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Microfluidic  impedance-based  devices  with  coplanar  electrode  layout  represent  an  attractive  tool  for
low-cost,  label-free,  single-cell  analysis.  However,  their  usefulness  has long  been  limited  by the  posi-
tional  dependence  of  the  measured  signals,  i.e., identical  particles  traveling  along  different  paths  provide
different  traces.  In this  paper we  show  that  it is  possible  to  significantly  reduce  this  unwanted  effect  via
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eywords:
mpedance cytometry
oplanar electrodes
icrofluidics

straightforward  signal  processing,  by exploiting  the richness  of  the  information  contained  in  the  recorded
traces.

© 2017  The  Author(s).  Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ingle-cell analysis

. Introduction

Coulter cytometers count and size particles by measuring the
ariations in electrical impedance that the particles cause when
isplacing a conductive fluid in an electric field [1]. Displaced vol-
me  is measured as a voltage pulse, whose magnitude provides

nformation on the size of the particle.
During the last few years, there has been a growing interest

n developing micro-scaled particle detectors based on the Coul-
er principle, due to their potential application to cell detection
nd analysis, which may  be implemented as label-free alternative
o flow cytometry instruments [2]. The transition to microfluidic
ystems facilitated the development of microchip impedance spec-
roscopy, a method that allows cell counting and sizing combined
ith the ability to differentiate between cell types by multi-

requency impedance measurements (e.g., [3–10]). In particular,
t low frequencies the technique provides cell sizing because the
mpedance signal is proportional to cell volume. Higher frequency

mpedance measurements (1–5 MHz  in saline) give information on
he cell membrane capacitance, whilst frequencies above several

Hz  probe the internal properties of the cell [11].
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Microfabricated impedance chips typically consist of microflu-
idic channels with integrated microelectrodes in coplanar or
parallel-facing configurations [12]. Parallel-facing configurations
have electrodes on both the top and the bottom of the channel,
thus requiring the patterning of two  separate substrates and their
aligned bonding [13], which requires advanced equipment. On the
other hand, coplanar electrodes are attractive since they can be
easily patterned at very small dimensions yielding miniaturized,
reproducible, and ultimately low-cost devices [14,15].

The resolution of Coulter-type devices is limited by the variabil-
ity in the particle path through the sensing region [12,16,17]. In fact,
due to a non-homogeneous electric field distribution, nominally
identical particles flowing through different trajectories experience
different electric field strengths and generate different impedance
signals [11].

In order to mitigate the resulting error in the estimated parti-
cle size, great effort has been devoted towards the development
of particle focusing approaches, with the purpose of aligning par-
ticles through the same trajectory (e.g., sheath flow [18], inertial
focusing [19–21], dielectrophoresis [22–24], acoustophoresis [8],
and hybrid approaches [25,26]). We  have recently introduced a
focusing-free approach for the parallel electrode configuration [27].
That method uses multiple pairs of facing electrodes to measure

the transit time of particles through the sensing region using two
simultaneous current measurements having different spatial orien-
tation (i.e., transverse to channel axis and oblique). By comparing
the transit times relevant to transverse and oblique signals, an
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stimate of the vertical position of the particle is obtained, that
s used to effectively compensate for the non-uniform electric field
n the channel. However, that approach cannot be directly trans-
erred to a coplanar layout, which on the other hand is even more
ensitive to measurement inaccuracy due to positional dependence
28,29].

In this paper, we propose a method that significantly increases
he size-estimation accuracy of standard coplanar electrode con-
gurations without the need for particle focusing. It exploits the
ichness of the information contained in the measured signal traces,
nd hinges on a straightforward compensation strategy.

. Materials and methods

.1. Working principle

The schematic representation of a typical microfluidic
mpedance chip with coplanar electrodes is pictured in Fig. 1(a).
he microchannel is filled with a conductive fluid, an AC voltage
ignal is applied at the central electrode, and the difference in
urrent collected from the lateral electrodes is measured. The
assage of a flowing particle is recorded as a pair of opposite peaks

31]. In fact, the differential current is maximal [resp. minimal]
hen the particle is approximately half-way between the left

resp. right] electrode and the central electrode, where the electric
eld strength is higher (Fig. 1(b)). Peak amplitude is a measure of

ig. 1. Typical coplanar electrode microfluidic impedance chip. (a) Schematic rep-
esentation (side view): AC excitation signals are applied to the central electrode,
nd the difference in current flowing through the lateral electrodes is measured,

Diff = I2 − I1. (b) Typical current lines and electric field magnitude distribution. (c)
ifferential signals (real part) generated by a particle passing through the sens-

ng region of the device at three different heights: close to the electrodes (curve
),  through the middle of the channel (curve 2), and close to the top of the channel
curve 3). Finite element simulation results (details of model equations can be found
.g. in [30]). (d) Bipolar Gaussian template used as event fitting function.
tors B 247 (2017) 580–586 581

particle volume [11]. However, the electric field strength decreases
away from the electrodes, and therefore identical particles trav-
eling close to the electrodes (curve 1), through the middle of the
channel (curve 2), or close to the top of the channel (curve 3),
respectively yield higher, intermediate, or lower peak amplitudes
(Fig. 1(c)).

A  bipolar Gaussian profile [31,32] can be used to fit the differ-
ential signal traces (Fig. 1(d)):

s(t) = a[eg+(t) − eg−(t)], (1)

with

g±(t) = −(t − (tc ± (ı/2)))2

2�2
. (2)

This template depends on four parameters: central time moment,
tc; transit time, ı; peak width control, �; and peak amplitude con-
trol, a.

The cube root of a can be used to estimate particle diameter:

D = Ga1/3, (3)

where G is a gain factor to account for the electronic circuitry
(G = 10.5 �m/�A1/3 for the present experimental setup). Accord-
ingly, D is referred to in the following as “electrical” diameter. A
significant spread in D is found even for a monodisperse particle
population, due to the positional dependence issue. The transit time
ı can be used to estimate particle velocity v [3]:

v = L

ı
, (4)

where L is the electrode pitch (Fig. 1(b)). Particle velocity v reflects
particle position through the channel (i.e., a particle near the walls
moves more slowly than one travelling in the centre). However,
the velocity profile in the channel cross section is quite different
from the signal amplitude distribution of identical particles flowing
at different positions (ESI, Figure S1). As a consequence, particle
velocity v alone cannot be used to compensate for the spread in
signal amplitude [27].

On the other hand, by analyzing the pulse curve shapes
(Fig. 1(c)), it is possible to determine approximately where in the
channel a particle was travelling [33,8]. In particular, particles trav-
eling close to the electrodes yield narrower pulses than particles
traveling far from the electrodes. This suggests that the shape
parameter �/ı, i.e. the peak width control � normalized by the par-
ticle transit time ı, is a metric correlating with particle trajectory
(see also ESI, Figure S2). This shape parameter has been used in [33]
to discard particles travelling in the lower half of a microfluidic
channel with parallel-facing electrodes, reducing the coefficient
of variation (CV) of any single population, at the expense of halv-
ing the throughput. In Section 3 we  demonstrate for the first time
how the metric �/ı can be used to implement a straightforward
compensation procedure, able to effectively mitigate the positional
dependence of the measured traces.

2.2. Chip design and fabrication

The microfluidic chip was  fabricated using standard microfab-
rication techniques. It is made of a polydimethylsiloxane (PDMS)

block containing the microfluidic channel, bonded to a glass slide
with deposited Ti/Au microelectrodes (20 nm / 200 nm). The PDMS
microchannels were replica molded from photolithographically
patterned SU-8 molds, while the electrodes were deposited on glass
using optical lithography, e-beam evaporation and lift off proce-
dures. In the sensing region the channel is 40 �m wide and 21 �m
high; electrodes width in the flow direction is 30 �m,  with a 10 �m
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Fig. 2. Fluidic layout (top view) and bright field image of the gold electrodes in the
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ensing region (channel width, 40 �m;  channel height, 21 �m).

pacing (Fig. 2). A custom chip holder is used for fluidic and electric
onnections.

.3. Sample preparation

The proposed approach is described and validated by means
f polystyrene beads (Sigma-Aldrich and PolySciences). In partic-
lar, beads with diameters of 5.2, 6, and 7 �m were suspended

n PBS (phosphate-buffered saline) with 0.1% Tween 20 to avoid
ead aggregation, and sufficient sucrose to match the density of
he beads (1.05 g/cm3). Sample conductivity was 1.1 S/m. The beads
ere sonicated prior to experiments in order to reduce cluster for-
ation.
Moreover, as a proof-of-concept application, we  considered

aker’s yeast (Saccharomyces cerevisiae),  which is one of the most
ntensively studied eukaryotic model organisms in molecular and
ell biology [34]. Fresh yeasts were bought in a local grocery and
uspended in a PBS buffer containing 0.1% BSA (bovine serum albu-
in) to avoid sticking to the channel wall, and enough sucrose to

chieve neutral buoyancy. Sample conductivity was  0.8 S/m. A stan-
ard Trypan Blue assay was performed to confirm yeasts viability.
isual inspections in a cell counting chamber revealed a negligible
umber of budding cells. For internal reference, the sample was
piked with 6 �m diameter beads (distinguishable from the yeasts
y means of opacity [35]).

.4. Experimental setup

The sample was pumped into the microfluidic chip by a syringe
ump (Harvard Apparatus) operating at 10 �l/min. An inline bio-
ompatible filter with 10 �m porosity was used to prevent the risk
f channel clogging. An impedance spectroscope (HF2IS,2 Zurich
nstruments) was used to apply an AC voltage signal (4 V amplitude)
o the central electrode, and to demodulate the differential signal
ollected from the lateral electrodes and conditioned by a tran-
impedance amplifier (HF2TA, Zurich Instruments). A stimulation
requency of 1 MHz  was used for the bead suspension [27], whereas
east measurements were performed at 0.5 MHz  [36,24,37]. A PC
as used for instrument control and signal processing. Event detec-

ion in the datastream and segmentation were performed with the
lgorithm described in [32], and a Matlab script was used for fitting
he template reported in Eq. (1) to event traces.

. Results and discussion

.1. Experiments with polystyrene beads
Bead populations with diameters of 5.2, 6 and 7 �m,  respec-
ively, were separately passed into the device at a concentration of

2 https://www.zhinst.com/manuals/hf2
tors B 247 (2017) 580–586

approximately 106 beads/ml. For each event detected by the seg-
mentation algorithm, the parameters a, �, ı, needed to compute the
electrical diameter D (Eq. (3)) and the shape parameter �/ı,  were
obtained by fitting the bipolar Gaussian template (Eq. (1)) to the
experimental trace. The histogram of the root mean squared error
of the fit, normalized by peak amplitude control a, is reported in
ESI, Figure S3.

Fig. 3(a)–(c) show the density plots of the shape parameter �/ı
against the electrical diameter D, respectively relevant to the 5.2, 6,
and 7 �m diameter beads. For comparison purposes, those density
plots are shown together in Fig. 3(d). It turns out that, for each
bead population, the lower the shape parameter �/ı, the higher
the electrical diameter D.

For illustrative purposes, five exemplary events, labelled from
A to E, were selected (Fig. 3(d)). In particular, the events A, C,
D, respectively with high, intermediate, low values of the shape
parameter �/ı, were picked in the datastream generated by 6 �m
diameter beads. Moreover, the events E, B, with the same electrical
diameter than event C, were chosen in the datastreams generated
by 5.2 and 7 �m diameter beads, respectively. The experimental
traces of those events, as extracted from the relevant datastreams,
are reported in Fig. 3(e)–(i) (blue line) along with their fitting tem-
plate (red line). Events A, C, and D, though relevant to same size
beads (6 �m),  exhibit electrical diameters of 5.1 �m,  7.2 �m,  and
8.3 �m,  respectively. On the other hand, the shape parameters of
their traces are 0.26, 0.23, and 0.20 respectively. These consider-
ations suggest that bead A was  traveling close to the top of the
channel, bead C through the middle of the channel, and bead D close
to the electrodes. Events B, C, and E, representing beads of different
size (respectively, 7, 6, and 5.2 �m),  have the same electrical diam-
eter (7.2 �m).  This is consistent with B traveling close to the top of
the channel, C through the middle of the channel, and E close to the
electrodes, as suggested by the different shape parameters of their
traces (respectively, 0.26, 0.23, 0.20).

Fig. 4 collects the density plots of the shape parameter �/ı
against the electrical diameter D normalized by the nominal bead
diameter d, for the three populations of beads. Because the mea-
sured signal is proportional to particle volume, those density plots
overlap. A linear regression model is used to fit the data:

D/d = c1 + c2(�/ı), (5)

from where

d = D

c1 + c2(�/ı)
. (6)

Data relevant to individual bead populations or all the populations
together were considered, and the resulting fitting parameters c1
and c2 are reported in Table 1, along with the relevant coefficient
of determination r2. The latter turned out to be close to 1, show-
ing that the variance in the normalized electrical diameter D/d is
well predictable from the shape parameter �/ı by using the lin-
ear regression model (5). Moreover, practically the same parameter
values c1 and c2 were obtained from each population or the whole
ensemble.

Fig. 5(a) and (b) show histograms of the electrical diameter of
(a) individual particle populations and (b) a mixed sample com-
prising equal concentrations of each population. As expected, the
distribution has a significant spread and skew due to the positional
dependence issue [8], and it is hard to recognize the presence of
three bead populations in the histogram of Fig. 5(b).

Eq. (6) was used to correct the raw data as follows:
D-corr = D

c1 + c2(�/ı)
, (7)

where c1 and c2 are reported in Table 1 (last row). The efficacy and
effectiveness of this simple compensation method is evident from

https://www.zhinst.com/manuals/hf2
https://www.zhinst.com/manuals/hf2
https://www.zhinst.com/manuals/hf2
https://www.zhinst.com/manuals/hf2
https://www.zhinst.com/manuals/hf2
https://www.zhinst.com/manuals/hf2
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Fig. 3. Density plot of populations of beads with different sizes, with the shape parameter �/ı plotted against the electrical diameter D. (a) 5.2 �m diameter beads, (b) 6 �m
diameter beads, (c) 7 �m diameter beads. The density plots are shown together in (d), w
respectively shown in (e)–(i) (experimental trace, blue line; fitting template, red line), al
figure  legend, the reader is referred to the web  version of this article.)

Fig. 4. Density plot of the shape parameter �/ı against the electrical diameter D
normalized by the nominal bead diameter d. The density plots relevant to the three
populations of beads separately measured are plotted together and overlap. The
l
l
r

t
l
a
t
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m

a broader particle size range, experimental measurements relevant
to a mixture of 3, 6 and 10.1 �m diameter beads have been carried
out, using 4, 2, or 1 V stimulation amplitude (see ESI, Figure S4).

Table 1
inear fit D/d = c1 + c2(�/ı) is shown as red line (fit parameters reported in Table 1,
ast  row). (For interpretation of the references to color in this figure legend, the
eader is referred to the web  version of this article.)

he histograms of Fig. 5(d) and (e), where the three bead popu-

ations of different size are clearly identifiable. Fitting a Gaussian
llows the CVs to be calculated as follows: 4.1%, 1.8%, and 1.9%, for
he 5.2, 6, and 7 �m diameter beads respectively.3 It is emphasized

3 Manufacturers’ quoted values are 2.6%, 10.0%, and 1.7%, respectively. The 10.0%
V  of the 6 �m diameter beads from PolySciences is probably a conservative esti-
ate.
here exemplary events are labelled from A to E. The relevant traces (real part) are
ong with a side view cartoon. (For interpretation of the references to color in this

that these values were obtained without using any particle focus-
ing system. Similar values were reported by other groups that use
impedance in combination with external force fields to position
particles. Reported CV’s include 1.8% (dielectric focusing of 6 �m
particles, manufacturer’s CV 1.2%) [13], and 2.04% [resp. 1.50%]
(acoustic focusing of 7 �m particles, after removing 3.8% [resp. 5%]
extremal events, manufacturer’s CV <2.0%) [8].

Fig. 5(c) and (f) show density plots of particle velocity versus
electrical diameter for the mixture of beads (raw data in (c) and
corrected data in (f)), demonstrating that this simple algorithm sig-
nificantly reduces the height dependent variation in impedance, i.e.
all particles of a given size range have similar corrected electrical
diameter irrespective of their trajectory through the channel.

In order to assess the performance of the proposed method over
Parameters of the linear regression model D/d = c1 + c2(�/ı) used to fit data plot-
ted in Fig. 4 (individual bead populations or whole ensemble), and coefficient of
determination r2 of the regression.

d [�m] c1 c2 r2

5.2 2.57 −6.01 0.93
6.0  2.61 −6.09 0.96
7.0  2.57 −6.07 0.97
All  2.57 −6.03 0.95
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Fig. 5. Histogram of the electrical diameter of 5.2, 6 and 7 �m diameter beads measured (a) separately and (b) together. The data corrected according to Eq. (7) is presented
in  (d) and (e). Density plots of particle velocity vs electrical diameter for the mixture of beads (c) before and (f) after correction.
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The values of the parameters c1 and c2 used to compute the
orrected electrical diameter D-corr (Eq. (7)) generally depend
n the experimental setup (e.g., buffer conductivity, stimulation
requency, electrode impedance). For a given setup, they can be
btained by means of a simple calibration procedure: (i) run the
uffer spiked with a monodisperse bead population of nominal
iameter d; (ii) obtain the relevant density plot of the shape param-
ter �/ı against the normalized electrical diameter D/d (as in Fig. 4);
iii) fit the data to the linear model in Eq. (5).

.2. Experiments with yeasts

The yeast preparation spiked with 6 �m diameter beads,
escribed in Section 2.3, was then analyzed. Fig. 6 shows the den-
ity plot of the shape parameter �/ı against the electrical diameter
. Besides the 6 �m diameter beads, two yeast populations can
e recognized (see also ESI, Figure S5). Their presence, which is

ot evident in the histogram of the electrical diameter D reported

n Fig. 7(a), becomes clear by applying the correction reported in
q. (7). Indeed, Fig. 7(c) shows that the histogram of the corrected
lectrical diameter D-corr can be described as the superposition of
Fig. 6. S. cerevisiae yeasts spiked with 6 �m diameter beads. Density plot of the
shape parameter �/ı against the electrical diameter D.

two Gaussian distributions with mean values of 4.6 ± 0.6 �m and

5.9 ± 0.5 �m.  These findings are comparable with those reported in
the literature [38]. Density plots of particle velocity versus electri-
cal diameter are reported in Fig. 7(b) and (d), respectively for raw
and corrected data.
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Fig. 7. S. cerevisiae yeasts spiked with 6 �m diameter beads. Histograms of the electrical diameter (a) before and (c) after correction (yeasts, blue bins; beads, red bins). In (c),
fitting  Gaussian distributions are also shown. Density plots of particle velocity vs electrical diameter (b) before and (d) after correction. (For interpretation of the references
t .)
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. Conclusions

In this work we have demonstrated a method that significantly
educes the positional dependence issue affecting Coulter-type
icrofluidic devices with coplanar layout. The proposed focusing-

ree approach requires trivial calibration of a given experimental
etup together with straightforward signal-processing. The eas-
ness of fabrication of coplanar electrodes coupled with the
ncreased accuracy in particle sizing achieved by the proposed

ethodology make the resulting device a simple and effective
ool for label-free particle analysis, with potential applications in

edicine, life science and quality control.
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