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Abstract—A dual-channel credit-card-sized impedance cell counter
featuring a throughput of 2000 cell/s and detection of single yeast
cells (5 um) with a signal-to-noise ratio of 20 dB is presented. Its
compactness is achieved by a CMOS ASIC combining a lock-in
impedance demodulator with an oversampling 20-bit XA ADC and
real-time peak detection embedded in field-programmable gate ar-ray.
The module is coupled to a dielectrophoretic cell-sorting mi-crofluidic
device, offering compact and label-free electrical readout that replaces
the need for a fluorescence microscope and, thus, is suitable for point-
of-care diagnostics. The independent role of each dimension of the
planar sensing microelectrodes is demonstrated, with simulations and
experiments, along with its relevant effect on the spectrum of thin
channels, deriving useful design guidelines.

Index Terms—Dielectrophoretic cell separation, impedance flow
cytometry, microfluidics, resistive pulse detection.

I. INTRODUCTION

One of the current challenges in the development and
market affirmation of lab-on-a-chip (LOC) microsystems

is the integration and miniaturization of all the components
required for the operation of such chips at the point-of-care
(POC), spanning from sample preparation to detection. In fact,
despite two decades of development of microfluidics, today very
often a “lab-around-the-chip”, i.e., a complex setup consisting
of bulky laboratory equipment such as microscopes, pumps,
electromagnets [1] and bench-top electronic instruments
(potentiostats, waveform generators, lock-in amplifiers), is still
necessary to run the analysis. Clearly, microelectronics plays a
pivotal role in this sense, enabling a radical miniaturization of
several parallel channels of detection and processing circuits in
millimetric chips, well matched with the miniaturization trends
of microfluidics.

Manuscript received May 1, 2017; revised July 29, 2017; accepted August 14,
2017. Date of publication September 22, 2017; date of current version December
29,2017. This work was supported in part by Fondazione Fratelli Agostino and
Enrico Rocca through Seed Funds. This paper was recommended by Associate
Editor M. Bucolo. (Corresponding author: Marco Carminati.)

M. Carminati, G. Ferrari, and M. Sampietro are with the Dipartimento
di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Milano
20133, Italy (e-mail: marcol.carminati@polimi.it; giorgio.ferrari@polimi.it;
sampietr @elet.polimi.it).

M. D. Vahey is with the Department of Bioengineering and Biophysics Pro-
gram, University of California, Berkeley, CA 94720 USA (e-mail: mvahey @
berkeley.edu).

J. Voldman is with the Research Laboratory of Electronics, Massachusetts
Institute of Technology, Cambridge, MA 02139-4307 USA (e-mail: voldman@
mit.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

In order to address this relevant aspect, here we present a
dual-channel credit-card-sized cell counter, based on a CMOS
lock-in ASIC combined with a FPGA-embedded event counter.
This module represents a viable example of a compact and
really stand-alone detection system, where microfluidics,
dielectrophoretic cell separation and microelectronics are com-
bined. Furthermore, with the support of extensive experiments
and numerical simulations, we derive design guidelines for
optimal sizing of planar sensing electrodes and the height of
the detection channel, whose role emerges, for the first time in
this systematic study, as critical.

The employment of impedance for continuous-flow and high-
throughput particle and cell detection in microfluidic devices
(called impedance flow cytometry) has been spreading in the
last decades and is now well consolidated [2], both with metal
microelectrodes [3] and ionic “liquid electrodes” [4]. Repre-
senting an extension of the Coulter technique (resistive pulse
sensing through a micro-pore obstructed by the translocating
insulating body), the presence and the properties of a biological
cell (with respect to the surrounding conductive medium) are
probed as a perturbation of the electric field between a couple of
adjacent electrodes [5]. The advantages of this fully electrical
readout technique, with respect to optical detection, are: (i) ab-
sence of a fluorescent marker (no cell staining), (ii) compactness
allowed by the absence of a microscope and lenses, (iii) direct
compatibility with CMOS microelectronics [6], [7] and other
electrochemical cell monitoring techniques [8], and (iv) margin
for straightforward automation. Moreover, beyond counting and
sizing, cell analysis and sorting based on electrical properties
and phenotypes can be implemented [9]-[11]. Several enhance-
ments have been reported targeting (i) higher throughput [12],
(i1) smaller particle diameters [12], [13] and (iii) more robust
event detection [14].

Despite the continuously-growing application of impedance
detection in lab-on-a-chip microsystems, only a few papers
have discussed the criteria for the design of the sensing
electrodes. A complete analysis of the spectral impact of the
configuration of facing electrodes (parallel plates on the top
and bottom of the channel) was reported in [15]. For the case of
coplanar electrodes (both on the channel bottom) some design
rules were proposed in [16] although, as remarked in [17], the
finite height of the microchannel was erroneously neglected.
An optimal sizing criterion, experimentally demonstrated with
a macroscopic setup, for facing electrodes has been obtained in
[18], although not confirmed in the detailed analysis reported
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Fig. 1. Configuration of gold planar electrodes, patterned on a glass wafer
bonded to a PDMS microchannel for impedance cell counting.

in [19] comparing numerically and experimentally the coplanar
with the facing geometry.

The paper is organized as follows. Section II presents the de-
sign of the coplanar electrodes and channel, highlighting design
guidelines. Section III illustrates the design of the electronic
circuit, whose performances are experimentally characterized
as reported in Section I'V.

II. ELECTRODES DESIGN

The starting point of the system design are the sensing micro-
electrodes, on which the electronic readout is custom-tailored.
A coplanar electrode geometry (see Fig. 1) is considered for
its ease of fabrication (no top metallization, nor alignment re-
quired) and compatibility with hydrodynamic focusing solutions
[20] avoiding the risk of channel clogging. Electrodes have a
length L and are separated by a distance G. The total width is
M, but the fraction in contact with the liquid corresponds to the
width W of the microfluidic channel (of height H). The force
electrode (A) is driven by a sinusoidal voltage (V ac at frequency
fac) and the current at the sense electrode (B) is amplified by
a transimpedance amplifier (TTA) and demodulated by a syn-
chronous lock-in detector (LIA). A third electrode (C) can be
added to the single pair (A-B) for differential sensing, offering
rejection to common-mode errors and drifts, which are signif-
icant for the ionic liquid, improving the signal-to-noise ratio
(SNR) [21] and enabling particle velocimetry.

A. Resistive vs. Capacitive Detection

The ideal impedance between a couple of planar microelec-
trodes (A-B) in contact with an electrolytic solution is shown
in Fig. 2(a) in dashed line. In the absence of Faradaic (redox)
processes, the spectrum is characterized by three regions, corre-
sponding to the three elements of the small-signal lumped model
(inset). At low frequency the impedance is dominated by the ca-
pacitive nature of the metal/solution interface i.e., by the double
layer capacitance (Cpr). For a standard physiological buffer
solution (PBS, Phosphate Buffered Saline) it can be estimated
through a specific capacitance of 0.1 — 0.2 pF/um?. Electrode

surface roughness, porosity and non-uniform distribution of
time constants produce a pseudo-capacitive behavior, mod-
eled by a constant-phase element (CPE) Zcpg = 1/(s - Cy)"
where Cq, is the pseudo-capacitance, whose value is frequency-
dependent due to a sub-unitary exponent n (giving a slope of the
impedance magnitude smaller than —20 dB/dec [22]).

As frequency increases, the impedance of Cp is reduced and
the solution resistance (Rsor ), given by the ionic resistivity o of
the bulk solution (ppgs = 0.66 2m), becomes accessible. For a
coplanar geometry, Rgor, can be calculated by means of confor-
mal mapping [18]. At high frequency, the impedance is shunted
by the parallel capacitance Cp. This capacitance is the sum of
the geometric capacitance Cg, resulting from the dielectric ma-
terial between the electrodes, and of the stray capacitance Csg,
due to undesired stray couplings, for instance between the leads
on the glass substrate and external connection wires. Temporar-
ily neglecting the presence of Cg, we can calculate the cut-off
frequency foy0fr, above which the dielectric properties of the
solution become accessible. This frequency is independent of
the geometry of the electrodes (for parallel plate, coplanar and
coaxial configurations) and is given by the inverse of the di-
electric relaxation time, an intrinsic property of the solution:
feuott = 1/(2megerp), where ¢, is the relative permittivity of the
liquid (80 for water). In Fig. 2(b) the dependence of f; o on the
permittivity and resistivity of the solution is plotted. As shown
(black dot), for PBS, f.ofr is 330 MHz. Resistive detection
is implemented measuring Rsop, below f o, While operating
above it allows capacitive sensing of the particles and cells [23],
[24]. From the point of view of the detection electronics, it
is radically different to operate in the kHz-MHz range, where
bridges and TIA/LIA are used, or in the GHz range, where
microwave resonating circuits are necessary for capacitive de-
tection [23]-[25]. For cell counting and sizing, the detection
approach should be chosen according to the achievable sensitiv-
ity and to the compactness of the sensing circuitry. Considering
the “contrast” i.e., the ratio between a given property (& or p)
of the cell with respect to the surrounding medium, it is evi-
dent that, for capacitive detection, the dielectric contrast is low
(60 for cytoplasm vs. 78 for PBS) while, at low frequency, the
single-shell model for biological cells [5] indicates a contrast
in resistivity of orders of magnitude between the insulating cell
membrane and the conductive medium. Consequently, resistive
detection is chosen here.

B. Electrode Dimensions Optimization

The design of the electrodes has been led by two optimiza-
tion criteria: (i) maximization of detection sensitivity (in terms
of relative resistance variation AR/R) and (ii) maximization of
the width of the detection frequency range (i.e., of the resistive
plateau in Fig. 2(a)). The latter is motivated by the interest in per-
forming not only counting, but also discrimination of different
cells types [10], [11].

The first parameter to be tuned is G, since it sets the vertical
extension of the fringing electric field (95% of the field lines are
confined within a height equal to G). Considering the range of
diameters of the cells to be detected (in our case from the 5 um
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(a) Ideal and actual impedance spectra simulated between a couple of coplanar electrodes: the solution resistance Rgoy, is accessible in a narrow plateau
limited at low frequency by the double layer capacitance Cpy, and at high frequency by the stray capacitance Cs. (b) Map of the cutoff frequency value as a function

of the medium electrical properties: resistivity p and relative dielectric constant &;. For physiological buffer medium (PBS) foyiorf = 330 MHz.
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Fig.3. (a) 3D COMSOL electrostatic simulations (quarter model) showing the relative resistance variation AR/R as a function of (b) the gap G, (c) the electrode

length L and (d) of the cell height the channel (W = 2H = 40 um). The inset shows the dependence on the cell diameter D which is cubic.

of yeast to 15 um of mammalian cells), G will be sized close to
the largest cell size. Finite-element numerical simulations have
been employed to estimate AR/R and to finely tune the optimal
value of G for a channel with W = 40 um and H = 20 um. A
tridimensional simulation is required by the spherical shape of
the cells but, thanks to the radial symmetry of the structure,
only a quarter of the sensing volume [see Fig. 3(a)] has been
simulated, thus saving memory and improving the accuracy.
As reported in Fig. 3(b), simulations confirm that for a given
cell size (15 pum), an optimal value Gy exists (12 pm), which
maximizes AR/R (1.2% variation of 25 k2 resistance in the
worst case). In fact, for G < Gy the vertical penetration of the
field is reduced below the position of the cell and the sensitive
volume is shrunk. On the contrary, for G > Gy, the sensitive
volume is enlarged while the effect of the cell presence remains
the same, thus reducing the volume fraction and correspondingly
AR/R.

Once the sensitive volume (i.e., G) has been matched with
the cell volume to maximize the volume fraction modulation
caused by the passing cells, the length of the electrodes and

the height of the channel can be chosen. As the electric field
between the electrodes is dominated by fringe effects (the field
magnitude at the edges is ~10 times higher than the average
field between the edges as visible in Fig. 4), the value of L
does not affect the value of Rgor. above a minimum length Ly;y.
Simulations [see Fig. 3(c)] show that the charge on metal elec-
trode extends only for the first tens of um in the longitudinal
direction and that for L > 50 um, AR/R remains constant to
the maximum value. This means that above L,,;,, L can be cho-
sen independently of G. Very interestingly, if we consider the
low frequency range, the double-layer electric field intensity is
in the 100 MV/m range [26] along the whole metal-electrolyte
interface. Thus, it is orders of magnitude higher than the aver-
age field in the gap due to Vac in the middle-frequency range
(2 V across 12 um ~0.16 MV/m). Consequently, the whole
length of the electrode contributes to Cpy (i.e., the impedance
at low frequency), while only G and the first microns of L de-
termine Rgor. The cross-sectional simulations of Fig. 4 confirm
this behavior: at low frequency (100 Hz), the field is constant
in the double layer, while at high frequency (100 kHz) it van-
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is evident at low frequency (left), while it rolls offs at high frequency (right).

ishes across 50 um. Differently from the simulations reported
Fig. 3, focusing only on Rgor, when the full spectrum is an-
alyzed, the double layer must be simulated as well. The trick
here adopted to combine a large simulation domain (tens of
um) with a non-meshable sub-nm double layer is to artificially
thicken it (to 500 nm) and correspondingly increasing its &, (here
to 5647).

The inset of Fig. 3(c) shows the cubic dependence of AR on
the particle diameter D. Although much simpler to fabricate, the
coplanar configuration suffers from a significant non uniformity
of the vertical field, with respect to the parallel-plate geometry.
Consequently, AR depends also on the vertical position of the
cell heeyy, as shown in Fig. 3(d). Thus, vertical focusing (or more
complex electrodes arrangements [27]) becomes important to
eliminate this ambiguity (up to 50%), in order to be able to
correlate AR with D for cell sizing.

C. Electrode Characterization

Electrodes are fabricated by means of lift-off lithography
(thickness t = 200 nm of gold on 10 nm of Ti adhesion layer)
on 6” Pyrex wafers to minimize the parasitics introduced by the
substrate [28]. As reported in Fig. 5, G = 12 um, M = 1 mm
(for easy manual alignment of the PDMS channel), and two
values of L: 200 um [see Fig. 5(b)] and 50 pm [see Fig. 5(c)]
are realized, in order to demonstrate the impact of this parameter.

In order to highlight the effect of the microchannel, the elec-
trodes have been initially characterized in the absence of the
channel. The area exposed to the liquid, limited with a thin
PDMS gasket placed on the electrode chip [see Fig. 5(a)], is
equal to M-L. The impedance spectra of uncovered electrodes
are reported in Fig. 6. The impedance of dry electrodes has
been measured to estimate the value of Cg, resulting 0.55 pF.
Then, distilled water is added and the corresponding spectrum
correctly shows three regions: the double layer one, the re-
sistive plateau (corresponding to pgéo =30S/cm) and a Cg
= 2 pF. When water is replaced with PBS, the solution resis-
tance is correctly reduced down to 330 2. The double layer
region is best fitted by a CPE with exponent n = 0.89.

In order to demonstrate that the whole geometric area of
the electrode in contact with the liquid contributes to the dou-
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Fig. 5. Triplets of coplanar electrodes (a) without and with the channel for
(b) L =200 pum, (¢) L = 50 um, (d) AFM image of the gap (G = 12 um) and
cross section (e) showing the gold thickness (with a roughness ~15 nm rms).

ble layer capacitance, two different measurement configurations
have been compared: the coplanar vs. the vertical one. In the
coplanar approach, the impedance is measured between a cou-
ple of planar electrodes (AB), applying the excitation potential
to one electrode and reading the current from the other one. In
this case two identical interfaces are in series. In the vertical
approach, the impedance is measured between a single elec-
trode of the triplet and a larger platinum counter electrode (CE)
immerged in the PBS droplet from above. As CE is so macro-
scopic that it can be neglected, in this case a single interface is
probed, resulting in a single Cpy, in series to a higher Rgoy that
is set by the distance between working and counter electrode.
These measurements confirm that the whole electrode area con-
tributes to the value of Cpr. In fact Cp increases by a factor
4 when L increases from 50 to 200 wm, both in the vertical
and in the coplanar sensing geometry. In all cases, the measured
impedance is identical for the two adjacent couples (AB and
BC), while Rgoy, is higher for the AC case, where G is larger
(~224 pm).

D. Impact of the Channel Height

Fig. 7 reports the spectra measured for the triplet of electrodes
with L = 200 um covered with a channel of H = 20 um and
W = 40 um. The stray capacitance in dry conditions (0.5 pF) is
correctly similar to value of the uncovered device. After filling
the channel with buffer solution (in this case diluted PBS with
o0 =0.35S/mi.e p = 2.85 Q@m for DEP separation), the mea-
sured spectra show 4 different regions. Below 1 kHz, the double
layer behavior is evident, with a CPE slope fitted by n = 0.8 (i.e.,
similar to the uncovered case). Between 100 kHz and 1 MHz
the resistive plateau is visible, with a value Rgor, = 100k€2, in
agreement with the estimations of conformal mapping (104 k<2)
and numerical simulations (108 k€2). Above 1 MHz, the spec-
trum rolls off due to Cg = 0.7 pF. Very interestingly, between
1 kHz and 100 kHz, an unexpected transition region is visi-
ble, with a significantly smaller slope (n = 0.4). The change
of slope occurring at 1 kHz is not described by the standard
CPE + Rgor model, adopted for thick channels, but is due to
the confinement of the field lines caused by a thin channel.
The effect of confinement is more evident for the A-C case,
where the distance between the electrodes is larger. This inter-
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Fig. 7. Measured spectra of the electrodes covered with the channel

(W = 2H = 40 um) showing an unexpected —10 dB/dec. slope transition re-
gion (1-100 kHz) from the Cpy, region to the Rgor. narrowing the resistive
plateau.

pretation of such an unexpected phenomenon is confirmed by
COMSOL impedance simulations, performed in the same 2D
domain shown in Fig. 4. As apparent in Fig. 8, the agreement
between FEM simulations (red dots) and measurements (black
line) is excellent in the transition region. Since in the simulation
the external stray capacitance Cs and the CPE behavior of Cp,
are absent, the resistive plateau remains flat up to 100 MHz and
below 1 kHz and the slope is n = 1 instead of 0.8. The actual
measured values of CPE and Cg are combined with the confor-
mal mapping value of Rgor, into a simplified model (dashed
blue) that accurately describes both capacitive ends of the
spectrum.

Further comparative experiments have been carried out, char-
acterizing devices with different geometrical parameters. In
particular, as illustrated in Fig. 9, measuring the impedance
of the same set of electrodes couples with a thicker channel
(H = 30 um, green), it is possible to see how the impedance in-
creases and the transition are less evident. For the 30-um thick
channel, the slope in the transition remains the same also for
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Fig. 8. Comparison of the measured impedance (black) with the conformal

mapping mode [18] (dashed blue) and with the COMSOL simulation (red dots,
Fig. 4) without Cg, showing excellent agreement in the transition region.
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L =50 um (dashed red), showing the independence of these
two parameters.

Interestingly, several examples of this effect can be observed
in the literature, although it is often overlooked and never pin-
pointed. The transition slope is well evident for a channel with
the same height of 30 um [16], as well as down to 7 um [3]
and especially for nano-channels of 500 nm [29] in the wide
frequency range from 50 Hz to 10 kHz for a solution of 10%
PBS and 90% d.i. water.

E. Summary of Design Rules

As summarized in Fig. 10, separate spectral regions are con-
trolled by different geometrical parameters. They can be set
independently in order to maximize the performances:

1) L should be tuned to extend as much as possible the lower
bound of the resistive plateau. It sets Cpy, [see Fig. 10(a)].
By increasing L, Cpy, increases, reducing the interfacial
impedance at low frequency. Typically, with a fixed elec-
trode geometry, this goal was achieved by increasing the
effective electrode area, usually by increasing the surface
roughness, for instance with Pt black treatment in the case
of Pt electrodes [30].

2) G should be tuned to the optimal value that maximizes
AR/R. It sets Rgor [see Fig. 10(b)]. Once L and G are
chosen, the min. probing frequency fac is correspondingly
set.

3) H should be reduced to align the cells against the sensing
electrodes, but not too much, since a narrow channel (H
< 3G) produces an impedance increase in the transition
region [see Fig. 10(c)].

4) W canbe adjusted to obtain the desired flow-rate Q, setting
the transit time At and the measurement time.

5) Final rule: minimize the stray Cs (by tracks layout and
connections setup, miniaturizing the readout) to extend
the upped bound of the plateau, as well as to improve the
noise performance of the TIA [31].
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III. DETECTION SYSTEM DESIGN
A. DEP Cell Sorter and Specifications

The impedance cell counters here designed are placed at the
outlets of a label-free dielectrophoretic cell sorter [32] to re-
place fluorescence microscopy, thus making the system fully
label-free. The iso-dielectric sorter (see Fig. 11), aimed at sepa-
rating cells with similar size but different electrical phenotypes,
such as healthy vs. dead or pathogenous or DNA-modified cells
[33], [34], consists of a main large microfluidic channel (2 mm
wide) where a conductivity gradient is created orthogonally to
the flow direction, by means of two inlets (with high and low
buffer conductivity) and an optional diffusive mixer. The inlets
are fed by two syringes placed in a dual syringe pump, operating
with flow rates in the pl/min range. Due to cell sedimentation,
the syringe pump is kept in vertical position. A set of actuation
electrodes (45 um wide, spaced by 15 um) running on the bot-
tom of the separation channel with a 4° inclination with respect
to it, generate a vertical negative-DEP barrier (Vpgp = 4.5 V).
When a mixed population of cells or particles is loaded in the sy-
ringe and injected in the high-conductivity inlet, they experience
repulsion and cannot cross the barrier. Thus, they are diagonally
pushed by the hydrodynamic flow to slip toward lower conduc-
tivity regions. Consequently, they explore different surrounding
properties until a zero net DEP force (iso-dielectric point) is
reached and they can cross the barrier. Then, thanks to laminar
flow, they continue to flow along a straight direction, as the
only force acting on them is the pressure-driven hydrodynamic
push. The iso-dielectric point differs for cells with different
electrical properties, which get spatially separated. As shown in
Fig. 11, the main channel splits at the end, after the separation
is completed, into two output channels (width 40 pwm) aimed at
collecting separated populations. Thus, two identical cell coun-
ters are placed at both outlets, named H and L according to
the conductivity level of the buffer. Three electrodes are placed
below each output channel. The forcing electrodes (A and C for
differential stimulation) are common to both channels, while
the central sensing electrodes (By and By ) have clearly sep-
arate connections to the electronic board where the device is
plugged. They should be able to detect yeast and mammalian
cells (diameter from 5 to 15 pm) at throughput in the 1000-
10000 counts/s range (i.e., to be comparable with optical flow
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cytometers [35]). A third middle inlet (and outlet) is visible in
the blue PDMS mask of Fig. 11: it is meant for fluidic charac-
terization purposes (no separation, no counting) when a single
syringe is employed. In standard device operation, these ports
are not opened (punched).

B. Circuit Design

The impedance measurement circuit is composed of two
parts: a generation section, that produces the sinusoidal exci-
tation waveform, and a current read-out and demodulation sec-
tion, as illustrated in the scheme of Fig. 12. In order to achieve
portability and fast throughput, personal computer-based elab-
oration has to be avoided due random delays and the prominent
bottleneck of a limited data transfer rate. Thus, a local digi-
tal computing platform has been inserted for real-time smart
impedance sensing: a field-programmable gate array (FPGA)
has been selected for its abundant computational power, com-
plete re-configurability and parallel elaboration capability.

The sinusoidal voltage signal necessary to probe the
impedance in the plateau (from Fig. 8 from 100 kHz to 1 MHz)
is generated by a dedicated off-the-shelf component (AD5930)
based on the consolidated direct digital synthesis (DDS) tech-
nology. The frequency is directly set by the FPGA that provides,
though a single digital line, a master trigger signal to which the
generated frequency is locked. As normally the sinusoid ampli-
tude is not adjusted during the measurement, but is set once at
the beginning of the experiment, it can be manually regulated by
means of a trimmer. In case computer regulation becomes nec-
essary, the analog trimmer can be straightforwardly replaced by
a digital potentiometer controlled via a digital bus. The trimmer
sets the full scale range of the DDS whose differential output cur-
rent is converted into a voltage by means of a fully-differential
transimpedance stage (LTC6404). The sinusoid amplitude Vac
can be regulated from 10 mV to 1 V and the differential voltage
excitation signal can be used for performing differential sensing
with the triad of electrodes.

The current flowing across the channel, between the gen-
eration and the sensing electrode, is amplified and converted
into a voltage by the transimpedance stage (MAX4417). In this

classical configuration, gain and bandwidth and noise are set by
the value of the feedback resistor [31]. For the proper design of
the analog stage, the equivalent model of Fig. 2(a) was adopted.
A trade-off value of 47 k2 was chosen. It sets a bandwidth of
~6 MHz, a gain of ~50 for differential signals and is charac-
terized by a thermal noise comparable to the solution resistance
(RsoL-aBlIRsoL-pc ~ 50k€2).

In order to avoid any Faradaic current contribution due to
electrochemical reactions at electrodes, all electrodes are biased
at the same DC potential (indicated as Vy in Fig. 12), set to the
middle of the supply dynamic (1.65 V with respect the supply
ground). This is the potential of the input virtual ground and the
baseline of the sinusoidal signals (common mode voltage).

In order to track the 1% changes in the value of Rgop, fac is
set in the 100 kHz-1 MHz range. For retrieving the impedance
value, the output signal of the TIA is fed to a square-wave lock-
in demodulator realized in a custom-designed ASIC (0.35 um
AMS CMOS process) and integrated with a 20-bit, 2nd order
oversampling XA ADC [36]. Its single-bit output stream at 10
MHz is processed by the FGPA, where the low-pass digital fil-
ter (LPF) of the lock-in is implemented. An output sampling
frequency of 20 kSa/s is chosen, corresponding to an over-
sampling ratio of 2000, giving a SNR of the ADC better than
100 dB, i.e., negligible with respect to other noise contributions
of the detector. The reference port of the mixer is supplied by
the MSB output of the DDS, synchronous with fac.

The whole system is powered with a single 3.3 V supply
regulated from the main 5 V line provided by the USB port.
Due to the coexistence of analog and digital stages, special care
has been devoted to power supply filtering, decoupling and to
the layout (separate ground planes).

C. Real-Time FPGA Peak Detection

The main role of the FPGA is to handle the impedance mea-
surement with high temporal resolution (100 MHz master sys-
tem clock f.jock) providing fast impedance tracking and to im-
plement in real-time peak detection. As the synchronous de-
modulation is performed by the integrated analog lock-in, the
main FPGA tasks are the selection of the sinusoid frequency,
the low-pass filtering of the 10 MHz digital bit-stream at the
output the AY¥ modulator and peak detection. The selectable
decimation factor sets, at the same time, the temporal resolution
(from 50 us to 1 s) and the noise level (for instance 100 ms time
resolution for 20 bits).

As shown in Fig. 13, two identical signal processing chains
are implemented for both channels (H and L): the LPF is im-
plemented with a tunable 3rd-order IIR filter (LPF;). Then,
high-pass filtering is inserted in order to remove the baseline
and compare the high-passed pulses with a selectable threshold
(Th). In order to be more robust with respect to noise fluctu-
ations, a 10% hysteresis is adopted around the threshold for
event detection. The high-pass filter (HPF) is implemented by
subtracting a low-passed filtered (LPF,) replica from the signal.
Each time a rising edge exceeds the rising threshold, a counter
is started (starting time Tj) in order to measure the time width
(At) of the peak (i.e., the time-over-threshold) and the peak
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Fig. 14.  Picture of the compact prototype (analog board coupled to an Opal
Kelly FPGA module) matching the size of the DEP microfluidic sorter.

amplitude is calculated as the average of samples between the
thresholds. These data are stored in a buffer memory for both
independent and parallel channels and then transferred to a PC.
For debugging purposes, intermediate signals can be saved as
well. It has been experimentally found that minimum noise is
achieved when fac is set equal to f.ok/2™ (for any integer
value of m). This is probably due to a better synchronization
of the processing blocks inside the FPGA with the DDS, which
avoids accumulating errors. Auxiliary tasks include the com-
munication through a USB port with a laptop computer, used
for setting the measurement parameters and storing the acquired
data. A compact commercial module (XEM3010 by Opal Kelly,
USA) integrating a Xylinx Spartan 3 FPGA, a PLL for clock
generation, a USB bridge and RAM memory has been chosen.

IV. EXPERIMENTAL RESULTS

The compact cell counter (see Fig. 14) has been validated in
four steps corresponding to increasingly complex setups: (i) with
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Fig. 15.  Counter validation with a stream of AR/R = 0.75% (a) output of a
reference LIA (HF 2 LI by Zurich Instruments), (b) measured resistance by the
counter, (c) high-passed signal with thresholds (in red), (d) stream of detected
peaks. At 2000 count/s, the detection is error-free.

physical resistors modulated at high speed, (ii) with calibrated
polystyrene beads, (iii) with yeast cells and (iv) during DEP
separation of cells.

A. High-Throughput Assessment

First, in order to test the counting performance in a controlled
way, a generator of dummy resistive pulses has been realized.
It consists of a series of two physical resistors, one of which is
shunted by a fast analog switch (ADG333), driven by a digital
signal. The main resistor is chosen to match the value of Rgor,
(30-100 k€2 depending on the medium), while the switched one
is chosen to create the desired modulation (~1%). The switch
is driven by an arbitrary waveform generator (with a sampling
period of 15 ws), where the desired pattern of pulses, created
in Matlab, is loaded. Several test sequences of pulses have been
generated in Matlab with different distributions (uniform and
Gaussian) of pulse durations (At) and inter-peak intervals. In
this way, all the generated pulses have the same amplitude,
while timings can be finely tuned. For synchronization purposes,
a l-second-long header is inserted at the beginning of each
sequence, lasting several seconds and loop repeated. The whole
test setup is shielded with a grounded metal box to reduce EMI
pick-up.

The tracking performances of the system have been assessed
in comparison with state-of-the-art instrumentation. As reported
in Fig. 15, the same sequence of pulses (AR/R = 0.75%) at
a rate of 2000 peaks/s has been tracked with a reference setup
and with the proposed miniaturized cytometer. The reference
setup is composed of a top-class bench-top LIA (HF 2 LI by
Zurich Instruments, Switzerland) providing six demodulation
channels and 50 MHz bandwidth, coupled with a low-noise
variable-gain (10°, 3.5 MHz bandwidth) TIA (DHCPA-100 by
Femto, Germany) as a current front-end. This LIA is widely
employed for impedance flow cytometry [27], [37], [38]. The
excitation voltage (200 mV) and the sampling rate (20 kSa/s
for the miniaturized counter and 28.8 kSa/s for the HF 2 LI)
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are the same for both setups. As visible in Fig. 15, the SNR of
the miniaturized counter is 19 dB [see Fig. 15(b)], smaller than
32 dB achieved by the HF 2 LI [see Fig. 15(c)], but acceptable
in this application.

The histogram of the measured pulse widths matches with
the statistical distribution created in Matlab. In this case the
means pulse duration is 200 us (spaced by 300 us) with a
standard deviation of 50 us. No events are lost [see Fig. 15(d)],
confirming an error-free detection rate up to 2000 cells/s.

B. Single Beads and Cell Counting and Sizing

The readout circuit is initially coupled to a microfluidic device
with a single channel. Preliminary test with polystyrene beads
[see Fig. 16(a)] of calibrated diameter (10 wm) in PBS are
performed, showing a AR/R = 0.9% = 0.1% (consistent with
beads size distribution), an average pulse width At of 2 ms
+0.2 ms at a rate of 50 cells/s (10° beads/ml). With the detection
parameters (Vac = 50mV, fac = 97.5kHz, f;= 5kSa/s), the
detection SNR is 23.5 dB.

Then, yeast cells (Saccharomyces Cerevisiae strain BY474
of nominal diameter 5 um) in diluted PBS (¢ = 0.35S/m) at
a concentration of 10° cells/ml and flow rate of 2.7 ul/min
(corresponding to an average of ~2 cells/s with a maximum
of ~200 cells/s as shown in Fig. 16(b)) are used. As routinely
done in flow cytometry, 1% BSA (Bovin Serum Albumin), a
non-specific protein, is added in order to reduce cell clumping
and sticking to the walls of the channel, without affecting the
measurement results. As shown in Fig. 16, single yeast cells
are clearly detected. They produce an average AR/R = 0.18%
which is consistent with the value obtained for 10 pm beads,
scaled by the volumetric ratio (2%). With the optimized detection
parameters (Vac = 650 mV, fac = 97.5kHz, f; = 2kSa/s), the
detection SNR is ~20 dB. The value of Rgpor at ~100 kHz is
108 k€2, consistent with the PBS dilution factor (~3), numerical
simulations and preliminary measurements (see Fig. 8). The
cell count rate scales linearly with the channel flow rate Q:
2.5 cells/s for Q = 3 ul/min a both inlets, and 1.1 cells/s for
Q = 1.5 ul/min.

Despite the nominal value of diameter, the distribution of the
peak amplitudes [see Fig. 16(c)] shows a tail towards larger
dimension. This is confirmed in the literature [39], as well as

from a microscope image of the heterogeneous yeast population
(inset) including buddying cells, significantly larger than 5 pum.
The distribution of peak durations [see Fig. 16(d)] is narrow and
centered around 1.5 ms, which is consistent with the flow rate
(Q = 1.5 ul/min) giving a cell speed of 3 cm/s.

C. Real-Time Counting in Combination With DEP Sorting

Finally, the counter is operated in a complete on-chip cell
manipulation experiment, with both channels operating simul-
taneously together with the DEP sorter. A specific strain of
diploid yeast cells (strain BY4743) of 10 um nominal diameter
is used here. Yeast cells are stained with a green fluorophore
(Fluorescin FITC) and injected only in the H inlet. Fig. 17 re-
ports the comparison between the microscope images (a-d) and
the impedance signals (e-h) at both H and L outlets in four cases
(i-iv) corresponding to four positions of the stream of cells
across the channel W. In fact, by changing the DEP driv-
ing frequency fpgp, the sign of the dielectrophoretic force
can be controlled [38] since the real part of the Clausius-
Mossotti factor for yeast cells is negative at low frequency
and positive above a cross-over frequency defined as fero5s =
/2 - osoL/ (27 - 1een-C) Where osg is the buffer conductiv-
ity (0.35 S/m), 1. is the radius of the cell (5 um) and Cy, is
the cell membrane specific capacitance (~0.01 pF/um?). With
these values, it results ~1.5 MHz.

Impedance count rates (~20 cells/s) are simply calculated
taking the number of counted cells during time slots of
200 s. Optical count rates are computed from microscope image
analysis, taking the integral of the fluorescent signal in each
microscope frames.

In the first case (i), the DEP is OFF, thus the cells flow only in
sector H, where they are injected. The optical signal in the sec-
tor L is zero, while impedance detects very rare events (~2%)
of cells randomly diffusing towards outlet L. In case (ii) at
1.9 MHz DEP is ON (Vpgp = 4.5V) and weakly positive: the
nDEP barrier is not formed, but the cell stream starts to be
shifted from H (90% of counts) to L (10% of counts). At 1 MHz,
fpep < feross SO that the negative barrier is growing, producing
a further shift: 60% in H and 40% of cells in L sector. When
fpep is reduced down to 500 kHz (iv), the vertical extension
of the negative barrier reaches H, steering all the cells towards
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TABLE I

PERFORMANCE COMPARISON OF IMPEDANCE MICRO-CYTOMETERS

Ref. Co. W x H D SNR fac BW T
[um?] [pm] [dB] [kHz] BW [s7]

This ++ 40 x 20  Beads 10 23 100 10 2000

work Yeast 5 20

[41] + 20 x 20 RBC 2.5 20 120 10 500
300 x 8 Beads 8 45

[42] + 300 x 8 Beads 3 18 500 0.1 1.45
30 x 8 Beads 1 15

[43] - 27 x 50  Beads 10 23 65 N.A. NA.

[44] - 40 x 40 Beads 2.8 25 500 N.A. NA.

[14] - 40 x 40 Beads 6 23 500 28 16

Co. is the compactness level of the readout electronics, W x H the cross-section, BW
the detection bandwidth and T the reported throughput.

outlet L. In the latter case, the absolute count rate is lower since,
by strong nDEP repulsion, all cells are pushed against the lat-
eral wall of the channel (a thin aligned stream visible in the
microscope image iv), thus experiencing larger friction. Fur-
thermore, since they are pushed against the channel ceiling, i.e.,
far from the electrodes, the produced AR is smaller, but still well
detectable.

Thanks to the lock-in spectral selectivity (provided that
fac # fpgp), no performance degradation is observed when
the DEP section is activated. The good agreement between the
impedance and optical fraction counts [see Fig. 17(m)] demon-
strates the functionality of the designed dual-channel label-free
cell counter, providing high-speed counting and sizing with
granularity of single cells, impossible with optical microscopy.

V. CONCLUSIONS

The pervasive diffusion of microfluidic POC devices for
personal healthcare and in-field biochemical monitoring is
very often hindered by the limited portability of the auxiliary

instrumentation required for the operation of LOCs. Impedance
monitoring of cells, both in dynamic flow and in static cultures
[8], allows replacing optical detection for label-free monitor-
ing of the full cell cycle (including cytotoxicity and response
to drugs [40]). Here we have presented the design of a high-
performance (2000 cells/s throughput) dual-channel credit-card-
sized impedance flow cytometer, starting from the design of
the sensing electrodes, up to the characterization with yeast
cells, manipulated by DEP. A synthetic comparison of the per-
formances here demonstrated with respect to what offered by
impedance flow cytometers recently reported in the literature
[41]-[44]is shown in Table I. Note that only the first three imple-
mentations are actually featuring compact electronic readouts,
while the remaining ones are based on bench-top LIAs.

In this work it has been experimentally demonstrated that,
regardless of the fringe effects characterizing the strongly in-
homogeneous field existing between coplanar electrodes, the
whole geometric area of the electrodes contributes to the
double layer capacitance Cpr, while the sensitivity to detect
resistance variations due to passing cells is controlled by the
electrode distance G. As a result, different geometric param-
eters of the microelectrodes can be sized independently. This
independence is limited by the channel thickness: as H is re-
duced to increase the proximity of the cells with the sensitive
layer, the resistive paths of ions are compressed, resulting in a
non-linear increase of the distributed resistance that produces
a second constant-phase behavior apparent as a further reduc-
tion in the impedance slope, unprecedentedly commented nor
modeled in the literature.

Despite the combination of DEP separation with impedance
flow cytometry on the same chip has been already reported
[38], this is the first demonstration of operation of a compact
readout system being really stand-alone and portable to the
POC thanks to the combination with miniaturized integrated
microelectronics and real-time FPGA processing.
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