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Abstract

Microfluidic impedance cytometry enables label-free and real-time single-cell analysis by
detecting changes in electrical impedance as cells traverse microchannels. Electrode con-
figuration plays a critical role in determining detection sensitivity, signal quality, and spa-
tial resolution. In this study, finite element simulations were conducted to model the im-
pedance response of mammalian red blood cells under various electrode designs, includ-
ing coplanar, parallel, tilted, and parabolic configurations, as well as electrode layouts
coupled with flow velocity. A multiphysics simulation model is established to analyze the
effects of geometric parameters on electric field distribution and impedance response. The
results demonstrate that optimized electrode arrangements significantly enhance detec-
tion performance and enable multi-parameter analysis. Furthermore, the influence of flow
dynamics and dielectric properties on impedance signals is explored. These findings pro-
vide both theoretical and experimental guidance for the development of high-efficiency,
integrated impedance cytometry platforms, contributing to the advancement of microflu-
idic systems in biomedical diagnostics and single-cell characterization.
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1. Introduction

The pathological state of cells plays a critical role in the early diagnosis and treatment
of various diseases, including cancer, infectious diseases, and immune disorders. Con-
ventional pathological diagnosis methods, such as tissue biopsy and microscopic analysis,
often require invasive procedures, complicated sample preparation, and manual opera-
tion. These limitations highlight the increasing demand for label-free, non-invasive, and
high-throughput cell detection technologies in modern biomedical applications.

Microfluidic impedance cytometry (MIC) has emerged as a promising solution, of-
fering significant advantages such as label-free detection, real-time analysis, and single-
cell resolution [1]. By leveraging the intrinsic electrical properties of cells, MIC enables
sensitive detection and characterization of biological samples without the need for chem-
ical markers. Recent reviews highlight advancements in device integration and real-time
analytics for cell characterization [2]. Its integration with microfluidic platforms further
enhances throughput, making it suitable for rapid screening applications [3].
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However, despite its advantages, the practical performance of MIC systems heavily
depends on the design and configuration of the detection electrodes. Various electrode
configurations and microchannel designs have been explored to enhance sensitivity and
detection efficiency [4]. Traditional coplanar electrode layouts are favored for their simple
fabrication but often suffer from non-uniform electric field distribution, resulting in low
detection sensitivity and strong dependence on the cell’s lateral position within the mi-
crochannel [5]. On the other hand, parallel electrode designs offer improved electric field
uniformity and signal response but introduce fabrication complexity due to the need for
precise alignment.

Electrode placement and channel geometry significantly influence impedance signal
characteristics and detection accuracy [6]. However, conventional electrode structures are
typically optimized for single-parameter detection, such as cell size or membrane capaci-
tance, limiting their ability to capture multidimensional information like lateral position
or mechanical properties [7]. This constraint hinders the comprehensive analysis of heter-
ogeneous cell populations, which is increasingly important in applications such as cancer
diagnostics and personalized medicine [8].

To address these challenges, this study proposes a series of optimized electrode con-
figurations for microfluidic impedance cytometry. We systematically analyze the perfor-
mance of coplanar, parallel, tilted, and multi-electrode designs using multiphysics simu-
lation. By evaluating their impact on electric field distribution, impedance response, and
detection sensitivity, we aim to establish a framework for multi-parameter cell character-
ization. Our approach not only improves the detection of cell size and position but also
enables indirect assessment of cell mechanical properties, offering new insights for micro-
fluidic diagnostic platforms.

2. Methods
2.1. The Principle of Microfluidic Impedance Detection
2.1.1. Single-Cell Model

Maxwell’s mixture theory provides a theoretical basis for analyzing the dielectric
properties of cells suspended in a conductive medium. According to this theory, a cell
immersed in a conductive solution can be modeled as a dielectric particle. The effective
complex permittivity of the cell suspension system —composed of the suspended cells and
the surrounding conductive medium—is primarily influenced by three factors: the com-
plex permittivity of the cells, the complex permittivity of the suspending medium, and the
volume fraction of the cells within the microfluidic channel. This relationship is expressed
by Equation (1).
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In this equation, &,;, represents the effective complex permittivity of the cell sus-
pension, &, denotes the complex permittivity of the suspending medium, &; corre-
sponds to the complex permittivity of the cells, and ¢ is the volume fraction of the cells.

Due to the phospholipid bilayer structure of the cell membrane, cells possess the abil-
ity to store and release electrical charge when exposed to an electric field, thereby exhib-
iting capacitive behavior. In contrast, the cytoplasm contains a high concentration of ions
and molecules, which results in low resistance to current flow, manifesting primarily as a
resistive effect. Therefore, based on the established framework in single-cell electroanaly-
sis, an equivalent circuit model for single cells and the characterization of dielectric prop-
erties were defined [9]. At appropriate frequency, the cell can be modeled as an equivalent
electrical circuit, as illustrated in Figure 1 [10].
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Figure 1. Cell equivalent circuit model. Here, C,,.q and Ry,.q represent the capacitance and re-
sistance of the suspension medium, while C; and R; represent the capacitance and resistance of the

cells.

2.1.2. Principle of Impedance Detection

The principle of microfluidic impedance cytometry is based on monitoring the vari-
ation in electrical impedance when a single cell passes through an electric field within a
microchannel. As a cell suspended in a conductive medium flow through the detection
zone, it perturbs the local electric field due to its distinct dielectric properties compared to
the surrounding medium. This perturbation leads to a measurable change in the electrical
impedance. The total impedance Z;,., at the detection region is jointly determined by
the impedance of the cell Z,,; and the impedance of the suspending medium Z,.4.

The complex impedance of the cell Z.,,; is typically influenced by both the mem-
brane capacitance C., and the cytoplasmic resistance R., and can be expressed as
Equation (2).

Zeen = - +R. @)
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where w = 2muf is the angular frequency of the applied alternating current signal.
Moreover, the total impedance Z;,.,; is related to the effective complex permittivity
Emir Of the suspension containing both the cells and the conductive medium, as described
by Equation (3).
1
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where G is the geometric correction factor, which is used to correct the effects of edge
fields and non-uniform electric fields.

The impedance variation AZ is associated with cell size, membrane integrity, and
internal conductivity, making it a valuable parameter for label-free single-cell analysis. By
applying multi-frequency excitation, different cellular components and their dielectric
properties can be characterized, enabling multi-parameter detection within a single meas-
urement cycle.

2.2. Multiphysics Simulation Platform

To investigate the impact of electrode configurations on impedance detection, a mul-
tiphysics simulation model was established using COMSOL Multiphysics software. This
platform enables the coupling of electric field and fluid flow, allowing accurate analysis
of the interaction between cells, electrodes, and microchannel environments. This plat-
form employs finite element analysis to assess the electric field distribution under



Eng. Proc. 2025, x, x FOR PEER REVIEW 4 of 11

different electrode geometries [11]. The simulation domain includes the microchannel ge-
ometry, electrode placement, cell models, and surrounding fluid medium.

Modeling steps include geometry creation, material property assignment, boundary
condition setup, and meshing. The microchannel is modeled as a rectangular channel of
length 100-120 pum, width 10-20 um, and height 10-15 um. The surrounding fluid is as-
sumed to be a conductive electrolyte with conductivity of 1.44 S/m and a relative permit-
tivity of 78.5 [12].

The simulation applies a low-frequency AC signal (typically 100 kHz) at the excita-
tion electrode, with grounding or floating boundary conditions set at other electrodes de-
pending on the configuration. Mesh refinement is concentrated near the electrode edges
and the cell surface to ensure solution convergence.

2.3. Electrode Configuration Design
2.3.1. Coplanar and Parallel Electrode Designs

We analyzed two baseline electrode configurations: coplanar electrodes and parallel
electrodes, as shown in Figure 2. Coplanar electrodes are patterned on the bottom surface
of the microchannel using photolithography, creating an asymmetric electric field distri-
bution. This configuration simplifies fabrication but exhibits poor field uniformity, mak-
ing impedance signals highly sensitive to cell position [13]. Parallel electrodes are fabri-
cated on opposing surfaces of the channel (top and bottom), yielding a uniform electric
field between the electrodes. This design enhances signal sensitivity and reduces posi-
tional dependency, albeit at the cost of more complex fabrication processes [14].

Simulation results revealed that parallel electrodes provide a more homogeneous
electric field and stronger impedance response compared to coplanar layouts.

Figure 2. (a) Coplanar electrode configuration. (b) Parallel electrode configuration.

2.3.2. Tilted Electrode for Lateral Position Detection

To acquire information on the lateral position of cells, a tilted electrode structure was
designed, as shown in Figure 3a. In this configuration, the electrodes on the bottom of the
channel are tilted relative to the flow direction, while the counter electrodes on the top
remain parallel. This asymmetric layout causes the impedance signal peak to shift based
on the lateral position of the cell [15]. This tilt introduces a spatial variation in the electric
field, enabling position-resolved detection without relying on complex external focusing
mechanisms.

However, in practical microfluidic channels, the velocity profile is not uniform but
exhibits a spatial gradient. Specifically, it manifests as a parabolic decrease in velocity
from the maximum at the center towards zero at the channel walls. Therefore, electrode
design for characterizing lateral cell position must account not only for positional differ-
ences but also for the associated velocity differences at various lateral positions. Based on
the parabolic fluid velocity distribution, parabolic-shaped electrodes were designed as
shown in Figure 3b, with the opening of the electrode parabola-oriented opposite to the
fluid velocity direction. Consequently, the electrode spacing is smaller where the fluid



Eng. Proc. 2025, x, x FOR PEER REVIEW 5 of 11

velocity is higher, and larger where the fluid velocity is lower. This design ensures that
impedance signals from cells at different lateral positions exhibit significant temporal dif-
ferences.

Figure 3. Schematic of tilted electrode design. (a) Inclined electrode configuration. (b) “Parabolic”

electrode configuration that couples fluid velocities.

2.3.3. Multi-Electrode Configuration for Mechanical Property Sensing

For advanced characterization, a multi-electrode configuration was proposed, as
shown in Figure 4. By placing electrode pairs upstream and downstream within the chan-
nel, the transit time of a cell between electrode pairs can be measured. This transit time
correlates with cell deformability and mechanical stiffness, as deformed cells tend to move
differently in laminar flow conditions [16]. The combination of spatial localization and
mechanical property assessment enhances the multi-parameter detection capability of the
system.

e - e 1

Figure 4. Schematic of multi-electrode layout in microchannel.

2.4. Cell Modeling and Simulation Parameters

In this study, single cells with an average radius of 4 um, comparable to mammalian
red blood cells, were modeled in the microfluidic channel. Cells are modeled as spherical
or ellipsoidal particles with a dielectric membrane layer representing the phospholipid
bilayer [17]. The core cell body is assigned conductivity of 1 S/m and relative permittivity
of 80, while the membrane is set with a much lower conductivity (10 S/m) and permit-
tivity of 60. The dielectric and electrical parameters of cells were set according to estab-
lished single-cell impedance characterization methods [18]. All the simulation parameters
are shown in Table 1. Simulation conditions include: Cell diameter variations (to analyze
size sensitivity); Lateral position changes (for position detection); Transit time measure-
ment (for mechanical analysis)

The applied AC signal frequency is scanned between 1 kHz and 10 MHz to determine
the optimal operating condition for impedance detection [19].
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Table 1. The parameters used in the simulation process.

Parameters Values
Cytoplasmic conductivity 1S/m
Cytoplasmic relative dielectric constant 80
Cell membrane conductivity 10 S/m
Cell membrane relative
. . 60
dielectric constant
Cell radius 4 pym
Suspension medium conductivity 1.44 S/m
Suspension medium relative dielectric constant 78.5
Electrode width 10 pum
AC signal frequency 10° Hz

3. Results and Discussion
3.1. Electric Field Distribution and Impedance Response

Simulation results reveal significant differences in electric field distribution between
the coplanar and parallel electrode configurations. In the coplanar electrode layout, the
electric field lines are primarily confined to the vicinity of the electrode edges at the bot-
tom of the channel, as illustrated in Figure 5a. This results in a highly non-uniform electric
field distribution across the channel cross-section. Since electric field lines are always per-
pendicular to equipotential lines, the concentration of electric field lines near the channel
bottom under the coplanar configuration is evident from the equipotential line distribu-
tion shown in Figure 5c. Consequently, the longitudinal position of cells passing through
significantly affects the impedance signal, thereby reducing detection reliability.

In contrast, the parallel electrode configuration provides a more uniform and sym-
metric electric field distribution within the detection region, as shown in Figure 5b,d. This
configuration consequently yields more stable impedance signals and enhances sensitiv-
ity to variations in cell size and properties.

LN J50 T8 IO NI S Y fou w gk JON BN
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Figure 5. Electric field distribution under different electrode configurations. (a) Electric potential
distribution with coplanar electrodes. (b) Electric potential distribution with parallel electrodes. (c)
The distribution of equipotential lines of coplanar electrodes. (d) The distribution of equipotential

lines of parallel electrodes.
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Impedance magnitude comparisons from the simulation results further corroborate
these findings. Under identical simulation conditions, the impedance change generated
by the parallel electrode layout when a cell passes through the electrode region (Figure
6a) is significantly higher than that produced by the coplanar electrode layout (Figure 6b).
This confirms the superior detection capability of the parallel electrode layout for cellular
impedance sensing applications.

___Clobal Spebascei$2)
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Figure 6. Impedance amplitude response comparison. (a) Impedance signal of coplanar electrode
configuration. (b) Impedance signal of parallel electrode configuration. In both Figure 6a,b, there is
a parameter called “Vertical position”, with the unit being micrometers. This parameter represents

the longitudinal position of the cell along the extension direction of the microfluidic channel.

3.2. Tilted Electrodes for Lateral Position Detection

To enhance the electrode system’s capability for detecting the lateral position of cells
during transit, thereby enabling the extraction of additional cellular parameters, tilted
electrodes were introduced. By orienting the excitation electrodes at a defined angle rela-
tive to the channel axis, this design disrupts the symmetry and uniformity of the electric
field distribution within the channel. Consequently, the electric field lines are no longer
vertical or horizontal but instead traverse the entire flow channel at an angle, forming an
“oblique electric field path” in space. As shown in the Figure 7a, the cells on the left side
of the channel were exposed to the main electric field lines earlier, while the cells on the
right side entered the strong electric field region later. This implies that the position of the
impedance peak will shift depending on the lateral position of the cell.

Simulation results in Figure 7b demonstrate a linear correlation between the lateral
offset of the cell and the corresponding position of the impedance signal peak. This ena-
bles the direct extraction of lateral position information from impedance measurements
without the need for additional optical systems.
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Figure 7. (a) The distribution of cells at different lateral positions within the microfluidic channel. (b)
The relationship between the lateral position of cells in microfluidic channels and the impedance peak

shift. Here, the frequency of the transmitted signal is 10° Hz.

This method effectively expands the functionality of impedance cytometry from sin-
gle-parameter to multi-parameter detection, providing valuable insights into cell position-
ing within microfluidic flows.

3.3. Multi-Electrode Configuration for Mechanical Property Characterization

Further simulations explored the potential of multiple electrode pairs for indirectly
characterizing the mechanical properties of cells. By incorporating an additional pair of
“parabolic-shaped electrodes” along the flow direction, the mechanical properties of cells
can be indirectly extracted by measuring their transit time between detection intervals.
Experimental studies using constriction-based deformability cytometry have demon-
strated that rigid (fixed) cells exhibit significantly longer transit times compared to de-
formable cells. For instance, fixed BA/F3 cells—rendered rigid via paraformaldehyde
treatment—showed a 2.5-fold increase in the 75th percentile of transit time (1.05 s vs. 0.41
s) relative to untreated controls. Conversely, HL-60 cells treated with Cytochalasin D (in-
creasing deformability) displayed reduced transit times (5.12 s vs. 3.43 s) [20]. Similar
trends were observed in MCF-7 model cells using impedance-based constriction systems,
where transit time metrics served as quantitative indicators of mechanical phenotype [21].
Previous studies have demonstrated that electrical impedance parameters such as transit



Eng. Proc. 2025, x, x FOR PEER REVIEW 9 of 11

time and amplitude are strongly correlated with red blood cell deformability and patho-
logical status [22].

Simulation results (Figure 8) indicate that by adding a pair of electrodes based on the
“parabolic-shaped electrodes” coupled with the fluid velocity profile, the following de-
tection objective can be achieved through dual-parameter detection (lateral position and
transit time): cells of the same type located at different lateral positions will exhibit differ-
ent transit times between the two electrode pairs. Consequently, if cells of different types
located at the *same* lateral position exhibit a difference in the time delay between their
impedance signals, it can be discerned that these two cell types possess different mechan-
ical properties. Therefore, this design effectively enables the identification of anomalous
cells among those passing through the channel.
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Figure 8. Impedance signals of cells with different mechanical properties.

3.4. Summary of Simulation Results

The simulation results validate the performance advantages of the proposed elec-
trode designs: Parallel electrodes enhance impedance signal stability and sensitivity.
Tilted electrodes enable lateral position detection based on impedance signal shift. Multi-
electrode configurations provide a feasible method for assessing mechanical properties
through transit time analysis.

These findings demonstrate that optimized electrode designs can significantly im-
prove the detection capabilities of microfluidic impedance cytometry systems, supporting
their application in multi-parameter single-cell analysis. Moreover, the adaptability of
electrode configurations facilitated diverse applications in single-cell analysis [23].

4. Conclusions

Microfluidic impedance cytometry (MIC) provides a portable, label-free, and real-
time solution for single-cell analysis, enabling quantitative characterization of cell size,
membrane capacitance, cytoplasmic resistance, and dielectric properties. In this study,
various electrode configurations —including coplanar, parallel, tilted, and multi-parabolic
layouts—were systematically investigated through finite element simulations on the
COMSOL platform. The optimized multi-parabolic electrode design positioned upstream
and downstream of the microchannel significantly enhanced detection sensitivity, spatial
resolution, and multi-parametric detection capability. Moreover, the multi-electrode con-
figuration enabled extraction of mechanical parameters such as cell deformability and
stiffness through transit time analysis. This work offers both theoretical foundation and
practical guidance for the development of compact, integrated, and high-throughput



Eng. Proc. 2025, x, x FOR PEER REVIEW 10 of 11

impedance cytometry devices, with promising applications in large-scale single-cell char-
acterization and the advancement of personalized diagnostic and therapeutic strategies.
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