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Abstract We successfully determine the ranges of dielectric permittivity, cytoplasm conduc-
tivity, and specific membrane capacitance of mouse hippocampal neuronal and glial cells using
dielectrophoresis (DEP) crossover frequency (CF). This methodology is based on the simula-
tion of CF directly from the governing equation of a dielectric model of mammalian cells, as
well as the measurements of DEP CFs of mammalian cells in different suspension media with
different conductivities, based on a simple experimental setup. Relationships between the
properties of cells and DEP CF, as demonstrated by theoretical analysis, enable the simulta-
neous estimation of three properties by a straightforward fitting procedure based on experi-
mentally measured CFs. We verify the effectiveness and accuracy of this approach for primary
mouse hippocampal neurons and glial cells, whose dielectric properties, previously, have not
been accurately determined. The estimated neuronal properties significantly narrow the value
ranges available from the literature. Additionally, the estimated glial cell properties are a
valuable addition to the scarce information currently available about this type of cell. This
methodology is applicable to any type of cultured cell that can be subjected to both positive
and negative dielectrophoresis.
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1 Introduction

Neuronal physical properties, along with cell interior and membrane electronic struc-
tures, have been investigated by various research groups to address cell physiological
issues such as membrane voltage response and neuronal synaptic potential integration
[1-4]. Based on a general passive cable model [5], a detailed neuronal electronic
structure study was performed with CAl and CA3 pyramidal neurons, CA3 interneurons
and neocortical pyramidal neurons [1-4, 6, 7], where whole-cell patch recording was
typically performed for model and property verification. In addition to theory and
modeling, various experimental approaches have been applied to measure cell interior
and membrane properties. For instance, a voltage patch clamp was utilized to directly
measure neuronal membrane capacitance [8] and intracellular conductivity was deter-
mined from cell membrane electric breakdown [9]. Despite all these efforts, the dielectric
properties of many mammalian cells have yet to be determined accurately because of the
vast variety of cell types; the values of those that have been reported in the literature vary
widely [1, 2, 8, 10]. Specifically, the determination of the dielectric properties of neurons
and glial cells, for instance, will vastly facilitate the characterization, separation and
manipulation of these cells and potentially, their stem cells [11, 12]. The comparison
between the dielectric properties of neuronal and glial stem cells and their progenies
opens another door to study the neural stem cell differentiation process [11, 12].
Additionally, the cellular separation and purification processes enable cell-specific stud-
ies such as neuronal action potential detection [13] and the isolation of circulating tumor
cells (CTC) from blood cells [14].

Dielectrophoresis (DEP), as a label-free and flexible tool, has been widely used to
characterize the electrical properties of not only the cell membrane but also the cell
interior [15—17]. The ability to determine cell dielectric properties with DEP has been
demonstrated previously by several research groups, such as Mahaworasilpa et al. [18],
where a dielectrophoretic (DEP) force on single cells in AC electric fields was measured
to analyze cell movement. In addition, the measurement of DEP crossover frequency
(CF), namely the frequency occurring on the transition between positive DEP (cells
attracted to the maximum electric field area) and negative DEP (cells repelled to the
minimum electric field area), has been extensively applied by Pethig et al. [12, 17],
Gascoyne et al. [19, 20], Voldman et al. [21, 22] and Gagnon et al. [15, 23], to
characterize and separate multiple cell types.

In previously published research, while characterizing cell dielectric properties by
measuring DEP CFs, in order to ensure the validity of different approaches and the
accuracy of the results, detailed mathematical derivations, based on a particular dielectric
model of cell, were usually given to relate the CF and the electrical properties of cells.
For instance, the work reported by Pethig et al. [12, 17] and Gascoyne et al. [20, 24]
determined the effective cell membrane capacitance from the slope of the plots of CF
versus the medium conductivity based on a low-frequency (DC) approximation of
Schwan [25], to represent the effective permittivity and conductivity of a cell. However,
this DC approximation can only be applied when the CF measurement is performed in a
medium with lower conductivity (e.g., <10> Sm™'), where the measured CF is suffi-
ciently lower than the dispersion frequency (~1 MHz) [26, 27], which is usually
associated with the internal polarization between the cell membrane and cytoplasm.
Furthermore, extended exposure to a low-conductivity medium often causes an ionic
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flux out of the cell membrane, which could compromise the cytoplasmic integrity [27].
Due to the considerations above, this approximation approach is not appropriate in some
cases where DEP CF was measured to determine the dielectric properties of cells, unless
more complicated models and a lower level of approximations are used.

In this work, we present a new approach to easily determine not only the membrane
properties but also the cytoplasmic physical (primarily dielectric) properties of mammalian cells
from DEP CF. We measure DEP CFs for cells in different suspension media with higher
conductivity (with the addition of cell media) to ensure cell viability, based on a simple
quadrupole electrode experimental setup. Instead of applying the low-frequency approxima
tion, theoretical DEP CFs are determined directly from the governing equation of the
Clausius—Mossotti factor, according to the protoplast model of a mammalian cell [28], for a
variety of different suspension media. The ranges of the property parameters of neurons and
glial cells are obtained by a straightforward fitting between theoretical CFs (based on certain
cellular physical properties) and measured data. The best fit determines the estimated physical
properties in question.

2 Materials and methods
2.1 Theoretical analysis

In order to investigate the interaction of biological cells with an external electric field,
mammalian cells are often modeled (protoplast model) as a homogeneous conductive
sphere enclosed by a very thin capacitive layer of a cell membrane [28, 29]. The
conductive cell interior (cytoplasm) is characterized by dielectric permittivity €. and
ohmic conductivity o.. The cell membrane serves as a low-loss capacitor, which has
its effective capacitance per unit area c,,.

Dielectrophoresis is a phenomenon in which a force is exerted on a dielectric
particle (e.g., a biological cell) when it is subjected to a non-uniform electric field
[30]. Cells can migrate towards the maximum of the electric field under positive
dielectrophoresis (pDEP) or to the minimum of the electric field under negative
dielectrophoresis (nDEP), depending on the relative dielectric and conductive proper-
ties of the cells and of the suspension medium. The DEP force on cells is governed
by [28, 30]:

F = 27r'c,,Re[K|VE? (1)

where r is the radius of cell, €, is the dielectric permittivity of the surrounding
medium, E is the external AC electric field and K is the real part of Clausius—
Mossotti (C—M) factor K, which is frequency-dependent. Based on the protoplast
dielectric cell model described above, the analytical expression of the C—M factor
for mammalian cells in suspension medium is determined to be [28, 29]:

Em Cml  Ec Cpl . Cml" € Cm?
K(w) — A EmIml _Ze Tm + jw ome_mmo T 1
Um UC O—C O—nl O—m Jln O—C

_ 2
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where €, and o, are the dielectric permittivity and ohmic conductivity of the
surrounding medium respectively and w is the electric field angular frequency. From
Eq. (2), if we define A, B, C, and D as follows:

A= P (2% L ofn W) —Pas ),
Oc Om Om O¢

m Um

B:w<CmV+25_m+2C'mr> :w(c—}—Zd),
g,

where
E¢ Cpt Em Cul
a=——, b=— ,
O¢ Om Om O
Cnl Em Cml
c= , d=—+ ,
Om Om Oc

the expression of C—M factor K can be simplified as:

_ C+,jD-1_ [(C-1) + jD][(2-A)—B]
T 2-A+jB (2-A)* + B '

(3)

The sign of the real part of C—M factor Re[K] determines the type of DEP effect; a positive
Re[K] leads to pDEP and a negative value causes nDEP. Therefore, for cells in a suspension
medium, the theoretical CF between pDEP and nDEP can be obtained by solving the equation:

Re(K) = W =0 (4)
which is further simplified as:
2C-AC+A-2+BD=0 (5)
and
2w (b—a)—w*(a + 2b)(b—a) + W (a + 2b) + (¢ + 2d)(c—d) = 2. (6)
Finally, solving the quadratic equation of w? will give the theoretical CF directly:
W = {[(4b—a) + (c + 2d)(c~d)|={[(4b=a) + (c + 2d)(c—d)]*~8(a + 2b)
(b=a)}'*}[2(a + 2b)(b=a)] "

provided a#b (£.#¢&,,), that is, the dielectric permittivities of the cell interior and suspension
medium are not exactly the same. In the expressions of a, b, ¢ and d, the dielectric permittivity
of the suspension medium (&,,) is very close to the permittivity of water (80 &,) [31, 32], where
€, is the permittivity of the vacuum and cell radius » and medium conductivity o, can be
experimentally measured. As a result, three cell dielectric properties, cytoplasm permittivity
(&), cytoplasm conductivity (o.) and membrane effective capacitance (c,,), can be simulta-
neously determined. First, different cell dielectric property values are substituted into
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expression (7) to obtain CFs in different suspension media. We then apply a linear least squares
regression in MATLAB (MathWorks, Inc., Natick, MA, USA) to fit theoretically calculated
CFs (w) and compare them with experimentally measured CFs. The theoretical CFs that are
closest to the measurement data help determine optimal cell property values.

2.2 Cell and device preparation

Hippocampal cells were dissociated from embryonic (E18) mouse hippocampus tissue
(BrainBits, LLC, Springfield, IL, USA) following a protocol described earlier, from which a
neuron/glial cell mixture suspension is isolated. Briefly, the hippocampus tissue was treated
with filtered papain (2 mg/ml) in a 30 °C water bath for 30 min, triturated using a P1000
micropipette in 2 ml Hibernate EB medium (BrainBits, LLC, Springfield, IL, USA) and
harvested by centrifugation at 200 x g for 1 min. Hippocampal neurons and glial cells were
enriched through the culture of the cell mixture, above, in neuron and glial specific growth
media NbActivl and NbASTRO (BrainBits, LLC, Springfield, IL, USA), respectively, at
37 °C with 5% CO,. Purified neuronal and glial populations were harvested separately at
6 days in vitro (Div.), with 0.125% trypsin in Hibernate E-Ca (37 °C, 5 min) (BrainBits, LLC,
Springfield, IL, USA), centrifuged at 200 x g for 5 min and resuspended in their own growth
media, as described above. Cells were used immediately for DEP CF experimental measure-
ment. Isolated cells were added into different mixed suspension media with a micropipette and
DEP manipulation was performed after cells settled down on the device surface, as described
in the following section. The osmolality values of different suspension media were measured
using the Vapro®Vapor Pressure Osmometer 5600 (ELITech Group, Puteaux, France).

A quadrupole electrode array was fabricated by depositing 20 nm of titanium (Ti) followed
by 80 nm of platinum (Pt) based on a silicon substrate (Fig. 1) and each electrode was
connected to a metal pad (not shown in Fig. 1). During DEP experiments, AC sine-wave
and ground signals were applied to every other metal pad, respectively, so that the local electric
field maxima were created at the edge of the electrodes and the electric field minima were
located at the central area. Initially, cells were positioned within the area indicated by the
dashed square in Fig. 1. Cells will be attracted to the edge of the electrode under positive DEP
and pushed to the center with negative DEP.

2.3 DEP crossover experimental measurement

The quadrupole electrode array was attached on the bottom of a 35-mm Petri dish with
polydimethylsiloxane (PDMS). The Petri dish was fixed on the stage of a probe station
PMS5 (SUSS Micro Tec. Garching bei Miinchen, Germany), with probe tips connected to the
metal pads to deliver DEP electrical signals (5 Vpp), as can be seen in Fig. 2a. We
implemented a cell suspension medium in the Petri dish for DEP manipulation, which was a
mixture of 10% sucrose (w/v in deionized water) and primary neuron culture media NbActivl
(BrainBits, LLC, Springfield, IL, USA) at different ratios. For instance, 30% cell media
represents the cell suspension mixture consisting of seven parts of 10% sucrose (w/v in
deionized water) and three parts of NbActiv1 culture media. Neuron culture media were added
to improve the survival of cells in the medium, as the suspension mixture has higher
conductivity and growth nutrients for cells. The conductivity of these suspension media, o,,,
was measured by the EC410 Conductivity/TDS/Salinity Kit (EXTECH Instruments, Inc.,
Waltham, MA, USA). Average cell radius » was measured on 30 suspended cells settled on
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Fig. 1 Quadrupole electrode array
for cell crossover frequency
measurement. Cells are initially
positioned in the area indicated by
the dashed square

the bottom of a Petri dish in each suspension medium, by digital microscopy software, Motic
Images Plus 2.0, on a PSM-1000 microscope (Motic Group CO., LTD., Xiameng, China). AC
electric signals were provided by a function generator (Agilent 33521A, Agilent Technologies,
Inc., Wilmington, DE, USA).

DEP crossover measurement was performed in different mixed suspension media after
isolated hippocampal neurons or glial cells settled down in the area indicated by the dashed
square in Fig. 1. In each suspension medium, the frequencies at which cells were trapped at the
edge of electrodes (pDEP in action) and repelled to the center (nDEP in action), were observed
and measured (Fig. 2b). For each suspension medium, five cells were measured within a
10 min (total) time window. Fresh isolated cell samples were prepared for measurement in
each suspension medium. During experiments, there was a frequency range close to the
crossover where the DEP effect was too weak to observe because of the small Clausius—
Mossotti (C—M) factor (Re[K] close to zero). The start and end of this frequency range
(combining the extremes of the frequency ranges measured on five cells in each suspension
medium) were recorded as ‘Experimental Low’ and ‘Experimental High’ in Table 1 and the
average of these two values was considered the measured CF. Cell property value fitting
according to measured CFs was performed with MATLAB (MathWorks, Inc., Natick, MA,
USA), as described below.

3 Results
3.1 DEP crossover measurement

The experimentally measured DEP CFs of hippocampal neurons and glial cells in different
suspension media are listed in Table 1. Every measured data point was averaged from five
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Fig. 2 a Experimental setup for
DEP crossover measurement on a
probe station. A glass cover slide
above the Petri dish is used to
stabilize the fluidic surface for
better visualization under a
microscope. The scale bar is
applied towards the surface of the
microscope station. b Video frame
showing a cell under DEP
manipulation

cells, as described in the previous section. Notice for glial cells in the 30% cell media
suspension mixture, negative DEP can be detected at frequencies up to 2 MHz (glial
‘Experimental Low’ in Table 1) but no DEP effect can be observed with higher frequencies.
This measurement indicates that at higher frequency, the glial DEP effect is very weak because
the real part of the C—M factor is very close to zero.

As can be seen in Table 1, with more cell media in the suspension mixture (higher
conductivity), the accuracy resolution of the measured CF is lower; however, comparing the
results published by Voldman et al. [21] and Gagnon et al. [33], we still have comparable

Table 1 Experimentally measured crossover frequencies for hippocampal neurons and glial cells

Cell media ratio in cell suspension mixture (%)

0.1% 1% 10% 20% 30%
Hippocampal neurons
Experimental low (kHz) 5 60 300 600 1500
Experimental high (kHz) 10 80 350 900 2000
Averaged crossover (kHz) 7.5 70 325 750 1750
Glial cells
Experimental low (kHz) 2 20 150 400 2000
Experimental high (kHz) 5 40 250 600 N/A
Averaged crossover (kHz) 3.5 30 200 500 N/A
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accuracy resolution at the respected medium-conductivity level. In addition, in most of the
suspension mixture, glial cells have lower CFs (from nDEP to pDEP) than neurons, suggesting
that glial cells experience a positive DEP effect at lower frequencies than neurons. With
different DEP devices to study neurons and astrocytes, Flanagan et al. [11] and Prasad et al.
[34] found similar results in their work.

3.2 Hippocampal and glial properties from the literature

Before fitting theoretical CFs to experimental data, dielectric and physical properties of
hippocampal neurons and glial cells were researched from previous studies, as shown in
Table 2. For mouse hippocampal neurons, both cytoplasm conductivity o. and membrane
effective capacitance c,, have a wide range of literature values, experimentally deter-
mined in closely related types of mouse neurons, such as mouse CA3 pyramidal neurons
and interneurons [1, 2] and cortical rat neurons [10], as can be seen in Table 2. Neuronal
cytoplasm permittivity €. is set at 60 &), based on literature values [35]. However, very
limited information about glial cells is available in the literature. Here, we assume the
cytoplasm permittivity of glial cells (60 &) to be the same as that obtained for neurons.
Glial cytoplasm conductivity was based on conductivity-related glial cell and tissue
information [35-37] and the membrane effective capacitance was found in only one
study [8].

3.3 Pre-fitting analysis

In our previous study, simulations of DEP spectra (Re[K]) based on averaged property values
of hippocampal neurons and glial cells from Table 2 were performed and the discrepancies
between simulated and experimentally measured CFs demonstrated the need for more accurate
cell property values. Therefore, property values within the literature ranges in Table 2 were
evaluated using our estimating technique, which takes experimental CFs into account. For
each item in Table 2, values around (larger and smaller than) the particular reference value
were evaluated. The goal was to determine property values that gave a better fit between the
theoretical CF and that which was experimentally measured.

As can be seen in expression (7), there are two sets of solutions to the quadratic Eq. (6) of
CF squared (w?), depending on the +* and ‘—* signs. The DEP electric signals provided by the
function generator have a maximum frequency of 30 MHz. To determine which CF solution of
Eq. (6) is within our practically measurable frequency range, averaged property values from
Table 2 for hippocampal neurons were fitted to select the reasonable theoretical CF (Fig. 3).
Comparing the CFs calculated with the ‘+” sign (red) and ‘-’ sign (blue) in Fig. 3, CFs solved

Table 2 Hippocampal neuron and glial properties from the literature

Cytoplasm dielectric Cytoplasm conductivity . Membrane effective capacitance
constant £,/&, (Smh ¢ (FM?)
Hippocampal 60 [35] 0.3-1.0 1, 2, 10, 35] 0.006-0.013 [1, 2, 8, 10, 35]
neuron
Glial Cell 60? 0.27-0.62 [35, 36, 37] 0.0106 [8]

# Assumed value
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with the ‘-~ sign represent the measured CFs (stars). As a result, theoretical CFs were
calculated with the ‘—’ sign in expression (7) for the following discussions.

3.4 Property determination for hippocampal neurons

Mouse hippocampal neuronal cytoplasm dielectric constant £./€,;, where &, is the dielec-
tric permittivity of a vacuum, cytoplasm conductivity o. and membrane effective capac-
itance ¢, were evaluated respectively, according to experimentally measured CFs in
different suspension media (see Fig. 4), using values obtained from the literature (values
around a reference value, where available, or several different values, if a range has been
reported). As described above, the dielectric permittivity of the suspension medium €, is
80 &,. In Table 3, we measured different suspension media conductivity values o,,, as
well as the osmolality values of different suspension media. As can be seen, the
osmolalities of all suspension media are very close and comparable to the physiological
osmolality [38]. As a result, the measured cell sizes (radius) in different suspension
media are very close to each other and we did not observe significant changes for the cell
radius in various suspension media, as recorded in Table 3. We use an averaged cell
radius from all these measurements (4.3+0.42 pum) for both hippocampal neurons and
glial cells, in the following discussions.

When one property value is being evaluated, the other two are fixed during the procedure.
The fixed property values are picked from optimal values already determined through the
fitting procedure, if available, or from the average literature values in Table 2. Optimal
property values were determined based on the fitted curves that are closest to the measured
data. The theoretical CFs in 50% cell media are also calculated for each subfigure in Fig. 4;
however, it is not possible to measure the definite crossover range in 50% cell media because
both the pDEP and nDEP effects are very weak around the crossover and therefore the exact
CF is very difficult to determine.

For evaluation of hippocampal neuronal cytoplasm dielectric constant (£./€,), different
selected property values do not significantly affect the theoretical CFs; as shown in Fig. 4a, most
of the fitted data and curves overlap each other. However, we did find that smaller values give a
slightly closer fit to the experimentally measured data (calculated CF data not shown here). As a
result, the literature value of approximately 60 is reasonable for hippocampal neurons.

Fig. 3 Comparison of theoretical 10 . :
CFs calculated with a ‘+’ sign (red)
and a ‘-~ sign (blue) from 1 03{ S ]

expression (7). Black data points
represent the measured CFs
(stars). The property values of
hippocampal neurons used in this
calculation are: £/€y=060, o.=0.7
Sm™', ¢, =0.010 Fm 2, r=4.3 um

O '+ solution

— "+ curve

Crossover frequency (Hz)
a

A ' solution

4
10 -
2 - curve
* measured

3 1 1
18.1% 1% 10% 100%
Cell media ratio
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Fig. 4 Dielectric property values 10 T T
for mouse hippocampal neurons a B
based on values shown in Table 2
are evaluated, according to experi- %‘ 10°h v&'/s ]
mentally measured CFs. The theo- N P T
retical CFs in 50% cell media are e % A epsi=40
also calculated in each figure. One g e ——epsi=40
. . o 5| e O epsi=60 |
property is fit to the experimental 8 10 cbein60
values, whereas the other two 5 & + eﬂsiﬂs
values are fixed to the values de- § ——epsi=75
scribed in each situation. a Cyto- N X epsi=85
. . e 10 ~ epsi=85 |3
plasm dielectric constant values O & O epsi=95
£./8y=40, 60, 75, 85, and 95 are —opsi=B5
fitted. Smaller values (40, 60) give . * measured
a sllghtly better fit. (@2 =0.65 18_ 1% % 1% 100%
Sm ", ¢, =0.010 Fm ™). b Cyto- Cell media ratio
plasm conductivity values o, =
0.35, 0.45, 0.55, 0.65, 0.75, 0.85 0
and 0.95 Sm™" are fitted. Larger 10 " " + Sigma=035
values (0.75-0.95) have a closer b ——sigma=0.35
fit. (£./€9 =60, ¢,,=0.010 Fm™). ¢ 4 sigma=0.45
Membrane effective capacitance N 4n5 sigma=0.45
10° | | e
values ¢,, = 0.006, 0.008,0.01 and | it
5 - :
0.012 Fm “© are fitted. Larger 2 + sigma=0.65
values (0.01-0.012) provide a ] sigma=0.65
closer fit to measured CFs. (£./ 10 | | X sigma=075
—1 = sigma=0.75
&=060,0.=0.75Sm ) 5 O sigma=0.85
3 sigma=0.85
a 5 & sigma=0.95
©10° 71— sigma=0.95
o * measured

0.1% 1% 10% 100%
Cell media ratio

c 3

L

10k o /g/ E

O Cm=0.006
——Cm=0.006
+ Cm=0.008
Cm=0.008

X Cm=0.010
Cm=0.010 |4
0 Cm=0.012
Cm=0.012

* measured

Crossover frequency (Hz)

1 3 1 1
8.1% 1% 10% 100%
Cell media ratio

Selected values within the literature range of cytoplasm conductivity o. were fit to
experimentally measured values in Fig. 4b. As can be seen, greater conductivity values
(0.75-0.95 Sm ') have a better theoretical CF fit in 20% and 30% cell media suspension
mixture but the fitted points in the lower cell media suspension mixture do not change
substantially. These changes in CFs, therefore, may not be well represented, if only
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Table 3 Measured suspension medium conductivity

Cell media ratio in mixture suspension (%)

0.1% 1% 10% 20% 30%
Suspension medium 1.254¢-3 1.119e-2 0.111 0.221 0.331
conductivity o, (Sm™)
Osmolality (mmol/kg) 352.6 £2.51  3458+3.42  329.8+2.17 316.0+3.00  300.8 £2.39
Cell radius (pum) 413 +£0395  429+0373  427+0376 444 +£0384  4.49 +£0.483

studied in a medium with lower conductivity. Smaller cytoplasmic conductivity (0.45
Sm™') makes the CF disappear (complex number) in 50% cell media, as indicated by the
data point in the lower-right corner. Thus, the cytoplasm conductivity o, of hippocampal
neurons is closer to the higher end (0.75-1.0 Sm™') of the literature-value range.

For membrane effective capacitance c,,, greater property values provide a closer fit
to the measured CFs (see Fig. 4c). Compared to literature-averaged 0.01 Fm 2, we
believe the membrane effective capacitance c¢,, of hippocampal neurons is located at
the higher end (0.01-0.012 Fm ?) of the literature range.

3.5 Property determination for glial cells

With the same methodology applied for mouse hippocampal neurons above, the
dielectric properties of glial cells derived from the literature were also evaluated by
our method (Fig. 5).

From the evaluation of cytoplasm conductivity o. (see Fig. 5a), it is determined
that smaller values (0.2 Sm™') only give CFs in suspension medium with up to 10%
cell media; in 20% and 30% cell media solution, no CFs are generated (complex
numbers). These complex values are indicated by data points at the lower-right corner
because only the real parts of complex numbers were plotted in MATLAB. A CF is
generated in 20% cell media solution if o.=0.3 Sm ', whereas greater values for o,
0.4, 0.5 Smfl) also have CFs in 30% cell media solution. Experimentally, CFs are
successfully measured in suspension medium with up to 20% cell media. However, in
30% cell media solution, the DEP effect is very weak at higher frequencies. Based on
this, we conclude that the cytoplasm conductivity o, of glial cells should be between
0.3 and 0.4 Sm™', as demonstrated further in the following DEP spectra (Re[K])
simulation (Fig. 7). Therefore, 0.=0.3 Sm ' was applied for the evaluations of the
other two properties.

As the cytoplasm dielectric constant (€./€p) of glial cells is evaluated (Fig. 5b), we
find that greater values (85: squares, 95: diamond) produce unreasonably high CFs in
30% and 50% cell media solution, which cannot be experimentally confirmed. Al-
though no CF (complex number) is created in 30% and 50% cell media solution,
smaller values (40: circles, 60: crosses and 75: diagonal crosses) give CFs that are
very comparable to the four measured data points (see Fig. 5b). It is also noticed that
the theoretical values are slightly closer to measured data if smaller property values
are used (data not shown here). Therefore, the cytoplasm dielectric constant of glial
cells is believed to be at the lower end (<60).
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Fig. 5 Dielectric property values
for mouse hippocampal glial cells
given in Table 2 are evaluated ac-
cording to experimentally mea-
sured CFs. One property is fit to
the experimental values, whereas
the other two values are fixed to
the values described in each situa-
tion. a Cytoplasm conductivity
values 0. = 0.2, 0.3, 0.4, 0.5 and
0.6 Sm ™! are fitted. Only values
0.>0.3 will generate CFs in 20%
cell media solution. (g,/&, = 60,
€, =0.0106 Fm ™). b Cytoplasm
dielectric constant values
£./€y=40, 60, 75, 85 and 95 are
fitted. Smaller values have a
slightly closer fit. (o. = 0.3 Sm !,
¢n=0.0106 Fm?). ¢ Membrane
effective capacitance values c,,
=0.006, 0.008, 0.01, and 0.012
Fm 2 are fitted. Larger values
(0.01-0.012) give a closer fit to
measured data. (€./€y= 60, o.=0.3
Sm )

Crossover frequency (Hz) Crossover frequency (Hz)

Crossover frequency (Hz)

10 T T
a
5 e
107 + = \ ]
g
O sigma=0.2
sigma=0.2
100 + sigma=0.3 i
——sigma=0.3
X sigma=0.4
sigma=0.4
5 O sigma=0.5
107 - —sigma=0.5 T
& sigma=0.6
sigma=0.6
* measured
10°° : :
0.1% 1% 10% 100%
Cell media ratio
10" ; ,
5
10° + I B
g
0 O epsi=40
10° ——epsi=40 ]
+ epsi=60
5 epsi=60
107 k| X epsi=75 4
——epsi=75
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For glial membrane effective capacitance c,,, the estimation results are similar to those of
hippocampal neurons. Greater c,, values have a closer fit to the experimentally measured CFs
and the complex numbers in 30% and 50% cell media solution are not considered. The
literature data of 0.0106 Fm 2 is reasonable, as it is very close to our estimation range for

¢ Which is 0.011-0.013 Fm 2.
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4 Discussion

According to Lei et al. [26], the slope of the linear relationship between the product
of CF and cell radius (f-r) and medium conductivity (o,,) predicts the reverse of cell
membrane effective capacitance (c,,), under certain conditions. Using our measured
hippocampal neuronal CF data, a similar plot can be generated, as can be seen in
Fig. 6. In Fig. 6, the fitted linear equation has a slope of 21.241, which, based on
[26], satisfies the following expression:

V2

=21.241 m?>F .
2me,

Therefore, the cell membrane effective capacitance (c,,) obtained using this ap-
proach is 0.0106 Fm 2. This value is well within the range we predicted in Fig. 4c,
verifying the accuracy of using our fitting procedure to determine the cell membrane
effective capacitance.

The CF of glial cells in 30% cell media solution could not be determined experimen-
tally because the DEP effect is very weak at higher frequencies (>2 MHz), as mentioned
before. Considering this observation, DEP spectra (Re[K]) of glial cells in 30% cell
media solution were simulated with Maple (Maplesoft Inc., Waterloo, Canada), using
cytoplasm conductivity (o.) values from the determined range (0.3-0.4 Sm ') above (see
Fig. 7). As shown, compared with other values, o, of 0.32 Sm! (green) and 0.35 Sm!
(magenta) create the preferable curves at higher frequencies because they are closer to
the zero-value base line and the resulting absolute values of Re[K] are smaller, and
consequently, so is the DEP effect. Although the magenta data line has a crossover point
and the green data line does not, they both represent possible situations. Additionally,
glial cells have a nDEP effect at 2 MHz on both the green and magenta data lines,
confirming the experimental observations.

From Table 3, most of the conductivity of the suspension mixture is magnitudes
higher than that of DEP buffers previously used [11, 14, 21, 24, 26, 27] because of
the addition of cell culture media, which compromises the validity of the low-
frequency approximation, as mentioned earlier. In order to ensure the survival of cells
in these suspension mixtures, we investigated the viability of hippocampal cells in the

Fig. 6 Linear fitting of (f*r) 8 ' ' ' ' ' T
against 0,,, based on data from P
Fig. 4c and the formula in [26], ol P ]
predicts cell membrane effective . = 21941 x - 0.349 rd
capacitance well within our ? y : o
suggested range, verifying the SE 4l e |
accuracy of our fitting procedure T _

EL 7 +

g2 — _

2% %

S = —

o8 o+ — + measured J

—fitted curve
2 L

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Suspension medium conductivity (Sm'1)
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Fig. 7 Map]e simulation of DEP —0oC=03S/m 0C=0.32S/m——0C=0.35S/m——cC=0.38S/m
spectra for glial cells. Different —oC=048/m
cytoplasm conductivity o, fit in
30% cell media solution 0.4
0.2
3
2 0
10 10
-0.2
-04

Electric field frequency (Hz)

most severe situation (only 10% sucrose). Sufficiently high viability (87%) was
achieved for hippocampal cells after short-term (30 min) exposures to sucrose, com-
pared with the control sample (88%) in pure cell culture media. Details about the
hippocampal viability measurement can be found in our previous work [39, 40].

With these considerations in mind, in Table 4 we have summarized the range of
three dielectric and physical properties of mouse hippocampal neurons, as well as of
glial cells, determined in this work. As can be seen in Table 4, compared with
original cell property values from literature (Table 2), the newly determined values
are more reasonable and closer to previously published cell dielectric properties
characterized with DEP [35].

In conclusion, the range of dielectric properties of mouse hippocampal neurons and
glial cells, specifically cytoplasm permittivity, cytoplasm conductivity, and membrane
effective capacitance, are easily determined from dielectrophoresis crossover frequen-
cies. Theoretical CFs are obtained directly from the governing equation of the
Clausius—Mossotti factor. The range of property values is determined by a fitting
procedure, comparing theoretical and experimentally measured DEP CFs, which are
obtained from a simple quadrupole electrode setup. Cell properties determined here
provide valuable additional information to the current body of knowledge. While
selected types of cells are experimentally verified here, this methodology can be
applied to a wide variety of cells.

Table 4 Dielectric properties of hippocampal neurons and glial cells determined in this work

Cytoplasm dielectric Cytoplasm conductivity 0. Membrane effective capacitance
constant £,/&, (Sm Y ¢ (FM?)
Hippocampal <60 0.75-0.95 0.01-0.012
neurons
Glial cells <60 0.35% 0.012%

 Parameter is determined to be close to this value
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