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A new type of ultrathin fiber microprobe for selective electroporation is reported. The microprobe is
10 cm long and has a diameter of 350 mm. This microprobe is a low cost tool, which allows electropora-
tion of an arbitrary selected single cell or groups of cells among population with use of a standard micro-
scope and cell culture plates. The microprobe in its basic form contains two metal microelectrodes made
of a silver-copper alloy, running along the fiber, each with a diameter of 23 mm. The probe was tested
in vitro on a population of normal and cancer cells. Successful targeted electroporation was observed
by means of accumulation of trypan blue (TB) dye marker in the cell. The electroporation phenomenon
was also verified with propidium iodide and Annexin V in fluorescent microscopy.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lipid membranes isolate the interior of cells from the external
environment and separate intracellular organelles. The application
of electric fields with adequately high amplitude can lead to elec-
troporation (EP) of cells. Electroporation is manifested as tran-
siently increased membrane permeability that can resolve,
resulting in cell survival (reversible electroporation) or can lead
to cell death (irreversible electroporation). It has also been
observed that under some conditions including e.g. large field mag-
nitudes - cells can undergo lysis [7]. However, a reversible process
also induces significant disturbance of cell homeostasis due to the
increased influx of external molecules [8]. This process has been
confirmed on various cell and artificial lipid models [9,10]. In addi-
tion to pore formation, other phenomena such as tubules and vesi-
cles have been reported on giant unilamellar vesicles (GUV) [11].
Other methods that can reorganize lipid membranes have also
been discovered which are based on optical membrane disruption,
e.g. photoporation, optoinjection or laserfection [12,13]. The phe-
nomenon of temporary membrane permeabilization enables trans-
port of hydrophilic molecules into the cell, which has been used in
medicine and biotechnology for introduction of DNA, anticancer
drugs and other small molecules [1-6]. Despite growing number
of EP applications, its mechanisms are not yet fully elucidated.
Studies of electroporation are mainly performed in bulk - on cell
culture populations or in vivo. In both cases the results are derived
from an ensemble of cells, which results in averaging of the phe-
nomena occurring in the cells. It has been confirmed that individ-
ual cell entities can display significant variability [14,15]. Rare
events occurring in heterogeneous cells can be obscured by the
averaging effect. Additionally, cell culture resuspensions, involved
in the bulk electroporation protocols, may significantly affect the
cells state and viability, e.g. in post-mitotic cells, introducing unde-
sirable artefacts to the experiment.

Observation of a single cell electroporation could improve our
knowledge concerning the mechanisms of electroporation and its
effects [16]. Delivery of electric field pulses to bulk tissue inevita-
bly induces local thermal effect due to electric pulse delivery [17].
Therefore, single cell approaches can contribute to eliminating
these effects on the surrounding cells and to decreasing of Joule
heating. Among other possible experiments, different customized
electroporation protocols could be performed on individual cells
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Fig. 1. Thin glass fiber microprobe for electroporation of selected cells. The probe
contains two low-resistant silver-copper microelectrodes, separated 31 lm from
each other, each with a diameter of 23 mm covered with a glass fiber with a
diameter of 352 mm.
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or on groups of cells in the same environment. For example, very
few attempts have been undertaken to explain the initialization
of the electroporation process with the current-clamp stimulus,
which shows a much broader picture of the phenomenon
[5,6,18]. Numerous studies require single-cell electroporation, in
which electrical stimulus is supplied individually with a micro-
probe. Other possible experiments involve research with rare or
expensive drugs, whose volumes could be significantly reduced
with this approach.

Up to now a number of approaches have been proposed for sin-
gle cell electroporation [15,19-26]. In the single-cell electropora-
tion, a localized electric field is applied either to a single adjacent
cell or to a small colony of cells, or to a cell in a microfluidic sus-
pension. The field is delivered through a microfabricated device,
while neighboring cells are exposed to very low intensity of the
field or to no field at all. Lundqvist et al. (1998) first demonstrated
single-cell electroporation using carbon-fiber microelectrodes [21].
Since then, other single-cell electroporation techniques have been
developed using electrolyte-filled capillaries [27], micropipettes
[28], microfabricated chips with electrode arrays [25,29,30], and
multiwall carbon nanotubes [31]. Bae et al. (2006) applied single-
cell electroporation to bovine endothelial cells in the patch clamp
method [25]. Chang et al. (2009) studied genetic transfection of
neural cells using a microelectrode array featuring thickened
microelectrodes with vertical sidewalls, to focus electrical fields
horizontally to the targets positioned in between paired electrodes.
These microelectrodes were fabricated using gold electroplating,
which was molded by photolithographically patterned SU-8 pho-
toresist [26]. A similar technique was exploited by Santra et al.
(2014), who used transparent indium tin oxide-based nanoelec-
trodes with SiO2 layer reducing thermal effects and ion generation.
The microchip was applied to single-cell electroporation on HeLa
cells, allowing for delivery of quantum dots, dyes, and plasmids
localized to area of the electrodes edge within 2 mm � 50 nm
[32,33]. A microchip with nanochannels was proposed by Chang
at al. [34]. This microplatform enabled simultaneous cell electropo-
ration and dosage control, as well as high-throughput cell transfec-
tion. A multifunctional pipette to electroporate single cells
individually and to locally deliver an analyte to glioma cell, was
presented by Ainla et al. (2012) [35]. They used low resistance
metallic electrodes. Most of the methods mentioned above how-
ever require dedicated devices for cell placement or a complex
manipulation system. Moreover, most of these methods do not
provide flexibility of the electrodes which could enable their
desired placement with regard to the cell geometry, both in vitro
(2D and 3D models) and in vivo.

The new single-cell approach that we present, will allow
observing the phenomenon of electroporation in real time and in
different experimental conditions, with regard to the type and
morphological structure of the cell, characteristics of the micro-
electrode probe and electrical stimuli in vitro. Transport properties
of cell membranes are important from the point of view of treat-
ments which depend on intracellular concentrations. Choosing
optimal parameters of electroporation in electrochemotherapy,
IRE (irreversible electroporation - soft tissue ablation) or immuno-
gene therapy will be possible only when the mechanisms of elec-
troporation, as well as the structural and transport changes of
membranes, are more precisely understood.

Previously, fiber optics technology was used as tools to deliver
laser signal and molecules dispersed in solvents to tissues, as well
as to acquire fluorescent signals in in-vitro and in-vivo systems
[36,37]. A fiber optic microneedle device was used to deliver
single-walled carbon nanohorns and increase the volumetric dis-
persal of macromolecules, when simultaneously stimulated with
co-delivered laser beam into brain tumor models [38,39]. High-
quality fluorescent image transmission was recently reported in
implantable fiberscopes, developed with flexible imaging bundles
composed of 6000 individual channels [40]. However, no solution
has been reported for integration of metal electrodes within flexi-
ble glass optical fibers.

In our current study we demonstrate a new fiber microprobe,
which can be used for single-cell studies requiring application of
electric field. The microprobe consists of two low-resistant silver-
copper microelectrodes, separated 31 lm from each other, each
with a diameter of 23 mm. The microelectrodes were covered with
a glass fiber which was 352 mm in diameter (Fig. 1). For experiment
some glass was removed at the end of the fiber to open 2 mm long
electrodes. The open ends of the electrodes were further mechan-
ically separated 210 lm from each other. The fiber microprobe’s
total longitudinal dimension of 10–30 cm allows easy penetration
into a biological sample and its convenient manipulation, as previ-
ously reported [41]. We applied the probe to single-cell electropo-
ration on two normal cell lines – CHO-K1 hamster ovarian
fibroblasts – lacking ion channels, H9C2 rat myocardial cells and
to two human cancer cell lines: LoVo (colon adenocarcinoma)
and A431 (squamous carcinoma). For verification of microprobe
efficiency, we designed experiments for verification in two stages:
constant and pulsed electric field with the voltage up to 10 V was
used (which corresponds to voltage-to-distance ratio of 476 V/cm).
It allowed successful electroporation of a small, selected group of
cells, as well as of single selected cells.
2. Materials and methods

2.1. Fabrication of the microprobe for electroporation

The microprobe is composed of two long metal microelectrodes
incorporated into a glass fiber. For the development of the micro-
probe we used the stack-and-draw method commonly used for
photonic crystal fiber development [42]. The method is based on
initial preform development – stacking of macroscopic elements:
glass rods and capillaries, metal wires – and further fusion and
scaling down in a high temperature fiber drawing process (Fig. 2).

In the first step, we prepared a preform composed of glass rods
and glass capillaries with metal wires (Fig. 2). For this purpose, we
used a borosilicate glass labelled SK222 developed at Krosno Glass-
works Corp. Poland. The glass rods and capillaries had an outer
diameter of 3 mm, while inner diameter of the capillaries was
2 mm (Fig. 2).

In order to develop the electrodes, we used a silver-copper alloy
wire labelled AgCu1. The composition of this alloy was chosen so



Fig. 2. Schematic of the stack-and-draw method used for microprobe development.

Table 2
Properties of the SK222 glass.

Parameter SK222

Refractive index nD 1.520
The linear thermal expansion coefficient for a range of:
20 � 300 �C (10-7K�1) 84.0
20 � 450 �C (10-7K�1) 89.0
Transition temperature Tg (�C) 542
Dilatometric softening temperature DTM (�C) 610
Characteristic temperatures in the heating Leitz microscope:
Temperature (�C)
- Curvature 700
- Sphere 820
- Semisphere 950

Fig. 3. Fabrication of the microprobe: (a) glass rods with metal core; (b) thermal
pulling of the fiber with electrodes at fiber drawing tower.
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that the melting point of the alloy was lower by about 50 �C than
the temperature drawing temperature of the SK222 glass. This
ensures that the metal is in a liquid state during the fiber drawing
process and enables formation of continuous electrodes (no dis-
continuities of the metal wires inside the glass fiber). The relatively
high thermal expansion coefficient of glass (89 � 10-7K�1 @
20–450 �C) reduces the stress on the glass-metal boundary. The
thermo-physical properties of SK222 glass and AgCu1 alloy are
presented in Tables 1 and 2 respectively.

The polished and degreased alloy rod was placed in a sealed
SK222 glass capillary. The capillary was pumped off and flushed
several times with argon before drawing down to remove oxygen
and prevent oxidation of the metal. The fiber drawing process is
performed in a protective atmosphere (argon) within the capillary.
The developed glass rods (with metal cores) had an outer diameter
in the range of 0.7 mm (Figs. 2 and 3). The structure of the micro-
probe preform consisted of two SK222 glass capillaries with metal
rods inside, having a diameter of 0.7 mm and several SK222 glass
rods with the same diameter of 0.7 mm. (Figs. 2 and 4). The whole
structure was placed in the SK222 glass tube (Fig. 2). Total length
of the preform was 250 mm. In the last stage the preform is drawn
with the fiber drawing tower and scaled down to the required
transverse dimensions (Fig. 2).

Prepared preforms were drawn at the fiber drawing tower,
ensuring oxygen-free atmosphere inside the perform. During the
drawing process all elements melted together and created a solid
glass fiber with two continuous electrodes along its length. By
changing the drawing conditions, such as feed and pulling rates,
the thickness of the microprobe and of the inner electrodes could
be controlled. We have verified experimentally feasibility of devel-
oping microprobe structures with various outer diameter in the
range of 0.3 � 0.5 mm. The lengths of developed microprobe fibers
were in the range of 1 � 50 m. However, there are no fundamental
limits to further reduction of the microprobe’s diameter, down to
100 mm and increase of length up to several hundred meters, when
identical geometrical parameters are maintained. Ultimately, we
Table 1
Properties of the AgCu1 alloy.

Parameter alloy AgCu1

Melting point (�C): 620–650
Density (g/cm3) 9.4
Tensile strength (kg/mm2) 48
have developed two series of microprobes, each 50 m long with
outer diameters of 458 mm and 352 mm, respectively. Geometrical
parameters of two series of microprobes are shown in Table 3. The
cross-section of the microprobes with two metal electrodes is pre-
sented in Fig. 4b. The probe with a diameter of 352 lm contains
two microelectrodes with diameters of about 23 lm. The stack-
and-draw method is a mature fiber drawing technology. It is ded-
icated to developing at least hundreds of meters of fibers with



Fig. 4. Microprobe construction: (a) a scheme of preform for development of microprobe with two electrodes and high refractive index glass rods; (b) and (c) the cross-
sections of microprobes with two metal electrodes (images obtained with a scanning electron microscope).

Table 3
Summary of parameters of developer microprobes.

GM1A/2 GM1A/3

The outer diameter (mm) 458 352
Electrode diameters (mm) 29/28 21/20
The distance between the electrodes (mm) 37 31
The diameter of the fiber (mm) 28 23
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identical geometrical parameters from a single fiber preform. The
parameters in this context would include the fiber diameter and
the diameters of its internal components, such as air holes or
electrodes.
2.2. Quality of the fiber microprobe

We verified quality of the microelectrodes using optical micro-
scope and by measuring resistance of the microprobe samples.
Samples with lengths of over 2 m and continuous metal wires
(without longitudinal breaks or gaps) were successfully obtained,
which enables to consider them for a practical application in elec-
troporation. However, it is important to note that usually samples
longer than 5 cm are not needed for in-vitro single-cell electropo-
ration and samples longer that 20 cm are not needed for potential
future applications in in-vivo electroporation. The fiber microprobe
was cut into 10 cm long samples and metal electrodes were
exposed at both ends of the probes to chemical etching in
hydrofluoric acid. 30 min of etching in 20% solvent of hydrofluoric
acid was optimal to fully etch the glass, while two metal electrodes
remained undamaged.

We measured resistance of the microelectrodes using a probe
station to determine their conductivity. We directly measured
resistance in over 20 samples of each type of microprobes labelled
GM1A/2 and GM1A/3 with individual lengths of 10 cm. Measured
resistance was 34 ± 3 O for a GM1A/3 fibers (electrodes with the
diameter of 23 lm) and 26 ± 3 O for a GM1A/2 fibers (electrodes
with the diameter of 28 lm) (Fig. 5). The measured resistance dif-
ference between each type of samples depended mainly on the
quality of electrical contact between the probe and microelec-
trodes. The measurement results confirmed low resistance of
microelectrodes and proved good quality of all microelectrodes
along the samples. Therefore, microelectrodes allowed to effi-
ciently generate electrical potential between them. Moreover, gen-
eration of short, i.e. submillisecond electric pulses useful in some
electroporation techniques is also be possible. We have used the
fiber microprobe for successful application of 100 ms long pulses
with 1 Hz repetition rate as shown in Section 2.7.

Finally, microelectrodes were connected to standard electrical
wires to enable connection with a power source. For this purpose,
the microprobe was mounted on a support plate. This approach
allowed for building of rigid tips for both electrical connections
and for manipulation during the experiments. The microprobe
was attached to the support plate that provided electrical pads,
using an epoxy adhesive. In the next step, microelectrodes were
bonded to a macroscopic electric wire by means of conductive
adhesive glue. Microelectrodes were precisely bonded with macro-
scopic electric wires under a microscope. Since microelectrodes
were placed close to each other, there was the risk of breakdown
when voltage was applied. Breakdown tests were performed in a
saturated water solution of sodium chloride at room temperature
(concentration of 26.5%). A power supply with control in the range
of 0 � 30 V was used. The tests showed negative results, which
means that the breakdown voltage was higher than 30 V.

To verify flexibility of the fiber microprobes, we measured
bending radius for 5 loops. We measured minimum acceptable
bending radius of 5 cm for the fiber microprobe, which we used
in the experiments. Based on further experiments with dummy
fibers (no electrodes), further reduction of the microprobe diame-
ter down to 100 mm allowed to reduce its bending radius down to
1 cm.
2.3. Modeling of the electric field distribution

Simulations of electric field distribution are based on 2D and 3D
finite element model (FEM) implemented in the COMSOL Multi-
physics software package. The model assumes that resistance of
the electrodes is based on experimental measurement data (26 X
or 34 X). The electrodes are immersed in a homogeneous medium



Fig. 5. Measurement results of electrode resistance in 10 cm long samples of two types of the fiber probes (a) GM1A/2 with the electrodes diameter of 28 lm and (b) GM1A/3
with the electrodes diameter of 23 lm.
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with relative permittivity er = 80.2 from one side, and from the
other side they are placed inside a glass tube of relative permittiv-
ity 4.2. The voltage is applied to the end of electrodes from glass
side.
Fig. 6. Experimental setup used for electroporation of selected cells.
2.4. Cell culture

Experiments were performed on hamster ovarian fibroblastoid
(CHO-K1, ATCC, CCL-61) cell line, neonatal rat cardio myoblasts
(H9C2, ATCC CRL 1446), human colon adenocarcinoma cells (LoVo,
ATCC, CCL-229) and human epidermoid carcinoma cell line (A431,
ATCC, CRL1555). CHO-K1 cells can be applied as a model for trans-
membrane transport studies with the pulsed electric field due to
very low expression of endogenous ion channels [43]. The cell line
was selected to model a study involving drug transport. Ovarian
fibroblasts were grown in Ham’s F-12 K (Kaighn’s modification)
medium (Gibco, Poland) with addition of 10% fetal bovine serum
(FBS, HyClone, Poland) and antibiotics (streptomycin/penicillin;
Sigma). H9C2 neonatal rat cardio myoblasts and A431 cells were
grown in DMEM (Lonza) medium with addition of 10% foetal
bovine serum (FBS, Lonza), 2 mM Glutamine and 100x penicillin/
streptomycin (Sigma). LoVo cells were grown in Ham’s F-12 med-
ium (Gibco, Poland) with addition of 10% fetal bovine serum (FBS,
HyClone, Poland) and antibiotics (streptomycin/penicillin; Sigma).
The cell lines were cultured in plastic flasks 25 cm2 (Nunc, Den-
mark), which were stored in 37 �C and 5% CO2 in an incubator
(SteriCult, ThremoScientific, Alab, Poland). For the experiments
the cells were detached by trypsinization (Trypsin 0.025%; Sigma)
and inactivated by cell specific culture medium, seeded on micro-
scopic slides and dedicated for further experiments.
2.5. Experimental setup for electroporation in vitro

Both cell lines were seeded on the superfrost basic microscopic
slides (Thermo Scientific) and left overnight in 37 �C and 5% CO2 in
an incubator. Then the cell lines were intended for single cell elec-
troporation to verify EP phenomenon with the microprobes. We
have used a standard setup for experiments composed of micro-
scope (Olympus, CX41, Japan) with digital camera (Olympus
SC30, 3.3 mln pixels) and standard cover slides (TB staining) or
microscopic slides (fluorescent staining) (Fig. 6). The fiber micro-
probe was placed in a custom made arm mini-holder and manipu-
lated. For this purpose, standard manual optomechanics was
applied, including a 3-axis linear translation stage (Thorlabs,
USA) with differential micrometer driver screws of 50 nm resolu-
tion. The end with the uncovered metal microelectrodes was
aligned and placed into cell plates under 20�with respect to the cell
plate surface to touch the surface of water film in the proximity of
a cell to be electroporated.
2.6. Electroporation with constant voltage

In this experiment the fiber microprobe labelled GM1A/2 was
used. Since uncovered microelectrodes are flexible, we expanded
the distance between them up to 220 mm. It allowed us to perform
electroporation on a selected group of cells placed between the
ends of electrodes among all the population on the cell plate. Con-
stant voltage in the range of 5 � 9 V was applied for 3 min. Trypan
blue (TB) dye (BioRad, Poland) was used as a marker of cell electro-
poration [44]. For intravital staining was used TB in PBS solution
diluted 1:1. First electrical stimulation was initiated and, simulta-
neously with electric field, the TB dye solution was added by pipet-
ting into the cell on the cover microscopic slide. Intravitally
observations were performed. Normally, TB is used to quantify
live/dead cells, because it cannot penetrate membranes of living
cells. Within the first minutes of our experiment, the dye entered
only the cells, which membranes were affected by the electric field,
and stained the nuclei in those cells. Due to the fact of relatively
high cytotoxicity of Trypan Blue dye, which could affect cells
strongly after exposition, the observations after staining were sus-
tained no longer than 20 min., since TB was applied. The experi-
ments were performed under a standard inverted contrast-phase
microscopy (CKX41 Olympus, Japan) using 100 � or
200 � magnification. The occurrence of electroporation was con-
firmed by transition of the marker solution into the cells. Cells
were considered as electroporated (cell membrane permeability



6 J. Kulbacka et al. / Bioelectrochemistry 135 (2020) 107545
increase) if staining with blue color was observed. The experiment
was performed at minimum 4 slides/day of each cell line, and
repeated minimum three times independently. Statistical evalua-
tion of the calculated stained TB cells was performed on basis of
marking and calculation of electroporated cells among the treated
group (Table 4). Evaluation was performed by Chi^2 method for
P � 0.05. In each set of experiments, minimum 50 cells were calcu-
lated from minimum three independent EP treatments. The num-
ber of affected cells was given as the percentage of treated cells.

2.7. Electroporation with pulsed electric field (PEF)

Pulsed voltage was applied in amplitude range of 5 � 15 V, with
electroporation parameters: 8 pulses and 100 ms with the fre-
quency of 1 Hz, the distance between electrodes: 130 � 220 mm.
For this purpose, we have used a standard laboratory function gen-
erator (FG-7202, Voltcraft, Wernberg, Germany). The pulsed condi-
tions were monitored with an oscilloscope (Tektronix, TDS 1002).
Simultaneously, with electric field the TB dye was first added into
a cell on a cover slide. The observations were performed on living
cells These experiments were observed with a standard inverted
microscope (CKX41, Olympus, Japan). The experiment was per-
formed at minimum 4 slides/day of each cell line, and repeated
minimum three times independently.

In the next stage Annexin V-FITC (BioVision, USA) and propid-
ium iodide (PI, Sigma-Aldrich, Germany) were used as markers of
permeabilization. In physiological conditions, phosphatidylserine
(PS) is present on the inner side of the plasma membrane lipid
bilayer. When PS is exposed outside the cell membrane it is also
a proof that cells underwent electropermeabilization. This in often
pointed as the first marker if permeabilization process. Next when
cell membrane is unsealed, PI can enter the cell [44-47]. The cells
were visualized after fixation in 4% paraformaldehyde (Roth, Ger-
many) and observed with the fluorescent microscope (BX53, Olym-
pus, Japan). The experiment was performed at minimum 4 slides of
each cell line from independent experiments.
3. Results and discussion

We demonstrated the effectiveness of newly developed micro-
electrodes and demonstrated successful electroporation normal
and cancer cells with constant or pulsed electric fields.

3.1. Electroporation with constant voltage

Initially, we used constant voltage to verify if cells present in
the vicinity of the microprobe are affected. Cells were previously
prepared on microscopic slides. The observation and image regis-
tration were provided with the microscope operated in the bright
field mode. First, two normal cell lines CHO-K1 and H9C2 were
tested (Fig. 7). When constant voltage of 6 V was applied, the try-
pan blue (TB) dye accumulated inside a selected group of cells
(Fig. 7b, c and e). Applied voltage of 6 V in case of considered
experimental setup with the fiber microprobe with electrodes with
thickness of 23 mm separated by 31 mm corresponds to electrical
Table 4
The evaluation of the percentage of electroporated cells.

Cell lines CHO-K1 LoVo A431

Bright field observations (no dye) 10%±1.5 68%±3* 35%±2.5
Trypan blue staining 15%±2 86%±4* 43%±3
Fluorescent imaging 98%±1* 97%±2* no data

* P � 0.05 (by Chi^2 method)
field strength of 1.9 kV/cm in the area between the electrodes. Nor-
mally TB is undetectable at low concentrations but when the cell
membrane is permeabilized the dye can enter and accumulate
within the cell, and dark blue color becomes apparent. Therefore,
with the application of the TB test, the electro-permeabilized area
(monolayer of cells) can be readily visualized. It proved occurrence
of electroporation. Further increase of voltage, up to 9 V, which
corresponded to electrical field strength of 2.9 kV/cm in the area
between the electrodes, resulted in permanent damage of cell lipid
membrane and outflow of cytoplasm from the cell (Fig. 7c). The
characteristic bubbles were reported as a response against the cell
lysis [48]. Cells at a further distance frommicroelectrodes were not
electroporated, as shown in Fig. 7f. During electroporation we
observed cell membrane blebbing, which is a typical phenomenon
for membrane permeabilization during electroporation process.
This was previously described in standard electroporation proto-
cols [49].

We have calculated electric field distribution generated by the
microprobe to evaluate range and strength of electrical field that
interacts with the cell population. Relatively uniform electric field
is generated between the electrodes while field declines exponen-
tially outside the electrodes, as shown in Fig. 8. Based on our model
we estimate that electroporation occurs in the areas between elec-
trodes and in radius of 5–15 mm outside of electrodes (above
0.6 kV/cm - denoted as dark yellow and read area), if 6 V is applied
to the electrodes (Fig. 9). Other authors also used low constant DC
voltage (5–9 V) and observed electroporation phenomenon in a
single cell within the microfluidic droplet [50].

3.2. Electroporation with pulsed electric field

Pulsed electric fields were used in the next stage of verification
of our ultrathin microprobe. According to clinical elec-
trochemotherapy, standard parameters of electroporation were
applied, the same as in clinical procedures: 8 pulses, 100 ms with
the repetition frequency of 1 Hz, and the voltage in the range of
5 � 15 V, which corresponds to 0.22 – 1.0 kV/cm voltage-to-
distance ratio, since the distance between open ends of the elec-
trodes in case of these experiments varied between 150 and
230 mm. In this evaluation model, normal cells CHO-K1 and also
cancer cell lines (LoVo and A431) were treated. The results are pre-
sented in Fig. 10, which shows images obtained with the bright
field microscope mode, and in Fig. 11, which shows results
obtained by means of a fluorescent microscope. Cells showed
symptoms of permeabilization for voltages above 10 V which cor-
responds to intensity of electrical field 440 V/cm. In CHO-K1 and
LoVo cells cytoplasm outflow and characteristic bubbles were vis-
ible (Fig. 9a and b). Trypan blue staining also confirmed the pres-
ence of electroporation process in CHO-K1, A431 and LoVo cells
(Fig. 10c). Only cells in the vicinity of the electrodes accumulated
the blue dye. Because of relatively high cytotoxicity of TB, what
implicates short observation time after electropulsation, we can
state that electroporation occurs and assume that might be rever-
sible, according the parameters applied in the experiment with ref-
erence to the available data [2,3]. Khine et al. [24] also confirmed
single cell electroporation using trypan blue assay, although the
experiment was performed on a dedicated chip. The authors could
trap the single cell on the chip and observe dye accumulation with
low voltage at the level of 1 V [24]. Ghosh et al. [51] using voltage
pulses (0.1–0.2 ms in duration) with electric field range: 5–7 V
observed uptake of trypan blue into cells demonstrated that the
plasma membrane is permeabilized by the delivery of a voltage
pulse [51].

To verify relation between cell viability and electric field
strength we have used equation that describes the probability for
cell survival [52]:



Fig. 7. Cell membrane permeabilization verification with trypan blue staining after electroporation, using the microprobe with constant voltage (6 V) on CHO-K1 (a) before
exposing to electric field; (b) during electric field exposure; (c) after electric field exposure; and on H9C2 cells (d) during electric field exposition; e) after electric field
exposition; (f) unaffected cells at a distance from the electrodes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. Electric field intensity distribution (color), as well as electric field line (gray) for tested fiber microprobe labelled GM1A/3 with two microelectrodes of the diameter
23 mm each and for constant voltage 6 V applied: (a) an in-plane cross-section along electrodes, b) cross-section in the plane perpendicular to the probe in the proximity of the
end of the electrodes.
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S E;Nð Þ ¼ 1

1þ exp E�Ec ðNÞ
AðNÞ

h i ð1Þ

where E denotes the electrical field, N is the number of pulses, Ec is
the critical electric field, in which 50% of cells are killed, and A is a
kinetic constant which defines curve slope.

In case of our model, we assumed 100 ms pulses with various
voltage in the range 0–15 V, which corresponds to the electric field
strength 0–362 V/cm for a single pulse (Fig. 12a). The available
data indicate that similar parameters are effectively used for gene
transfection and drug delivery [44]. Based on our model, we can
conclude that for voltage below 4.5 V, the electroporation would
not occur. For the voltage range 4.5–7.1 V reversible electropora-
tion occurs, while cell viability is reduced with an increased volt-
age till 9 V, where irreversible electroporation permanently
damages all cells (Fig. 12b).

In a next step, evaluation was performed with fluorescent assay
using Annexin V (PS maker, when externalized) and propidium
iodide (PI). Similarly to TB assay, experimental observations indi-
cated phosphatidylserine (PS) externalization. PS staining was
combined with the propidium iodide (PI) uptake, which is an
impermeable dye. When cells were exposed to electric pulses
(10 V), as shown in Fig. 11, the continuity of the cell membrane
was affected, what was represented as red fluorescence. Obtained



Fig. 9. Overlap between measured electroporated CHO-K1 cells and modelled
electric field distribution for tested fiber microprobe labelled GM1A/3, with two
microelectrodes of the diameter 23 mm, if 6 V external voltage is applied.
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results prove the membrane electropermeabilization in treated cell
lines. The method with phosphatidylserine (PS) externalization is
used for indication of the membrane permeabilization, when
observed shortly after cell expose to electric field [44].
3.3. Prospects for in-vivo applications

Electroporation as a medical treatment is already used as a sup-
port therapy in case of several types of cancer [53-56], but the
available tools enable only bulk tissue medical treatments. In pre-
vious section have only verified the fiber microprobe for selective
cell electroporation in in vitro systems. However, the proposed
technology has a large potential also for future in-vivo applica-
tions, although these applications require additional studies. Since
our proposed microprobe for electroporation has a form of a fiber,
it can be considered in future for in vivo medical treatment of a
small-area, difficult to access glioma, pancreatic cancers or during
endoscopic procedures e.g. bronchoscopy for treating (small) lung
metastasis. Below we discuss shortly technological prospects to
meet various requirements for in-vivo applications.
Fig. 10. The evaluation of the electroporation process using microprobe with pulsed elect
staining in CHO-K1, A431 and LoVo cells visualized by bright field microscope. Stained-a
figure legend, the reader is referred to the web version of this article.)
The stack-and-draw fiber technology allows integration of addi-
tional functionalities in a single fiber microprobe as a drug delivery
channel, illumination and imaging channels, which further extend
its future application capabilities as a new medical tool for in-vivo
selective treatment of internal organs (Fig. 13a).

In particular, the single fiber microprobe can also contain a
microchannel for local medical delivery integrated with an optoflu-
idic pump. The microchannel will allow high dosage control, as
well as minimal amounts of the compounds - providing a useful
method for rare or expensive agents. Another potential application
is studying cells, in which delivery of a highly localized electrical
stimulus is needed, for example limited to a single axon in neural
cells. Importantly, our probe can contain a microchannel along the
electrodes, allowing for local delivery of experimental drugs or
other compounds. The probe can also deliver localized light, which
can be used for activating biochemical processes, e.g. in photody-
namic reaction in cancer cells, remove some tissues with suction
channel and enable visualization (with imaging channel) of the
field in front of the electrodes. Moreover, in the future, the ultra-
thin microprobe can be also widely applied in dermatology and
esthetic surgery applications, where precise targeting of deep skin
layers and active substance delivery and stimulation is required.
Additionally, minimal scarring is possible.

We have also successfully developed a microprobe with an inte-
grated delivery channel (Fig. 13b). We developed a fiber with 2
electrodes with the diameter of 65 mm, each and central air channel
with a diameter of 90 mm. This fiber microprobe contains also two
high refractive index cores for simultaneous delivery and detection
of optical signals. The core diameter is 72 mm. Total dimeter of the
fiber microprobe is 422 mm and can be further scaled up or down,
according to application requirements. Microchannel can ensure
good localization of drug delivery, but dosage control will depend
on both microchannel diameter and pump control system. To con-
trol dosage, we used a micropump system of Fluigent MFCSTM-EZ
pomp supplemented by flow-rate platform [57]. Typically, this
microfluidic pump offer flows in the range from 7.5 nL/min to
5 ml/min with accuracy better than 1%. The new microprobe was
however not verified experimentally for electroporation, since
simultaneous connection of electrodes and drug delivery channel
with an external electrical supplier and a microfluidic pump,
ric field (8 pulses, 100 ms, 1 Hz, 10 V) in (a) CHO-K1; (b) LoVo cells and c) trypan blue
ffected cells near the electrodes. (For interpretation of the references to color in this



Fig. 11. Evaluation of the microprobe electroporation process using microprobe with pulsed electric field (8 pulses, 100 ms, 1 Hz, 10 V) in CHO-K1 and LoVo cells. Cellular
nuclei were stained with DAPI; phosphatidylserine (PS) externalization was determined by Annexin-V-FITC, cell membrane unsealing was marked with propidium iodide (PI)
and visualized by a fluorescent microscope.

Fig. 12. Probability for cell survival for various voltage values applied to the fiber microprobe; (a) electric field strength for the area between the electrodes when voltage is
applied to the fiber microprobe labelled GM1A/3 with two microelectrodes of diameter of 23 mm; (b) cell viability for various voltage applied. Red dot denote area where cell
is not electroporated, blue dot –reversible electroporation occurs, black dot – all cells are permanently damaged/irreversible electroporation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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respectively, is not trivial. We have tested flow with the fiber
microprobe with a microchannel and with inner diameters of
90 mm. We tested the flow rate from 100 nl/min to 3 ml/min and
obtained a flow stability control of approx. 1%.

The microprobe we used for single cell electroporation has very
limited area where electrical field is created. Our proposed
approach offers scalability of this area with electrode multiplica-
tion. This way, with interleaved electrical potential distributed
between several electrodes, an area of electroporation can be
increased, while applied voltage remains low to limit thermal
effects. Technological tests proved a possibility to develop multiple
electrodes within a single fiber microprobe (Fig. 13c). We devel-
oped a test fiber with 19 electrodes, each with diameter of
35 mm. The electrodes are ordered in a hexagonal lattice with the
lattice pitch of 62 mm (Fig. 13d). Outer dimeter of the fiber micro-
probe is 515 mm and can be further increased, if required. An
increase of dimeter of microprobe over diameter of 1 mm is not
practical for potential applications with larger tumor size, but
can be considered for application in treatments of small metastasis,
which are not resectable or difficult to reach.

Recently we have developed a flexible imaging bundle with
pixel size of 1.1 mm based on pair of silicate glasses with large
refractive index difference [58]. The fiber bundle has a total
diameter of 230 mm and it contains over 15,000 pixels (Fig. 13d).
Due to small pixel size, a high-resolution imaging bundle a delivery
channel can be in the future integrated as a single microprobe with
electrodes to open a route for imaging of the electroporated area.
This solution might find unique application in electroporation of
arbitrary selected cell groups in 3D cultures, since the fiber micro-
probe can address a selected cell among 3D culture, while the inte-
grated imaging bundle ensures imaging of the surrounding area.

Currently, there are numerous solutions dedicated to observa-
tion of single cell phenomena including fundamentals of electropo-
ration. However, the microprobe presented here, in comparison to
others, seems to be more economic to develop and is supported by
additional functionalities, such as channels for drug and light deliv-
ery, and also a fiber channel for image processing. Table 5 contains
a summary comparison of the available single cell electroporation
solutions.
4. Conclusions

Results obtained in scope of this work indicate that the fiber
microprobe with integrated microelectrodes has potential for
applications in biotechnological and medical research. This would
specifically involve cellular phenomena related to electrical stimu-
lus of biological and artificial membranes. The demonstrated tech-
nological solution is precise and selective, thus it is less invasive,
than existing technologies. It allows to deliver precisely selected



Fig. 13. Perspective for development of multifunctional fiber microprobe: (a) Schematic of a multifunctional fiber microprobe for electroporation; (b) a fabricated fiber
microprobe with integrated drug delivery channel, optical signal channel and two electrodes; (c) a demonstration of a fiber microprobe with multiple electrodes; (d) and of
imaging fiber with ultra-small high-aperture pixels.

Table 5
Comparison of available electroprobes for electroporation applications.

Type of cells Microscopic
observations

Drug/gene
delivery

Light
delivery

Cell manipulation

Fiber microprobe (this paper) Adherent cells + + + +
Lab-on-chip microfluidic system [30] Cells in suspension + – – –
Multi-walled carbon nanotubes [31] bacteria + – – No but targeted transport to the

electroporated bacteria
Patch clamp-based microelectroporation [25] Adherent cells + – – +
high-throughput in situ cell electroporation (HiCEP)

microsystem [29]
Adherent cells + + – –

Electrolyte-filled Capillary [27] Cells and tissues + + – +
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electrical signal into arbitrary selected cell among the cell
population.

The experiments can be carried out on adherent cells, eliminat-
ing the need of cell suspensions, centrifugation and trypsinization.
Additionally, it allows for observation of phenomena which appear
only in limited number of cells among a large population. Studies
with the microprobe require very low voltages, at the level of
few volts, while compared to the bulk methods, since the distance
between the electrodes is very small. In this case, standard pulse
generators can be applied. The precise delivery of the electric field
does not affect cells at the distance and reduces heating effects.
Flexibility of the fiber may enable arbitrary placement of the elec-
trode, due to the cell geometry, in vitro systems. This application is
not possible with already described methods, such as electrolyte-
filled capillaries, micropipettes (patch-clamp electrodes), or chip
structures. The flexibility of our microprobe is a consequence of
the fiber geometry – it may be long up to 30 cm with unbroken
electrode structure, with the electrodes as small as 23 lm in diam-
eter, very close to each other (31 lm). The fiber geometry may
enhance use of electroporation technique in laparoscopy and other
in vivo techniques.

Additionally, the microchannel will allow precise dosage con-
trol, as well as minimal amounts of the treatment compounds -
providing a useful method for rare or expensive agents. The micro-
probe can be used in water environment (a typical cell culture lab-
oratory) without breakdown and destruction of samples or the
microprobe. The microprobe can be used for in-vitro study of singe
or group cell analysis, and for specific cancer treatment of a small-
area, such as the difficult to access glioma or pancreatic cancer. The
in-vitro studies involve precise identification of the stimulus
parameters needed for electroporation of specific cell types
in situ, discovery of the relation between field parameters, arising
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after EP membrane ‘‘nanopores” dimensions and conductivity. Pos-
sible studies are not limited to pulsed electric fields, currently used
in electroporation of cells, but allow for constant current experi-
ments. Research regarding single-cell electrochemotherapy, tissue
ablation, DNA vaccination or genetic modifications are also feasi-
ble. The proposed microprobe implementation exceeds other solu-
tions with the ease of fabrication and multitasking depending on
the particular demand. However, the developed electrode is a
proof-of-concept only and still requires further research to take full
advantage of its technological possibilities.
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