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Abstract

Malaria remains a serious global health problem, particularly in areas where drug-resistant
Plasmodium species and the expanded geographical disiribution of malaria caused by
climate change are of concern. In response to the pressing need for a rapid and highly
sensitive malaria diagnostic method, this paper proposes a novel surface plasmon resonance
(SPR) biosensor design with a multilayer N-FK51a+SiO;+Cu+HfO,+BP structure. The
biosensor performance is analyzed using the transfer matrix method (TMM) and finite
element method (FEM), and further verified by finite difference time domain (FDTD)
simulations. The inclusion of SiO,, Cu, HfO,, and black phosphorus (BP) enhances the
coupling, confinement, and interaction of the plasmonic field with the analyte. The biosensor
design exhibits a maximum angular sensitivity of 541.42 deg/RIU, a narrow FWHM of 1.98
deg, a detection accuracy of 0.502 deg!, and a quality factor of 272.21 RIU"!, which are
outstanding, particularly for ring-stage malaria diagnosis. To further enhance the biosensor
reliability, the sensor responses are modeled using ANN, ANFIS, and RBFNN models, which
can predict the stages correctly. The comparative analysis proves the enhanced sensitivity
and accuracy compared to the previously published SPR sensors and highlights the
robustness of the sensor for real-time malaria diagnosis and broader biomedical application.
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1. Introduction

Infectious diseases have had a great influence on human health, even surpassing the effects
of war in terms of mortality and suffering, with malaria being one of the most severe. Malaria
is a parasitic disease transmitted by the bite of infected female Anopheles mosquitoes and is
a major global health concern, especially in developing countries. In developing countries,
effective control and treatment of the disease are highly dependent on early, accurate, and
specific diagnosis!2 . Conventional diagnosis, such as microscopic examination of blood
smears and rapid diagnostic tests (RDTs), is hampered by some limitations, including



decreased sensitivity at low levels of parasitemia, the need for trained personnel, long
processing time, and high operational costs 3. These challenges have driven increasing
interest in the development of alternative diagnostic technologies that are cost-effective,
highly sensitive, capable of real-time analysis, and suitable for large-scale application in
resource-limited settings. Among emerging approaches, surface plasmon resonance (SPR)
based biosensors have gained considerable attention. SPR biosensors enable label-free
detection, provide real-time monitoring of biomolecular interactions, and offer high
sensitivity at the nanoscale, making them well-suited for infectious disease diagnostics,
including malaria detection 45 .

Surface plasmon resonance (SPR) operates through the excitation of surface plasmons,
which are collective oscillations of free electrons generated at a metal-dielectric interface
when illuminated by polarized light under appropriate conditions 6. The resulting surface
plasmon wave exhibits extreme sensitivity to variations in the local refractive index near the
sensor surface, enabling the detection of biomolecular binding events in close proximity to
the interface 7-8. Changes in the plasmon resonance are commonly monitored using two
principal interrogation techniques: angular interrogation, where the incident angle is varied
at a constant wavelength, and wavelength interrogation, in which the excitation wavelength
is scanned while maintaining a fixed incident angle 9. A typical SPR sensor configuration
comprises a high-refractive-index dielectric prism, most commonly BK7 glass, coated with a
thin plasmonic metal layer such as gold (Au) or silver (Ag). Further dielectric layers or two-
dimensional material layers are introduced to enhance the key performance parameters such
as sensitivity, resonance quality, and stability 19. Among the different methods of excitation,
the Kretschmann configuration is the most popular one because of its high coupling
efficiency, advantageous signal-to-noise ratio, and easy optical alignment !!. Although there
has been considerable progress in the development of SPR biosensors, the traditional design
has been plagued by a number of issues. These include the lack of sensitivity when the
concentration of the analyte is low, the effect of environmental fluctuations, the broad
resonance curves that affect the accuracy of measurements, and the problem of material
degradation, especially oxidation of silver films. Oxidation of silver surfaces causes a
reduction in the plasmonic signal and a shortening of the sensor lifespan 1213, To address
these challenges, there has been a recent emphasis on the design of SPR architectures with
heterostructures made of plasmonic metals, semiconductors, and two-dimensional
nanomaterials. These hybrid structures have improved plasmon field confinement, chemical
stability, and optical properties, which have resulted in enhanced sensing performance 14-16

The research aims at the selective identification of malaria-specific biomarkers in the
bloodstream during an active Plasmodium infection, with a special focus on parasite proteins
used as reliable diagnostic markers. The main target biomarkers are Plasmodium lactate
dehydrogenase (pLDH), histidine-rich protein 2 (HRP2), and other surface antigens, which
have been extensively documented in the literature for their diagnostic accuracy and
relevance 17. The sensing mechanism leverages the unique binding interactions between the
biomarkers and the designed biorecognition layers. These interactions cause localized
changes in the refractive index at the metal-dielectric interface, resulting in detectable shifts
in the surface plasmon resonance. The sensitivity of these resonance shifts is directly
proportional to the concentration of the biomarkers, allowing for their sensitive, label-free,
and real-time detection. The sensing mechanism offers a reliable and scalable solution for
precise malaria detection, which satisfies the performance criteria of high-sensitivity
applications 18,

In this work, a multilayer surface plasmon resonance biosensor with the N-
FK51a+SiO;+Cu+HfO,+BP configuration is proposed for the detection of malaria at an
excitation wavelength of 633 nm. The N-FK51a prism is employed as the coupling medium
owing to its high RI, which helps to ensure the momentum matching between the incident p-
polarized light and surface plasmons at the specified wavelength, thus ensuring a sharper
resonance curve and higher excitation efficiency 9. A thin layer of silicon dioxide (SiO;) is



added to the prism-metal interface to act as an optical spacer and adhesion layer, which
helps to ensure a uniform deposition of the plasmonic film while reducing optical losses at
the interfacial optical losses 20. Copper (Cu) is chosen as the plasmonic material because of
its strong plasmonic resonance in the visible spectrum at 633 nm, high electrical
conductivity, and relative cost-effectiveness compared to noble metals 2!. However, the Cu
sensitivity to oxidation and surface damage requires the addition of a protective dielectric
layer to ensure long-term sensor functionality. In an effort to overcome these challenges and
further improve the efficiency of the sensing process, a hafnium oxide (HfO-) dielectric layer
is added on top of the Cu layer. The high dielectric constant of HfO, ensures a stronger
confinement of the electromagnetic field at the sensing interface, in addition to its role as a
diffusion barrier that improves chemical and environmental stability 22. The outermost
sensing layer is made of black phosphorus (BP), a two-dimensional nanomaterial that has a
direct bandgap, high carrier mobility, and large surface-to-volume ratio 23. P increases
biomolecule adsorption and the local refractive index change upon binding of the analyte
molecules, resulting in a sharper resonance shift 24. The synergistic effect between the Cu
plasmonic layer, HfO, dielectric spacer, and BP sensing interface greatly enhances the
coupling between plasmons and the analyte, making the proposed architecture amenable for
the detection of early-stage malaria biomarkers. In addition, the compatibility of all layers
with standard thin-film processing techniques makes the proposed architecture amenable
for cost-effective sensor development.

In the recent past, machine learning (ML) approaches have received considerable attention
in various fields of science and engineering for their ability to effectively model complex
systems 25, In the optical and photonics research community, ML algorithms have been
identified as useful tools for dealing with the computational challenges involved in traditional
numerical methods 26. Through the learning of complex nonlinear relationships between
input parameters and system responses from labeled datasets, supervised ML models
facilitate fast and accurate predictions of device performance for novel conditions 27. This
feature is especially useful in the design and optimization of optical biosensors, in which
conventional simulation-driven methods tend to require large computational efforts. In the
case of surface plasmon resonance (SPR) biosensors, ML platforms have shown great
potential in exploring large parameter spaces to determine optimal sensing conditions with
improved sensitivity and selectivity. Of the supervised learning methods, Artificial Neural
Networks (ANN), Adaptive Neuro-Fuzzy Inference Systems (ANFIS), and Radial Basis
Function Neural Networks (RBFNN) are especially useful owing to their robustness, high
approximation capabilities, and ability to simulate complex nonlinear optical responses 2829,
In this study, an ML-based SPR biosensing system is proposed for malaria diagnosis by
leveraging the RI differences caused by red blood cells (RBCs) at various stages of infection.
The proposed sensor utilizes the unique refractive indices of RBCs for normal (1.402), ring
(1.395), trophozoite (1.381), and schizont (1.371) stages to facilitate accurate stage-wise
diagnosis 30.31,

The contributions of innovation in this research work involve the development of an SPR
Biosensor with multiple layers and Al assistance. As compared to the usual SPR biosensors,
the present study utilizes a novel N-FK51a+SiO;+Cu+HfO,+BP multilayer, with each
material used in the layer being selected such that it enhances the coupling efficiency,
confining of the electromagnetic field, and sensing stability. In this respect, the present
device outperforms other malaria SPR biosensors in terms of its angular sensitivity. In
addition to that, the new methodology focuses on the identification of malaria biomarkers



like pLDH and HRP2, thereby making it possible to distinguish between the various stages
of malaria based on the refractive index changes. The application of such a high-performing
plasmonic design along with machine learning approaches (ANN, ANFIS, and RBFNN) does
not only enhance the sensitivity of the sensors but also ensures improved accuracy in
predicting the various stages of malaria infection.

2. Methods & Design Principles

For the analysis of the proposed SPR biosensor, extensive electromagnetic simulations were
performed using three well-established numerical methods: the Transfer Matrix Method
(TMM), Finite Difference Time Domain (FDTD), and Finite Element Method (FEM). The main
approach to be used in the course of the current analysis is the transfer matrix method, TMM,
which is characterized by exceptional efficiency and precision, especially when considering
such properties as reflection and resonant angle values at the SPR effect. When compared
to the complete numerical algorithms like FEM, TMM is distinguished by low requirements
for computer resources but still allows achieving quite acceptable accuracy in calculations.
In order to confirm the validity of the results, two other numerical algorithms have been
applied including FEM and Finite Difference Time Domain (FDTD) methods. The TMM was
employed to calculate the reflectance spectra and the resonance angles of the multilayer
structure for p-polarized light at 633 nm 32, FDTD analyses were carried out to analyze the
time-dependent propagation of electromagnetic waves and the behavior of surface plasmon
excitation. In addition, modeling was done using FEM to provide information on the electric
field distributions and the field confinement at the sensing interface. This ensured that the
resonance characteristics, reflectance minima, and overall sensing performance 33. An
optimization approach using machine learning was adopted. A vast dataset was created by
varying the RI and thickness of the layers. Once preprocessing was done, the data was used
to train and test the ANN, ANFIS, and RBFNN models for the prediction of resonance angle
and sensitivity. The best model was chosen based on its predictive ability and robustness,
and the results were verified using independent simulation results. This comprehensive
computational model enhances efficiency and enables accurate, stage-wise malaria
detection.

2.1 Structural Modelling

The proposed SPR biosensor for malaria diagnosis consists of six functional layers in a
Kretschmann arrangement, which are an N-FK5la prism, a SiO, adhesive layer, a Cu
plasmonic film, a HfO, dielectric spacer, a black phosphorus (BP) protective layer, and the
surrounding analyte medium. The Kretschmann arrangement is used in the SPR biosensor
because of its high coupling efficiency, ease of alignment, and ability to control the
parameters. In this configuration, the N-FK51a prism serves as the coupling element and
directs p-polarized incident light of wavelength A = 633 nm toward the sensing interface.
The RI of the N-FK51a glass prism is determined by the wavelength of the light incident 19,

np(A)
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Where a; and b; are the Sellmeier coefficients which are given as a;= 0.971247817, a,=
0.216901417, as= =0.904651666, b; =0.00472301995, b= 0.0153575612, b= 168.68133,



and A is the wavelength of the incident light (1m). Between the prism and the plasmonic Cu
film in the proposed multilayer structure, SiO, (RI=1.4636+0.0016623i) serving as a
protective and adhesion layer 34. SiO, enhances the bond strength between the prism surface
and the metallic layer, thereby enhancing overall sensor stability. It also helps in minimizing
surface roughness, which are essential for the highly effective excitation of surface plasmons.

A Cu metal layer is deposited on the top of the adhesion layer. The RI of Cu is calculated
using the Drude-Lorentz model, as illustrated below 35,

1
Ncu = (& +igj)2
1
A Aaw |2
L Aowhew + V)

For Cu, the collision (4.4) and plasma wave (4,,) wavelengths are 4.0852x10> m and
1.3617%107m respectively. Hafnium oxide (HfO,) is incorporated into the proposed sensor
architecture due to its high chemical stability, large dielectric constant, and strong
resistance to environmental degradation, making it suitable for reliable SPR operation. The
RI of the HfO, layer is taken as 1.91, which contributes to enhanced electromagnetic field
confinement at the metal-dielectric interface and improves the overall sensitivity of the
sensor by amplifying its response to small RI variations in the sensing medium 36. In addition,
the resonance properties of the SPR sensor can be properly adjusted by changing the
thickness of the HfO- layer, which helps to control the resonance position and the sharpness
of the dip. The dielectric layer not only helps to iniprove the sensing performance but also
serves as a protective layer for the plasmonic film. The BP layer is positioned at the top of
the structure and has a RI of 3.5+0.01i 37. The high carrier mobility of BP, together with its
pronounced in-plane anisotropy, makes it especially suitable for light-matter interactions,
which determine the overall resonance shifts, overshadowing minor variations in the RI 38,
Moreover, its atomically flat surface is readily functionalized, serving as an ideal substrate
for the targeted immobilization of chemical sensors. Table 1 represents the refractive indices
and thickness of all the involved layers in the proposed SPR configuration.

Table 1. Optimized Layer Thickness and RI Parameters of the Proposed Structure

Materials Refractive Index (RI) Thickness (nm)
N-FK51a prism 1.4853 -
SiO; 1.4636+0.0016623i 20
Cu 0.0369+4.5393i 50
HfO, 1.91 2
BP 3.5+0.01i 0.53

2.2 Mathematical Modelling

Prism coupling is one of the most frequently employed methods for excitation of surface
plasmons (SPs) in the Kretschmann configuration. This method offers precise control over
experimental parameters and conditions, as well as straightforward alignment 39. In this
configuration, resonant excitation is facilitated by the interaction of a transversely magnetic
(TM) polarized light beam with the metal-dielectric interface at a specific incidence angle

(2)



and wavelength. Resonance happens when the propagation constant of the incident light
(Kiigne) is equivalent to the surface plasmon wavevector (Bsp). Consequently, the resonance
condition for the prism coupling configuration can be expressed as 4°:

Kiight
= Bsp (3)

PAI )
> Np Sin(;)

2 €mE
= MRe(\=mEd (4)
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Here, n, and 4 denote the RI of the prism and the wavelength of the incident light,
respectively. &; denotes the angle of incidence, while &, €5 represents the real part of the
dielectric parameter associated with the metal. The angle of incidence for SPR can be
determined using the following equation 4°:

6
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Angular modulation is used to study the functions of the proposed multilayer structure. The
reflectance of p-polarized incident light is calculated by the Transfer Matrix Method (TMM)
based on Fresnel multilayer reflection theory to obtain its optical response 4l. The
characteristic surface plasmon resonance curve is generated by the variation of the total
reflected intensity (Rp) as a function of the incidence angle (). The mathematical expressions
for the total reflectivity (R») and the reflection coefficient (gp) are as follows 42:

Rp = dpdp
= |qp|2
(6)
Qp
(M11 + M1ony) - (Ma1 + Maony)
(M11 + M1ony) + (M1 + Maony)

Here, M denotes the characteristics matrix of the SPR sensor 43. The transverse RI and
attributes matrix are delineated as follows 44,
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Furthermore, the equations determine the arbitrary stage constant (f8x) and wave impedance
(zx) for the k' stratum 45,

21
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Where, dy and & are the thickness and permittivity associated with &2 stratum, respectively.
And for the &2 stratum, polar input angle 6y is given by 42:
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2.3 Optical Properties and Material Compatibility of the Proposed SPR Sensor

To validate the 1D TMM results, a detailed Finite Element Method (FEM) analysis was
performed for the proposed N-FK51a+SiO;+Cu+HfO,+BP malaria biosensor. Fig. 1(a)
shows the mesh configuration of the multilayer structure, carefully refined near the
interfaces to accurately capture the strong electromagnetic field variations. Fig. 1(b)
illustrates the two-dimensional electric field distribution (V/m) at the resonance angle of
87.51 deg. A strong field enhancement is noticed at the Cu+HfO,+BP sensing interface,
where the electric field strength is found to be around 476 kV/m. The strong localization at
the metal-analyte interface is a clear indication of the efficient generation of the surface
plasmon polaritons. The field strength is noticed to decay exponentially into the metal and
the analyte, as seen in the case of plasmonic modes. The total electric field distribution, as

shown in Fig. 1(c), is computed using the equation as Eiota = \|E)2( + Ef, 18, where Ey and E,

are the lateral and normal electric field components, respectively. The tight confinement of
the Eiota field at the outer sensing interface confirms the strong light-analyte interaction,
which directly affects the RI sensitivity. Fig. 1(d) shows the three-dimensional representation
of the z-component of the electric field at 87.51 deg, represented as a height profile. The
peaks and troughs in the 3D representation confirm the stable propagation of SPP at the Cu
dielectric interface. The optimized thickness values of the SiO,, Cu, HfO,, and BP layers are
used to maximize the electric field confinement and resonance, which further improves the
angular detection sensitivity of the proposed malaria biosensor.
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Fig. 1 (a) Mesh view of the proposed structure, (b) 2D electric field distribution (V/m)
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2.4SPR performance metrics

One key criterion for the performance measurement of SPR biosensors is the sensitivity (S).
Sensitivity is given by the ratio of the change in RI (An) and the variation of the resonance
angle (AO.s) with respect to the respect. Sensitivity is also expressed as 46.47:

S

_ ABres .
= An (in deg/RIU )

(13)
There are several other key parameters which have to be considered to estimate the overall
efficiency of SPR sensors. Detection Accuracy (DA), Quality Factor (QF), Minimum
reflectance (Ry,), Full Width at Half Maximum (FWHM), and Figure of Merit (FOM) are
commonly being used to test the efficiency of SPR sensors. Below is a description of these
parameters 48:49;
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2.5 Possible Fabrication Techniques

The possible fabrication procedure of the proposed N-FK51a+SiO,+Cu+HfO,+BP multilayer
structure is schematically illustrated in Fig. 2. An optical-grade N-FK51a prism was first used
as the substrate and thoroughly cleaned using sequential ultrasonic treatment in acetone,
isopropanol, and deionized water, followed by nitrogen drying to ensure a contaminant-free
surface. A thin SiO, buffer layer was subsequently deposited onto the prism surface by
thermal evaporation under high-vacuum conditions to promote adhesion, improve interfacial
stability, and provide optical index matching 59. Subsequently, a thin film of Cu was deposited
on top of the SiO; layer using an epitaxial deposition method to achieve a smooth, highly
crystalline metallic film with favorable properties for efficient plasmon excitation 51. The Cu
film thickness was precisely controlled to maximize the optical response of the structure. To
prevent damage to the metal surface and maximize field confinement, a conformal layer of
HfO, dielectric material was deposited on top of the Cu film using atomic layer deposition
(ALD), which allowed for thickness control at the atomic scale 2. Finally, a layer of BP was
grown on top of the HfO, surface using a mechanical exfoliation and dry transfer method,
which was conducted in controlled conditions to prevent environmental degradation 53. The
deposition method ensures a high-quality interface, uniformity in structure, and optimal
optical properties for sensing. In terms of practical realization, the fabricated N-
FK51a+SiO,+Cu+HfO,+BP nanocomposite can be easily fabricated using conventional thin-
film deposition technology. Both SiO; and Cu can be deposited using the technique of thermal
evaporation, while HfO; can be accurately fabricated using atomic layer deposition.
Meanwhile, the BP can be transferred using the existing dry-transfer technique to avoid any
damage to the material. In addition, according to the fabrication tolerance analysis described
above, it is clearly shown that the sensitivity remains stable with +10% variations in
thickness for the biosensor fabricated by the proposed structure.

Enitaxial Atomic Layer Atomic Layer
pitaxia Deposition Deposition -

Growth
Thermal
Evaporation
““ p T NFKSs
E ’ ._> ——> Nln-h.m -—+ N

ks —+ NoFKSh NFRSIa

Fig. 2 Step by step fabrication methods for the proposed SPR sensor.



3. Result and Analysis
3.1Developing the proposed Sensor

The designed biosensor has been developed with optimized geometric patterns
corresponding to the three phases of the malaria disease, ensuring variations in reflectance
based on the angle of incidence. The sensing layer has been optimized with a customized
material composition to ensure high sensitivity to blood components and accurate
discrimination among the different phases of the malaria disease. Fig. 3 shows the
reflectance intensity profiles for different stages of a malaria infection, and a comparative
analysis of different SPR sensor designs. The basic design (Fig. 3a) showed no sensing
capability, with a sensitivity of 0 deg/RIU, a QF of 0 RIU'L, and a DA of 0 deg!. After adding
a Cu layer (Fig. 3b), the sensing capability was significantly enhanced, with a sensitivity of
286.28 deg/RIU, a DA of 0.706 deg?, and a QF of 202.17 RIU"Ll. Further enhancement was
observed after introducing a HfO, layer (Fig. 3c), which increased the angular sensitivity to
375.71 deg/RIU, with a DA of 0.594 deg! and a QF of 223.24 RIU! .The fully optimized
configuration (Fig. 3d) exhibited the highest sensing performance, attaining a maximum
angular sensitivity of 541.42 deg/RIU and a QF of 272.21 RIU"! for the ring stage of malaria
infection, thereby confirming that systematic structural refinement significantly enhances
plasmonic response and overall sensor efficiency in Table 2.

Table 2. Performance metrics of the development malaria stages of SPR biosensor

Configuration Sensitivity Rinin QF (RIUY) DA (deg'1)
(deg/RIU) ) \
N-FK51a+SiO, - - -
N-FK51a+SiO,+Cu 286.28 0.065 202.17 0.706
N-FK51a+SiOy+Cu+HfO, 375.71 0.037 223.24 0.594
N- 541.42 0.011 272.21 0.502

FK51a+SiO;+Cu+HfO,+BP

10 — 10

e Normal =
(a) —Ring
0.8 Trophazoite 08{
—— Schizont Normal
Ring
Trophazoite
g 06{— schisore
% 04
? 02 g u
T T T OIO T T T T T
V5] 80 8 ) 60 65 70 75 80 8 (€

Inddent Angle (deg) Indident Andle (deg)



10

0.8-
s 0.6- —{ == Schizont
2 04 ]
02 4
00 : : . . :
60 60 & 70 75 80 8 90

Inddent Angle (deg) Inddent Andle (deg)

Fig. 3 Reflectance vs Incident angle (deg) curve (a) N-FK51a+SiO;, (b) N-
FK51a+SiO,+Cu, (c) N-FK51a+SiO,+Cu+HfO, , and (d) N-
FK51a+SiO;+Cu+HfO,+BP.

3.2 Impact of choosing prism

A systematic comparison of different coupling prism materials clearly demonstrates in Fig.
4 that the N-FK51a prism provides the most favorable performance for the proposed SPR
biosensor. When N-FK51a is employed, the sensor exhibits remarkably high sensitivities of
541.42, 378.19, and 326.48 deg/RIU for the ring, trophozoite, and schizont stages,
respectively. These high sensitivities are accompanied by consistently large QF values of
272.21, 251.28, and 247.33 RIU", confirming the formation of sharp resonance dips and
excellent signal fidelity across all stages of malaria infection. In contrast, the remaining
prism materials show significantly inferior resonance characteristics even when evaluated
at a representative stage. For the ring stage, BK1 prism yield relatively low sensitivity of
127.85 deg/RIU and DA ¢f 1.005 deg!, along with broader resonance width of 0.995 deg and
limited FOM of 110.68, indicating weak plasmon excitation. Similarly, SF5 and BAF10 have
relatively poorer performance metrics, with sensitivities of 87.57 and 88 deg/RIU, resonance
widths of 0.704 and 0.707 deg, and relatively low FOM values of 107.53 and 107.58,
indicating a lack of sufficient RI contrast for efficient surface plasmon resonance coupling.
While BK7 has relatively better performance metrics than the other conventional prisms,
with sensitivities of 204.71, 186.61, and 176.8 deg/RIU and FOM values of 133.24, 138.46,
and 143.32 for the ring, trophozoite, and schizont stages, respectively, its resonance is still
much broader and less sensitive than that of N-FK51a. The superior performance of the N-
FK51a prism arises from its optimal RI, which enables efficient momentum matching
between the incident optical field and surface plasmons, leading to stronger plasmon
excitation, lower Rpin, narrower resonance width, and enhanced resonance quality.
Consequently, N-FK51a is identified as the most suitable coupling prism for achieving high
sensitivity, sharp resonance characteristics, and reliable malaria detection in the proposed
SPR biosensor.
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3.3 Impact of adhesive layer

The effect of SiO, layer thickness on the performance of the proposed SPR biosensor was
systematically investigated, as summarized in Fig. 5, by varying the thickness from 0 nm to
100 nm while keeping all other layers unchanged. At 0 nm thickness, although the sensor
exhibits relatively high sensitivity values are 549, 381.95 and 329.19 deg/RIU for the ring
trophozoite and schizont stage, this condition is accompanied by a comparatively high Rp;p,
a broad resonance width of 1.94, 1.46, and 1.29 deg for ring, trophozoite, and schizont
stages, and an inflated QF that compromises resonance stability and DA. When the SiO,
thickness is increased to 20 nm, the sensor demonstrates a well-balanced performance,
achieving high sensitivities of 541.43, 378.19, and 326.48 deg/RIU, together with low Ry, of
0.011, 0.073 and 0.096, narrow resonance widths of approximately 1.98, 1.50, and 1.32 deg,
and high FOM values are 269.08, 232.76 and 223.46 for the ring, trophozoite, and schizont
stages. Conversely, for thickness values above 20 nm, the sensing performance starts
degrading gradually. For thickness values of 40 nm and 60 nm, the sensitivity starts dropping



below 532.85 and 524.42 deg/RIU for the ring stage, and the resonance width starts
increasing above 2.02 and 2.06 deg, respectively. For even higher thickness values of 80 nm
and 100 nm, the sensitivity starts dropping below 515.85 and 507.42 deg/RIU, with increased
Rnin values, and increased resonance widths above 2.09 and 2.12 deg, and decreased QF
values of 245.88 and 238.56 RIU-1 for ring stage. The reason for this degradation is excessive
dielectric spacing, which weakens evanescent field penetration and reduces effective
momentum matching between the incident light and surface plasmons. Consequently, the
optimal value of SiO; thickness is determined to be 20 nm, which provides the best possible
combination of efficient plasmon excitation, low reflectance loss, sharp resonance features,
and high resolution for accurate malaria detection at all stages.
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Fig. 5 Thickness variation of adhesive layer: (a) Reflectance vs Incident angle (Normal
Stage), (b) Rmin, (c) QF, and (d) Sensitivity.

3.4 Impact of plasmonic layer

The impact of Cu layer thickness on the proposed SPR biosensor performance was examined
by varying the thickness from 40 nm to 60 nm, as shown in Table 3. At a Cu thickness of 40
nm, the sensor exhibits sensitivities of 386, 300.81, and 268.81 deg/RIU for the ring,
trophozoite, and schizont stages, respectively. However, the corresponding Ry, values



remain high at 0.337, 0.428, and 0.451, indicating weak plasmon excitation and poor
resonance depth. When the thickness is increased to 45 nm, sensitivity improves to 463.71,
341.05, and 299.16 deg/RIU, yet the Ry, values still exceed the desired limit which is 0.1,
remaining at 0.132, 0.234, and 0.262 for the three stages. Conversely, for a Cu thickness of
50 nm, the sensor exhibits a balanced and excellent performance with high sensitivities of
541.43, 378.19, and 326.48 deg/RIU with very low Ry, values of 0.011, 0.073, and 0.096 for
the ring, trophozoite, and schizont stages, respectively. These values are persistently below
0.1, indicating a high level of plasmon coupling and efficient field transfer at the metal-
dielectric interface. For increased thicknesses of 55 nm and 60 nm, while the sensitivities
continue to rise to above 588.42 and 583.71 deg/RIU for the ring stages, the Rpin values
again exceed the acceptable limit for ring stage, along with wider resonance curves and
lower sensing accuracy. This is due to an increased metal thickness that causes increased
damping and reduced effective field penetration into the sensing area. From Fig. 6, a Cu
thickness of 50 nm is chosen as the best option, as it is the only choice that ensures low Ry,
for all stages of malaria infection, besides providing high sensitivity, sharp resonance curves,
and accurate sensing performance.
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Fig. 6 Reflectance vs Incident angle for thickness variation of Cu (a) Normal stage, and
(b) Ring Stage.

Table 3. Performance metrics for varying different Cu thickness

Thicknes Malaria Sensitiv Rmin DA QF FOM FWHM
s of Cu Stages ity (degl) (RIUD (deg)
layer (deg/RI
(nm) U)
Ring 386 0.337 0.316 122.30 81.04 3.15
40 Trophozoi  300.80 0.428 0.364 109.50 62.63 2.74
te
Schizont 268.80 0.451 0.396 106.50 58.38 2.52
Ring 463.71 0.132 0.407 188.73 163.76 2.45
45 Trophozoi  341.04 0.234 0.500 170.52 130.59 2.00
te
Schizont 299.16 0.262 0.557 166.66 122.87 1.79
Ring 541.42 0.011 0.502 272.21 269.08 1.98




50 Trophoz 378.19 0.073 0.664 251.28 232.76 1.50
oite

Schizont 326.48 0.096 0.757 247.33 223.46 1.32

Ring 588.42 0.024 0.592 348.80 340.38 1.68

55 Trophozoi 402.14 0.001 0.846 340.22 339.85 1.18
te

Schizont 344.22 0.006 0.982 338.13 336.02 1.01

Ring 583.71 0.152 0.667 389.66 330.19 1.49

60 Trophozoi 406.38 0.042 1.023 415.94 398.29 0.97
te

Schizont 348.09 0.025 1.212 421.93 411.26 0.82

3.5 Strategic selection and thickness optimization of dielectric layers

A comparative analysis was conducted to determine the most appropriate oxide thickness for
multi-stage malaria detection using the proposed SPR biosensor. As shown in Fig. 7, five
dielectric materials, such as BaTiO3, Al,O3, MgO, LizBOs5, and HfO,, were compared based
on sensitivity, DA, and FOM for the ring, trophozoite, and schizont stages. The BaTiO3-based
design showed moderate sensitivity (334.28, 347.95, and 312.09 deg/RIU) with relatively
lower FOM. Al,03 and MgO showed better performance with a maximum sensitivity of about
466 and 449.42 deg/RIU for the ring stage, respectively, along with higher DA and FOM.
LizBOs showed balanced but relatively lower sensitivity (385.71, 302.19, and 270.09
deg/RIU). Among all the candidates, the HfO, layer showed the highest and most stable
performance with a maximum sensitivity of about 541.42, 378.19, and 326.48 deg/RIU for
the ring, trophozoite, and schizont stages, respectively, along with higher FOM (269.08,
232.76, and 223.46). The main reason for this improved performance is the higher RI of HfO,,
which enhances the confinement of the electromagnetic field and further improves the
plasmonic coupling between the metal and dielectric layers in contact with the analyte.
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Fig. 7 Performance analysis using different dielectric layer: (a) Reflectance vs
Incident angle (Normal Stage), (b) Rmin, (c) QF, and (d) Sensitivity.

After material choice, the thickness of the HfO, layer was optimized from 1 nm to 3 nm
systematically, as shown in Fig. 8. For a thickness of 1 nm, the sensor had relatively lower
sensitivities (402.85, 311.76, and 277.51 deg/RIU) and larger resonance widths, signifying a
lack of field confinement. Sensitivity was improved with a thickness of 1.5 nm, but Rp;, and
resonance width were still not optimal. The optimal results were obtained at a thickness of
2 nm, where high sensitivities (541.42, 378.192, and 326.48 deg/RIU), low Ry, values (0.011,
0.073, and 0.096), and relatively narrower FWHM (1.98, 1.5, and 1.32 deg) were achieved,
resulting in better QF and FOM. Although a slight increase in sensitivity was noticed at 2.5
nm for the ring stage, higher reflectance and lower quality factors hampered the
performance. A thickness of 3 nm resulted in marked deterioration, including a broadened
resonance and lower sensitivity, owing to reduced penetration of the evanescent field and
improper momentum matching. Hence, an HfO, layer thickness of 2 nm is chosen as the
optimal design, providing high sensitivity, sharp resonance curves, and robust multi-stage
malaria detection.
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3.6 Choosing 2D material

A comprehensive comparative analysis of various 2D materials used in the outer sensing
layer of the biosensor clearly reveals the superiority of BP in teims of performance in the
proposed SPR biosensor shown in Fig. 9. When BP is used, the sensor has a very high
sensitivity of 541.43 deg/RIU with a sharp resonance width of 1.98 deg, a high DA of 0.502
degl, and a FOM of over 269.08, which is a clear measure of superior resonance
characteristics and sensing accuracy for ring stage. However, for other 2D materials used,
the performance is clearly inferior. For MoS,, the sensors have lower values of sensitivity of
around 258, 308.57, and 285 deg/RIU, with broadened resonance widths of over 4.72, 3.175,
and 2.67 deg, and much lower FOM vaiues of 37.84, 86.25, and 98.01 for ring, trophozoite,
and schizont stage, respectively, which is an indication of poor evanescent field
enhancement. For WS,, the sensors have lower values of sensitivity of 89.28, 289.57, and
276 deg/RIU, with broadened resonance widths of around 3.77, 2.3, and 1.94 deg, and much
lower FOM values of 19.44, 125.28, and 141.52 for ring, trophozoite, and schizont stage,
respectively, which is an indication of poor plasmon-analyte coupling. MXene has a moderate
sensitivity of approximately 368 deg/RIU, but it has a wider resonance width of above 4.5
deg and a lower FOM of 56.60, which restricts the angular resolution. Likewise, graphene
has yield sensitivity of 427.28, 325.95, and 288.41 deg/RIU, resonance widths of 2.5, 1.86,
and 1.62 deg, and FOM of 166.31, 174.48, and 177.34 for ring, trophozoite, and schizont
stage, respectively, thus reiterating its poorer sensing capability compared to BP. The better
sensing capability of BP lies in its direct bandgap tunability, high in-plane anisotropy, and
high carrier mobility, which together contribute to better confinement of electromagnetic
fields and light-matter interaction at the sensing interface. As a result, BP supports steeper
resonance curves, lower Rpin, and much higher sensing resolution, thus explaining its choice
over all other 2D materials for its high sensitivity, accuracy, and reliable malaria detection
capabilities.



10

(a
0.8
s 0.6-
2 04
= Graphene
Mos,
0.2 BP
= MXene
—Ws,
o.c T T T T T T T 0.0 T T T T T
74 76 78 80 & 8 8 8 92 Graphene MosS, BP MXene ws,
Inddent Angle (deg) Different type of TMDC materials
300 - Graphene
(© o Trepoaite (d) 600, ——Ring
250- - : ) ‘ o— Trophozoite
4 00 A\
8 10 2 PN ™
w )00 >
z o
§ 100- ,A
° /N
5. L\
oI . . . =i T
MXene BP

Fig. 9 Performance analysis using different TMDC materials: (a) Reflectance vs
Incident angle (Normal Stage), (b) Rmin, (c) QF, and (d) Sensitivity.

3.7 Layer Thickness Optimization of SPR Sensors via Brute-Force Search and
Iterative Verification

Malaria continues to pose serious challenges in the domain of public health mainly owing to
resistance to drugs in certain strains of Plasmodium and environmental factors contributing
to its spreading. Detection at an early stage is of utmost importance, leading to the need for
development of highly sensitive detectors. Among various methods employed in detecting
malaria, SPR-based sensing devices are well known for their excellent sensitivity and fast
responses. In the current study, a multilayer SPR sensor with the structure of N-
FK51a+SiO;+Cu+HfO,+BP is utilized in detecting malaria. In order to have the optimal
performance of the biosensor, an optimization approach is used to find the optimal thickness
values of each layer of the multilayer structure. The approach ensures that we explore the
global optimum solution rather than the local one. In this case, the thickness of BP remains
constant whereas that of SiO; is changed within the range of 0 nm to 30 nm with an interval
of 1 nm. On the other hand, the thickness of the Cu layer changes between 30 nm and 60 nm
with an interval of 1 nm and that of HfO, varies within the range of 0 nm to 5 nm with an
interval of 0.1 nm. This optimal combination is obtained at SiO; = 20 nm, Cu = 50 nm, and



HfO, = 2 nm, as the sensing element shows its best plasmonic behavior under this
configuration. The transfer matrix method is used to analyze the reflectance spectrum of
each layer combination in order to find out the critical parameters such as resonance angle,
minimum reflectance, and resonance shift.

Before the regression analysis was carried out, Pearson correlation matrices were
determined to examine the monotonicity between the input parameters and their
corresponding output parameters, as shown in Fig. 10. Pearson correlation matrices provide
a quantitative measure of the linear relationship between the input parameters and their
corresponding output parameters. In this regard, the Pearson correlation coefficient r is used
to assess the extent of correlation that exists between two parameters, x and y, where m
observations are made. The mathematical representation of the Pearson correlation
coefficient calculation is shown in the following equation 54:

m(Exy) - (£x) (Zy)
[m3x2-(Zx)?] x [mzy2 - (5y)?]

(18)

The aim of linear regression analysis is to determine the line that most closely fits the
relationship between the variables. It is also known as the regression line or line of greatest
fit. It can be expressed by the equation below:

Y = Bo + B1X1 + B2Xz
+ ...BnXn (19)

Where Here, Y is the dependent (target) parameters, whereas X;, X, ..., X, represent the
independent (predictor) components. The symbol Bo stands for the constant term, which is
the value of the dependent variable when all the predictor variables are equal to zero.
Similarly, B1, B2, ..., Bn represent the regression weights that measure the importance of each
independent variable on the dependent variable.
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Fig. 10 Heat map showing correlations among design and performance metrics.
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3.8 Performance Comparison of ANN, ANFIS and RBFNN Models for malaria
detection Accuracy

To assess the prediction capability of the proposed SPR-based biosensor for malaria
diagnosis, three advanced supervised intelligent modeling approaches, such as artificial
neural network (ANN), adaptive neuro-fuzzy inference system (ANFIS), and radial basis
function neural network (RBFNN), are used. These models are more appropriate for
biosensing tasks due to their ability to handle complex nonlinear relationships among various
SPR response variables and malaria stage changes. The FFBP-ANN model uses a multilayer
feed-forward network trained with backpropagation to approximate the nonlinear input-
output relationships. The ANFIS model combines neural learning with fuzzy rule-based
systems, which are capable of efficiently dealing with the uncertainty and nonlinear
variations involved in the SPR sensing data. The RBFNN model, on the other hand, uses
localized radial basis activation functions, which provide faster convergence and better
generalization properties for modeling highly nonlinear sensor responses. For all three
models, the input variables are Ops, Rmin, and FWHM, and the output variable is the
corresponding malaria stage. In terms of the ML approach, a total number of 1000 simulated
samples were generated from the SPR sensor output responses at various refractive indices
corresponding to the stages of malaria infection. Out of these samples, 1000 were used for
training, and the remaining 300 were used for validation. The inputs for all the models were
Ores, Rmin, and FWHM, whereas the output variable was the malaria infection stage
classification.

For the ANN model, a feed-forward back propagation neural network with one hidden layer,
which had ten neurons, was adopted. Training of the ANN model was done by adopting the
Levenberg-Marquardt optimization technique. For the ANFIS model, a Sugeno-type fuzzy
inference system, in which the membership functions were Gaussian, was used to capture
the nonlinear relation between the sensor output responses and the different stages of
malaria. An RBFNN model was built using radial basis neurons with the spread parameter
optimized empirically for optimeal convergence. Evaluation of the performance of all models
was done using the prediction error and standard deviation of the prediction errors. The
comparison between the actual values of the malaria stages and the predicted values by the
FFBP-ANN, ANFIS, and RBFNN models is shown in Fig. 11(a), Fig. 11(c), and Fig. 11(e),
respectively. The error curves for the predicted values of all three models are shown in Fig.
11(b), Fig. 11(d), and Fig. 11(f), respectively. The results are in good agreement with the
target values for all models, and the learning of the sensor analyte relationship is successful.
Error analysis provides information on the performance of all three models.
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for ANN models, (c) Original vs ANFIS-predicted data, (d) Error analysis for the



proposed models, (e) Original vs RBFNN-predicted data, and (f) Error analysis for
RBFNN models.

The ANN has a maximum prediction error of about 2.82x10~* with a standard deviation of
around 0.0780. The ANFIS shows better accuracy, with a lower maximum error of about
7.65x10-6 and a standard deviation of 0.0059. It is important to note that the RBFNN model
has the lowest prediction error, with a maximum error of close to 9.83x10-7 and a standard
deviation of 0.0004, which clearly shows better accuracy and stability. The better
performance of RBFNN is due to its localized learning ability and effective modeling of the
nonlinear variations in the SPR response data. In conclusion, although all three intelligent
models show strong predictive capability, RBFNN clearly outperforms both FFBP-ANN and
ANFIS in terms of accuracy, stability, and error minimization, thus proving its effectiveness
for precise malaria stage identification with the proposed SPR biosensing platform. The
decision curve based on RI, as described as a systematic stage identification tool for malaria
diagnosis, linking optical RI values with the severity of infection. Every stage of malaria has
a unique RI value of red blood cells, which depends on the stage of infection: normal (1.402),
ring (1.395), trophozoite (1.381), and schizont (1.371). To account for the physiological
differences and uncertainties in measurement, a tolerance interval of +10% is considered
around each reference value. The RI values that lie in these marked areas show a prominent
dominance of the respective infection stages, while values outside these areas indicate a
transition from one stage to another. As shown in Fig. 12, this systematic mapping enables
the conversion of continuous optical values into meaningful stage labels. The decision curve
also helps to maintain consistency between the SPR seiisor’s optical signal and the stage
identification results provided by the FFBP-ANN and ANFIS models.
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Fig.12 Refractive index-based malaria stage decision curve.
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3.9 Fabrication Tolerance and Feasibility Analysis

To properly assess the fabrication feasibility of the proposed SPR biosensor, a comprehensive
fabrication tolerance analysis was conducted by introducing systematic variations of +10%
in the thickness of the metallic and dielectric layers. The thickness of the BP layer was
intentionally fixed due to its dominant role in the electromagnetic field confinement and
overall biosensing performance. In the initial stage, the biosensor sensitivity to individual
fabrication tolerances was investigated by introducing independent variations of +10% in
the thickness of the SiO,, Cu, and HfO, layers, while fixing all other variables to their
optimized settings. The corresponding changes in the reflectance responses and associated
performance parameters are shown in Fig.—12 Fig. 13. Subsequently, a full combined
tolerance analysis was carried out by simultaneously varying the thicknesses of all three
layers (SiO,/Cu/HfO,2) by *10%, thus accurately simulating real-world inaccuracies
introduced during fabrication. The variation in key performance parameters is summarized



in Table 4. It is evident from the analysis that both individual and combined thickness
variations result in negligible performance degradation, thus establishing the robustness of
the proposed biosensor against fabrication inaccuracies. These results unequivocally
establish the experimental feasibility of the biosensor and establish that it can be fabricated
using standard thin-film deposition techniques.

Table 4. Influence of £10% thickness error on the performance parameters of the proposed
sensor (Ring Stage)

Performance Error possibility of all layers Error possibility of all layers
parameter for for
+10% -10%
Sensitivity 577.5714 438.2857
(deg/RIU)
Rmin 0.0301 0.1394
FWHM 1.7530 2.4060
DA (deg) 0.5705 0.4156
QF (RIUY) 329.4760 182.1636
FOM 319.5567 156.7690
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3.10 Electric field analysis and penetration depth

The surface plasmon resonance excited with high intensity in the proposed sensor design is
validated based on the electric field intensity distribution calculated at an analyte refractive
index of 1.402 and a resonance angle of 87.51 deg, as shown in Fig. 14. The field extends
into the sensing medium, decaying exponentially from its peak value at the sensor-analyte
interface. For the optimized design, the penetration depth (PD) is calculated to be about 208
nm. This result is obtained using both the FEM and FDTD methods, showing a strong
consistency between the two simulation methods and hence validating the accuracy of the
simulation results. The penetration depth is the distance from the interface where the
electric field intensity drops to 1/e (about 37%) of its peak value at the sensor-analyte
interface value 5. The presence of strong near-surface field confinement and a relatively
large penetration depth increase the effective interaction volume between the evanescent
field and the analyte. As a result, the excited surface plasmon wave is highly sensitive to RI
changes in the sensing region, resulting in enhanced detection capability and overall sensing
performance. All the performance parameter of the proposed SPR biosensor is given in Table
5.
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Table 5. Performance enhancement metrics across all malaria stages

Malaria RI FWHM Rpyin Ores QF Sensitiv DA FOM
stage (deg) (deg) (RIU- ity (deg-
D) (deg/RI D)
U)
Normal 1.40 2.940 0.099 87.51 - - - -
2
Ring 1.39 1.989 0.011 83.72 272.21 541.42 0.502 269.08
5
Trophozoi 1.38 1.505 0.073 79.57 251.28 378.19 0.664 232.76
te 1
Schizont 1.37 1.320 0.096 77.39 247.33 326.48 0.757 223.46
1

3.11 Wide Dynamic Range and Linearity of the Proposed SPR Biosensor

The correlation between the Rl of malaria analytes and the resonance angle of the proposed
SPR sensor is demonstrated in Fig. 15(a) using linear and polynomial curve fitting
techniques. The RI of the analyte ranges from 1.371 to 1.402, resulting in a variation of the
resonance angle from 76 deg to 88 deg. The linear relationship between the resonance angle
and the RI is expressed by the equation [[=—337.36022+302.04163[], while the polynomial
behavior is represented by ]=10649.70719-15553.0182[J+5719.71855[J2. The values of the
coefficients of determination for beth curve fittings are R2 = 0.97606 for the linear
relationship and R2? = 0.99645 for the polynomial relationship. The close-to-unity values of
R2 indicate that the proposed SPR sensor has a perfectly linear relationship within the
measured RI range. Fig. 15(b) also shows the reflectance as a function of incident angle for
different Rls representing various stages of malaria. A systematic shift of the resonance dip
towards higher angles with increasing RI values, along with distinct minima, is observed.
This indicates the high precision, stability, and reliability of the proposed biosensor, thus
confirming its suitability for precise malaria detection based on its predictable RI sensitivity.
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Fig. 15 (a) Reflectance vs Incident angle (deg) for RI 1.3700 to 1.4020, and (b) The RI
of the corresponding malaria is polynomial and linear correlated with the resonance
dip angle.

Table 6. Performance Comparison of the Proposed SPR Sensor with Previously Reported
SPR Sensors

Malaria Ref work Sensor Sensitiv DA QF Year
stages Configuration ity (degl) (RIU-
(deg/RI D)
U)
Proposed N- 541.42 0.502 272.21 -
work FK51a+SiOy+Cu+
HfO,+BP
Ref work-1 BK7+TiO,+Ag+Si 494.57 0.378 187.34 2025
56 +
BP
Ref work-2 Ag+SisN4+BP/ssD 464.38 0.873 124.81 2025
57 NA
(Sysa)
Ring Ref work-3 BK7+ZnTe+Ag+F 444.00 0.215 95.83 2025
stage 18 €203

+ BlueP/WS,
Ref work-4 BK7+Cu+TiOy+Te 432.83 0.509 220.71 2025

58 0,
+BP
Ref work-5 BK7+Ag+ZnTe+ 370.00 0.454 168.02 2025
59 Fe,O03+BP
Ref work-6 BK7+Ag+SizNsg+ 353.14 0.507 72.49 2025
60 Graphene+ssDNA
Proposed ~ N- 378.19 0.664 251.28 2025
work FK51a+SiO2+Cu+
HfO,+BP
Ref work-1 BK7+TiO,+Ag+Si 371.33 0.536 199.32 2025
56 +
BP
Ref work-2 Ag+SisNg+BP/ssD 343.93 0.873 124.81 2025
57 NA
(Sysa)
Ref work-3 BK7+ZnTe+Ag+F 341.04 0.261 89.18 2025
18 e;03+ BlueP/WS,

Trophoz Ref work-4 BK7+Cu+TiOy+Te 328.11 0.683 224.27 2025
oite 58 0,

stage +BP
Ref work-5 BK7+Ag+ZnTe+ 300.00 0.609 182.70 2025
59 Fe,O3+BP

Ref work-6 BK7+Ag+SisNg+ 291.14 1.447 68.90 2025
60 Graphene+ssDNA




Proposed N- 326.48 0.757 247.33 2025

work FK51a+SiOy+Cu+
HfO,+BP
Ref work-1 BK7+TiO,+Ag+Si 324.26 0.619 200.78 2025
56 +
BP
Ref work-2 Ag+SisNy4+BP/ssD 301.07 3.043 98.17 2025
57 NA
(Sysa)
Schizont Ref work-3 BK7+ZnTe+Ag+F 300.74 0.283 85.36 2025
stage 18 €203

+ BlueP/WS,
Ref work-4 BK7+Cu+TiOy+Te 290.56 0.783 227.71 2025

58 0,
+BP

Ref work-5 BK7+Ag+ZnTe+ 270.00 0.788 207.37 2025

59 Fe,O3+BP

Ref work-6 BK7+Ag+SisNg+ 263.25 2.091 67.46 2025

60 Graphene+ssDNA

The performance of the proposed sensor is systematically compared with six recently
reported structures across different malaria infection stages in terms of sensitivity and QF
as mentioned in Table 6. For the ring stage, the proposed sensor exhibits a notable
enhancement in sensitivity, showing improvements of approximately 9.47%, 16.59%,
21.94%, 25.09%, 46.33%, and 53.32% compared to ref-1 through ref-6, respectively, along
with a remarkable improvement in QF of about 45.30%, 118.10%, 184.06%, 23.33%, 62.01%,
and 275.51%. Similarly, during the trophozoite stage, the proposed design demonstrates
consistent sensitivity enhancement of approximately 1.85%, 9.96%, 10.90%, 15.27%,
26.06%, and 29.92% over ref-1 to ref-6, respectively, while the QF is significantly increased
by about 26.04%, 101.16%, 181.86%, 12.05%, 37.54%, and 264.72%. Furthermore, for the
schizont stage, sensitivity improvements of approximately 0.69%, 8.44%, 8.56%, 12.36%,
20.92%, and 24.02% are achieved compared to the corresponding ref works, accompanied
by substantial QF enhancements of about 23.18%, 151.90%, 189.80%, 8.61%, 19.27%, and
266.60%. The consistently higher sensitivity and significantly improved QF for all stages of
malaria confirm sharper resonance characteristics, better signal resolution, and robust RI
sensing performance, thus validating the efficacy and reliability of the proposed sensor for
precise multi-stage malaria detection.

Conclusion

The proposed work presents a highly optimized multilayer surface plasmon resonance (SPR)
biosensor for the sensitive and reliable detection of malaria at three clinically significant
stages of infection. By using a N-FK51a+SiO;+Cu+HfO,+BP layer architecture, the
proposed biosensor shows outstanding performance, with a maximum angular sensitivity of
541.42 deg/RIU, a sharp resonance linewidth with FWHM of 1.98 deg, a DA of 0.502 deg,
and a high QF of 272.21 RIU"! for ring stage, ensuring accurate and reliable measurements.
The outstanding sensing performance is achieved by the combined effect of the multilayer
architecture, where the SiO; and Cu layers provide efficient plasmon excitation and optical



confinement, the HfO, layer provides improved structural stability and biocompatibility, and
the BP sensing layer provides substantial enhancement of the evanescent electric field and
improved analyte-surface interactions. The proposed biosensor shows high efficacy in
detecting the most important malaria biomarkers, such as Plasmodium lactate
dehydrogenase (pLDH), which is a biomarker of active parasitic metabolism and allows
infection stage-specific monitoring, and histidine-rich protein-2 (HRP-2), which is a highly
specific and widely accepted biomarker for rapid malaria diagnosis. The prediction of sensor
response is further verified using three supervised intelligent models, namely feed-forward
backpropagation ANN, ANFIS, and RBFNN. Although all models demonstrate strong
learning and generalization performance, RBFNN outperforms the others in terms of
prediction accuracy with lower error due to its adaptive rule-based inference system, which
is highly beneficial for modeling a nonlinear SPR sensor response. The high sensitivity of the
proposed sensor to refractive index changes related to these biomarkers clearly indicates
the clinical significance of the proposed sensor for early and accurate malaria detection. In
addition, the high linearity of the sensor response clearly confirms the robustness of the
proposed sensor for real-time diagnostics. Due to its improved sensitivity, stability, and
scalability, the proposed SPR biosensor also has strong potential for implementation in other
infectious and chronic disease detection platforms.
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