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Abstract

The biological mechanisms induced by the application of nanosecond pulsed
electric fields (nsPEFs: high electrical field amplitude during very short duration) on
cells remain partly misunderstood. In this context, there is an increasing need for tools
that allow the delivering of such pulses with the possibility to monitor their effects in
real-time. Thanks to miniaturization and technology capabilities, microtechnologies
offer great potentials to address this issue.

We report here the design and fabrication of a microfluidic device optimized for
the delivery of ultra short (10 ns) and intense (up to 280kV/cm) electrical pulses on
adherent cells, and the real time monitoring of their intracellular effects. Ultra short
electric field pulses (nsPEFs or nanopulses) affect both the cell membrane and the
intracellular organelles of the cells. In particular, intracellular release of calcium from
the endoplasmic reticulum was detected in real time using the device, after exposure of
adherent cells to these nsPEFs. The high intensity and spatial homogeneity of the
electric field could be achieved in the device thanks to the miniaturization and the use of
thick (25 wm) electroplated electrodes, disposed on a quartz substrate whose
transparency permitted to achieve the real time monitoring of the nsPEFs effects.

The proposed biochip is compatible with cell culture glass slides that can be placed on
the chip after separate culture of several days prior to exposure. This device allows for
the easy exposure of almost any kind of attached cells and the monitoring in real time
while exposed to nsPEFs, opening large perspectives for potential uses of the developed
biochips.

[. Introduction

Cell electropermeabilization is a well-known technique that requires a short duration
and an intense electric field to destabilize the plasma membrane. This technique is now
mature and used in the field of cancer therapies in order to enhance the efficiency of
targeted delivery of materials like drugs, antibodies or genes [1-3].



Electropermeabilization results from an interaction between the applied electric field
and the cell plasma membrane, which increases its permeability.

For a circulating cell (assumed to be spherical) the transmembrane potential ¥y, is time
dependent, following the charging of the plasma membrane (1) [4-5].

t

W = f.ER.cos(0).[1-e ™ ] (1)

where R represents the cell radius, f is function of the cell geometry, 6 stands for the
angle between the electric field E and the cell radius vector. The time constant tm,
characterizes the dynamics of the charge of the membrane [5]. The case of adherent
cells is more complex, and some simulation study on cell tissues can be found in [6].

In the case where conventional electropermeabilization pulses are applied (such
pulses having few 100 ps duration), the transmembrane potential reaches
Y = f.E.R.cos(f), once t>>tm = order of usec. In this case, the cell membrane shields

the electrical field that does not penetrate inside the cell, as long as the membrane is not
permeabilised [7-8].

With the recent technical progresses in the field of pulsed power equipment, the
use of ultra short duration pulses (typically 3 to 10 ns) and high intensity (up to
100 kV/cm), also called nanosecond pulsed electric fields (nsPEF) has been investigated.
The nsPEFs, implying a high frequency electric field spectrum (from DC and above
100MHz), are able to penetrate inside the cells, as the plasma membrane is short-
circuited at these working frequencies (t<<tm). Hence, nsPEFs are able to disturb the
membrane of intracellular organelles as internal vesicles, mitochondria [9] or
endoplasmic reticulum [10-11]. Nevertheless, we are at the beginning of this very
exciting area of manipulating cell interior whose mechanisms remain still
misunderstood.

In this context, researchers need tools allowing the real time visualization of cell
perturbations induced by the application of nsPEFs. In particular, the microtechnologies
offer high miniaturization capabilities allowing the generation of highly intense
nanosecond electric fields, suitable to penetrate the intra-cytoplasmic compartment.
Moreover, the use of transparent material to microfabricate such miniaturized devices
allows real time imaging of the effects of such nanopulses.

Especially, the nanoporation of adherent cells requires a particular attention, as
these cells need to be cultured and attached on a substrate to be in proper conditions
mimicking usual cell environment, prior to nPEFs exposure. While many studies exist in
the literature concerning the electropermeabilization of circulating cells on a chip [12-
16], including our work [17], very few developments of micromachined devices adapted
to the electrical treatment of adherent cells can be found. Hence, we propose in this
paper an original approach where adherent cells cultures, prepared ex-situ on
conventional glass slides, can be reported on our microfluidic device, thanks to a specific
design. With this approach, one given microdevice can be re-used and easily cleaned for
many experiments, where cells are cultured on glass slides prepared separately in large
numbers. This concept of removable packaging is here advantageously exploited for
adherent cells exposure to nsPEFs and for the real time monitoring of the effects of the
nsPEFs, focusing on the generation of internal calcium concentration peaks resulting of
membranes nanoporation.



II. Materials and Methods

A. Microfluidic biochip design

In this section we describe the design of the new microfluidic device (Fig.1(a))
that was specifically developed for the observation and study of the effects of nsPEFs on
adherent cells.

Impedance matching aspects:

Due to the high voltages (up to 10 kV) applied to obtain the high field amplitude
of the nsPEFs, the impedance matching with the nanopulser is crucial in order to
prevent any damages of the electronic components. Indeed, the level of reflections of the
transmitted energy back to the nanopulser depends on this matching, which in addition
affects directly the transfer of energy to the cells [18,-20].

As the electric field is applied to the biological medium with thick electroplated
gold electrodes, the impedance is mainly governed by the physical properties of this
medium. The propagation along the electrodes can be neglected for the considered
frequency spectrum of the nsPEFs which energy is mainly located in the range (O-
100 MHz), when 10 ns duration pulses are considered [18,-20]. The medium is mainly

conductive at low frequencies (for /<< ) and capacitive for higher frequencies,

where o and ¢ are respectively the conductivity and permittivity of the medium.

The impedance matching cannot be achieved for all frequencies but can be
optimized in a large frequency bandwidth, where the medium is considered as a pure
conductance, and which includes the main energy frequency range of the nanopulses.

To do so, the geometrical parameters of the device (thickness t of the
electroplated electrodes, the distance d between these electrodes, the length L and
height H of the micro channel) are adjusted to get the required 50 Q impedance for the
[0 to 200 MHz] frequency bandwidth, suitable with the delivery of 10 ns nanopulses
with the available nanopulser generator described later, in the experimental section [17-
21]. While d and t are respectively set to d=150 um and t=25 um, L and H depend on the
chosen architecture (see next section).
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Figure 1: (a) Schematic representation of the device, involving electroplated gold electrodes in a
transmission line configuration, and a thick SU8 resist frame for the centering of the removable glass
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cover. (b) The two designs of the microfluidic device with removable packaging, for cells exposure to
nsPEFs: (i) Design with 25 um thick electrodes, and 50 pm thick resist micro-pillars to support the culture
slide (ii) Design with 25 pm thick electrodes and no pillars (arbitrary scales).

Removable packaging architecture:

For adherent cells to be exposed to the nsPEFs solicitations, it is mandatory to let
the cells incubate and adhere on the substrate prior to field exposure. An at least 4 hours
incubation in sterile conditions, at 37°C - 5 % COy, is required. A cell culture directly
performed within the microfluidic device is quite achievable but leads to several
constraints i) only one or two exposures per day are possible, as 4 h are required for the
adhesion and spreading of the cells, ii) a specific cleaning of the device is necessary after
each experiment. The lifetime of the device is thus decreased, due to this needed
cleaning procedure.

In order to avoid the drawbacks mentioned above, we developed a specific
packaging, well adapted to our case where adherent cells are exposed to nsPEFs within
the microfluidic device. The solution that we propose involves the possibility to use
removable coverslip. Indeed this strategy presents the advantage to allow the culture on
several cover slides in parallel while the biochip is available for short term (or even very
short term) experimentations. The cleaning of the biochip is highly facilitated as the cell
adhesion is not promoted within the channel surfaces. Thus, the device lifetime is
increased.

The structure that we developed is represented on Figure 1.(b). Two different
configurations have been investigated, each of them including an external frame in thick
resist (SU8, Microchem) that allows the positioning of the 12 mmx32 mm culture cover
slides above the metallic electrodes. Notches have been included in the SU8 layer to
facilitate the slide removal after the nsPEFs application.

Considering the first design (Fig.1.(b)i.), cells are separated from the electrodes,
and disposed at a distance controlled by micropillars height (H) which are
microfabricated in thick resist. Hence, this structure includes 25 pm-high gold
electrodes, and 50 pm-high SU8 micro-pillars.

The second design (Fig.1.(b)ii.), which was finally chosen for the experiments,
possesses the same 25 pm thick electrodes, on which the removable slide covered with
adherent cells is directly apposed. In that case, the length of the electrodes was adjusted
(L=3 cm) to achieve the impedance matching, taking into account the thickness
(tcx7 um) of the cell layer cultured on the cover slide, and the conductivity (6=1.55 S/m)
of the medium used. The thickness of the cell layer was estimated from the geometrical
properties of DC3F cells (the cell type used in our experiments), and was confirmed by
the actual measured impedance (see next section).

Once the culture slide is positioned in the SU8 frame, two spring strips are used
to maintain it on the biochip.

Spatial homogeneity of the applied electric field pulses:

The culture slide being positioned above the metallic electrodes, as shown on
Figure 1(b), the amplitude of the electric field depends on the location within the
channel section. Hence, it is necessary to quantify the electric field attenuation to
validate the feasibility of the cell nanoporation in this configuration. On Figure 2.(a), we
compared the field distribution in the two design cases (with or without the 50pum resist
pillars), using finite element analysis simulations performed with Comsol. We
considered the thickness tc of the cell layers.
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Figure 2: (a) Electric field calculation by finite element analysis, for the two designs developed for the
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nanoporation of adherent cells: (i) Design with the 50 pm resist pillars and (ii) Design without the micro-
pillars. The cell layer is taken into account (estimated at tc=7 um). (b) Homogeneity of the electric field

within the nanoporation channel (for 1 V): (i) depending on the z position in the microfluidic chamber and
(ii) depending on the x position of cells on the glass slide (from one electrode side to the other). Blue
curves correspond to design 1 (with micro-pillars), while red curves correspond to design 2 (without
pillars).

Figure 2.(b) displays the electric field dependence on the z position (Fig.2(b)i.) and the x
position (Fig.2.(b)ii.) in the microfluidic chamber. The cell layer cultured on the cover
slide, is confined between altitudes z=50-57 um in the case of prototype 1 and z=25-
32 um for prototype 2 (considering the cell thickness does not exceed tc=7 pm).

This analysis shows that the variation of the electric field in a section of the
microchannel remains quite acceptable in both structures, but that the best
homogeneity (Table 1) is achieved with design 2 (without micro-pillars).

Homogeneity of the electric field
as a function of the x position in

Homogeneity of the electric field as a
function of the z position in the

microchamber the microchamber, over 90% of
the distance between the
electrodes
Central position Side position In contact with t. (7 pm)
(0 um) (+/- 50 um) the cover below the
cover
Design 1 2.85% 21.9% 28.9% 27.1%
Design 2 0.02% 1.55% 10.6% 2.01%

Table 1: Spatial homogeneity of the electric field.




Design 2 (25 pum thick electrodes, no thick resist pillars) seems to be the most
appropriate design, if the field homogeneity criteria in the microchannel is considered as
the most important criterion (Figs. 2.(a)ii., 2.(b), and Table 1).

Nevertheless, the design 1 (involving the 50 pm resist pillars) has the advantage
to prevent any contact between the cells and the electrodes. Indeed, such contact might
alter the cell viability (due to electric field edge effects visible on figure 2.(b)ii.).

B. Fabrication process

Both proposed designs were fabricated on a quartz substrate, as it is transparent,
has good dielectric properties and presents good adhesion properties. The materials
used for the fabrication are biocompatible. The metallic electrodes are in electroplated
gold as it is biocompatible and has a good conductivity (sigma=4.1x107 S/m). The
microfluidic chamber is patterned with a thick photosensitive resist (SU8, MicroChem),
broadly used in bio-microfluidic devices.
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(a) Prototype 1 (b) Prototype 2 (c) Connected device
Figure 3: Photographs of the fabricated microfluidic devices. (a) prototype 1, with SU8 microstructured
pillars and (b) prototype 2 without pillars; (c) general view of the device connected to the PCB (printed
circuit board), with two springs to maintain the culture slide.

The process started with a quartz substrate (from ACM), which was pre-
metallized with a Cr/Au layer whose thickness was respectively 30 nm/150 nm. After a
cleaning of the wafer with successively acetone, isopropanol, water baths and
desorption at 150°C, the gold thickness was increased up to 25 um. The gold was
electroplated using an KAu(CN); bath and a current density of 1.5 mA/cm?. The gold
electrodes were then patterned using UV photolithography of S1805 resist, followed by
gold and chromium chemical etching.

The microchamber was then fabricated on the electrodes by the structuring of a SU8
layer using photolithography. Concerning the SU8 pillars design (prototype 1), a double
SU8 layer was used to define the 50 um thick pillars and the 100 um thick SU8 frame.
The first SU8 layer (SU8 2025) was spin coated to reach a thickness of 50 um (1700 rpm
for 30 s), baked (3 min at 65°C and 15 min at 95°C), exposed to UV (390 mJ/cm?) and
post exposure baked (3 min at 65°C and 15 min at 95°C). The second SU8 layer (SU8
2075) was then spin coated to reach a final thickness of 100 um (2100 rpm for 30 s).
The resist was baked (3 min at 65°C and 15 min at 95°C), exposed again (600 mJ/cm?),
post exposure baked (3 min at 65°C and 15 min at 95°C) and the two layers were
simultaneously developed. Considering prototype 2 (without the pillars), only one layer
of SU8 (SU8 2075) was spin coated to directly reach the targeted thickness of 100 pm
(2100 rpm for 30 s). The resist was then baked (5 min at 65°C and 20 min at 95°C),
exposed to UV (600 mJ/cm?) and post exposure baked (3 min at 65°C and 15 min at



95°C). The SU8 layer was finally developed to define the microfluidic chamber. Figure 3
shows photographs of the fabricated biochips.

C. Cell preparation

DC-3F cells (Chinese hamster lung fibroblast cells) were grown in MEM
(Minimum Essential Medium) supplemented with 10% fetal bovine serum, 100 U/mL
penicillin and 100 pg/mL streptomycin. Cells were propagated at 37°C in a humidified
5% COz atmosphere. Cells were routinely passed every two days. All the chemicals were
purchased from Invitrogen (Cergy Pontoise, France).

For the biological experiments, cells were cultured on glass slides for at least
4 hours. In order to visualize the effect of nsPEFs on living cells, the slides were
incubated for 30 min with the fluorescent calcium marker Fluo-4 AM (Aex=496 nm,
Aem=515nm) in a humidified atmosphere with 5% CO2 at 37 °C. The slides were
washed three times with PBS and placed on the top of the chip (the cells being thus
located inside the channel). Fluo-4 AM dye possesses acetoxymethyl groups (AM)
allowing the molecule to enter the cells and preventing calcium binding outside of the
cell. Once the marker is inside the cytoplasm, the AM groups are cleaved by endogenous
esterases resulting in both the trapping of the fluorophore and its activation. If the
cytosolic calcium concentration increases, Fluo-4 fluorescence increases. Hence,
monitoring the fluorescence of exposed cells allows knowing if organite membranes or
plasma membranes are affected by the nsPEF and become permeable to the calcium
ions. Cells were exposed to a single 10 ns pulse of 280 kV/cm.

DC-3F cell images were taken with a Zeiss AxioCam Hrc camera on a Zeiss
Axiovert S100 epifluorescence inverted microscope controlled through the Axio Vision
4.6 software (Carl Zeiss, Germany).

D. Electrical set-up: nanosecond pulse generator and measurement

A commercial generator purchased from FID (FID GmbH, Model FPG 10-ISM10,
Burbach, Germany) with an output impedance of 50 Q was used to treat the cells. It
generates trapezoidal monopolar pulses with a full-width at half maximum of 10 ns [18-
20]. The output voltage magnitude goes from 3 kV to 10 kV. The rising edge lasts
between 0.4 and 0.6 ns. The falling edge lasts between 1 and 1.5 ns.

In order to characterize the incident and reflected signals in the exposure set-up,
a tap-off (245 NMFFP-100, Barth Electronics Technology, USA) was connected between
the generator and the biochip using two transmission lines [22]. The tap-off is a three-
port device. The impedance of the mainline (i.e. the nsPEF-biochip line) is 50 (2 whereas
the impedance of the measurement port (i.e. the connection to the oscilloscope) is
4950 Q, allowing a voltage measurement with a 1:100 ratio. A Wavemaster 808Zi 8GHz
oscilloscope (LeCroy, Courtaboeuf, France) has been used for the measurements.



I1I. Results and Discussion

Optimum architectures of the device have been investigated in order to ensure a
good homogeneity of the cells exposure conditions within the microfluidic channel.
Indeed, for this study concerning nsPEFs effects on adherent cells, that are attached on
glass cover slides reported on the nanoporation device, nsPEFs should be very well
controlled and spatially homogeneous.

As shown by finite element analysis, the homogeneity of the electric field is
enhanced when the culture slide is directly reported on the 25 pum thick electrodes
(prototype 2), as far as we examine cells that are not directly in contact with the
electrodes. The 25 pm thick electrodes structure combined to 50 um resist pillars
(Prototype 1) gives satisfying but lower homogeneity for the electric field as explained
in section IL.A. Therefore the prototype 2 (25 um thick electrodes, no pillars) has been
employed to achieve the results presented thereafter.
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Figure 4: recording of the applied nsPEFs

To validate the possibility to expose cells reported on the top of the electrodes,
biological experiments have been achieved and especially, we study the dynamics of the
[CaZ+]; in response to the application of nsPEF. DC-3F cells were loaded with the
calcium marker Fluo-4 AM. Cells were exposed to a single 10 ns pulse of 280 kV/cm. The
profile of applied nsPEFs is reported in figure 4. As predicted, a good impedance
matching is achieved; around 5 % of the nsPEF is reflected back to the nanopulser which
gives an effective impedance of the chip equal to 45 Q. This slight difference could be
interpreted as an under-estimation of the cell layer height or some inhomogeneities in
this height.

Concerning the cell exposure, recording started 100s before the pulse, to
visualize the baseline of the fluorescence, and continued for 10 min after the nanopulse
delivery. Figure 7 reports typical results achieved under the experimental conditions
reported here. As seen on the figure 5.(a), an increase in the Fluo-4 fluorescence in the
presence of extracellular calcium, indicating a raise in the cytosolic calcium
concentration, was observed. After 400 s the fluorescence was back to the baseline
showing that the cells can recover this massive calcium release, probably through the
activation of pumps and transporters.
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Figure 5: (a) Real time imaging of a calcium peak from cells imaged every 10 s with a 500 ms exposure.
Attached DC-3F cells were loaded with the calcium marker Fluo-4 (5 pM). A single 10 ns pulse of
280 kV/cm was delivered. A: 8 s before the nanopulse. B: 2 s after the nanopulse. C: 40 s after the

nanopulse. D: 600 s after the nanopulse and (b) kinetics of the calcium response of the three cells
observed in the previous figure

The kinetics of calcium response is reported on figure 5.(b) showing the immediate
increase in fluorescence following the nanopulse delivery to the cells with a maximum
value reached about 40 s after the nsPEF application. All the cells responded at the same
time but the response amplitude was different from cell to cell (from a 0.5 fold increase
to a 4 fold increase). Thus the nsPEFs applied to the DC-3F under the microdevice-
associated experimental conditions actually generate a cytoplasmic calcium
concentration transient increase.



IV. Conclusion

An original microfluidic device dedicated to the application of nsPEFs to adherent cells and
their real time monitoring has been developed and characterized in this work. The proposed
device involves a removable packaging. Indeed, with such a packaging, the preparation of cell
cultures on standard commercial slides remains possible, these slides being afterwards
reported on the device for the nanopulses exposition and cell monitoring experiments. Two
approaches have been compared in terms of microfabrication process and electric field
homogeneity achieved in the microfluidic chamber. The efficiency of our device has been
demonstrated with a successful study of the dynamics of the [Ca’); in response to the
application of nsPEF. The effect of extremely high amplitude and short duration electric
pulses (280 kV/cm, 10 nS) that could be applied for the first time to adherent cells, were
recorded in real time in our microdevice. Kinetics of calcium responses show an increase in
fluorescence due to the nanopulse application.

These promising results pave the way for the development of micro and nano systems well
adapted to a better understanding of nanoporation effects on living cells.
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