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The use of the intrinsic electrical properties of a single cell by broadband electrical impedance
spectroscopy (EIS) as a label-free and non-invasive method to monitor cellular and intracellular features is
an emerging field. Here, we present a novel EIS-based sheathless microfluidic platform with an integrated
coplanar waveguide to probe the interior of a single cell. This platform allows for precise single-cell
trapping by dielectrophoresis, hydrodynamic focusing, and sensing the electrical properties of the trapped
single cell. We measured the impedance characteristics of a single Schizosaccharomyces pombe (fission)
yeast cell by a single frequency sweep (30 kHz to 6GHz) in a stagnant sucrose solution using two-port
scattering (S) parameters. The measurements revealed a clear distinction between the cytoplasm
impedance of live versus dead cells at 3 GHz. This platform could provide real-time monitoring of cellular
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Introduction

Single-cell ~ biophysical characterization  has  gained
considerable attention among biologists who seek to
understand the mechanisms and processes that take place
within this small unit of life." Biophysical characterization of
a single cell provides a wealth of information, including
viability,> morphology,® mechanical properties,* and
physiological state,™® information that is valuable in various
fields of research such as food,” medicine chemistry,8
biology,” and environmental monitoring.*°

Interest in identifying the electric properties of cells has
gained recent attention using various methods."" Dielectric-
based spectroscopy techniques such as impedance flow
cytometry (IFC) have been developed to characterize cells in a
high throughput manner, such as the impedance flow
cytometry framework for single-cell analysis proposed by
Feng et al.'>"* Alternatively, impedance-based spectroscopic
techniques, such as electrical impedance spectroscopy (EIS)
have been developed in which most of the electric field
passes through the cells."* EIS of single cells stands out as a
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electrical responses to chemical and physical antagonists for diagnostic purposes.

biosensing, label-free, and noninvasive technique. These
biosensors are frequency dependent such that dispersion of a
frequency spectrum can be allocated to different subcellular
parts, revealing information about the cell's complex
biophysical characterization.">'® One promising tool that has
been used to measure cell properties is a resonator.'”” The
main drawback of resonators is that they can only be used
within a limited range of frequencies and are not easily
tunable.” Conversely, coplanar waveguides (CPW) are suitable
for use in a wide range of frequencies,'®' and are sensitive
to the cell impedance measurements.

EIS measurements are sensitive to the ion concentration
between the electrodes and the cell;>**' therefore, signals
barely pass through the cell membrane at low frequency.>> To
diminish this effect and to avoid electrode polarization
complications at low frequencies, broadband impedance
spectroscopy has been used to characterize living cells due to
its dampened dispersion of ion movement at gigahertz
frequencies.”” Regardless of the type of spectroscopy,
sensitivity remains a concern.

To boost the sensitivity in single-cell measurement, low-
cost microfluidic channels have been integrated with
microwave-based sensing structures.”*”>® These devices have
increased the cell-to-sample volume ratios, and stabilized
fluid flow for cell analysis.”” As such, cells are guided
through the channels to the electrode sensing area to analyze
their biophysical characteristics.>® Li et al. have been able to
differentiate a bulk concentration of live and heat-killed
Escherichia coli (E. coli) by impedance spectroscopy in the

This journal is © The Royal Society of Chemistry 2025
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frequency range of 0.5 to 20 GHz using a CPW integrated
with a microfluidic platform.”?’ However, the main
disadvantage of bulk measurement is that it does not reveal
detailed information about a single cell within the
population.

To monitor and analyze a single cell continuously,
methods including hydrodynamic capture,®®*° optical
tweezers,>® and dielectrophoretic (DEP) trapping®”*' have
been used to immobilize the cell. DEP, which is a non-
uniform electric field that causes a polarization effect on the
cell, offers a high throughput and simple means for single-
cell trapping. Accordingly, most of the electrical signal can be
distributed throughout the trapped cell. Therefore, the
electrical properties of a single cell can be measured within
well-defined impedance matching.** Recently, Ferguson et al.
successfully trapped a single muscle cell between two sensing
sensors of a CPW using DEP.** They used broadband EIS in a
sheath flow microfluidic channel to measure the -cell
impedance characteristics in a frequency range of 9 kHz to 9
GHz. In addition to cell trapping, the separation of viable
and non-viable cells by the differences in electrical
conductivity is another advantage of DEP.** Zhao et al
separated live from dead yeast cells using low frequency
adjustment in DEP.** Therefore, the benefit of broadband
electrical measurement is its wide frequency range. It can
separate live cells from dead cells, capture them at low
frequencies, and characterize them at high frequencies.

Yeast species are one of the cell types that have been
investigated by EIS.>*® EIS has been used to check the yeast's
status in solutions with different concentrations of live and
dead cells at frequencies ranging from 1 MHz to 3 GHz.*’
Yang et al. identified the live yeast from dead yeast in an in-
flow radio frequency (RF) sensor using microfluidics.*®
Afterward, an improved in-flow interferometer using a
microstrip line sensing electrode for different single yeast
types was introduced by Osterberg et al.®> They analyzed
different single yeast-type viability and impedance signals at
two frequencies within microstrip electrodes. They found that
because the dead cell membrane is permeable to its
surrounding media, the permittivity of the dead cell
resembles that of the media. In addition to narrowband
measurements, investigating the electrical properties of a
single yeast cell by broadband EIS provides a comprehensive
evaluation of the cell's electrical properties. Regardless of
whether narrowband or broadband EIS is used, passing
multiple yeast cells under the microstrip electrode
simultaneously, or measuring the electrical properties of a
single yeast while the cell is in a vertical position, or not in
contact with the electrodes, still causes errors during the
measurement. Fluid flow can also cause the cell to move and
change orientation during measurements, which causes a
fluctuation in the impedance measurement.*”

Therefore, we developed a label-free and noninvasive
broadband EIS biosensor with sufficient bandwidth in
combination with a microfluidic channel capable of
hydrodynamic focusing to effectively trap and measure a
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single Schizosaccharomyces pombe's (yeast cell) electrical
properties. In our experiments, the cells are initially focused
on a streamline at the center of the microfluidic channel
where the CPW electrode gaps exist. Afterward, the cell can
be captured precisely between the CPW electrode gap using
DEP. Then, we measured the ratio of transmitted power
(AS,;) and reflected power (AS;;) over a broadband frequency
band of 30 kHz to 6 GHz to study the electrical properties of
a single living or a single heat-treated (dead) yeast cell. The
impedance data was then confirmed by fitting scattering (S)
parameters to the equivalent circuit suggested for the system.

This is the first report where a single non-adherent yeast
cell was successfully focused, trapped, and the EIS properties
measured in a single experiment. This is the first system that
successfully demonstrates a significant advance in high-
throughput single-cell measurement (one cell per minute).
This is also the first system to use EIS to continuously
measure and target single-cell electrical properties in a zero-
flow sucrose solution to differentiate living from dead cells
and potentially observe cell growth. We demonstrated a
substantial difference between the electrical impedance
properties of a living vs. dead single yeast cell without using
any fluorescent probes. The novelty of our platform for
performing EIS measurements lies in using broadband
frequency while the yeast cell is held motionless when in
contact with the electrodes. Further evaluation of this
platform and method of EIS measurement is also a valuable
reference for other electrode configurations in single-cell EIS
measurements.

Materials and methods

Milli-Q grade water (Millipore Inc., Bedford, MA) has been
used in all of the solutions and cleaning steps.

Yeast culture and sample preparation

Yeast cells (Schizosaccharomyces pombe) were used in this
experiment. They are cultured using a standard method."’
The cells are streaked on a sterilized 9 cm diameter plastic
Petri dish containing solidified YES 225 agar media (YES 225
AGAR Catalog #2012-500 Sunrise Science Products, Knoxville,
TN). After incubation at 30 °C for about 48 hours, a colony of
yeast was washed and re-suspended in a low conductive
isotonic solution of 8.5 w/w% sucrose (Sigma Aldrich CAS
No.: 57-50-1, St. Louis, MO) and 0.3 w/w% dextrose (Sigma
Aldrich CAS No.: 50-99-7, St. Louis, MO) to prevent any
osmotic pressure shocks while keeping the cells alive. This
solution has been used in electro-manipulation media
because it has a low electrical conductivity’>*" and can be
used to keep cells alive for extended periods.**

To render the cells nonviable, we heat-treated them by
placing a portion of the yeast solution in hot water at 80 °C
for 5 minutes. After this, the cells were washed with the
sucrose/dextrose solution. This step was repeated several
times to ensure the removal of the ions that leaked from cells.
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To increase cell adhesion on the electrodes, a
biocompatible protein, lectin (50 pg ml™") (Sigma-Aldrich
12380-1MG, St. Louis, MO), was injected into the
microchannel to coat the substrate and electrodes and the
whole device was kept at 4 °C overnight.*> Cell viability
was checked in a separate experiment in the presence of
0.23 v/v% methylene blue dye (Ward's Science, 470301-808,
West Henrietta, NY) inside the solution (Fig. 1a and b).
The dye penetrated the heated treated cells staining the
dead cells blue. To detect the cells in a label-free manner
while they were subjected to the electric field, we did not
use methylene blue in our measurements. Eventually, live
and heat-treated cells were mixed equally and injected
through the microchannel for final measurements.

CPW design and fabrication

A 50 Q CPW was designed as previously reported.** To
fine-tune and verify our calculations, we simulated the
CPW with three sets of transmission lines using ANSYS
high-frequency structure simulator (HFSS) software (Fig.
S2t1). The CPW has a 16 um gap between the signal and
ground electrodes. The signal electrode is 200 um wide,
and the electrodes taper to a 3 pm gap to focus the
electric field inside the cell (Fig. 2a). Accordingly, the ratio
between the cell and detection volume, and the
consequent impedance change increased. In the
fabrication process, we chose fused silica as a substrate
due to its biocompatibility with biological materials, its
transparency for observing cell manipulation, and its low
loss tangent in the wide frequency range. Gold was
chosen to be the metal layer of the sensor also because
of its biocompatibility. The fabrication process involved a
1 um photoresist AZ nLOF 2020 was spin-coated on the
500 pum thick 4 inch fused silica substrate. Then, metal
layers (20 nm Ti/500 nm Au) were deposited on the
substrate by an electron beam evaporator, followed by the
lift-off metallization process to remove the wundesired
metal layers and the rest of the photoresist structure
(Fig. 2b). Afterward, the PDMS microfluidic channel was
bonded to the CPW using plasma bonding to ensure a
leak-proof bond (Fig. 2c). The microfluidic channel's

b.
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length, width, and height were 5 mm, 0.27 mm, and 20
um, respectively. Finally, the CPW input and output were
terminated by SMA coaxial connectors.

Experimental setup

For visualization purposes, the device-under-test (DUT) was
placed on top of a Nikon Eclipse Ti-E inverted fluorescence
microscope (Fig. S31). An Andor camera was then connected
to the microscope for optical and electrical measurement.
The DUT is connected to a Hewlett Packard 8753D vector
network analyzer (VNA) through a pair of SMA connectors. All
electrical signals are generated and measured in the S
parameters by the VNA, from 30 kHz to 6 GHz. The VNA is
calibrated using the short, open, load, and thru (SOLT)
standards of a Maury-Microwave-2.92 mm calibration kit
prior to measurement to avoid any errors by the connections
and cables between the VNA and DUT. We set the
intermediate frequency (IF) bandwidth to 30 Hz and the
number of points to 801 in VNA.

Additionally, we used oscillatory microfluidics to initially
focus the cells to the center of the microfluidic channel
width*® (Fig. 2d). Each inlet and outlet of the DUT
microfluidic channel was coupled with funnel-shaped
reservoirs connected to 3-way solenoid valves (Spex VapLock,
Vernon Hills, IL) to switch the direction of the fluid inside
the channel. Cells were loaded in the inlet reservoir and
brought into the channel until the outlet reservoir filled
and was at the same fluid level as the inlet reservoir. Once
the cells are inside the channel and are detected via
microscope, a lower oscillation pressure and frequency is
applied to solenoid valves switching the fluid flow direction
between the two ports. Flow oscillations push and pull the
cells back and forth until a single cell approaches the CPW
gap and is captured by the DEP between the CPW signal
sensor gap. Fluid flow and oscillation frequency are
controlled by a pressure controller (Fluigent, LineUp Push-
Pull Flow EZ Le Kremlin-Bicétre, France) module and
function generator (Siglent SDG1032X Arbitrary Waveform,
Solon, Ohio), respectively. With this method, an operator
can precisely control the speed and location of the cells
inside the microfluidic channel by controlling the

3 pum

Fig. 1 Comparison between (a) live and (b) dead yeast in the presence of methylene blue 0.23 v/v% inside the sucrose/dextrose solution. The

scale bar is the same for both images.
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frequency, duty cycle (on (¢,,) and off (¢) periods), and
applied pressure to the solenoid valves. The main advantage
of this trapping system in the context of EIS measurements
is that by focusing the cells on a center line within the
channel, it provides an easy and reproducible method to
trap a single cell between the CPW sensor gap and
immediately bring the fluid flow to zero by switching the
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solenoid valves to the closed state. Therefore, a single cell
can be captured, characterized, and released with a
controllable trap-and-release system, and then repeated to
measure the next target cell (Movie S1f). In our
experiments, we applied a signal with a frequency of 5 Hz,
a duty cycle of 0.5, and a pressure of 0.2 mbar to move the
cells between each EIS measurement.
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Fig. 2 (a) Schematic top view of CPW (b) microfluidic device integrated with CPW fabrication process (c) description of sealing the microfluidic

channel on the substrate. (d) Schematic of the oscillatory system.
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Equivalent circuit

The equivalent circuit of the coplanar waveguide (CPW)
without trapped yeast consists of five components: a lumped
section under the microfluidic channel; two separate
distributed areas under the air and PDMS (Fig. 3a); a series
capacitor (Cg); and two shunt capacitors (Cg). Characteristic
impedance (Z,, Zppms) and electrical lengths (6, Oppms)
represent the distributed sections for air and PDMS. The loss
of the entire CPW is accounted for by frequency-dependent
resistances R,. The S parameters measured by the VNA are
characteristic of the microfluidic channel using air and
sucrose (fluid of known permittivity). The shunt capacitance
is defined by air or sucrose, depending on whether the
channel is filled or unfilled. We defined a single-shell
spherical model for yeast. This model considers a parallel
circuit of capacitance and resistance for each cell layer. As
such, the yeast equivalent has four circuit elements,
including yeast membrane resistance (Ryy), yeast membrane
capacitance (Cyy), cytoplasm resistance (Rcp), and cytoplasm
capacitance (Ccp) (Fig. 3b). To measure yeast characteristics
by S parameters from the VNA, the cell circuit is expanded by
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considering the CPW with a trapped yeast (Fig. 3c). When a
single yeast is trapped between the CPW electrode gap, the
yeast equivalent circuit is placed in parallel with Cg because
the measurement provides information for both the cell and
the solution between the CPW. The characteristic parameter
values of the whole system, such as Cg, remain constant and
are taken from the equivalent circuit data, while the
microfluidic channel is filled with sucrose solution (Fig. 3a).

When a single cell is trapped between the two sharp
electrode points, the majority of the RF passes through the
cell's cytoplasm. Accordingly, no extra sub-circuits are needed
for the field to bypass through the layers of the yeast cell or
to cross the electrode polarization layer. The equivalent
circuits were implemented in advanced design system (ADS)
software. First, the parameters were estimated in the circuit
by initial guesses. Then, the S parameters were fitted to the
experimental results. By adjusting the values, we optimized
each parameter. In brief, the de-embedding process was
carried out step by step for the device, then the isotonic
solution, and finally, for trapped cells. To minimize the least
squares error, we used gradient optimization.

a. Z9T!igpoms : Zpomsepoms
- 1]
A
Ro 2,8,
b.
“ I T
CGJL‘ Crm Cer Gy ']I‘Cs
2,6, R, Term Term R, Z,6,

Fig. 3

cs Live/Dead

(a) Equivalent circuit of the coplanar waveguide (CPW) comprising distributed sections under PDMS and air (b) equivalent circuit of the yeast

with 4 equivalent circuit elements comprising yeast membrane resistance (Rym), yeast membrane capacitance (Cym), cytoplasm resistance (Rcp), and
cytoplasm capacitance (Ccp). (c) Equivalent circuit of the coplanar waveguide with a yeast-trapped between the CPW signal electrode gaps.
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The reflection and transmission coefficient for a cell
trapped in a series configuration can be defined as:**

Z-Z,

Sy = 1

n= g (1)
27,

Sy = —20 2

1707, )

where Z, is the impedance characteristics of the CPW, and Z

. . S ) 1

is the cell impedance, which is defined as Z = R +J,—C where
w

R is resistance, C is capacitance, and  is angular frequency;
therefore:

R
Sll = (3)
R+ 2Zy + J2wCRZ,
2Z(1 + joCR
521 o 0( J ) (4)

" R+2Zy + J2wCRZ,

Data acquisition and measurement protocol

All of our measurements were done at room temperature. For
the initial verification of the system, we measured the
impedance of air and an isotonic solution of sucrose/dextrose
with known permittivity. The impedance measurement across
these fluids was recorded by the VNA using S parameters
between the frequency range of 30 kHz to 6 GHz with the
power of -18 dBm (Fig. 4). For verification, we used an
optimization module in ADS software to simulate the
reflection coefficient (S;;) and the transmission coefficient
(S21) and to predict the equivalent circuit elements.

There was a good agreement between the experiment results
(Fig. 4 - solid lines) and the simulation (Fig. 4 - dotted lines)
except at low (<7 MHz) and high frequencies (>3 GHz). The
reason for the discrepancy at very low frequency is due to the
double layer effect between the cell and the electrodes at low

0 0.0
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2 1 sucrose i o
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w
2 g0 Suair(exp) [ 500 -2
5 11 air (S1M é
& -100—] - - S1} sucqose (C;‘(p) 3 5]
= //’ /// === S} sucrose (SIM) [ "
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Fig. 4 Comparison between measured reflection and transmission
coefficients when the microfluidic channel was filled with air or a
sucrose/dextrose solution consisting of 8.5 w/w% sucrose and 0.3 w/w%
dextrose with simulation. Note: the reflection coefficient for air and
sucrose overlapped for both the experiment and simulation.
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Table 1 Equivalent circuit parameters of the CPW without a cell

Section Parameter Sucrose  Air
Microfluidic channel  Cg (pF) 3.5 0.6

Cq (fF) 48.28 4.18
CPW under air Characteristic 53

impedance Z (Q)

Length@1 GHz 4 air (°) 1.19

Loss Ry (Q) 10 (GHz) + 5
CPW under PDMS Characteristic 46

impedance Z (Q)
Length@1 GHz 0 PDMS (°) 0.3

frequency,*® and the equivalent circuit cannot justify the water
dispersion at high frequency. In sum, the signals were not
efficiently captured by R,. Therefore, there is no agreement
between simulation and experimental results at low and high
frequencies. However, as long as it does not affect the change
between the S parameter measurement, we kept R, in the
equivalent circuit for simplicity.>* Besides, the difference
between S,; measurements is more prominent than S;;, which
shows the sensitivity of S,; in this configuration with respect to
S11. The values of the equivalent circuit parameters shown in
this figure are listed in Table 1.

To ensure that our results are valid, we measured the
background signal (measurement in the absence of yeast)
every five minutes consecutively until the difference between
the reflection and transmission line S parameters stabilized
less than 0.001 dB. Cells inside the channel started to move
toward the CPW within ~10 pum steps by the oscillatory
system, introduced inside the Experimental setup section.
When the target single cell was close to the tapered gap
between the CPW electrodes, we immediately brought the
fluid flow to zero by switching the solenoid valves to the
closed state, and the single cell was trapped between the
electrodes by DEP along its long axis (Movie S21). We
captured the live cell by DEP at 4 MHz and 0 dBm and

Ground electrode

Microfluidic Channel

Signal electrode = =« 3um gap

J

Ground electrode

Fig. 5 Micrograph of trapped yeast by dielectrophoresis (DEP)
between the coplanar wave guide (CPW) electrode.
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visually confirmed it using a microscope (Fig. 5). In the
presence of DEP, the yeast cells moved toward the electrodes
and were immobilized by the CPW. For the heat-killed yeast
samples, due to the attraction of the dead yeast to the lower
frequency, we captured single dead yeast by DEP at 30 kHz
and 0 dBm.

After trapping the yeast, the VNA was quickly switched
from the hold-frequency (4 MHz for live cell, 30 kHz for
dead cell) to the sweep-frequency mode (30 kHz to 6 GHz)
to measure the yeast's biophysical characteristics without
the interference of the DEP. The commands were applied to
the VNA using the Python code with the data analyzer. Two
port scattering measurements were performed to obtain the
single-cell electrical properties. The power was adjusted to
-18 dBm, which is below the required power for reversible
electroporation®” and to avoid any unwanted heating effect
from microwave frequency.*® The cell remains immobilized
between the CPW sensing gap, due to the coated lectin on
the surface. The changes in S parameters were calculated
and used to derive yeast biophysical characteristics using
rapidly successive S parameters recorded with and without
yeast. The yeast signal is defined as the difference between
the reflection S;; and transmission coefficients S,;
measured between the CPW with and without yeast trapped.
With this type of measurement, the net effect of trapped
yeast between the CPW will be acquired even with the
calibration of the VNA shift with time. Transmission and
reflection changes (A|S,;|, and A|S;;|) are calculated as
follows:

Alslll =10 lOgls‘iVl/CEUl_ 10 Ioglsxivllo celll (5)
A|521| =10 logls‘éVl/C‘?lll_ 10 Ioglsxévllo celll (6)

By calculating these parameters from S-parameter
measurements, we measured the cell membrane's and
cytoplasm's  electrical properties. To illustrate the
repeatability of the measurement and analysis, this process
was repeated for different numbers of individual live or dead

single yeast cells. The measurements were repeated three

Live yeast (sim)

Dead yeast (sim)
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Fig. 6
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times for each cell (live and dead). It is worth noting that we
measured the background signal immediately after each
single cell measurement due to the background signal shift.

Results and discussion

The impedance of ten live and twenty dead single yeast,
individually, was measured while the single cell was trapped
between the CPW signal electrodes. The averaged reflection
S;1 and transmission AS,; magnitude changes were
measured for both live and dead yeasts (Fig. 6). To extract
the electrical impedance values for the single yeast cell, the
S parameters spectrum was fitted with the averaged
experimental data based on the equivalent circuit changes
with and without yeast trapped (Fig. 3). There was good
agreement until ~4 GHz, which showed the membrane and
cytoplasm's electrical characteristics. Above 4 GHz, the
suggested equivalent circuit is no longer valid as additional
subcircuits inside the cell-equivalent circuit are required to
define the nucleus's electrical properties. However, as the
applied frequency range was insufficient for this purpose,
we avoided adding additional subcircuits into the cell-
equivalent circuit.

The cell-equivalent-circuit values were optimized based
upon the sensitivity of each parameter with its most
prominent position on the simulation versus the frequency
spectra as indicated by the arrows (Fig. 7). The direction of
the arrows was intended to qualitatively show the
incremental impact of each cell-equivalent circuit parameter
at the frequency where the impact is most significant, that is,
the positions of the arrows denote the frequency bands where
each parameter is most sensitive. The values were optimized
based on the trends, emphasizing different impedance
parameters at various frequencies. Spectra for both the
reflection changes and the transmission changes will
undergo simultaneous adjustments during parameter tuning.
Thus, it is essential for both spectra to reach an equilibrium
to avoid overfitting in one spectrum and an off-target
measurement in the other, which helps us to reach accurate
data. At low frequency (kHz), signals can barely pass through
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(a) Reflection and (b) transmission magnitude changes for live and dead single yeast trapped between coplanar waveguide (CPW).
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Fig. 7 Equivalent circuit parameters sensitivity with respect to the frequency in S-parameter spectrum for (a) reflection and (b) transmission
changes up to 4 GHz. The circuit elements comprise yeast membrane resistance (Rym), yeast membrane capacitance (Cyn), cytoplasm resistance
(Rcp), and cytoplasm capacitance (Ccp). The direction of the arrows indicates each parameter's incremental effect at the frequency where the

effect is most significant.

the cell membrane due to the high value of membrane
resistance and, therefore Ry, is dominant. By increasing the
frequency, due to the short-circuited yeast membrane
capacitance, the membrane becomes transparent to the
signal, and the cytoplasm's electrical properties can be
calculated. The signal passes through the membrane (MHz)
and Rcp is dominated in that frequency range. The
dominance of, Cyy, and Ccp appeared in the MHz and GHz
frequency range. Ryy's dominancy position region displays a
more scattered region than the other equivalent parameter
values (Fig. 6). This is due to the effect of solution
conductivity at low frequencies. Although we used a low
conductivity solution to decrease this effect at low frequency
in our measurements, this effect is still noticeable. We
calculated the membrane and cytoplasm electrical properties
based on the ADS software's gradient optimization technique;
their parameter values are listed in Table 2.

We gently killed the yeast cells by heating them which
compromised the cell membrane integrity. No morphological
changes between live and dead cells were discernible visually
because the dead cell membrane was not completely broken
down. Therefore, the inherent difference between live and
dead cells was identified by EIS. Heated cells release most of
their ion content, such as, K, Mg>" and Ca®" into the
solution through the perforations made in the membrane
during the gentle heating process, as such, the permeability
of the yeast membrane increases.”’ Also, washing the cell
with sucrose/dextrose solution will cause additional ions to
be washed away, and therefore only a limited number of ions
remain inside the cell membrane. Because the membrane is
more permeable, however, the cell is porous and does fill
with the solution surrounding it. As a result, the conductivity

Table 2 Equivalent-circuit parameters for live/dead yeast

Parameter Live yeast value Dead yeast value
Membrane resistance Ryy (MQ)  0.17 + 0.08 0.29 + 0.08
Membrane capacitance Cyy (pF) 0.3 0.1 0.023 + 0.030
Cytoplasm resistance Rcp (MQ)  0.10 + 0.04 0.24 + 0.10
Cytoplasm capacitance Ccp (fF) 3.6 £ 0.1 10.0 + 0.1

Cs vive/vead (PF) 3.483 3.5

This journal is © The Royal Society of Chemistry 2025

of the dead yeast membrane is going to be close to the
sucrose/dextrose solution.”® Thus, the resistance of the dead
cell membrane to the live cell membrane increases. Here, the
amount of Ry, increases from 0.17 + 0.08 MQ to 0.29 + 0.08
MQ. Cell membrane capacitance, which shows the dielectric
property of the cell and cell integrity, remains constant while
the cell is alive. However, it decreases due to cell death and
drops to zero.”* The amount of Cyy drops from 0.3 + 0.1 pF
for live yeast to 0.023 + 0.03 pF for dead yeast. The higher
value for live yeast Cyy with respect to the dead cell reflects
the membrane integrity of the live cell.

Changes in a dead cell's cytoplasm's electrical properties
are a function of the media around the cell. Because the
permeability of the dead cell membrane has increased, the
media around the cell reaches the cytoplasm. Therefore, the
conductivity of the cytoplasm is assumed to be close to the
suspension media. This is consistent with literature reports
where the resistance and capacitance of a dead cell
cytoplasm in a buffer solution have been shown to decrease
due to a greater amount of ion concentrations inside the
solution with respect to the cell cytoplasm:*> While the
electrical properties of the cytoplasm within a dead cell in a
sucrose solution have been shown to increase due to the
entrance of the non-conductive solution into the cell.>® In a
separate experiment, we showed that the methylene blue
dye penetrates the dead yeast cells indicating that the cell
membrane was permeable after heat treatment of the cells
(Fig. 1b). As a result, sucrose/dextrose solution is expected
to substitute by ionic content inside the dead yeast
cytoplasm, which allows the conductivity as well as the
permittivity of the cytoplasm to approach the sucrose/dextrose
solution value. Therefore, the conductivity of the dead
yeast cytoplasm decreases.

As the cytoplasm permittivity is lower than the
sucrose/dextrose solution,” the permittivity inside the dead
yeast cytoplasm increases as sucrose/dextrose solution
concentration increases inside the dead cell. Thus, the dead
cell cytoplasm resistance and capacitance due to the
presence of sucrose/dextrose solution inside the cell
increases, which is consistent with our observations. Here,
the resistance of a dead yeast cytoplasm increases from 0.1

Lab Chip, 2025, 25, 1744-1754 | 1751
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+ 0.04 MQ to 0.24 + 0.1 MQ. Likewise, for the dead cell, as
CCP/Live yeast < CCP/Dead yeast < Csurcose/dextrose due to the
presence of sucrose/dextrose solution inside the dead cell
cytoplasm, the capacitance of the dead yeast cytoplasm
increases from 3.6 + 0.1 fF to 10 + 0.1 fF. The experimental
data for live cells are in general agreement with the
estimated theoretical values available in ESIf section. A
comparison of our data and the reported literature can be
found in Table S1.7

When live cells are trapped between the electrodes, due to
the loading effect, the amount of Cs 1 has to be lower than
Cs = 3.5 pf. In this research, based on the optimization, we
consider Cy pive = 3.483 pF, while Cg peag = Cs = 3.5 pf due to
the presence of sucrose/dextrose solution inside the cell and
the loading effect can be neglected. The major difference
between the dead and live cell signals appears in MHz and
GHz, where the cytoplasm dominates in behavior with
respect to the applied frequency (Fig. 7). This shows that, at
higher frequency (GHz), microwave frequency can penetrate
through the cell, as the membrane cannot act as an insulator
anymore, and the difference between the intracellular
properties will be more detectable. In this research, the
noticeable difference appears at ~3 GHz, where the
cytoplasm  capacitance = dominates.  Reflection and
transmission phase changes for live and dead single yeast
have been shown in Fig. S4.}

Based on the S parameters measurements, we showed that
the change in cytoplasm structure can be identified within
RF. The proposed system can speed up a continuous method
for long-term measuring the target cell EIS measurement and
checking the consecutive cell electrical measurement and
viability. It provides a potential condition for investigating
yeast growth between the CPW electrodes with the addition
of an incubator and maintainable environmental growth
conditions. Future work will focus on the EIS measurement
of single-cell growth between the CPW to measure the
structural changes during this period.

Conclusion

An innovative electrical-impedance sheathless microfluidic
platform combined with CPW has been introduced to guide
the cells with hydrodynamic focusing in a microfluidic
channel and DEP was used to trap the single cell between
the CPW electrodes. The electrical properties of the
membrane and cytoplasm of single fission yeast S. pombe
were investigated in a wide frequency range of 30 kHz to 6
GHz non-invasively. The electrical properties of the cell were
measured through the suggested equivalent circuit
simulation. We measured the cytoplasm's small capacitance
to be approximately 3.6 fF. Then, the cell viability was
successfully distinguished through impedance
measurement. For dead cells, the resistance increases and
the capacitance decreases due to the diffusion of the
sucrose/dextrose solution through the perforated cell
membrane. Also, the resistance and capacitance of the

1752 | Lab Chip, 2025, 25,1744-1754
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cytoplasm of the dead cell increases because of an increase
in the permeability of the membrane and the influx of the
surrounding media (sucrose/dextrose) to the cell cytoplasm.
Noticeable differences between the viable and nonviable
single yeast appeared at 3 GHz, where cytoplasm
capacitance dominates. This system offers a rapid, precise,
noninvasive, and label-free method for the characterization
of a single cell, which can open the doors to use for any
type of cell and different electrode configurations regardless
of the shapes and geometries for cell viability
discrimination, real-time single-cell monitoring, and rapid,
precise single-cell analysis.
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