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Abstract

Dengue remains a major global public health concern, highlighting the need for rapid and
sensitive methods for the early detection of dengue virus biomarkers. In the present study,
a finite element model for the detection of dengue nonstructural protein 1 (NS1) using an
interdigitated electrode (IDE)-based impedimetric biosensor was developed in COMSOL
Multiphysics. The proposed sensor consists of gold IDEs coated with an antibody-based
biorecognition layer and immersed in a conductive aqueous sample medium. Antibody-NS1
binding was modeled using the Langmuir adsorption isotherm. Frequency-domain simula-
tions were used to examine the impedance response over a range of NS1 concentrations from
0 to 1000 ng/cm?>. The results showed that the simulated impedance magnitude decreased
with increasing NS1 concentration and excitation frequency. At 10 MHz, the normalized
impedance response increased rapidly at low NS1 concentrations and gradually approached
saturation at higher concentrations. A linear fit to three simulated concentration points
(1-3 ng/cm?) yielded a normalized response slope of 0.9223%/ (ng/cm?®) (R? = 0.9963), pro-
viding a preliminary characterization of the model-predicted low-concentration response.
These findings demonstrate the potential of computational modeling for characterizing the
predicted electrical response of an IDE-based impedimetric NS1 biosensor, providing a
basis for sensor optimization and future experimental validation. The reported sensitivity
and concentration-dependent responses are simulation-based predictions and have not
been experimentally validated.

Keywords: dengue NS1; impedimetric biosensor; interdigitated electrodes; electrochemical
impedance spectroscopy; Langmuir adsorption model; COMSOL Multiphysics

1. Introduction

Dengue is a mosquito-borne viral infection caused by the dengue virus (DENV), a
single-stranded RNA (ssRNA) virus belonging to the genus Orthoflavivirus within the Fla-
viviridae family [1,2]. Dengue poses a major global health concern, particularly in tropical
and subtropical regions worldwide. The World Health Organization (WHO) estimates
that around 100—400 million infections occur annually, of which approximately 70% are
asymptomatic [3,4]. This highlights the importance of timely and accurate diagnosis of
dengue infection to support appropriate clinical management and reduce the morbid-
ity and mortality associated with dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS).

Several traditional laboratory-based diagnostic approaches are currently available for
detecting dengue infection. These include serological methods such as IgM/IgG antibody
testing, nucleic acid-based methods such as polymerase chain reaction (PCR), and antigen
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detection methods [5-7]. Nonstructural protein 1 (NS1) antigen detection has emerged as a
promising approach because it allows for rapid and relatively inexpensive detection during
the early phase of infection. In addition, NS1 antigen detection has a reported sensitivity
ranging from 63% to 94%, making it particularly suitable for resource-limited healthcare
facilities [8].

Recently, biosensing approaches have gained increasing attention in dengue diagnos-
tics by enabling rapid, accurate, and cost-effective detection of the NS1 antigen, an early
biomarker of dengue infection. Previous studies have investigated various biosensing plat-
forms for NS1 detection, including electrochemical, optical, microfluidic, and smartphone-
based biosensors [9-12]. Due to their high sensitivity, potential for miniaturization, low
cost, and versatility, electrochemical biosensors are widely used for detecting low levels of
biomarkers [13-15]. Furthermore, electrochemical biosensors can enable label-free detec-
tion, reducing reagent consumption and simplifying the detection process [16].

Among the available electrochemical detection methods, electrochemical impedance
spectroscopy (EIS) is widely used for label-free biomolecular detection. EIS is a non-
destructive analytical technique that measures impedance by applying a small-amplitude
AC voltage to an electrochemical system and measuring the resulting current response [17].
For EIS-based impedimetric sensors, interdigitated electrodes (IDEs) are commonly used
due to their high sensitivity and ease of miniaturization. The combination of EIS with
IDEs has been widely investigated in various biomedical sensing applications, including
immunological biomarker detection, cancer diagnostics, bio-affinity sensing, and infectious
disease detection [18-21].

In recent years, several studies have investigated the use of impedimetric biosensors
for dengue diagnosis through the detection of the NS1 antigen using anti-NS1 antibodies.
For example, Cecchetto et al. developed a label-free impedimetric biosensor using anti-NS1
antibodies immobilized on a gold electrode, achieving detection limits of 3 ng/mL in PBS
and 30 ng/mL in serum [9]. Similarly, Nawaz et al. developed a portable impedimetric
immunosensor based on anti-NS1-modified screen-printed carbon electrodes, with a detec-
tion limit of 0.3 ng/mL and a linear range of 1-200 ng/mL for NS1 detection [22]. More
recently, Ojha et al. developed a label-free impedimetric immunosensor based on an anti-
NS1-functionalized gold nanorod—graphitic carbon nitride-modified electrode, achieving a
linear detection range of 0.6-216 ng/mL and a limit of detection (LOD) of 0.09 ng/mL in
PBS [23]. Table 1 compares previously reported dengue NS1 biosensors with the present
computational study.

Despite these advances, most reported studies have focused on the experimental
development and performance evaluation of impedimetric biosensors, while detailed com-
putational investigations of how NS1 concentration alters the interfacial electrical properties
of IDE-based sensors remain limited. This highlights the importance of physics-based
modeling for understanding how the interfacial impedance response is influenced by NS1
concentration. To address this gap, the present study investigated the impedance response
and model-predicted sensitivity of an IDE biosensor for dengue NS1 detection using COM-
SOL Multiphysics. In addition, this study examined key sensor response characteristics,
including linearity, sensitivity, frequency-dependent impedance response, and electric
field distribution.
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Table 1. Comparison of the present computational study with previously published electrochemical
biosensors for dengue NS1 detection.

Electrode NS1 Reported
Study - . Sensing Method Concentration P, .. Study Type
Configuration Sensitivity
Range (ng/mL)
. 14.1%/decade
Cecchetto et al. fur‘?crt‘férlzilze 4 EIS 10-2000 (PBS); (PBS); Exberimental
(2015) [9] 10-1000 (serum) 10.4%/decade p
gold electrode
(serum)
Anti-NS1/BSA-
Nawaz ef al. (2018) modified EIS 1-200 NR Experimental
[22] screen-printed
carbon electrode
Antibody- Approximately
. . ; _ n %
Wasik et al. (2018) functionalized Chemiresistive 1-1000 (artificial 4.52 + 0.13% per Experimental
[24] SWNT network on saliva) log
gold IDEs
29,2.7 and
Bachour Junior DNA aptamer- 1.7%/decade,
functionalized EIS 0.01-1000 depending on NS1 Experimental
etal. (2021) [25]
gold electrode serotype and
sample matrix
Anti-NS1-
. functionalized )
Ohaetal (2022) | \NRs-g-C,N - FIS 0.6-216 (PBS); NR Experimental
[23] o 3-177 (serum)
modified glassy
carbon electrode
Screen-printed Differential pulse 0.053 pA-mL/ng
N . gold electrode voltammetry 5-300 e\
Sirivibulkovit et al. : o (competitive); .
(AuSPE) with (DPV); (competitive); Experimental
(2025) [26] ) . . o . 0.044 pA-mL/ng
epitope-imprinted competitive and 10-100 (direct) .
. . (direct)
MIP nanoparticles direct assays
Gold IDE with COMSOL
Present study modeled antibody- frequency-domain  0-1000 simulated;  0.9223%/(ng/mL), Computational
(2026) functionalized impedance 1-3 fitted simulated P
layer simulation

NR = not reported; EIS = electrochemical impedance spectroscopy; IDE = interdigitated electrode;

PBS = phosphate-buffered saline.

2. Materials and Methods

2.1. Biosensor Design and Geometry

In this study, finite element analysis (FEA) was performed using COMSOL Multi-
physics® (Version 6.3, COMSOL AB, Stockholm, Sweden) to develop and simulate a three-
dimensional (3D) model of the proposed IDE-based biosensor for dengue NS1 detection.
The model was used to simulate the electrical response of the biosensor in a conductive
aqueous sample medium. Figure 1 depicts the main components and geometry of the
proposed IDE-based biosensor. The geometrical parameters used in the COMSOL model
are summarized in Table 2.
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Figure 1. Geometry of the proposed IDE-based biosensor: (top) three-dimensional configuration,
(bottom left) top view showing the IDE geometrical parameters, and (bottom right) side view
showing the vertical dimensions of the sensor structure.

Table 2. Geometrical parameters of the proposed IDE-based biosensor.

Parameter Symbol Value
Substrate width W 200 ym
Substrate thickness ty 20 pm
IDE finger width wy 10 pm
IDE finger length L¢ 100 pm
Inter-finger gap 8f 10 pm
Gold electrode thickness t, 0.2 ym
Biorecognition layer
th?ckness g L 0.01 pm
Sample medium height hy 50 pm
Number of IDE fingers Ny 8
Contact pad width w, 30 ym
Contact pad length L, 30 pm
Contact pad thickness ty 0.2 ym

A gold IDE was modeled on a glass substrate with a width of 200 pm and a thickness of
20 ym and covered by a biorecognition layer, as illustrated in Figure 1. The gold IDEs were
patterned on the substrate, with each electrode finger having a width, length, and thickness
of 10 pm, 100 pm, and 0.2 pm, respectively. The gap between adjacent fingers was set at a
constant distance of 10 ym, and a total of eight interdigitated fingers were used in the sensor
geometry. A thin biorecognition layer with a thickness of 0.01 ym was positioned directly
above the gold electrode surfaces to represent the antibody-functionalized sensing interface.
The IDE structure and biorecognition layer were covered by a sample medium with a height
of 50 pm. Each contact pad had dimensions of 30 pym x 30 ym, with a thickness of 0.2 ym.
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2.2. COMSOL Multiphysics Electrical Model

The Electric Currents (EC) physics interface in COMSOL Multiphysics was used to
model the electric field and electric potential distributions within the IDE-based biosensor
in the frequency domain. The governing equations used for the electric field and electric

potential are expressed as follows:
E=-VV (1)

where E is the electric field and V is the electric potential.
J = (o +jwe)E (2)

where ] is the current density, ¢ is the electrical conductivity, ¢ is the permittivity, j = v—1
is the imaginary unit, and w = 27tf is the angular frequency.
The conservation of electric current is expressed as

V.]=0 (3)

Accordingly, the electric potential distribution was obtained by solving the time-
harmonic current continuity equation [27]:

V- [=(c +jwe)VV] =0 (4)

2.3. Antibody-NS1 Langmuir Binding Model

The Langmuir binding model was used to describe the specific binding of dengue
NS1 antigen to the immobilized anti-NS1 antibodies in the biorecognition layer. The model
is based on the assumption of 1:1 binding between the target antigen and homogeneous,
independent binding sites on the antibody-functionalized surface. This approach has been
applied to the characterization of anti-dengue NS1 antibody binding using surface plasmon
resonance and other label-free biosensing techniques and has also been used to describe
protein—antibody interactions in biosensing systems [28-30].

The Langmuir isotherm was used to calculate the fractional occupancy of the available
antibody binding sites [31]:

Cnsi
g1 = Kpnst + Cnsi ©)
where 0y, is the fractional occupancy of antibody binding sites, Cyg; is the NS1 concentra-
tion, and K, s is the equilibrium dissociation constant. The Langmuir relationship predicts
that as antigen concentration increases, surface occupancy increases and approaches satura-
tion at high antigen concentrations. When Cyg; = Kp ns1, half of the available binding sites
are occupied (fys; = 0.5).

In the present model, the equilibrium dissociation constant (Kp) was assumed to be 10
ng/cm? as a representative modeling parameter rather than an experimentally determined
binding affinity. The Langmuir model assumes equilibrium binding and uniform surface
coverage. Time-dependent binding kinetics and mass-transfer limitations were not explicitly
considered; therefore, the model does not predict the time required to reach equilibrium.

To account for the effect of NS1 binding on the electrical response, the effective con-
ductivity and relative permittivity of the biorecognition layer were assumed to vary linearly
with the fractional occupancy calculated using the Langmuir model. These properties were
interpolated between the defined unbound and fully bound states as follows:

Opio = (1 - ONSl)(Tbio,free + 0NSlabio,bound (6)

& = (1 - 6NSl)£r,bio,free + 9NSl‘C'r,bio,bound (7)
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where 0y, g, and iy poung denote the electrical conductivities of the unbound and NS1-
bound biorecognition layers, respectively. Similarly, €, 1, o, and €, yjo pouna represent their
corresponding relative permittivities. In the present model, 0, ., and 7, poung Were set
to 1 x 107* and 2 x 10~* S/m, respectively, whereas €y pio free AN €, pig pouna Were set to 4
and 6, respectively. As described by the Langmuir relationship, the simulated fractional
occupancy increased with increasing NS1 concentration, gradually changing the effective
electrical properties of the biorecognition layer, which were subsequently incorporated
into the frequency-domain impedance simulations. Physically, NS1 binding may alter the
effective electrical properties of the biorecognition layer through changes in interfacial
charge distribution, local hydration, and dielectric polarization. In the present model,
these effects are represented collectively through the assumed occupancy-dependent con-
ductivity and permittivity, without explicitly modeling individual molecular mechanisms
or changes in layer thickness. The linear interpolation was adopted as a first-order phe-
nomenological approximation between the unbound and fully bound states, assuming
that the effective changes in conductivity and permittivity are proportional to antibody
binding-site occupancy. This approach provides a consistent coupling between the Lang-
muir binding model and the frequency-domain electrical simulations while maintaining a
fixed biorecognition-layer thickness.

Antibody-NS1 binding was represented through concentration-dependent electri-
cal properties of the biorecognition layer rather than an explicit surface reaction. For
each NS1 concentration, the equilibrium fractional occupancy was used to update the
conductivity and relative permittivity of the biorecognition layer before performing the
frequency-domain simulation. No additional binding-reaction or mass-transport boundary
conditions were imposed.

The coupling between NS1 binding and the electrical response was implemented
through changes in the effective conductivity and relative permittivity of the biorecog-
nition layer. As NS1 concentration increases, the Langmuir model predicts greater an-
tibody binding-site occupancy, which modifies these electrical properties according to
Equations (6) and (7). The resulting changes affect the conductive and capacitive cur-
rent distributions near the IDE surfaces, particularly within the high-electric-field regions
between adjacent electrode fingers, thereby altering the total terminal current and the
calculated impedance. This mechanism represents an assumed phenomenological relation-
ship between biomolecular binding and electrical properties rather than an experimentally
established interaction.

2.4. Electrical Properties and Boundary Conditions

The electrical properties of the computational domains were defined in terms of elec-
trical conductivity, o, and relative permittivity, ¢,. The glass substrate was treated as an
insulating (dielectric) material, while the IDEs were assigned the electrical properties of
gold. The sample medium was modeled as a conductive aqueous medium, with an assumed
relative permittivity of 78 and an electrical conductivity of 1.5 S/m, consistent with values
reported in previous computational studies [32,33]. The fractional antibody—-NS1 binding
occupancy presented in the previous section was used to determine the concentration-
dependent electrical properties of the biorecognition layer using assumed unbound and
fully bound material properties. The electrical properties of the different computational
domains are summarized in Table 3.

https://doi.org/10.3390/bios16110621


https://doi.org/10.3390/bios16110621

Biosensors 2026, 16, 621

7 of 17

Table 3. Electrical Properties of the Materials Used in the COMSOL Model.

Computational Domain Electrical Conductivity, o (S/m) Relative Permittivity, &,
Glass substrate 1x 10712 4.7
Gold IDEs 4.1 x 107 1
Dengue sample medium 1.5 78
Biorecognition layer (unbound) 1x107* 4
Biorecognition layer (fully bound) 2x107* 6

For electrical excitation, one IDE was connected to a sinusoidal voltage with an ampli-
tude of 10 mV using the Terminal boundary condition, while the other electrode was set to
ground using the Ground boundary condition. The applied voltage was defined as:

Vierminal = Vexe = 10mV, Vground =0V (8)

The remaining external boundaries were treated as electrically insulating, such that no
normal current flowed across these boundaries, as expressed by:

nJ=0 9)

where 7 is the outward unit normal vector and | is the current density. These boundary
conditions were applied to the modeled sensor and sample domain to confine the electrical
response to the computational domain and allow the calculation of the frequency-dependent
potential and current distributions.

The complex impedance of the biosensor was determined from the applied terminal
voltage and the resulting total current as follows:

Ve (f)
Z(f) = —=&V/ (10
(f) Iterminal(f) )
where Z(f) is the complex impedance, V.. (f) is the applied voltage, and I, ina (f) is the
resulting terminal current at frequency f. The impedance magnitude was subsequently

calculated as follows:

1 Z(F) 1= V[Re(Z(F) > + [Im(Z(F)) (11)

The frequency-dependent electrical response of the IDE biosensor was obtained at
different NS1 concentrations and characterized using the calculated impedance.

2.5. Frequency-Domain Simulation and Sensitivity Analysis

A frequency-domain parametric study was carried out to investigate the effect of NS1
concentration on the electrical response of the proposed IDE-based biosensor. The NS1
concentration, Cyg;, was varied over a wide concentration range from 0 to 1000 ng/cm?,
using the following values: 0, 1,2, 3,4, 5,6,7,8,9, 10, 25, 50, 100, 250, 500, and 1000 ng/cm?.
The fractional antibody-NS1 binding occupancy, fys;, was calculated for each concentration
based on the Langmuir binding model. The electrical properties of the biorecognition layer
were then updated accordingly.

To characterize the frequency-dependent impedance response of the biosensor, a
frequency-domain simulation was performed for each NS1 concentration over the specified
frequency range. The complex impedance and impedance magnitude were computed
from the applied terminal voltage and resulting terminal current. The obtained impedance
spectra were used to study the effects of both excitation frequency and NS1 concentration on
the sensor response. The electric potential and electric field distributions were also analyzed
to investigate the electrical behavior in the sensing region.
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The biosensor response was studied as a function of NS1 concentration using the
impedance magnitude at 10 MHz. The impedance response was normalized to the baseline
condition (Cyg; = 0), and the relationship between NS1 concentration and the simulated
normalized impedance response was examined. The normalized impedance response was

calculated as follows:
1Zo|=1Z(Cns1)I
Z

2ol

RZ(CN51) =

where |Z| is the impedance magnitude at zero NS1 concentration, and |Z(Cyg;)| is the

x 100% (12)

impedance magnitude at the specified NS1 concentration.

3. Results
3.1. Electric Potential and Electric Field Distribution

Figure 2 shows the electric potential and electric field distributions of the IDE-based
biosensor at an NS1 concentration of 10 ng/cm? and an excitation frequency of 10 MHz. The
electric potential varied between the excited and grounded electrodes, creating alternating
regions of high and low electric potential around the interdigitated fingers (see Figure 2a).
The potential gradient was pronounced in the gaps between adjacent electrode fingers,
suggesting that these areas play a significant role in the electrical interaction with the
biorecognition layer and the surrounding sample medium.

75 v 75 A 291x10°
70 Aoor 70
x10

y (um)
w
&

y (Hm)
&

107

S . . . . 1¥ 2.47x10°

100 150 200 0 50 100 150 200
x (um) X (um)

(@) (b)

Figure 2. Simulated distributions of (a) electric potential and (b) electric field magnitude with
overlaid field lines in the IDE-based biosensor at an NS1 concentration of 10 ng/ cm?® and an excitation
frequency of 10 MHz.

Figure 2b shows the electric field magnitude and field lines. The maximum simulated
electric field magnitude was approximately 2.91 x 10° V/m and occurred near the IDE
fingers, particularly at the electrode edges and in the gaps between them. The field lines
extended from the electrode region into the sample medium, indicating electric field fringing
in the sensing region. The proposed sensing mechanism relies on changes in the electrical
properties of the antibody-NS1 biorecognition layer, and these changes can influence the
impedance response in the high-field regions near the electrode surfaces. The electric field
magnitude in Figure 2b is plotted on a logarithmic scale to illustrate the field distribution
over its wide dynamic range.

To evaluate the electric field penetration depth, the electric field magnitude was ex-
tracted along a vertical line extending from the sensing surface into the sample medium
at the center of an inter-electrode gap (Figure 3a). At 10 MHz and 0 ng/cm® NS1 concen-
tration, the electric field decreased from approximately 484.61 V/m at the sensing surface
to 36.8% (1/e) of its initial value at a distance of approximately 8.82 ym, corresponding
to the characteristic penetration depth along the selected vertical line. This characteristic
penetration depth is substantially greater than the biorecognition layer thickness of 0.01
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um, indicating that the electric field extends beyond the sensing layer into the surrounding
sample medium.
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Figure 3. Electric field analysis at 10 MHz: (a) electric field magnitude as a function of vertical
distance from the sensing surface at 0 ng/cm? NS1 concentration, showing a characteristic penetration
depth of approximately 8.82 ym; (b) spatial distribution of the electric field magnitude difference
between 1000 and 0 ng/cm® NS1 concentrations.

To investigate the influence of NS1 concentration on the electric field distribution, the
difference in electric field magnitude between 1000 and 0 ng/cm?® was evaluated at 10 MHz,
as shown in Figure 3b. The results reveal spatially nonuniform changes, with localized
increases and decreases in electric field magnitude primarily near the electrode edges and
inter-electrode gaps. At a representative location near the electrode surface (x = 25 pm,
y = 20.22 um), the electric field magnitude increased from 309.80 to 374.56 V/m, corre-
sponding to a 20.9% increase.

3.2. Frequency-Dependent Impedance Response

Figure 4 shows the simulated impedance magnitude as a function of frequency for
representative NS1 concentrations ranging from 0 to 1000 ng/cm?®. The impedance mag-
nitude at low and intermediate frequencies was relatively constant. Moreover, the results
showed distinct impedance values at different NS1 concentrations. The impedance magni-
tude decreased with increasing NS1 concentration, and this trend was observed across the
investigated frequency range. This behavior resulted in changes in the electrical properties
of the biorecognition layer introduced by the antibody-NS1 binding model.

The impedance magnitude decreased significantly at higher frequencies, with a more
pronounced decrease in the MHz range. This frequency-dependent behavior is consistent
with the increasing contribution of capacitive current as the excitation frequency increases.
The separation between the curves was maintained up to 10 MHz despite the overall de-
crease in impedance. The highest impedance was obtained for the baseline condition
(Cns1 =0), and the impedance subsequently decreased with increasing NS1 concentration.
The decrease became less pronounced at higher NS1 concentrations, consistent with the
saturation behavior predicted by the Langmuir binding model. Based on the maintained
concentration-dependent response at the upper end of the investigated frequency range,
the impedance magnitude at 10 MHz was selected to evaluate the concentration-dependent
response and sensitivity of the biosensor. The selection of 10 MHz was based on the
maintained separation between the simulated impedance responses at different NS1 concen-
trations within the investigated frequency range. However, this frequency was selected for
evaluating the concentration-dependent response and was not established as the optimal
operating frequency. Although larger absolute impedance differences were observed at
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lower frequencies, the present study selected 10 MHz as a representative frequency at
which concentration-dependent responses remained distinguishable despite the increased
capacitive contribution. A systematic comparison of frequency-dependent sensitivity, mea-
surement noise, and signal-to-noise ratio was beyond the scope of the present simulations
and is required to determine the optimal operating frequency experimentally.

3300” T T T T T T T T T T T T TTTTIT T T T T T T T T T T T T T T T T T

3200r

3100r

3000r

2900f

2800r

2700f

2600f

Impedance magnitude (Q)

2500f

2400f

2300r

10° 10* 102 103 104 10° 108
freq (Hz)

Figure 4. Simulated impedance magnitude as a function of excitation frequency for representative
NS1 concentrations of 0, 1, 3, 10, 100, and 1000 ng/cm?, selected from the 17 simulated concentrations
for clarity.

3.3. NS1 Concentration-Dependent Impedance Response

It was observed that the impedance magnitude of the proposed IDE biosensor de-
creased progressively with increasing NS1 concentration, from approximately 2502 () in
the absence of NS1 to approximately 2233 () at 1000 ng/cm?, as shown in Figure 5a. The
largest changes in impedance were observed at relatively low NS1 concentrations.

The impedance values were normalized to the baseline impedance at Cyg; = 0 ng/cm?
to further characterize the concentration-dependent response. The normalized impedance
response increased rapidly at low NS1 concentrations and then gradually leveled off at
higher concentrations, reaching approximately 10.7% at 1000 ng/cm?, as shown in Figure 5b.
This nonlinear saturation behavior is consistent with the Langmuir model, which describes
antigen concentration-dependent antibody binding.

At low antigen concentrations, the fraction of occupied antibody binding sites increases
rapidly, whereas at higher NS1 concentrations, the fractional occupancy approaches unity.
For the assumed equilibrium dissociation constant of 10 ng/cm?, the Langmuir model
predicts approximately 50%, 90.9%, and 99.0% binding-site occupancy at NS1 concentrations
of 10, 100, and 1000 ng/cm?, respectively. Consequently, as the available binding sites
approach saturation, further increases in NS1 concentration produce progressively smaller
changes in the effective electrical properties of the biorecognition layer, resulting in a reduced
incremental impedance response and the observed plateau. The corresponding Langmuir
binding-site occupancy curve is presented in Figure 6, illustrating the progressive saturation
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of available antibody binding sites with increasing NS1 concentration. The pronounced

response at low concentrations was further investigated to determine the linear range and

sensitivity of the proposed sensor.

Impedance magnitude (Q)

2500
2480
2460
2440
2420
2400
2380
2360
2340
2320
2300
2280
2260
2240

400 600
NS1 concentration (ng/cm?)

800

Normalized impedance response (%)

10,

400 600
NS1 concentration (ng/cm?)

Figure 5. Simulated NS1 concentration-dependent impedance response of the IDE-based biosensor

at 10 MHz: (a) impedance magnitude as a function of NS1 concentration and (b) normalized

impedance response as a function of NS1 concentration, with the baseline condition (Cys; = 0 ng/cm?)

corresponding to 0% response.

Binding-site occupancy (%)
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80
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40
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T
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0
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800

Figure 6. Model-predicted antibody binding-site occupancy as a function of dengue NS1 concentration,

calculated using the Langmuir equilibrium binding model with an assumed dissociation constant of

10 ng/cm?®. The fractional occupancy approaches saturation at higher NS1 concentrations.

3.4. Sensitivity and Linear Range

The normalized impedance response at 10 MHz was used to evaluate the sensitivity and

linear range of the proposed IDE biosensor. As shown in Figure 7, the simulated responses at
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NS1 concentrations of 1, 2, and 3 ng/ cm3 were 1.2879%, 2.3075%, and 3.1324%, respectively.
Over this concentration range, the following linear regression equation was obtained:

R, = 0.9223Cyg; + 0.3981 (13)
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Figure 7. Normalized impedance response as a function of NS1 concentration over the range of
1-3 ng/cm?® at 10 MHz. The asterisks (*) indicate the COMSOL simulation results, and the solid line
represents the linear regression fit.

The coefficient of determination (R?) was 0.9963. The sensitivity, determined from the
slope of the regression line, was 0.9223%/ (ng/cm?). The high R? value indicates a strong
linear relationship between the normalized impedance response and NS1 concentration
over the evaluated range. Outside this low-concentration region, the incremental response
decreased as NS1 concentration increased, and the concentration-response curve gradually
approached a plateau. Therefore, the 1-3 ng/cm? interval was used to characterize the local
slope of the simulated low-concentration response rather than to establish a statistically
validated linear operating range.

To further evaluate the selection of the linear calibration interval, regression analyses
were performed over progressively wider NS1 concentration ranges. Extending the interval
from 1-3 to 1-5 ng/cm? reduced the coefficient of determination from 0.9963 to 0.9871 and
the fitted sensitivity from 0.9223 to 0.7698%/ (ng/cm?). Further extension to 1-10 ng/cm?
reduced the coefficient of determination to 0.9589, indicating increasing deviation from
linear behavior. Accordingly, the 1-3 ng/cm? interval was retained as a conservative, model-
predicted low-concentration calibration range with high fitted sensitivity. Although the
1-4 ng/cm? interval also exhibited strong linearity (R? = 0.9918), the narrower interval
was selected to prioritize higher fitted sensitivity and lower deviation from linearity, rather
than to establish 3 ng/cm? as a strict upper limit of linearity. This interval should not be
interpreted as the experimentally established analytical working range of a fabricated sensor.
The regression results for the different concentration intervals are summarized in Table 4.
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Table 4. Comparison of model-predicted linear regression performance over selected NS1 concentra-
tion intervals at 10 MHz, showing fitted sensitivity, coefficient of determination (R?), and maximum
normalized deviation from the fitted regression line.

. e Maximum
Concentration Sensitivity 2 .
Interval (ng/cm?) (%/(ng/cm3)) R Normalized
Deviation
1-3 (selected) 0.9223 0.9963 3.52%
14 0.8395 0.9918 3.67%
1-5 0.7698 0.9871 511%
1-7 0.6565 0.9763 8.27%
1-10 0.5325 0.9589 12.77%

Note: Maximum normalized deviation was calculated as the maximum absolute difference between
the simulated response and the fitted regression line, divided by the fitted response span over each
concentration interval, and expressed as a percentage. All values were calculated from the COMSOL
simulation results at 10 MHz.

4. Discussion

In the present study, a finite element model of an impedimetric biosensor using IDEs
for the detection of dengue NS1 antigen was used to investigate the electrical response of
the biosensor. The simulation results showed that variations in the electrical properties of
the antibody-functionalized biorecognition layer after NS1 binding can lead to measurable
changes in the sensor impedance. Furthermore, the electric potential and electric field distri-
butions indicated that the interdigitated electrode geometry has a significant impact on the
sensing region. Moreover, the electric field was concentrated around the electrode fingers,
especially in the inter-electrode gaps. This field distribution is beneficial for impedimetric
sensing, as alterations within the biorecognition layer close to the electrode surface can
influence the measured electrical response.

The electrode geometry is an important factor influencing the electrical response of
IDE-based impedimetric biosensors. In the present model, the IDE configuration consisted
of eight electrode fingers, each 10 ym wide and 100 pm long, with an inter-electrode gap of
10 ym. The simulated electric field distribution showed pronounced field concentrations
near the electrode edges and within the inter-electrode gaps, indicating that these regions
contribute to the interaction between the electric field and the biorecognition layer. From
an electrostatic perspective, reducing the inter-electrode spacing may increase the local
electric field strength for a given applied voltage, while changes in electrode width, length,
and finger number may influence the effective sensing area, current distribution, and
overall impedance. However, these geometrical effects were not independently evaluated
in the present study because the electrode dimensions were kept constant throughout the
simulations. Therefore, systematic optimization of IDE geometry remains an important
direction for future investigation.

For the frequency-dependent analysis, the impedance magnitude was relatively con-
stant at lower and intermediate frequencies, but decreased at higher frequencies. Fur-
thermore, a systematic decrease in the impedance magnitude across the explored fre-
quency range was observed with increasing NS1 concentration. The separation between
the impedance curves was maintained at higher frequencies, which supported the choice
of 10 MHz for the analysis of the concentration-dependent impedance response. This
behavior is a consequence of the frequency-dependent contributions of the dielectric and
conductive properties of the sensing interface. The capacitive contribution becomes more
significant at higher frequencies, and changes in the effective electrical properties of the
biorecognition layer can affect the measured impedance. Under the assumptions of the
present model, the results suggest that the operating frequency is one of the key param-
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eters to be considered in designing an IDE-based sensing configuration. Although the
simulated impedance responses remained distinguishable at 10 MHz, signal stability at
the electrode was not explicitly evaluated. The frequency-domain model does not account
for time-dependent signal drift, measurement noise, or electrode degradation. Therefore,
experimental measurements are required to assess signal stability and repeatability at the
selected frequency.

The results showed a nonlinear reduction in the impedance magnitude as the con-
centration of NS1 increased at 10 MHz. The normalized impedance response increased
sharply at low NS1 concentrations and approached saturation at higher concentrations.
This trend is consistent with the Langmuir binding model used in the simulation. When
the NS1 concentration is low, increasing the concentration causes a relatively large increase
in the fraction of occupied antibody binding sites. As the concentration becomes higher,
more of the sites are occupied, and the additional increase in surface coverage becomes
smaller, resulting in the observed saturation behavior. Hence, the largest relative changes
in the simulated impedance response occurred in the low-concentration regime. The simu-
lated decrease in impedance magnitude with increasing NS1 concentration is qualitatively
consistent with the experimental findings of Wasik et al., who reported decreasing elec-
trical resistance in an IDE-based NS1 immunosensor [24]. In contrast, Cecchetto et al.
and Bachour Junior et al. observed increasing charge-transfer resistance using faradaic
electrochemical impedance spectroscopy, highlighting the influence of sensing mechanisms
and measurement configurations on the direction of the electrical response [9,25].

The impedance response was normalized and found to have a very good linear re-
lationship with the concentration of NS1 in the range of 1-3 ng/cm?®. Linear regression
yielded R, = 0.9223Cyg; +0.3981, with R? = 0.9963, corresponding to a simulated sensitivity
of 0.9223%/(ng/ cm3). The results suggest a sensor that responds in this low concentra-
tion range as a function of concentration. The linear range determined is based on three
concentration points and is thus considered a model-derived operating range rather than
an experimentally determined analytical range. Further experimental measurements, in-
cluding additional low-concentration calibration points and replicate measurements, are
required to establish the analytical working range and sensitivity of a fabricated sensor.

The simulated concentration range is also relevant when considered alongside pre-
viously reported experimental NS1 impedimetric sensors [9,22,23]. However, the results
should not be compared directly because the sensing mechanisms, electrode materials,
functionalization methods, sample matrices, and response metrics differ among experimen-
tal sensors. Cecchetto et al. presented an anti-NS1 label-free gold-electrode impedimetric
sensor capable of detecting 3 ng/mL in PBS and 30 ng/mL in serum. Nawaz et al. reported
an anti-NS1 screen-printed carbon-electrode immunosensor that achieved a linear range
of 1-200 ng/mL and a detection limit of 0.3 ng/mL. Ojha et al. recently reported a Au
nanorod—-graphitic carbon nitride impedimetric immunosensor that had a linear range of
0.6-216 ng/mL and a detection limit of 0.09 ng/mL in PBS. These experimental studies help
to establish the feasibility of NS1 detection using impedance measurements and provide
context for the range of concentrations explored in the present computational study. How-
ever, the sensitivity obtained in this work should not be interpreted as superior or inferior
to that of the experimental devices discussed, due to the significant differences in sensor
architecture and measurement techniques.

The present work differs from the experimental optimization of a fabricated im-
munosensor by focusing on the physics-based investigation of the IDE sensing response. The
model provides insights into how NS1-dependent changes in the biorecognition layer mod-
ify the electric field distribution and the impedance response over a wide frequency range.
This computational analysis can be useful prior to fabrication since parameters such as elec-
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trode geometry, excitation frequency, biorecognition-layer properties, and sample-medium
properties can be systematically analyzed without the need for repeated fabrication cycles.
In particular, the present results suggest that the proposed IDE geometry, combined with
high-frequency impedance measurements, warrants further investigation for NS1 sensing.

However, several limitations should be considered when interpreting the results. First,
antibody-NS1 binding was modeled using the Langmuir equilibrium model, which assumes
homogeneous and independent binding sites. The current model does not represent time-
dependent binding kinetics, nonspecific adsorption, or heterogeneous binding that may
be observed on real biosensor surfaces. Furthermore, mass-transfer limitations associated
with NS1 diffusion toward the sensing surface were not considered, as the binding response
was evaluated under an equilibrium assumption. Second, the changes in conductivity and
relative permittivity of the biorecognition layer were modeled using effective electrical
properties. These properties need to be experimentally characterized, and their quantitative
relationship with NS1 surface binding needs to be established. Third, the sample was
represented as a homogeneous conductive aqueous solution, while clinical serum or plasma
may contain proteins, ions, and other components that may affect the interfacial impedance
and lead to nonspecific effects. The influence of fabrication tolerances, electrode surface
roughness, temperature changes, noise, and parasitic capacitances was also not taken
into account.

Finally, the present study is entirely computational, and the reported impedance
response, sensitivity, and linear range represent theoretical predictions rather than ex-
perimentally demonstrated analytical performance. Furthermore, analytical performance
parameters that depend on experimental measurements and statistical analysis, such as
the limit of detection, limit of quantification, selectivity, repeatability, and reproducibil-
ity, cannot be determined from the present simulations alone. Experimental fabrication
and testing of the proposed IDE sensor are required to verify the predicted impedance
trends and sensitivity. Further studies should include the incorporation of experimentally
obtained dielectric and conductive properties of the functionalized interface, as well as
the investigation of interfering species, evaluation of the sensor in physiologically relevant
sample matrices, and comparison of simulated and measured impedance spectra. This
validation would help assess the applicability of the model for further optimization of the
IDE geometry and operating conditions for dengue NS1 detection.

5. Conclusions

In this study, a finite element model using COMSOL Multiphysics was developed for
an impedimetric biosensor for dengue NS1 detection. The model incorporated a Langmuir
binding model to describe antibody—INS1 binding and assessed the resulting changes in
the electrical response of the sensing interface. Strong electric field localization around the
interdigitated electrode fingers and in the inter-electrode gaps was shown by the simulated
electric potential and electric field distributions. The frequency-domain analysis showed
that the impedance magnitude decreased with increasing frequency and NS1 concentra-
tion. The concentration-dependent analysis at 10 MHz showed a nonlinear response that
approached saturation at higher NS1 concentrations. A linear fit over three simulated con-
centration points (1-3 ng/cm?®) yielded a normalized response slope of 0.9223%/ (ng/cm?)
(R? = 0.9963), which should be interpreted as a model-derived estimate rather than an
experimentally established sensor sensitivity or linear range. The results demonstrate the
potential of computational modeling to characterize the predicted impedance response of an
IDE-based biosensor for dengue NS1 detection and guide its future optimization. However,
the reported performance is based entirely on numerical simulations and requires experi-
mental validation. Future research will focus on experimental fabrication and validation of

https://doi.org/10.3390/bios16110621


https://doi.org/10.3390/bios16110621

Biosensors 2026, 16, 621 16 of 17

the proposed sensor, characterization of the electrical properties of the biorecognition layer,
and testing with physiologically relevant samples to evaluate sensor performance under
experimental conditions.
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