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Abstract—Live Jurkat cells were trapped by dielectrophoresis
on a coplanar waveguide and the resulted changes in its reflection
and transmission coefficients were measured from 900 Hz to 40
GHz. The measurement confirms that the decrease of nucleus size
in a cell increases its impacts on both the reflection and
transmission coefficients. Being fast, compact and label free,
broadband electrical sensing may be used to detect other changes
of the nucleus morphology and DNA content, which could be
useful for cancer diagnosis.

Keywords—Biological cells, biosensors, nuclear measurements,
microwave measurements, ultra wideband technology

I. INTRODUCTION

Sensing the nucleus morphometry and DNA content in a
biological cell is critical to identification of cancer cells, because
the change in the cell nucleus can reflect gene mutation, altered
gene expression, and tumor development [1]. To this end,
optical microscopy and flow cytometry have been developed,
but usually require cell labeling and terminal testing [2]. By
contrast, microwave sensing of individual biological cells [3],
[4], especially over an ultrawide bandwidth of 9 kHz to 9 GHz
[5], has been used as a label-free and noninvasive technique to
sense the nucleus size in a live cell [6]. This work expands on [6]
by extending further the bandwidth to 900 Hz—40 GHz,
especially to capture the peak change around 20 GHz in the
reflection coefficient of a coplanar waveguide (CPW) with a live
cell trapped on it.

II. EXPERIMENTS

Fig. 1 shows that the experimental setup is similar to that of
[6] except in the microfluidic channel design. The setup is based
mainly on a homemade microwave probe station and a Nikon
Eclipse Ti-E inverted fluorescence microscope. The microscope
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is equipped with a high-speed (100 frame/s) three-color
Hamamatsu video camera for simultaneous optical and
electrical measurements in real time. The device under test
(DUT) comprises a gold CPW, 1-cm long and 0.5-um thick,
which is sandwiched between a 0.5-mm-thick quartz substrate
and a 5-mm-thick polydimethylsiloxane (PDMS) cover. The
bottom side of the PDMS cover is molded with a microfluidic
channel, which intersects the CPW at a right angle as shown in
Fig. 2(a). The gap between the center and ground electrodes of
the CPW is 16 um. The center electrode is mostly 200-um-wide
except under the microfluidic channel, where it is tapered down
to a 10 um by 10 pm gap. This gap is used to trap a live cell by
applying a dielectrophoresis (DEP) signal to the CPW.

Fig. 2(b) shows that the microfluidic channel has been
redesigned to add sheath flows to help focus the center flow.

Real-time
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Fig. 1. Experimental setup for sensing the nucleus size of a live cell using a
homemade microwave probe station on an inverted fluorescence microscope.
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Fig. 2. Bright-field micrographs of (a) a live Jurkat cell trapped on a CPW
by DEP and (b) a microfluidic junction with the center flow purposely dyed
darker. Fluorescence micrographs of (c) untreated and (d) treated cells stained
blue (with Hoeschst 33342) and green (with Calcein-AM) to reveal their nucleus
and cytoplasm sizes, respectively.

While the center flow contains cells suspended in a sucrose
solution, the sheath flows contain only the sucrose solution.
Although the microfluidic channel remains 100-pum-thick and
200-pm-wide, by controlling the center and total sheath flow
rates at 0.25 p/min and 0.75 pf/min, respectively, the center
flow is narrowed down to approximately 40-um-wide. This
increases the DEP trap rate from approximately one cell per min
to one cell every 10 s.

A Keysight Technologies N5247B PNA-X network analyzer
was used to apply the DEP signal to the CPW via a pair of
Cascade Microtech ACP40 GSG probes. After validating the
crossover frequencies over which the Clausius-Mossotti
function changes sign [8], a 3-dBm signal is used to trap the cell
at 5 MHz and to detrap it at 10 kHz. Once a cell is trapped, the
same network analyzer is used to generate a 15-dBm signal for
measuring the scattering (S) parameters of the CPW between
900 Hz and 40 GHz. Afterward, the cell is detrapped and the S

parameters quickly remeasured to establish the background level.

The difference between the two sets of consecutively measured
S parameters reflects the presence of the cell. Thus, the change
in the magnitude of the reflection coefficient Si; is defined as:

AlS,, |10 -log‘Sll (Wi cell)/S,, (wlo cell)‘

=10-log]$,, (w/ cell)| ~10-log]|S,, (w/o cell)| 0

Similarly, the change in the magnitude of the transmission
coefficient Sz is defined as:

A‘S21‘=10-10g‘S21 (W cell)/S,, (wio cell)‘
=10-log|S,, (W/ cell)| ~10-log|S,, (w/o cell) )

For proof of concept, Jurkat human lymphocyte cells are
chosen for their large size, simple structure, and nonadherent
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Fig. 3. Measured magnitudes of reflection coefficient |S;;| and transmission
coefficient |S,;| of the CPW without any cell trapped.

nature. To shrink the nucleus size, half of the cells were treated
in a solution of 460 pg/mé staurosporine in dimethyl sulfoxide
for 1 h [7]. The other half of untreated cells were kept as a
control. Fluorescent microscopy (Fig. 2) confirms that with the
treatment, the average nucleus-to-cytoplasm diameter ratio
decreases from 77% to 71% [6]. All cells, treated or not, were
twice washed and re-suspended in an isotonic solution of 8.5%
sucrose and 0.3% dextrose to a concentration of 3 x 10° cell/m?{
before electrical sensing. Cell viability was verified in a separate
experiment with Trypan Blue dye, which showed more than half
of cells survived after 10 h [4].

III. RESULTS AND DISCUSSION

Fig. 3 shows measured |S11| and |S1| of the CPW without any
cell trapped. It can be seen that |[Si1| and |S21| are well behaved in
general, except resonances around 10 GHz where the length of
the CPW is approximately half of the wavelength. Additionally,
below 10 MHz, |S>i| becomes rather noisy where it approaches
the noise floor.

Using seven treated cells and seven untreated cells, fourteen
single-cell measurements were made. With a cell trapped,
changes in |S1;| and |S21| are so small (0.1 dB or less) that they
are not discernable on the scale of Fig. 3. The changes can be
seen only when plotted by themselves as shown in Fig. 4. Each
curve in Fig. 4 represents the average of seven measurements
made on seven cells with the standard deviation indicated. It can
be seen that similar to [6], the change in |S;| is broader and more
prominent, whereas the change in |S1i| is weaker but peaks at
high frequencies. However, different from [6], the peaks are
well captured in the present measurement. As the result, it can
be clearly seen that for a treated cell, the peak change in |S1i
shifts from around 20 GHz to around 8 GHz. Depending on the
experimental design, it may be easier to sense the frequency shift
in the |S11| change or the magnitude increase in the |S21| change.

According to sensitivity analysis [9], signals above fy can
readily bypass the cell membrane, where

=1/(27C.\|R.Z,
ﬁ) /( C C 0) , (3)
Cc is the cytoplasm capacitance, Rc is the cytoplasm resistance,
and Zj is the system impedance. For an untreated Jurkat cell, Cc
= 6.4 fF and Rc = 1.2 MQ. With Z;, =50 Q, fo = 3 GHz. In this
case, the changes in |S11| and |S2| mainly reflect the change in
Cc. Specifically,
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Fig. 4. Measured changes in |Sy| and |S,;| of the CPW with a staurosporine-
treated or an untreated cell trapped.

A‘Sn‘/‘sn‘z_(zwcczo)z (ACC/CC) , 4)

and

AlS, /18| > AC,/Cc ) )
where w is the angular frequency. Note that even at 40 GHz,
20CcZy << 1, which explains why the |S1i| change is much
weaker than the |S1| change. For an untreated cell above 3 GHz,
the measured changes are positive and negative in |S11| and [S21],
respectively. This is consistent with (4) and (5) with a negative
ACc, which is, in turn, consistent with a lower dielectric constant
for the cytoplasm than that of the sucrose solution (ec <es) [10]—
[12]. However, since [9] does not include the dispersion in the
dielectric properties of either the cell or the sucrose solution,
presently it cannot explain why the |S};| change peaks around 20
GHz. It is possible that while |[S2i| is sensitive to the primary
resonance around 10 GHz independent of the cell, |Sii| is
sensitive to the second-harmonic resonance around 20 GHz,
which is dependent on the reflection from the cell, treated or not.
The above observation indicates that, to expand the bandwidth
above 9 GHz, it is important to not only consider the dielectric
dispersion, but also to reduce the CPW length.

Further, the analysis of [9] is based on a single-shell cell
model [13], so that Cc actually includes contributions from both
the cytoplasm and the nucleus. In general, ec < &5 < gy for a
human lymphocyte cell, where ¢y is the dielectric constant of the
nucleus [14]. For a treated cell with a smaller nucleus, the
volume ratio of the cytoplasm to nucleus increases and the effect
of ec on AC¢ increases, making C¢ even smaller than that of an

untreated cell. This can explain why the |Si1| change is even
more positive for a treated cell than for an untreated cell.
However, a smaller C¢ should cause the |S21| change for a treated
cell to be less negative but not to become positive. This dilemma
awaits more careful quantitative analysis based on a double-
shell model [15].

IV. CONCLUSION

Live Jurkat cells were trapped by dielectrophoresis on a
CPW and the resulted changes in its reflection and transmission
coefficients were measured from 900 Hz to 40 GHz. By
comparing chemically treated cells with those untreated,
experimentally it was found that the decrease of nucleus size in
a cell generally increases its impacts on both the reflection and
transmission coefficients. This increase is consistent with a
decrease in the cytoplasm capacitance, which, according to the
single-shell model, includes contributions from both the
cytoplasm and the nucleus. However, before the present
technique can be used as a fast, compact and label-free technique
to sense other changes in the nucleus morphology and DNA
content, more careful quantitative analysis based on a double-
shell cell model with dispersive permittivities is needed.
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