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Wideband Single-Cell Dielectrophoresis

Xiaotian Du
Leili

, Student Member, IEEE, Xiao Ma

Abstract—For the first time, both lower and upper crossover
frequencies of the real part of the Clausius—Mossotti function were
calculated by using cell parameters measured on the same ultraw-
ideband setup as that for single-cell dielectrophoresis. The calcu-
lation suggests that the lower crossover frequency can be from 0
to 127 kHz and that the upper crossover frequency can be from 45
to 108 MHz, in the unlikely case when uncertainties in the cell pa-
rameters all add up. The calculated lower crossover frequency was
found to be in general agreement with the measured values of 28 +
4 kHz. However, the calculated upper crossover frequency was sig-
nificantly different from the measured values of 326 & 35 MHz. The
difference can be attributed to the field being highly nonuniform
in single-cell dielectrophoresis, especially at higher frequencies.
Additionally, with closely spaced electrodes in single-cell dielec-
trophoresis, adhesive force may have to be considered, even for a
relatively nonadherent Jurkat cell. In any case, the difference be-
tween the calculated and measured crossover frequency suggests
that the classical Clausius—Mossotti function, originally derived
from the Maxwell-Wagner mixture model of a cell suspension,
may not apply to single-cell dielectrophoresis in a straightforward
manner, especially at high frequencies.

Index Terms—Biological cells, biosensors, cellular biophysics,
dielectrophoresis, microwave measurements, ultra-wideband
technology.

I. INTRODUCTION

IELECTROPHORESIS (DEP) was first observed on small
plastic particles that were neutral, spherical, homogenous,
and suspended in a conductive solution [1]. When the particles
were polarized by an applied electric field. they would be forced
to move if the field was not uniform. Because the particles would
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Fig. 1. Calculated frequency dependence of the real part of the Clausius-

Mossotti function for a Jurkat cell suspended m sucrose solution (solid curve).
The combined effects of deviations in membrane resistance A Rjy, membrane
capacitance AC)y, cytoplasm resistance ARc, cytoplasm capacitance ACc,
and cell radius Arp are also included (dotted and dashed curves).

move along the field gradient instead of the field direction as
charged particles would, alternating-current (AC) DEP could be
used to move the particles one way while avoiding electrode
polarization. In this case, the time-averaged moving force F
is related to the field gradient V E (root-mean-square-averaged
across the particle) by the real part of the Clausius-Mossotti
function feas(w), where w = 2xf is the angular frequency of
the applied AC DEP signal. Thus

F = 2nesryRe[ fou (@)] VIE) (1

and

Jor (@) = (ep — €5) [ (5 + 2¢5) @

where rq is the particle radius, ¢*p = ep—jop/w, and £*s =
egs—jos/w are the complex permittivities of the particle and
solution, respectively. Assuming f < 100 MHz so that g is
constant., feys(w) captures all the frequency dependence of F
through the dispersion of £*p and £*;.

As illustrated in Fig. 1, depending on f. Re[ fcar(e)] can be
positive or negative, so that the particle can move toward the
field maximum or minimum, which is referred to as positive
DEP (pDEP) or negative DEP (nDEP). For a homogeneous par-
ticle, fear(e) is independent of the particle size or shape. For a
heterogeneous biological cell, £*p can have subtle dependence
on the cell size/shape, but fas(w) is much less sensitive to the
cell size/shape than F is. For this reason, the DEP crossover
frequencies (from nDEP to pDEP or vice versa) instead of the
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DEP force are often exploited in sorting biological cells. Fur-
thermore, the lower crossover frequency f7 is more popular than
the upper crossover frequency f7;. because f7 is better suited to
the bandwidth of most DEP setups. However, f; promises even
weaker dependence on the cell size/shape and higher sensitivity
to the cytoplasm property of a cell [2].

DEP has been widely used as a fast and label-free means to
manipulate or characterize a population of biological cells sus-
pended in a solution [2]. In particular, DEP of different frequen-
cies was used to separate cells whose membrane conductivity
was enhanced by electroporation [3]. The effect of membrane
conductivity and nonspherical shape was explored theoretically
[4]. The lower crossover frequency f; was used to determine
the cytoplasm conductance, although at low frequencies the
membrane contribution could not be ruled out [5].

Recently, DEP displacement at 10 MHz of a single cell was
used to measure the change in cytoplasm conductivity after
electroporation [6]. Dual-frequency DEP of a single cell was
used to determine the membrane capacitance at 100 kHz and
the cytoplasm conductivity at 6 MHz [7]. Multi-frequency DEP
was used to determine the changes in membrane capacitance and
cytoplasm conductance of a single cell after thermal stress [8].
With multiple frequencies at 300 kHz, 600 kHz, and 6 MHz, the
effects of membrane conductance, membrane capacitance, and
cytoplasm conductance could be better differentiated. However,
the most prominent feature of the measured data was the shift of
f1 resulting from changes in both membrane conductance and
membrane capacitance.

By contrast, with a bandwidth of 100 kHz—300 MHz, the
upper crossover frequency fry around 100 MHz was used to
separate single cells of different cell lines [9] or of the same
cell line but cultured under different conditions [10]. It was
argued that f; was more effective in separating cells of different
cytoplasm properties [11].

For either f7 or fy. it is not obvious that (2). originally
derived from the Maxwell-Wagner mixture model of a cell sus-
pension [2]. applies to single-cell DEP. In particular, single-cell
DEP typically uses small and closely spaced electrodes, so that
the electric field can be greatly disturbed by the presence of
a cell and the resulted field distribution can be highly nonuni-
form across the cell [12]. Most recently, with a 9 kHz—9 GHz
ultra-wideband (UWB) setup, we validated f7 for a Jurkat T-
Iymphocyte human cell in an isofonic sucrose solution [13].
This paper expands on [13] mainly by deriving fcas(ew) from
lumped cell resistances and capacitances instead of cell dielec-
tric constants and conductivities, and by quantifying the effects
of cell resistances and capacitances on fcas(ew). The derived f;
and fry were both compared with experimental data, whereas
[13] only validated f7.

II. THEORY

Previously, we used literature values of £*p to evaluate (2)
and neglected the contribution of the membrane resistance R,
[13]. We now attempt to improve the accuracy by includ-
ing Ry as well as by using our own experimentally mea-
sured values based on the same cell line and UWB setup.
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Fig. 2. A single-shell model of a cell overlaid by its equivalent circut.

For a Jurkat cell in isotonic sucrose solution, we have ex-
tracted through UWB impedance spectroscopy the lumped
equivalent circuit parameters of the cell as shown in Fig. 2
[14]. Specifically, Ryy = 1.5 & 0.3MQ. Cyy = 1.5 & 0.3 pF,
Ro=04 4+ 0.1MQ, and C = 6.4 £ 0.1 fF, where C,, is the
membrane capacitance, R¢ is the cytoplasm resistance, and C¢
is the cytoplasm capacitance. These lumped parameters can
be converted to distributed membrane and cytoplasm parame-
ters e*yy = ey — jou/w and £¥¢c = g¢c— joc/w as shown in the
following.

To relate R¢ and C¢ with e¢ and oc. we first assume a
uniform field E inside the cell [15]

G3)

where g is the electron charge. and 5 is an area density con-
stant. The induced charge distribution p on the cell membrane
is dipole-like as

E =gng/3¢ec

)

where @ is the angle with respect to the normal of the electrodes.
The potential ¢ inside the cell is

p (@) = gngcosd

¢ (r,0) = nercos8/3ec (5)

where # < rp 1s the distance from the center of the cell. The
potential is relative to the horizontal plane of symmetry that
bisect the cell because ¢(0.7/2) = 0. Thus, the total charge
Q over one half of the cell membrane can be calculated by
integrating the membrane charge density over a hemispherical
surface

mf2
0= f (ng cos @) (2nrosin@) rodd = mgnery.  (6)
0

The voltage difference 7 between the north and south poles
of the cell is

V=ql¢(0,0) — ¢ (ro, )] = 2qnoro/3ec. 7

Based on the homogeneous-cytoplasm and uniform-field as-
sumptions, the current density across the cell is also uniform as
qnooc/3ec. Therefore, it can be multiplied by the cross-section
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Fig. 3. Measured (solid) vs. fitted (dotted) dielectric constant £5 and conduc-

tvity os of the sucrose solution.

area of the cell to obtain the total current 7 across the cell
I= :rrqngrgorcﬁgc. (8)
Thus
Ro=V/I =2/naryoc 9)
and
Cc = Q/V =3nroec/2. (10)

Therefore, £, 034, £, and o¢ can be expressed in terms of
Cur, Ry, Ce, and Re as in the following:

ey = tCy/Amrg = (2.8 £0.5) g e8))
oy = t/AnrgRyr = 11 £2.8uS/m 12)
ec =2Cc/3mrg = (31.3 £0.5) g (13)
and
oc =2/argRec = 0.3 4+£0.1 S/m (14)

where ¢ is the vacuum permittivity, 7 = 5 nm is the assumed
membrane thickness [16], and 7 = 4.9 4= 0.7 pum is the measured
cell radius by using a Beckman Z2 Coulter Counter.

The permittivity of the whole cell is [17]

o _ e 20— eg + (1 +20)eg
P ra)el, + (1 —a)el

(15)

where the volume ratioa =73 / (ro + #)*. With § = t/rg << 1,
o= 1-348, and

P 28st, + (1 —28) &t
PmMo (1 —8)el, + 88

Substituting (16) into (2), we can evaluate Re[ fps(w)] pro-
vided £*s is known. For the present sucrose solution, we
have used an Agilent 85070 dielectric probe to determine that
es = (76.4 — 1072 f)gpand o5 = 0.013 exp (3 x 1077 f) S/m
as shown in Fig. 3.

Fig. 1 shows the calculated frequency dependence of
Re[ fear(w)] for a Jurkat cell suspended in sucrose solution using
experimentally measured Ry, Cys. Re. and Ce. It can be seen
that f; = 65kHz and f;; = 66 MHz, respectively. These fre-
quencies are significantly different from 50 kHz and 800 MHz

(16)
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Fig.4. Calculated effects on the real part of the Clausius-Mossott1 function by

adding standard deviations to the expenimentally extracted values of Ry, Cyy,
R, and C¢, with the effect of AC exagerated ten times to make 1t visible.
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Fig. 5. Calculated effects on the real part of the Clausius-Mossotti function

by varying the cell radius ry from 4.2, 4.9, to 5.6 pm.

obtained by using parameter values from the literature [13],
especially for fi; due to the differences in £¢ and o¢.

Fig. 4 shows the effects of adding standard deviations
ARys. ACy, ARc. and 10 ACe to Re[ fepy(w)]. Due to the
UWB bandwidth used in the measurement [14], the preci-
sion AC¢/Cc is much better than ARys/Ryr. ACyy/Chy. OF
ARc/Re, so the effect of ACc is artificially exaggerated ten
times to make it visible. It can be seen that f7 is mainly sensitive
to membrane properties Ry and Cy,. When Ry is increased to
Rys+ ARy, fr shifts from 65 kHz to 81 kHz. When Cy; is
increased to Cyr + ACyy. f shifts from 65 kHz to 55 kHz. On
the other hand. f7; is mainly sensitive to cytoplasm properties
Rc and C¢. With Rc = Re + ARc. fy shifts from 66 MHz to
53 MHz. With C¢ = C¢ + 10 AC¢. fy shifts from 66 MHz to
70 MHz. Note that [7] specifies that f7 is sensitive to Cjs only,
whereas [11] did not specify whether f; is sensitive fo R¢ or
Cc. Fig. 4 shows also that the magnitude of the DEP force is
mainly sensitive to Ry for f < f1. Re for f; < f < fy.and
Cc for f > fry. Note [8] also specifies that the DEP force is
mainly sensitive to Ry, for f < f;, and Rq for f; < f < fy.

Even if a cell line is cloned with uniform Rjs. Cas. Re. and
Ce. its natural size distribution can cause £*p to vary according
to (11)—(14). Fig. 5 shows the effect of &= Arp, which shifts f;
and f; to 35-90 kHz and 56-80 MHz, respectively.
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The above calculations use all experimentally measured pa-
rameter values except the membrane thickness 7, which may
deviate from the assumed value of 5 nm. However, fcp(w)
is not very sensitive to Af, because it affects only £*;, and
the effect on £*;, is largely cancelled out on £*» due to small
& and the fact £*yy << £*c. Specifically, from (11) and (12).
ey (1 4+ At/t) = (1 + At/t) e*y(¢). From (16)

&5 (t + Ap)
28 (1 + Aft)ep, () + (1 —268) e
(1 —8) (1 + At/t)es, (1) + oct,
286, (1) + (1 — 28) &k

g3 (1) +8s¢

~ (14 At/1) i 1)

~ e3¢ (1)

~ ep(l).

17)

In summary, the above calculations show that f7 is mainly
sensitive to cell size 7y and membrane properties Ry, and Cyy.
whereas fr; is mainly sensitive to cell size 7y and cytoplasm
properties Rc and Cc. When the effects of ARy, ACyy. and
Arp are added up, f7 can vary from 0 to 127 kHz, suggesting
that in the extreme case f; may disappear altogether. On the
other hand, when the effects of ARc, ACc. and Arg are added
up. fy can vary from 45 MHz to 108 MHz. These estimated
ranges of f; and fiy have been included in Fig. 1. Note that in
reality the extremes of ARys, ACy, ARc. ACc. and Arg rarely
occur simultaneously.

III. EXPERIMENTAL SETUP AND PROCEDURE

Fig. 6(a) shows that the present UWB DEP setup is similar
to that of [13] except in the detailed electrode construction. The
setup comprises a homemade microwave probe station on top
of a Nikon Eclipse TE2000 inverted fluorescence microscope,
which is equipped with a Hamamatsu Flash 4.0 V2 100-frame/s
three-color video camera. A Keysight ES080A 9 kHz-9 GHz
vector network analyzer (VNA) is used to apply the DEP signal
to the device under test (DUT) via a pair of Cascade Microtech
ACP40 GSG probes with a pitch of 200 pm. A Fusion 400
syringe pump is used to inject the cells into the microfluidic
channel of the DUT.

Fig. 6(b) shows schematically that the DUT comprises four
main layers: a PDMS cover, an SU8 wall, a gold coplanar wave-
guide (CPW), and a quartz substrate. The width, length., and
thickness of the PDMS cover are 5 mm, 8 mm and 4 mm, re-
spectively. after curing from a mixture of 10:1 base-to-agent
ratio. The 20-um-tall SU8 walls are precisely defined by pho-
tolithography to be 2.4-mm wide and 200-pm apart. Thus, the
microfluidic channel is 20-pm tall and 200-um wide. The mi-
crofluidic channel intersects the CPW at a right angle. The CPW
is 1-cm long with its center electrode being mostly 200-um wide
except under the microfluidic channel, where it is tapered down
to 10 pm with a 10-pm gap in the middle for DEP trapping
of a cell as shown in Fig. 6(c). Each ground electrode of the
CPW is 200-um wide. Outside the microfluidic channel, the
gap between the center electrode and the ground electrodes of
the CPW is 16-um wide. The CPW is designed with a 50-Q

Microfluidic
Channel

(b) (c)

Fig. 6. (a) Photograph of the experimental set up and (b) schematic and
(c) micrograph of the device under test. In (c), a Jurkat cell 1s trapped between
two tapered sections of the center electrode of a coplanar waveguide, which are
10-pm apart. Dashed lines delineate the microfluidic channel.

characteristic impedance across a UWB of 9 kHz-9 GHz before
the tapers [14]. The CPW is 0.5-um thick, whereas the quartz
substrate is 500-pum thick. A 15-nm-thick Ti layer is inserted
between gold and quartz to enhance adhesion. The main differ-
ence of the electrode construction from that of [13] is that the
present electrode is 0.5-pm thick instead of 2-pm thick, which
allows the electrode to be tapered more sharply.

For proof of concept, Jurkat cells were chosen for their rel-
atively simple structure, large diameter, and nonadherent na-
ture. Similar to [13]. cells were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum, 100 unit/mé penicillin,
and 100 pg/mé streptomycin in a 37 °C, 5% CO, incubator.
Cells were twice washed before resuspension in an isotonic so-
lution with 8.5% sucrose and 0.3% dextrose to a concentration
of 3 x 109 cell/m¢. The resuspended cells were injected into the
microfluidic channel at a rate of 0.1 pé/min. Cell viability was
tested in a separate experiment with trypan blue staining, which
showed more than half of cells survived the sucrose solution
after 10 h [18].

Jurkat cells were trapped singularly by a 0-dBm 5-MHz
PDEP signal generated by the VINA. Proper trapping was ver-
ified through the microscope as shown in Fig. 6(c), before the
flow was reduced to a creep to avoid dislodging the cell with-
out the pDEP signal. To avoid the complication of fluid dy-
namics, crossover frequencies were measured through detrap-
ping instead of trapping experiments. To measure f7, the VNA
was programmed to generate a 3-dBm nDEP signal with its
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Fig. 7. Sequential micrographs of the detrapping of a Jurkat cell under an
nDEP signal of 6 dBm and 400 MHz.

frequency stepping down from 100 kHz to 10 kHz by 5 kHz
every 4 s in the first set of experiments to determine the range
of f7. and from 40 kHz to 20 kHz by 1 kHz every 4 s in the
second set of experiments to determine the precise value of f7.
To measure f77, the VNA was programmed to generate a 6 dBm
nDEP signal with its frequency stepping up from 50 MHz to
2000 MHz by 50 MHz every 4 s first, and from 250 MHz to
350 MHz by 10 MHz every 4 s later. (Higher power was needed
for nDEP than for pDEP especially for f7; as implied by Fig. 1.)
Meanwhile, micrographs were recorded every 0.4 s and post-
processed by the Nikon AR Elements software to quantify the
cell displacement at any given moment. Fig. 7 illustrates the
recorded displacement trajectory of a detrapped cell.

IV. RESULTS AND DISCUSSION

Fig. 8 shows the DEP signal waveforms and the cell dis-
placement trajectory for detrapping experiments at both kilo-
hertz and megahertz frequencies. The experiment was repeated
twelve times on twelve different cells at kilohertz frequencies,
and ten times on ten different cells at megahertz frequencies.
For each experiment, it is the onset of the displacement that
matters, the exact trajectory after detrapping is not of inter-
est. Nevertheless, the trajectory shows that there is sufficient
dwell time at each frequency step for a cell to be detrapped
if the frequency is sufficiently low or high. Once detrapped,
the cell is completely detrapped as indicated by greater than
10 um displacement. Based on where each trajectory intercepts
the horizonal axis of zero displacement. f7 or fiy can be read
from the DEP signal waveform for the frequency at that par-
ticular moment. There is no significant difference between the
first [Fig. 8(a) and Fig. 8(c)] and second [see Fig. 8(b) and
(d)] sets of experiment, even though the second set of exper-
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Fig. 8. DEP signal waveform and cell displacement trajectory for (a), (b) low-

frequency and (c), (d) high-frequency detrapping of a Jurkat cell. The experiment
was repeated seven times in (a) and five times in (b)~(d). Each time a different
cell was used.

iment was performed months later on a new batch of freshly
cultured cells and involved narrower frequency range and step.
Therefore, they were combined in calculating the average and
standard deviation of f7 or fy.

From Fig. 8, it can be concluded that f; = 28 4 4kHz and
Ju = 326 4+ 35MHz. Thus, although the measured f7 is within
its theoretical range, the difference between the measured and
calculated f7; is too large to be explained by either the mea-
surement uncertainty, the theoretical parameter uncertainty, or
in combination. This difference can be attributed to the field
being highly nonuniform, especially at higher frequencies, so
that (11)—(14) need to be modified according to the actual field
distribution, which can only be done through finite-element sim-
ulation [12]. The difference between the presently measured f7
and that of [ 13] can be attributed to the difference in the detailed
electrode design.

As shown in Fig. 1, the calculated f7; increases with in-
creasing C¢ but decreases with increasing Rc. Since the calcu-
lated f7 is lower than the measured f7. it is possible that (13)
underestimates .. If ¢, is increased from 31 to 77 g (close
to the dielectric constant of water at room temperature). fr
will increase to 369 MHz, which will be in the range of the
measured f7;.

Presently, pDEP and nDEP are used to quickly trap and detrap
a cell so that rapidly successive measurements can be performed
to extract the small cell signal from the background signal,
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amounting to an interferometer in time domain instead of spatial
domain [19]. As shown in Fig. 8. trapping and detrapping usually
occur in a few seconds so that the entire sequence of trapping,
characterization, and detrapping can be conveniently completed
on the order of 1 min [20]. Under such conditions, it is unlikely
that DEP can alter the state of the cell, especially in view of
the fact that much higher power of at least 9 dBm is required
to trigger electroporation or otherwise affect cell vitality [21].
The absence of heating by DEP is confirmed by a temperature-
sensitive dye under an even stronger signal of approximately
15 dBm [12]. Lastly. DEP does not appear to significantly alter
the shape and size of the cell as shown in Fig. 7.

V. CONCLUSION

In the past, due to the bandwidth limitation of most DEP
setups, the upper crossover frequency of the real part of the
Clausius-Mossotti function was rarely validated. However, with
increased bandwidth of current DEP setups, it is important to
validate the upper crossover frequency as well as the lower
crossover frequency. This will allow DEP to be used to sort or
characterize the cytoplasm properties of cells in addition to their
membrane properties.

For the first time, we calculated both lower and upper
crossover frequencies, f7 and f7;. by using cell parameters R,
Cu» Re, and C measured on the same UWB setup as that for
single-cell DEP. The calculation suggests that in the extreme
cases when the uncertainties in Rz, Cys. Re. Ce. and rg all add
up. fr = 0—-127kHz and fi; = 45-108 MHz. The calculated f;
was found to be in general agreement with the measured f7 . but
the calculated fy was significantly different from the measured
fu- Specifically, the measured f; = 28 + 4kHz, whereas the
measured f;y = 326 & 35 MHz.

The difference between calculated and measured f; can be
attributed to the field being highly nonuniform in single-cell
DEP, especially at higher frequencies. This implies that in the
future the calculation of f7;y needs to be modified by using the
field distribution obtained by finite-element simulation. How-
ever, simulation in this case is not trivial because it involves
bridging the gap between static field on the micrometer scale
with wave propagation on the centimeter scale [12]. Addition-
ally, present calculation ignores any adhesive force. With closely
spaced electrodes in single-cell DEP, even a relatively nonadher-
ent Jurkat cell. after being trapped. may experience some level of
adhesion to the electrodes. Therefore, adhesion force will need
to be considered in the calculation in the future. In any case, the
difference between the calculated and measured crossover fre-
quency suggests that the classical Clausius-Mossotti function,
originally derived from the Maxwell-Wagner mixture model of
a cell suspension, may not apply to single-cell DEP in a straight-
forward manner. especially at high frequencies.
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