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bstract

Microfabricated devices for cell lysis have demonstrated many advantages over conventional approaches. Among various design of microdevices
hat employ electroporation for cytolysis, most utilize Ag/AgCl wires or 2D planar electrodes. Although, simple in fabrication the electric field
enerated by 2D electrodes decays exponentially, resulting in rather non-uniform forcing on the cell membrane. This paper investigates the effect
f electric field generated by 3D cylindrical electrodes to perform cell lysis via electroporation in a microfluidic platform, and compared with that
y 2D design. Computational results of the electric field for both 2D and 3D electrode geometries showed that the 3D configuration demonstrated
significantly higher effective volume ratio—volume which electric field is sufficient for cell lysis to that of net throughflow volume. Hence, the

fficacy of performing cell lysis is substantially greater for cells passing through 3D than 2D electrodes. Experimentally, simultaneous multi-pores

ere observed on leukocytes lysed with 3D electrodes, which is indicative of enhanced uniformity of the electric field generated by 3D design.
dditionally, a single row of 3D electrode demonstrated a substantially higher lysing percentage (30%) than that of 2D (8%) under that same flow

ondition. This work should aid in the design of electrodes in performing cell lysis via electroporation.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Microfluidics has gained wide acceptance in bio/chemical
tudies in recent years (Bange et al., 2005; Pihl et al., 2005;
tone et al., 2004). As a result, the idea of packaging tradi-

ional laboratory instrumentation onto a chip – or lab-on-a-chip
is becoming a reality. Fluid transport and processing, sens-

ng and/or actuation, and analysis elements in an integrated
icrofluidics platform are being accomplished with microflu-

dic components such as micropump, microvalve, micromixer,
nd microelectrodes (Isik et al., 2005) to perform specific tasks.
he focus of this work is to utilize microelectrodes to perform
ell lysis within a chip environment.

There are a number of approaches in performing lysis on

he cell phospholipid membrane, with the predominant goal of
xtracting various elements – e.g. membrane and intracellular
rotein, RNA, and DNA – to study physiologic and pathologic
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rocesses at the cellular level. These approaches can be clas-
ified into two groups: chemical and physical means (Graham
nd Rickwood, 1997). Chemical approaches mostly utilize lysis
uffer with surfactant to solubilize the lipid membrane. How-
ver, the use of surfactant requires additional treatment to
emove itself from the sample. Another main drawback is that
lthough chemical methods are widely used for extraction of
NA, it is not ideal if the prime concern is integrity of protein,

.g. organelle (Lu et al., 2005). Moreover, in the limiting case
f lysing a single cell picoliter volume of lysis solution in a
icrofluidic environment is needed (Irimia et al., 2004).
On the other hand, physical means of cell lysis employ a wide

ariety of approaches. Thermal method, in a reactor, is perhaps
he most common (El-Ali et al., 2005; Lee et al., 2005), proba-
ly due to compatibility with PCR and DNA analyses. However,
his may not be the method of choice for most protein analysis
ince protein denatures much easier than DNA in elevated tem-

erature environment. Marentis et al. (2005) used energy from
ound wave from a piezoelectric minisonicator to lyse leukemia
L-60 cells and Bacillus subtilis bacterial spores in microfluidic

nvironment in the absence of chemical denaturants, enzymes or

mailto:andrew@iam.ntu.edu.tw
dx.doi.org/10.1016/j.bios.2006.08.009
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icroparticles. Di Carlo et al. (2005) used poration of hydrox-
de ion through cell membrane for cell lysis. Marmottant and
ilgenfeldt (2003) demonstrated a novel approach in which con-

rolled, oscillating microbubbles are sufficient to rupture lipid
embranes.
Electroporation, another physical approach, is widely used

o create transient pore through the membrane to deliver dyes,
rugs, proteins, peptides, RNA, and DNA into cells (Neumann
t al., 1989; Tsong, 1991). The technique applies an electric
eld which raises the transmembrane potential above a thresh-
ld (0.2–1.2 V) sufficient to disrupt the lipid by-layer and causes
ores to form. In recent years, marriage of this technique with
icrofluidics to attain the same end has been widely accepted

Huang and Rubinsky, 2003; Lin and Huang, 2001; Lin et al.,
004; Shin et al., 2004), and was reviewed by Olofsson et al.
2003). Electroporation has been applied in microfluidic plat-
orm primarily to lyse the membrane permanently (Lee and Tai,
999; Lu et al., 2005; Xia et al., 2005).

The design of electrodes is of crucial import in lysing cell,
ince the electrodes define the electric field. The majority of
he effort thus far of utilizes simply with Ag/AgCl wires (Gao
t al., 2004; Khine et al., 2005; Lee and Tai, 1999; Xia et al.,
005) or microfabricated planar electrode design (Lee and Tai,
999). The drawback for planar electrodes is the exponential
ecay of the electric field away from the plane of the electrode.
ith cell dimension typically not much greater than the channel

eight, a cell would experience large non-uniformity in the
lectric field during electroporation. Very limited studies utilize
D electrodes for cytolysis. Lu et al. (2005), for example,
uccessful employed pointed, 3D electrodes with the primary
ntent of preserving organelle integrity. However, the efficacy
f electrode design in lysing cells – not being the focus of Lu
t al. (2005) – was not investigated.

This paper aims to quantify the effect of utilizing 3D elec-
rodes (Fig. 1a) with the aim of enhancing cell lysis via elec-
roporation in a microfluidic platform. Both computation and
xperimental efforts using leukocytes were undertaken, with
omparison made to planar electrode design. Results from this
ork should enhance design of electrodes to perform cell lysis
sing electroporation.

. Electroporation

The phenomenon utilizes electric field to create transient
r permanent pore (s) on the cell membrane. The phenomenon
ccurs when sufficient voltage required for dielectric breakdown
f the membrane, about 0.2–1.5 V, is imposed by an external
lectric field (Khine et al., 2005). This transmembrane potential
ϕ for a spherical cell can be expressed as (Neumann et al.,

989),

ϕ(t) = 1.5aE cos θ

(
1 − exp

(−t

τm

))
, (1)
here a is the radius of cell, E the external electric field, θ the
olar angle measured from the center of the cell with respect
o the direction of electric field, and τm is the charging time
f the cell membrane. When the transmembrane potential is

t

�

c

ig. 1. Three dimensional cylindrical electrodes. (a) Sketch of leukocytes
pproaching a singe row of electrode. (b) Micrograph of fabricated device. The
iameter of each electrode is 50 �m and spacing between electrodes is 20 �m.
he height of each electrode is 50 �m.

trong enough, pores will be formed. In general, pores can be
f two states: reversible electrical breakdown, with the pores
eseal themselves when the external electric field is removed,
nd irreversible breakdown, where the damage is permanent.
he signal of electroporation is usually in the form of pulses

n order to avoid damaging DNA or organelles, with the pulse
uration between 10 and 1000 �s. The charging time of cell
embrane could be shown as (Muller et al., 2001):

m = aCm

(
1

σi
+ 1

2σe

)
, (2)

here Cm is the membrane capacitance, σi intracellular
onductivity, and σe is conductivity of the external medium. If
ells are embedded in high conductivity medium, the charging
ime will be shorter. For most mammalian cells, the charging
ime is quite short—on the order of several hundreds nano
econds (Muller et al., 2001). Therefore, pulses of sufficiently
ong duration (100 �s used here), compared to the membrane
harging time, behaves as if the pulse excitation is DC. Hence,

he reduced form of Eq. (1) can be used instead, namely,

ϕ ≈ 1.5aE cos θ (3)

an be used to characterize the transmembrane potential.
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. Computation and experimental aspects

.1. Computation

Computational effort was undertaken to aid the design of
he microdevice in characterizing the electric field prior to
abrication. The commercial code Comsol Multiphysics (Com-
ol Group) was used to compute the electric field of planar
pointed and circular) and 3D electrodes (cylinders). The com-
utational domain of the 3D configuration covered a region of
90 �m width (cross stream dimension), which contained the
xtent of four cylinders. The streamwise extent was 250 �m,
hich included only one row of electrodes. The computation
as conducted to a height of 170 �m (actual device chan-
el height is 50 �m) to ensure that sufficient decay in the
lectric field had indeed taken place. Boundary conditions
ere: vanishing gradient of the electric potential normal to

he surface at all locations except at the electrode surface.
n the electrodes, the voltage prescribed was a constant 10 V.
he spatial increment of the computational grid was 1 �m
niformly.

We also calculated the effective volume ratio of the three elec-
rode geometries under different applied voltages and channel
eights. This ratio is defined as the volume of throughflow with
ransmembrane potential sufficient for cytolysis to the total vol-
me that the fluid occupied. For the 3D electrode configuration
he total volume does not include the volume of the cylinders.
n other words, this ratio provides an idea of the efficacy of
ell lysis as cells flow through the region with electrodes within
he microchannel. Using a typical transmembrane potential of
V, the threshold electric field strength for cell lysis was esti-
ated using Eq. (3) for membrane thickness of approximately
nm and resulted at 2000 kV/cm (Tsong, 1991). Using this value
nd results from computation of electric field for various elec-
rode geometries, calculations for the effective volume ratio were

ade for channel height of 50 and 100 �m.

.2. Fabrication

Fabrication process of the device consists of fabrication of
he planar electrodes, 3D electrodes, and the microchannel. Each
omponent is described in some detail below.

The planar electrodes was made via conventional MEMS
pproach as follows. First, Au/Cr (200/30 nm) was deposited on
lass substrate by electron beam evaporation. Positive photore-
ist (PR) (model S1813, Shipley) were spincoated on the metal
ayer, then exposed to UV light through a patterned transparency

ask, followed by development of the PR. Then, the PR was
tripped leaving the patterned electrodes. Teflon was applied, as
rotection for electrodes from corrosion due to applied pulses,
sing the following three-step procedure. First, a layer of PR was
pincoated and, after exposure to UV light through a masked
attern and subsequent development, only the portion above

he metal layer was removed. Second, Teflon was spincoated
nto the bare metal and the remaining PR (between electrodes).
inally, lift-off process was performed on the PR, leaving the
eflon to protect the metal layer only.

P
i
d
w
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To fabricate the 3D electrodes, first, a thin metal layer with
he same area as the base area of the 3D cylindrical elec-
rodes was formed for subsequent electroforming of the 3D
lectrode structure. This metal “seed layer” had identical fab-
ication steps as that of depositing bare metal layer on the
ubstrate of the planar electrodes described earlier (via elec-
ron beam evaporation). The fourth step fabricated the SU-8

old in which the 3D electrodes would electroform inside.
he recipe for SU-8 structure was as follow. It was spun at
000 rpm for 30 s, which corresponded to a height of 70 �m
ven though the height of 3D electrodes was 50 �m. The rea-
on for the over-height of the mold was to avoid over-grown
f copper during the electroforming process, which would
lso cause a detrimental short circuit. After spinning, the SU-

was soft baked at 65 ◦C for 8 min and 95 ◦C for 25 min.
fter exposure for 33 s in 14 mJ/cm2 power of UV light,
ost-exposure bake was made at 65 ◦C for 2 min and 95 ◦C
or 7 min, followed by development with agitation aided by
ltrasound.

Then, electroforming was employed to fabricate the 3D cop-
er electrodes. The process is very similar to electroplating
ith two differences. First, electroforming is normally used in

hick deposition (tens of micron) and, second, the deposited
tructure can be made to conform to a mold. Hence, the topolog-
cal accuracy of the 3D electrodes by electroforming is essen-
ially determined by the quality of the SU-8 mold. If a crack
nderneath the SU-8 structure exists the electroforming solu-
ion will permeate into the crack and metal will be deposited,
hich might cause a detrimental short circuit between adja-

ent electrodes. The copper electrodes were fabricated using
sulfate-based copper electrolytic bath. The plating bath con-

ained 200 g/l copper sulfate (CuSO4·5H2O), 85 g/l sulfuric acid
H2SO4), and 50 mg/l chloride ion (Cl−) operating at room tem-
erature and pH below 1. The content of the bath was kept clean
y circulation and agitation by pumping through a filter with
.1 mm pores. Small quantity of surfactant was added to make
he electrolyte more hydrophilic and the electroformed copper
righter. The pre-treatment of the photoresist mold and the pro-
ess control of electroplating deserved attention to ensure that
etallic microstructures of high quality can be obtained. Metal
as deposited at a current density of 1 A/dm2 for about 4 h.
ext, the SU-8 mold was removed with Remover PG (Micro
hem Corp.) at 80 ◦C under ultrasonic agitation. Teflon was
lso used to protect the electrodes with the same procedure as
hat of the planar electrodes. Fig. 1b shows the fabricated 3D
lectrodes.

The microchannel was fabricated with (poly)dimethyl-
iloxane (PDMS) using conventional soft lithographic process
Xia and Whitesides, 1998). SU-8 was used in forming the
aster mold for the microchannel with 50 �m height, 290 �m
idth, and about 1 cm length. Replica molding technique for

he PDMS elastomer allowed the microchannel geometry to take
hape. Oxygen plasma treatment was applied on both the molded

DMS microchannel and the substrate with electrodes to allow

rreversible bonding of the two parts to form the encapsulated
evice. Finally, inlet and outlet ports were inserted for pumping
ith syringe.
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Fig. 2. Sketch of the entire experimental setup with the cell lysis microdevice.
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Fig. 4. Computational results of the effective volume ratio defined as volume
of throughflow with transmembrane potential sufficient for cytolysis to the total
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yringe was used to pump the leukocytes through the device with 10 V, 100 �s
ulse supplied from a function generator. Images were captured by CCD for
ost-processing.

.3. Experimental setup

Leukocytes (Chinese Blood Donation Association) were
iluted with physiological saline solution in ratio of 1:100
y volume. Then, the cells were injected into the straight
icrochannel by a syringe pump at the inlet and collected at

he outlet. Excitation to the electrodes was applied with 10 V,
00 �s pulse at 4 Hz using a function generator (model 195;
avetek Universal). Micrograph images were recorded by

CD camera, and stored for data interrogation. Fig. 2 shows

he experimental setup.
Trypan blue was used to verify successful cytolysis. Khine

t al. (2005) also used Trypan blue dye, and independently with

throughflow volume. Applied voltage of 0–35 V and channel heights of: (a)
50 �m and (b) 100 �m are computed. Results show the effective volume ratio
for 3D electrodes is larger than that of either pointed or circular planar electrodes
considered.

ig. 3. Computed iso-electric field contour of three electrode configurations: (a) 2D pointed planar, (b) 2D circular planar, and (c) 3D cylindrical electrodes, with
id-height plane (z = 25 �m) contour shown in (d). The applied voltage was 0 V and, at the adjacent electrode, 10 V for all cases. Results show that the electric
eld decays rapid away form the electrodes for the planar cases, (a and b), but does not decay much with height for the 3D electrode. Results at mid-height of 3D
lectrode, (d), is representative of that at other heights since (c) confirms that the electric field is almost invariant along the cylindrical axis.
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ytoplasmic dye Calcein AM, to definitively identify the lysed
ells. Although there are natural pores on cell membrane, exclu-
ion measurement of Trypan blue is routinely used as a test of
ell viability since healthy membrane would prevent seepage
f the toxin. Once the membrane is made permeable (via elec-
roporation in this work) the dye could accumulate within the
ell staining the intracellular elements a distinct bluish color.
n the event that the membrane disintegrated, location of the
olor change (turned bluish) would be indicative of that of the
ntracellular elements.

. Results and discussion

.1. Computation of the electric field

Fig. 3 shows results of the computed iso-electric field surfaces
or the two planar electrodes – pointed (Fig. 3a) and circular
Fig. 3b) – and the 3D electrodes (Fig. 3c and d). Both Fig. 3a and
suggest that large spatial gradient exists near the 2D electrodes
s indicated by large values (non deep blue colored area) near
he edge of the electrodes and decay rapidly away. For the 3D
ylindrical electrodes (Fig. 3c), even though there exists some
ariation near the top and bottom of the electrodes – as can be
xpected due to edge effect – the electric field predominantly
oes not decay much over the entire height. Fig. 3d plots the

lectric field distribution at the mid-height (25 �m) plane of the
ylinder (or mid-height plane of Fig. 3c), which is representative
f the electric field at other heights except very close to the end
egions.

o
n
t
a

ig. 5. Micrographs of evolution of lysing of leukocytes by pointed, planar electrodes
ghost” cells, as indicated. This appearance is a result of disintegration of membran
ellular structure and (d–f) micrographs of fluid dyed with Trypan Blue which turned
onfirmed disappearing of the cellular structure.
lectronics 22 (2006) 568–574

As a cell passes through the area between the cylindrical elec-
rodes it enters into a region of approximately 20 �m width of
igh field strength area, as indicated in Fig. 3d. The extend of
his region is large enough such that it can easily encompasses
he entire leukocyte (10 �m in diameter). With sufficient electric
eld strength, gradient of transmembrane potential is setup to
ccomplish cytolysis in a fashion where the cell would experi-
nce much more uniform distribution of field strength than that
nder planar electrodes.

Fig. 4 presents the results of effective volume ratio, as
efined previously. Results show this ratio for the 3D elec-
rode is larger than planar electrodes in all cases. Moreover,
t a particular applied voltage, lysing effectiveness decreases
s the channel height increases for the planar electrodes. This
verall trend is indicative of the rapid decay nature of pla-
ar design, where the electric field of the 3D design essen-
ially remains constant over the entire height. Although the
lanar electrodes are not much worse off than the 3D design
t 50 �m channel height, the difference in lysing effective-
ess between the two designs increases as the channel height
ncreases.

Lysing events in the microdevice are presented in Fig. 5 for
he pointed, planar electrodes and Fig. 6 for 3D electrodes. We
dopted two independent approaches in verifying that the mem-
rane was indeed lysed. First, when the optical appearance of
cell turns from a normal cell with intact membrane to that
f a “ghost cell” this would be indicative that its membrane is
o longer acting as a boundary of intracellular elements and
hus begins to disintegrate. Lu et al. (2005) also employed this
pproach, which proved to be effective in deciphering lysed

by excitation of 10 V, 100 �s pulse: (a–c) demonstration of lysed cells became
e allowing intracellular organelles to escape hence disappearing of the entire
strongly bluish when came in contact with intracellular elements. Arrows also
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Fig. 6. Micrographs of time evolution of leukocytes being lysed by 3-D electrodes under excitation of 10 V, 100 �s pulse (same as that in Fig. 5). Graduate
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isintegration of the cellular structure (becoming “ghost” cells) is indicative of
ere observed as shown by arrows.

ells. Second, Trypan blue was used, with the aforementioned
unction (see Section 3.3). Fig. 5 presents a series of events
f leukocytes closed to the planar electrodes being lysed. The
vents in Fig. 5a–c showed some cells were being turned into
host cells, with their membrane gradually opening and fainting
ithin a few seconds. In the events here, the entire duration for

ysis was about 1 s. Long time observation of these cells con-
rmed that they eventually disappeared. Fig. 5d–f used Trypan
lue to locate the intracellular elements. Results suggested the
ells closed to the electrode surface, as observed, were being
efinitively lysed. Staining here was indicative that portions of
he intracellular element were located outside the disintegrated

embrane. In this case, the entire lysis process occurred in about
6 s. The difference in the duration of lysis between that from
ig. 5a–f was likely due to the difference in height from the elec-

rode surface for the two cases, indicative that the exponential
ecay nature of the electric field causing substantial difference
n lysing results.

Lysis of leukocytes with the 3D electrodes demonstrated
arked difference from that of the planar geometry. As cells
ow past the electrodes, Fig. 6 shows simultaneous multiple
ores were observed during the lysis process. This is likely due
o that the cell was exposed to a more uniform electric field,
s suggested by results of Fig. 3d and discussed earlier. The
nhanced uniformity in electric field, as compared to that of
roduced by planar electrodes, apparently caused multiple loca-
ions of membrane to exceed that of the transmembrane potential
imultaneously and resulted in that of Fig. 6. The lysis process
equired about three seconds.

The efficacy of cytolysis was further quantified by compar-
ng the lysis percentage of both 2D (pointed) and 3D electrode
esign. This percentage is defined as the amount of lysed cells
er total number of cells passing through a single row of elec-
rode. This was done by image post-processing in counting the
umber of lysed cells for both devices under approximately the

ame background flow rate. Results show that for 2D electrodes,
he lysing percentage was 8.0 ± 6% for flow rate of 57 �m/s. For
D electrodes, the lysing percentage was 30.5 ± 5% for flow rate
f 50 �m/s. This result suggests that lysing effect of 3D elec-
cessful cytolysis. Moreover, simultaneous multiple pores on the cell membranes

trodes indeed enable cell lysis much more pronouncedly than
that of planar electrodes.

5. Conclusions

Electroporation – a dominant method to transfer DNA and
other genetic substance into the cell – has been utilized in this
work to investigate the efficacy of cell lysis. The focus is the
characterization of electric field generated by electrodes with
planar and 3D cylindrical geometries in a microfluidic device.
Computational results show that the effective lysis volume ratio
of the 3D electrode is higher than that of the planar design. The
primary reason being, unlike the planar electrodes, the electric
field of the 3D electrodes does not decay rapidly away from the
substrate, resulting in much greater effective volume. Exper-
imentally, leukocytes were lysed successfully in seconds by
both types of electrode designs, and intracellular elements were
extracted through cell membrane as observed by increased inten-
sity of Trypan blue. Simultaneous multiple pores were observed
on leukocyte lysed with 3D electrodes and just single pore with
planar electrodes. This is believed to be due to more uniform
electric field of 3D geometry than that of planar geometry.

Much improved lysing percentage for 3D electrodes (30%)
compared to planar design (8%) carries great design implication.
If one desires to increase lysing percentage for 3D design to, say,
90%, one can simply increase the number of rows of electrode
that the cells would pass through to three or four. In contrast,
many more pairs of planar electrodes are needed to achieve the
near-complete lysing process. Lu et al. (2005) used an estimated
30 sets of pointed 3D electrodes to perform cell lysis as a cell
progressed downstream—although the actual number of pairs
of electrodes to complete lysis was not evident. Over-lysing
a cell would conceivably damage the intracellular elements.
Since cell lysis is a process with its end goal being extraction of

these elements, gene transfection, or the like, the process should
be performed to a degree just suffice for the specific application.
Hence, this work should aid in the design of electrodes in per-
forming cell lysis via electroporation in a particular application.
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