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We present a dielectric model and its parameters for Chinese hamster ovary (CHO)
cells based on a double-shell structure which includes the cell membrane, cyto-
plasm, nuclear envelope, and nucleoplasm. Employing a dielectrophoresis (DEP)
based technique and a microfluidic system, the DEP response of many single CHO
cells is measured and the spectrum of the Clausius-Mossotti factor is obtained. The
dielectric parameters of the model are then extracted by curve-fitting to the meas-
ured spectral data. Using this approach over the 0.6-10 MHz frequency range, we
report the values for CHO cells’ membrane permittivity, membrane thickness, cyto-
plasm conductivity, nuclear envelope permittivity, and nucleoplasm conductivity.
The size of the cell and its nuclei are obtained using optical techniques. © 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940432]

1. INTRODUCTION

Dielectric study of biological phenomena has become an important subject in biophysics
due to its attractive properties such as being label-free, non-invasive, and integratable with
microfluidic systems (enabling smaller sample size). Many researchers have studied the dielec-
tric properties of different cell types and their changes due to internal or external stimuli.
Dielectric based techniques have been employed to detect and separate cells’ different states
(e.g., viable or non-viable, healthy or cancerous) and investigate their response to drug treat-
ments.' "> Yeast and human blood cells are among the most widely dielectrically studied cell
types, and appropriate electrical models have been developed for them.'®>!

Chinese hamster ovary (CHO) cells have widespread biopharmaceutical and biomedical
applications. Adaptability and ease of genetic manipulation have made CHO cells the indus-
tries’ primary mammalian host for commercial production of therapeutic protein.”* CHO cells
have been used in numerous biological and biomedical research studies such as cell cycle, toxi-
cology, cancer biology, and DNA damage and repair studies.”*>® Despite the extensive applica-
tions of CHO cells, their dielectric properties are not well established. In studies where an elec-
trical model of CHO cells is required, a model with its parameters taken from other
mammalian cell lines or yeast is often adopted.”’ " With growing interest in dielectrically
probing the metabolic status of CHO cells in biopharmaceutical reactors’'*? or employing
CHO cells in dielectric study of biological phenomena, a complete model of CHO which
includes the cell and its internal organelles and their dielectric parameters is essential to make
accurate conclusions and predictions. In this work, we employ a double-shell dielectric model
and present the dielectric parameters for the membrane, cytoplasm, nuclear envelope, and nu-
cleoplasm as measured using a dielectrophoresis technique.

Impedance spectroscopy and AC electrokinetic techniques are the two main label-free
dielectric study methods. Both are based on the polarization of cells in an applied electric field.
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In impedance spectroscopy, the frequency dependent electrical properties of a cell suspension
are measured and the cells’ dielectric parameters are extracted using theoretical models to
remove the effect of the suspension medium.**~** This technique has been implemented in both
time-domain and frequency-domain to obtain the dielectric parameters of a population of nor-
mal and malignant white blood cells,’?** electroporated and non-electroporated Jurkat
cells,***” and mouse lymphocytes and erythrocytes,*® for example. In AC electrokinetic techni-
ques, the frequency dependent motion of cells induced by electrorotation or dielectrophoresis
(DEP) is measured. Theoretical or numerical analysis is then employed to relate the motion to
the cells’ dielectric parameters. Electrorotation and dielectrophoresis have been employed to
study the dielectric properties of drug-treated and non-drug-treated Friend murine erythroleuke-
mia cells,”* apoptotic human leukemia cells,'” and multidrug resistant human leukemia
cells.*! AC electrokinetic techniques can measure the response of single cells. This allows mea-
surement of individual cells without the influence of neighboring cells and aggregation effects.

In this paper, we employ a DEP cytometry technique to determine the dielectric properties
of CHO cells based on a double-shell model. Using a microfluidic device that consists of a
microfluidic channel with embedded actuating and sensing electrodes, the DEP induced transla-
tion of many individual CHO cells are measured as they flow through the channel. Cells are
suspended in media with different conductivities and their response is measured over the fre-
quency range 0.6-10 MHz. Performing numerical simulations and curve-fitting to measured
data, we obtain the membrane permittivity, cytoplasm conductivity, nuclear envelope permittiv-
ity, nucleoplasm conductivity, and plasma membrane thickness of CHO cells. We report the
values of the double-shell model parameters for CHO cells and compare them with three other
mammalian cells. The results reported here can help the ongoing research on the dielectric
study of CHO cells for biomedical and biopharmaceutical applications.

Il. MATERIALS AND METHODS

We use a double-shell model for CHO cells and determine its parameters using a dielectro-
phoresis based technique. The approach we take is to obtain the complex permittivity of cells,
., from the DEP response of many single cells over a specified frequency range. This is done
by relating the DEP induced displacement of cells to &, by hydrodynamic simulations. &, is a
function of the dielectric properties of the cell internal structure, and the double-shell model pa-
rameters are extracted by curve-fitting to the measured data.

A. Dielectrophoresis

DEP is the induced motion of a polarizable particle in a non-uniform electric field. The
magnitude and direction of the DEP force depends on the effective polarizability of the particle
with respect to its surrounding media. For biological cells, this depends on the structure and
electrical properties of its constituent components. Under the assumption of a spherical cell, the
time-averaged DEP force exerted on the cell is given by*

rms

_ 3 =
Fpep = EﬁchRe{KCM(w)}V(EDEP)Z’ M

where ¢, is the medium permittivity, V. is the cell volume, and Eﬁip is the rms value of the
electric field at the center of the cell. Re{Kcy} is the real part of the Clausius-Mossotti factor
given by

Ec — &
&+ 28,
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In the above equation, &, and &. are the complex permittivity of the medium and the cell,
respectively, defined as & = ¢ — jo/w, with w being the frequency of the electric field. The con-
ductivity term is assumed to incorporate conduction current as well as dielectric dispersion
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losses. &, is an effective value incorporating the electrical properties of the cell’s complex inter-
nal structure. The DEP force is frequency dependent through Re{Kcy} and is directed with
(pDEP) or against (nDEP) the gradient of the square of the electric field depending on the sign
of Re{Kcy}. An example of the frequency dependent behavior of Re{Kcy} for a eukaryotic
cell suspended in an aqueous medium with conductivity a,, = 0.17 S/m is presented in Fig. 1.
The dielectric and geometric parameters of the cell are typical values measured for mammalian
cells.*?

B. Measurement of the DEP force acting on a cell

In order to actuate individual cells by a DEP force, a microfluidic system with embedded
actuating and sensing electrodes at the bottom of the microfluidic channel is employed, as
shown in the inset of Fig. 2. As a cell passes in the microfluidic channel, it experiences a DEP
force generated by a set of actuating electrodes, A in the inset of Fig. 2. Two sets of sensing
electrodes, S; and S, in the inset of Fig. 2, on each side of the DEP actuating electrode are
used to measure the altitude of a cell in the channel before and after the DEP actuation. The
altitude of the cell is determined by measuring the impedance change of the sensing electrodes
at microwave frequencies due to the cell. The impedance change is capacitance dominated and
is given by**

"]
AC = 3sng,Re{KCM|wRF} ( VR ) , 3)
where VR is the voltage applied to the sensing electrodes and |1::RF| is the amplitude of the
microwave electric field at the location of the cell. Since the sensing electric field generated by
coplanar electrodes decreases with distance from them the capacitance change due to a cell
depends on the altitude of the cell in the microfluidic channel. The higher the cell in the chan-
nel the lower the field intensity and the smaller the electrode’s capacitance change. A micro-
wave interferometer, as shown in the block diagram in Fig. 2, is used to measure the small ca-
pacitance change of the sensing electrodes. The microwave interferometer has been discussed
in detail elsewhere.*>**® Changes in the capacitance of S; or S, due to a cell produce a change
in the insertion phase of the resonator in the interferometer sensing path. This causes a small
phase difference between the sensing and reference paths, Vs and V.., which is extracted by
combining the sensing and reference signals using a mixer. The mixer output is detected using
a lock-in-amplifier (LIA) to improve the signal-to-noise ratio of the final output signal, S(7),
which is proportional to the time-dependent capacitance change AC(f). With no particle in the
channel, the phase difference between the sensing and reference paths is set to 90° to null the
output. As a cell passes over the sensing electrodes, a signal is registered with its amplitude
proportional to the capacitance change of electrodes (Eq. (3)). A typical signal obtained for a
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FIG. 1. Re{Kcwu} as a function of frequency for a typical eukaryotic cell (parameters from literature*®) in an aqueous me-
dium with conductivity ¢, = 0.17 S /m.
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FIG. 2. (a) Schematic of the microwave interferometer system used to measure the DEP response of a single cell in a
microfluidic channel and (b) a typical measured signal for a CHO cell at an altitude of approximately 16 um above the sens-
ing electrodes. The capacitance change of sensing electrodes due to a typical CHO cell is approximately 30 aF. The inter-
ferometer sensitivity is typically less than 0.1 aF.

CHO cell as it passes at an altitude of approximately 16 um above the sensing electrodes is
shown in Fig. 2. It features two peaks corresponding to the maximum field regions of the two
sensing electrodes. Sensing of cells is performed with a low amplitude (about 500 mV,,) and
high frequency (about 1.5 GHz) signal to avoid microwave DEP actuation of cells and mini-
mize variation due to interfacial dispersion (variation among cells in a culture affects Re{Kcy}
to lesser extent at higher frequencies).

Example trajectories and corresponding signals for cells passing over the device are shown
in Fig. 3. The DEP actuation electrode, A, located between S; and S, applies a DEP force on a
passing cell which causes it to approach S, at a higher altitude (when experiencing nDEP) or
lower altitude (when experiencing pDEP). As a result, the amplitude of the peak P, registered
by S, differs from the peak P; registered at S; depending on the strength and direction of the
DEP force applied to the cell (Eq. (1)). We define a parameter, force index, ¢ = (P, — P1)/P;
to quantify the change in the electrical signal due to a DEP actuation. The force index is a mea-
sure of the DEP force acting on the cell and hence the Clausius-Mossotti factor of the cell in
its suspending medium.

C. Microfluidic system

Our microfluidic chip was fabricated by Micronit Microfluidics using their Sensonit Glass-
Based Microfluidic Technology with Metallization process. The 15 x 15mm?” chip consists of
two layers of borosilicate glass with 1.1 and 0.7 mm thickness as the top and bottom layers. A
20nm thick Ta adhesion layer and 180 nm thick Au layer are deposited in 200 nm depth etched
trenches in the bottom layer to form the electrodes. A 40 um high and 100 um wide microflui-
dic channel is etched in the top layer and heat bonded to the bottom layer. The electrodes are
25 um wide and extend entirely across the microfluidic channel. The spacing between the sens-
ing pairs and the DEP gaps are 25 um and 35 um, respectively. Fluid is pumped through the
microfluidic channel via powder-blasted access ports using a Fluigent MFCS-4 C Microfluidic
Flow Control System. The throughput of the system is related to the flow velocity and cell sus-
pension concentration. Typical experimental throughput of 30-50 cells per minute is obtained
for cell concentration of 2 x 10° cells per milliliter and flow velocity of 1500-2500 um/s.
Substantially higher throughput can be achieved using a larger cell concentration, however, it
increases the chance of having more than one cell over the sensing and actuation region.
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FIG. 3. Schematic of the microfluidic channel with coplanar sensing, S; and S,, and actuating, A, electrodes. Examples of
signals, S(t), recorded for CHO experiencing nDEP (P; > P,), no DEP (P, = P;), and pDEP (P, < P,) actuations are shown
underneath.

D. Calculation of Re{Kcu}

In order to calculate Re{Kcy} from the measured force indices, fluid dynamics simulation
is employed. Here, the movement of a homogenous particle with various dielectric constants
(resulting in Re{Kcy} ranging from —0.4 to +0.4) is simulated using COMSOL Multiphysics
4.3 b Particle Tracking for Fluid Flow and Electric Currents modules. With the particle entering
at a given altitude, /;, and subjected to DEP and hydrodynamic forces, we obtain its exit alti-
tude, h,, at the location of the second pair of sensing electrodes, for different values of
Re{Kcy} (Fig. 4(a)). The capacitance change of the two pairs of sensing electrodes due to the
particle is then calculated using Eq. (3) with |1£7?RF|2 obtained from solving the Laplace equation
using COMSOL Multiphysics. Fig. 4(b) shows the profile of |E_RF|2 for several exit altitudes
when V¥ =0.5 V,p- The capacitance change of the sensing electrodes due to a particle versus
the particle’s altitude is shown in Fig. 4(c). Since the amplitude of the signals associated with

sensing electrodes S; and S, are proportional to their capacitance change, the force index corre-
. . . AC|,, —AC|,
sponding to each Re{Kcy } is estimated from ¢ = %.
n

E. Simulation of DEP and hydrodynamic forces

Fluid flow in a microfluidic channel can be assumed laminar since the Reynolds number is
much less than one.*” Given that in our experiments the fluid is viscous and incompressible and
there is no fluid acceleration, a Poiseuille flow is established in the microfluidic channel which
is characterized by a parabolic velocity profile (zero at walls and maximum at the center of the
channel). The fluid velocity at any altitude, &, from the bottom of the channel is given by*’

h h
Vm = 6<Vm>ﬁ (1 - ﬁ) 5 (4)
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FIG. 4. (a) Trajectories of a 6 um radius particle with variable Re{K¢)} and an entrance altitude 16 um subjected to DEP
and hydrodynamic forces as obtained from COMSOL simulations. The trajectories are used to estimate the altitude of the
particle after DEP actuation for different values of Re{Kcy } ranging from —0.4 to +0.4. (b) Simulation results of the am-
plitude of the square of the electric field over the sensing electrodes for different exit altitudes. The capacitance change of a
pair of sensing electrodes due to a particle is directly proportional to \ERF |2 at its center. (c) Capacitance change of the sec-
ond sensing electrode pair (after DEP actuation) versus altitude as obtained from Eq. (3). This curve is used to calculate the
force index corresponding to different values of Re{Kc}.

where (v,,) is the mean flow velocity and H is the height of the channel. The majority of cells
flowing in the microfluidic channel sediment and acquire an equilibrium altitude before entering
the DEP actuation region. Forces which govern the vertical movement of a cell outside the
DEP actuation region are gravity, buoyancy, and hydrodynamic lift force given by*®

_ 4n

Fgravfbouy = 3 "Sg(pc - pm)(_y)? ®)
" 61 (v)r? <H > .

Fip=C—~"0 ——hl)y, 6
lift H(h—r) sgn ) y ( )

where g =9.81 m/s” is the gravitational acceleration, p. and p,, are densities of the cell and sus-
pension medium, r is the cell radius, 5 is the viscosity of the medium, and /% is the distance
from the cell centre to the bottom of the channel. Here, C is a coefficient which is obtained
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TABLE I. Channel, particle, and medium parameters employed in simulations.

Parameter Symbol Value Ref.
Channel height H 40 um

Channel width w 100 um

PSS density Pe 1050 kg/m® Datasheet™
Cell density e 1050 kg/m® 51

PSS radius r 5.5 um Datasheet™
Cell radius r 5.9-6.2 um Measured
Particle initial velocity Veo 2000-2500 pm/s Measured
Medium density Pom 1019-1027 kg/m? Calculated®
Medium viscosity n 0.001 Pas 52
Medium conductivity Om 0.17-0.5S/m Measured
Medium permittivity & 78 & 53

Cells are measured in media with different conductivities. The density of each medium is calculated considering its glu-
cose and sucrose content.>>

experimentally using standard dielectric particles (Section IIL A). The equilibrium altitude, 4.,
of a cell is the elevation at which gravity, buoyancy, and lift forces are in balance. We use .,
obtained from Egs. (4)—(6) (with the velocity and size matching the average of our measured
data for single cells) as the initial altitude in our simulations. During DEP actuation, the gravity
and buoyancy forces are negligible as compared with other forces and the cell movement is
mostly impacted by the DEP, drag and hydrodynamic lift forces (in the case that the cell is
close to a wall). The DEP and lift force are expressed in Eqs. (1) and (6) and the fluid drag
force is given by

I*:’d,.ag = 6mnr(V,, — V)4, 7

where V), and V. are the fluid and particle velocities, respectively, and 1 represents the ratio of
the force experienced by a particle between two confining walls to the force in an unbounded
fluid. A is a function of the cell altitude in the channel and varies as the cell moves in response
to the DEP force. Given the channel geometry, we obtain the altitude dependent A for our sys-
tem from the data provided in literature.*’

In our simulations, the channel, particle, and medium parameters are set according to our
experiments and are listed in Table I. Fig. 5 is an example plot of force index versus Re{Kcy}
for a 6 um (radius) particle moving with initial velocity 2200 um/s at an equilibrium altitude
heg=16.5 um and experiencing a DEP force generated by a sinusoidal voltage of 8 V,, applied
to the actuation electrodes.

F. Extracting cell model parameters from Re { K¢y}

A Chinese hamster ovary cell is a eukaryote with a nucleus much larger than other organ-
elles and approximately half the cell’s radius (Fig. 6(a)). In this study, we employ a double-
shell model for CHO cells consisting of the cell nucleus, nuclear envelope, cytoplasm, and
plasma membrane, as shown in Fig. 6(b). With this model, there are eight dielectric parameters
(permittivity and conductivity of each compartment) and four geometric parameters (radius of
the cell and nucleus and the thickness of the membrane and nuclear envelope). The parameters
are obtained by curve fitting to the measured data (Re{Kcy} vs. frequency). Reliably extracting
all parameters is challenging due to interdependency of some parameters and insensitivity of
some parameters over the frequency range of measured data. To overcome this, we perform a
sensitivity analysis to determine the parameters that predominantly affect the Re{Kcy} spec-
trum over the frequency range of measurements. We also obtain the size of the cells and their
nuclei by optical microscopy.
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FIG. 5. Force index versus Re{Kcy} obtained from simulation for a 6 um particle moving with an initial velocity
2200 pum/s and an altitude 16.5 in the microfluidic channel subjected to DEP and hydrodynamic forces. The DEP force is
generated by applying a 8 V,,, sinusoidal voltage to the actuation electrodes. Channel, particle, and medium parameters are
listed in Table 1.

1. Sensitivity analysis

The sensitivity of the Re{Kcy} spectrum to a parameter x; is defined as the relative root-
mean-square change in the entire spectrum of Re{Kcy} due to a small change in x; over the
relative change of x;. The sensitivity function at x; = x;y is described as™*

J ' [K(f,xl, ooy Xio + dx;, ...,xn) —K(f,xl, <oy Xi0, ...,xn)]zdf
it

min

J Kz(f,xl,...,xio,...7xn)df

min

(i) g, = e : ®)

Xi0

where K(f,x;,....%;,...,x,) is the function Re{Kcy}, fuin and f,... denote the frequency range of
measurement, and x; represents the dielectric and geometric parameters. For calculating the sen-
sitivity to each parameter x;, we vary its value over a selected range (chosen for mammalian
cells) while keeping other parameters constant. Therefore, u(x;)| . is dependent on the value of
all parameters and is initially selected to be that of typical values reported for mammalian
cells.?*® Larger u(x;) implies greater effect on the spectrum of Re{Kcy} over the measured
frequency range. Based on the sensitivity analysis, a subset of the most sensitive parameters are
chosen for curve-fitting to the measured Re{Kcy } spectra. Insensitive parameters are identified
and their values are kept as the typical reported values.

(@) (b)

FIG. 6. (a) Image of a typical CHO cell in our experiment obtained using an inverted DIC microscope. (b) Double-shell
model of a cell consisting of the cell nucleus, nuclear envelope, cytoplasm, and plasma membrane. The dielectric and geo-
metric parameters of the model are indicated.
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2. Obtaining parameters by curve fitting

The values of the parameters which are selected for optimization (based on the sensitivity
analysis) are obtained by curve fitting to the measured Re{Kcy } spectra. The Nelder-Mead sim-
plex optimization technique (MATLAB R2014b Optimization Toolbox) is employed to mini-
mize the error function

Vf;lllll

E = \/J [Kmeas(faxh wan) _K()pf(fa-xh "'7xi’l)]2df? (9)

where  K,eus(fiXs,...Xn) and K, (fx;,....x,) are the measured and fitted Re{Kcy} spectra,
respectively.

G. Cell preparation

The Chinese hamster ovary cells (CHODG44-EG2-hFc/clone 1A7), kindly provided by
Yves Durocher of the National Research Council, are grown in 250 ml shaker flasks and incu-
bated at 37 °C with a 10% CO, overlay on a shaker platform (120 rpm). The cells are passaged
every 2-3 days with a seeding density of 2 x 10° cells/ml in BioGro-CHO serum-free medium
(BioGro Technologies, Winnipeg, MB) supplemented with 0.5 g/l yeast extract (BD, Sparks,
MD), ImM glutamine (Sigma, St. Louis, MO), and 4mM GlutaMax I (Invitrogen, Grand
Island, NY). On the day of the experiment, the cell suspension is prepared by centrifuging and
resuspending day 2 cells in a mix of low conductivity [22.9mM sucrose (Sigma), 16 mM glu-
cose (Fisher), 1 mM CaCl, (Fisher), 16 mM Na,HPO, (Fisher)] and BioGro CHO medium to a
concentration of 2 x 10° cells/ml. The ratio of low conductivity to BioGro CHO medium is
based on the desired sample conductivity: 0.17S/m (30:2), 0.30S/m (26.8:5.2), 0.40S/m
(24.4:7.6), and 0.50 S/m (22:10). All media are isotonic and their osmotic pressure, as measured
with an osmometer (Advanced® Model 3300 Micro-Osmometer, Advanced Instruments Inc.,
Norwood, USA), is 291, 303, 298, and 305 mOsm/kg for conductivities 0.17, 0.3, 0.4, and 0.5,
respectively.

1Il. RESULTS AND DISCUSSION
A. System calibration

In order to determine the lift coefficient, C, and verify our COMSOL simulations, experi-
ments are performed on 11 um diameter polystyrene spheres (PSS) (close to CHO cell diameter
and density) suspended in a medium with the same density and viscosity as the one used for
cells. While applying a 10 MHz, 8 V,,, DEP voltage to the actuating electrode, force indices are
recorded for 800 individual beads flowing at different velocities which causes them to settle at
different equilibrium altitudes. Given that a PSS acts like a lossless dielectric sphere with
& = 2.5 in the MHz range, we simulate the DEP response of a bead at a specific initial altitude.
The lift coefficient, C =0.31, is obtained by adjusting it such that the force index predicted by
the simulation matches the average of force indices measured for beads with the same altitude
in the channel. To verify the result, we use the obtained value of C to simulate beads at other
initial altitudes (ranging from 11 to 27 um) and compare the results with the measured data.
The results depicted in Fig. 7 show a good agreement between the simulation and measured
data.

B. Measurement of the DEP response of CHO cells

CHO cells are suspended in media with conductivities 0.17, 0.3, 0.4, and 0.5 S/m and the
DEP response of individual cells are measured at frequencies 0.6, 1, 6, and 10 MHz in each me-
dium. The measurement frequency range is selected to include the part of Re{Kcy} spectrum
which exhibits the dispersion effects of the cells internal structure. Measurements at very low
and very high frequencies are limited by our measurement setup. Cells in the medium with the
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FIG. 7. Measured and simulated force indices for 11 um polystyrene spheres. The x-axis is the amplitude of the peak regis-
tered by the sensing electrodes, S, before the DEP actuation, which is a measure of particles altitude in the channel (see
Fig. 4(b)). Good agreement between the measured and simulation results verifies the lift coefficient value, C =0.031.

lowest ionic concentration, 0.17 S/m, were tested beforehand to ensure their viabilities were not
affected over the course of an experiment (approximately an hour). The average measured force
indices versus frequency for each medium is depicted in Fig. 8(a) with error bars representing
the standard error of the mean. Each data point is the average of force indices of approximately
400 individual cells. In this experiment, the system throughput is approximately 40 cells per
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FIG. 8. (a) Average measured force indices for CHO cells suspended in media with various conductivities. Each data point
is the average of approximately 400 individual cells. Error bars represent the standard error of the mean. (b) Re{Kcy } cor-
responding to the measured force indices as obtained from simulations. Error bars represent the deviation in simulation
results when the particle velocity is set to one standard deviation above and below the average velocity of measured cells.
Data points correspond to the measured values in Fig. 8(a). Solid lines show the calculated Re{Kcy } spectrum using the
curve-fitted CHO double-shell model dielectric parameters as determined later (see Table II).
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minute. The values of Re{Kcy} corresponding to average measured force indices, obtained
using COMSOL simulations as described in Sections IID and IIE, yield the result shown in
Fig. 8(b). Error bars represent the deviation in simulation results when the particle velocity
(which has influence on the determination of the particle initial altitude) is set to one standard
deviation above and below the average velocity of measured cells.

C. Measurement of cell and nucleus size

The average diameter of cells is determined by optical imaging using a Cedex XS cell ana-
lyzer (Innovatice, Germany) which provides the average diameter based on approximately 150
viable cells. The average radius of CHO cells suspended in 0.17, 0.3. 0.4, and 0.5 S/m media
was measured to be 5.9, 6.1, 6.0, and 6.2, respectively. In order to determine the nucleus diam-
eter, CHO cells were imaged in suspension using an inverted differential interference contrast
(DIC) microscope (Observer.Z1, Zeiss, Germany). A typical cell image is shown in Fig. 6(a).
After analyzing the images of 40 cells (using the ImageJ] image processing program), the ratio
of nucleus radius (average of major and minor axes) to cell radius is obtained as r,/r =0.55.
This is consistent with other reported results.>

D. Cell model parameter sensitivity analysis

The double-shell model parameters of a CHO cell are extracted by curve fitting to the meas-
ured spectrum for Re{Kcy } employing an optimization method as described in Section Il F2. The
double-shell model requires optimization of 10 parameters, assuming that the cell and nucleus
radii are obtained by optical methods. An initial evaluation of the number of parameters that can
be reliably optimised is determined by sensitivity analysis while testing the optimization process
with sets of synthetic data. Due to interdependency and insensitivity of some parameters for the
frequency range and conductivities chosen in the experiments, the optimization algorithm is able
to recover five parameters with less than 0.2% error. Fig. 9 shows the sensitivity factor for differ-
ent cell parameters calculated using Eq. (8) as their values vary over the following ranges:
1077 < Gpem < 1077 S/m, 3 £ < &pem < 20 &9 F/m, 0.1 < 60y < 1.2S/m, 50 gy < &,y <90 & F/m,
107°< 6,0 < 1072 S/m, 15 &y < &, <90 &9 F/m, 0.1 < 5,, < 4.8 S/m (which makes 1 < 6,,/0,,; <4),
50 ey <&, <130 & F/m, 5<d<8nm, and 10 <d, <40nm. The range of variation for each
parameter is chosen such that it encompasses the values previously reported in literature for other
mammalian cells.''2%*138-39-559 Sensitivity of each parameter is calculated with respect to the nomi-
nal values: e, = 1x10 ™ 6 S/m, &yepm = 11eg F/m, 6.y = 0.4 S/m, &y, = 60ey F/m, 6, = 1X 1073 S/m,
&ne = 8669 F/m, 0,/a; =2, ¢, = 120¢y F/m, d =7nm, d,, =40nm which are the values obtained for
normal lymphocyte cells.**® Since the medium conductivity has a substantial influence, the sensitiv-
ities are presented for five media conductivities (0.17, 0.3, 0.4, and 0.5 S/m media as employed in our
measurements and a very low conductivity medium, 0.01 S/m, which has been used in many other
dielectric parameter studies'%!!-341:39:60)

As our measurements are in the 0.6-10 MHz frequency range, the sensitivity to the mem-
brane conductivity is low as this parameter predominantly affects the low frequency part of the
Re{Kcuy} spectrum (less than 200 kHz). Similarly, the cytoplasm and nucleoplasm permittivities
predominantly affect the high frequency part of the Re{Kcy} spectrum (greater than 50 MHz).
Based on the sensitivity results in Fig. 9, membrane permittivity, cytoplasm conductivity, nu-
clear envelope permittivity, nucleoplasm conductivity, and plasma membrane thickness are
selected as parameters for optimization. Among these parameters, cytoplasm conductivity is the
most sensitive parameter for our measured frequency range. In general, the membrane thickness
and permittivity have an interdependency and in many cases is modeled as a membrane capaci-
tance. In this work, we maintain them as separate parameters. The nuclear envelope thickness
has a slight effect on the Re{Kcy} spectrum over our measured frequency range. We chose to
fix the nuclear envelope thickness to 40 nm, d,, =40nm, which is the value reported in literature
by optical measurement of single nuclear pore permeability®’ and electron microscopy.™
It should be noted that the sensitivity to cell parameters (especially the nucleus and nuclear en-
velope) is substantially lower for media with very low ionic concentration (less than 0.1 S/m).
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FIG. 9. Sensitivity factors of 10 electrical and geometrical parameters for a double-shell cell model as their values vary
over specified ranges. The sensitivity of each parameter is calculated with respect to the nominal values: 6, = 1x10 ~°
S/m, épem =11 & F/m, d=7nm, 7.,=0.4S/m, &, =60 & F/m, g, =1x 1073 S/m, &, =86 ¢ F/m, d,.=40nm,
/0 =2, & =120 & F/m.?%38 Sensitivities are presented for five media conductivities (0.17, 0.3, 0.4, and 0.5 S/m, as
employed in our measurements and one very low conductivity medium, 0.01 S/m).

Therefore, parameters of a double-shell model extracted from measurements in a very low con-
ductivity medium may have lower accuracy.

E. CHO double-shell model parameters

The final double-shell model parameters of CHO cells are given in Table II. Seven parame-
ters are obtained by curve fitting to the measured data and optical measurements (cell and nu-
cleus sizes). Five remaining parameters, which our measurements are most insensitive to, Gem,
Ecyts Ones €n, and d,,,, are set to the values obtained for normal lymphocyte cells. 2% The
reported parameters of three other mammalian cells (leukocytes) obtained by time domain
dielectric spectroscopy,?® frequency domain dielectric spectroscopy,”® and electrorotation tech-
nique”' are also presented in Table II for comparison.

Our values of membrane permittivity and cytoplasm conductivity of CHO cells are close to
the values reported for other mammalian cells. Parameters for the nuclei of cells have been
investigated to a lesser extent, and the reported values are scattered over a broader range. Our
obtained value for the nuclear envelope permittivity is close to Refs. 38 and 56. We found that
the nucleoplasm conductivity is substantially higher than the cytoplasm conductivity. This is
consistent with the findings in Refs. 20 and 36 which describe the nuclear envelope as a
dynamic ion-selective membrane capable of maintaining ion gradients across. A plot of
Re{Kcy} based on the extracted CHO model (Table II) is given in Fig. 8(b) showing the fit to
the measured data.
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TABLE II. Double shell-model parameters for CHO cells (and three other mammalian cells).

Parameters CHO T lymphocytes® Lymphocytes® Monocytes®
Membrane permittivity (F/m) 8.5 ¢ 11.1 ¢ 6.8 g 8.6 ¢
cytoplasm conductivity (S/m) 0.42 0.65 0.32 0.56
Nuclear envelope permittivity (F/m) 232 ¢ 85.6 ¢ 28 & N/A
Nucleoplasm conductivity (S/m) 1.50 1.26 1.35 N/A
Membrane thickness (nm) 5 7 7 N/A
Average cell radius (qm) 6.0 34 2.9 4.6
Nucleus radius/cell radius 0.55 0.84 0.86 N/A
Membrane conductivity (S/m) 1x107° 27.4%107° <100y, 1x107*
Cytoplasm permittivity (F/m) 60 & 60 & 60 ¢ 126.8 ¢
Nuclear envelope conductivity (S/m) 1x107° 8.8x107° 6x107° N/A
Nucleoplasm permittivity (F/m) 120 & 52 & 120 & N/A
Nuclear envelope thickness (nm) 40 40 40 N/A

Measured using time domain dielectric spectroscopy.””

"Measured using frequency domain dielectric spectroscopy.*®

“Measured using electrorotation technique employing a single-shell model.?!
4Assuming a membrane thickness of 5 nm.

CHO cells have a much smaller nucleus (less than 20% of the cell volume) as compared
with leukocytes. Nevertheless, measurements in moderately conductive media (which increases
the sensitivity to nucleus parameters) enable us to accurately determine the dielectric properties
of the nucleus. Fig. 10 shows the simulated spectrum of Re{K¢y } for a CHO cell with parame-
ters given in Table II and medium conductivity of 0.01 and 0.17 S/m (close to medium conduc-
tivities used in several pervious works'®34339626%) "1t demonstrates that changing the radius
of the nucleus by 25% (while keeping all other parameters the same) causes a noticeable
change in the spectrum for medium conductivity 0.17 S/m. The effect on the spectrum for me-
dium conductivity 0.01 S/m is not discernible at frequencies less than 10 MHz and less pro-
nounced at higher frequencies. The single-shell model (membrane and cytoplasm with no nu-
cleus) spectrum is also shown in Fig. 10.

IV. CONCLUSIONS

In this paper, we showed how the dielectric properties of CHO cells could be represented
accurately by a double-shell model. By measuring the DEP response of single CHO cells along
with optical measurements, we reported values for CHO cells” membrane permittivity, membrane
thickness, cytoplasm conductivity, nuclear envelope permittivity, nucleoplasm conductivity, cell

" - r=248e6 "
| om=0.01/m s A Om=0.17 S/m
"3 05}
s
X o
3
o
o -
05 . . . . . 05 . . . .
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(a) Frequency (Hz) (b) Frequency (Hz)

FIG. 10. Simulated spectrum of Re{K¢y,} for a CHO cell with parameters from Table II in a medium with conductivity (a)
0.01 S/m and (b) 0.17 S/m (solid line). The effect of changing the nucleus radius by 25% smaller (dashed line) and larger
(dash-dot line) on the spectrum as well as modeling the cell with a single-shell structure, including only the membrane and
cytoplasm, (dotted line) is demonstrated.
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size, and nucleus size. The parameters reported are the most sensitive ones over the frequency
range of our experiments (0.6—10 MHz). Despite the small size of CHO cell’s nucleus, it causes a
discernable dispersion over our measured frequency range for the chosen media conductivities.
This enabled us to determine the nucleus and nuclear envelope dielectric parameters fairly
accurate.
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