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We developed a localized single-cell electroporation chip to deliver exogenous biomolecules with high efficiency
while maintaining high cell viability. In our microfluidic device, the cells are trapped in a microtrap array by
flow, after which target molecules are supplied to the device and electrotransferred to the cells under electric
pulses. The system provides the ability to monitor the electrotransfer of exogenous biomolecules in real time. We
reveal through numerical simulations that localized electroporation is the mechanism of permeabilization in the
microtrap array electroporation device. We demonstrate the simplicity and accuracy of this microtrap technology
for electroporation by delivery of both small molecules using propidium iodide and large molecules using

plasmid DNA for gene expression, illustrating the potential of this minimally invasive method to be widely used
for precise intracellular delivery purposes (from bioprocess engineering to therapeutic applications).

1. Introduction

Precise intracellular biomolecule delivery in a safe, affordable, and
robust way is key to fundamental cell biology research and biomedical
applications. Transient permeabilization of cell membranes using pulsed
electric fields (electroporation) is a simple non-viral method to deliver
exogenous biomolecules to a variety of cell types [1-6]. However,
conventional electroporation often suffers from poor efficiency as it
relies on bulk stochastic phenomena and poor control over the cell
viability due to the strong electric fields used [7,8].

To obtain non-toxic electroporation with controlled biomolecule
delivery, it is required to apply electric pulses through miniaturized
(small) geometries, which induce localized electroporation at the cell
membrane [9-12]. In localized electroporation, the applied electric field
is concentrated by utilizing miniaturized structures such as micro/
nanochannels [9,13-23], porous membranes [10,24], nanostraws
[25-27], nanotubes [28], nanoprobes [29-31], or microneedles
[32-34]. This can provide precise control over the dosage of the

* Corresponding authors.

delivered exogenous cargo [9,10]. Localized electroporation is
compatible with delivering a variety of exogenous cargo such as mo-
lecular beacons [9,35], lipoplex nanoparticles [36], siRNA [37], mRNA
[10], plasmid DNA [9,10,22,24], and Cas9 ribonuclear proteins [10]
while maintaining high cell viability. However, the cells should either be
adhered to the structures (or substrate) [10,22,26] or be micro-
manipulated to the structure through an external force (e.g., by opti-
cal and magnetic tweezers or a micromanipulator) [9,31] for successful
localized electroporation.

To overcome this limitation, we fabricated a scalable hydrodynamic
microtrap array integrated into a microfluidic channel [38,39] (or
microtraps for brevity) to simultaneously immobilize cells at miniatur-
ized constrictions and perform localized electroporation. The cells are
trapped in the microtraps through flow and are tightly attached to the
trap’s aperture, where the applied voltage drop in the channel is
concentrated. Our device enables us to electroporate single trapped cells
while maintaining high cell viability (> 90%) and deliver small bio-
molecules and plasmid DNA encoding functional proteins. The cells can
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be continuously perfused with the culture media required for main-
taining cell viability. We further confirm through numerical calculations
that our device enables localized electroporation, with enhanced elec-
troporation at the cell region facing the microtrap aperture and reduced
electroporation in the remainder of the cell. Our microtrap electropo-
ration device is a demonstration of a microfluidics approach, wherein
single-cell trapping (under gentle flow conditions) and electrical pulses
control the precise delivery of cargo into the cell. This microtrap local-
ized electroporation device is anticipated to provide new opportunities
for accurate and efficient drug delivery, ex vivo and gene editing appli-
cation in cell biology and medicine.

2. Materials and methods
2.1. Cell culture and preparation for microtrap electroporation

The Chinese Hamster Ovary cells, CHO-K1 (DSMZ), are routinely
cultured in T25 flasks containing 5 ml culture medium consisting of
Nutrient Mixture Ham’s F-12 (Sigma Aldrich) supplemented with ~
10% Fetal Bovine Serum (Sigma Aldrich). When the cells attain
~ 80 —100% confluency, 1 pl of 5 mM Calcein AM or Calcein Red AM
(both AAT Bioquest) is added to the T25 flasks to fluorescently label the
cells for ease of visualization (final Calcein AM concentration ~ 1 pM).
After incubating the cells with Calcein AM for 15-25 min in the incu-
bator, cells are harvested by treating with trypsin-EDTA 0.25% (Sigma
Aldrich). The cell-trypsin suspension is diluted with 5 ml Opti-MEM
serum-free medium (Gibco) and then centrifuged. The supernatant is
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removed, and the cell pellet is suspended in 45 ml Opti-MEM serum-free
medium to transfer to the microtrap electroporation device.

2.2. Preparation of fluorescent molecules and plasmids for assessment of
electroporation

Propidium iodide (PI), a membrane impermeant nucleic acid fluo-
rescent stain, is used to assess the microtrap array electroporation effi-
cacy. The stock solution of PI was diluted to 25 uM in Opti-MEM before
electroporation experiments. PI binds to nucleic acids and emits a strong
fluorescence signal with an excitation/emission wavelength of 535/615
nm upon successful membrane permeabilization. We pre-stain the CHO
cells with Calcein AM with an excitation/emission wavelength of 488/
520 nm for PI delivery experiments. The pre-staining of CHO cells with
Calcein AM provides a more precise visualization and tracking of the
trapped cells inside the microfluidic chip.

To assess the microtrap array electro-gene transfection efficacy,
PEGFP-C1 plasmid DNA is used. To prepare the plasmids for electro-
gene transfection, DH5a E. coli cultures are transformed with the
PEGFP-C1 plasmids using heat shock. The plasmids are then extracted
and purified using the GeneJET Plasmid Miniprep Kit. The DNA solution
is diluted to 20 pg/ml in Opti-MEM for microtrap electro-gene trans-
fection experiments. Upon successful transfection, the pEGFP-C1 plas-
mids express a green fluorescent protein (GFP) with an excitation/
emission wavelength of 488/507 nm. We pre-stain the cells with Calcein
Red AM with an excitation/emission wavelength of 560/574 nm for the
electro-gene transfection experiments.
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Fig. 1. Microtrap array on a chip for localized electroporation working principle and design. (a) Schematic representation of the overall setup. Relevant dimensions
are denoted in the figure. The fabricated PDMS device consists of two sets of dust blockers to remove large debris near the inlet, a 710 pm long array of microtraps,
and two electrodes separated by 1 mm. The device is 35 pm high. (b) The relevant dimensions of the microtraps are provided in this schematic. (c)-(d) Working
principle of microtrap electroporation; (c) Stage 1: Hydrodynamic trapping of the cells in the microtraps by flowing cell suspension using a syringe pump, (d) stage 2:
biomolecules are then delivered as a solution with a syringe pump to the microchannel and then delivered to the cells by application of electric fields. (e) Scanning
electron microscopy images of the PDMS device (bottom is the zoomed in view of a single trap) containing the microtraps. (f) Brightfield image showing traps in the
microfluidic device without the cells. (g) Calcein stained cells (stained for better clarity during visualization) have been trapped in the microtrap array. Scale bar is

50 pm.
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2.3. Device fabrication and experimental setup

To perform microtrap localized electroporation, we designed a de-
vice with the following working principle. Single cells supplied to the
device should be trapped in the microtraps until the streamlines through
the trap aperture are closed, as displayed in Fig. 1(c). The applied
electric field electroporates the cells trapped in the array. The field is
locally amplified in the trap aperture caused by the insulating poly-
dimethylsiloxane (PDMS) constriction. This enables localized electro-
poration and controlled transfer of cell membrane impermeant (bio-)
molecules to cells, as displayed in Fig. 1(d).

The microchannels for microtrap array electroporation with the
above requirements are fabricated from PDMS (Dow Sylgard 184) using
standard soft lithography procedure [40]. The micro master mold is
created in silicon using electron-beam lithography and novolac-based
resist to pattern a plasma-enhanced chemical vapor deposition
(PECVD) SiO; hard mask, followed by fluorine-based dry etching of the
hard mask and Bosch process deep reactive-ion etching (DRIE) of the
silicon to a depth of 35 pm. The microfluidic patterns are transferred
from the micro mold to a PDMS block and then cured overnight after
mixing with Dow Sylgard 184 curing agent (PDMS to curing agent
mixing ratio is 10:1) in the oven at 68 °C. The PDMS device consists of
two sets of dust blockers near the inlet and a microtrap array containing
203 traps, each with a trap aperture of 4 pm. Four openings are punched
into the PDMS block using biopsy punches for the device’s inlet and
outlet (diameter 1.5 mm) and two electrodes (diameter 0.5 mm). A glass
slide spin-coated with a thin layer of PDMS is used to seal the micro-
fluidic device after treating both the top and bottom surfaces with air
plasma (Harrick Plasma PDC-002). The assembled microfluidic device is
then cured in the oven for 12 h at 68 °C. The fabricated PDMS device and
the structures are characterized after gold sputtering for 60 s (with JEOL
JFC-1300 auto fine coater) on the PDMS device with a scanning electron
microscope (JEOL JSM-2010LA) as shown in Fig. 1(e). Fig. 1(f) displays
a section of the microtrap array (brightfield microscopy image) before
trapping the cells. Fig. 1(g) shows an example of trapped calcein-stained
CHO cells (shown in green).

2.4. Delivery of biomolecules using microtrap array electroporation

To handle the samples (pre-stained cell suspension, pure Opti-MEM,
and fluorescent molecules or plasmids), the required solutions are
collected in 5 ml syringes. All the solutions are supplied using syringe
pumps (Harvard Apparatus Pump 11 Elite). A 4-way IDEX valve con-
nects the syringes to the microfluidic chip through polytetrafluoro-
ethylene tubing (Kinesis, OD/ID 1.6 mm/0.8 mm). The 4-way
connection to the valve is as follows: (i) input cell suspension or the
target molecule solution, (ii) pure OptiMEM solution, (iii) inlet to the
microtrap array device, (iv) waste. Two 0.5 mm platinum wires are used
as electrodes and are connected before and after the microtrap array
(spaced approximately 1 mm apart). The platinum wires are connected
to a pulse generator (BETA tech Electrocell S20) to deliver the electric
pulses. Once the required connections are inserted, the microtrap array
device is flushed with pure Opti-MEM (flow rate = 50 ml/h or 833 pl/
min) to remove the air in the system. Once the system is free of air, the
pre-stained cell suspension is added to the microtrap array device at a
flow rate of 50 pl/min by switching the IDEX valve. When the cells trap
inside the microtraps, the flow rate is reduced to 10 pl/min for 10 min.
Then, the IDEX valve is switched back to pure Opti-MEM supply at 10 pl/
min. Reduction in flow rate maintains the pressure on the cells but
avoids uncontrolled cell accumulation. The input syringe containing cell
suspension is then replaced by the syringe containing the target mole-
cule, which is supplied at a flow rate of 10 pl/min. The IDEX valve is now
switched again so that the target biomolecule is supplied to the micro-
trap array device for 10 min. The flow is then stopped and the appro-
priate electric pulses are applied. Opti-MEM supplemented with 20%
FBS is supplied to the microtrap array device at a flow rate of 0.01 pl/
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min after the electric pulses are delivered during the electro-gene
transfection experiments. This allowed us to maintain cell viability for
longer than 24 h.

2.5. Fluorescence imaging of molecular uptake during microtrap array
electroporation

To visualize the uptake of fluorescent molecules and GFP expression,
we use an inverted fluorescent microscope (Zeiss Axio-Observer)
equipped with a 10x objective (Zeiss Plan-Apochromat 10 x /0.45
M27). This provides a field of view corresponding to ~1.29 x 1.29 mm?.
A light-emitting diode (LED) light source (Zeiss Colibri 7) is used with
appropriate single bandpass filters for fluorescence imaging. The images
are acquired using an Orca Flash 4.0 V2 (Hamamatsu) digital camera
with a resolution of 2048 x 2048 px2 at the following frame rates: (i) the
propidium iodide uptake experiments are imaged at 2 Hz, and (ii) the
GFP expression in the cells is monitored by imaging at one frame per
hour with an excitation/emission wavelength of 488/507 nm. The
propidium iodide uptake and cell viability experiments are performed in
triplicate at each voltage. The GFP expression experiments are done
once at each voltage.

2.6. Numerical simulation of microtrap electroporation

To calculate the electric potential (V) distribution in the intracellular
and extracellular space, the Laplace equation,

v {‘)Eigtw " <ai_e> vv} —0 o)

is solved using COMSOL Multiphysics 5.6 as a 3D time-dependent
model. To minimize computational cost, we simulate one unit cell of
the periodic array of traps with cells. ¢ is the electric conductivity, € is
the dielectric permittivity of the intracellular (subscript i) and extra-
cellular (subscript e) medium. The cell membrane is modeled via a
distributed impedance boundary condition

(™ €n 6\/, 0VC
H'J:dfm<Vi*V3>+Z(at* ()t> 2)

where n is the unit vector normal to the membrane surface, J is the
electric current density across the membrane, where as oy, €, dn
denote the membrane conductivity, dielectric permittivity and thickness
respectively [41]. V; and V., are the electric potential on the interior side
and the exterior side of the cell membrane respectively. The trans-
membrane voltage V,, corresponds to the difference between the electric
potentials on the two sides of the membrane (V,, = V; —V,) (see Table 1
for details of the parameters used for performing numerical
simulations).

Table 1
Parameters used for the numerical simulations in this study.
Parameter Value Description
OPDMS 4x10713 S/m PDMS conductivity
€ppMS 2.75 PDMS permittivity
Ce 1.5S/m Extracellular conductivity
=N 80 Extracellular permittivity
i 0.5 S/m Intracellular conductivity
= 80 Intracellular permittivity
(= 5 Cell membrane permittivity
Om 3x1077 S/m Cell membrane conductivity
Vep 0.258 V Threshold electroporation voltage
a 1x10° m 2%t Electroporation parameter
No 1.5x10° m 2 Equilibrium pore density when V,, =0V
q 2.46 Electroporation constant
T 1x107° m Pore radius
dn 5x10~° m Membrane thickness
10x107° m Cell radius
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To numerically describe electroporation, we use the asymptotic
model of electroporation [42-45]. The model describes the rate of for-
mation of transient hydrophilic pores in the cell membrane, which are
permeant to ions and molecules as a function of V,,. According to the
model, hydrophilic pores nucleate in the cell membrane at an initial
radius r;, at a rate described by

2 2
o (&) ()
E:ae " lfﬁe - 3)

0

where N is the membrane pore density, N is the pore density in the non-
electroporated membrane, and @, g, and V., are electroporation pa-
rameters. Once the cell membrane is porated, the cell membrane con-
ductivity is described as

. 27,0, dmN @
P (arp + 2dw)

where the conductance of single pore 6, = (6. —0;)/log(c./0;) and r,, is

the radius of a single pore [45]. Membrane conductivity o,, is thus the

sum of the passive membrane conductivity ., and o¢,. Egs. (1)-(4) were

solved simultaneously with a linear system solver MUMPS. The nu-

merical models and AutoCAD designs used in this study are publicly
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available on GitHub (https://github.com/aswinmuralidharan/Microtra
p-Electroporation).

3. Results and discussions

3.1. Microtrap array electroporation has high electroporation efficiency
and maintains high cell viability

To investigate the effect of PDMS microtraps on the applied voltage,
the electric potential distribution in the microchannel is estimated by
solving the steady-state version of the Eq. (1) in a two-dimensional space
using COMSOL Multiphysics, where ¢ is the conductivity, and € is the
dielectric permittivity of the extracellular medium. The geometry of the
device used for numerical simulations is in accordance with the chip
used in the microtrap electroporation experiments (see supplementary
information Fig. S1). To visualize the electric field amplification pro-
vided by the PDMS pillars in the microtrap array, we introduce the
electric field amplification factor, defined as E/E_p,, where E is the
local electric field and E_,y; is the electric field in the absence of traps,
defined as the ratio of the applied voltage to the distance between
conventional parallel plate electrodes. The amplification factor shown in
Fig. 2(a). Fig. 2(a) demonstrates that the electric field is amplified
approximately three times at the aperture of the microtrap. This means,
at the center of the trap aperture, the electric field can get as high as 225
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Fig. 2. Influence of the microtrap array on the electric field, molecular uptake and cell viability. (a) Electric field distribution in the microfluidic device shows locally
amplified electric fields near the traps enabling localized electroporation. The electric field distribution in the region of the PDMS microtrap array is not displayed for
ease of visualization. (b) Top: Efflux of Calcein before electroporation (left), during electroporation (middle), and after electroporation (right). Bottom: Uptake of
propidium iodide before electroporation (left), during electroporation (middle), and after electroporation (right) is shown. (c) Cell viability for different applied
voltages is plotted. (d) Average fluorescence intensity of propidium iodide uptake from several cells (number of cells n = 68 for 90 V, 80 for 180 V and 122 for 270 V)
is plotted against time for different applied voltages. Raw data is provided in the supplementary information, Fig. S4. (e) Histogram (bin size = 1000 A.U.) of
propidium iodide fluorescence intensity at 150 s showing the cell-to-cell variability in the uptake of propidium iodide. Scale bar is 50 pm.
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V/mm and 810 V/mm for an applied voltage-to-distance ratio of 90 V/
mm and 320 V/mm respectively (detailed figures are presented in the
supplementary information, Fig. S2 and S3). Furthermore, electric fields
in each trap are identical, allowing us to perform electroporation of cells
at high throughput, with all cells exposed to similar electric fields. The
needle electrode configuration does not change the calculated electric
field distribution considerably due to the high resistance of the micro-
trap array (see supplementary information, Fig. S9).

To determine which operating voltages provide reversible electro-
poration conditions in the microtrap array, we experimentally investi-
gate the influence of the applied voltage on the cell viability and small
molecule electrotransfer to CHO-K1 cells. To do so, we trapped Calcein
AM (green) stained CHO-K1 cells in the microtrap array and applied
single electric pulses with voltages ranging from 90 V to 320 V with a
pulse duration of 5 ms. When the cells are electroporated, the Calcein is
rapidly expelled from the cells through the electropermeabilized cell
membrane as shown in Fig. 2(b, top row). The electropermeabilized cell
membrane is then allowed to recover for 1 h. One hour after applying
electric pulses, a solution of Calcein Red AM (red) in Opti-MEM is sup-
plied to the microchannel for 20 min. The channels are then flushed with
Opti-MEM to remove any residual Calcein Red AM. Calcein Red AM is
cell membrane permeable and is cleaved by live cells to form fluorescent
Calcein molecules, which allows us to estimate the number of live cells
after electroporation. We count the number of cells exhibiting red
fluorescence to calculate the percentage of viable cells. We estimate
between > 90 % cell viability for applied voltages between 90 V and 270
V, followed by a sharp decrease to ~ 30 % cell viability at 320 V as
shown in Fig. 2(c). Hence, we set our operating voltage range for mo-
lecular delivery with reversible electroporation between 90 V and 270
V.

3.2. Analysis of small molecules uptake with microtrap array
electroporation

To study the small molecule electrotransfer to the cell in the
microtrap array on a chip, we monitor the electrotransfer of propidium
iodide to CHO-K1 cells as a response to a single 5 ms long electric pulse
of various applied voltages (90 V to 270 V) in situ using an inverted
fluorescence microscope. Propidium ions are cell membrane imperme-
ant and emit a strong fluorescence (excitation/emission 535 nm/615
nm) upon entry to a cell by binding to the nucleic acids present inside
the cell [46-48]. The enhancement in propidium fluorescence intensity
can hence be used as a marker for cell membrane permeabilization as a
response to electric pulses, as shown in Fig. 2(b) (bottom panels). Fig. 2
(d) shows that propidium ions enter the cells at voltages from 90 V
(lower voltages were not tested). We observe nearly 100% of the cells
become permeable to propidium ions upon electroporation in the tested
conditions. Suppose 7 is the resealing time of the cell membrane, Ay is
the initial electropermeabilized area, d,, is the thickness of the cell
membrane, D is the diffusion coefficient of propidium ions in the elec-
troporation buffer, V is the volume of the cell, and c. is the extracellular
propidium concentration. Then, the concentration of bound propidium
ions which emit the fluorescence at time t can be expressed as
[46,48,49].

DCeA poT

PIB] =
[PIB] ==

(1 — exp(—1/7)). ®)
To assess the influence of applied voltage on the cell resealing time
during microtrap electroporation, we extracted the resealing time 7 and
Inax = DccApo7/Vdy, by fitting the bound propidium fluorescence in-
tensity time series with Eq. (5). We observe that the highest resealing
time is for the lowest tested voltage (90 V) (~ 62+ 4 s). At higher
voltages, we observe lower resealing times (~ 35+ 2 s for 180 V and ~
42 + 2 s for 270 V). The distribution of fluorescence intensity in the
electrotransferred cells at time t = 150 s after electrotransfer (i.e., a
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time point long after the resealing time) is plotted in Fig. 2(e). Since the
time scale of molecular uptake is much greater than the duration of the
electric pulse, post-pulse diffusion is the driving force for the molecular
uptake for the small molecule electrotransfer in the microtrap array
electroporation [46]. The mean propidium fluorescence intensity shifts
to higher values with increasing applied voltages, implying that more
molecules are electrotransferred at higher voltages despite lower
resealing times (see Fig. S5). This means that there is a higher degree of
electroporation at higher applied voltages. We then extract Iy, /7 =
Dc.Apo/Vdy, to estimate the increase in permeabilized area for different
applied voltages. We estimate that I, /7 = 69 + 28 s~ ! for 90 V, 208 +
16 s~ for 180 V, and 298 + 34 s~ for 270 V. Since all the parameters in
the definition of I,,,/7 except the initial permeabilized area are inde-
pendent of applied voltage, this means that there is ~ 4.3 times more
porated area at 270 V compared to 90 V in the microtrap
electroporation.

We then compare the effectiveness of the microtrap electroporation
to the bulk electroporation. To do so, we plate Calcein-stained CHO cells
suspended in cell culture media on four well-chambered glass slides 1 h
prior to applying electric pulses. The cell culture media is replaced with
Opti-MEM, which contains the same concentration of PI (25 pM) as in
microtrap electroporation. The electric pulses are applied through
stainless steel electrodes placed parallel to each other and separated by a
distance of 3 mm connected to the same pulse generator used for the
microtrap electroporation system. We then apply a single 5 ms pulse of
270 V (comparable to the situation in microtrap electroporation with a
voltage drop of 90 V since the electrodes in bulk electroporation are
separated by 3 mm while in microtrap electroporation are separated by
1 mm). In contrast to microtrap electroporation, we observe minimal
uptake of PI, which shows that the microtrap electroporation device is
more effective in electroporating CHO cells than bulk electroporation.
We analyze PI uptake from 280 cells and observed that the fluorescence
intensity of the cells 150 s after bulk electroporation was 251 + 12 A.U.
(see supplementary information Fig. S6), while in microtrap electropo-
ration under the same conditions, it was 1948 + 248 A.U. Since the PI
fluorescence signal after bulk electroporation provide a poor signal to
noise ratio, we could not extract the fitting parameters using the Eq. (5).
These results demonstrate that microtrap electroporation is more
effective in electroporating and transferring exogenous biomolecules
than bulk electroporation.

3.3. Microtrap array electroporation induces localized cell membrane
electroporation

To investigate how the application of electric fields across the
microtrap array provides a high degree of electroporation, we per-
formed numerical simulations of electroporation using the asymptotic
model of electroporation [44] (for the simulation geometry, see sup-
plementary information, Fig. S10). To test the validity of the numerical
solutions, we first estimated the electric field distribution and induced
transmembrane voltage of an isolated cell in a homogeneous electric
field without the pore formation equations. We show that our numerical
solution agrees well with the analytical solution for the induced trans-
membrane voltage, V,, = 1.5Ercosf(1 — exp(—t/zn)) [50] (see supple-
mentary information, Fig. S7). Here, r is the radius of the cell, 7, is the
membrane charging time, E is the electric field, and 0 is the angle
measured from the center of the cell with respect to the direction of the
electric field. To estimate which voltage drop to apply across each unit
cell in our simulation, we measured the voltage drop across a unit cell of
width 48.8 ym (see supplementary information, Fig. S8) from the 2D
model discussed in the previous section. An applied voltage difference of
90V, 180V, and 270 V across electrodes in the experiment corresponds
to a voltage drop of 3.6 V, 7.36 V, and 11.05 V across the simulation unit
cell. One electrode was excited by a 5 ms rectangular pulse of the
amplitude corresponding to this measured voltage drop by subtracting
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two Heaviside step functions. The second electrode was set to ground.
Having established that our numerical solutions capture the induced
transmembrane voltage without poration well, we then include the pore
formation equations in the model. Fig. 3(a) shows that the presence of
the microtrap alters the induced transmembrane voltage. The high
induced transmembrane voltage regions are localized near the micro-
trap aperture in microtrap array electroporation than bulk electropo-
ration (see supplementary information, Fig. S11). As a consequence of
the high local induced transmembrane voltage, microtrap electropora-
tion can lead to two to three times greater local pore area density near
the trap aperture compared to the bulk electroporation, as shown in
Fig. 3(b), (c). Besides the local amplification of pore formation near the
trap aperture, the rest of the cell membrane display diminished pore
formation as we show in Fig. 3(c). As a result, at 90 V, the average pore
area density is comparable in both microtrap and bulk electroporation.
Fig. 3(d) shows that microtrap electroporation at 180 V and 270 V leads
to ~ 40% higher pore area density than bulk electroporation and has
over three times higher pore area density near the trap aperture.
Deformation of the cells in the trap aperture shows no appreciable in-
crease in pore area density (see supplementary information, Fig. S12).
Our numerical simulations show that the high efficiency of
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electroporation in the microtrap electroporation is possibly due to the
enhanced poration at the trap aperture. The shielding of the cell mem-
brane from the electric field by the PDMS microtrap reduces the poration
away from the trap, causing improved cell viability during and after the
microtrap electroporation procedure.

3.4. Plasmid DNA electrotransfer in microtrap array induce efficient gene
transfection

Our geometry’s high local electric fields lead to enhanced delivery of
charged macromolecules such as DNA (negatively charged) to the cells.
We hypothesize that this leads to better transfection at voltage condi-
tions which do not cause a loss in cell viability. To test this, we deliver
plasmid DNA (pEGFP-C1) encoding a green fluorescent protein (GFP) to
CHO-K1 cells at two voltage conditions at which the single cells are
permeabilized (90 V, 120 V, ten pulses of 5 ms each at 1 Hz) and one
voltage condition at which the single cells are not permeabilized (60 V,
ten pulses of 5 ms each at 1 Hz) in the microtrap device. As a negative
control, we electroporate cells in the microtrap array without the
plasmid DNA (120 V, ten pulses of 5 ms each at 1 Hz). Fig. 4(a), (b) show
that upon electroporation of the CHO cells in the presence of the pEGFP-
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Fig. 3. Numerical simulations of electroporation in bulk and microtrap array. The orientation of the cell in the displayed results is shown. (a) The induced trans-
membrane voltage in bulk electroporation (top) and microtrap electroporation (bottom) shows that the microtrap alters the induced transmembrane voltage. (b) Pore
area density in bulk electroporation (top) and microtrap electroporation (bottom) demonstrate localized electroporation near the microtrap aperture. These results
correspond to an applied voltage drop of 270 V across the electrodes in the experiments. (c) Pore area density is plotted against the arc length normalized by zr. As
shown in the inset, 0 in the variable shown in the x-axis corresponds to the point in the cell membrane on the side opposite to the microtrap aperture, 1 to the point in
the cell membrane on the side of trap aperture. The voltages shown in the legend correspond to the voltage drop across the electrodes in the experiments. The solid
lines correspond to microtrap electroporation while the dashed lines represent equivalent bulk electroporation. (d) Surface average pore area density on the
simulated cell surface for different applied voltages for bulk electroporation and microtrap electroporation.
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Fig. 4. GFP expression in microtrap array electroporation device using pEGFP-C1 plasmid DNA. (a), (b) Fluorescence microscopy images of the microtrap array with
trapped cells (highlighted by dotted white circles) (a) before electrotransfer (b) one day after electrotransfer. The images shown are from experiment where 10 pulses
of 90 V, each 5 ms long were applied. (c) Three representative examples of increase in green fluorescence intensity across of the cross section of cell after elec-
trotransfer of pEGFP-C1 plasmids are presented. The fluorescence intensity is measured at three time points, 0 h (immediately after electrotransfer), 24 h and 48 h
after electrotransfer. These cells are from the experiment with an applied voltage difference of 90 V. The fluorescence intensity is normalized by the fluorescence
intensity at time = O h. (d) Percentage of cells showing transfection at different applied voltage conditions (120 V with no plasmid, 60 V, 90 V and 120 V, 10 pulses of

5 ms each) 24 day hours electrotransfer. Scale bar is 50 pm.

C1 plasmid DNA, cells display an enhanced green fluorescence for an
applied voltage condition of 90 V. We measure the fluorescence in-
tensity inside the cells at different time points in Fiji by manually
selecting a region of interest that outlines the boundary of the cells (the
region of interest are chosen in the first frame based on the Calcein Red
channel used to stain the cells). Random shifts in the location of the cells
during the time series imaging are manually corrected in Fiji. We
observe ~ 30% increase in green fluorescence intensity of the cells after
one day for an applied voltage of 90 V and 120 V in the microtrap
electroporation device (supplementary information, Fig. S13). To avoid
photobleaching and phototoxicity, we use short exposure times, and to
get as many cells as possible within the same frame, we use a low
magnification (10 x ). We believe these effects lead to the low increase
in fluorescence intensity that we observe. We confirm that the increase
in the fluorescence intensity is more than that of changes in the back-
ground fluorescence intensity after evaluating the background fluores-
cence intensity in randomly selected cell-sized regions of interest (see
supplementary information, Fig. S13). We plot the fluorescence in-
tensity (normalized by the fluorescence intensity at time = 0 h) across
three representative cells (across the cell diameter) before electropora-
tion, one day and two days after electroporation in the microtrap array
in Fig. 4(c). Fig. 4(c) shows that the cells display a markedly higher
fluorescence than the background fluorescence intensity. We then
quantify the percentage transfection based on the percentage of cells
that show a 20% increase in the green fluorescence intensity (only cells
that show a 20% increase in fluorescence intensity and more than that of
the background level increase are considered as transfected cells). We
show in Fig. 4(d) that > 90% of cells express green fluorescent protein at
the applied voltage of 90 V within 24 h. For the applied voltage of 120 V,
~ 45% are transfected, while for 60 V, only ~ 3% cells display an in-
crease in fluorescence intensity after electroporation in the presence of
the pEGFP-C1 plasmids. In the negative control performed at 120 V in
the absence of plasmid DNA, ~ 7% cells show a 20% increase in green
fluorescence intensity.

In contrast to small molecules such as propidium iodide, larger
charged plasmid DNA first forms DNA-membrane complexes upon
electrotransfer and is later internalized through cellular machinery
[51-54]. Since the intracellular release of plasmid DNA is difficult to

control without the use of endosomal/nuclear disrupting or redirecting
agents [55-57], the amount of plasmid DNA that forms the DNA
membrane complex and the cell viability is key to successful cell
transfection [58,59]. We believe the high local electric fields cause
electrophoretic drift of large amounts of plasmid DNA towards the cell
membrane upon application of electric pulses. Furthermore, as demon-
strated in the previous sections, our device provides improved cell
viability. The combination of a high local concentration of plasmid DNA
and good cell viability allows the device to transfect the cells
successfully.

4. Conclusions

A microfluidic device that enables localized electroporation in a
microtrap array is presented. The simple working mechanism of the
device allows the positioning of the cell to locations with high local
electric fields by the flow. The device is compatible with delivering
membrane-impermeable small molecules such as fluorescent tracer
molecules and larger charged molecules such as plasmid DNA. Electro-
poration in this device enables the transfer of molecules while preser-
ving cell viability. A high degree of gene transfection is obtained when
protein-encoding plasmid DNA is electrotransferred with this device.
The micro trap electroporation device demonstrated here is expected to
open up the possibility for a robust localized electroporation procedure
(with perfect cell viability and uniformity) in gene therapy, ex vivo ap-
plications (based on adoptive immunotherapy), and drug delivery
applications.
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