gas sensors and biosensors

[36] TiO2-Ag-MoSe2 Graphene 194 --- 540.39 Rapid detection of
SARS-CoV-2

[37] WS2/Metal/WS2/Graphene 208 --- 223.66 Detection of biomolecules and
gases

[38] BK7/WS2/Au/BaTiO3/Graphene 230.77 --- --- Rapid and accurate
SARS-CoV-2 detection

[39] Au-WS2-PtSe2-BP 200 --- 17.70 Use in biosensors and
chemical detection

This study BK7/Ag/Si3N4/Graphene/ssDNA 189.6 150–525 48 Sensing SARS-CoV-2
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more practical configuration provides adequate performance for
SARS-CoV-2 detection while maintaining manufacturability and
stability.

Our proposed biosensor is specifically designed for SARS-
CoV-2 detection across a concentration range of 150–525 mM,
supporting its potential applicability in real-time viral detection.
In comparison, several recent designs, such as those by Mostufa
et al. [37] and Moznuzzaman et al. [35], also target SARS-
CoV-2 detection, highlighting the ongoing focus on rapid,
reliable biosensing solutions during the COVID-19 pandemic.
Other configurations are applied to different biosensing fields,
including food safety, gas detection, and general biomolecule
sensing, demonstrating the versatility of 2D material-based SPR
biosensors.

While this study presents a theoretical framework for optimizing
the multilayer SPR biosensor configuration, we recognise that
achieving the recommended layer thicknesses in a practical setting
depends on high-precision nano-coating techniques. Theoretical
simulations suggest that a silicon nitride thickness of 10 nm
and precise single-layer graphene deposition are essential to
maximize sensor performance in terms of sensitivity, specificity,
and stability. In practical fabrication, however, achieving such
exact thicknesses would require precise deposition methods, as
minor variations in layer thickness can significantly impact the
plasmonic response. To match the design standards outlined in
this study, advanced nano-fabrication techniques, such as atomic
layer deposition (ALD) [40] or molecular beam epitaxy (MBE) [41],
are suitable options. ALD, for instance, allows for atomic-level
control over film thickness and uniformity, making it well-suited
for producing thin films like silicon nitride with high precision.
Similarly,MBE offers controlled deposition of thin filmswith atomic
precision, which is critical when working with ultra-thin graphene
and other 2D materials. These methods enable the high-accuracy
layering necessary to translate theoretical design parameters into
physical devices.

However, given that this work is a theoretical analysis, a
detailed investigation into the experimental precision of nano-
coating techniques falls outside the scope of the current study. Our
primary objective has been to establish an optimal configuration
and layer structure for SPR biosensors targeting SARS-CoV-2
detection. Future experimental studies should focus on exploring
the application of these high-precision techniques in biosensor
fabrication, validating the theoretical design under practical
conditions, and evaluating the reproducibility of layer thicknesses
to meet our proposed standards.

4 Conclusion

This study developed and optimized a multilayer SPR biosensor
configuration tailored specifically for detecting SARS-CoV-2. By
carefully selecting and optimizing each layer—comprising a 50 nm
silver film, 10 nm silicon nitride layer, a single graphene layer, and
a 4.4 nm ssDNA bioreceptor layer—the biosensor was designed
to achieve a balance between high sensitivity, structural stability,
and practical manufacturability. In particular, the optimized Sys7

biosensor demonstrated excellent performance metrics across a
wide range of SARS-CoV-2 concentrations. The sensor exhibited
a linear increase in both resonance angle shift and sensitivity
enhancement as viral concentrations increased, with a maximum
sensitivity enhancement of 6.34% at 525 mM. This high sensitivity,
coupled with a improvement in detection accuracy, confirms the
capacity of the sensor to detect and quantify SARS-CoV-2 effectively.
Moreover, the biosensor maintained a high-quality factor and
stable FWHM values throughout the tested concentration range,
indicating that it retains good spectral resolution and reliability.This
robustness is critical for practical applications, ensuring consistent
and repeatable performance in diverse settings, from clinical
diagnostics to field-based testing.

Looking forward, future research could focus on enhancing
the specificity of the biosensor by exploring alternative
functionalization strategies to minimize cross-reactivity with
other pathogens. Additionally, integrating the biosensor into
portable and automated detection systems could expand its
application for rapid, point-of-care testing, making it a powerful
tool for managing future viral outbreaks and other public health
challenges.
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