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We developed an on-chip microscale electroporation system that enables sequential delivery of multiple

molecules with precise and independent dosage controllability into pre-selected identical populations of
target cells. The ability to trap cells with uniform size distribution contributed to enhanced molecular
delivery efficiency and cell viability. Additionally, the system provides real-time monitoring ability of the
entire delivery process, allowing timely and independent modification of cell- and molecule-specific
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electroporation parameters. The precisely controlled amount of inherently membrane-impermeant
molecules was transferred into human cancer cells by varying electric field strengths and molecule

injection durations. The proposed microfluidic electroporation system'’s improved viability and comparable
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Introduction

The ability to introduce foreign molecules into living cells and
human tissues has significant implications for various
applications in biological research and medicine. Numerous
methods, including virus-mediated, chemical, physical, and
optical approaches have been developed in order to deliver
exogenous molecules into the cells.'™ Currently, a virus-
mediated approach is the most efficient way of gene delivery
and expression; however, besides only being capable of the
delivery of nucleic acids, there are considerable risks
accompanied with viral delivery systems, including toxicity,
chromosomal integration and immunogenicity.>” Viral
approaches are, hence, less than ideal for many clinical and
research applications, which require minimal post transplan-
tation risks, such as gene therapies and studies of cellular
reprogramming or lineage conversions.®

Consequently, non-viral molecular delivery techniques have
begun to gain more attention as inevitable alternatives.'*™"
Among these techniques, electroporation is considered as an
effective and powerful technique because of its ability to
introduce countless types of molecules into target cells both in
vitro and in vivo without the need for potentially cell-damaging
chemical reagents or viruses. Electroporation utilizes short
high-voltage pulses to transiently and reversibly create pores
on a cell membrane, through which molecular probes of
interest can be delivered into the cytosol. However, conven-
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gene transfection efficiency to that of commercial systems suggest that the current system has great
potential to expand the research fields that on-chip electroporation techniques can be used in.

tional electroporation techniques using cuvettes or micro-
capillaries rely on a bulk stochastic molecule delivery
processes, making those systems ill-suited for applications
requiring precise and individually controlled transferred
molecular doses."®>"” it is difficult to obtain
practical efficiency and viability for samples with large
heterogeneity in cell diameter since the electric field strength
required to transiently disrupt cellular membrane is strongly
correlated with cell size.>"®

Moreover,

Therefore, a series of optimization
processes, considering numerous performance-determining
factors, should be conducted to achieve a high permeabiliza-
tion efficiency with minimal cell death. Recent advances in
microfluidics facilitated the development of microscale elec-
troporation techniques, allowing single-cell level electropora-
tion and dosage control of transferred molecules with
enhanced cell viability.'®'*> Despite their noteworthy
improvement in throughput and molecular delivery efficiency
with enhanced viability, a single-directional flow-through
scheme, under which most of the current microfluidic
electroporation systems operate, renders current microfluidic
electroporators inapplicable for emerging research and phar-
maceutical applications requiring multi-molecular delivery
with an independently controlled amount. Indeed, there are
rapidly increasing demands for multi-gene and/or multi-
molecular delivery systems for cellular reprogramming
studies, development of multigenic disorder therapy, as
well as production of industrial and pharmaceutical
compounds.' %3¢

In this study, we have developed a microfluidic vortex-
assisted electroporation system, allowing the sequential and
independently tunable delivery of multiple molecules into pre-
selected identical populations of target cells. A size-based pre-
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purification step incorporated in the system yielded a uniform
size and number distribution, thus, contributed to enhancing
the delivery efficiency and viability. The amount of inherently
membrane-impermeant molecules transferred into cancer cell
lines could be independently controlled through timely
modification of electroporation parameters with the aid of
real-time process monitoring. The optimum conditions for
individual cellular and molecular types were determined by
quantitatively examining changes in electroporation efficiency
and viability corresponding to systematically varied electrical
parameters. Finally, metastatic breast cancer cells were co-
transfected with green and red fluorescent protein-expressing
plasmids and the results were compared with conventional
cuvette test outcomes. The system’s high sample viability and
electroporation efficiency coupled with minimized sample-loss
and sequential multi-molecule delivery capability suggest that
the current system has great potential to expand research
fields where on-chip electroporation techniques can be
applicable.

Materials and methods

Cell preparation

Both adhering (metastatic breast cancer cell line, MDA-MB-
231) and suspending (leukemia cell line, K562) mammalian
cell lines were cultured in the growth media suggested by
American Type Culture Collection (ATCC). The growth media
of MDA-MB-231 cells consists of Leibovitz’s L-15 medium
(Cellgro™, Mediatech, Inc., USA) supplemented with 10% (v/v)
fetal bovine serum (FBS, Gibco®, Life technologies, USA) and
1% penicillin-streptomycin (Sigma-Aldrich Co., USA), while
that of K562 cells consists of Iscove’s Modified Dulbecco’s
Medium (IMDM, Lonza Ltd., Swiss) supplemented with 10%
(v/v) fetal bovine serum, 0.5% gentamicin sulfate (Sigma-
Aldrich Co., USA), and 1% penicillin-streptomycin. MDA-MB-
231 and K562 cells were cultured in a humidified incubator at
37 °C with 0 and 5% CO, environments, respectively. Cells
were harvested for experiments 2 days after seeding. The
harvested cells were resuspended in Dulbecco’s phosphate
buffered saline (DPBS, 1 x, without Ca*" and Mg**, Cellgro®,
Mediatech, Inc., USA) to have a final concentration ranging
from 1 x 10° to 1 x 10° cells ml~". A Scepter 2.0 (Millipore,
USA) was used to determine the cell concentration.

Device design and working principle for target cell pre-
isolation and electroporation

A subpopulation of cells were pre-isolated from a hetero-
geneous population utilizing the previously reported micro-
scale cell trapping mechanism.?’*> The vortex-assisted
trapping allowed maintaining selected cells within the
electroporation chambers throughout the entire course of
electroporation processes and releasing them off-chip after the
process was completed. We have used identical cell trapping
chamber dimensions to that of the previously reported
device®' with an auxiliary modification for the electrode
embedment (see ESIf Fig. 1). In brief, the microfluidic device
consists of an inlet with multiple injection ports and coarse
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filters, a straight rectangular inertial focusing channel (L = 4.5
cm, W =40 um, and H = 60 pm), electroporation chambers (W,
=400 um) with two embedded platinum electrodes (d = 500 pm
and L. = 1 mm), and an outlet. Each injection port is assigned
for solutions independently containing (i) biological samples
to be electroporated, (ii) biomolecules to be delivered to
electroporated biological samples, and (iii) the cell growth
media or DPBS that flushes the entire device in-between steps,
and in which processed cells are resuspended post-electro-
poration.

The casting mold was fabricated by a photolithography
technique using a negative photoresist (KMPR 1050,
Microchem, USA) on a 4 inch silicon wafer. The thickness of
a developed photoresist was measured using a surface profiler
(Dektak 6M, Veeco, USA). The microfluidic patterns were
transferred from the mold to polydimethylsiloxane (PDMS,
Dow corning, USA) by a conventional casting method. PDMS
was degassed and cured overnight in an oven maintained at 70
°C. The cured PDMS sheet with microchannel patterns was
delaminated from the mold and punched to create through
holes for the inlets, outlet and electrode insertions. Finally, the
PDMS sheet and a glass slide were treated with the oxygen
plasma cleaner (Technics Micro-RIE, USA) in order to create
enclosed microfluidic channels.

When heterogeneous cell populations are injected into the
device, cells can be inertially focused to distinct lateral
equilibrium positions near the channel walls depending on
their biophysical properties (e.g., size and deformabil-
ity).>**3* Pprevious work reported that this particle/cell
ordering phenomenon could result from a balance between
two counteracting inertial lift forces, namely a wall effect lift
and a shear-gradient lift, acting on flowing cells (see ESIf
Fig. 1a). As inertially focused flowing cells enter the suddenly-
expanding electroporation chamber region, the shear-gradient
lift alone induces lateral migration of flowing cells towards the
core of microscale vortex, since the magnitude of the wall
effect lift that had entrained cells at the distinct lateral
positions in the straight focusing channel diminishes due to
disappearance of channel walls from the vicinity of flowing
cells. Since the shear-gradient lift force scales with the third-
power of the cell’s diameter,*® larger cells are prone to migrate
much more rapidly toward the vortex core than smaller cells
are. Once larger cells migrate close enough to vortices, they
remain trapped in the vortices while smaller cells were being
flushed out of the device. This gentle and stable cell trapping
mechanism allows cascading additional biological assays in
situ. The sample injection time was varied from 20 to 30 s at
the fixed operating pressure of 40 psi in order to investigate
time-dependent variations in the size and number of trapped
cells in the electroporation chambers.

Rapid exchange of multiple solutions

The rapid exchange of multiple solutions was enabled using a
custom-built, computer-assisted pneumatic flow control sys-
tem that timely and independently pressurizes individual
solution chambers to drive flow through the microfluidic
electroporator. The design was inspired from the automated
valve controller developed by Rafael Gémex-Sjoberg, Ph.D.,
and the list of commercially available flow power components
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and polyurethane tubes was obtained from the LBNL
Microfluidics Lab’s webpage (http://microfluidics.Ibl.gov/
valve-controllers). The design is modified with add-on features
to meet the requirements of the current system (see ESIf
Fig. 2). The pneumatic flow control system consists of (i) a
compressed nitrogen gas cylinder (Airgas®™, USA), (ii) two
pressure regulators (a high-pressure regulator (Airgas®, USA)
and a downstream regulator (McMaster-Carr™, USA)), (iii) a
high-speed 3/2 way-8 valve manifold (Festo, USA), (iv) an in-
house built disposable vial holder and (v) inline check valves
(IDEX Health and Science, USA). Polyurethane tubes
(Pneumadyne, USA) were used to deliver a gas stream through
the 8-valve manifold, whereas PEEK tubings (IDEX Health and
Science, USA) were used to inject solutions through the current
microfluidic system. A disposable sample vial holder was
designed such that conventional 50 mL conical bottom
centrifuge tubes can be tightly secured in a vertical orienta-
tion. Four leak-resistant 50 mL centrifuge tube caps were
press-fitted into the machined anodized-aluminum vial holder
so that centrifuge tubes could be easily discarded after use.
PEEK tubings were securely connected at the inlet and outlet
of disposable solution vials using PEEK tubing adaptors (IDEX
Health and Science, USA) mounted on the vial holder. It
enabled the convenient routine cleaning of used PEEK tubings
as they could be easily disassembled from and reassembled
into adaptors with a simple twist of threaded ports. Check
vales were installed at each PEEK tubing immediately before
the microfluidic device’s inlet ports in order to ensure one
directional flow, preventing cross-contamination of solutions
throughout the entire course of the experiments.

A custom-designed electronic controller was also built to
rapidly switch the high-speed eight 3/2-way valves (only 4 were
used in the current study). The valve controller is composed of
the open source microcontroller platform, Arduino uno
(www.ni.com/arduino). The firmware for the Arduino is
LVIFA, written by Sam Kristoff, and Kevin Fort at National
Instruments. Labview-based software communicates via USB
to the microcontroller to drive individual valves, and the
digital input/output of the Arduino drives a pair of Darlington
transistor arrays, Allegro Micro ULN2003AN.

The performance of rapid solution exchange by the
pneumatic flow control system was verified by measuring
time-dependent fluorescent intensity variation across the
electroporation chambers during solution exchange between
a pure and 1 pM FITC-containing DPBS (see ESIf Fig. 3).

Electrical equipment for electroporation

The electrical equipment for generating high-voltage short-
pulses in the electroporation chambers consists of a pulse
generator (HP, USA), a high voltage amplifier (Trek Inc., USA),
and two platinum electrodes. The electrodes were directly in
contact with a solution in the electroporation chambers via
additional ports placed 1 mm apart, L. (see ESIf Fig. 1a). The
magnitude of applied square wave pulses, V, was varied from
10 to 200 V to have the electric field strength, E = V L. ",
applied across the electroporation chambers ranging from 0.1
to 2 kv em ™', The magnitude and duration of applied pulses
were varied simultaneously in order to determine the
optimum electrical condition for sequential multi-molecule
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delivery. Applied electrical parameters were monitored in real
time using an oscilloscope (Agilent, USA). The electric field
distribution across the cell-trapping microscale vortices in the
electroporation chambers was numerically simulated using
COMSOL Multiphysics® (v4.0, Comsol group, USA) in order to
investigate whether trapped cells would exposed to a uniform
electric field during the electroporation step (see ESIf Fig. 4).

Vortex-assisted electroporation for sequential molecule
delivery

Four injection ports were used for the dual molecular delivery
test and were individually assigned for a cell sample, a
washing solution (DPBS), and two molecular solutions (see
Fig. 1a). Each solution was injected into the device sequentially
at the operating pressure of 40 psi (equivalent to the flow rate
of 400 uL min~") using the custom-designed pneumatic flow
control system. Prior to the cell solution injection, the washing
solution was injected for >1 min in order to prime the flow
speed required for stable microscale vortex generation. Then,
target cells are isolated into the electroporation chambers
using the microvortex trapping mechanism simply by switch-
ing the active solution port from the washing solution to the
cell solution. Once the desired size and number distribution of
trapped cells has been achieved, solution is rapidly exchanged
to the washing solution in order to remove non-trapped
contaminating cells from the entire device without disturbing
the orbits that the trapped cells created. After the device is
flushed for 20 s, solutions containing the first and the second
molecule to be transferred (e.g., fluorescent nucleic dyes or
fluorescent protein plasmids) were sequentially injected.
Single or multiple short pulses of high electric field were
applied promptly after the injection of each molecular solution
had been initiated. Magnitude, duration and number of
square pulses, as well as incubation time, could be individu-
ally varied depending on cellular and molecular types to have
better experimental outcomes. Upon completion of molecular
delivery using electroporation, the processed cells were
resuspended in the washing solution and released from the
device for downstream analysis by simply lowering the
operating pressure to below 5 psi, followed by a final device
flushing step at 40 psi for 10 s.

Fluorescent molecules used for device optimization

Two nucleic acid fluorescent dyes (Propidium iodide (PI) and
YOYO®™-1, Life Technology, USA) were used to access the
current system’s electroporation efficiency. The choice of the
fluorescent dye combination was made because of their
membrane-impermeablility for living cells and negligible
emission spectra overlap (maximum emission wavelength:
PI, 617 nm and YOYO®™-1, 509 nm). Their intrinsic character-
istics provide important empirical means to semi-quantita-
tively determine penetration success rates for each molecule.
The final concentration of PI and YOYO®-1 diluted in DPBS
was 15 uM and 1 uM, respectively.

In order to identify viable cells pre- and post-electropora-
tion, various fluorescent live-cell staining dyes (2 pM Calcein
Blue AM, 2 uM Calcein Green AM and NucBlue®, Life
technology, USA) were selectively used depending on the
emission spectra of delivered molecules. Co-localization of
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Fig. 1 (a) A schematic representation and (b) fluorescent and bright-field microscopic images illustrating the sequential multi-molecule delivery using the current
microfluidic electroporation system. The system consists of the pressure-driven solution injection ports, the inertial focusing region, the electroporation chambers, and
the outlet. Each injection port is assigned to the cell sample, a washing solution, and two solutions individually containing transferred molecules. MBA-MD-231 cells,
pre-stained with live-cell dye (Calcein AM blue), are isolated and maintained in the electroporation chambers using the microvortices, and the device is flushed with a
washing solution to remove contaminating small cells (step 1-2, t < 10 s). Promptly after the high-voltage short pulsation (E = 0.8 kV cm™', t,, = 20 ms),
electroporated cells were incubated for a sufficient time in individual molecular solutions to sequentially deliver two inherently membrane-impermeable molecules (P!
at step 3-4, 10 < t < 60 s and YOYO™-1 at step 5-6, 60 < t < 110 s). Electric pulses were applied shortly before each molecular delivery step. Image contrast has

been enhanced by adjusting the look-up table (LUT). Scale bar is 100 pm.

fluorescent signals from delivered molecules and a live-cell
staining dye indicated that the uptake of the tested molecules
is solely through electroporation. The viability of processed
cells was assessed by staining electroporated cells both on-
chip and off-chip. For the on-chip viability test, a solution
containing 2 pM Calcein Green AM was injected for 5 min into
the device shortly after a washing step post electroporation.
For experiments requiring off-chip staining, processed cells
were incubated in 2 pM Calcein Green AM solution for 5 min.
For gene transfection efficiency tests, cells were stained with
NucBlue™ and 0.4% trypan blue (Cellgro™, Mediatech, Inc.,
USA) to distinguish viable cells from dead cells.

Preparation of fluorescent protein plasmids

Two reporter genes, modified enhanced green fluorescent
protein plasmids (pQCXIP-NLS-Vx3-mEGFP, Addgene plasmid
35529,%° denoted mEGFP hereafter) and modified red fluores-
cence protein plasmids (pcDNA3-mRFP, Addgene plasmid
13032, denoted mRFP hereafter) were used to determine the
transfection efficiency of the current system. Reporter genes
were purchased from Addgene in the form of stab cultures of
E. coli transformed with each gene and plasmids were
recovered from E. coli cultures by following Addgene’s
suggested protocol. A Qiagen Plasmid Maxi Kit (Qiagen, USA)
was used to extract and purify the plasmids from transformed
E. coli liquid cultures by following the manufacturer’s
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protocol. The concentration and purity of extracted plasmids
were determined by measuring the absorbance at 260 nm and
the ratio of absorbance at 260 nm and 280 nm, respectively,
using Nanodrop 2000 (Thermo Fisher Scientific Inc., USA). The
size and quality of extracted plasmids were verified using
electrophoresis on E-gel™ 0.8% agarose (E-gel®™ iBase™ Power
System and Safe Imager™ Real-Time Transilluminator,
Invitrogen, USA). Moreover, MDA-MB-231 cells were chemi-
cally transfected using Lipofectaimine®™ LTX with Plus™
(Invitrogen) by following the manufacturer’s protocol in order
to confirm that fluorescent proteins would be expressed upon
successful transfection of tested plasmids (see ESIf Fig. 5).
Both mEGFP and mRFP were individually diluted in DPBS to
have a final concentration of 15 pug ml™".

Conventional cuvette electroporation test

Transfection efficiency of a conventional electroporation
technique is tested in parallel using the BTX electroporation
system with 2-mm gap cuvettes with parallel-plate aluminum
electrodes (BTX Technologies Inc., USA). Electrical parameters
equivalent to those used for the current microfluidic device
were applied to the conventional electroporation system using
a square-pulse high-voltage pulse generator with a 10 A
capability.
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High-speed and fluorescent microscopic imaging

High-speed microscopic images of pre-isolated, orbiting target
cells were obtained using an inverted microscope (Eclipse Ti,
Nikon, Japan) equipped with 150 W Xenon light source (Oriel®
Instruments, USA) and a high speed CMOS camera (The
Phantom® v1210, Vision Research Inc., USA). 1280 x 400 pixel
images were acquired at 4000 frames s ' with an exposure
time of 3 ps. Fluorescent microscopic images were acquired
using an inverted microscope equipped with a mercury light
source (Intensilight, Nikon, Japan), fluorescent filter cube sets,
and a CCD camera (Clara, Andor, USA). Image] software was
used for post image analysis.

Results and discussion

Pre-isolation of cells with uniform size and number
distribution

The current system allows achieving uniform size and number
distribution of cells trapped in the electroporation chambers
with an aid of the microvortex-assisted cell trapping mechan-
ism (see ESIf Fig. 1b). The average size and size-uniformity of
the captured cells in the electroporation chambers increased
with increasing cell solution injection time. While the average
diameter of trapped cells, D,y., was measured to be 20 um with
a coefficient of variation (CV) of 40% shortly after the cell
solution injection has been initiated (¢ = 10 s), the D,y
increased to 32 pm with a reduced CV of 25% at ¢ = 30 s. The
average number of cells processed in each run was found to be
20 when the maximum size and uniformity have been
achieved, and the number of cells was maintained identical
throughout the course of the entire electroporation processes.

The ability to trap cells with a uniform size distribution
would positively contribute to having better molecular delivery
efficiency and cell viability because the cell size distribution
has significant implications for membrane permeabilization.
When cells are exposed to an extracellular electric field, E,
transmembrane potential, AV, = fEDcosd, is induced in a
cell.>*”3 Here, fis the weighting factor, which is the measure
of how cells contribute to the applied electric field distribu-
tion, and D and 6 are the cell diameter and the polar angle
measured with respect to the external field, respectively. In
order to transiently permeate cells without cell lysis, AVy,
should exceed the transmembrane potential, AV, but remain
below the irreversible electroporation threshold, AV.. For
mammalian cells, AV is reported to range between 200 mV
and 1 V, depending on pulse duration,>™*' while AV, is
expected to be greater than 1 V.*>** Previous electroporation
tests performed with cell lines that have a large size variation
are reported to have low electroporation efficiencies and
viabilities® since samples with higher size heterogeneity are
expected to have a greater number of cells having induced AV,
that falls outside of the optimum range for successful
transient permeabilization. Therefore, the current system’s
ability to pre-isolate cells with a higher homogeneity in size
would minimize undesirable consequences associated with a
large variation in cell size.
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Real-time monitoring of sequential multi-molecule delivery

Two membrane-impermeable molecules (PI and YOYO®-1)
were sequentially delivered into pre-isolated MDA-MB-231 cells
(see ESIf Movie 1 and Fig. 1b). Cells were stained with Calcein
AM blue prior to injection in order to ensure that delivery of
those membrane-impermeable molecules is solely through
transient pores formed by electroporation. Promptly after a
short pulsation (£ = 0.8 kV em™" and ¢, = 20 ms), the first
(YOYO™-1, 10 < t < 60 s) and second (PI, 60 < t < 110 s)
molecules were sequentially injected and fluorescent signals,
corresponding to each molecule, were observed from electro-
porated orbiting cells, indicating successful molecular deliv-
ery. Uncompromised Calcein AM blue fluorescent intensity
post the sequential delivery steps suggests preserved mem-
brane-integrity of processed cells as irreversibly permeated
cells with disrupted cell membrane were expected to leach
Calcein AM molecules, thus, exhibiting substantial reduction
in blue fluorescent intensity. Moreover, real-time monitoring
of the entire molecular delivery process permitted determina-
tion of cell- and molecule-specific parameters, such as AV, AV.
and the molecular amount for delivery initiation, based on
direct observation of cellular responses. Real-time monitoring
eliminated the need for numerous independent tests of
samples with varying molecular concentration combinations
to identify optimum conditions, often required by conven-
tional cuvette electroporation methods. In addition, the
current system can be easily scaled to accommodate more
types of molecules simply by incorporating a greater number
of inlet ports. These results show that the developed system
allows independent, quantitative controllability of multi-
molecule delivery without the need for time-consuming and
labor-intensive sample preparation steps.

Transferred molecular dosage controllability

The proposed system enables precise control of the molecular
amount transferred into the pre-selected target cells by varying
either electrical field strength or molecular injection time (see
Fig. 2). The amount of transferred PI molecule proportionally
increased with the electric field strength when cells were
exposed to the identical molecular amount (i.e., PI solution
was injected into the device for 40 s (6.4 pg) and processed
cells were washed with molecule-free DPBS for 10 s). It was
found that E; = 0.4 kV cm ™" is required to initiate the delivery
of PI molecules to the MDA-MB-231 and E exceeding 2.0 kV
em ™' resulted in cell lysis. Similarly, the molecular transfer
dosage can be monotonically increased by increasing solution
injection time with a set electric field strength, E, = 0.8 kv
em™'. E, is one of the optimal conditions, where processed
cells exhibited high viability (83%) and electroporation
efficiency (70%). Electroporated cells’ molecular uptake was
initiated after cells were exposed to approximately 800 ng of PI
(equivalent to the solution injection time, ¢ = 5 s). Experiments
conducted for K562 cells exhibited a similar trend to that from
the MDA-MB-231 experiments, while a slightly higher E; = 0.6
kv em ™' and E, = 1.0 kV cm ™ ' were required (see ESIf Fig. 6).
The higher E; of K562 cells can be attributed to differences in
membrane properties or a difference in average diameter
between K562 (Daye = 12 pm) and MDA-MB-231 cells (D,ye = 15
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pum). The system’s rapid solution exchange scheme combined
with the real-time monitoring ability enabled precise and
independent control and optimization of each transferred
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molecular dosage simply by varying incubating-duration and/
or electric field strength.

Optimum electrical parameters for high viability and
electroporation efficiency

A series of electroporation experiments with systematically
varied electrical parameters were conducted in order to
determine the optimum condition for MDA-MB-231 cells.
Fig. 3a shows that electroporation efficiency inversely corre-
lates with viability in agreement with previous reports.” Cells
exposed to E = 0.4 kV cm™' exhibited a viability and
electroporation efficiency of 94% and 25%, respectively,
whereas those electroporated at E = 1.2 kV em ™' showed a
viability and electroporation efficiency of 58% and 92%,
respectively. The optimum electric field strengths required to
electroporate  MDA-MB-231 cells with desirable viability
(greater than 83%) and efficiency (greater than 70%) values
were found to be in the range between 0.6 and 1.0 kV ecm™".

Interestingly, molecules taken up by cells electroporated
using the proposed vortex-assisted system were distributed
uniformly across the entire cytosol, while cells electroporated
in the identical device under static conditions were partially
occupied by delivered molecules (see Fig. 3b and ESIf Fig. 7).
Presumably, the gentle and continuous agitation of cells
trapped in vortices during the electroporation process that the
current system uniquely provides would promote uniform
permeabilization, known to be a key factor for improving
electroporation efficiency.”® In fact, cells electroporated using
the current system exhibited a 3-fold higher electroporation
efficiency than that of previous studies.>"”**

Sequential gene transfection test

As a proof of concept, taking advantage of the superior viability
and electroporation efficiency of the proposed system, we
conducted multi-gene transfection of MDA-MB-231 cells and
the results were compared to those obtained from a conven-
tional cuvette system under the identical electroporation
condition (E = 0.7 kV em™ ', ¢, = 30 ms and plasmid
concentration of 15 pg ml~'). The tested electroporation
conditions fell within the range that was previously reported
for successful transfection of MDA-MB-231 cells using con-
ventional cuvette systems.’>*® The transfection efficiency of
the proposed system for mEGFP, mRFP and the co-transfec-
tion efficiency of both genes were measured to be 6.2%, 9.3%
and 3.7%, respectively (see Fig. 4). A substantial reduction in
transfection efficiency compared to the previously discussed
electroporation efficiency could reflect the expected intracel-
lular degradation and/or insufficient nuclear targeting of
delivered plasmids after successful penetration across the cell
membrane,”” and may not necessarily mean a discouraging
outcome. The fact that transfection efficiencies of the
proposed system were not significantly different from that of
the conventional cuvette system (p > 0.1) supports the
conclusion that the reduction in transfection efficiency is
presumably caused by difficulties associated with naked
plasmid delivery processes and/or potentially reflects the
upper limit for tested plasmids used in electroporation (see
ESIf Fig. 8). Enhanced transfection efficiency would be
anticipated if plasmids were coated with an intracellular
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viability and electroporation efficiency greater than 83% and 70%, respectively. (b) Fluorescent images of living and dead cells that were electroporated using the
microfluidic system under the vortex-assisted and the static condition. Intracellular molecular distribution was found to be more uniform for continuously orbiting

cells during the electroporation process than those processed under the static condition. Scale bar is 10 um.

degradation preventive layer or conjugated with nuclear-
targeting peptide scaffolds.*®*™>°

The current system’s unique features differentiate it from
conventional electroporation methods and grant it the ability
to provide transfected cells with higher viability. For instance,
the proposed system allows immediate on-chip washing after
electroporation, eliminating the adverse effect of residual
plasmids on sample viability.>® Moreover, the system’s
exceptionally low operational electric current resulted in a
temperature rise of less than 1 °C, whereas the instant
temperature rise of the conventional cuvette test was calcu-
lated to be AT = 38 °C from Joule heating when an identical
operational electrical field was applied (V=160 V, L. = 2 mm
and I = 5 A). As anticipated, cells electroporated using the
proposed system showed a 7-fold higher viability than that
observed from cells processed using the conventional cuvette
system (Fig. 4c). Due to the low throughput of the current
system (~20 cells/run), the number of viable, co-transfected
cells from the conventional system and the proposed
technique cannot be directly compared. However, given that
the current system transfects cells with a similar efficiency yet
superior viability for all tested plasmids, at least a 3-fold
increase in number of successfully co-transfected cells is
expected from the current system if an identical number of
cells is processed. Although the current system’s throughput is
considerably lower than conventional electroporation systems,
the channel geometry is simple and the process can be fully
automated. Therefore, the throughput can be improved simply
by parallelizing electroporation chambers, as we have demon-
strated previously,®" and electrodes. Furthermore, owing to the
simplicity of the solution exchange scheme, the system can be
automated to repeatedly process a greater number of cells in a
shorter period of time in order to expand its use for more
practical applications, requiring the ability to process a larger
volume of samples with minimal user interventions.
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Fig. 4 (a and b) Representative microscopic images of MDA-MB-231 cells
obtained 72 h after mEGFP and mRFP co-transfection (E=0.7 kV cm™ " and t,, =
30 ms). Red, green and yellow boxes in the merged image and enlarged views
(right) indicate cells transfected with mRFP-only, mEGFP-only, and both genes,
respectively. Living cells’ nuclei were stained with Hoechst 33345. (c) A
comparison of transfection efficiency and viability for the proposed system and
the conventional cuvette system (n = 4). The number fraction of transfected cells
was similar for all tested plasmids regardless of the system used for
electroporation (P > 0.1), whereas cells processed using the proposed system
exhibited a 7-fold higher viability. Asterisk indicates P < 0.05. Image contrast is
enhanced by adjusting LUT. Scale bar is 100 um.
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Conclusion

The proposed technique allows on-chip multi-molecular probe
delivery without the need for additional target-cell purification
and sample preparation in pre- or post-electroporation steps
(i.e., laborious sample preparation or time-consuming centri-
fugation). The transferred molecular amount can be precisely
and individually controlled by varying electric field strengths
and molecular injection durations. The system’s real-time
monitoring capability allows timely fine-tuning and modifica-
tion of individual parameters. Independently controllable
electrical parameters based on the molecular probes to be
delivered would enable sequential cytosolic delivery of virtually
any combination of a broad range of macromolecules with
various electrical charges or diffusivity. The system is also
applicable to notorious hard-to-transfect suspension cell lines.
Moreover, the system’s low operational current can eliminate
viability-related problems associated with a high current in
electroporation. Processed cells using the proposed system
exhibited a 7-fold higher viability than the conventional
systems; thus, at least a 3-fold higher number of transfected
cells was anticipated to be obtained from the current system
than its counterparts if the identical numbers of cells were to
be processed in both systems. The developed technique has
great potential to expedite the development of the multi-gene
or multi-molecule transfer process, requiring precise controll-
ability of dosage and electroporation parameters.
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ESI Figure 1. (a) Device design and cell trapping principle. The device consists of the inlet region, the focusing regi
on (L =4.5 cm, W=40 pm, and H = 60 pm), the electroporation chambers (W,.= 400 um and L,= Imm), and the out

let. Injected cells experience wall effect lift, F;y, and shear-
radient lift, F;g, in the focusing region, resulting in sized-
dependent lateral focusing and traveling velocity, U. When cells enter the electroporation chambers, cells with diam
eter larger than the threshold (D, ~ 15 um) are trapped in microscale vortices while smaller cells are flushed out of t
he device. (b) Average cell diameter and uniformity in size distribution of the trapped cells increased with the sampl
e injection time. The average diameter of the captured metastatic breast cancer cells increased from 20 + 8.5 pm (co
efficient variation (CV) of 40%) to 32 + 7.9 um (CV of 25%) with increasing cell solution injection time. Image con

trast is enhanced using ImageJ. Scale bar is 100 um.



Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2013

Regulator 1 Regulator 2

LabVIEW

PEEK tubing —

Check valves

Compressed gas

Solution reservoirs

ESI Figure 2. Schematic of the computer-assisted pneumatic flow control system. Standard International Standard
Organization (ISO) graphic symbols were used to better convey individual pneumatic components’ functionality.
Note that diagram is not to scale.
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ESI Figure 3. Rapid solution exchange demonstration using a 1 pM FITC solution and a washing solution (DPBS).
Time required to saturate the electroporation chambers with the desired molecular solution (t = 8 s) was found to be
identical to that required to completely flush those chambers, suggesting a symmetric solution exchange scheme.
Total injected amount of FITC molecules was 25 ng when saturation occurred. Image contrast is enhanced by
adjusting look-up table (LUT). Scale bar is 100 um.
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ESI Figure 4. Numerical simulations illustrate that the distribution of electric fields in the electroporation chamber
is uniform and cell-trapping microscale vortices do not alter the distribution. Computed electric field strength
distribution across the electroporation chamber is overlaid with (a) streamlines and (b) electric potential contours.
Large gradient of the electric field was observed outside of orbits occupied by captured cells, thus it would not affect
the electroporation performance adversely. Moreover, non-trapped cells would not be electroporated because no
electric field gradient was observed in the straight inertial focusing channel. The simulation was conducted for 2D
incompressible Navier-Stokes mode combined with the Electrocurrent mode using COMSOL® Multiphysics
software (version 4.0). The fluid is considered to have the same properties as DPBS at room temperature (density,
dynamic viscosity, and electric conductivity of 1000 kg/m’, 1.005 mPa.s, and 1.4 S/m, respectively). The pressure
drop across the simulated region was set to be 20 psi since the electroporation chamber is located at 1.5 cm
downstream from the inlet. No-slip boundary conditions were set on the channel walls and on the interfaces between
electrodes and the fluid. Density, relative permittivity, and electric conductivity of platinum electrodes were wet to
21,450 kg/m’, 7, and 9.43x10° S/m, respectively. The applied voltage across the two electrodes was set to 70 V.



Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2013
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ESI Figure 5. The size and quality of (a and b) pcDNA3-mRFP (6118 bp, denoted as R) and (¢ and d) pQCXIP-
NLS-Vx3-mEGFP (7919 bp, denoted as G) were verified using a gel electrophoresis and a chemical transfection
technique. In order to determine the size of entire construction, mRFP and mEGFP plasmids were linearized by
selecting Bsml and Nhel-HF enzymes, respectively. Enzymes and reagents were purchased from New England
Biolab” Inc. Subscription L and S indicate plasmids existing in full-length linear and supercoiled conformation,
respectively. 1 kb DNA ladder (Tracklt ", Invitrogen USA) was used as the size marker (SM). Moreover, it was
confirmed that MDA-MB-231 cells expressed (b) mRFP and (d) mEGFP once they were chemically transfected
with pcDNA3-mRFP and pQCXIP-NLS-Vx3-mEGFP, respectively, using Lipofectaimine® LTX with Plus™
(Invitrogen) by following the protocol suggested by the manufacturer. Red and green arrows indicate cells
transfected with mRFP and mEGFP genes, respectively. Transfected living cells were counterstained with Hoechst
33324 (NucBlue® Live ReadyProbes™ Reagent, Life technologies™).
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ESI Figure 6. The amount of the transferred PI molecules into K562 cells can be precisely controlled. Similar to

MDA-MB-231 results, the amount of transferred PI molecules increased with increasing (a) electric field strength
and (b) solution injection time. The electric field strength required to initiate molecular delivery was £ = 0.6 kV/cm.
All data were obtained from independently conducted experiments and their fluorescent intensities were quantified

using the ImagelJ software. LUT was adjusted to enhance contrast. Scale bars are 100 pm.
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Calcein AM

ESI Figure 7. Fluorescent microscopic images of K562 cells electroporated in the identical device under the static
condition without vortex-assisted size-based pre-selection (E = 1.5kV/cm). Molecules uptaken by electroporated
cells were partially occupied. Living cells were stained with Calcein AM green prior to the electroporation and
Propidium iodide (PI) was chosen as a molecule to be delivered. Note that PI uniformly stains non-viable cells,
resulting in fluorescent signals overlapping with that of electroporated cells. Scale bars are 100 pm.
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ESI Figure 8. Representative fluorescent microscopic images of MDA-MB-231 cells obtained 48 hours after
mEGFP and mRFP co-transfection using the conventional cuvette-type electroporation system at (a) E = 0.4kV/cm
and (b) E= 0.8 kV/cm. While the viability of processed cells were strongly affected by increased electric field
strength, apparent enhancement in the transfection efficiency has not been observed. Green and yellow arrows
indicate cells transfected with mEGFP-only and both mEGFP and mRFP genes, respectively. Nuclei of living cells
were stained with Hoeschst 33342 (NucBlue® Live ReadyProbes™ Reagent, Life technologies™).. Scale bars are
100um.



