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ABSTRACT: The introduction of microfluidics technology with graphene provides many advantages, such as improving the selectivity
and sensitivity, achieving chemical and thermal stability, decreasing the size of devices, and improving the cell and biological response
of the substance. The principal objective of this paper is to compare the constitutive parameters in order to develop graphene-based
microfluidic sensors. The simulation results illustrate that the suggested sensor exhibits a strong ability to detect normal skin tissue
with an excellent sensitivity of 6.060 (THz/RIU) and to identify skin cancer with a notably significant sensitivity of 4.59 THz/RIU.
Additionally, it shows considerable figure of merits, with values of 550.9 and 353.61 RIU, respectively. In conclusion, the simplicity,
effectiveness, and adjustability of the proposed biosensor render it well suited for skin tumor detection.

1. INTRODUCTION

he terahertz (THz) radiation is generally defined as the
Tarea of the electromagnetic spectrum from 100 GHz to
10 THz [1]. The scientific community has shown significant
interest in the utilization of terahertz waves as excitation waves
for sensing and imaging applications, thanks to the advance-
ments in terahertz technology.

In recent years, the field of terahertz (THz) technology has
garnered interest from biological research laboratories because
of its noninvasive, contactless, and nondestructive method for
optically detecting biological substances without the need for
labeling [2,3]. In addition, THz waves are an important tool
for biosensor applications due to their low energy, which makes
them suitable for sensing and detecting chemical, pharmaceu-
tical, and biological molecules. Due to their low energy, THz
waves can penetrate a wide variety of materials without causing
damage.

The rapid development of biosensing platforms over the last
few years has caused a revolutionary impact in the fields of
physics [4] and biomedicine [5], it is being explored for its po-
tential in DNA detection [6], melanoma diagnostics [7], SARS-
CoV-2 detection [8], glucose Detection [9], and virus sens-
ing [10]. Furthermore, biosensors have emerged as a promis-
ing tool for cancer detection, offering fast and accurate results.
It can be based on various structures and technologies, each
with its unique advantages and applications including; coplanar
waveguide structure [11], interdigitated electrodes [12], ring
resonator [13], and metamaterial structure [14]. The choice of
biosensor structure depends on the specific application, target
analyte, and the desired level of sensitivity and specificity.

Recent research has focused on the development of biosen-
sors by incorporating novel materials such as graphene sheets.
Graphene sheets have been found to be important in terms of
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sensor performance due to their unique physical, chemical, and
electrical properties. Graphene is a zero-bandgap semicon-
ductor, and its bandgap can be tuned by surface modification,
making it an ideal material for the construction of field-effect
transistor (FET) biosensors [15]. The p-orbital electrons of
graphene form 7 bonds with the surrounding atoms, and the
electrons of these m bonds have high sensitivity to any envi-
ronmental change, making graphene materials very suitable for
chemical and biosensor applications [16]. The large surface
area of graphene and its high electrical conductivity make it an
ideal candidate for the development of highly sensitive and se-
lective biosensors [17]. Several studies have explored the use of
graphene-based biosensors for cancer detection, such as breast
cancer [ 18], basal cancer [19], and blood cancer [20]. The stud-
ies highlighted the potential of graphene for cancer detection.

Since the development of graphene-based microfluidic
biosensors, there has been a significant advancement in the
field of biomedical diagnostics, offering unprecedented sensi-
tivity and rapid detection capabilities for various biomolecules
and pathogens. Compared with traditional sensing systems,
the integration of graphene with microfluidics offers numer-
ous benefits, including enabling miniaturization, reducing
response times and chemical consumption, and enhancing
device reproducibility and sensitivity.

The rapid progress of Microfluidics Technology has attracted
broad interest across various fields. A microfluidic biosensor
serves as an analytical platform that facilitates the specific di-
agnosis of localized tumor cells and circulating tumor cells by
converting biological signals into quantifiable data [21].

Graphene is considered a very optimal material for designing
microfluidic devices due to its widespread recognition in both
fundamental and practical research areas, thanks to its remark-
able electrical, mechanical, and chemical properties [22]. In the
diagnosis of tumor cells, graphene-based biosensors have pre-
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FIGURE 1. The gate voltage as a function of chemical potential.

sented significant performance with excellent properties such
as conductivity, biocompatibility, sensitivity, selectivity, sta-
bility, and a wide detection range [23].

Graphene excels in heat transfer compared to other materials,
displaying high electron transfer rates, excellent charge-carrier
mobility, reduced electrical noise levels, and low planar den-
sity (0.77 mg/m?) [24,25]. In addition, the incorporation of
graphene enhances the biocompatibility of the microfluidic de-
vice with certain biomolecules, including cells [26].

The aim of this article is to present a graphene-based biosen-
sor that can be adjusted for noninvasive, label-free detection,
specifically designed to operate within the terahertz frequency
range. The design is based on a circular capacitor structure us-
ing an integrated device technology on a quartz substrate. This
paper is organized as follows. Section 2 is dedicated to biosen-
sor design description and analytical model. Section 3 deals
with the experimental validation of the approach and a discus-
sion of the results that have been obtained.

2. THEORY AND FORMULATION

2.1. Graphene Complex Conductivity

Graphene has garnered significant research interest among
scientists thanks to remarkable advancements in fundamen-
tal research and promising real-world applications [27,28].
Graphene is recognized by its outstanding surface conductivity
and can be described particularly by considering the intraband
contribution, which can be assessed by
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where e is the electron charge, Kp the Boltzmann constant,
w the angular frequency, & the reduced Plank constant, I' is
the phenomenological scattering rate, u. the chemical poten-
tial, and 7" the temperature in Kelvin.

2.2. Gate Voltage

The modification of gate voltage has the capability to fine-tune
the conductivity of graphene [29]. The correlation between
chemical potential 1. and gate voltage V; is expressed as fol-
lows:

v eu?h
g 7rh2Vf2€oeT
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where h represents the substrates thickness, ¢, the relative elec-
tric permittivity of the substrate, ¢ the electric permittivity of
free space, and V7 the fermi velocity of graphene. Fig. 1 rep-
resents the gate voltage as a function of chemical potential for
different values of substrate thickness.

2.3. Proposed Biosensor Design

The proposed biosensor is designed for sample sensing using
a circular finger-type interdigital capacitor. Circular interdigi-
tal electrodes are employed to achieve a localized electric field
concentration. Graphene is selected as the material for the elec-
trodes because this noble metal is biocompatible and has the
ability to directly interact with biological substances. For this
purpose, a coplanar waveguide transmission line is used.

A schematic drawing of the biosensors is shown in Fig. 2.
To investigate cells within a liquid environment, we introduce
a microfluidic channel made of polydimethylsiloxane (PDMS)
with permittivity ¢, = 1.8 and loss tangent values tand =
0.035, on the upper surface of a quartz substrate.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 141, 89-100, 2024

rPIER C

PDMS
Microchannel

Liquid simple

Inlet and Outlet

/

Graphene

Quartz
C Substrate

R4

=

T1 T2

H2
H1

FIGURE 2. Schematic representation of the proposed biosensor. The setup consists of a THz generator, a computer, an optical spectrum analyzer, a
microfluidic biosensor, a syringe pump, and a waste container as indicated in A through F, respectively.

The values of the biosensor dimensions are provided in Ta-
ble 1.

Interdigital capacitors (IDCs) are applied in biological sen-
sors, where the interaction between the analyte and a sensi-
tive layer induces alterations in capacitance or impedance. The
overall capacitance of the IDC is determined by several factors
and can be represented as:

Ciotal = (N —3) (%) +2 <%) , for N >3 (3)

where N is the total number of interdigital fingers, C the ca-
pacitance of an interior unit cell, and C'g the capacitance of an
exterior unit cell. The two capacitances are determined by:
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where L is the circular finger length, and K (k) is the complete
elliptic integral of first kind with modulus k and complementary

modulus with:
K = V1—-k? (6)

sin
e = 5 i )
_ 2Vm
kEoo - ]-+77 (8)

The resonance frequency f,. of the biosensor under consid-
eration is influenced by inductance L and capacitance C' of the
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TABLE 1. The optimal dimensions of the proposed biosensor.

Parameter | Value (1um)
L 1500
Lo 1200
Wh 1500
Wa 1200
Ly 20
H; 40
H»> 50

Parameter | Value (1um)
Ry 35
Ry 75
R3 115
Ry 155
T 340
T 400

structure. This relationship can be articulated as follows:

1
= 9
f 27‘(\/ LC() ( )
and
CVO = C’tcotal + C‘var (10)

with Cy,, being the varactor capacitance value.

3. RESULTS AND DISCUSSION

The microfluidic biosensor is simulated using CST Studio. In
the initial phase, gold material is employed to create the top
structure instead of copper in order to achieve the adjustment
of the bandwidth and resonance frequency. Graphene is added
in the sensitive area of detection in the next step, according to
Fig. 3. The results of simulations using various materials are de-
picted in Fig. 4, with the graphene characteristics set as follows:
e =0.1eV,7 = 0.1ps,and T" = 300 K. The final result shows
that the reflection coefficient Soq is —51.41 dB at 0.94 THz. It
is evident from this figure that the inclusion of the graphene
layer enhances the result. In the presence of copper and gold,
the reflection coefficient of the biosensor is not adapted, and the
peak is not well optimized. Modifying the graphene parameters
can effectively tune the surface conductivity without the need
to alter the physical properties of the component. This will be
further explored in the following investigation.

The modification of graphene’s chemical potential (. leads
to changes in both the bandwidth and resonance frequency of
our graphene-based biosensor. Figs. 5 and 6 illustrate how the
suggested biosensor can be adjusted as the chemical potential
ranges from 0.1 ¢V to 0.5 eV. The analysis of Fig. 5 shows the
chemical potential variation versus reflection coefficient and
resonance frequency, and the reflection coefficient corresponds
to —51.41 dB at 0.94 THz when the chemical potential matches
0.1 eV; however, the amplitude of the reflection coefficient de-
creases and attains —31.71dB at 0.947 THz when the chemi-
cal potential equals 0.5 eV. It can be concluded from changing
chemical potential between higher and lower frequencies that
this parameter is varied for each structure. Furthermore, it is
evident that the amplitude of the resonance frequency depth is
enhanced as the chemical potential varies. Fig. 6 shows that as
the relaxation time increases from 0.1 to 0.5 ps, there is a slight
shift in both the resonance frequency and the bandwidth.

One of the most interesting characteristics of graphene is its
relaxation time, which is a crucial parameter in determining the
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material’s properties and behavior. Figs. 7 and 8 depict the im-
pact of the relaxation time on the bandwidth and resonance fre-
quency of the proposed biosensor under unloaded conditions.

From Fig. 7 we can note that, as the relaxation time 7
of graphene varies from 0.1 ps to 0.6 ps, the resonance fre-
quency’s position shifts, and the reflection coefficient corre-
sponds to —51.41dB at 0.94 THz when the relaxation time
matches 0.1 ps. However, the amplitude of the reflection coef-
ficient decreases and attains —37.5dB at 0.942 THz when the
relaxation time equals 0.6 ps. The variation of resonance fre-
quency and bandwidth versus relaxation time are depicted in
Fig. 8. When increasing the values of relaxation time the res-
onance frequency shifted to higher frequencies, and the band-
width decreased. It appears that adjusting the relaxation time
to 0.1 ps can optimize the performance of the presented biosen-
sor. Therefore, the selection of 0.1 ps as the relaxation time
is based on its potential to enhance the sensitivity and overall
performance of the biosensor, making it a critical parameter in
biosensor optimization.

On the other hand, the variation in the temperature is shown
in Figs. 9 and 10. It is clear that the temperature 7" is variable
in Equation (1). Therefore, this parameter affects the conduc-
tivity, then affects the performance of the biosensor. With the
variation of temperature from 100 K to 800 K, it is evident from
Fig. 10 that the most suitable temperature is 600 K, leading to an
improvement in the reflection coefficient. In Fig. 9, the reflec-
tion coefficient corresponds to —64.25 dB at 0.94 THz when the
temperature conforms to 600 K.

The suggested biosensor exhibits a wide bandwidth and no-
tably higher sensitivity than the one described in [30].

Subsequently, the effectiveness of the proposed microflu-
idic biosensing platform is evaluated for its capability to de-
tect changes in the refractive index of the surrounding medium.
In order to justify the capability of the proposed biosensor for
cell investigation, different simulations were performed using
agar-based culture support, healthy skin, and pigmentary skin.

4. HEALTHY SKIN TISSUE AND PIGMENTARY SKIN
CANCER DETECTION AND SENSING

To explore the sensing characteristics of the suggested biosen-
sor, the detection area within the interdigitated circular capac-
itor is filled with the test samples using channels designed to
hold aqueous solutions. To enhance the device’s reliability and
prevent any potential fluid seepage, inlet and outlet connectors
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FIGURE 3. Sensor design process, (a) copper-based biosensor, (b) gold-based biosensor, (c) graphene-based biosensor for N = 4.
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FIGURE 4. Diverse material simulations of a graphene-based biosensor.

were affixed to the PDMS cover. First of all, in order to justify
the capability of biosensor for liquid investigation, simulations
were performed using agar-based culture support.

The agar liquid is a highly effective medium for nurturing
and cultivating cells. It provides an abundant supply of es-
sential nutrients and oxygen to support the growth of micro-
organisms. This oxygen-enriched solution is widely utilized in

laboratories [31]. Fig. 11 illustrates our approach frequency re-
sponse where the sensing area is covered with a low volume of
agar. The parameters are fixed to 7 = 0.1 and 7" = 300K and
e = 0.1. As observed, when our biosensor was loaded with
an agar sample, a significant shift in the reflection coefficient
occurred, with the peak reaching —45.44 at 0.93 THz.
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FIGURE 5. Analyzing simulation results: impact of chemical potential variation in graphene-based sensor.
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FIGURE 6. Analyzing the influence of chemical potential (0.1—0.5 eV) on the variability of resonance frequency and bandwidth.

The significant difference in the complex permittivities of
samples within the terahertz spectral range offers the poten-
tial for early and noninvasive detection of the most dangerous
skin cancer (Pigmentary Skin) precursors of melanoma. EM
simulations have been validated with an 8 um diameter of bio-
objects under test. These spheres represent a dielectric cell
model located between interdigitated electrodes. The permit-
tivity and conductivity of healthy skin are respectively 2.76 and
0.001 S/m extracted from previous literature [32,33]; more-
over, the permittivity and conductivity of skin cancer are 3.5
and 0.02 S/m [34, 35]. The resonance frequency shift is shown
in Fig. 12. As evident, the suggested biosensor exhibits a no-
table shift in the reflection coefficient towards higher frequen-
cies.

94

Regarding biosensors, the essential metrics for evaluating
sensing performance include sensitivity (.5), figure of merit
(FOM), and quality factor. These parameters are defined in [36]
and [37].

A
Sensitivity = —f(THz/RUI) (11)
An
. — Sensitivity _1
Figure of Merits = Full-Width at Half-Maximum (RUT™) (12)
fres

Quality-factor = & -t Half-Maximum (13)

where A f and An represent:
- The changes in resonance frequency (Af = fa; —
f (Healthy skin or Cancer skin))
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FIGURE 7. Analyzing simulation results: impact of relaxation time variation in graphene-based sensor.
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FIGURE 8. Analyzing the influence of relaxation time Values (0.1 to 0.6 p) on the variability of resonance frequency and bandwidth.

- The refractive index (ATL = M Air — N(Healthy skin or Cancer skin))

Compared to that of air (n = 1), referring to sources [38]
and [39], the refractive indices of air, healthy, and cancer skin
tissues are designated asna = 1, ny = 1.66, and n¢c = 1.87,
respectively.

The THz biosensor, introduced in our study, is evaluated
with different types of both normal and cancerous skin cells,
considering their refractive index characteristics. The results
are detailed in Table 2. From the table, a maximum sensitivity
0f 6.060 THz/RIU is inferred for detecting healthy skin, and the
lowest sensitivity of 4.597 THz/RIU is noted for cancer tissue.
This highlights the biosensor’s precision in accurately detecting
variations in refractive index.

95

The biosensor exhibits remarkable capability in discerning
variations in refractive indices, as demonstrated by its figure
of merit (FOM) values, which span from 353.61 to 550.90
RUI™! for normal and cancerous skins. The figure of merit
is an important parameter used to evaluate the performance of
the biosensor. It is a measure of the overall effectiveness of the
biosensor and is calculated based on sensitivity. Therefore, the
FOM value of 550.90 RUI ! reflects the strong potential of the
graphene-based biosensor for accurate and reliable cancer cell
detection. However, it is important to note that the figure of
merit is not the only parameter that should be considered when
biosensors are evaluated. Other important parameters include
quality factor. Quality factor is a critical parameter that char-
acterizes the accuracy of the transmittance reduction. The Q
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FIGURE 9. Analyzing simulation results: impact of temperature variation in graphene-based sensor (under unloaded case).
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FIGURE 10. Variation of reflection coefficient vs different values of temperature from 100K to 800K at 0.94 THz.

values span from 72.33 to 85.49, highlighting its exceptional
precision in detecting even the slightest changes in transmit-
tance. Under the unloaded case, the quality factor is 78.33 at
0.94 THz, and excellent results were obtained with the highest
value of 85.49 by loading the detection area with healthy skin
tissue.

The proposed biosensor demonstrates remarkable precision,
as indicated by the smallest Full-Width at Half-Maximum
(FWHM) value, which measures just 0.012 THz. In summary,
these parameters suggest strong performance, affirming that
the designed structure is highly effective and suitable for cost-
effective, timely, and efficient skin cancer detection. One of
the notable characteristics of graphene is its adjustable con-
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ductivity, influenced by variations in chemical potential and
manageable through bias voltage control. The impact of al-
tering graphene’s chemical potential on sensitivity is detailed
in Tables 3 and 4. The variation of chemical potential be-
tween 0.1 eV and 0.5eV in the biosensor loaded with normal
cells is presented in Table 3. As shown, this variation leads to
a higher sensitivity of 6.060 at 0.9404 THz with a return loss
about —54.363 dB when the chemical potential value is 0.1 eV.
Table 4 shows that in cancer skin tissue, a higher sensitivity is
achieved when p. equals 0.1 eV, leading to an enhancement in
the reflection coefficient level.

Conversely, the characteristics of graphene’s surface plas-
mons are highly influenced by the neighboring dielectric
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TABLE 2. Characteristics of the biosensor for air, healthy and cancer skin tissue.

L. Resonance frequency Return loss Sensitivity FWHM FOM
Refractive index 1 Q factor
(THz) (dB) (THz/RUI) (THz) (RUIY)
Air(n=1) 0.9400 —51.410 - 0.012 - 78.33
Healthy (n = 1.66) 0.9404 —54.363 6.060 0.011 550.90 85.49
Cancer (n = 1,87) 0.9404 —50.960 4.597 0.013 353.61 72.33
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FIGURE 11. Simulation results of the graphene-based biosensor loaded with Agar medium.
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FIGURE 12. Simulation results of the graphene-based biosensor loaded with different skin cells.

medium. Therefore, any alteration in the dielectric’s refractive
index leads to modifications in graphene’s surface plasmon
properties and resonance frequency. It is important to highlight
that the chemical potential depends on carrier density, and, as
a result, the interaction between carriers’ chemical potential
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and biological samples can significantly impact detection
parameters.

We have compared the sensing parameters of the graphene-
based structure with those from other studies, as detailed in Ta-
ble 5. The table reveals that compared to most of the prior re-
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TABLE 3. Comparison of the sensitivity with different values of chemical potential for healthy skin.

Potential Resonance frequency Return loss Sensitivity
(eV) (THz) (dB) (THz/RUI)
0.1 0.9404 —54.363 6.060
0.2 0.9424 —41.197 0.003
0.3 0.9444 —35.861 0.006
0.4 0.9464 —33.179 0.009
0.5 0.9474 —31.804 0.011

TABLE 4. Comparison of the sensitivity with different values of chemical potential for cancer skin.

Potential Resonance frequency Return loss Sensitivity
(V) (THz) (dB) (THz/RUT)
0.1 0.9404 —54.963 4.59
0.2 0.9424 —41.912 0.002
0.3 0.9442 —36.105 0.004
0.4 0.9461 —33.405 0.006
0.5 0.9476 —31.881 0.008

TABLE 5. Examining our biosensor: A comparative analysis of sensing parameters in relation to other studies.

Reference | Sensitivity (THz/RUI)
[40] 0.13
[41] 1.96
[42] 1.6
[43] 1.90
This work 6.060

FOM (RUI ') | fres (THZ)
1.04 3.7
19.86 3
8.27 1.15
6.56 9.046
550,90 0.94

search, our proposed sensor exhibits favorable attributes, par-
ticularly in terms of sensitivity and figure of merit. These at-
tributes position this biosensor as a promising candidate for fu-
ture medical sensing applications. It is apparent that in majority
of the prior studies, sensors typically possess only one favorable
characteristic, either sensitivity or figure of merit, but not both
simultaneously.

For instance, in [40], the sensitivity is modest, yet the fig-
ure of merit is relatively high. Furthermore, [41] stands out
with a significantly high figure of merit, peaking at 19.8 RUI
—1; however, the sensitivity remains comparatively low at
1.96 THZz/RIU. Nonetheless, the sensor presented in this paper
exhibits strong detection capabilities on multiple fronts. It at-
tains an impressive sensitivity of 6.060 THz/RIU and boasts a
substantial figure of merit value, reaching 550.90 RIU~! for
skin tissue detection.

5. CONCLUSION

In this study, a microfluidic terahertz biosensor is designed with
the aim of early skin cancer diagnosis to facilitate more effi-
cient treatments for pigmentary skin nevi. An improvement is
observed when graphene is used instead of copper and gold,
thanks to graphene’s high conductivity and sensitivity. Ac-
cordingly, the introduction of microfluidics technology with
graphene provides many advantages, such as improving the se-
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lectivity and sensitivity, achieving chemical and thermal sta-
bility, decreasing the size of devices, and improving the cell
and biological reactivity of the material. The proposed sensor
demonstrates effective detection of normal skin tissue with a
sensitivity of 6.060 (THz/RIU) and skin cancer with a sensi-
tivity of 4.59 THz/RIU, along with a figure of merit of 550.90
and 353.61 RIU™!, respectively. The significant figure of merit
and sensitivity for our proposed biosensor are crucial indica-
tors of its performance. In summary, the high sensitivity of our
terahertz-based sensor makes it highly suitable for a range of
healthcare applications.
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