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Abstract: In recent years, various types of sensors have been developed at both millimeter
(mm) and micrometer (num) scales for numerous biomedical applications. Each design
has its own advantages and limitations. This study compares the electrical characteristics
and sensitivity of millimeter- and micrometer-scale sensors, emphasizing the superior
performance of millimeter-scale designs for detecting type-2 diabetes. Elevated glucose
levels in type-2 diabetes alter the complex permittivity of red blood cells (RBCs), affecting
their rheological and electrical properties, such as viscosity, volume, relative permittivity,
dielectric loss, and AC conductivity. These alterations may manifest as a unique bio-
impedance signature, offering a diagnostic topology for diabetes. In view of this, various
concentrations (ranging from 10% to 100%) of 400 pL of normal and diabetic RBCs sus-
pended in phosphate-buffered saline (PBS) solution are examined to record the changes
in bio-impedance signatures across a spectrum of frequencies, ranging from 1 MHz to
10 MHz. In this study, simulations are performed using the finite element method (FEM)
with COMSOL Multiphysics® to analyze the electrical behavior of the sensors at both
millimeter (mm) and micrometer (1m) scales. These simulations provide valuable insights
into the performance parameters of the sensors, aiding in the selection of the most effective
design by using this topology.

Keywords: type-2 diabetes; complex permittivity; red blood cells (RBCs); bio-impedance
signature; rheological characteristics; electrical behavior; finite element method (FEM)

1. Introduction

Blood glucose levels are crucial for managing diabetes, a growing health concern
globally. Governments, health departments, and medical professionals worldwide are in-
creasingly focused on addressing this issue. As a key health indicator, blood glucose values
play a significant role in clinical medicine [1,2]. Over 500 million people worldwide suffer
from diabetes mellitus, also known as diabetes, which is a complicated and worrisome
health disease [3]. This number is anticipated to expand significantly by 46 percent to
643 million by 2030 and 783 million by 2045, according to forecasts by the International
Diabetes Federation (IDF) [4]. This illness results from either the body producing too
little insulin or using the insulin it does make poorly. More than 90% of cases of diabetes
worldwide are type 2, which is the most common type [5].

Ideal post-prandial (after eating) blood glucose levels should be below 180 mg/dL [6].
Diabetes is diagnosed based on elevated post-meal blood glucose levels. Normal blood
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glucose levels range between 70 and 125 mg/dL. Hypoglycemia occurs when blood glucose
is below 60 mg/dL (3.3 mmol/L), while hyperglycemia occurs when blood glucose is above
140 mg/dL (7.8 mmol/L) [7,8]. Several serious health hazards are associated with elevated
glucose levels, including heart disease, stroke, renal failure, lower limb amputation, and
visual impairment [9].

Blood glucose testing is typically carried out with venous samples in pathology
labs [10] or home-based monitoring techniques [11-13]. Home-based monitoring uses a
finger-pricking test and measurement can be carried out by the enzymatic-amperometric
method [14]. Regular finger-pricking and the constant need to purchase test strips de-
ter many patients from checking their glucose levels regularly due to pain, discomfort,
and cost [15]. The two procedures that are recommended for lab-based blood glucose
measurement are hexokinase and enzymatic-amperometric [16]. Using common spec-
trophotometric methods, glucose can be measured via the hexokinase method [17], while
the enzymatic-amperometric is an alternative method of measuring glucose concentration
using electrochemical sensors, which react blood samples with reagents and glucose oxi-
dase [1]. The hexokinase techniques can be carried out using equipment such as Abbott
AEROSET®(Chicago, IL, USA), Abbott ARCHITECT c8000®(Chicago, IL, USA), Hitachi 917
(Tokyo, Japan), and Cobas C701/C702 (Basel, Switzerland) [18]. Conversely, the enzymatic
equipment includes the Biosen C-Line/S-Line (Cardiff, UK), YSI 2700 (Yellow Springs,
OH, USA), and YSI 2950D (Yellow Springs, OH, USA) [19-22]. Laboratory methods are
inherently disadvantageous due to the need for skilled personnel, which raises costs, and
the longer wait times for detection, necessitating immediate completion to avoid a gradual
decrease in concentration. Furthermore, challenges arise, particularly in cases of unstable
hemodynamics, due to recent research demonstrating disparities in accuracy among some
laboratory equipment, particularly in blood gas analysis and hypoglycemia detection [23].

Recent progress in sensor technology and nanomaterials offers exciting possibilities
for miniaturized and highly accurate biosensors [16,24]. Capacitive sensors, which are
widely used in this context, utilize either a parallel plate (PP) configuration or an interdigi-
tated electrode (IDE) design to detect changes in capacitance and impedance [25]. These
sensors are highly sought after for their flexible design, superior performance, and well-
established fabrication process [26]. Advances in sensor miniaturization have enabled
the development of millimeter (mm)-scale designs, which offer practical benefits such as
enhanced sensitivity and adaptability for biomedical applications, including non-invasive
diabetes detection [13,26,27]. In the year 2013, Zoric et al. [28] investigated the application
of mm-size IDE sensors based on low-temperature co-fired ceramic (LTCC) material for
environmental monitoring. By adding a dielectric material that electrically reacts to the
desired property, the suggested detecting layer for this sensor can be adjusted to detect
other gasses. Later in 2022, Li et al. [29] conducted simulation studies on mm-scale IDE-
based impedance sensors to investigate impedance changes in water solutions with varying
conductivities, revealing a significant response in electric-field density. The following year,
Ullah et al. [26] proposed an extremely adaptable, sensitive, eco-friendly, economical, and
highly efficient humidity sensor based on an IDE at mm scale. In the same year, Aldha-
heri et al. [27] developed a flat, compact, and extremely sensitive arrow-shaped mm-scale
microwave antenna sensor for measuring glucose concentration in blood. Additionally,
they evaluated the Q-factor and sensitivity to assess the performance of the said sensor.
Taking into account frequency-dependent dielectric characteristics, Ribas et al. [13] sug-
gested a mm-scale planar electromagnetic resonator sensor to test blood glucose from the
fingertip. On the other hand, an electrochemical microelectrode sensor for determining
pH and concentrations of biomolecules was developed by Muaz et al. [30] in 2014. The
different pH levels were used to measure the capacitance and current of the said sensor.



Micro 2025, 5,7

30f17

The following year, MacKay et al. [31] used simulations on an IDE-based impedance sensor
to study the impact of ions in a solution over time, focusing on developing electric screen-
ing layers above the electrodes and examining the electric fields between the electrode
digits. Later on, Hatada et al. [32] developed a highly sensitive, disposable amperometric
strip for measuring glycated albumin (GA), a key glycemic control marker for diabetes
mellitus, using a micro IDE as the electrode platform. In the year 2023, Nguyen et al. [33,34]
developed a micro-IDE biosensor using ZnS-doped and Mn-capped chitosan nanomaterials
for electrochemical and optical glucose-sensing applications, respectively. In recent years,
by employing IDE impedimetric biosensors, Jiang et al. [35] examined the concentration
levels of SARS-CoV-2 monoclonal antibodies (mADb).

The existing literature suggests that both mm-scale and pm-scale designs have the
potential for blood glucose sensing [13,27,32-34,36—40]. IDE sensors offer a promising
alternative, leveraging the bio-impedance signatures of blood glucose levels based on its
dielectric properties [25,26,41-51]. However, the comparative performance of mm- and yum-
scale IDE sensors in glucose detection remains unexplored. This study addresses this gap by
systematically evaluating IDE sensors at these two scales, focusing on their sensitivity and
bio-impedance response across a 1 MHz to 10 MHz frequency spectrum, aiming to develop
non-invasive, cost-effective, and clinically adaptable glucose monitoring solutions. A more
detailed comparison of the proposed methods to existing glucose-monitoring technologies
is depicted in Table 1.

Table 1. A comparison of glucose-monitoring technologies with the proposed work.

13(1)' Technology Description Comparison with Our Work
Uses test stripsand =~ Our method eliminates the need
1 Finger-Prick pricking, causing for pricking and consumables,
Test [14,15] discomfort and providing a painless and
recurring costs. cost-effective solution.
Lab-based technique Our sensors are portable,
5 Hexokinase requiring skilled suitable for point-of-care use,
Method [16,17] personnel and and reduce dependency on
high costs. lab facilities.
Enzymatic- Reagent-based Our reagent-free design offers a
3 Amperometric electrochemical broader sensitivity range and
Sensors[1,12] sensing. reduced operational complexity
.M casures We adapt this technology for
- capacitance, typically .y
Capacitive . bio-impedance-based glucose
4 used in . o
Sensors [25,26] . . sensing, optimized for both mm
non-biomedical
. and pm scales.
fields.
Microwave Highly sensitive but Our IDE Sensors ac hleve'
comparable sensitivity while
5 Antenna complex and less beine simpler and more
Sensors [13,27] clinically adopted. & Stip

adaptable to clinical use.

The main contributions of this work are:

1. Demonstrate the methodology for blood glucose detection based on the bio-
impedance signature study:.
2. Establish a performance comparison between mm and pm structured IDE design for

bio-impedance signature-based blood glucose detection.
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3. Analysis of sensitivity for both types of sensors (mm and pm) across the entire range
of concentrations within the 1 MHz to 10 MHz frequency spectrum.

2. Materials and Methods
2.1. Bio-Impedance Measurement

When a suspension of cells in a phosphate-buffered saline solution (PBS) is exposed to
an electric potential, it allows for the measurement of bio-impedance at different frequen-
cies [36,52,53]. The resulting complex impedance reveals the cells” electrical characteristics,
influenced by the applied voltage and frequency, affecting the dielectric properties of cells
like red blood cells (RBCs) [53,54]. Maxwell’s mixing theory, as stated in Equation (1),
explains the equivalent complex dielectric permittivity, helping to understand the elec-
trical behavior of the cell suspension in response to the applied potential and frequency
changes [55-57].

1+2¢fcm
Emix = &m( 1— ¢ fom

This Equation (1) explains how the complex permittivity of a cell suspension (emix)

1)

is affected by the suspending medium’s permittivity (e;;), the cell volume ratio (¢), and
the complex Clausius—-Mossotti factor (fcy), illustrating the impact of cell volume fraction
and their interaction with the electric field on the suspension’s electrical properties [52,55].
The volume fraction (¢) can be computed using Equation (2) and a single-shell ellipsoid
model, which provides a straightforward but informative method of comprehending the
distribution and electrical behavior of the cells in suspension [55].

200 x 10° x 7R3

= 2
400 x 10-6 x 103 @

Here, 200 million cells are analyzed in 400 uL of phosphate-buffered saline (PBS)
solution; the resulting values of ¢ are 0.133 and 0.062 for normal and diabetic blood,
respectively. The Clausius—Mossotti factor is defined by Equation (3):

Ecell — €m
— ___om 3
fou Ecell + 2€m ®
where Equation (4) gives the complex permittivity for the cell, which is represented by
Ecell [36,52]. 3
e
€cell = Smem(sizi_g;) (4)

&i+2ey,
and
R
P=R—d

where R is the cell radius, d is the membrane thickness, and ¢; and e mem are the permittivity

(5)

of the cytoplasm and the cell membrane, respectively.

Using Table 2 and the values from Equations (4) and (5), we determined the permittiv-
ity values (ece1) for normal and diabetic blood to be 3.441 F/m and 4.431 F/m, respectively,
based on the suspending medium’s permittivity (e;;) and conductivity (o) [52]. The com-
plex Clausius-Mossotti factor (fcnr) values for normal and diabetic red blood cells are
—0.46 and —0.45, respectively, which are used in Equation (1) to calculate the complex
permittivity (emix) values for the blood cells in PBS mixture, yielding 66.16 and 73.48, re-
spectively [55]. To evaluate the mixture’s conductivity, we examine the variables related
to electrical conductivity in Equations (1) and (3), leading to Equation (6), which provides
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an expression for the total conductivity (cinix) and helps understand the influence of the
mixture’s constituents on its electrical properties [55].

1+ Z‘P(g:zlzfn )

Omix = Om

1 g 420 ®)
0 — Onp
:"m[l”"’(l—@w(zw)aJ

When the volume fraction (¢) is low (<1), Maxwell’s approximation [58] states that
Equation (6) can be approximately

Omix = Om (1 + 3(P(:z+2007;ln) )

This Equation (7) can be utilized to calculate the mixture conductivity for normal
and diabetic red blood cells as 0.63 and 0.68 S/m, respectively. Due to the significant
variance in (enmix) and relatively minor change in (0mix) between normal and diabetic
RBCs, conductivity is not used as a criterion for identifying diabetes in this study. Table 3
summarizes the parameter changes for both normal and diabetic RBCs [53].

Table 2. Physical and electrical parameters of normal and diabetic RBC [52,54,59,60].

SIL. No. Parameters Normal RBC Diabetic RBC
1 Cytoplasmic radius (R) 4 pm 3.1 um
2 Cytoplasm permittivity (e;) 62 75.64
3 Cytoplasm conductivity (o;) 0.32S/m 0.457 S/m
4 Membrane thickness (d) 40 nm 2.68 pm
5 Membrane permittivity (€mem) 444 5.41

Table 3. Changes in parameters for normal and diabetic RBC.

SI. No. RBC Type ¢ fem Emix Tmix
1 Normal RBC 0.133 —0.46 66.16 0.63
2 Diabetic RBC 0.062 —0.45 73.48 0.68

2.2. Capacitive Sensor Design in the Simulator

The IDE capacitive sensor has been chosen for simulation using COMSOL Multiphysics®
to simplify the design process for measuring bio-impedance data through finite ele-
ment analysis [55]. This study focuses on a millimeter-scale sensor design featuring a
15 mm x 0.1 mm electrode area on a 0.1 mm thick Silicon-on-Insulator (Sol) wafer with
2.5 mm spacing between electrode pairs, comparing its performance with a micrometer-
scale design for context [53]. The essential design parameters are summarized in Table 4.
COMSOL Multiphysics, based on the finite element method, solves partial differential
equations to simulate complex physical phenomena. This study uses COMSOL's AC/DC
module to model and analyze IDE-based sensors in a conducting medium, focusing on
electric-field distribution and impedance calculation. The model setup involves material
selection, applying voltage (high and ground), meshing, and defining frequency-domain
parameters. The electrical conduction current density is calculated using;:

] = (0 + jweoer)E+ Je 8)
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where ¢ is the conductivity, w is the angular frequency, ¢g is the vacuum permittivity,

g, is the relative permittivity, E is the electric field, and J. is the externally generated

current density.

Table 4. The design parameters of IDE used in the simulator [53].

Values
Serial No. Parameters
in mm Dimension  in pym Dimension
1 Material of IDE Silicon Silicon
2 Number of IDE 6 6
3 Area of IDE 15 mm x 0.1 mm 116 pm x 50 pm
4 Distance between 25 mm 5 m

electrode pairs

In this proposed methodology, the mm-scale electrode layout is shown in Figure 1,
with Figure 1a displaying a rack distance of 20 mm for the interdigitated electrodes (IDEs)
and a 2.5 mm gap between each pair, while Figure 1b shows the electrode depth as 0.1 mm
on a 0.1 mm thick silicon substrate. The pm-scale electrode configuration is displayed
in Figure 2, with Figure 2a showing a 126 pm distance between IDE racks and a 5 pm
gap between each pair, and Figure 2b showing the electrode depth as 50 pm. There are
40 capacitive elements in parallel, and the complex bio-impedance (Z,;x) measured by
both configurations at a fixed frequency (f) is given by Equation (9) [53,55]:

IDE pair

R

Silicon IDE pair Silicon IDE pair Silicon IDE pair

20 mm
15 mm

Si0z

—p
0.1mm 0.1mm

<>

2.5 mm £
3 <4 IE Silicon
(a) middle view. (b) cross section view.

Figure 1. Electrode layout with millimeter (mm) dimension with (a) top view; (b) cross-section view.

IDE pair
el
Silicon IDE pair
Swm _ _J4_________Ll_____ " P
£ £ i
3 =i i
< 3 2
- i A 4
b E
=5 .
v Si0;
----------------- = £ Silicon
4
5 um 2
'SR
(a) top view. (b) cross section view.

Figure 2. Electrode layout with micrometer (um) dimension with (a) top view; (b) cross-section

view [53,55].
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1
27T [40(€0€mixG)]

where G is the geometric constant (ratio of electrode area to the gap between pairs) equal to

©)

Zmix =

0.6 mm and 1160 pnm for the configurations in Figures la and 2a, respectively. Both designs
are simulated in COMSOL® using the AC/DC module to solve Maxwell’s equations,
enabling the calculation of frequency-dependent impedance values [52,55]. A graphic
representation of the impact of variations in cell count on the complex permittivity of the
cell-medium interaction is provided in Figure 3, which also displays different e, values
for healthy and diabetic blood cells in the PBS mixture in Table 5.

Table 5. Changes in cell-medium complex permittivity with varying numbers of cells [53].

Sl. No. Number of Cells (Million) &njx for Normal RBC &;x for Diabetic RBC

1 100 72.92 76.67
2 150 69.44 75.05
3 200 65.12 73.44
4 250 62.87 71.86
|
75| B8 Normal RBC |
BB Diabetic RBC
£ 70| |
65 |- N
100 150 200 250

Number of Cells (million)
Figure 3. Variation in the permittivity of the cell-medium with an increasing number of cells [53].
2.3. Sensor Properties

2.3.1. Cell Factor Calculation

Equation (10) relates the resistance (Rg,) and capacitance (Cy,)) of the ionic solu-
tion to electrolyte conductivity and permittivity through a cell factor K.y [53,55], while
Equation (11) determines this factor using sensor geometries as input.

Keenl €0y, sol
Ry = —==; = — 10
sol ool sol Kcell ( )
Koy = 2 K(k) "
cell —
LIN=1 k(vi—r) A

where ¢, ) is the electrolyte’s relative permittivity, and oy, denotes the electrolyte con-
ductivity (measured in S/m); N is the number of digits (of which there are 40), and L is
the digit length (um). The metalization ratio, denoted as « = W/ (S + W), where W is the
digit width, and S is the spacing between two digits, is used to calculate the cell factor
(Kenn) through Equation (12) involving the incomplete integral of the first module K(k),
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yielding K values of 2.82 m~! and 365.09 m~! for electrodes with mm and pm-scale
dimensions, respectively.

1 1
K(k) = /0 JA-2)1- k2t2)dt

. o T W
with k = COS(ZS—i—W)

(12)

2.3.2. Double-Layer Capacitance

When a voltage is applied, charge segregation at the electrode—electrolyte inter-
face creates double-layer capacitance, which significantly impacts the system’s overall
impedance [53]. The capacitance at the interface for each positive electrode (Cint,p) and
each negative electrode (Cint ;) is determined using Equation (13) [55].

Cint,p = Cint,n = LWCO/ (13)

With an equal number of positive and negative electrodes (N/2), the overall capaci-
tance for each type of electrode is given by the Equation (14) [55].
N N

?Cint,p = Ecint,n (14)

The total capacitance, or double-layer capacitance (Cpy ), is calculated using Equa-
tion (15).
N
CpL = ZLWCO (15)

For both mm and pm scale designs with 40 electrodes (N), the values of Cpy, are
105 pF/m~2 and 4.06 pF/m~2, respectively.

2.3.3. Double Layer Impedance

The double-layer impedance (Zpy,) characterizes interface phenomena when polarized
electrodes interface with an electrolyte, involving two parallel layers of charge on a localized
section (mm or um) of the electrode surface [53]. These phenomena challenge low-frequency
measurements and are crucial for overall modeling. Despite their intricacy, Zpy, is calculated
within the 1 MHz to 10 MHz range using Equation (16):

1
ja] CDL

ZpL (16)

where j is the imaginary unit and w is the angular frequency in rad/s. For both mm and yum
dimensions with 40 electrodes, the absolute Zp; values (in MQ)) are summarized in Table 6,
with surface capacitance (Cp) values of 2.8 x 1077F/mtand7 x 1074 F/m™1!, respectively.

Table 6. Parameters for the double-layer impedance of IDE.

Zp. (MQ)

Sl. Dimension of K1 CpL
N Electrod (m~1) (pF/m?) ! 2 3 : > 6 7 8 ?  1oMH
0. ectrodes m pt/m MHz MHz MHz MHz MHz MHz MHz MHz MHz z
1 mm 2.82 105 151 075 050 037 030 025 021 018 016 0.15
pm 365.09 4.06 39.2 1961 13.07 980 7.84 653 560 490 435 392
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3. Results
3.1. Average Impedance

Our study highlights significant variations in bio-impedance data due to changes in
the electrical properties of the PBS solution used for measurements involving 200 million
cells. These electrical property variations stem from the difference between healthy and
diabetic blood cells. The Z,ix value across the frequency range of 1 MHz to 10 MHz plays
a key role in this phenomenon. As suggested by previous research [52,53], we calculated
and tabulated the Z,;x values for two design configurations (one with mm and another
with pm dimensions) in Tables 7 and 8. Figures 4 and 5 visually represent the surface-
charge density of interdigitated electrodes (IDEs) interacting with the medium within a
COMSOL® simulation environment. These figures utilize electrodes with mm dimensions.
Similarly, Figure 6 depicts the surface charge density of IDEs interacting with the medium
in COMSOL® but with pm-sized electrodes.

freq(10)=10 MHz Multislice: Electric potential (V)

1.8
1.8
1.4

1.2

0.8

0.8

0.4

0.2

Figure 4. Surface-charge density in diabetic RBC with mm electrodes.

freq(10)=10 MHz Multislice: Electric potential (V) A2

Figure 5. Surface-charge density of diabetic RBC with mm electrodes (Y-Z direction).
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freq(10)=10 MHz Multislice: Electric potential (W)

400

150

Figure 6. Surface-charge density of diabetic RBC with pm electrodes.

As evident from Figure 7, nm-sized IDEs exhibit a superior response compared to

mm-sized ones.

Table 7. Comparison of electrical properties of normal and diabetic RBC in PBS mixture using

40 electrodes in mm dimension.

(a) Variation in electrical properties of normal RBC in PBS mixture over different concentrations using 40 capacitive elements in mm dimension

Z mix (kQ)

Sl Concentration  Volume Fraction Average
No. (%) ¢) 1 2 3 4 5 6 7 8 9 10 Zoi (KO)
MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz mix
1 100 0.133 11326 5.633 3775 2831 2265 1.887 1.618 1415 1258 1.132 3.314
2 90 0.120 11.111 5555 3703 2777 2222 1.851 1587 1388 1.234 1.111 3.254
3 80 0.107 10901 5450 3.633 2725 2180 1816 1557 1362 1211 1.090 3.193
4 70 0.093 10.682 5.341 3560 2670 2136 1780 1526 1335 1.186 1.068 3.128
5 60 0.080 10.483 5.241 3494 2620 209 1747 1497 1310 1.164 1.048 3.070
6 50 0.066 10276 5.138 3425 2569 2.055 1712 1468 1284 1.141 1.027 3.010
7 40 0.053 10.088 5.044 3362 2522 2017 1.681 1441 1261 1120 1.008 2.954
8 30 0.040 9904 4952 3301 2476 1980 1.650 1414 1238 1.100 0.990 2.901
9 20 0.026 9.711 4.855 3237 2427 1942 1618 1387 1213 1.079 0971 2.844
10 10 0.013 9.537 4768 3179 2384 1907 1589 1.362 1192 1.059 0.953 2.793

(b) Variation in electrical properties of diabetic RBC in PBS mixture over different concentrations using 40 capacitive elements in mm dimension

Zmix (kﬂ)

Sl Concentration  Volume Fraction Average
No. (%) @) 1 2 3 4 5 6 7 8 9 10 Zoin (KO)
MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz mix
1 100 0.062 10.198 5.099 3399 2549 2039 1.699 1456 1274 1133 1.019 2.987
2 90 0.056 10.112 5.056 3370 2528 2.022 1.685 1444 1264 1123 1.011 2.962
3 80 0.049 10.015 5.077 3338 2503 2003 1.669 1430 1251 1.112 1.001 2.940
4 70 0.043 9933 4966 3.311 2483 1986 1.655 1419 1241 1103 0.993 2.909
5 60 0.037 9.852 4926 3284 2463 1970 1.642 1407 1231 1.094 0.985 2.885
6 50 0.031 9.771 4885 3257 2442 1954 1.628 1.395 1221 1.08 0977 2.862
7 40 0.024 9.677 4838 3225 2419 1935 1612 1.382 1209 1075 0.967 2.834
8 30 0.018 9.598 4799 3199 2399 1919 1599 1371 1199 1.066 0.959 2.811
9 20 0.012 9.520 4760 3.173 2380 1904 1586 1360 1.190 1.057 0.952 2.788
10 10 0.006 9.443 4721 3147 2360 1.888 1573 1.349 1180 1.049 0944 2.765
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Table 8. Comparison of electrical properties of normal and diabetic RBC in PBS mixture using
40 electrodes in um dimension.

(a) Variation in electrical properties of normal RBC in PBS mixture over different concentrations using 40 capacitive elements in pm dimension

sl C . . Z ix (kﬂ)
. oncentration  Volume Fraction Average
1 2 3 4 5 6 7 8 9 10
No. (%) @) MH; MHz MHz MHz MHz MHz MHz MHz MHz MHz  Zmix(kQ)
1 100 0.133 5858 2929 1952 1464 1171 0976 0836 0.732 0.650 0.585 1.715
2 90 0.120 5747 2873 1915 1436 1149 0957 0.821 0718 0.638 0.574 1.683
3 80 0.107 5638 2819 1.879 1409 1127 0939 0805 0704 0.626 0.563 1.651
4 70 0.093 5525 2762 1.841 1381 1105 0.920 0.789 0.690 0.613 0.552 1.618
5 60 0.080 5422 2711 1.807 1355 1.084 0903 0.774 0.677 0.602 0.542 1.588
6 50 0.066 5315 2657 1771 1328 1.063 0.885 0.759 0.664 0590 0.531 1.556
7 40 0.053 5218 2609 1739 1304 1.043 0869 0745 0.652 0579 0.521 1.528
8 30 0.040 5122 2561 1707 1280 1.024 0.853 0.731 0.640 0569 0.512 1.500
9 20 0.026 5023 2511 1.674 1255 1.004 0.837 0717 0.627 0.558 0.502 1.471
10 10 0.013 4933 2466 1.664 1233 0986 0.822 0.704 0.616 0548 0.493 1.447

(b) Variation in electrical properties of diabetic RBC in PBS mixture over different concentrations using 40 capacitive elements in pm dimension

sl C . . Z mix (kﬂ)
. oncentration  Volume Fraction Average
2 3 4 5 6 7 8 9 10
No. (%) (@) MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz  Zmix(kQ)
1 100 0.062 5274 2637 1758 1318 1.054 0.879 0.753 0.659 0.586 0.527 1.545
2 90 0.056 5230 2615 1743 1307 1046 0871 0.747 0.653 0.581 0.523 1.532
3 80 0.049 5180 2590 1726 1295 1.036 0.863 0.740 0.647 0575 0.518 1.517
4 70 0.043 5137 2568 1712 1284 1.027 0.856 0.733 0.642 0570 0513 1.504
5 60 0.037 5.095 2547 1.698 1273 1.019 0849 0.727 0.636 0.566 0.509 1.492
6 50 0.031 5.054 2527 1.684 1263 1.010 0.842 0722 0.631 0561 0.505 1.480
7 40 0.024 5005 2502 1.668 1251 1.001 0.834 0715 0.625 0.556 0.500 1.466
8 30 0.018 4964 2482 1.654 1241 0992 0.827 0.709 0.620 0.551 0.496 1.454
9 20 0.012 4924 2462 1641 1231 0984 0.820 0.703 0.615 0.547 0.492 1.442
10 10 0.006 4884 2442 1628 1221 0976 0.814 0.697 0.610 0.542 0.488 1.430

—e— electrode with mm dimension
electrode with pym dimension

20 - |

Zpr (kQY)

Frequency (MHz)

Figure 7. Variation of the double-layer impedance of IDE within 1 MHz-10 MHz using electrodes
with mm dimension and pm dimension.

Figures 8 and 9 depict the variation in average complex impedance (Z;x ) across the
entire concentration range within a frequency range of 1-10 MHz for 40 electrodes with
both mm and pm dimensions.

These data are obtained by analyzing increasing RBC densities (both healthy and
diseased) in a PBS solution. The average Z,ix is calculated to provide a comprehensive
understanding of the overall impedance variation within the test frequency range. While
these averages offer a general idea of the impedance variations (shown in Figures 8 and 9),
a more detailed picture is achieved by examining these figures alongside the average
Zmix values presented in Tables 7 and 8. This combined analysis allows us to observe the
impedance characteristics of healthy and diseased RBCs at various frequencies across the
entire concentration range. The analysis considers factors like the number of electrodes
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(N =40) and electrode length (L = 15 mm in mm scale and L = 116 pm in pm configuration).
Figures 8 and 9 highlight that millimeter-scale sensors consistently exhibit higher average
Zmix Vvalues for diabetic RBCs (2.987 k() at 100%) compared to normal RBCs (3.314 k()
at 100%), showcasing their enhanced sensitivity. For mm-sized electrodes, the average
Zmix of normal RBCs increases from 2.793 kQ) at 10% to 3.314 kQ) at 100%, while diabetic
RBCs show a similar trend, with 2.765 k() at 10% and 2.987 k() at 100%. Although pm-
sized electrodes were included for comparison, their lower sensitivity (e.g., 1.715 k() for
normal RBCs at 100%) highlights the superior performance of mm-sized electrodes for
detecting average Zn,ix variations. These Figures 10 and 11 illustrate the standard deviation
(SD) of Zix (kQ) for normal and diabetic RBCs across the entire concentration range at a
1-10 MHz frequency range, using both mm and pm-sized electrodes. These figures visually
represent the disparity in the bio-impedance signatures of healthy and diabetic cells. The
standard deviation for normal RBCs using mm-sized electrodes is 0.57 and 0.05 at 1 MHz
and 10 MHz, respectively. Similarly, for diabetic RBCs, the values are 0.24 and 0.02 at 1 MHz
and 10 MHz, respectively. For uym-sized electrodes (Figure 11), the standard deviation for
normal RBCs is 0.29 and 0.02 at 1 MHz and 10 MHz, respectively, while for diabetic RBCs it
is 0.12 and 0.01. A larger standard deviation at 1 MHz signifies greater variability in the
bio-impedance data, indicating that the values are more scattered around the mean. This
suggests less consistent or more dispersed readings at lower frequencies. Conversely, a
lower standard deviation at 10 MHz reflects a tighter clustering of bio-impedance values
around the mean, implying a more stable and reliable measurement environment. This
trend suggests that pm-sized electrodes potentially offer reduced noise or interference,
leading to more reliable bio-impedance measurements at 10 MHz compared to 1 MHz.

—e— Normal RBC

c
& 3.2 | | Diabetic RBC i
=
[:]E
o 3 |
50
]
o
Z 28| .
| | | | |
20 40 60 80 100
Concentration,¢(%)

Figure 8. Variation in the average complex impedance (Z,ix) over the whole concentration range
within 1-100 MHz frequency range for N = 40 (in mm dimension).
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Figure 9. Variation in the average complex impedance (Zy,ix) over the whole concentration range
within 1-100 MHz frequency range for N =40 (in pm dimension).
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Figure 10. Standard deviation (SD) of Zyix (kQ)) for normal and diabetic RBCs over the whole
range of concentration by varying the frequency range within 1-10 MHz using electrodes with

mm dimension.
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Figure 11. Standard deviation (SD) of Zyx (kQ)) for normal and diabetic RBCs over the whole range
of concentration by varying the frequency range 1-10 MHz using electrodes with pm dimension.

3.2. Sensitivity of the Designed Sensor
Sensitivity (SV) can be calculated by the ratio of Znix to ¢ using Equation (17). This
equation is chosen so that the sensitivity estimate would be independent of the sensor’s
design characteristics.
sV = Zmx a7
¢
The average sensitivities of the mm-scale sensor for normal and diabetic RBCs are
65.198 and 136.643, respectively. For the pm scale sensor, the average sensitivities for
normal and diabetic RBCs are 33.739 and 70.661, respectively, as shown in Table 9. This
demonstrates the practical advantage of mm-scale designs in detecting diabetes-related

impedance variations.

Table 9. Average sensitivity of normal and diabetic RBCs in different sensor designs.

RBC Type Average Sensitivity (mm Design) Average Sensitivity (um Design)
Normal RBC 65.198 33.739
Diabetic RBC 136.643 70.661

4. Discussion

In diabetic individuals, healthy blood cells experience a decrease in cytoplasmic
radius to approximately 3.1 um, as depicted in Table 2. Using Equation (1), the complex
permittivity of the RBC-PBS mixture within a 200 pm PBS solution is calculated, yielding
values of 65.12 for healthy RBCs and 73.44 for diabetic RBCs, as shown in Table 3. This
permittivity of the cell-medium complex is also influenced by the number of RBCs, as
detailed in Table 5 and Figure 3. Furthermore, the bio-impedance signature of the cell-
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medium mixture of both structures has been studied across a frequency range of 1-10 MHz
for varying cell concentrations, as shown in Tables 7 and 8. Here, it has been observed
that the cell-mixture impedance decreases with decreasing cell concentration for both
mm and pm-designed electrodes. At 100% cell concentration, Figures 8 and 9 illustrate
that the average bio-impedance of diabetic blood cells is lower compared to healthy ones.
For mm-configured electrodes, the values are 2.987 k() and 3.314 k() for diabetic and
healthy blood cells, respectively. Similarly, the values for um-configured electrodes are
1.545 k) and 1.715 kQ, respectively. The SD of the bio-impedance signatures for healthy
and diabetic RBCs are visually represented in Figures 10 and 11, which highlight the
difference in SD across the entire concentration range at various frequencies (1-10 MHz)
for both mm and pm designed electrodes that indicate the bio-impedance measurements at
10 MHz frequency are more reliable or have less variability compared to the measurement
at 1 MHz frequency.

The analysis confirms that mm-scale sensors exhibit superior sensitivity (9) and re-
liability compared to pm designs (Figures 1 and 2). The Zx is calculated within the
frequency range of 1 MHz to 10 MHz mentioned in Tables 7 and 8. While both configura-
tions differentiate diabetic RBCs from normal, the millimeter-scale sensor demonstrates
higher practicality for diagnostic applications.

Similarly, it can be observed that both mm and pm designs have higher sensitivity
(136.64 for mm and 70.66 for pm design) in detecting diabetic RBCs compared to non-
diabetic ones. The higher sensitivity of the mm design can be attributed to the fact that
the electrode spacing can accommodate a larger volume fraction of the cell PBS mixture
compared to the pm design. Consequently, both sensor designs are more sensitive towards
detecting diabetic RBCs than non-diabetic ones. This might lead to more false positives
but fewer false negatives, which could be considered better for medical applications
where missing a diagnosis (false negative) is more harmful than potential over-diagnosis
(false positive).

5. Conclusions

This study explores a novel approach for identifying type-2 diabetes in human blood
based on variations in the electrical properties of RBCs. To achieve the same, this work
also introduces an IDE-based sensor design in both mm and pum scales. The sensitivity of
the two structures is compared in this study to identify in which scale design the sensor
is best suited for the said application. This study establishes the mm-scale sensor as the
optimal choice for type-2 diabetes detection due to its superior sensitivity, reliability, and
cost-effectiveness. pm designs are briefly addressed but are less practical for disposable
and non-invasive applications, which are the focus of this work. This analysis suggests that
both designed electrodes provide a good response for detecting type-2 diabetes, making
either ideal for the application.
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