
G

S

C

G
a

b

a

A
A

K
C
C
D
I
L
V

1

t
f
f
I
i
u
fl
t
m
c
c
t
c
l

c
r
o
p
a

0
d

ARTICLE IN PRESSModel

NB-11956; No. of Pages 4

Sensors and Actuators B xxx (2009) xxx–xxx

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

journa l homepage: www.e lsev ier .com/ locate /snb

ell viability assessment by flow cytometry using yeast as cell model

. Merniera,∗,1, N. Piacentinia,b,1, R. Tornaya, N. Buffia, P. Renauda

Laboratoire de Microsystèmes LMIS4, Swiss Federal Institute of Technology, Station 17, CH-1015 Lausanne, Switzerland
Dipartimento di Elettronica, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

r t i c l e i n f o

rticle history:
vailable online xxx

eywords:
ell sorting

a b s t r a c t

This paper reports the new combination of cell sorting and counting capabilities on a single device.
Most state-of-the-art devices combining these technologies use optical techniques requiring complicated
experimental setups and labeled samples. The use of a label-free, electrical device significantly decreases
the system complexity and makes it more appropriate for use in point-of-care diagnostics.

Living and dead yeast cells are separated by dielectrophoretic forces and counted using coulter counters.

ell counting
ielectrophoresis

mpedance measurements
abel-free
iability study

The combination of these two methods allows the determination of the percentage of living and dead
cells for viability studies of cell samples. The device could further be used for sorting and counting of blood
cells in applications such as diagnosis of insufficient cell concentrations, identification of cell deficiencies
or bacterial contamination. The use of dielectrophoresis (DEP) as sorting principle allows to separate cells
based on their dielectric properties in the place of size-based separation, enabling sorting of large panels

infec
of cells and separation of

. Introduction

Recent advances in microtechnology have enabled the fabrica-
ion of devices integrating fluidic, electrical and optical components
or biological applications. These lab-on-chips make use of dif-
erent techniques enabling sample preparation and analysis.
n sample preparation, one important technique is the sort-
ng of cells, which can be performed optically or electrically,
sing among others dielectrophoresis [1,2], magnetophoresis [3,4],
uorescence-activated cell sorting [5] or optical tweezers [6]. On
he other hand, sample analysis can be also integrated on chip, the

ost common example of which being cell counting. This counting
an rely either on optical monitoring of a specific position on the
hip [5,7], or on electrical impedance measurements influenced by
he cell passage [8–11]. The latter technique is widely known in its
oulter counter configuration, first developed by Coulter [12] and
ater miniaturised by Larsen et al. [13].

This paper presents a lab-on-chip integrating cell sorting and
ounting abilities, based on dielectrophoresis and coulter counter,
Please cite this article in press as: G. Mernier, et al., Cell viability assessm
Chem. (2009), doi:10.1016/j.snb.2009.11.066

espectively. To the best of our knowledge, this is the first example
f a fully electric system, which has the advantages of a label-free
rotocol and a relatively simple experimental setup. This device
llows determining the concentration of cell subpopulations in a
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ted and non-infected cells of the same type.
© 2009 Elsevier B.V. All rights reserved.

sample, with applications such as viability studies and differential
cell counting for point-of-care diagnosis.

2. Materials and methods

2.1. Chip design, fabrication and packaging

In order to integrate cell sorting and counting, a device is
developed using the design shown in Fig. 1, featuring microfluidic
channels and electrodes for dielectrophoresis and impedance mea-
surements. The fabrication of the device is described elsewhere [14]
and briefly explained here. Platinum electrodes are deposited on a
titanium adhesion layer by evaporation and patterned by lift-off.
Microfluidic channels are then defined using SU8 photolithography.
A silicone elastomer block placed on top seals the fluidic network
and allows access to the inlets and outlets via a plastic holder.
Pressure-driven flow is regulated by a pressure box, as described
by Braschler et al. [15].

2.2. Protocols

Yeast cells (Baker’s Yeast, Saccharomyces cerevisiae) are obtained
from a local grocery store. A mixed population of living and dead
cells is prepared at a cell concentration of 1% (w/v). The working
ent by flow cytometry using yeast as cell model, Sens. Actuators B:

solution is a Phosphate Buffer Saline (PBS) solution diluted 30 times
to reach a conductivity of 55 mS/m, which is suitable for the cell
sorting. Dead yeast cells are obtained by heating a living sample for
30 min at 90 ◦C, as performed in [2], so that the cell membrane and
cell wall become leaky. Other treatments could also be used to kill

dx.doi.org/10.1016/j.snb.2009.11.066
http://www.sciencedirect.com/science/journal/09254005
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monitoring the current variations occurring at each cell passage
through an aperture, across which a constant voltage is main-
tained. The channel impedance is measured around 100 kHz, where
the cell membrane is opaque so that the current can only pass
Fig. 1. Schematic of the chip design, including the m

he yeast cells, such as chemical lysis or UV radiation. A standard
rotocol for exclusion assay is used to stain dead cells with trypan
lue for visual identification.

. Results and discussion

.1. Cell sorting

After being injected in the inlet, cells flow through two parallel
rrays of “liquid electrodes” where voltages are applied as sum-
arized in Table 1. Liquid electrodes are large metal electrodes

atterned at the bottom of dead-end chambers positioned perpen-
icularly to the main channel as defined by Demierre et al. in [16].
esulting electric fields polarise cells according to their permittivity
nd conductivity. In an inhomogeneous and time-varying electrical
eld E, net forces are applied to cells with a time average given by
he following equation [17]:

FDEP(t)〉 = �εmr3 Re (KCM)∇|E|2

here εm is the permittivity of the medium, r the radius of the
article, and Re(KCM) is the real part of the Clausius–Mossotti factor
efined as

CM = ε-p − ε-m

ε-p + 2ε-m
, ε- = ε − j

�

ω

being the permittivity and � the conductivity of the particle
nd the medium; ω is the angular frequency of the electric field,
the imaginary unit. KCM is bounded between −0.5 and 1, and
an give rise to DEP forces in two opposite directions. Namely
ne refers to positive dielectrophoresis (pDEP) when cells are
ttracted in regions where the gradient of electric field is large. Con-
ersely, cells are repulsed from those regions in the case of negative
ielectrophoresis (nDEP), when cells are less polarisable than the
urrounding medium.

The presented chip achieves living and dead yeast cell separa-
ion by means of dielectrophoretic forces. Fig. 2 shows the real part
f KCM for living and dead yeast cells as a function of the frequency,
Please cite this article in press as: G. Mernier, et al., Cell viability assessm
Chem. (2009), doi:10.1016/j.snb.2009.11.066

ccording to the multi-shell model described in [18]. Negative
ielectrophoresis alone is often used for cell manipulation/trapping
19,20], whereas in this work multiple-frequency dielectrophoresis
llows separation of different cell types depending on their dielec-
ric properties. In the 200 kHz frequency range, the cell membrane

able 1
mplitude and frequency of the voltages used for cell sorting and counting.

Signals Amplitude Frequency

nDEP (left) 3.5 Vpp 200 kHz
nDEP (right) 1.2 Vpp 200 kHz
pDEP (right) 2 Vpp 5.003 MHz
Counting signal 2 Vpp 101 kHz
uidic channels in SU8 and the platinum electrodes.

and cell wall are opaque to the electrical field and both living and
dead yeast cells experience the same nDEP force, allowing electrical
deflection of the cell stream in an equilibrium position to the right.
In the 5 MHz frequency range, the cell membrane and cell wall are
transparent to the electrical field and the cytoplasm influences the
dielectrophoretic force. Due to their resistive cytoplasm, dead yeast
cells again undergo nDEP (being thus further pushed to the right),
whereas living cells, which have a more conductive cytoplasm, are
subjected to pDEP forces attracting them to the left. Further details
can be found in [2].

The cell populations focused at different positions are separated
in two channels, as shown in Fig. 3. Thanks to the staining of the
dead yeast cells with trypan blue, it is possible to visually evaluate
the sorting efficiency. Out of 582 cells sorted on the left, only 0.26%
were dead cells, whereas 3.69% of the 177 cells deviated to the right
were living cells. The majority of the wrong sorting events is due
to cell clusters containing both living and dead cells.

3.2. Cell counting

After sorting, cells are counted by means of a coulter counter by
ent by flow cytometry using yeast as cell model, Sens. Actuators B:

Fig. 2. Variation of the real part of the Clausius–Mossotti factor as a function of the
frequency for viable and non-viable yeast cells in low conductivity buffer (55 mS/m).
Both cell types experience nDEP at the focusing frequency whereas living cells expe-
rience pDEP at the sorting frequency. In a buffer featuring a too high conductivity,
living cells would also experience nDEP at high frequencies and such separation
could not be performed anymore.

dx.doi.org/10.1016/j.snb.2009.11.066
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Fig. 5. Comparison of different methods for viability measurements, from tra-
ig. 3. Superposition of 2 video frames, showing the trajectory of 2 non-colored
iving cells (left) and a colored dead cell (right) sorted by dielectrophoresis.

round the cell, thereby leading to a more resistive channel. Pre-
ise calculations of the impedance variation can be found in [21]; a
ough estimation based on the cell size (sphere with 4 �m radius),
olution conductance (55 mS/m) and channel geometry suggests
mpedance variations of about 1% over a 1 M� channel resistance,

hich can be detected with an appropriate device.
Counting is performed using a commercial impedance spectro-

cope (HF2-IS, Zurich Instruments AG, Switzerland). Voltage signals
re applied to coulter channels, and resulting currents are con-
erted into voltages by a differential current probe (HF2 Current
mplifier, Zurich Instruments AG). This current probe features an
djustable input impedance chosen at 1 M� to match the Coulter
lectrodes’ impedance which, combined with a 10 times amplifi-
ation, gives an equivalent transimpedance gain of 10 MV/A. The
ignals are then demodulated with a lock-in amplifier integrated
n the HF2IS. The absolute impedance is recorded for both channels
imultaneously, the passage of cells in a coulter counter causing
eaks in the corresponding signal, as shown in Fig. 4.

The excellent signal-to-noise ratio obtained allows automated
ounting with very simple signal processing. As cell sizing is not
imed here, no calibration of the individual channel sensitivity has
een made.

.3. Application of the device for viability measurement
Please cite this article in press as: G. Mernier, et al., Cell viability assessm
Chem. (2009), doi:10.1016/j.snb.2009.11.066

The developed device aims at determining the viability of a cell
ample. Fig. 5 shows different measurements of the viability of the
ame sample, either made by visual observation of the cells or by
nalysis of the counting signal. The first column shows the viability

ig. 4. Signal recorded from the cell counting electrodes, featuring peaks corre-
ponding to cells passing in the channel. As it comes from the measured current,
he signal is inversely proportional to the channel impedance. The data shown here
orresponds to the cells present in the sorting image stack shown before.
ditional counting off-chip using smears to final counting on chip. Intermediate
columns are the viability of the sample arriving in the sorting channel, based on
their color, and visual counting of the cells sorted in the different channels.

determined off-chip by counting living and dead cells on traditional
smears, giving a reference for the real sample viability. The second
column comes from the visual identification of living and dead cells
arriving in the sorting channel using the trypan staining. The sample
is then sorted in the two channels, where the cells can be counted
visually under a microscope (third column) or electrically using the
coulter counters (fourth column).

This graph shows the three sources of errors in the viability
measurement: the sample arriving in the sorting channel not repre-
sentative of the full sample (difference 1 − 2), the cells that are not
well sorted (difference 2 − 3) and the cells that are not counted (dif-
ference 3 − 4). The final viability obtained with the system remains
close to the real one, most of the difference coming from the sample
arriving in the channels already before sorting.

The different sources of errors introduce some limitations on
the device, but can be overcome by some adaptation of the design
and methods. As can be seen in Fig. 5, the biggest error actually
comes from the sampling of the cells from the inlet to the sorting
and counting channels, which can be due to occasional sticking of
the cells to the chip walls, phenomenon which occurs according
to the degree of hydrophobicity of the surface and to its exposed
charge. The ability of the miniaturised device to accurately probe
the cell sample could be improved by the deposition of a suitable
coating on the microchannel wall, such as polyethylene glycol or
polyvinylpyrrolidone [22]. Representativeness of the on-chip sam-
ple would benefit from homogenisation of the sample at the inlet,
which could be done by micro-stirring or dead volume reduction.

The error coming from the wrong sorting of the living and dead
cells in the corresponding channels is small. It can come from non-
optimised n- and pDEP forces which are used to focus the whole
population at one side and to attract living cells to the other one.
Moreover, a more pronounced dead cell tendency to sticking can
lead to the formation of clusters, whose sorting finally depends
on its global properties (size, predominant cell type, etc.). Possible
strategies to overcome these intrinsic limitations rely either on the
optimisation of the cell concentration and flow rate or on some
micro-stirring at the inlets in order to break these clusters apart.

Finally, counting is the third source of error in determining sam-
ent by flow cytometry using yeast as cell model, Sens. Actuators B:

ple viability. Due to the structure of the coulter counter, two or more
cells passing at the same time are likely detected as a single, bigger
one. Algorithms can be implemented, in order to detect abnormal
shapes in current pulses which are due to coincidences, but the

dx.doi.org/10.1016/j.snb.2009.11.066
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asiest and most reliable way of preventing these counting errors
equires an optimisation of the process parameters (cell concen-
ration, flow rate) or the use of more sophisticated configurations,
uch as hydrodynamic focusing.

In this work the cells were flowing at around 500 �m/s, giv-
ng a flow rate around 0.2 nl/s, and the cells have been sorted and
ounted at a rate of up to 10 cells per second. As discussed in [2], as
ong as the cells stay during a sufficient time in the sorting region to
each an equilibrium position, the cell sorting works independently
f the flow speed, so that increasing the length of the sorting region
an increase the throughput of the device to obtain faster, statisti-
al measurements. Cell counting can also be performed as higher
peed, with a maximal operation speed reported at 20,000 cells per
inute [23].

. Conclusions

This paper described the design and fabrication of a chip capable
f both electrical cell sorting and counting using the combina-
ion of a dielectrophoretic separation and coulter counting. This
evice was used to evaluate the viability of a mixed sample of liv-

ng and dead yeast cells. The advantages of such a system are the
se of a label-free realtime analysis which is not modifying the sam-
le, and the relatively simple experimental setup without optical
omponents. Moreover, the sorting technique used allows a more
ubtle separation than the traditional size-based methods, enabling
ifferentiation of cells depending on their dielectric properties.
ptimisation of the system can improve the cell sampling in the

nlet and diminish the number of clusters flowing in the microchan-
els, thereby increasing the reliability of the viability measurement.
s the sorting and counting can be performed in a fast and auto-
atic way, this lab-on-chip is particularly adapted for point-of-care

pplications such as diagnosis of insufficient cell concentrations,
dentification of cell deficiencies or bacterial contamination.
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