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Electroporation is a common technique for the introduction of exogenous molecules across the,
otherwise, impermeant cell membrane. Conventional techniques are limited by either low throughput
or limited selectivity. Here we present a novel technique whereby we use patterned light to create virtual
electrodes which can induce the parallel electroporation of single cells. This technique seamlessly
integrates with optoelectronic tweezers to provide a single cell manipulation platform as well. We
present evidence of parallel, single cell electroporation using this method through use of fluorescent
dyes and dielectrophoretic responses. Additionally, through the use of integrated microfluidic channels,
we show that cells remain viable following treatment in the device. Finally, we determine the optimal
field dosage to inject propidium iodide into a HeLa cell and maintain cellular viability.

Introduction

There has been an increasing amount of interest in the past
decade in creating a system capable of performing single cell
based assays for a variety of applications. One interesting
application involves the creation of a chip with integrated cell
membrane poration functionality. The ability to introduce
foreign molecules into the intra-cellular space is important in
applications ranging from genetic transfection to the study of
cell-to-cell signaling.'

One of the most common membrane poration methods is
electroporation. Temporary permeation of the cellular
membrane is achieved in electroporation by subjecting the cell to
an external electric field. If the field strength is large enough, it
causes a temporary depolarization of the cell’s bi-lipid
membrane. This results in the formation of pores which allow
molecules in the extra-cellular space to pass across the otherwise
impermeable membrane. These molecules pass through the pores
typically by either passive diffusion or field-assisted migration.
The size and number of pores is highly dependent on field
strength. It is typically understood that, in order for the
membrane to reseal, the pores must be nano-scopic in diameter.?
The theory behind the exact nature of pore formation and life-
time is not thoroughly understood. The most common theories
involve modeling pore evolution as a stochastic process by which
pores form and then drift and diffuse when exposed to high
electric fields.*

Current commercial techniques involve either the bulk® or
individual® electroporation of cells. These techniques are limited
by either limited selectivity (bulk) or low throughput (indi-
vidual), respectively. Many of these issues stem from the fact that
macroscopic instruments are being designed to interface with
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microscopic objects, namely cells. As a result, much work is being
performed to shrink the interface to the microscale.

Prior work on creating micro-poration platforms can be
divided into four categories. The first, microelectrode electro-
poration, is the simplest technique and allows for high
throughput electroporation with improved selectivity through
the use of individually addressable microelectrodes.” However,
it does not achieve true single cell selectivity. Here we define
single cell selectivity as the ability to selectively porate a single
cell amongst a greater population of cells. The second method
involves creating microstructures which physically concentrate
the field across the cell of interest.'®*? These devices can afford
high throughput as well as allow for different drugs to be injected
into different cells, simultaneously. However, there is no mech-
anism for achieving single cell selectivity from a population of
cells and cells cannot be porated in-situ. Optoporation is the third
option and allows for single cell poration in-situ simply by
moving a focused laser beam from one cell to another.®!315
However, it is difficult to parallelize the poration as multiple
expensive lasers would be necessary. Though, there is promising
work in this field that reduces the required optical power by
coupling to nanoparticle arrays.’* Yet another technique
employed in microfluidic devices is chemical poration.'” Here,
cells are subjected to chemical stimuli resulting in membrane
poration. A major caveat of this method is the variation of
cytotoxicity of the poration chemical with cell type.' Finally,
microinjection affords single cell poration, with accurate dosage
control, which none of the other techniques allow for. However,
this technique requires a skilled user and is, generally, low
throughput.”

Here we present a novel technique for the in situ electro-
poration of single cells in parallel. By using a photosensitive
surface, patterned light creates virtual electrodes which locally
concentrate the field across the cell resulting in electroporation.
The device seamlessly integrates with optoelectronic tweezers
(OET) which creates a device capable of parallel single cell
movement and electroporation. Finally, we integrate litho-
graphically defined microfluidic channels onto the device to
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allow for the delivery of various reagents to the cells of interest.
In this manner, we aim to create an electroporation platform
capable of parallel processing with single cell selectivity.

Materials and methods
Device operation

The device consists of two main modalities wherein either light-
induced electroporation or light-induced manipulation can occur
(optoelectronic tweezers). The two modes of operation are
switched between through a change of electrical bias.

Light-induced electroporation

Electroporation requires that a cell be subjected to a high electric
field (kV cm™"). In order to achieve single cell selectivity, the
regions of high electric field concentration must be controlled
with subcellular resolution. The presented device uses patterned
light to create localized high field regions dynamically and in
parallel.

A schematic of the device is shown in Fig. 1. The device
consists of two glass substrates which are both coated with
a layer of the transparent conductor indium tin oxide (ITO). The
bottom substrate is coated with a photosensitive film (a-Si:H).
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Fig. 1 Device schematic. (a) Overall device layout where microfluidic
channels define electroporation/manipulation areas and allow for
perfusion of different reagents. OET and electroporation function are
coupled through a change in device bias. (b) Cross section of device
showing experimental setup and mechanism of light-induced electro-
poration. Optical patterns cause electric field concentration across illu-
minated cells resulting in selective electroporation.

A layer of lithographically patterned SU-8 defines the channel
geometry and serves as the spacer between the top and bottom
substrates. The space between the two substrates is filled with
a solution containing the cells of interest. An AC bias is applied
between the two ITO layers. In the absence of light, most of the
electric field is concentrated across the highly resistive photo-
conductive layer. However, upon illumination, the resistance of
the photoconductive layer (in the illuminated areas) decreases by
many orders of magnitude due to creation of electron-hole pairs.
This causes large electric fields to exist in the liquid layer wher-
ever the device is illuminated. Therefore, if an object, such as
a cell, is illuminated, the electric field will be concentrated across
it. If the field exceeds some threshold value, the cell’s membrane
will permeate allowing exogenous molecules to enter the cytosol.
The optical power density required to operate the device is low
(1 W cm™2). This means that a standard projector can be used to
illuminate the device, thus, allowing for arbitrary optical pattern
generation. In this way, parallel electroporation can occur.

Optoelectronic tweezers

Optoelectronic tweezers (OET) is a technique for the parallel
manipulation of micro- and nanoscopic particles.?*?* The device
geometry is identical to that necessary for light-induced elec-
troporation depicted in Fig. 1. Once again, upon illumination,
a localized electric field is created in the liquid layer. This local-
ized electric field necessarily sets up localized electric field
gradients. Particles in the presence of these gradients experience
a dielectrophoretic (DEP) force. Therefore, particles can be
manipulated in parallel simply by changing the illumination
pattern.

Finally, it should be noted that the fields experienced by the
cells during OET manipulation are below the electroporation
threshold. Therefore, cell membranes are not compromised
during manipulation. As mentioned above, the difference in
operation between the OET modality and electroporation
modality is a change in electrical bias. Specifically, the bias is
increased for the electroporation regime relative to the manipu-
lation regime.

Device fabrication

The fabrication of the described device is shown in Fig. 2. The
starting substrates are 6” glass wafers with a 300 nm layer of
sputtered ITO (Thin Film Devices). A 1 um layer of hydroge-
nated amorphous silicon (a-Si:H) is deposited via plasma-
enhanced chemical vapor deposition (PECVD) on the bottom
substrate (100 sccm 10% SiHy : Ar, 400 sccm Ar, 900 mTorr, 350
°C, 200 W). The topside device is coated with a 55 um layer of
SU-8 (Microchem, SU-8 2050) and patterned to define the
channel geometry. The top and bottom wafers are then diced into
2 x 2 cm chips with a dicing saw (ESEC 8003). Access ports are
drilled into the top substrate using a diamond-coated 750 um
drill bit and drill press. Next, a UV-curable epoxy (Norland,
NOA-68), is spin coated onto a dummy wafer to form a 10-20
pm layer. A block of polydimethylsiloxane is then used to
transfer the uncured epoxy from the dummy wafer to the top of
the SU-8 channels. The top and bottom substrates are then
brought into contact (no alignment is necessary as the bottom
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Fig. 2 Device fabrication. Channels are defined in SU-8 on the topside
OET substrate and bonded to the bottom OET substrate using a UV-
curable epoxy.

substrate is featureless) and UV exposed using a hand-held UV
gun (Norland, Opticure-4, 10 s). Finally, fluidic interface
connectors are attached to the topside device using additional
UV curable epoxy. The fluidic channel layout for all devices in
this paper is shown in Fig. 1a (not to scale). All channels used in
this paper are ~55 um in height. Fluidic channels leading to the
central cell chamber are 255 um in width. The inner-circular
chamber where electroporation and manipulation occurs has
a diameter of 1.1 mm. The total channel length, from port to
port, is 10 mm.

By allowing for arbitrary top and bottom substrates this
process allows us to integrate lithographically defined micro-
fluidic circuits with OET/electroporation functionality.

Experimental setup

The experimental setup is also depicted in Fig. 1(b). The custom
built setup consists of a 20x objective mounted above the sample.
The optical patterns used for manipulation and electroporation
are generated on a PC and focused on the substrate via
a commercially available spatial light modulator/projector
(SLM) (Dell 2400MP) and dichroic filter. While the ultimate
resolution of the projector on the OET device is ~1 pum, the
actual DEP trap resolution using the projector is ~5 pm when
focused (through the 20x objective) onto the device surface.
Bright field illumination is introduced via a 50/50 beam splitter.
Fluorescence illumination is provided via a metal halide lamp
(EXFO, XCite 120) coupled with a series of filters/dichroics
specific to the fluorophore under investigation (Chroma Tech-
nology). Viewing occurs through a topside CCD camera (Sony,
XCD-X710CR). Fluidic exchange occurs via off-chip syringe
pumps (KD Scientific, KDS210). Finally, electrical bias (0-5 kV/
cm, 100 kHz) was provided with a standard function generator
(Agilent 33220A).

Cell preparation

HeLa cells at a concentration 2 x 10° cells ml~' were washed
three times and suspended in commercially available electro-
poration buffer (Cytopulse Sciences, Cytoporation Media T,
10 mS m™'). Propidium Iodide (PI) (Invitrogen) dye was then
added to the solution at a concentration of 2 uM. Another
solution containing Calcein AM (CaAM) (Invitrogen) at
a concentration 6 uM in electroporation buffer was also
prepared. The cell solution was then introduced into the chip via
a syringe pump. The CaAM solution was introduced later using
the on-chip microfluidic channels to assess cellular viability
following electroporation.

Field simulations

During electroporation the critical, device independent, param-
eter, is the electric field. To estimate the values of the field the cells
experience for a given applied voltage and frequency, the device
geometry is simulated in commercially available FEM software
and the corresponding fields are extracted (COMSOL, 3.a). FEM
simulations were carried out as described previously.?! Briefly,
a 2-D axial symmetric chamber with dimensions equal to the
electroporation chamber defined by the SU-8 channels (1.1 mm
diameter with 55 pum height) was simulated. The localized
conductivity profile in the a-Si:H layer caused by the incident light
pattern was modelled as a Gaussian distribution witha FWHM of
20 pwm. The light and dark conductivity of the a-Si:H was
extracted from previously reported data.?* For the projector used
in these experiments, the dark conductivity of the film was 10~* S
m~! and light conductivity was 1 x 107> S m~'. The electric field
was then calculated for varying applied voltages. The field at
a point 5 um off of the surface, at the center of light spot, was
extracted for each voltage. In this manner, we were able to deduce
a relationship between applied voltage and induced electric field.
These simulations do not account for the additional loading effect
of the cells on the field values and, thus, are merely estimates.

Results and discussion
Parallel single cell electroporation

In order to study electroporation, PI dye is added to the cellular
solution as above. PI is a membrane impermeant dye which has low
auto fluorescence. However, in the presence of DNA, the dye will
bind to the nucleic acids and, as a result, fluoresce strongly red.
Successfully electroporated cells will uptake the PI dye molecules
and, subsequently, will develop a strong red fluorescent signature.

To demonstrate the capabilities of the OET electroporation
assay we first use OET to select and array a number of individual
cells. Next, we select a number of these cells (by illuminating
them with the optical pattern) and increase the device bias.
Unless otherwise stated, the electroporation bias is applied for 5s
at 100 kHz. The electroporation bias occurs at a frequency of 100
kHz because at this frequency the field in the liquid layer (which
the cells experience) is maximized. This is also why DEP posi-
tioning occurs at the same frequency since the DEP force is also
proportional to field strength (Fig. 4a). It has been found that for
pulse durations longer than ~4 ms the amount of dye uptake in
HeLa cells remains relatively constant.” Since we are mainly
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Fig. 3 Parallel single cell electroporation. Top row shows bright field
image of cells and optical pattern. Bottom row shows corresponding PI
dye fluorescence. Cells are first arrayed using OET (0.2 kV cm™'). OET
manipulation bias does not cause electroporation. Two cells on the
diagonal are then subjected to the electroporation bias (1.5 kV cm™') and,
subsequently, fluoresce (image taken 5 minutes following electroporation
bias). Finally, the remaining two cells are porated, resulting in the fluo-
rescence of all cells (image taken 5 minutes following electroporation
bias).

interested in studying the effects of the electric field on the cell, we
kept the electroporation bias time much, much longer than this
(i.e. 5 s). This attempts to isolate the electric field as the main
parameter of interest.

The applied electroporation bias causes poration of the cell
membrane to occur and results in uptake of the PI dye in solu-
tion. The results of this are shown in Fig. 3. First, cells are
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Fig. 4 DEDP force scaling. (a) Normalized DEP force in the device as
a function of frequency for different cytosolic conductivities. Electro-
poration causes a reduction in cytosolic conductivity resulting in
a varying DEP force. If the fluid exchange during electroporation is large
enough, the force can switch from positive to negative. (b)—(d) Demon-
stration of transition from pDEP to nDEP. (b) At low bias, the cell
experiences pDEP and is attracted to the light pattern. (Arrow indicates
direction of movement.) (¢) Electroporation bias is applied resulting in
fluidic exchange across membrane. (d) Upon returning to low bias (after
30 s to allow the cell membrane to reseal), the cell now experiences nDEP
and is repelled from the light pattern.

manipulated into a 2 x 2 array (0.2 kV cm™'). The accompanying
fluorescent image shows no dye uptake indicating that normal
OET operation does not cause membrane damage. Next, the two
cells on the diagonal are illuminated and the electroporation bias
isapplied (1.5kV cm™', 100 kHz, 5 s). The subsequent fluorescent
image shows that only those cells that were selected are electro-
porated. The cells immediately adjacent to the electroporated
cells are not affected by the electroporation bias. Finally, the
remaining two un-electroporated cells are selected and subjected
to the electroporation bias. Now, all four cells fluoresce red,
indicating successful electroporation.

DEP force scaling

Under normal electroporation and manipulation conditions, the
reported device does not cause any significant changes in the elec-
trical characteristics of the cell. However, if the bias is substantially
increased across the cell, dramatic changes in the electrical char-
acteristics and, subsequently, the DEP response will occur. It
should be noted that under these extreme operating conditions, the
viability of the cells in the device is significantly decreased.
During electroporation, fluid is being exchanged across the cell
membrane due to the creation of nanoscopic pores. If the fluidic
exchange is substantial, it can cause a large change in the elec-
trical characteristics of the cell. Since the effects of DEP are still
present when operating the device in the electroporation regime;
one would expect that the change in the electrical properties of
the cell due to electroporation will also change the DEP response.
The DEP force scales as®
ep * _ m* N
FDEP o Re |:W—2€m*:| VE (1)

where E is the electric field and &,* and &,* are the complex
conjugates of the effective permittivity of the particle and media,
respectively. The complex conjugate of the permittivity is equal

a . e
toe fj—, where ¢, g, and w are equal to the electrical permittivity,
w

conductivity, and frequency, respectively. The quantity multi-
plying the gradient in electrical field squared is known as the
Clausius—Mossotti (CM) factor. Its value can be either positive
or negative (force can be attractive or repulsive) depending on
the relative electrical properties of the particle and media.

In the described device, the cells are suspended in a relatively
lowly conducting media (10 mS m™"). This is done to reduce the
effects of joule heating due to the presence of large electric fields.
This heating can reduce cellular viability. Additionally, it has
been reported that the use of low conductivity media increases
electroporation yield.? This is believed to be due to the fact that
in lowly conducting media (relative to that of the cytosol), the
cells experience an electro-deformation force which enhances
molecular uptake.?’

While the media is lowly conducting, the interior (cytoplasm)
of the cell is highly conducting (0.5 S m~'). At the frequency of
operation of the device (typically 100 kHz), this results in a CM
factor of 0.8. This means that cells will be strongly attracted
towards the light pattern. However, during electroporation, the
outside media mixes with intracellular fluid and results in an
effective lowering of the cytoplasmic conductivity. This results in
a lowering of the CM factor. If enough fluid exchange occurs, the
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CM factor can actually switch from positive to negative in value.
This means that a cell can go from being attracted to the light
pattern to being repulsed from it.

A plot of the relative DEP force (in our device) versus
frequency for varying cytosolic conductivities is shown in
Fig. 4(a). This figure was generated by simulating the device, as
described in the previous section, in a FEM software package
and extracting the resulting electric field gradients at varying
frequencies. These gradients are then used to calculate the
resulting DEP force. The resulting forces are then normalized to
each other.

Here we use a four shell model for the effective complex
permittivity of the cell using typical cellular parameters to
account for the presence of the nuclear envelope and cell
membrane.*® The force approaches zero at high frequencies due
to the small impedance of the photoconductive layer (at these
frequencies) causing the electric field to primarily exist in the
liquid and prevent effective optical switching. Notice that the
relative DEP force decreases as a function of decreasing cyto-
plasmic conductivity. As the conductivity of the interior of the
cell approaches that of the media, the force switches polarity and
goes from positive DEP (pDEP) to negative DEP (nDEP) (note
that the cell membrane must remain intact for this to occur).

Certainly, if the field strength is high enough, the cell will
undergo lysis. However, if the cell undergoes lysis, the function of
the membrane of the cell as an electrical insulator will cease. This
will result in the free mixing of intracellular contents with
external solution. The lysed cell would be then electrically
indistinguishable from the surrounding media and, thus, no DEP
would occur (i.e. the CM factor is zero). This fact has been used
to sort live cells from dead cells.?®

In the case presented here, a strong nDEP response is observed
(the cell is actively repulsed from the light pattern, Fig. 4d) after
excessive electrical stimulation. This means that the conductivity
of the membrane is quite low (i.e. the cell continues to act like an
insulating shell, with the conductivity of the cytoplasm very
similar to that of the media). It is typically very difficult to achieve
true cell lysis with the optical powers and electric fields reported in
this paper. Therefore, we believe that the onset of nDEP in this
case is a result of a decrease in the cytoplasmic conductivity to
near that of the surrounding media and not a result of cell lysis.

Fig. 4(b)—(d) shows the evolution of a cell switching from
pDEP to nDEP as a result of the applied electroporation bias.
Initially, the cell experiences pDEP and is attracted to the light
pattern. The electroporation bias (2.2 kV cm™) is applied and
then the bias is turned off for 30 s to allow the cell’s membrane to
reseal. When the manipulation bias (0.2 kV cm™') is reapplied,
the cell now experiences nDEP. As mentioned above, when
subjected to these large field strengths, the cell is likely to be no
longer viable (as we will show later) and this provides an upper
limit on the fields that may be applied without harming the cell.
The variation of the DEP force with electroporation may be used
as a way to monitor, or study, the extent of fluid exchange that
occurs within a single cell.

Cell viability

For many applications of electroporation (such as gene trans-
fection), one requires that the pores induced in the cell membrane

reseal and the cell retains its viability. This is known as reversible
electroporation. In order to assess this, we use a combination of
two dyes to indicate both electroporation and cell viability. As
before, we porate the cells in the presence of PI to indicate
successful electroporation. We then use the onboard fluidic
channels to exchange the media surrounding the porated cells
with new media containing a dye which indicates cell viability.
The cells are held in place during media exchange using OET.
The viability dye used is CaAM. This dye, initially non-fluores-
cent, will passively diffuse across the cell membrane. Once inside,
enzymes present in the cytosol break down the CaAM molecule
to produce a product that fluoresces green and is membrane
impermeable. A cell which strongly fluoresces green in the pres-
ence of CaAM, has an intact membrane and the necessary
enzymes to produce the fluorescent derivative. These two traits
are strong indicators that the cell is still viable. Therefore, after
media exchange, we expect reversibly porated cells to fluoresce
both red and green.

A panel depicting the evolution of the above process is shown
in Fig. 5. An individual cell, immersed in a solution containing
P1, is selected and positioned using OET (0.2 kV cm ™). Initially,
both PI and CaAM fluorescence are negligible. The electro-
poration bias (1.5 kV cm™') is then applied to the cell, resulting in
PI dye uptake. The CaAM signature is still blank at this point as
no CaAM is present. Finally, the media is exchanged with the
CaAM-containing solution (0.1 uL min~' (corresponding to ~50
um s~! linear flow speed in the inner chamber), 15 min) and the
cell, subsequently, fluoresces green (due to CaAM) and red (due
to PI dye present previously). This indicates that successful
reversible electroporation has occurred.

In order to more fully understand the field dependence of the
electroporation mechanism, we repeat the above process for
a variety of field strengths and monitor the fluorescence intensity

Propidium lodide Propidium lodide

Propidium lodide

Calcien AM Calcien AM Calcien AM
After Movement After Poration After Media
0.2 kVicm 1.5 kVicm Exchange

15 pm

Fig.5 Cell viability. The top row shows PI fluorescence and the bottom
row shows CaAM fluorescence. A single cell is suspended in a solution
only containing PI (6 uM). In the first panel, no dye uptake is observed
following positioning of the cell with OET (0.2 kV cm™'). In the second
panel, the cell is subjected to the electroporation bias (1.5 kV cm™)
resulting in PI dye uptake (image taken 5 minutes following electro-
poration bias). In the third panel, the media is exchanged (0.1 uL min~"',
15 min) using microfluidic channels with a solution containing CaAM
(2 uM). The cell now exhibits CaAM and PI response verifying successful
reversible electroporation.
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Fig. 6 Electric field response of HeLa cells. Individual HeLa cells are
subjected to varying electric field strengths and the corresponding PI and
CaAM fluorescence intensity is measured. Points and error bars corre-
spond to the mean and standard deviation fluorescence intensity of 5
HeLa cells, respectively. PI dye uptake begins at field strengths of greater
than about 1.4 kV cm~'. CaAM dye fluorescence begins to decrease for
field strengths in excess of 2.3 kV cm~'. This indicates that the optimal
dosage for PI dye electroporation in HeLa cells is in the range of 1.4-2.3
kVem™'.

of both PI and CaAM dye for each cell. Fig. 6 shows the results
of this experiment. At low electric fields, membrane poration
does not occur. This results in negligible PI dye fluorescence and
strong CaAM fluorescence (indicating good cellular viability).
Above about 1.4 kV cm™!, the cell’s membrane is perforated and,
as a result, PI dye fluorescence increases sharply. The CaAM
fluorescence intensity initially remains unchanged from the
unporated state, indicating successful reversible electroporation,
until the field strength reaches approximately 2.3 kV cm™!. At
this point, the CaAM fluorescence drops off sharply indicating
that the viability of the cells has decreased. This is most likely due
to excessive fluid exchange across the membrane resulting in
a diluted intra-cellular space and/or the failure of field induced
pores to reseal. This simple analysis indicates that the field
strengths necessary for the successful electroporation of HeLa
cells for PI uptake should be in the range of 1.4-2.3 kV cm™..
These values agree with those previously reported for this cell line
and dye.” The ability to track and map an individual cell’s
response to field strength (versus a population) is necessary for
optimizing electroporation efficacy, where efficacy relates to the
ability to reliably transfer the molecule of interest into the cell
and achieve a desired cellular response.

Conclusion

The parallel, light-induced electroporation and manipulation of
single cells is demonstrated. Through the use of patterned light,
virtual electrodes can be dynamically created through the inter-
action of the light with a photosensitive layer on the device.
Depending on electrical bias, these virtual electrodes can be used
to either manipulate multiple cells using light-induced dielec-
trophoresis or selectively electroporate individual cells in
parallel. Electroporation was monitored using fluorescent dyes

and observing how the DEP force scales as a function of pora-
tion. Fluidic channels integrated onto the device allow for the
exchange and perfusion of various media. These channels are
used to demonstrate that the cells undergo reversible electro-
poration and are, therefore, still viable following treatment in the
device. Finally, the assessment of the optimal electroporation
dose is determined with single cell selectivity. We find that the

optimal field necessary for electroporation while maintaining cell
1

viability is in the range of 1.4-2.3 kV cm™".

Light-induced electroporation is an interesting technique that
allows for the low-cost, dynamic, and parallel electroporation of
single cells. Since this technique seamlessly integrates with
optoelectronic tweezers, the device will hopefully lead to a true
cellular manipulation platform which includes on-chip cell
sorting, electroporation, and culture.
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