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A B S T R A C T

The intrinsic electrical and mechanical properties of cells are not only valuable biophysical markers re+ective of
physiological conditions but also play important roles in the development and progression of human diseases.
Existing single-cell techniques are restricted to assessing either mechanical or electrical properties. We introduce
the development of electro-deformation spectroscopy (EDS), namely the frequency-dependent electro-defor-
mation, as a new method for simultaneous electrical and mechanical characterization of individual cells in
suspension. To facilitate the practical use of this technology, we developed a testing procedure that evaluates red
blood cells (RBCs) directly from whole blood in a simple micro+uidic system, employing an electric �eld
magnitude of 34 kV/m over a frequency range of 15 MHz to 100 kHz. The EDS measurement is performed under
stationary conditions without special cell stabilization, at a moderate throughput of 50–100 cells per minute. We
develop an experimental-computational framework to decouple cell electromechanics by optimizing the most
suitable parameters of the relative permittivity of cell membrane, cytoplasm electrical conductivity, and mem-
brane shear modulus. This technique, tested on RBCs from 4 healthy human samples, revealed membrane
relative permittivity of 3.6 – 5.8, membrane shear modulus of 2.2 – 2.8 µN/m, and cytoplasm conductivity of
0.47 – 0.81 S/m. EDS analysis identi�es the marked intrasample heterogeneity and individual variability in both
cellular electrical and mechanical properties. The EDS framework can be readily used to test RBCs across
different species, pathological states, and other cell types of similar structures as RBCs.
Statement of signi'cance: This work introduces electro-deformation spectroscopy (EDS) as a uni�ed method for
simultaneous electrical and mechanical characterization of single cells in suspension. This is the �rst-of-its-kind
technology for such purposes. EDS can be performed in a simple micro+uidic system with minimal sample
preparation, making it a convenient and powerful tool for label-free, non-invasive single-cell analysis. We
validate the applicability of EDS by measuring the intrasample heterogeneity and individual variability based on
the electromechanical parameters of interest for human red blood cells. Single-cell EDS has the potential to
enable rapid and reliable detection of cellular changes by diseases or drug treatments and provide insights into
the fundamental bioelectromechanical mechanisms of cellular adaptation and dysfunction. This work advances
the �eld of single-cell analysis and contributes to the development of biomaterials and biotechnologies based on
cellular electromechanics.

1. Introduction

Cellular electrical parameters, such as equivalent cell resistance,
membrane capacitance and cytoplasm conductivity, are tied to cellular
biophysical attributes and activities associated with cell size, growth,
proliferation, and fusion [1,2]. Cellular mechanical properties, such as
deformability, membrane shear modulus, viscosity, and fatigue are

indicative of their structural integrity and dynamics of the cytoskeleton
and plasma membrane; and importantly, cell mechanics in+uence
mechanotransduction pathways [3] and regulate metabolic activities in
a reciprocal manner [4]. Research on the cell biomechanics and
biophysics and their subcellular components have signi�cantly
advanced our understanding on how cellular properties affect, and are
affected by, the development and progression of human diseases such as
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blood infectious diseases [5,6], cancer [7], and neurodegenerative dis-
eases [8,9]. In addition, understanding single cell electrical and
biomechanical properties has enabled development of novel methods for
disease diagnostics and treatment monitoring [6,10–12].

Single-cell assay technologies are widely used in micro+uidic sys-
tems, enabling precision detection of diseased cells and quanti�cation of
biological heterogeneity. Label-free, non-invasive techniques are espe-
cially valuable for assessing the intrinsic electrical and mechanical
properties of single cells. Generally, these two types of cellular param-
eters are studied in isolation using different methods. On the one hand,
cellular electrical properties or dielectric properties are measured using
electrical technologies and alternating current (ac) electrokinetic
methods. Electrical impedance spectroscopy (EIS, or dielectric spec-
troscopy) are conventional electrical techniques that study the response
of a sample subjected to an applied electric �eld of �xed or varying
frequencies of kilohertz (kHz) to gigahertz (GHz). EIS implemented into
micro+uidic systems for single cell analysis, known as electrical
impedance +ow cytometry, was demonstrated useful for high
throughput measurements of single cells, such as membrane capaci-
tance, cytoplasm conductivity, and dielectric properties of cytoplasm in
health and diseases [13–15]. Alternative methods are ac electrokinetics,
including dielectrophoresis (DEP) and electrorotation, which study the
movement and rotation of single cells subjected to an applied electric
�eld of �xed or varying frequencies of kHz – megahertz (MHz) [16–18].
Theory and applications of these electrical and ac electrokinetic
methods for single cell analysis are reviewed in detail in recent literature
[19–21]. On the other hand, mechanical properties of single cells, such
as elasticity and shear modulus, are assessed based on their response to
applied external forces or force �elds. Various techniques exist for
single-cell mechanical measurement, such as atomic force microscopy
(AFM), optical tweezers, micropipette aspiration, and magnetic twisting
cytometry, as reviewed in detail in recent papers [6,22,23]. Many of
these techniques, such as optical tweezers and micropipette aspiration,
have been used as standard tools for probing subcellular regions in
single cells, ranging from primary cells such as RBCs [24], cancer cells
[25], to a variety of cell lines [26]. Recent development in optical
tweezers has revealed the strain rate and temperature dependences of
RBC mechanics [27]. A recent study showed throughput of optical
tweezers was improved to be 4 cells per minute [28]. Overall, me-
chanical measurement of single cells is less ef�cient as compared to the
electrical measurements in several aspects, such as throughput,
complexity in setup, and automation [29].

Despite numerous prior studies on the mechanical and electrical
characteristics of single cells, research that integrates both types of in-
formation remains scarce. Recent �ndings have revealed that alterations
in cytoskeletal organization can affect cellular electrical conductivity, in
addition to in+uencing cellular mechanical properties [30]. Another
study reported on a micro+uidic device for simultaneous mechanical
and electrical characterization of single osteoblast cells [31]. Although
the method it uses relies on delicate integration of two separate tech-
niques, impedance spectroscopy and micropipette aspiration, into a
micro+uidic platform, the results demonstrated the potential of using
both membrane mechanics and cytoplasm conductivity to achieve a
comprehensive characterization of single cells.

To date, according to our knowledge, there is no uni�ed technology
capable of simultaneous measurements of electrical and mechanical
properties of single cells. One potential method is electro-deformation
(or electrodeformation, E-D), referring to the uniaxial elongation of
cell membranes induced by applied electric �elds at �xed frequencies. It
has been widely used in measuring cell mechanical characteristics in
micro+uidic systems [32–35]. In addition to mechanical measurement,

the frequency dependence in the E-D induced shape transition of phos-
pholipid vesicles was examined [36]. Recently, we demonstrated that
E-D modulated by amplitude-shift-keying technique is a useful tool to
study the fatigue behavior of cells, namely the gradual mechanical
degradation in cell membranes due to cyclic loading of shear stress [37]
and cyclic hypoxia challenge [38]. Nevertheless, despite the cellular
heterogeneity, calibration of the electrical forces for single cell me-
chanical characterization is conducted, assuming constant universal
dielectric properties determined from other techniques. This may lead to
error in force calibration and goes on to the elastic and shear modulus,
while also overlooking the cellular heterogeneity [13].

In this paper, we introduce a new single-cell assay for assessing
electrical and mechanical properties, termed electro-deformation spec-
troscopy (EDS), which relies on the principle of frequency-dependent
electro-deformation of cells. EDS is conducted within a micro+uidic
system that employs electric �elds (34 kV/m) over a frequency range
from 15 MHz to 100 kHz. The frequency-dependent responses of RBCs
from whole blood are measured in suspension. Using an experimental-
computational framework, we analyze the elongation of individually
tracked cells across various frequencies. Optimization approach using
MATLAB fmincon function is used to �nd the most suitable parameters
for the cell electro-deformation across the testing frequencies. The
capability of the technique is demonstrated through measurements of
the membrane permittivity, cytoplasm conductivity, and membrane
shear modulus of single RBCs from four different human blood samples.

2. Materials and methods

2.1. Mathematical models of cell electromechanics

E-D occurs due to interfacial Maxwell–Wagner polarization across
cellular membranes [39]. The induced surface charges across the cell
membrane interact with the electric �eld, resulting in distributed forces
[40] on the two cell halves and thus uniaxial elongation of cell
membranes,

〈F〉 =
∮

S

〈
σ
MST〉⋅ndS (1)

where S is the outer surface area of the cell model, and n is the unit
vector normal to the cell surface. The time averaged Maxwell stress
tensor (MST), 〈σ

MST〉 is determined by,
〈
σ
MST〉 = 1

4 Re [̃ε](EEʹ + EʹE− |E|2I (2)

where ε̃ is the complex electrical permittivity, E the electrical �eld, I is
the unit tensor.

E-D occurs in companion with positive dielectrophoresis (p-DEP),
known as the movement of dielectric particle towards the higher �eld
strength, due to a net force induced by the electric �elds. Assuming a
triaxial ellipsoid shape, the net electrical force is well described by the
classical formula [41],

〈FDEP〉 = π

4 abc⋅εm⋅Re(fCM
)
⋅∇E2rms (3)

where a, b, and c are the diameters along x, y, and z axes. ε is the
permittivity of the surrounding medium, and ∇E2rms is the root-mean-
square (rms) value of the gradient of electric �eld strength square.

Re(fCM
) is the real part of the Clausius Mossotti (CM) factor (fCM). For

a biological cell such as red blood cell, value of fCM can be determined
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from a single-shell structure (Fig. 1a), following a concentric multi-shell
model [42,43],

where the subscripts cyto, mem and m stand for cytoplasm, membrane
and medium, respectively. E∗ = ε − jσ

ω
with ω, ε and σ as the angular

frequency, dielectric permittivity and conductivity, respectively. ρ =
(a−t)(b−t)(c−t)

abc . Ai=1,2 is the depolarization factor, de�ned as

Ai =
aibici
2

∫∞

0

ds(s+ a2i
)Bi

, i = 1, 2 (5)

where Bi =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅((s+ a2i

)(s+ b2i
)(s+ c2i

))√
, a1 = a, b1 = b,c1 = c, a2 = a

− t,b2 = b− t,c2 = c− t, and t denotes the thickness of cell membrane,
often a constant value, 4.5 nm.

The most rigorous method to determine the resultant electrical force
responsible for E-D is to employ the MST as described in Eq. (1). This can
be done numerically using �nite element analysis, such as COMSOL
Multiphysics. For the convenience of cell-speci�c force calibration, we
develop an adaptive scheme, which approximates the MST force with
point-force components exerted on the two far ends of the stretched cell,
as used in our previous E-D study [44]. Brie+y, the magnitude of the two
equivalent point force components can be calculated using Eq. (3). It is
noted that the value of ∇E2rms follows a power function of distance away
from the electrode edge in the elongation axis,
∇E2rms = k⋅dζ (6)

where d is the distance in μm,measured from the edge of electrode to the
end point of the stretched cell. In the current study, the coef�cients k =

CV × 1.245× 1015, CV = 0.5625, and ζ = − 0.86, were computed
using a 2-dimensional model by COMSOL Multiphysics 5.2 (COMSOL,
Inc., Burlington, MA) based on the experimental conditions. For a
typical microscopic particle, the two equivalent point forces can be one
order of magnitude different due to the power function as described in
Eq. (6). Thus, it is reasonable to approximate that a cell undergoing E-D
is �xed on one end at the electrode edge while the other end is pulled by
a point force (Fig. 1b) with the force magnitude computed by,

〈F∗〉 =
π

4 abc⋅εm⋅Re(fCM
)
⋅7× 1014⋅d−0.86 (7)

For simplicity, the value of d can be approximated by the major

diameter, a of the stretched cell in the current study. In response to E-D
excitation, cell membrane exhibits a time-dependent uniaxial deforma-

tion due to its inherent viscoelasticity. Particularly, membrane of red
blood cells is highly resistant to dilation, deformation occurs at essen-
tially constant element surface area [45]. The elongation and the
in-plane uniaxial tension can be described by the �rst-order tension--
deformation law, according to the Kelvin-Voigt solid model (Fig. 1b)
[46,47],

Ts =
μ

2
(
λ2 − λ−2

) (8)

where Ts is the uniaxial tension, λ is the extension ratio, and μ is the
membrane shear modulus of elasticity. In the case of E-D induced cell
elongation observed at the equilibrium state, the corresponding shear
stress is approximated by,

Ts =
〈F∗〉

2b (9)

The induced shear strain is,

ϵ =
λ2max − λ−2max

2 (10)

where λmax = a/a0 is the maximum equilibrium extension ratio in the
elongation axis. Thus, the relationship between the equivalent point
force F* and the cell E-D follows,
〈F∗〉 = μb(λ2max − λ−2max

) (11)

2.2. Electro-deformation spectroscopy (EDS) experiment

Four healthy human blood samples were obtained, one through
�nger prick sampling (fb) with the authorization of the Institutional
Review Board (IRB) at Florida Atlantic University, and three (bb#1 to
bb#3) acquired from a local blood bank. The EDS measuring solution
was prepared with 0.3 % (w/v) dextrose (Sigma Aldrich), and 8.5 % (w/
v) sucrose (Sigma Aldrich) in deionized water. The conductivity of the
solution was adjusted to 100 μS/cm by adding phosphate-buffered saline
(Gibco® Life Technologies) at a volume ratio of 110 µL/15 mL and
con�rmed with a conductivity meter (Extech- EC500). Osmolality of the
solution was 290 ± 10 mOsm/kg H2O measured by an osmometer
(Model 3300, Advanced Instruments Inc.), which was within the normal
range of blood plasma, 275 to 295 mOsm/kg H2O. The microchannel
was primed using 30–40 μL measuring solution to keep wet before use.
The whole blood specimen of 1 μL was diluted directly in 500 μL
measuring solution. A 5 μL cell suspension was then added into the
micro+uidic device and gently pipetted into a uniform suspension. EDS
measurements were performed at room temperature.

A schematic illustration of the EDS measurement principle is shown
in Fig. 2a. The experimental setup consists of a function generator
(SIGLENT SDG830), interdigitated microelectrodes, and a microscope
camera for observation. AC excitations such as sinewaves are used to
induce DEP that moves suspended cells towards the edge of electrodes
and spontaneously, cell membranes are stretched by the electrical forces
exerted on the cell membranes. Same design of micro+uidic chip for the
conventional E-D measurement and fatigue measurement [37,48] was
used to perform the EDS. Brie+y, the micro+uidic device consists of a

Fig. 1. Modeling of cell electromechanics associated with E-D. (a) single-shell
ellipsoid model to evaluate (fCM) based on the dielectric properties of cell and
the measuring solution. (b) Kelvin-Voigt solid model to interpret the membrane
elongation subjected to an applied electrical force.

fCM =
1
3

(
ε∗mem − ε∗m

)[
ε∗mem + A1

(
ε∗cyto − ε∗mem

)]
+ ρ

(
ε∗cyto − ε∗mem

)[
ε∗mem − A1

(
ε∗mem − ε∗m

)]

(
ε∗m + A1

(
ε∗mem − ε∗m

))[
ε∗mem + A1

(
ε∗cyto − ε∗mem

)]
+ ρA2(1− A2)

(
ε∗cyto − ε∗mem

)(
ε∗mem − ε∗m

) (4)
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pre-patterned indium tin oxide (ITO) electrode array (100 nm thick)
coated on a 0.7 mm thick glass substrate, and a 75 μm deep poly-
dimethylsiloxane (PDMS) channel. The gap and band width of the ITO
electrodes used in this study were 44 μm and 106 μm, correspondingly.
The microchannel has an inlet well and an outlet well of 3 mm and 1mm
for loading samples. The thin �lm electrode array created an asymmetric
electric �eld, allowing EDS measurement of about �fty to one hundred
cells in a single �eld of view under a 20× objective lens. A bandpass
�lter of 414/46 nm, near the peak of the hemoglobin absorption spec-
trum, was inserted in the optical path to optimize the image contrast and
cell outlines.

It is natural that elliptical shapes will be �tted exactly matching the
cell outline under E-D induced elongation (Fig. 2b). This can be done
using standard image processing techniques. In this new method, the
same cells within the �eld of view are measured for their E-D under a
sequential of electrical frequencies, i.e., 15 MHz - 1 MHz with a decre-
ment of 1 MHz and 900 kHz - 100 kHz with a decrement of 100 kHz.
Sinewave signals of 1.5 V root mean square (VRMS) were used to create
the electric �eld. The nominal magnitude of �eld strength is 34 kV/m,
following En = V/ĝ, where ĝ is the gap of the coplanar electrodes. Cell
response to ac excitations was nearly spontaneous. Cell membranes were
fully stretched within a couple of seconds upon sinewave output from
the function generator. Each frequency output was maintained brie+y,
~2 s and the maximum deformation was recorded for analysis. The
entire elongation time of EDS measurement was about 1 min, which did
not cause signi�cant morphological or mechanical changes in cell
membranes as demonstrated in our prior fatigue experiment [37]. The
major and minor diameters of individual cells show the inherent vari-
ations among cells within the same blood sample subjected to the ac
electric �elds. Such response is highly frequency dependent (Fig. 2c).

2.3. Decoupling of cell electromechanical characteristics

The elongation of cells induced by E-D excitation depends on the
dielectric and mechanical characteristics of cells under testing. In this
study, we demonstrate that the added dimension, electrical frequency,
in the EDS measurement can be useful to decouple the entangled elec-
trical and mechanical parameters through a combination of numerical
analyses of the equivalent electrical force, F* and the �rst order
hyperelastic deformation of cell membranes as detailed below.

ImageJ [49] was used to identify single cells stretched at the elec-
trode edges and tracked individually. Cells undergoing E-D exhibited
uniaxial elongation, thus elliptical shapes will be �tted exactly matching
the cell outline, with the major diameter, a in the elongation axis and the
minor diameter, b perpendicular to that. Standard image processing
techniques were used. Brie+y, microscopic images were imported into
ImageJ and converted into 8-bit format. Then, the application of the
default thresholding algorithm identi�ed the outline of single cells, in

contrast to the white background. In the experiments, employing a
bandpass �lter close to the hemoglobin absorption spectrum peak
signi�cantly enhanced the precision of the outline identi�cation. Note
the diameter c in the z-axis, perpendicular to the view plane, was not
measured but can be determined following volume conservation prin-
ciple (CVP), which assumes the volume of a cell determined when it is at
rest does not change during the EDS measurement. For a blood sample
with known mean corpuscular volume (MCV) value, the initial value
diameter in the 3rd axis when cells are at rest was assumed to be con-
stant, c* and computed by,
c∗ = MCV/SA (12)

where SA is the mean projected cell area prior to deformation, averaged
from a population of cells per sample. Following the ellipsoid model,
volume of each cell, Vcell, can be calculated based on the initial diameter
d0 of its undeformed shape in the x-y view and the initial value of c*,

Vcell =
1
6 πd20c∗ (13)

When cell is deformed, the third axis c is computed following CVP
and the ellipsoid model. To �nd the best �t parameters for cell electrical
and mechanical properties, i.e., relative permittivity of cell membrane,
εmem, cytoplasm conductivity, σcyto, and membrane shear modulus, μ, the
objective function is de�ned as,

Given x =
〈
εmem, σcyto, μ

〉

Minimize Q(x) =
∑n

i=1

[
Re

(
f theoCM

)
i
− Re(f expCM

)
i
]2

such that
0.7− R2 ≤ 0

0.1 ≤ εmem ≤ 30

0.1 ≤ σcyto ≤ 3 S
m

0.1 ≤ μ ≤ 30 μN
m

(14)

where i is the index to frequency, Re
(
f theoCM

)
is the theoretical CM factor

determined from Eq. (4), and Re(f expCM
) is the experimental CM factor

determined from Eqs. (7) & (11). The nonlinear constraint was applied
to the optimization problem to ensure the quality of the �t R2 is no less
than 0.7, using the coef�cient of determination,

R2 = 1−
Q

∑n
i=1

(
Re(f expCM

)
i − Re

(
f theoCM

))2 (15)

Fig. 2. Schematic of the EDS measurement principle. (a) A sequential sinewave is used to create electric �elds of a �xed magnitude and varying electrical frequencies
in the micro+uidic chip. (b) Electro-deformation of cell membranes is analyzed, and diameters are measured through ellipse �tting of individual cells using ImageJ.
(c) Representative electro-deformation of RBCs (n = 163) from sample fb shows inherent bio heterogeneity and frequency dependence. Symbols represent mean and
shade represents the standard deviation.
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where Re
(
f theoCM

)
=

∑n
i=1 (Re

(f expCM
)
i/n.

Solving the above optimization problem will decouple the electrical
and mechanical characteristics of the EDS measurement. A custom
MATLAB script was implemented to solve the optimization problem
with the built-in minimization solver, fmincon, following the +ow chart
of the data �tting (Fig. 3). Two assumptions on the non-dominant cell
dielectric parameters were made. Firstly, the relative permittivity of cell
interior εcyto has negligible effect on the Re

(fCM
) for frequencies less than

15 MHz theoretically. This was further con�rmed by MyDEP [50] pre-
diction using single-shell spheroid model with εcyto in a wide range of
30–80. Secondly, the plasma membranes have very high electrical
resistance; correspondingly, membrane conductivity, σmem has a negli-
gible effect on the Re(fCM

) for frequencies higher than 500 kHz. This was
further con�rmed by MyDEP prediction using single-shell spheroid
model with σmem = [1 × 10−7, 1 × 10−5] S/m. Therefore, for simplicity,
standard values of cell interior permittivity, εcyto= 59 and membrane
conductivity, σmem= 1 × 10−6 S/m [51] were used in the data �tting
algorithm.

2.4. Statistical analysis

RBCs were individually tracked across frequencies for EDS analysis.
Statistical analysis was performed with OriginPro2020 (OriginLab,
Northampton, MA). All data were expressed as mean± SD, unless stated
otherwise. Normality of the data was assessed using the Kolmogorov-
Smirnov test. Kruskal-Wallis test was used to evaluate the difference
among the population of the four normal blood samples. P-values of 0.05
or less were considered signi�cant.

3. Results

3.1. Cell elongation analysis

Level of elongation was quanti�ed by the elliptical shape factor
(ESF), de�ned as the ratio of the major and minor diameters of the el-
lipse, ESF = a/b. RBCs from all the four blood samples showed strong
frequency-dependence response subjected to the ac electric �elds
(Fig. 4). It was also noted that sample fb and bb#2 shared similar
response, bb#1 showed the highest elongation while bb#3 had the least
elongation. Unanimously, the maximum elongation occurred around 2
MHz, although the exact elongation level differed markedly among the
samples. This comparable pattern is likely to be attributed to the healthy
state of the tested blood samples. In addition, the intrasample variation
was obvious for all the blood samples, indicating the inherent
bioheterogeneity.

The detailed descriptive analysis and biophysical characteristics of
the four blood samples fb, bb#1–3 were summarized in Table 1. The
parameters of interest included the MCV, cell thickness (c*), equivalent

Fig. 3. Flow chart of the optimization process for data �tting.

Fig. 4. Population mean-based cell elongation analysis shows strong
frequency-dependence in E-D response among all the samples under testing (a)
fb, and (b-d) for sample bb#1–3, respectively. Shade shows the stan-
dard deviation.

Table 1
Population-mean based analysis and biophysical characteristics of the blood
samples.
Sample# MCV

(fL)
c*
(µm)

ad0
(µm)

ESF
@2MHz

bESF
@2MHz

cK-S test p-
value

fb 85 2.7 7.8 ±

0.8
1.68 ±

0.25
1.67 0.8

bb#1 94 3.0 7.7 ±

0.6
1.82 ±

0.33
1.80 0.3

bb#2 91 2.7 8.1 ±

0.7
1.67 ±

0.27
1.67 0.2

bb#3 89 2.7 7.9 ±

0.6
1.53 ±

0.22
1.54 0.03

a Equivalent diameter of undeformed cells from image analysis. Values of d0
were averaged based on a population of RBCs for fb: n = 163, bb#1: n = 95,
bb#2: n = 117, and bb#3: n = 183.
b Median value of the ESF.
c K-S test: Kolmogorov-Smirnov test of normality.
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diameter (d0) of the undeformed cells, and the ESF values assessed at 2
MHz. Cell thickness was calculated using Eq. (12). Elongation levels of
all samples except bb#3 exhibited normal distribution. Median ESF
values ranged from 1.54 to 1.80. No obvious correlation was found
between the elongation level and the intrinsic biophysical characteris-
tics such as cell volume and diameters. For example, blood sample bb#3
has moderate cell volume (89 fL) and moderate diameter (7.9 µm), but
its elongation level is the lowest among all samples.

3.2. Single-cell EDS analysis

Fig. 5a depicts the single-cell EDS of three representative cells from
sample bb#3 that were traced individually across frequencies. There
were noticeable differences in cell size as well as the level of elongation
observed. When analyzing the EDS on a single-cell basis, it’s evident that
there were signi�cant differences in dielectric and mechanical attributes
amongst the cells. The cell denoted by blue stars (cell-3), which
exhibited the least elongation, had the lowest Re(fCM) and highest
membrane shear modulus µ (3.1 μN/m). The other two cells denoted by
triangles and circles had relatively greater elongations across fre-
quencies and lower shear modulus of elasticity, being 2.7 μN/m and 2.0
μN/m, respectively. Nonetheless, the degree of elongation does not al-
ways correlate with membrane deformability (ESF value) or membrane
shear modulus, because the dielectric and mechanical characteristics
become complexly interwoven during cell E-D as described by the

relevant mathematical models of cell electromechanics.
Having established that the solution to the optimization problem as

described in Eq. (14) is capable of deriving electrical andmechanical cell
properties from EDS experiments, we subsequently analyzed individu-
ally tracked cells in all the blood samples. To con�rm the validity of the
single-cell EDS approach, Table 2 compares the values of the membrane
shear modulus µ, relative permittivity of cell membrane εmem, and
cytoplasm conductivity ϭcyto per each blood sample obtained from cur-
rent study to the standard values in the literature. We found that the
mechanical property, membrane shear modulus of elasticity fell within
relatively narrow range, being 2.2 – 2.8 μN/m. This is probably indic-
ative of the integrity of healthy RBC membranes across all blood sam-
ples. The cytoplasm conductivity varied from 0.47 – 0.81 S/m, which
may re+ect the differences in cellular water content, hemoglobin con-
centration, and ionic strength in different blood samples. The relative
permittivity of cell membranes ranged from 3.6 – 5.8, which shows the
individual difference in capacitance or polarization. Nonetheless, these
values align reasonably well with the standard values for normal human
RBCs. It is noted that the standard values for cell membrane dielectric
properties span a wide range, including a relative permittivity of 4.4 -
9.5, membrane capacitance of 7 - 14.3 mF/m², and cytoplasm conduc-
tivity of 0.31 - 1.44 S/m. The standard values for membrane shear
modulus also show a wide range between 2.4 and 5.5 μN/m. These
broader ranges of standard values may result from different methods
and testing conditions reported in the literature.

The population of the four blood samples was signi�cantly different
(p < 0.001), according to the Kruskal-Wallis ANOVA test detailed in the
�gure (Fig. 6). It is noted that such difference can be identi�ed using
each of the parameters from EDS analysis, including ESF, membrane
shear modulus, membrane permittivity and cytoplasm conductivity.
Among the four samples, bb#2 and #3 have higher shear moduli,
indicating the RBCs from these two samples are more rigid than the
other two blood samples (Fig. 6b). Samples bb#1 and #2 have signi�-
cantly higher cytoplasm conductivity than the other two samples
(Fig. 6c), indicating the cellular interior has lower resistance to the

Fig. 5. Representative single-cell EDS analysis. (a) Diameters of three indi-
vidually tracked cells from sample bb#3 showed varied degree of elongation.
(b) Corresponding theoretical Re(fCM) values (curves) and experimental mea-
surements (symbols) for the three cells shown in (a). Each symbol type repre-
sents a different cell. Electromechanical decoupling results for cell-1 (red
circles): εmem = 2.8, ϭcyto = 0.60 S/m, and µ = 2.7 μN/m; cell-2 (black tri-
angles): εmem = 5.9, ϭcyto = 0.89 S/m, and µ = 2.0 μN/m; and cell-3 (blue stars):
εmem = 2.1, ϭcyto = 0.42 S/m, and µ = 3.1 μN/m.

Table 2
Averaged single-cell EDS measurements.
Sample# aεmem σcyto (S/m) μ (μN/m) bCmem (mF/

m2)
fb 3.6 ± 1.9 0.57 ± 0.24 2.3 ± 0.6 7.2
bb#1 5.2 ± 2.4 0.77 ± 0.34 2.2 ± 0.7 10.3
bb#2 5.8 ± 3.7 0.81 ± 0.39 2.7 ± 0.8 11.5
bb#3 3.6 ± 2.7 0.47 ± 0.20 2.8 ± 0.6 7.2
Standard
valuesc

4.4 – 9.5 0.31 – 1.44 2.4 – 5.5 7 - 14.3

​ Refs. [51,
52]

Refs.
[51–53]

Refs. [54,
55]

Refs. [56–58]

a All values are mean ± SD. (fb: n = 158; bb#1: n = 90; bb#2: n = 109; bb#3:
n = 166).
b Cmem is calculated based on the average single-cell membrane permittivity

and membrane thickness of 4.5 nm based on parallel plate capacitor.
c Literature values were obtained using both classical population-based ap-

proaches such as dielectric and impedance spectroscopy and single-cell tech-
niques such as micropipette aspiration, optical tweezers, dielectrophoresis and
electrorotation.

Fig. 6. Individual variability among the four blood samples under testing
evaluated by various parameters: (a) ESF value at the frequency of 2 MHz, (b)
membrane shear modulus, (c) electrical conductivity of cytoplasm, and (d)
relative permittivity of cell membranes. Each symbol represents a single cell
measurement. Box chart shows median value and 25 and 75 percent range of
measurements. n.s. – not signi�cant. * p < 0.05. *** p < 0.001. Populations are
signi�cantly different (p < 0.001) based on each parameter (not shown in
the �gure).
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electric currents, which could link to the contributing factors such as
intracellular composition, hemoglobin concentration, and ions, as dis-
cussed in detail in literature [53].

Importantly, single-cell EDS analysis reveals individual variability
and sample heterogeneity that was not captured by elongation obser-
vations, e.g., ESF value. While morphology-based analysis aids in
assessing cell deformability, a commonly used assessment in literature,
it lacks the precision to measure membrane elasticity or to detect dif-
ference among normal blood samples. For instance, samples fb and bb#2
showed comparable elongation levels but had signi�cantly different
membrane elasticity (p < 0.001, Fig. 6b), which could largely attribute
to the variations in cytoplasm conductivity (p < 0.001, Fig. 6c) and
membrane permittivity (p < 0.001, Fig. 6d). Conversely, samples with
similar membrane shear modulus such as between fb and bb#1,
exhibited signi�cantly different elongation (p < 0.001, Fig. 6a), which
are largely due to their different cytoplasm conductivity (p < 0.001,
Fig. 6c) and membrane permittivity (p < 0.001, Fig. 6d). From the
single-cell EDS analysis, we can infer that elongation is not dependent on
membrane elasticity alone. Conversely, given samples of similar mem-
brane elasticity, their deformation may be different due to variations in
cellular electrical properties. These results aligned with the dielectric
model of the cell discussed in the cell electromechanics modeling
section.

4. Discussion

4.1. Electrical conductivity of blood plasma and intracellular content

The electrical conductivity of human blood plasma is much higher at
1.48 S/m [59] than the measuring solution, 0.01 S/m. Although plasma
presence in whole blood can raise the overall medium conductivity, its
impact is minimal in this study because of the thousandfold dilution.
Thus, utilizing the measuring solution conductivity for EDS analysis is
reasonably justi�ed. The literature reports a broad range of cytoplasm
electrical conductivity, but there is an agreement that physiological
conductivity at room temperature falls between a relatively narrow
range of 0.31 S/m - 0.56 S/m [51,53], which overlaps with the median
�gures of the samples in current study, 0.45 – 0.74 S/m. The small
discrepancy may be due to different measurement techniques compared
with standard electrical methods like dielectric and impedance spec-
troscopy or ac electrokinetic methods such as dielectrophoresis and
electrorotation.

4.2. Electrical force calibration and strain measurements

The EDS method evaluates cell deformation in ac electric �elds
where measurement precision is closely linked to calibration of the
electrical forces. In our analysis, several factors must be considered to
ensure accurate interpretation of the data. One critical aspect is the
approximation of the electrical force that is responsible for cell elon-
gation. In the current approach, an equivalent point force was approx-
imated and assumed act at the far end point of cells undergoing electro-
deformation. Compared to the more rigorous MTS method, the location
of the equivalent point force may lead to an underestimation of the force
magnitude because the electric �eld strength diminishes as the distance
from the electrode edge increases. Similar to other ac electrokinetic
methods, where two dimensional (2D) images of cell movement (in the
context of dielectrophoresis and electrorotation), cell elongation (elec-
tro-deformation) for EDS analysis are seen in the x-y plane. However, the
true elongation of cells occurs at a small angle relative to this plane due
to the in+uence of radial electric �eld lines. Consequently, the measured
elongation in the x-y plane tends to underestimate the actual deforma-
tion experienced by the cells. This goes on to the strain, ϵ∝ λ2max. Addi-
tionally, because the electrical force exerted on the cells is generally
proportional to their volume, F∝abc, the calibrated force might be

slightly lower than the true force applied. Therefore, the combined ef-
fects of underestimating both the electrical force and the actual elon-
gation suggest that the shear modulus of elasticity might be slightly
overestimated in this context.

4.3. Restrictions of single-cell EDS

The primary restriction of the EDS measurements is that cells must
exhibit measurable deformation (or strain). For cells with extremely
high modulus of elasticity, a very high electrical force would be needed.
This can be achieved from two aspects. Firstly, once can increase the ac
�eld magnitude as F∝∇E2rms by increasing the voltage level or decreasing
the electrode gap. However, one should note the in+uences from
increasing voltage levels. One possible in+uence is Joule heating [60],
which may cause variations in material properties and goes on to the cell
properties. Another potential in+uence is the dielectric membrane
breakdown [61]. It happens if the total membrane potential difference
exceeds the breakdown voltage at a given critical electric �eld strength
of Ec, as Vc = 1.5Ec⋅r⋅cosα ± Vm, where r is the radius of the cell, Ec is the
critical electric �eld, and Vm is the resting membrane potential differ-
ence [62]. At room temperature, the breakdown voltage for plasma
membrane is around 1 V and it increases as the temperature drops.
Given the resting transmembrane potential difference of RBCs, Vm =

-90 mV [63], the applied electric �eld, 34 kV/m used in current study
was far below the critical �eld strength 152 kV/m for a 8 µm diameter
sized cell. Secondly, one can modify the experimental conditions to
improve the difference in the polarizability between the cells under
measurements and the testing solution. This is re+ected in the factor of
fCM where the electrical force is directly proportional to its real value.
For many biological cells, a lower conductivity solution would be used
for a favorable Re(fCM) to generate electrical force using low electric
�eld strength.

Another restriction of the EDSmeasurements is that cellular response
to the applied ac electric �elds must be frequency dependent. This is
inherent to the factor of fCM, which is a strong function of electrical
frequency. The EDS measurements should be carried out within a fre-
quency range that ensures Re(fCM) is positive. Therefore, the frequency
range for EDS measurements should be adjusted accordingly based on
the cell type. Since the selection of the frequencies align with the con-
ditions for positive DEP, one can use the tools such as myDEP [50] to
predict the behavior of cells of interest and design the EDS experiment
accordingly.

5. Conclusions

This paper demonstrated a new single-cell approach for simulta-
neous characterization of electrical and mechanical properties of cells,
including membrane permittivity, cytoplasm conductivity, and mem-
brane shear modulus. Noted advantages of this approach include the
simplicity in operation, time ef�ciency and moderate throughput. The
testing protocol developed for current study can be used to measure
whole blood directly with minimal sample preparation. Each EDS
experiment takes about 1 min, and 50−100 single cells can be measured
per experiment without optimal design of the electrodes. Although the
number of cells in the �eld of view can be much more than this range,
the RBC “pearl chain” formation [64] along the electric �eld lines due to
particle polarization makes it challenging to track individual cells across
frequencies, hence, the actual number of cells available for single-cell
EDS analysis is less. Ways to improve the throughput include
increasing the number of interdigitated electrodes, such that more cells
per �eld can be tested, and cell concentration can be optimized to allow
more uniformly distributed cells with cell interactions minimized. The
developed protocol, mathematical model of cell electromechanics, and
the method for analysis can be readily translated to measure RBCs in
other conditions or cell types of similar structure. The framework also
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lays the foundation for further re�nement so that the EDS technique can
be extended to other biological cells in general and for further devel-
opment into a standardized tool for single cell biomechanical and
electrical characterizations.
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