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Abstract

Circulating tumor cells (CTCs) refer to cells that detach from a primary tumor, circulate in the blood
stream, and may settle down at a secondary site and form metastases. The detection and
characterization of CTCs are clinically useful for diagnosis and prognosis purposes. However, there
has been very little work on purging CTCs from the blood. In this study, we systematically studied
electroporation of tumor and blood cells in the context of selective purging and analysis of CTCs,
using M109 and mouse blood cells as models. Electroporation is a simple and effective method for
disruption of the cell membrane by applying an external electric field. We applied a microfluidic
flow-through electroporation to process cells with various electroporation durations and field
intensities. With duration of 100-300 ms, we found that the thresholds for electroporation-induced
lysis started at 300-400 V cm™1 for M109, 400-500 V cm~? for white blood cells and 1100-1200 V
cm™1 for red blood cells. Due to the substantial difference, we demonstrated the selective
electroporation of tumor cells among blood cells and the scale-up of the flow-through electroporation
devices for processing samples of millilitre volumes. Using Coherent Anti-stokes Raman Scattering
(CARS) and fluorescence microscopy tools, we observed the dramatic increase in the size of the
nucleus of a tumor cell in response to the applied field. We suggest that the nucleus expansion is a
newly discovered mechanism responsible for rapid tumor cell death resulted from electroporation.

Introduction

Metastasis is the leading cause of death in patients with solid epithelial tumors. Many patients
die from metastatic cancers despite having no clinically detectable disease after treatment.
Disseminated tumor cells are believed to play an important role in these processes. They can
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be detected in regional lymph nodes, peripheral blood, and bone marrow of cancer patients
even at early stages of tumor progression.! Estimated based on model systems, as much as ~
1 x 108 tumor cells per gram of tumor tissue can be shed into the blood stream daily.2 These
circulating tumor cells (CTCs) in peripheral blood can travel to sites that are anatomically
distant from the primary tumor to form metastases. CTCs have been suggested as indicators
for prognosis and clinical management (e.g. determination of success/failure of therapeutic
intervention).3=7 The focus related to CTC biology has mostly been on detection and
quantification of CTCs from blood.5~19 However, because CTCs are potential sources of lethal
metastases that lead to treatment failure, the removal or destruction of CTCs in the blood may
have important clinical applications.

Electroporation is a powerful physical method for disrupting the cell membrane. During
electroporation, an external electric field is applied to cells to create nanoscale pores in the
plasma membrane and these electropores allow exogenous materials (e.g. DNA or large drug
molecules) to enter the cells.21~14 When the intensity and duration of the electric field exposure
are low and short, the pores can reseal themselves after the field is removed. With
electroporation of a strong intensity and a long exposure time, the cell membrane is irreversibly
compromised and this leads to cell lysis and death.15~1° Electroporation is sensitive to the cell
size. The transmembrane potential (Ayg) is determined by the below relationship

Ay.=1.5 g(rE cos 6 (1)

where the cell shape is assumed to be a sphere, g is a complex function to the conductivities,
A, of the membrane and of the buffer, r is the radius of the sphere, E is the field strength and 8
is the angle between the normal to the membrane and the direction of the field.29-21 As a result,
large cells are more susceptible to the electric field than the small ones. Based on this principle,
a pulsed electric field has been used to purge contaminating tumor cells from hematopoietic

stem cells in the context of stem cell transplantation.22:23 However, the selective electric lysis
of tumor cells for CTC analysis and purging has not been systematically investigated before

and the factors other than the cell size that affect tumor cell electroporation remain elusive.

Electroporation is amenable to miniaturization.24=34 Similar to conventional electroporation
methods, all these small electroporation devices rely on the application of electric pulses for
exposing cells to electric field of controlled intensity and duration. We have recently introduced
a microfluidic flow-through electroporation technique that was based on constant voltage. By
having one or more sections with reduced cross-sectional area, a microfluidic channel allowed
electroporation of flowing cells to occur exclusively in these sections while a constant voltage
was applied across the channel.17:35-37 Compared to other electroporation devices, our
technique does not require the use of a pulse generator or the fabrication of microelectrodes
and structures of subcellular dimensions. More importantly, the flow-through electroporation
device allows real-time observation of electroporation while it occurs and has the potential to
be scaled up to handle large-volume cell samples.

In this report, we investigate the effects of electroporation on red blood cells (RBC), white
blood cells (WBC), and tumor cells. We examine the integrity of mouse RBC, the viability of
mouse WBC and M109 tumor cells after flow-through electroporation treatment of various
durations and intensities in microfluidic channels. Our results indicate that the tumor cells are
substantially more susceptible to damage by electroporation than RBCs. Coherent Anti-Stokes
Raman Scattering (CARS) and fluorescence microscopy data suggest that there is significant
increase in the size of the nucleus in the tumor cells during the course of electroporation. Such
expansion in the nucleus size during electroporation may contribute to high death rate of tumor
cells. These microfluidic devices are also scaled up for processing samples up to 0.28 mL
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min~1 in order to demonstrate the potential of the technique for handling large volumes of
clinical relevance.

Materials and methods

Cell preparation and handling

The M109 cells were cultured with DMEM medium supplemented with 10% FBS and
antibiotics (Penicillin/streptomycin).38 Before use, the cultured cells were treated with trypsin
and then washed with a phosphate buffer (10 MM NayHPQOy4, 10 mM KH5PO4, and 250 mM
sucrose) before electroporation. 3 month old male Balb/c mice were subjected to terminal blood
collection from the tail. Up to 1 ml of blood could be collected from each mouse. The whole
blood was centrifuged at 3000 g for 1 min then the precipitation was collected as the RBCs.
The WBCs were generated by treating the whole blood with red blood cell lysis buffer that
contained ammonium chloride (EBioscience, Inc., San Diego, CA). Real CTCs were generated
via injecting GFP-expressing M109 cells into the mice subcutaneously. After four weeks the
whole blood of the mouse was harvested and then the red blood cell lysis buffer was applied
to remove the RBC. In most experiments of this study (except the ones involving whole blood),
cells were suspended in the above mentioned phosphate buffer for electroporation. It needs to
be noted that the reagents and treatment applied may potentially affect the membrane
structure3? and thus influence the electroporation process.

Chip fabrication

The microfluidic channels were fabricated in polydimethylsiloxane (PDMS) using the standard
soft lithography.17:19 Briefly, the patterns of the microfluidic channel were designed using
FreeHand MX (Macromedia, San Francisco, CA) and then the photomasks were obtained by
printing the designed patterns on transparencies with a resolution of 5080 dpi. The masters
were fabricated on a silicon wafer by spinning photoresist SU-8 2025 or 2150 (MicroChem,
Newton, MA) and then exposing and developing the photoresist using the photomasks. The
molding of the PDMS chips was done by pouring and curing PDMS prepolymer mixture
(containing monomer A and curing agent B) (General Electric Silicones RTV 615, MG
Chemicals, Toronto, ON, Canada) with the mass ratio of A : B =10 : 1 on the surface of the
master. The PDMS chip was then peeled off from the master. A glass slide was cleaned with
the basic solution (H,O: NH4OH (27%): H,05 (30%) = 5:1:1, volumetric ratio) at 75 °C. The
PDMS chip and the cleaned glass slide were oxidized with a plasma cleaner (Harrick, Inc.,
Ossining, NY) and then pressed against each other.

Electroporation and data collection/analysis

During electroporation, cells suspended in the electroporation buffer (or whole blood) flowed
through the microfluidic channel driven by a PHD infusion pump (Harvard Apparatus,
Holliston, MA) with a constant flow rate while a constant voltage generated by a PS350 power
supply (Stanford Research Systems, Sunnyvale, CA) was applied across the microfluidic
device (as shown in Fig. 1). Two platinum wires were inserted in the two reservoirs at the ends
of the microfluidic channel, serving as the electrodes. The flow rate together with the
dimensions of the narrow section of the device determined the duration of electroporation. The
cells were transferred to the wells of a 96-well plate with a pipette after electroporation. The
viability of M109 cells was examined by having 1 pg mI~1 propidium iodide (PI) to stain the
cells at 1 h after electroporation. The viability of mouse WBCs was examined by staining the
cells using both Hoechst 33 342 (a cell permeable nucleic acid stain, Invitrogen) and PI
(Hoechst 33 342 was added to generate the total number of WBCs). The damage to RBCs was
recorded by enumerating the percentage of RBC ghosts. For the viability test, each data points
were generated by 3 trials. Phase contrast and fluorescent images of over 300 cells were taken
in each trial in order to determine the percentage of dead/damaged cells. The images were taken
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with an IX-71 fluorescence microscope (Olympus, Melville, NY) equipped with 20, 40 or 60x
dry objectives and an ORCA-285 CCD camera (Hamamatsu, Bridgewater, NJ).

A multimodal coherent anti-Stokes Raman scattering (CARS) microscope capable of
simultaneous CARS and two-photon excitation fluorescence (TPEF) imaging was used to
observe nucleus expansion during electroporation of M109 cells.#? Briefly, pump and Stokes
lasers are tuned to 14 140 cm™1 (707 nm) and 11 300 cm~1 (885 nm), respectively, to be in
resonance with the CH2 symmetric stretch vibration at 2840 cm™L. The combined beams were
focused into the sample through a 60x water immersion microscope objective with a 1.2
numerical aperture. Forward-detected CARS signal was collected by an air condenser with a
0.55 numerical aperture, transmitted through a 600/65 nm bandpass filter, and detected by a
photomultiplier tube (PMT, H7422-40, Hamamatsu, Japan). Simultaneously, back-reflected
TPEF signal was collected by the same illuminating objective, spectrally separated from the
excitation source, transmitted through a 520/40 nm bandpass filter, and detected by a
photomultiplier tube (PMT, H7422-40, Hamamatsu, Japan) mounted at the back port of the
microscope. The nucleus was labeled with Hoechst 33 342 (Cat. No. H1399, Invitrogen,
Carlsbad, CA) and the cell membrane was labeled with DiOC18 (Cat. No. D275, Invitrogen,
Carlsbad, CA) using protocols provided by the manufacturer. The sizes of subcellular areas of
M109 cells in the images were obtained using ImageJ.

We have developed a flow-through electroporation technique for high-throughput processing
of cells in a microfluidic channel with geometric variation under constant voltage.1” Briefly,
as shown in Fig. 1, electroporation occurs when cells flow through a microfluidic channel with
alternating wide and narrow sections. Electroporation of defined duration (determined by the
flow rate and the device dimensions) and field intensity (determined by the voltage across the
channel and the device geometry) is confined in the narrow section (the section with a small
cross-sectional area) due to the high field intensity there. The field in the wide sections is a
fraction of that in the narrow section (the field intensity in different sections is inversely
proportional to the width) and well-below the electroporation threshold, not contributing to
electroporation. Such device can be scaled up for high flow rate processing by expanding the
cross-sectional areas of various sections. The flow-through electroporation device allows
electroporation to be observed in real time while cells flow through the narrow section.

M109 (Madison lung carcinoma 109) is a metastatic mouse lung tumor cell line established in
1964.41 M109 cells are routinely used for tumor implantation in mice.42:43 When M109 cells
are injected into mice subcutaneously, circulating tumor cells can be found in the blood and
lungs after several weeks. Fig. 2A shows the viability of M109 cells after they were treated by
a microscale flow-through electroporation device (with the cross-sectional area of 30 mm x
58 mm and the length of 2 mm for the narrow electroporation section) with flow rates of 0.7,
1.05, and 2.0 I min~L. These flow rates yield electroporation durations of 300, 200, and 100
ms. The cell viability was assessed by propidium iodide (PI) staining after electroporation. In
Fig. 2A, we show that M109 cells started to lose their viability at the electric field intensity
around 300 V cm~1 with these durations. When the field intensity was at 500 V cm™1, the vast
majority of M109 cells were dead following electroporation. We also generated real CTCs in
the blood by injecting M 109 cells subcutaneously into mice. We were able to observe averagely
3 CTCs per mL in the mouse blood. The images in Fig. 2B show that a real CTC underwent
lysis at similar field intensity as M109 cells (~ 500 V cm™1). It could be observed that the upper
left corner of the CTC was broken at the electroporation duration of 250 ms. This confirms
that the use of M109 cells as a model in this study has direct relevance to real CTC studies.
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We tested mouse RBCs suspended in the buffer and observed how electroporation affected
their properties. Fig. 3A shows RBCs after flow-through electroporation with field intensities
of 1000 and 1500 V cm™1, respectively, with the duration of 100 ms. Most RBCs maintained
their normal biconcave shape at 1000 V cm~1 while a very high percentage of RBCs became
ghosts at 1500 V cm™L. As shown in Fig. 3B, RBCs started to release their intracellular contents
when the electroporation field intensity was around 1100-1200 V cm™1 (with electroporation
duration of 100-300 ms). We enumerated the percentages of RBCs that experienced hemolysis
due to electroporation with different parameters. Fig. 3B shows that the percentage of RBC
ghosts after electroporation increased with higher field intensities. When the electroporation
field intensity reached 1600 V cm™1, nearly all RBCs experienced hemolysis.

Mouse WBCs were isolated by lysing RBCs using red blood cell lysis buffer. WBCs are
composed of a mixture of cell types including granulocytes, monocytes, and lymphocytes.
WBCs suspended in the buffer were also treated by flow-through electroporation before they
were tested for viability via PI staining. Fig. 4 shows the percentage of dead WBCs after
electroporation of different field intensities and durations. Our results reveal that more than
40% of WBCs were stained by PI even without the application of the electric field. This is
possibly due to the damage by the procedures involved in the isolation and the electroporation
buffer. With the increase of the electroporation field intensity to 400 VV cm™1, over 60% of
WBCs were inactivated. The cell death gradually increased with the field intensity. When the
field intensity reached 700 V cm™2, more than 70% of WBCs could not survive the
electroporation.

Our flow-through electroporation is amenable to scaling up. We increased the flow rate of the
cell sample to ~ 0.28 mL min™1 by using a scaled-up device. The scaled-up device had an
increased cross-sectional area for the narrow section (188 um x 500 pum) and a longer narrow
section (5 mm) that required higher velocity to generate the same electroporation duration. In
the scaled-up channel, the electroporation generated similar effects to the viability of M109
tumor cells. As shown in Fig. 5A, the scaled-up device required slightly higher field intensity
for M109 cell death than the small device. With an electroporation duration of 100 ms,
substantial cell death was observed starting at 400-500 V cm™1 and 98% of the tumor cells
were dead at 600 V cm™L. Furthermore, we studied the effects of electroporation on whole
blood from mice in the scaled-up device. We flew the whole blood through the device at the
flow rate of 0.28 mL min~1. We examined the integrity of RBCs after electroporation and then
lysed the RBCs using the RBC lysis buffer and checked the viability of WBCs based on PlI
staining. Flow-through electroporation of whole blood actually generated fairly low current
due to its low conductivity (26 LA with an electroporation field intensity of 600 V cm™,
compared to 90 pA with the electroporation buffer at the same field intensity in the same
device). This suggests that there was no significant electrochemical reaction or Joule heating
involved. Fig. 5B shows that there was no visible change for RBCs in this field intensity range
with the duration of 100 ms. Similar to the case of WBC electroporation in the buffer (Fig. 4),
WBCs had a fairly high death rate without the electric field (31%) which was followed by a
modest increase at higher field intensities. The successful scale-up of the electroporation device
indicates that our technology can be applied to process samples at a scale (~1 mL min™1) that
is relevant to clinical operations (considering an adult transfusion unit of ~450-500 mL). It
needs to be noted that the electroporation buffer and the whole blood may affect electroporation
of cells differently due to their difference in the conductivity and ionic strength. We believe
that further improvement in the throughput can also be achieved by running multiple parallel
units. In principle, there is no practical limitation for increasing the throughput even further.

Our data show that hemolysis of RBCs occurs at a substantially higher field intensity than the
lysis of tumor cells. This suggests the possibility of selective analysis or purging of tumor cells
in the blood. To this end, we observed the electroporation of M109 cells suspended together
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with RBCs in the buffer. As shown in Fig. 6, at a field intensity of 600 V cm™1 M109 cells
were electroporated (with a dramatic size expansion) after entering the electroporation narrow
section while the RBCs did not present visible changes (as shown in ESI Fig. s1,T RBCs
become invisible when hemolysis occurs).

Finally, combining CARS and fluorescence microscopy tools, we found evidence that the
presence of the nucleus in a tumor cell contributed to its rapid lysis and cell death under a high
electric field. CARS microscopy is a unique tool for cellular imaging with a particularly strong
signal from CH,-abundant structures.44:4> CARS imaging is very sensitive to lipid-rich
membranes and membrane extensions (endosomes and others) in the cytoplasm (see ESI Fig.
SZT). As shown in Fig. 7, when a tumor cell experienced electroporation (400 V cm™1), the
nucleus of the cell (labeled by Hoechst 33 342) expanded dramatically upon the application of
the field and shrank upon its removal. The membrane and cytoplasmic portion (detected by
CARS microscopy) did not have substantial expansion. As a further confirmation, we also
labeled the lipid-rich membrane and cytoplasm with DiOC18 and then analyzed the increase
in the size of the cytoplasmic (highly fluorescent) and nucleic portions (weakly fluorescent)
over time during electroporation. As shown in Fig. 8, the nucleus size became 3.4 times of its
original size while the cytoplasm size increased only by 20% after applying the electric field
of 400 V cm™1 for 160 ms.

Discussion

The different electroporation thresholds of blood cells and tumor cells and the effects of
nucleus expansion

As shown in our results, electroporation of tumor cells and RBCs (erythrocytes) occurs at very
different field intensities. With the electroporation duration of 100-300 ms, the threshold for
irreversible electroporation (or electric lysis) is ~300-100 V cm™1 for M109 tumor cells and

~1100-1200 V cm™1 for RBCs. WBCs presented a low threshold of 400-500 V cm™L.,

The significant difference between RBCs and tumor cells in their response to electroporation
may have multiple reasons. It has been previously acknowledged that the relative large size of
a tumor cell makes it more susceptible to the electric field than RBCs, based on eqn (1).22:
23 In this work, our results suggest that, in addition to the size difference, the expansion of the
nucleus in a tumor cell may make important contribution to its higher susceptibility to the
electric field compared to anucleate erythrocyte cells. The expansion of cells during or after
electroporation has long been recognized.46~51 However, our data indicate that the nucleus
experiences a dramatic increase in its size due to electroporation and most of the cell size
change occurs in the nucleus rather than in the cytoplasm. This finding suggests one of two
possible mechanisms (that are potentially mutually exclusive) to be responsible for the cell
expansion due to electroporation: First, the expansion is due to solution influx into cells, as
suggested in previous studies.46:47 However, the influx solution preferably locates in the
nucleus (instead of the cytoplasm) after entering through the plasma membrane. Second, the
solution influx only accounts for a minor contribution to the expansion. Cells expand mostly
due to the nucleus expansion when electroporated. Although our data are not conclusive for
determining which mechanism is dominant, the second mechanism (which contradicts the
common belief) is entirely possible. It has been widely shown that tumor cells have enlarged
nuclei with altered chromosomal DNA organization as compared to normal cells and the
damage to the nuclei often constitutes an important reason for tumor cell death.52:53 We
speculate that the applied electric field may possibly affect the packing of the negatively
charged chromosome and thus cause the rapid nucleus expansion. The sensitive and dramatic
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response of the nucleus in a tumor cell to the electric field may in turn lead to the rapid cell
death. Our results provide some direct evidence that the expansion in the nucleus is a very
relevant event associated with electroporation with potentially important consequences.

Potential of electroporation for selective purging and analysis of CTCs

Previous studies on CTCs have been largely focused on the detection and enumeration of CTCs
in the blood because analysis of CTCs provides information about the tumor tissue. Our results
in this study suggest the possibility of selective removal of CTC from blood although the
clinical value of such procedure remains unknown. We show that our flow-through
electroporation devices can be scaled up to a clinically relevant throughput at the order of 1
mL min~L. The large difference between RBCs and tumor cells in the electroporation threshold
would allow tumor cells to be eliminated while keeping RBCs intact after electroporation.
Furthermore, our previous study showed that tumor cells were more subject to electroporation-
induced death as the metastatic potential progressed.® We found that the compromise of WBCs
occurred at a fairly low field intensity which is similar to that of tumor cells. However, the
WABC death rate increases much more slowly with the field intensity than that of tumor cells.
The finding of lower electroporation threshold of WBCs (compared to that of RBCs) is
consistent with previous literature.>* Additional separation procedures may be required if
preserving the activation of WBCs is desired during electroporation-based CTC purging.

The analysis of CTCs using molecular biology methods reveals the characteristics of the tumor
tissue that the CTCs are shed from. For example, CTCs have been shown to reveal the genetic
signature of lung cancers.>® Electroporation with controlled parameters allows the selective
lysis of tumor cells without disrupting RBCs, as shown in Fig. 6. Coupled with other analytical
techniques and procedures, this potentially permits the selective sampling of CTCs without

immunoseparation of the tumor cells from blood cells for diagnostics and staging purposes.®:
8

Conclusions

We show that electroporation of tumor cells and blood cells occurs with different thresholds
in the field intensity. Flow-through electroporation provides a high-throughput platform for
selective lysis of tumor cells among blood cells. Such approach may be useful for purging and
analysis of circulating tumor cells. Our results using CARS and fluorescence microscopy reveal
dramatic increase of the nucleus in a tumor cell during electroporation. Such nucleus expansion
may be important for the lower electroporation threshold of tumor cells compared to anucleate
RBCs.

Insight, innovation, integration

Circulating tumor cells in peripheral blood present an interesting yet complex system with
blood cells coexisting with tumor cells. In this work, we studied the effects of
electroporation on red blood cells, white blood cells and tumor cells and established the
feasibility for selective purging and analysis of tumor cells among blood cells using
microfluidic flow-through electroporation technique. We discovered that high cell death of
tumor cells after electroporation was associated with dramatic expansion of their nuclei
during electroporation. This new insight points out that the nucleus is much more critically
affected than other subcellular compartments such as the cytoplasm. This phenomenon is
important for understanding the different responses to electroporation between tumor cells
and anucleate red blood cells. Our flow-through electroporation technique utilizes constant
voltage instead of electric pulses to generate the electroporation field. This unique design
allows observation of electroporation in real time during its occurring. We further
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demonstrated that the flow-through feature of the technique offered potential for processing

Su

bstantial amount of cell samples with high throughput.
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Fig. 1.

The schematic of a microfluidic flow-through electroporation device. We used two sets of
devices in this study: one standard device has 30 um for its depth, 392 pum and 5 mm for the
width and length of the wide sections and 58 pm and 2 mm for those of the narrow section; a
scaled-up device has 188 um for its depth, 5 mm and 10 mm for the width and length of the
wide sections and 500 pum and 5 mm for those of the narrow section.
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(A) Effects of flow-through electroporation with various electroporation durations (the
residence time of the cells in the narrow section) and field intensities (the field intensity in the
narrow section of the device) on the viability of M109 cells. M109 cells were suspended in the
electroporation buffer and processed in the standard device. (B) Time-lapse CARS images of
a circulating tumor cell (generated by M109 implantation in a mouse) during electroporation
in the electroporation buffer.
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through electroporation with various electroporation durations and field intensities on mouse
RBCs. The RBCs were suspended in the electroporation buffer and processed in the standard

device.

Integr Biol (Camb). Author manuscript; available in PMC 2010 May 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bao et al.

Percentage of Dead Cells (%)

100 -+

o
o
|
W
o
o
3
w

[l
503!
X3

XX

9

K

60

X

KX]
PO
e

CR X XXX
a0 %aas

&S

0;:

X
a
-

DO 29,
%! B
KX] KX
DO D
X KX
— DO P
KX] K3
DO D)
KX ] KX
DO D
KX K
DO D)
KX K
D> P
KX KX
DO DO
KX] K]
- 9, P
% ':’(
K& 0,

%S

>’
X

.,.
X

o
55
XX

X

2 DS P
O - . ’:’: ':.:
PO ‘% PO

5 DS o

K | I

KX DS %

e, KX DO

X K% X

PO KX PR

KX NS KX

- X2 X PR

X K& X]

PSS % DO

KX e KX

PR KX} RS

(X K% °

DO * DO

KX NS KX

K<) S K

e! DO K

Page 13

S
%

X0
XD

X2
X0

X2
X0

(X2
0%

>
X0

v

Q

X2

>

X0

e
%%

OO
0a0a%%%%

e

oo
XL

S

RRRRXK

Ve

920207020707
P 0a0a0%% 0%

Q
XL

TOTe
XL

e

X

o7
a0,

e

XXX
a0

Ve

Ve

02020707074
QKL

K2

92070707070707070 ¢
QR

X0

O

-
IRX

VAVATEVETe e
X 00’:’:‘:’: 0

e

SO
> "6‘5’0"

.
K2

0 100 200 300 400 500 600 700 800 900 1000
Electroporation Field Intensity (V/cm)

Fig. 4.

Effects of flow-through electroporation with various electroporation durations and field
intensities on the viability of mouse WBCs. WBCs were suspended in the electroporation buffer

and processed in the standard device.
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Fig. 5.

Flow-through electroporation of M109 and blood cells in the scaled-up device. The
electroporation duration was 100 ms. (A) Effects on the viability of M109 cells. M109 cells
were suspended in the electroporation buffer. (B) Effects on RBCs and WBCs in the whole
blood. The whole blood was electroporated in the scaled-up device.
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Fig. 7.

Nucleus expansion in a M109 cell during electroporation in the electroporation buffer. Lipid-
rich structures were detected by CARS signal (red) and Hoechst 33 342-stained nucleus (blue)
was observed by TPEF. The electric field of 400 V cm~1 was applied during 0-5 s and removed
afterwards (5-10 s).
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Fig. 8.

(A) Time-lapse fluorescence images of a M109 cell stained with DiOC18 during
electroporation. The electroporation field intensity was 400 V cm ™. DiOC18 labeling renders
the cytoplasmic and membrane fluorescent. The compartment without fluorescence is the
nucleus. (B) The size (measured by the two-dimensional area) increase associated with the
cytoplasmic and nucleic areas. The original size at time O is designated as 1.
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