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Abstract

Microscale electroporation devices are mostly restricted to in vitro experiments (i.e., microchannel and microcapillary).
Novel fiber-based microprobes enable in vivo microscale electroporation and arbitrarily select the cell groups of interest to
electroporate. We developed a flexible, fiber-based microscale electroporation device through a thermal drawing process
and femtosecond laser micromachining techniques. The fiber consists of four copper electrodes (80 pm), one microfluidic
channel (30 pm), and has an overall diameter of 400 pm. The dimensions of the exposed electrodes and channel were cus-
tomizable through a delicate femtosecond laser setup. The feasibility of the fiber probe was validated through numerical
simulations and in vitro experiments. Successful reversible and irreversible microscale electroporation was observed in a 3D
collagen scaffold (seeded with U251 human glioma cells) using fluorescent staining. The ablation regions were estimated
by performing the covariance error ellipse method and compared with the numerical simulations. The computational and
experimental results of the working fiber-based microprobe suggest the feasibility of in vivo microscale electroporation in
space-sensitive areas, such as the deep brain.
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Introduction

Electroporation is a biophysical phenomenon where short
(microseconds) electrical pulses, which induce high electric
fields (thousands of V/cm), are used to introduce nanoscale
defects in the cell membrane [1-3]. In regard to the applied
pulse parameters, there are two modes of electroporation:
reversible electroporation (RE) and irreversible electropora-
tion (IRE). In the case of RE, the nanoscale defects increase
the membrane permeability, allowing exogenous materials
(i.e., DNA, protein, or large molecules) to be transferred
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into the cell [4-7]. The defects in the membrane can recover
after the treatment, thereby maintaining high cell viability.
RE drug delivery enables a lower, nontoxic concentration
to be administered compared to conventional drug delivery
systems [7]. For example, electrochemotherapy (ECT) is a
branch of RE, where chemotherapeutics, such as bleomycin
or cisplatin, are injected with a low concentration, to control
the side effects of the drugs [5, 7, 8]. Another active RE
research is in the DNA, RNA, and protein transfections of
cells [5]. Compared to the previous method of viral-medi-
ated gene delivery, RE is less expensive and more efficient
in performing transfection [9, 10]. During an IRE treatment,
higher magnitude electric fields excessively increases the
permeability of the cell, leading to disturbance in the cellular
homeostasis and cell death [11-15]. Traditionally, radiofre-
quency ablation [16], microwave ablation [17], and cryoab-
lation [18] have been used to indiscriminately destroy unde-
sired tissues in the body. IRE has some key advantages over
these traditional methods: reduced treatment time, absence
of the heat-sink effect, sharp ablation margins, and tissue
selectivity [19]. Due to these advantages, IRE was trans-
ferred into the clinical trials for prostate cancer treatment in
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2010 [20]. Recently, it has gained significant traction for the
treatment of locally advanced pancreatic cancer as well as
for liver and renal tumors. Although IRE has its advantages,
the treatment volume is relatively small, and the procedure
is relatively complex, involving the precise placement of a
multitude of electrodes. Furthermore, due to nerve excitation
during the pulse, a neuroblocker and cardiac synchronization
need to be employed. Typically, four electrodes are needed
for applications involving tumor ablation. The designs of
new and less invasive probes [21, 22] have been proposed
to alleviate these issues ranging in applications from cancer
therapy to cardiac ablation.

In recent decades, scientists have studied the two modali-
ties of electroporation in vitro and in vivo, resulting in rela-
tively standardized protocols for the procedures [23]. Lately,
both single-cell and microscale electroporation have been
investigated for several purposes: higher cell viability and
transfection rate, faster optimization of DNA or RNA trans-
fection procedures, smaller volumes of samples, experiments
with rare and expensive drugs, and cell selectivity [24-26].
Future works in the ablation of epilepsy and/or seizure focal
points require sharp microscale ablation zones and cell
selectivity [26]. Currently, the two main types of micro-
scale electroporation devices are microcapillary [27-29]
and microchannel [30-34] based devices. Microcapillary-
based devices contain and electroporate the samples in the
disposable reaction chambers (usually in pipettes) [35].
Microchannel-based devices manipulate the location of the
samples through fluidic pumps and microchannel geometries
[36]. However, these two types are not adaptable for in vivo
experimental environments [26]. Recently, a glass fiber
microprobe has been developed for microscale electropora-
tion of arbitrarily selected groups, proposing the possibility
of a simplified in vivo experimentation [37].

In vivo transfection of mice brain through electropora-
tion has been studied [38—41]. Yet, many of the in vivo
microscale electroporation devices are restricted to the use
of pipettes with microelectrodes, which have disadvantages
of bulky setups. Fiber-based probes have advantages in the
scalability (thousands of devices with one thermal draw)
and the consistency of device parameters (electrode separa-
tion distance) compared to the traditional in vivo microscale
electroporation devices (pipettes with microelectrodes). The
probes are also minimally invasive, requiring only a micro-
scale burr hole for intracranial insertion. Deep brain regions
(i.e., hippocampus, hypothalamus, amygdala, etc.) may be
electroporated to eliminate or transfect desired neurons with
minimal damage along the electrode insertion track. The
hippocampi of rodents are roughly 20-30 mm? and the iden-
tified layers within hippocampi, such as Dentate gyrus or
CA3, are in several mm? ranges [42, 43]. Currently, electri-
cal (relatively low voltage compared with electroporation),
chemical, and optical stimulations are the main sources of
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neuron manipulation used to understand the brain circuitries.
For example, picosecond electrical pulses (500 ps, 10 kV/
cm) were recently reported to suppress action potentials in
hippocampal CA1 [44]. Pulsed electric fields elicit transient
blood-brain barrier (BBB) disruption (up to 72 h) at rela-
tively low electric fields (~ 100 V/cm) [45, 46]. The electric
fields generated using these minimally invasive fiber-based
probes lend this approach as suitable for inducing neurologi-
cal phenomenon with minimal damage to intact tissue. With
microscale electroporation as an additional tool to manipu-
late neurons, further advancements in understanding the
neuronal circuitries may be possible.

The thermal drawing process (TDP), traditionally used to
fabricate the optical glass fibers [47], is an emerging plat-
form for developing multimaterial fiber-based micro-devices
[48-59]. The method is highly versatile, enabling the assem-
blage of various functional materials in a complex cross-
sectional design [48, 55, 59]. The unique cross-sectional
architecture leads to new innovations in fiber-based micro-
devices and advanced textiles for sensing, actuating, bio-
medical applications, and energy harvesting. From a single
inexpensive preform, fibers of hundreds of meters in length
are produced, thus reducing the cost and the time of the fab-
rication [48, 59]. Recently, a new class of multifunctional
neural probe has been developed using this method, enabling
simultaneous electrical recording, drug delivery, and opti-
cal and electrical stimulation in vivo [54, 55, 57]. Informa-
tion, such as temperature, can be stored and processed in our
daily clothing that has digital electronics embedded fibers
woven in [56]. Flexible and disposable fiber has recently
been designed to sense the microfluidic activities, such as
the presence or the flow rate of a fluid [58]. The microfiber
probes fabricated with the TDP method show promising
prospects in biomedical applications. Currently, the func-
tions of the flexible fiber-based neural probes are mostly
realized locally at the tip.

We developed a new polymer fiber-based microprobe
using the scalable thermal drawing process, enabling local-
ized microscale electroporation and drug delivery at the
center of the electroporation region. We exposed the elec-
trodes and the microfluidic channel at various locations
along the fiber length using a femtosecond laser microma-
chining technique. With two phases (source and sink) fabri-
cated into a single fiber, pulses could be delivered with one
insertion, reducing the complexity in electrode placements.
The size of the microscale electroporation is customizable
by adjusting the spacing between the electrode exposures
and the pulse parameters. To demonstrate the two modes of
electroporation, we delivered electrical pulses to a 3D col-
lagen hydrogel scaffold in which human glioma cells (U251)
were seeded. Then, RE or IRE area was determined by fluo-
rescent staining. Numerical simulation was performed to
estimate the electric field distribution in the scaffold and
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determine the electric field thresholds of IRE. Our data sug-
gest that the newly developed class of fiber-based micro-
scale electroporation devices has the potential in conduct-
ing in vivo microscale ablation/ transfection experiments
where the traditional microchannel and microcapillary-based
devices had difficulties.

Material and Method

Preform Fabrication and Thermal Drawing
Parameters

The thermal drawing process is a versatile fabrication
method that allows thermoplastics (such as elastomers,
acrylic, polypropylene, polyvinylidene fluoride, polycar-
bonate, polysulfone, polyetherimide, etc.) to be pulled into
a fiber, maintaining the cross-sectional features. Before
the preform fabrication, polycarbonate (PC) rods, tubes
(McMaster-Carr), and films (Laminated Plastics) were baked
in a vacuum oven at 80-90 °C for at least one week. This
process ensured that no water molecules were left inside
the material. For the fiber without a microfluidic channel, 4
square grooves, perpendicular to one another, were milled
from a PC rod with a diameter of 2.5 cm. The side of the
square grooves was 0.625 cm. The Teflon rods with a diam-
eter of 0.625 cm were inserted into the square grooves. Then,
the intermediate preform was rolled with thin PC films. The
thickness of the preform after the roll was 3.125 cm. The
preform was consolidated in a vacuum oven at 190 °C for
10 min on four different sides. The four Teflon rods were
taken out of the preform after the consolidation. The purpose
of the Teflon rods was to minimize the deformation of the
square grooves during consolidation. For the fiber with a
microfluidic channel, the dimensions and the steps are iden-
tical after the PC tube fabrication. A PC tube is consolidated
by rolling the PC films on a Teflon rod with a diameter of
0.625 cm. The diameter of the PC rod was 2.5 cm. The next
steps follow the previous preform fabrication steps.

The preform was mounted into the furnace with three
temperature zones. The four copper wire spools were each
mounted on a ball bearing near the top of the preform, and
the wires were fed through the four hollow channels in the
preform (Convergence Drawing). Another way of obtain-
ing metal-embedded fibers is through the traditional draw-
ing method, where low-melting temperature metals, such
as BiSn, are embedded in the preform. The temperatures
used during the fiber drawing were 150 °C (top), 280 °C
(middle), and 110 °C (bottom). The feeding speed of the
preform was set to 2 mm/min. The diameter of the fiber was
controlled by varying the drawing speed, which was tuned
in the range between 0.3 and 4 m/min. In order for copper
wires (80 um) to be properly inscribed in the square grooves,

the diameter of the preform had to be reduced by 62.5 folds;
the aimed diameter of the fiber was 400 um. Fibers with a
diameter larger than 400 pm might not hold the electrodes
in place, while fibers with a diameter smaller than 400 um
will have a deformed cross-section, possibly clogging the
microfluidic channel.

Femtosecond Laser Micromachining Setup

A regenerative Ti: Sapphire femtosecond laser with the
emission wavelength of 800 nm and ~ 100 fs pulse width
was used in the fabrication (Coherent Libra Series). The
laser emits a collimated Gaussian beam with a beam waist
of 3 mm. A half-wave plate and a linear polarizer were
implemented to control both the power and polarization
of the light. In this fabrication, no apparent polarization
dependence was observed. Then, the light was focused onto
the fiber surface through a 10x dry objective (Nikon, NA:
0.25). The same objective was also used to implement an
inverted reflected light microscopy, which was used to mon-
itor the micromachining process in real-time. The reason
for an inverted design, instead of an upright design, was to
reduce re-deposition during the laser micromachining pro-
cess. The pulse energy used in the fabrication was 0.6 and
1 uJ, respectively, and the repetition rate was 100 Hz, which
was selected to maintain reasonable machining efficiency
while minimizing the thermal effect. The excessive thermal
effect would damage the surrounding region of the targeted
position. In order to accommodate the non-flat surface of
the fibers, we used a custom-built system equipped with a
rotational stage along the fiber axis to precisely position the
interested area towards the laser pulses.

The smallest feature size of the femtosecond laser
micromachining is tunable, depending on the numerical
aperture (NA) of the objective lens. In this work, we used a
0.25 NA objective lens which has a smallest feature size of
around 10 um. The choice of this value is to balance the pro-
cessing time and the details of our windows, which is around
hundreds of micrometers. We have previously achieved a
1 um feature size on polymer materials with a 0.75 NA
objective lens.

The fiber was mounted on a customized holder, which
was further mounted on an assembled 4-axis computer-
controlled motion stage, including linear translations in X,
y, z directions (ASI MS-2000, ASI LS-50, and Newport
UTMS50CC) and rotations around fiber axial direction (Thor-
labs PRM1Z8). Necessary manual kinetic mounts were also
implemented to ensure the parallelism between the fiber and
the stage’s translation axis. The micro-hole was machined
via the line-by-line and layer-by-layer method. The size of
the machined mark for a single pulse was roughly 10 um
in diameter, and thus the center-to-center distance between

@ Springer



Advanced Fiber Materials

lines was set at 5 um to ensure sufficient overlap. The scan-
ning speed of each line was 150 pm/s.

Cell Culture

Malignant glioma cells, U251 (Sigma Aldrich, 09063001),
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with a 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA) and a 1% penicil-
lin/streptomycin (Invitrogen, Carlsbad, CA, USA). The
cells were incubated at 5% CO, and 37°C. The media was
changed every other day, and the cells were passaged at
around 90% confluence.

Collagen Scaffold Preparation

3D printed wells were designed as the treatment chambers
to carry the hydrogel and the fiber microprobe. The inner
diameter of the chamber was 1 cm. To insert the fiber probe
into the chamber, we created @ =1 mm holes at the wells'
front and rear sides. These holes were 0.5 mm higher than
the bottom of the chamber. After the insertion of the micro-
probe, each hole was fixed with medical epoxy. The custom-
designed chambers were sterilized by UV light before seed-
ing the collagen with cells. For the 3D scaffold, 10 x DMEM
(10% total volume, Sigma Aldrich) and 1 N NaOH (about
2% collagen volume, Sigma Aldrich) were added to the col-
lagen to mediate its pH neutralization. U251 cell suspension
and its media were added to obtain the final concentration
of the collagen to be 5 mg/mL and the cell concentration to
be 2 x 10° cells/mL. To ensure immersion of the fiber probe
in the thin hydrogel layer, we transferred the cell-seeded
collagen hydrogel to each well to achieve a final thickness
of 1.5 mm. Then, the chambers were placed in a ® =10 cm
Petri dish. The Petri dish was left in the incubator for 30 min,
where the collagen polymerized. 600 pL cell culture media
was added to each well after the collagen polymerization,
and the collagen scaffolds were incubated for 24 h before
electroporation treatments.

Electroporation Set-up

To deliver the electrical pulses to the scaffold, we connected
the two copper electrodes from the immerged microprobe
to the pulse generator (BTX, Harvard Apparatus, Holliston,
MA, USA). Both test and control groups were connected
to the generator. However, the treatment pulses were only
applied to the test groups. An oscilloscope (DPO2002B,
Tektronix Inc., Beaverton, Oregon), combined with a high
voltage probe (Enhancer 3000, BTX, Holliston, MA) and
current sensor (3927, Pearson Electronics, Palo Alto, CA)
was used to record the applied voltage and the response
current.
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Electroporation Assessment

To observe the reversible electroporation effect, we dyed
the cells in the scaffold before the treatment. We observed
the electroporation effect immediately after the pulsing.
The media in each well was aspirated and replaced with
300 pL dye solution, containing 1 pM YO-PRO-1 (Thermo
Fisher Scientific) and 2.5 pg/mL Calcein red AM (Thermo
Fisher Scientific). The petri dish containing the wells was
wrapped in aluminum foil to avoid any exposure to light.
The scaffolds with the dyes were placed in the incubator
for 30 min before treatment. The microprobes with the
microfluidic channel windows were used for the RE test.
After the treatment, every scaffold was imaged using a Zeiss
LSMB880 (Carl Zeiss Microscopy, NY) laser scanning confo-
cal microscope.

For irreversible electroporation, the scaffolds were treated
before staining. The cell culture media was aspirated from
each well before treatment. We used the microprobes with-
out any microfluidic channels for IRE treatment. After treat-
ment, 600 pL. media was added to each well and incubated
for 24 h before staining. The media was aspirated then
replaced by 300 pL of 2.5 pg/mL Calcein green AM and
15 pg/mL PI dissolved in phosphate-buffered saline (PBS)
to dye the live and dead cells, respectively. The aluminum
foil-wrapped petri dish was used to place the wells to avoid
light, and the dyed samples were incubated for 30 min. After
the staining solution had been aspirated and the samples
were washed twice by PBS, the wells were imaged using the
confocal microscope. To examine the ablation area at vari-
ous planes, we used the Z-stack scanning with a step size of
5 pm to capture the images from bottom to top. Zeiss ZEN
3.0 (Carl Zeiss Microscopy, NY) was used to control the
confocal microscope and export the images for the following
analysis. The images were processed using a custom-written
Matlab script to determine the ablation area and volume.

Numerical Model

A cylinder with a diameter of 1 cm and a thickness of 1.5 mm
was built in a commercial finite element package (COMSOL
Multiphysics, v5.6, Stockholm, Sweden) to represent the scaf-
fold. A model of the fiber probe, four copper wires enclosed by
a polycarbonate cylinder, was placed in the middle of the scaf-
fold representation. The two neighboring wires were exposed
to the scaffold in a 40 X 200 pm window. The center-to-center
distance of the windows was 0.95 mm. All these dimensions
were the averaged measurement results from the fabricated
fibers. The aimed dimension of the window and the center-to-
center distance were 40X 150 pm and 1 mm. The electric field
distribution in the hydrogel was solved by the Laplace Eq. (1),
and the Joule heating during the treatment was considered to
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estimate the temperature rise during the treatment. The tem-
perature was calculated by the heat transfer Eq. (2):

~Vi(p) =0 (1
—pcp% =V-(kVT)+0Q, )

where @ is the electric potential in the domain. p is the tissue
density, ¢, is the specific heat capacity of the tissue, k is the
thermal conductivity of the tissue. Q, is the Joule heating.

The electric and thermal properties of collagen were
obtained from Arena et al. [52], as shown in Table 1. The elec-
trode (Copper) property is from the COMOL Material Library.
The pulse parameters for the simulation were 200 pulses with
an amplitude of 500 V, pulse width of 100 ps, and a repetition
rate of 1 Hz, which were employed in the IRE experiment in
the study.

The electric field threshold of the irreversible electropora-
tion was obtained by matching the volume wrapped in the
electric field isosurface to the measured ablation volume.

Electroporation Volume Estimation

With the specific electrode configuration, the ablation region
for each slice was elliptical. Thus, we implemented the covari-
ance error ellipse method to estimate the ablation area of each
slice to determine the volume of the ablation. The covariance
error ellipse method calculates a confidence interval depend-
ent contour of the bivariate Gaussian distribution estimated
with the sample data [61]. The magnitude and the angle of the
ellipse axes depend on the covariance matrix of the sample
data. The computed eigenvalues represent the absolute spread
of the sample data, while the eigenvector represents the direc-
tion of the spread. The equations for the error ellipse and the
orientation of the ellipse are:

X 2 y 2
(z) *(z) )

0 = tan~! (Vl(y)> )

vi(x)

Table 1 The physical properties used in the simulation

Parameter Electrode Collagen scaffold
k (W/m K) 400 0.6
¢ (J/kg K) 385 4181.8
p (kg/m?) 8940 997.8
o (S/m) 5.998x 107 1.2

where A, and A, are the largest and the smallest eigenvalue
of the covariance matrix. s is the scale of the ellipse and
is the Chi-Square likelihood of the confidence level and
the degrees of freedom (i.e., 90% confidence level with
2 degrees of freedom corresponds to s =4.602). v, is the
eigenvector of the largest eigenvalue. The detailed steps and
derivations of the method are available in the textbook [53].
We wrote a custom Matlab script to output the areas and the
images with the drawn error ellipse. Then, we estimated the
volume of the ablation with the known thickness between
each slice (5 pm) and the areas.

Results and Discussions
Thermal Drawing Process

Two varieties of the fiber were fabricated using the TDP
method for microscale electroporation (Fig. 1). Due to the
high electrical voltage during the electroporation, we uti-
lized polycarbonate as the insulating medium of the fiber
device for its high dielectric breakdown voltage (200 kV/
cm). Thin films of PC were baked in an oven vacuum for
7 days to remove the water inside. In this way, undesirable,
random pores will be avoided in the fiber during the ther-
mal drawing process. As shown in Fig. 1a, a preform was
fabricated by rolling, consolidating, and milling. After each
rolling of PC films, the intermediate preform was put in a
vacuum oven to remove the air in between the film layers
and therefore consolidated. The preform was mounted in
the 3-layered temperature controllable furnace for the fiber
productions (Fig. 1b). The four spools of copper wire fed
the wires from the top of the preform to the bottom of the
fiber. The TDP process was closely monitored through the
temperature sensors, the strain sensor, and laser micrometer.
We controlled the diameter of the fiber by adjusting the tem-
perature of the furnace and/or the drawing speed of the fiber.
The diameter of the fiber was reduced by 40—60 folds while
maintaining the cross-sectional features of the preform.

In a typical draw, we can obtain a fiber of several hundred
meters (Fig. 1c). In Fig. 1d, the flexibility of the fiber is
demonstrated by wrapping the fiber around a conventional
pen. The cross-sections of the two varieties of the fiber are
shown in Fig. le and f, respectively. The diameters of the
fibers and the copper wires are 398 + 17 pm and 80 um. The
diameter of the microfluidics channel in the second design
is 27 + 8 pm. The edges of the rectangular grooves are main-
tained in the fiber. By these copper electrodes alone, micro-
scale electroporation of arbitrarily selected cell groups can
be achieved at the tip of the fiber, similar to the previously
reported glass fiber probe. However, there is a limitation in
the size of the electroporation due to the fixed distance of
the two electrodes at the tip. New sets of preform fabrication
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Fig.1 Thermal Drawing process of the fiber-based microprobe. a A
representative preform fabrication process and the corresponding pre-
form cross-sections. b A schematic of the thermal drawing process
of the fiber. ¢ A single thermally drawn fiber with the length of over

and thermal drawing need to take place for various distances
between electrodes. We overcame this challenge by imple-
menting a femtosecond micromachining technique along the
fiber length to enable distributed functional sites, eliminat-
ing the labor demanded to fabricate various electrode dis-
tances for different sizes of microscale electroporation.

Electrode Exposure and Microfluidic Windows
Through Femtosecond Laser Micromachining

To expose the electrodes and the microfluidic channel along
the fiber length, we adapted a custom femtosecond laser
setup. The schematic and the picture of the laser setup are
shown in Fig. 2a. The system is fully controlled with cus-
tom LabView panels, enabling precise manipulations of the
fiber in x, y, z, and rotational directions. We investigated
the optimal laser parameters and the fiber orientations for
the various sizes and depths of the exposed electrodes and
microfluidic channels. In Fig. 2b, ¢, we show the before and
after femtosecond micromachining technique along the fiber
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eCu
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Microfluidic
Channel

100 pm 100 pm

300 m. d A demonstration of the flexibility of the polymer fiber. e,
f A cross-section of the fiber with four copper electrodes with and
without microfluidic channel

length. We observed black dust or residues of PC around the
exposure, similar to the residual melt from cutting PC using
a CO, laser [54]. The depth required to expose the elec-
trode was 30—40 pm; this depth is directly proportional to
the preform dimension. We experimentally determined that
0.6 pJ for the pulse energy cut deep enough to expose cop-
per electrodes. The quality controls of the exposed electrode
were conducted in the following manner. We covered the tip
of the fiber probe with a medical epoxy. Then, we measured
the impedance of the exposed electrode using a potentiostat
(Interface 1010E, Gamry Instruments) in phosphate-buffered
saline (PBS, Thermo Fisher). We observed a high impedance
when the micromachining did not expose copper electrodes
because PC and epoxy are electrically insulating material.
Statistically, roughly 5% of the exposed electrodes with the
pulse energy of 0.6 pJ were still covered with PC. This is
due to the slight irregular thickness of the electrode cover-
ing the PC layer. We utilized Zygo Newview 8200 with a
10x Mirau objective to capture the 3-dimensional features
of the exposed electrode (Fig. 2e). As shown in SI(video),
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Medical
Epoxy
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Electrode

Fig.2 Femtosecond laser micromachining techniques along the fiber
length. a A schematic of custom femtosecond laser setup to expose
electrodes and the microfluidic channel. b, ¢ An image taken by the
CCD from the laser setup before and after the micromachining. Black
dust and PC residues are visible after the laser micromachining. d
A cross-section of the fiber with an exposed electrode. e A profil-
ing image to show the 3-dimensional features of the exposed elec-
trode. There is a 50200 um rectangular exposure with a depth of

the laser cuts layer by layer from the top to the bottom of the
electrode exposure.

We grooved a 30X 100 pm rectangular window,
which connects the microfluidic channel to the outside.
The cross-section of the exposure is shown in Fig. 2f.
To cut narrow and deep into the microfluidic channel,
we employed 1 pJ for the pulse energy and rectangular
micromachining at 6 different depths. Two criteria of the
orientation had to be met in order to have a successful
microfluidic window. The laser had to point into the center
of the microfluidic channel, and the angular orientation

50:50 Beamsplitter

Dichroic Mirror
(R>700nm, T<700nm

Computer

1

50 pm

Exposed
Electrode

Objective
(10x)

50 pm

100 pum

Ink through
Exposed Channel

500 um Exposed

250 pm

Electrode

40-60 um. f A cross-section of the fiber with an exposed microfluidic
window. The dimension of the rectangular exposure is 30X 100 um
with a depth of ~200 pm. g An image of the fiber-based microprobe
for microscale electroporation. The tip of the fiber is mechanically
and electrically insulated with medical epoxy. The two electrodes are
exposed for electroporation and an exposed channel for drug delivery.
h A demonstration of the drug delivery using ink

of the fiber had to be closely manipulated such that the
two electrodes are equidistant from the laser location. In
Fig. 3g, we present our flexible, fiber-based, microscale
electroporation probe. The tip of the fiber is mechanically
and electrically insulated with a medical epoxy, allow-
ing no drug to be delivered and/ or any microscale elec-
troporation at the tip. For this specific fiber probe, we
exposed two 50 by 200 pm electrode windows, roughly
1 mm apart. 400 pm below the first electrode exposure,
we fabricated a 30 by 100 pm microfluidic window. By
exposing different dimensions and changing the distance

@ Springer



Advanced Fiber Materials

400 pm

00
=0 pnmjl 00
(5]

0.12+

o

-

o
1

Volume (mm®)
o
o
(=]
1

0.06

0 20 40 60 80 100
6

7=~
Z=50 pm
between the electrode exposures using the femtosecond
laser micromachining, we can achieve various microscale
electroporation sizes. Additionally, there is no limit to
the number of exposures on the same electrode, possibly

introducing multiple microscale electroporation along the
fiber length. The two unused electrodes may be exposed
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to a more dynamic electric field (microscale electropo-
ration shapes) or measurements (impedance changes). In
Fig. 2h and SI, we demonstrated local drug delivery near
the microfluidic channel by injecting a purple dye. The
video (SI) displays no leakage of dye at the tip or along
the fiber length.
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«Fig.3 Numerical Simulation of the Electroporation Effects Using
the Fiber-based Microprobe. a The geometry of the 3D scaffold (only
half presented here) and the fiber-based microprobe. Enlarged detail
of the fiber and the exposed copper wire on the right model. b The
schematic of the fiber probes placed with different angles to the verti-
cal directions (from left to right, 6=0°, 30°, 45°, 60°, and 90°). Only
a quarter of the polycarbonate in the fiber is presented to better visu-
alize the exposed places of the fiber. The blue substance outside the
fiber is the 3D hydrogel scaffold. The exposure is visible between the
3D hydrogel scaffold and the copper wire. ¢, d The electric field and
temperature distributions at the middle plane of the 3D scaffold for
different angles (from left to right, 6=0°, 30°, 45°, 60°, and 90°).
Pulse parameters used were: 200, 500 V,100 ps, 1 Hz pulses. e Abla-
tion volume for the fiber probes with different angles to the wells
©®=0°, 30°, 45°, 60°, and 90° as shown in b). The irreversible elec-
troporation threshold was 450 V/cm. f The electric field distributions
at different planes when 6=0. Z=200 and — 200 pm are the planes
tangent to the upper or nether side of the fiber. Pulse parameters used
were: 200, 500 V,100 ps, 1 Hz pulses

Numerical Simulation of Microscale Electroporation

The geometry of the setup is shown in Fig. 3a. Only half of
the collagen scaffold is presented to display the position of
the fiber in the hydrogel. The exterior boundaries are elec-
trically and thermally insolated. Two exposures of the fiber
electrode are set to source (¢ =V) and sink (¢ =0) phases,
respectively. Figure 3b shows the angular orientation of the
fiber probe with respect to the scaffold. To easily visual-
ize the positions of the two exposed parts, we only show a
quarter of polycarbonate (grey part) in Fig. 3b. In the actual
fiber device, the polycarbonate fills the whole void as insu-
lating and support layers of the four electrodes. The two
small windows that connect the collagen and the electrode
represents the exposed electrodes. There was a concern in
the distribution of the electric field and the electroporation
region due to the thinness of the hydrogel and the orienta-
tion of our fiber probe. Depending on the orientation of the
probe, the relative positions of the top and bottom bounda-
ries of the hydrogel to the exposed electrodes could affect
the electric field distribution. We investigated the electric
field and the temperature distribution with respect to the
angular orientation of the fiber probe. The angle between
the upper exposure and the vertical plane, 6, is investigated
at 0°, 30°, 45°, 60°, and 90°.

Figure 3c and d show the respective electric field and tem-
perature distribution at the center plane of the collagen layer
for various 6. At the center plane of the scaffold, the electric
field and the temperature distributions differ with respect to
the probe angular orientation. Since the electric field dis-
tribution directly influences the electroporation region, the
orientation of the fiber probe (exposed electrodes) has to be
consistent for each well, or else the ablation region at each
depth for different wells will not agree. The temperature dis-
tribution results show that the maximum temperature rises
only by 2 °C for the irreversible electroporation parameters.

Hence, the ablated area formed in hydrogel experiments is
mainly caused by irreversible electroporation rather than
thermal damage.

The ablation volumes for different rotations of the fibers
are given in Fig. 3e. The irreversible threshold, 450 V/cm,
was obtained by matching the calculated ablation volume to
the volume surrounded by the electric field isosurface and
comparable to the previously reported values[52, 60]. We
observed no large fluctuations in the final ablation volumes
at various angular orientations of the probe. The electric
field distribution at different layers for 8=0° is shown in
Fig. 3f. Due to the configuration of the two exposed elec-
trodes, the ablation areas at different layers are inconsist-
ent. This makes it difficult to determine the electric field by
matching the area between the simulation and the numerical
results; thus, we used the ablated volume to calculate the
electric field threshold.

In Vitro Microscale Electroporation

Electroporation experiments were performed in a 3D
hydrogel scaffold in which malignant glioma cells U251
were seeded to demonstrate the feasibility of the fiber elec-
trodes in electroporation application. The experiment setup
is shown in Fig. 4a. Treatment pulses were generated by
the pulse generator and recorded through an oscilloscope.
Although the simulation showed no ablation volume changes
with respect to the angular orientations of the probe, we
consistently placed the fiber probe with 8=0° to obtain con-
sistent images. Each fiber was immersed in the hydrogel
scaffold with a thickness of 1.5 mm. After the study of the
control group, we concluded that the 1.5 mm thickness of
the hydrogel in the scaffold did not have a large effect on the
cell viability. A typical pulse waveform is shown in Fig. 4b.
The amplitude of the clean voltage waveform was 500 V. We
observed a consistent spike at the onset of the current wave-
form, followed by some noise throughout the pulse on-time.
This could be caused by the relatively low current value.

First, we employed this setup to test the reversible elec-
troporation effect. Pulse parameters were set to 100 pulses
with a pulse width of 100 ps, a pulse amplitude of 300 V,
and a repetition rate of 1 Hz. Before treatment, the 3D scaf-
folds with cells were dyed by YO-PRO-1 and Calcein red
AM. Treatment pulses were applied 30 min after the stain-
ing. Each well was imaged immediately after the treatment.
The unaffected cells presented red fluorescence, indicating
live cells with an intact membrane structure. The dissipation
of red fluorescence or the expression of green fluorescence
is an index of electroporation of membranes, as shown in
Fig. 4c. The dark band beside the electroporation zone is the
position of the fiber. This is a pilot study to validate that the
fiber electrodes proposed here can create effective reversible
electroporation.
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Fig.4 Electroporation Experiments Using the Fiber-based Micro-
probe in 3D Collagen Scaffold with Malignant Glioma Cells U251. a
The experimental setup. b A typical voltage (500 V, 100 ps) and cur-
rent waveforms. ¢ A representative image of the reversible electropo-
ration region indicated by the YO-PRO-1 (green) surrounded by live
cells indicated by Calcein red AM (red). d A representative image of
irreversible electroporation area indicated by the Propidium Iodide
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(red) surrounded by live cells indicated by Calcein green AM (green).
The dark band beside the ablation area is the position of fiber. e A
representative image of irreversible electroporation area at various
depths. The blue dashed ellipses layered on the ablation regions are
the estimated boundary calculated with the covariance error ellipse
method
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To further validate the stability at a higher pulse dose for
irreversible electroporation, we increased the pulse param-
eters to 200, 100 ps, 500 V, 1 Hz pulses. The hydrogel scaf-
folds were dyed with Propidium Iodide (PI) and Calcein
green AM 24 h after pulsing to assess the irreversible elec-
troporation effects. Green fluorescence (Calcein green) indi-
cates live cells, while red fluorescence (PI) stands for the
dead cells. Figure 4d is a typical image showing the ablation
results at a certain plane. The dark band across the well is
the position of the fiber. The ablated area with red fluores-
cence beside the fiber can be identified. For the traditional
two-needle electrode configuration, the ablation regions at
different planes are similar. However, the ablation regions
of the fiber probe at different planes cannot be compara-
ble due to the different electrode configurations.A z-stack
scanning (with a step of 5 pm) of the ablated area was used
to obtain the ablation area at different planes, as shown in
Fig. 4e. A time-lapsed video of the z-plane scan is included
in the supplementary information to aid the visualization
of the 3d ablation volume. As to the simulation results in
Fig. 3f, it was challenging to find the exact z-plane of abla-
tion from the fluorescent images due to the small ablation
size and the uneven distribution of the cells. However, we
observed that the experimental results (Fig. 3f) match the
simulation results (Fig. 4e) at multiple z-planes (e.g. from
Z=150 pm to Z=200 pm, at Z=-50 pm, and at Z=>50 pm).
These results demonstrated the feasibility of producing
microscale irreversible electroporation using the developed
fiber electrodes.

200 pm

Fig.5 Ablation area control by customizing electrode exposures. a
Femtosecond machined exposures along the fiber length. i Two side-
by-side electrode exposures along the fiber length. ii Two exposures
on one electrode and one exposure on the adjacent electrode. iii Side-
by-side electrode exposures with different sizes. iv Four exposures

We implemented the covariance error ellipse method
to estimate the area of ablation at each plane. The ablation
volume was estimated by integrating the elliptical area over
the height through which we did the z-stack scanning. A
custom Matlab script was written to input the images and
output the equation and the area of the ellipses. The output
covariance error ellipses were layered on top of Fig. 4d, e.
The average area of the specific ablated region at each plane
was 0.241 +0.05 mm?, and the volume was 0.1099mm?. The
area of each plane can differ drastically with respect to the
angular orientation of the fiber probe.

Customization of the Electrode Exposures

A key advantage of our fiber microprobe compared with the
previously reported glass fiber probe is the customization
of the electrode exposure sizes and the separation distance
between the electrode exposures. The exposure size and the
separation distance directly contribute to the electric field;
thereby, the customization enables the manipulation of the
microscale electroporation size and shape. We exposed the
fiber electrodes in four unique designs to demonstrate the
customization flexibility, shown in Fig. 5. The first design
consists of two side-by-side electrode exposures. The sec-
ond design has two exposures on the same electrode while
only one exposure on the adjacent electrode. The dimen-
sion of the exposures is 50X 100 pm. In the third design, we
changed the dimension of the exposure from 50 X 100 pm to
50400 pm. Lastly, we exposed all four electrodes, keeping

from each four electrodes. b The corresponding simulation setup for
each electrode exposure configuration. ¢ The corresponding simu-
lated ablation volumes for microscale irreversible electroporation
applications
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the parallel electrodes on the same plane. In Fig. 5b, the cor-
responding simulation setup of the designs are presented.
The hydrogel experiments were not further conducted
because we expect the numerical simulations to reflect the
experimental ablation shape, as discussed in the previous
section.

With the same parameters from the hydrogel experiment,
we simulated and calculated the ablation volume for each
design (Fig. 5c). The calculated ablation volumes from the
first to the fourth design were 0.097, 0.106, 0.069, 0.090

IIlITl’l3 .

Conclusions

Here, we present a novel device for microscale electropora-
tion of cells through developing a flexible, polymer, fiber-
based microprobe for both in vitro and in vivo experiments.
The electrodes and the microfluidic channel were exposed
along the fiber length through a custom-built femtosecond
laser micromachining setup. The different electroporation
sizes and shapes were realizable through customizing the
electrode exposure sizes and distances between the expo-
sures. We computed the numerical simulations to visualize
the electric fields and the temperature distributions of the
functioning microprobe at different angles. To validate the
feasibility of the proposed fiber electrode in electropora-
tion, we designed a 3D hydrogel scaffold, where the malig-
nant glioma cells (U251) were seeded, and the fiber probe
was placed in the middle. The two modes of the microscale
electroporation were conducted, varying the number and
voltage of electrical pulses. The reversible and irreversible
electroporation areas were observed by fluorescent staining.
The ablation volumes were estimated by integrating the area,
estimated with the covariance error ellipse method, over the
height. The in vitro experiments and the numerical simula-
tions demonstrate the microscale electroporation through
our fiber microprobe. Compared with the current microscale
electroporation devices, the fiber-based microprobes enable
arbitrary control of cell selectivity and more systematic
in vivo experiments, such as unrevealing the mysteries in
the deep intercortical circuitries.
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