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Coplanar electrode microfluidic chip enabling
accurate sheathless impedance cytometry

Adele De Ninno,$? Vito Errico,1? Francesca Romana Bertani,® Luca Businaro,”
Paolo Bisegna*® and Federica Caselli*®

Microfluidic impedance cytometry offers a simple non-invasive method for single-cell analysis. Coplanar
electrode chips are especially attractive due to ease of fabrication, yielding miniaturized, reproducible, and
ultimately low-cost devices. However, their accuracy is challenged by the dependence of the measured
signal on particle trajectory within the interrogation volume, that manifests itself as an error in the esti-
mated particle size, unless any kind of focusing system is used. In this paper, we present an original five-
electrode coplanar chip enabling accurate particle sizing without the need for focusing. The chip layout is
designed to provide a peculiar signal shape from which a new metric correlating with particle trajectory
can be extracted. This metric is exploited to correct the estimated size of polystyrene beads of 5.2, 6 and 7
pm nominal diameter, reaching coefficient of variations lower than the manufacturers’ quoted values. The
potential impact of the proposed device in the field of life sciences is demonstrated with an application to

rsc.li/loc Saccharomyces cerevisiae yeast.

1 Introduction

Single-cell impedance cytometry is a non-invasive method for
characterizing the dielectric properties of individual cells and
particles.”” A microfluidic impedance chip typically consists
of a microchannel equipped with microelectrodes and filled
with a conductive buffer. An AC voltage is applied to a pair of
electrodes, which causes a current to flow between them. The
current change upon passage of a cell between the electrodes
is measured and then analyzed to determine the cell dielectric
properties. Multifrequency impedance measurements can give
multiparametric, high-content data that can be used to distin-
guish cell types. In particular, at low frequency (below 1
MHz), the signal amplitude reveals the cell size, like in a
Coulter volume measurement, while higher frequencies can
be used to obtain information on the cell membrane, cyto-
plasm and subcellular components.®* Recent work has dem-
onstrated the application of microfluidic impedance cytome-
try to analyze plant cells,” microorganisms,®® erythrocytes,”*°
leukocytes,'™'* platelets,"'* and animal and human cell
lines.">™"®
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Two main electrode configuration designs have been pro-
posed in the literature: either channels with single-sided (co-
planar) electrodes embedded on one side of the channel, or
channels with electrodes embedded in facing sides (parallel
electrodes). Whereas fabricating front facing electrodes re-
quires advanced fabrication equipment and may pose align-
ment issues, coplanar electrodes can be easily patterned at
very small dimensions yielding miniaturized, reproducible,
and ultimately low cost devices."* "

In both designs, one main source of measurement inaccu-
racy is the dependence of the recorded signal on particle po-
sition within the interrogation volume.>>>* In fact, due to a
non-homogeneous electric field distribution, nominally iden-
tical particles flowing through different trajectories in the
channel experience different electric field strength and
generate a different signal." This manifests itself as an error
in the estimated particle size.

One approach to cope with the positional dependence of
the measured traces is particle focusing. Microfluidic sys-
tems for particle positioning, which wuse microscale
hydrodynamic effects like sheath flow* or inertial
focusing,>>” have been developed. However, sheath flow in-
creases the complexity of the system and consumes additional
fluid, while inertial focusing requires high flow rates and is
dependent on particle size. Alternatively, focusing systems re-
lying on an external force field like dielectrophoresis”**>°
(DEP) and acoustophoresis,”® or hybrid approaches like
dielectric focusing® and DEP-inertial microfluidics,®® can
be used. Generally, the magnitude of the force on a particle

This journal is © The Royal Society of Chemistry 2017
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(hence the focused position) depends on the physical proper-
ties of the particle, and system optimizations can be difficult
in the case of heterogeneous samples. Moreover, active sys-
tems may have limited throughput because particles must be
exposed to the outer force field for sufficient duration to
achieve effective functionality.*"

When looking for simple and portable assays, accurate
microfluidic impedance cytometers not requiring focusing
systems are desirable. In a recent work,** we have introduced
a focusing-free approach for the parallel electrode configura-
tion. That method uses multiple pairs of facing electrodes to
measure the transit time of particles through the device
using two simultaneous current measurements having differ-
ent spatial orientations (i.e. transverse to channel axis and
oblique). By comparing the transit times relevant to trans-
verse and oblique signals, an estimate of the vertical position
of the particle is obtained, that is used to effectively compen-
sate for the non-uniform electric field in the channel. That
approach hinges on the availability of parallel-facing
electrodes and cannot be straightforwardly extended to a co-
planar layout. On the other hand, the latter is even more sen-
sitive to positional dependence,*® and its usefulness has been
limited by the uncertainty in the determination of particle
volume.**

In this paper, we present an original five-electrode co-
planar layout providing accurate particle sizing without
the need for focusing. Multi-electrode impedance sensors
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provide multiple peaks and unique signatures for single
cells and particles, and have been exploited e.g. to increase
the signal-to-noise ratio® or maximize the throughput via
multiplexing.*® Our chip layout is designed so that the
signal trace is a fingerprint from which a new metric
encoding for particle trajectory height is obtained. This
metric is used to effectively compensate for the non-
uniform electric field in the channel, thus eliminating the
positional dependence issue.

2 Operating principle

Fig. 1(a) shows the typical three-electrode coplanar layout.
The channel is filled with a conductive fluid, an AC voltage is
applied to the central electrode, and the differential current
flowing through the lateral electrodes is collected and
demodulated. The passage of a particle through the sensing
region is recorded as a pair of opposite peaks.®” Peak ampli-
tude is a measure of particle volume' and peak locations cor-
respond to regions of higher electric field strength (approxi-
mately half-way between the central electrode and each
lateral electrode, Fig. 1(b)). However, the electric field
strength decreases away from the electrodes in the vertical di-
rection, and, therefore, identical particles traveling close to
the electrodes (curve 1), through the middle of the channel
(curve 2), or close to the top of the channel (curve 3),

(d)

floating floating

INT=S

100 150
Distance along channel (uzm)

200 250

(a—c) Typical coplanar electrode microfluidic impedance chip. (a) Schematic representation: AC excitation signals are applied to the central

electrode, and the difference in current flowing through the lateral electrodes is measured using a differential amplifier. (b) Typical current lines
and electric field magnitude distribution. (c) Differential signals (real part) produced by a particle passing through the sensing region at three
different heights: close to the electrodes (curve 1), through the middle of the channel (curve 2) and close to the top of the channel (curve 3). Finite
element simulation results. (d-f) Innovative five-electrode coplanar chip. (d) Schematic representation: AC excitation signals are applied to the cen-
tral electrode, and the difference in current flowing through the lateral electrodes is measured using a differential amplifier, with intermediate
electrodes floating. (e) Current lines and electric field magnitude distribution: weak-field regions are generated in front of the floating electrodes.
(f) Differential signals relevant to the three different particle trajectory heights considered in panel (c).
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Fig. 2 Bipolar double-Gaussian template used as an event fitting func-
tion. The definition of relative prominence P is also shown.
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Fig. 3 (a) Experimental setup. The microfluidic device is connected to
a syringe pump yielding a constant flow rate. An impedance
spectroscope provides an AC voltage signal (V) to the central electrode
and receives as differential input the current signals /; and I, collected
from the lateral electrodes and conditioned by a transimpedance
amplifier (TA). Intermediate electrodes are floating (fl). A PC is used for
control and data processing. (b) Fluidic layout. (c) Bright-field image of
the five-electrode sensing region (channel width, 40 um; channel
height, 21 um).

respectively, yield higher, intermediate, or lower peak ampli-
tudes (Fig. 1(c)§).

In order to cope with this positional dependence, rather
than striving to create a homogeneous electric field across
the sensing region, we propose to modulate the electric field
distribution in such a way that the shape of the measured
signal encodes information on particle trajectory height. To
this aim, a new coplanar layout is here proposed (Fig. 1(d)),
that introduces floating electrodes between the central
electrode and the lateral current collecting ones. In this way,
intermediate weak-field regions are generated in front of the
floating electrodes (Fig. 1(e)), which in turn are reflected as
local minima in the collected current (Fig. 1(f)). Therefore,

§ Finite element simulation results. Details of the finite element model can be
found e.g. in ref. 38 and 39.
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the resulting signal traces exhibit a bipolar double-Gaussian
profile well captured by the following fitting template (Fig. 2):

s(t) = alg(t - t. + 9/2) — g(t - t. - 5/2)], (1)
with

2= e (E2P/(20%) | o=(e+7/2)/(20%) )

This template depends on five parameters: central time mo-
ment, ¢ transit time, J; peak width control, o; peak distance
control, y, and peak amplitude control, a.

The transit time ¢ can be used to estimate particle velocity

v:40

v = L/J, (3)

where L is twice the electrode pitch (Fig. 1(e)). Moreover, the
cube root of a can be used to estimate particle diameter:

D = Ga'"?, (4)

where G is a gain factor to account for the electronic circuitry
(G = 14.9 um pA " for the present experimental setup). Ac-
cordingly, D is referred to in the following as “electrical” di-
ameter. A significant spread in D is found even for a mono-
disperse particle population (Fig. Si(a)f), calling for a
compensation approach.

As shown by the simulated traces in Fig. 1(f), the promi-
nence of the two peaks with respect to the saddle in between
is higher for particles traveling close to the electrodes (curve
1) than for particles traveling away from the electrodes (curve
3). Because signal amplitude also depends on particle size,
the following normalized metric, referred to as relative prom-
inence, is introduced (Fig. 2):

P= . (5)

where m and M essentially correspond to the signal ampli-
tude at the saddle and peaks, respectively, i.e.:

m:s(tc_é‘/z)’ M:(Mlcﬂ+Mriglll)/27
Mleflzs(tc_é‘/z_}//z)7 Mrlglllzs(tc_§/2+}//2)'

The following expression of the relative prominence can be
easily derived (see section 1, ESIT):

P=1-2¢ 7762 7)
and will be used in this work.
Finite element simulations show that the relative promi-

nence P correlates with the height of the particle trajectory
(Fig. S1(b)): the higher the former, the lower the latter. This

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Density plot of populations of beads of different sizes, with the relative prominence P plotted against the electrical diameter D. (a) 5.2 um
diameter beads, (b) 6 um diameter beads, (c) 7 um diameter beads. The density plots are shown together in (d), where exemplary events are
labelled from A to E. The relevant traces (real part) are respectively shown in (e)-(i) (experimental trace, blue line; fitting template, red line), along

with a side view cartoon.
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Fig. 5 Density plot of the relative prominence P 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 quadratic fit D/d = ¢; + coP +
c3P? is shown as a red line (fit parameters reported in Table 1, last
row).

This journal is © The Royal Society of Chemistry 2017

claim has been experimentally supported by means of a
quantitative defocusing approach® (Fig. S2 and S31). As a
consequence, the relative prominence P can be used to cor-
rect the electrical particle diameter (Fig. S1(c)f), as demon-
strated in section 4.

3 Experimental

The experimental setup is shown in Fig. 3(a). The micro-
fluidic =~ impedance chip consists of a  PDMS

Table 1 Parameters of quadratic model equation D/d = ¢; + coP + c3P2
used to fit the data plotted in Fig. 5 (individual bead populations or whole
ensemble)

d [pm] ¢ (2 3

5.2 0.98 0.13 0.30
6.0 0.98 0.13 0.30
7.0 0.98 0.11 0.32
All 0.98 0.13 0.30

Lab Chip, 2017, 17, 1158-1166 | 1161
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Fig. 6 Histograms of the electrical diameter of 5.2, 6 and 7 um diameter beads measured (a) separately and (b) together, showing significant
spread and asymmetry. After compensation, (d) and (e), almost perfect Gaussian distributions are found. (c) and (f) show the density plots of
particle velocity vs. electrical diameter for the mixture of beads (c) before and (f) after correction. In (f), each population of beads has the same
electrical diameter regardless of velocity and therefore position in the channel.
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Fig. 7 Yeast sample (spiked with 6 um diameter beads). Density plot
of the relative prominence P against the electrical diameter D (Y1 and
Y2, yeast populations; B, beads).

1162 | Lab Chip, 2017, 17, 1158-1166

(polydimethylsiloxane) fluidic top layer and patterned micro-
electrodes in a coplanar configuration on glass (Fig. S4(a)t).
In the sensing region, the microchannel cross-sectional area
is 40 um (w) x 21 pm (A) (Fig. 3(b)). The Ti/Au electrodes (20
nm/200 nm) were deposited on a glass substrate (75 x 25 x 1
mm) using optical lithography, e-beam evaporation and lift-
off procedures. The sensing electrode width is 30 um, and
the spacing between them is 10 um (Fig. 3(c)). The PDMS
(10:1 v/v, Sylgard 184, Dow Corning) microchannels were
replica molded from photolithographically patterned SU-
8 2025 (MicroChem) molds. The PDMS and glass were both
activated by O, plasma treatment (power: 20 W, flux: 60
sccm, pressure: 700 mtorr, time: 30 seconds, Oxford
PlasmaLab RIE system) before alignment and irreversible
bonding. For fluidic access, a Teflon tube (OD: 1/16") was
inserted into the chip inlet and connected to a syringe pump
(Elite 11, Harvard Apparatus), whereas electrical connections

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Yeast sample (spiked with 6 um diameter beads). Histograms of the electrical diameter, (a) before and (c) after correction (Y1 and Y2, yeast
populations; B, beads). Density plots of particle velocity vs. electrical diameter (b) before and (d) after correction.

were made to the chips using pogo-pins within a custom chip
holder (Fig. S4(b)t).

Model particle samples consisted of polystyrene beads
with diameters of 5.2, 6 and 7 um (Sigma-Aldrich and Poly-
sciences). The beads were resuspended to a concentration of
approximately 10° beads per ul in PBS containing 0.1%
Tween 20 and enough sucrose to match the density of the
suspending medium to the density of the particles (1050 kg
m~?). The conductivity of the final medium was verified to be
1.1 S m™" using a Cond7 conductivity meter combined with a
conductivity cell 2301T (XS Instruments).

In order to show the potential impact of the proposed
methodology on life sciences applications, baker's yeast (Sac-
charomyces cerevisiae) was also considered, which is one of
the most popular model organisms for basic biological re-
search.’” Yeasts were obtained from a local grocery store and
diluted in a PBS buffer spiked with 6 pm beads and
containing sufficient sucrose to achieve neutral buoyancy.
The number of dead cells was found negligible (<1%) in a
standard Trypan Blue exclusion test. Budding cells were also
rare, and non-budding cells exhibited a roughly spherical
shape by visual inspection. The addition of 0.1% bovine se-
rum albumin (BSA) prevents the adhesion of cells on the
microchannel walls. The final medium conductivity was 0.8 S
m™.

Samples were pumped through the device at a flow rate of
10 ul min™". Impedance was measured using a Zurich Instru-
ments transimpedance amplifier (HF2TA, 10 kQ gain) and
impedance scope (HF2IS, 20 kHz filter bandwidth). An excita-
tion signal of 4 V was applied to the central electrode and the

This journal is © The Royal Society of Chemistry 2017

differential current collected by the lateral electrodes
was sampled at 115 ksps. A stimulation frequency of
1 MHz was used for the bead suspension,®
whereas yeast measurements were performed at 0.5
MHz.*”%*3 Event detection in the data stream was performed
with an algorithm reported previously,** and a simple Matlab
script was used for event fitting and feature extraction. With
the present flow rate and sample concentration, a theoretical
throughput of 166 events per second was computed. A
throughput of about 140 events per second was measured,
because the segmentation algorithm rejects coincidences.
The data from this paper is available in the ESL}

4 Results

4.1 Experiments with beads

Fig. 4(a)-(c) respectively show the density plots for 5.2, 6 and
7 um diameter beads, separately pumped into the device,
with the relative prominence P (eqn (7)) plotted against the
electrical diameter D (eqn (4)). Parameters a, o and y in eqn
(4) and (7) have been obtained by fitting the bipolar double-
Gaussian template (eqn (1)) to the experimental traces. The
histogram of the root mean squared error of the fit, normal-
ized by peak amplitude control q, is reported in Fig. S5.F

The density plots in Fig. 4(a)-(c) are shown together in
Fig. 4(d). Examples of experimental single-particle signals, la-
belled from A to E, are reported in Fig. 4(e)-(i), along with
their fitting template. The 6 um particles E, C and B, al-
though having the same size, provide increasing values of
electrical diameter D (6, 6.8 and 7.5, respectively). These

Lab Chip, 2017, 17, 1158-1166 | 1163
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particles are deemed to travel close to the top (particle E), in
the middle (particle C), and close to the bottom (particle B)
of the channel, as confirmed by the increasing value of the
relative prominence of their recorded signals (0.15, 0.53 and
0.79, respectively). Particles A and D, respectively, of 5.2 and
7 um diameter, provide the same electrical diameter as the
centred 6 pm particle (C). Particle A is smaller than particle
C, but its recorded signal has larger relative prominence
(0.79), suggesting a trajectory closer to the electrodes. On the
other hand, particle D is larger than particle C, but its
recorded signal has smaller relative prominence (0.15), in fa-
vour of a path further away from the electrodes.

Fig. 5 (¢f. Fig. S1(c)T) shows the density plots of the rela-
tive prominence P against the electrical diameter D normal-
ized by the nominal bead diameter d, for the three
populations of beads. Because the measured signal is propor-
tional to particle volume, these density plots overlap. The
data in Fig. 5 can be fitted to a quadratic function:

D/d =c t CzP + C:;PZ, (8)
from where

_ D

- ¢, +ce,P+c P )
For each population, parameter values c¢;, ¢, and c; are
reported in Table 1, along with the values obtained by consid-
ering all the populations together. Negligible differences are
found.

Fig. 6(a) and (b) show the histograms of the electrical di-
ameters of individual particle populations and a mixed sam-
ple comprising equal concentrations of each population, re-
spectively. As expected,”® the distribution has a significant
spread and asymmetry. According to eqn (9), the following
compensation procedure was implemented:

D

D-corr = ————,
¢ +c,P+c,P

(10)

where ¢, ¢, and c¢; are reported in Table 1 (last row). The
corrected data are plotted in Fig. 6(d) and (e) showing an al-
most perfect Gaussian distribution. Fitting a Gaussian allows
the CVs to be calculated as follows: 2.4%, 0.9% and 1.0%,
for the 5.2, 6 and 7 um diameter beads, respectively. It is em-
phasized that these values were obtained without using any
particle focusing system. They are similar to (in fact, lower
than) the manufacturers’ quoted values of 2.6%, 10%9 and
1.7%. Values reported by other groups that use impedance in
combination with particle focusing include 1.8% (dielectric
focusing of 6 um particles, manufacturer's CV 1.2%)* and

§ The 6 um diameter beads from Polysciences have a much higher reported CV
than the 5.2 um and 7 um obtained from Sigma Aldrich. That value is probably
a conservative estimate.
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2.04% [resp. 1.50%] (acoustic focusing of 7 um particles,
3.8% [resp. 5%] extremal events removed, manufacturer's CV
<2.0%).%° Fig. 6(c) and (f) show the density plots of particle
velocity versus electrical diameter for the mixture of beads
(raw data in (c) and corrected data in (f)), demonstrating that
the proposed compensation method completely eliminates
the positional dependence issue (i.e. all particles of a given
size range have the same corrected electrical diameter
irrespective of their trajectory through the channel).

In order to show the effectiveness of the proposed method
also for smaller or larger particles, additional experimental
results relevant to a mixture of 3, 6 and 10.1 um diameter
beads have been reported in Fig. S6.f

In addition, the density plots in Fig. 4, 6 and S61 show
spots of higher particle density that suggest a certain degree
of inertial focusing: the larger the bead size, the more pro-
nounced the focusing.*

4.2 Experiments with yeasts

The yeast preparation spiked with 6 pm diameter beads, de-
scribed in section 3, was then analyzed. Fig. 7 shows the den-
sity plot of the relative prominence P against the electrical di-
ameter D. In such a two-dimensional plot, apart from the 6
pm diameter beads (used as an internal reference and identi-
fied by means of opacity),*® two yeast populations can be
clearly distinguished. On the other hand, their presence is
not evident from the histogram of the electrical diameter D
only (Fig. 8(a)), unless the compensation procedure in eqn
(10) is applied. Indeed, Fig. 8(c) shows that each yeast popu-
lation has a Gaussian size distribution (4.5 + 0.5 um and 5.7
+ 0.3 pum). These findings are compatible with those com-
monly reported in the literature.”” Density plots of particle
velocity versus electrical diameter are reported in
Fig. 8(b) and (d) for raw and corrected data, respectively.

5 Conclusions

Combining an original chip layout with a simple compensa-
tion strategy, we have achieved coplanar-electrode accurate
impedance-based particle sizing without the need for focus-
ing. The proposed layout involves floating electrodes produc-
ing weak-field regions, which are reflected as local minima in
the collected current. The peculiar shape of the measured sig-
nal yields a new metric, named relative prominence,
encoding for particle trajectory height. This metric is used to
correct the measured electrical diameter, providing excellent
coefficient of variation in the estimated size of polystyrene
beads. The application of the proposed method to S.
cerevisiae shows its potential for high quality data collection
in life sciences.

Cell analysis is of central significance to research and clin-
ical diagnostics. In particular, cell size is an important factor
involved in many biological processes such as cell growth,
cell cycles, and cell death. The microfluidic cytometer here
presented is easy to fabricate and requires a small sample
volume and no additional fluids or methods for particle

This journal is © The Royal Society of Chemistry 2017
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focusing, thus favouring miniaturized, low-cost and portable
implementation. Besides accurate cell sizing, the device al-
lows cell counting and velocity evaluation. Moreover,
multifrequency measurements can be used to obtain infor-
mation on the cell membrane and cytoplasm, which are re-
lated e.g. to cell viability. The ensemble of these features
make the device attractive for applications in point-of-care di-
agnostics and basic research studies.
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