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Continuous-flow electrical lysis device with integrated control by
dielectrophoretic cell sorting†
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We present a device capable of electrical cell lysis and evaluation of lysis efficiency in continuous

flow using dielectrophoretic cell sorting. We use a combination of AC electrical fields and so-called

liquid electrodes to avoid bubble creation at the electrode surface. The electrical field distribution is

calculated in different electrode configurations by numerical simulations. Cell sorting shows high lysis

efficiency, 99% of yeast cells sorted after lysis featuring dielectric properties similar to dead cells.

A study of the potential device throughput is performed.
Introduction

Cell lysis has been studied for several decades,1,2 especially with

regard to extracting intracellular components for analysis in

fields such as metabolomics, genomics or proteomics. Various

methods exist to lyse cells, such as chemical,3,4 electrical,5,6

physical7,8 or optical9,10 lysis. Chemical lysis is easy to implement

but in order to dissolve the cell membrane it makes use of

reagents that can interfere with the cytosol analysis situated

downstream of the lysis. Other methods such as optical lysis

require more complex experimental setups.

Conversely, electrical lysis makes use of electrical fields to

create pores in the cell membrane. It does not affect downstream

analysis and can be implemented relatively easily, without optical

components. However, this technique presents several chal-

lenges. One of the challenges is providing an electrical field high

enough to affect the cell membrane while avoiding bubble

formation at the electrode surface. A second challenge is the

evaluation of lysis of cells featuring a cell wall around their

membrane (such as yeast cells or bacteria), as no visible differ-

ence between lysed and non-lysed cells can be observed in bright

field microscopy, making the assessment of lysis efficiency

difficult. Various methods have been used to assess the lysis

efficiency. These methods are implemented on-chip, such as

fluorescence microscopy11 and impedance measurements,12 or

off-chip, such as cell culture after lysis13 or detection of intra-

cellular contents in the supernatant.14 However, none of those

techniques allows on-chip evaluation of the lysis efficiency in

continuous flow.

In this work we present a device able to lyse cells using AC

electrical fields and so-called ‘‘liquid electrodes’’. Liquid elec-

trodes are large metal electrodes patterned at the bottom of dead-

end chambers positioned perpendicularly to the main channel as

defined by Demierre et al.15 They provide a homogeneous
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electrical field over the total channel height while keeping

a simple process flow with a single planar metal layer. A cell

sorting system based on dielectrophoresis situated downstream

of the lysis sorts living and dead cells and thereby evaluates the

percentage of yeast cells effectively lysed by the applied electrical

fields. This evaluation technique is potentially very powerful to

evaluate on-chip the lysis of any cell type, in continuous flow.

Materials and methods

The working solution is a Phosphate Buffer Saline (PBS) diluted

in water to reach the conductivity of 55 mS m�1 suitable for cell

sorting. The addition of 1% Bovine Albumin Serum (BSA)

prevents the adhesion of cells on the microchannel walls. 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. Dead yeast cells are

obtained by heating a living sample for 30 min at 90 �C. A

standard protocol for exclusion assay is used to stain dead cells

with trypan blue for visual identification. Propidium iodide is

obtained from Sigma-Aldrich.

Chip design and fabrication

The device fabrication is described elsewhere16 and shortly

repeated here. The device is made on a 4-inch glass substrate.

200 nm-thick platinum electrodes are sputtered on top of

a 20 nm-thick Titanium adhesion layer, and further patterned by

lift-off. A polydimethylsiloxane (PDMS) block covers the 20mm-

high microchannels made of SU8, while a plastic piece

mechanically fixates the PDMS block and allows access and

pressure regulation for the fluidic inlets and outlets.17 The chip

design includes a lysis region, a sorting region and an observation

region, as depicted in Fig. 1. Cell lysis is performed using 5 liquid

electrodes on each side whereas dielectrophoretic sorting uses

10 electrodes on each side.

Theoretical considerations and numerical simulations

Cell lysis. An important point to consider is the frequency of

the lysis voltage. Cell lysis is optimal in direct current (DC) fields

because the field is continuously above the threshold of

membrane electroporation. On the other hand, in DC a relatively
Lab Chip, 2010, 10, 2077–2082 | 2077
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Fig. 1 Photograph of the chip design, showing the different regions

through which cells pass, as well as the liquid electrodes used to apply the

lysis and dielectrophoresis voltages. Inset: living and dead cells flowing in

the observation region after sorting.

Fig. 2 A. Transmembrane potential caused by an electrical field of

2 kV cm�1; B. Real part of the Clausius-Mossotti factor for living and

dead yeast cells.
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low voltage applied at the microelectrodes can cause bubble

creation at the electrode surface. To avoid this unwanted effect,

an alternating current (AC) voltage can be used but its frequency

should be low enough to keep a strong effect on the cell

membrane, i.e. the voltage should stay long enough above

the membrane electroporation threshold to be able to charge the

membrane capacitance.

The transmembrane potential (TMP) leading to membrane

electroporation is in the range of 1 V.18 In DC, this potential in

given by Df ¼ 1.5 R E0 cos q, where R is the cell radius, E0 the

local electrical field and q is the polar angle measured from the

center of the cell with respect to the direction of the field. Pores

appear first at locations where the TMP is maximum, i.e. where

cos q ¼ 1.

In AC, the TMP is given by Df¼ 1.5 R E0 cos q/(1 + (us)2)1/2,19

where u is the pulsation of the field, and s is the time constant

given by20 s ¼ R Cm(rint + rext/2), with Cm being the specific cell

membrane capacitance, and rint and rext the cytosol and

suspension medium resistivities, respectively. In order to keep the

TMP in AC as close as in the DC case, the criteria on the lysis

frequency is us � 1. The dependence of the transmembrane

potential with the frequency is shown in Fig. 2A for yeast cells

and an electrical field of 2 kV cm�1. The parameters for yeast cells

found in the literature21 are summarised in Fig. 2A and give

a time constant s ¼ 3.3 � 10�7 s, so that the lysis frequency

should be f� 1/(2p s) ¼ 500 kHz. The lysis frequency is chosen

at 50 kHz, above which significantly higher voltages have to be

applied in order to achieve cell lysis.

Cell sorting. The dielectrophoretic force is used to separate

living and dead cells after lysis, based on their different dielectric

properties. The time average of this force in an inhomogeneous

and time-varying electrical field E is given by the following

equation:22

hFDEP(t)i ¼ p3mr2Re(KCM)V|E|2

where 3m is the permittivity of the medium, r the radius of the

particle, and Re(KCM) is the real part of the Clausius-Mossotti

factor defined as
2078 | Lab Chip, 2010, 10, 2077–2082
KCM ¼
3p � 3m

3p þ 23m

; 3 ¼ 3� j
s

u

3 being the permittivity and s the conductivity of the particle and

the medium; u is the angular frequency of the electric field, j the

imaginary unit. KCM is bounded between �0.5 and 1, and can

give rise to DEP forces in two opposite directions. Namely one

refers to positive dielectrophoresis (pDEP) when cells are

attracted in regions where the gradient of electric field is large.

Conversely, cells are repelled from those regions in case of

negative dielectrophoresis (nDEP).

The dielectrophoretic sorting takes advantage of the different

dielectric properties of living and dead cells. Dead cells feature

a leaky membrane having much higher conductivity than living

cells. The membrane is more permeable and allows out-diffusion

of intracellular components, eventually leading to cell death

when the cell has no more physiological activity. The cytosol of

a dead cell has therefore the same characteristics as the suspen-

sion medium, in this case a lower conductivity than in living cells.

Fig. 2B shows the real part of KCM for living and dead yeast cells

as a function of the frequency, according to the multi-shell model

described by Huang et al.23

In the 200 kHz frequency range, the electrical field is blocked

by the cell membrane and both living and dead yeast cells

experience the same nDEP force, allowing focusing of the cell

stream in an equilibrium position. In the 5 MHz frequency

range, the electrical field can pass through the membrane and

the cytosol influences the dielectrophoretic force. Dead yeast

cells still undergo nDEP, whereas living cells, which have

a more conductive cytoplasm, are subjected to pDEP forces

attracting them towards the other direction. In this work the

focusing and sorting signals are applied on the electrodes as

shown on Fig. 1. Voltages and frequencies are obtained exper-

imentally to achieve best separation, as explained in more detail

in a previous paper.21
This journal is ª The Royal Society of Chemistry 2010
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It is interesting to note that as the lysis voltage is applied in

AC, it also induces a dielectrophoretic effect on the cells. At the

lysis frequency of 50 kHz, both cell types experience negative

dielectrophoresis, as shown in Fig. 2B. This implies that the cells

are repelled from places with high electrical field gradients in the

lysis region.

Numerical simulations. Numerical simulations are performed

to evaluate the electrical field achieved by the lysis voltage. A

two-dimensional finite element model is studied with the simu-

lation software package COMSOL Multiphysics and allows the

calculation of the electrical field distribution from the applied

voltages.

The electrical connections of the lysis electrodes can be

implemented in two ways; a first configuration connects the

electrodes alternately, so that the current is passing between the

neighboring electrodes, like it is done for the electrodes for die-

lectrophoresis. The second way is to connect all electrodes on the

same side of the channel to the same potential, so that the elec-

trical field lines are crossing the main channel perpendicularly.

This latter facing electrodes configuration has the advantage of

requiring only 2 electrodes covering all the lateral channels of the

liquid electrodes.

Fig. 3 and 4 show the electrical field distribution in the alter-

nating electrodes and facing electrodes configurations and the

field profile in the center of the channel, showing maximum

electrical fields of 2.7 kV cm�1 and 1.9 kV cm�1, respectively, for

an applied voltage of 20 V. In the face-to-face configuration, the

highest electrical field is obtained in the main channel at the level

of the lateral channels of the liquid electrodes, whereas in the

alternating configuration the field is higher in the main channel
Fig. 3 Electrical field distribution in the alternating electrodes configuratio

a voltage VL ¼ 20 V (corresponding to the maximum for an AC voltage of 4

This journal is ª The Royal Society of Chemistry 2010
between the lateral channels. This influences the behavior of the

cells in the lysis region, as they are repelled from high electrical

field gradients by dielectrophoresis. Adapting the flow speed

allows to pass cells through these regions and the dielectro-

phoretic effect can be used to retain the cells in the lysis region.

Experimental results and discussion. We propose a novel way to

evaluate the lysis of yeast cells using sorting by multiple-

frequency dielectrophoresis. This method uses the different

dielectric properties of living and dead cells, and has been shown

to be very efficient in separating living and dead yeast cells.21,24

If cells feature dielectric properties of dead cells (leaky

membrane, cytosol similar to suspension medium) after lysis, the

extraction of the intracellular components is considered

successful and cells are considered to be lysed. As our interest is

the effective extraction of intracellular components, no further

kinetic study is performed to differentiate between temporary

electroporation and irreversible cell lysis. Lysis efficiency is

defined here as the percentage of cells featuring dielectric char-

acteristics similar to dead cells after passing through the lysis

region.

Dead yeast cells are stained with trypan blue and added to the

sample for sorting calibration. They also act as a control to

validate the similar characteristics observed in lysed cells. A

mixture of living and dead cells is injected at the inlet of the

device. As shown in Fig. 1, cells pass first through a lysis region

and later through a sorting region. The presence of a wider

observation region after the sorting allows an amplification of

the difference in output position between living and dead cells,

and reduces the flow speed for better observation. Living cells

and dead cells are counted by optical observation under an
n, with the electrical field profile in the center of the main channel for

0 Vpp).

Lab Chip, 2010, 10, 2077–2082 | 2079
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Fig. 4 Electrical field distribution in the facing electrodes configuration, with the electrical field profile in the center of the main channel for a voltage

VL ¼ 20 V (corresponding to the maximum for an AC voltage of 40 Vpp).
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inverted microscope (Leica) using a uEye CCD camera (IDS

Imaging), and differentiated thanks to the trypan staining

performed beforehand on the injected sample. Their output

positions are recorded and summarised in histograms for the

different applied voltages and electrode configurations.

Fig. 5A shows the output positions after sorting when no lysis

voltage is applied. The graph shows a clear difference in output

position between stained and non-stained cells, characterised by

two distinct peaks in the histogram, and gives a viability of 70%

corresponding to the one of the injected sample. Cells experi-

encing a strong force on one side will flow close to the edge of the

channel (as they cannot go further to the side) and the last

position range is therefore a popular result.

When a high voltage (55 Vpp) is applied in facing (Fig. 5B) or

alternating (Fig. 5C) electrodes configuration, the equilibrium

position of the non-stained cells moves to the left side, indicating

that they have dielectric properties similar to dead cells, although

they were alive when injected into the device. If we consider that

all cells on the left half are dead and all cells on the right side are

alive, the percentage of living cells effectively lysed by the device

can be deduced. Table 1 summarises the parameters for these

three experiments. The number of non-stained cells which are

effectively lysed is calculated as being $ 99% for both confi-

gurations. This result is validated by the injection of propidium

iodide at the device outlet, showing all cells are dead after the

lysis region.

The comparison with the numerical simulations provides an

estimate of the maximum electrical field achieved in the center of

the channel, equal to 3.7 and 2.6 kV cm�1 in the alternating and

facing electrodes configuration, respectively. The corresponding
2080 | Lab Chip, 2010, 10, 2077–2082
theoretical transmembrane potentials are 2.2 V and 1.5 V,

respectively.

These results show very high lysis efficiency but are performed

with relatively low flow speeds, around 300 mm s�1 in the lysis and

sorting regions. An assessment of the lysis efficiency of this device

at higher flow speed (around 5 mm s�1) is studied, and the output

positions of cells after lysis are shown in Fig. 6. The sorting

efficiency is lower because the dielectrophoretic sorting force is

smaller compared to the convective force of the flow and cells

have less time to find an equilibrium position, even if the sorting

voltages are adapted to higher values, as shown on Table 2.

The limit of output positions between dead and living cells is

now chosen at a distance of 40 mm from the centre of the channel,

as it is where the control experiment features an inversion in

dominant population. The lysis efficiency is here more difficult to

assess as the sorting is not working perfectly anymore, but the

effect of the lysis voltages is clearly visible and the lysis effect

seems not to be influenced by the higher throughput.

The alternating electrodes configuration gives a more centered

output position histogram (see Fig. 6C), which can be due to

several reasons. On the first hand, the application of high elec-

trical fields in the alternating electrodes configuration focuses the

cells very strongly in the center of the channel, and the sorting

voltages might not be strong enough to deviate the cells much

from this centered position at high flow speeds. On the other

hand, the lysis might be less efficient despite the higher maximum

fields achieved because the minimum electrical fields are much

smaller in front of the dead-end channels (as shown in Fig. 3) and

may be smaller than the electroporation threshold. Another

inconvenience of the alternating electrodes configuration is the
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Histogram showing cell counts at 14 different output positions

after sorting by dielectrophoresis at flow speeds around 300 mm s�1 in the

lysis and sorting region. A: no lysis voltage; B: square lysis voltage of

55 Vpp at 50 kHz using the facing electrodes configuration; C: square lysis

voltage of 55 Vpp at 50 kHz using the alternating electrodes configuration.

Fig. 6 Histogram showing cell counts at 14 different output positions

after sorting by dielectrophoresis at flow speeds around 5 mm s�1. A: no

lysis; B: square lysis voltage of 100 Vpp at 50 kHz using the facing elec-

trodes configuration; C: square lysis voltage of 100 Vpp at 50 kHz using

the alternating electrodes configuration; Influence of the higher

throughput is clearly visible in the control experiment, where the sorting

is less efficient. However the effect of the lysis voltage remains very clear.

Table 2 Parameters for the three experiments at higher flow speeds,
around 5 mm s�1

Lysis
voltage
VL

cells
s�1

%
of lysis
efficiency

Focusing
voltage
VFOCUS 1

Focusing
voltage
VFOCUS 2

Sorting
voltage
VSORTING

No lysis
(0V)

51.8 — 11 V @
200 kHz

7 V @
200 kHz

7.7 V @
5 MHz
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accumulation of cells in the first lateral dead-end channel, due to

the lower electrical field gradients present there (see Fig. S1 in the

ESI†).

The lysis region and sorting region are 200 mm and 400 mm long,

respectively and the measured flow speed is around 5 mm s�1,

giving transit times in the two regions of 40 and 80 ms, respec-

tively. The transit time in the lysis region is still long enough for

the lysis to occur, and the transit time in the sorting region is long

enough for the cytosol to diffuse out of the cells so that lysed cells

feature dielectric properties similar to dead cells. The number of
Table 1 Parameters for the three experiments at low flow speeds, around
300 mm s�1

Lysis
voltage VL

cells
s�1

%
of lysis
efficiency

Focusing
voltage
VFOCUS 1

Focusing
voltage
VFOCUS 2

Sorting
voltage
VSORTING

No lysis
(0 V)

6.8 — 3 V @
200 kHz

3.5 V @
200 kHz

2.8 V @
5 MHz

55 Vpp

facing
elec.

5.1 99.5 3 V @
200 kHz

3.5 V @
200 kHz

2.8 V @
5 MHz

55 Vpp

altern.
elec.

7.3 99.0 3 V @
200 kHz

3.5 V @
200 kHz

2.8 V @
5 MHz

100 Vpp

facing
elec.

85.3 93.8 11 V @
200 kHz

7 V @
200 kHz

7.7 V @
5 MHz

100 Vpp

altern.
elec.

97.6 93.0 11 V @
200 kHz

7 V @
200 kHz

7.7 V @
5 MHz

This journal is ª The Royal Society of Chemistry 2010
liquid electrodes dedicated to lysis and dielectrophoretic sorting

can be further increased to achieve longer transit times or to work

at higher throughput.

Conclusions

We have developed a device able to perform cell lysis using

a novel ‘‘liquid electrodes’’ design. An AC electrical field has been
Lab Chip, 2010, 10, 2077–2082 | 2081

http://dx.doi.org/10.1039/C000977F


D
ow

nl
oa

de
d 

on
 0

7 
Se

pt
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
7 

Ju
ne

 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

00
09

77
F

View Online
used at a frequency optimising the cell lysis while avoiding the

creation of bubbles at the electrode surface. This AC field causes

a dielectrophoretic effect on the cells that can be used to increase

the transit time of the cell in the lysis region. Yeast cell lysis has

been performed and evaluated by dielectrophoretic sorting. The

lysis efficiency has been shown to be very efficient for the two

electrode configurations studied, even at higher throughput.

The sorting of living and dead cells provides a unique tool for

the evaluation of yeast cell lysis in continuous flow. It is suitable

to study effective extraction for cytosol as the sorting highlights

the different dielectric properties of the cells, such as the cytosol

conductivity. This evaluation method could also be used in the

assessment of the lysis of other cells, such as bacteria or plant

cells.
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