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Introduction

Integrated platform for culture, observation, and
parallelized electroporation of spheroidst

Pauline Bregigeon, @ *2 Charlotte Riviere, @©°<? Laure Franqueville,?
Christian Vollaire,? Julien Marchalot @2 and Marie Frénéa-Robin @ *?

Reversible electroporation is a method to introduce molecules into cells by increasing the permeability of their
membranes, thanks to the application of pulsed electric fields. One of its main biomedical applications is
electro-chemotherapy, where electroporation is used to deliver anticancer drugs into tumor tissues. To improve
our understanding of the electroporation effect on tissues and select efficient treatments, in vitro tumor models
are needed. Cell spheroids are relevant models as they can reproduce tumor microenvironment and cell-cell
interactions better than 2D cell cultures. Various methods offering a relatively simple workflow are now available
for their production. However, electroporation protocols usually require handling steps that may damage
spheroids and result in random spacing, inducing variations in electric field distribution around spheroids and
non-reproducible electroporation conditions. In addition, only a few microsystems allow the production and
electroporation of spheroids, and the spheroids produced lack reproducibility in size and location. To overcome
these issues, we developed a unique device enabling culture, monitoring, and electroporation of hundreds of
regular spheroids in parallel, with a design ensuring that all spheroids are submitted to the same electric field
conditions. It is comprised of a microfluidic chamber encompassing a micro-structured agarose gel, allowing
easy medium exchange while avoiding spheroid handling. It also enables optical imaging of spheroids in situ,
thanks to transparent electrodes. In this paper, we describe the fabrication and characterization of the developed
microsystem and demonstrate its applicability to electroporation of a network of spheroids. We present a first
successful application as an anticancer drug testing platform, by evaluating the bleomycin effect on HT29
colorectal cancer cell spheroids. This work opens new perspectives in the development of in vitro assays for the
preclinical evaluation of electroporation-based treatment.

permeabilization of cells, historically known as reversible
electroporation (EPN), is a technique using pulsed electric

Cancer treatment by chemotherapy, usually delivered by
systemic routes, is limited due to the toxicity of
chemotherapeutic agents and leads to numerous short-term
and long-term side effects. In the search for a safer and more
efficient treatment, electro-chemotherapy (ECT) has emerged
as a solid alternative." This method is based on the
combination of local delivery of non-permeant drugs and
permeabilization of cell membranes to facilitate the
introduction of these drugs into cells. This electro-
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fields to enhance cell permeability, developed since the
1970s.>® ECT increases the uptake of cytotoxic drugs, up to
1000-fold in the case of bleomycin for instance.® This
technology is now implanted in more than 150 cancer
treatment centers in Europe’ and is also employed in
veterinary oncology around the world, with more than 4000
animals treated with ECT in 2015.° EPN also allows efficient
delivery of plasmid DNA encoding therapeutic genes into cells
and tissues, which is referred to as electro-gene therapy
(EGT). Both preclinical and clinical recent studies have
indicated a systemic immune response could be induced by a
combination of ECT and EGT,>” increasing even more the
interest of EPN-based treatments.

Full exploitation of the huge potential of these treatments
requires a thorough understanding of the effect of electrical
pulses on cells, and therefore the development of reliable
in vitro models reproducing as accurately as possible the
in vivo tumor microenvironment. In a first approach, 2D cell
cultures and cell suspensions have been used for theoretical
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and experimental studies.®® However, both these models lack
cell-cell interactions and do not reproduce the complexity of
the tumor microenvironment, which was shown to be of
great importance during carcinogenesis.'® To overcome these
limitations, recent studies have focused on more complex 3D
cell models.'® Among them, spheroids have regained interest
in the community.'>"* Spheroids are 3D cell aggregates able
to mimic the organization of a tumor, thanks to nutrients
and dioxygen concentration gradients® as well as cellular
cohesion and communication, allowing for a reliable
assessment of new anticancer treatment efficacy.* Indeed, by
monitoring spheroid growth and by performing biochemical
analysis (e.g. cell proliferation inside the spheroids), it is
possible to determine the adequate electric field parameters
for efficient EPN and to evaluate the efficiency of potential
anticancer drug.'” Therefore, spheroids enable a more
reliable prediction of the EPN effect compared to 2D in vitro
models. They can be produced with human cells, and as such
appear like a good preclinical model ahead of in vivo
experiments.'® Several methods of spheroid production have
been developed in the last decades.'” One of the most
commonly used is the hanging-drop method, where cells
aggregate at the tip of a drop to form one spheroid. A large
number of spheroids of similar size can be produced with
this technique thanks to hanging-drop plates,'” but changing
the medium in these plates can disturb spheroid growth.
Another method quite used is based on ultra-low attachment
96-well plates, allowing the spontaneous formation of
spheroids, but with a heterogeneous size distribution.'® This
might potentially affect the reproducibility, as it has been
shown that spheroid size can influence their sensibility to
pulsed electric field."® Other methods of spheroid production
based on the use of agarose microwells integrated in a
microfluidic chip have been developed more recently, for
drug screening application.'®*® However, they do not allow
the application of a pulsed electric field.

To perform EPN on the spheroids, a commonly used
approach is to introduce them in solution in a cuvette
containing two parallel metal electrodes, typically separated
by a few millimeters, connected to a commercial
electroporator.>** This approach requires experimental steps
that may damage spheroids (centrifugation or agitation).
Furthermore, it may lead to the random distribution of
spheroids inside the cuvette, thereby inducing differences in
the electric field perceived from one spheroid to the other.
Alternatively, = hand-held  electrodes  connected  to
electroporators were developed to apply pulsed electric field
around spheroids cultivated in 96-well plates.">>* However,
spheroids are treated one by one, which can be laborious and
time-consuming. To overcome these issues, microfluidic-
based devices integrating the possibility to perform EPN on
the produced spheroids have been developed.** They provide
several advantages such as reduction of inter-electrode
distance (and therefore of the applied voltage), better control
of electric field distribution with respect to cell position,
lower risk of sample contamination, limitation of cell
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manipulation, and integration of more functionality with
reduced footprint and improved portability.>> However, there
are few existing microsystems allying microfluidics and
electronics to perform EPN on 3D cell assemblies,***” and
their use might be limited by complex micro-electrode
design.”® In addition, microsystems allowing EPN of 3D cell
spheroids do not currently enable the parallel production of
many spheroids with regular characteristics®® and
deterministic positioning.

Based on this statement, we developed a microfluidic
system combining the production of spheroids of controlled
and reproducible size, shape, and spacing on one hand, and
EPN with simple transparent electrodes allowing uniform
electric field distribution and in situ monitoring with optical
techniques on the other hand. This device aims to simplify
electroporation procedures on spheroids by providing
easiness of use, simultaneous treatment of a large number of
spheroids, and reproducibility of the results. The approach is
based on the use of a molded agarose hydrogel containing
hundreds of microwells enabling the production of a network
of spheroids of uniform size and regularly spaced.***' The
developed system allows rapid medium exchange before
application of EPN pulses, without disturbing the spheroids
while avoiding the stress induced by centrifugation or
washing steps usually required for EPN. Furthermore, its
integration in a dedicated electrical system allows
circumventing one of the limitations of commercial
electroporators, that do not allow the use of sine bursts. The
interest of such waveforms has been recently demonstrated,
as they enable to reduce electrode fouling®® and to perform
frequency analysis of cell response to electrical stimuli.*®

In this work, we fully characterized the designed
microsystem and conducted a proof-of-concept study
validating its functionality as a platform for production,
monitoring, and reversible electroporation of numerous
spheroids in parallel, thanks to the calibration of electric
field parameters. We demonstrated that the microsystem
enables direct monitoring of spheroids with several optical
techniques, including confocal microscopy, during their
formation and following EPN treatments. It allowed to
characterize EPN efficiency in the core of spheroids and to
perform bio-analysis easily, such as proliferation labelling
test. We further developed a first assay for in vitro evaluation
of ECT treatment, by testing the efficiency of bleomycin
combined with EPN on HT29 colorectal cancer -cell
spheroids.

Experimental
Design and fabrication of the EPN device

The device is composed of a microfluidic chamber made of
two conductive glass slides containing an agarose hydrogel
microwell array.** A micromachined sealing device made of
poly(methyl methacrylate) (PMMA or Plexiglas®) ensures
liquid medium tightness and enables electrical contact

(Fig. 1).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Design, fabrication and use of the microsystem as culture and electroporation platform. (Step 1) Fabrication of the device: schematic

drawing of the molding process and the microwell array obtained (1.1),

exploded view of the device (1.2). (Step 2, 2.1 to 2.3) Protocol of spheroid

culture in the micro-structured hydrogel. (Step 3) Electroporation and imaging: injection of the EPN buffer in the device containing grown HT29
cell spheroids (2.5x bright field image, 3.1), subsequent electroporation in the mounted device (picture, 3.2), and imaging with confocal or
epifluorescence microscopy (2.5x green and red merged epifluorescence image after EPN of HT29 cell spheroids in presence of FDA and PI, 3.3).

A micro-milled metal master mold was first created using
200 pm micro-mill (Dixi Polytool 7032, diameter 200 pum,
length 300 um) to create an array of 320 semi-spherical
microwells of 200 um diameter, 220 um depth (Fig. SI 17).
A reusable polydimethylsiloxane (PDMS) mold was then
made from this master mold with a replica molding
process. A 2% (w/v) agarose solution was prepared by
dissolving standard agarose (Merck) in deionized water. The
solution was autoclaved and kept at 78 °C. A thin layer of
this solution (100 pL) was poured onto the pre-warmed
PDMS mold and a pre-warmed indium tin-oxide (ITO)
coated glass slide (Merck) was placed over it before gelation
and demolding (Fig. 1, step 1.1). This slide had first been
functionalized with (3-aminopropyl)triethoxysilane (APTS)
(Merck) solution (1% APTS and 5 mM acetic acid in
deionized water) so that the hydrogel could bond to it.*

This journal is © The Royal Society of Chemistry 2022

The glass slide covered with the micro-structured hydrogel
was placed in a Petri dish with phosphate-buffered saline
without calcium and magnesium (PBS w/o Ca Mg, Dutscher)
and sterilized with UV light for 25 min (24 W, 254 nm).

To mount the device (Fig. 1, step 1.2), a 1 mm-high
silicone seal (part #6, Grace Bio-Labs, Merck), cut to size
using a Silhouette Cameo cutting machine, was placed
around the hydrogel (part #5) to form the microfluidic
chamber, which was closed on top with another ITO coated
glass slide (part #4). The spheroid-containing hydrogel was
thereby sandwiched between two conductive glass slides used
as electrodes for EPN. Two holes were drilled in the top slide
using micro-abrasive blasting (Microblaster®, Comco Inc). A
PDMS slab (part #3) in which holes were also punched was
aligned and bonded to it with air plasma (using a Harrick
plasma cleaner), thereby enabling to fix connecting tubes for

Lab Chip, 2022, 22, 2489-2501 | 2491
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medium injection. Two plexiglass pieces (part #1 and #7)
micromachined with a laser cutter (Speedy 400, Trotec) were
screwed to seal the device. They were also designed to enable
interfacing with electrical equipment (part #2). The
transparency of plexiglass allows for easy mounting (checking
the apparition of bubbles in the microfluidic chamber for
example) and the hole on the inferior sealing part enables in
situ imaging of spheroids with an inverted microscope
(Fig. 1, step 3.3).

Cell culture in the hydrogel scaffold

HT29 colorectal cancer cells, obtained from American Type
Culture Collection (ATCC, USA) were cultured in high glucose
Dulbecco's modified Eagle’s medium (DMEM, Dutscher)
supplemented with 10% of heat-inactivated fetal bovine
serum (FBS, Dutscher), 1% of MEM non-essential amino
acids 100x (NEAA, Dutscher) and 1% of penicillin/
streptomycin 100x (Dutscher). Cells were grown in T-25 cell
culture flasks in an incubator at 37 °C with a humidified 5%
CO, atmosphere and routinely sub-cultured every 3 days. To
seed the hydrogel micro-wells, cell passage was realized with
trypsin  EDTA 10x (Dutscher) to detach cells. They were
resuspended in culture medium, counted with Neubauer
chamber, and centrifugated at 1200 rpm for 3 min. A
determined volume of culture medium was added to the cell
pellet to reach the desired cell concentration.

A volume of 200 pL of the homogenized cell suspension
solution containing 50000 cells was added on top of the
micro-structured hydrogel, placed in a 60 mm Petri dish. The
cells were left to sediment in the bottom of the microwells
for 10 min. The excess cells were then removed by pipetting
the excess solution, and 5 mL of culture medium were added
(Fig. 1 step 2). Seeded hydrogels were incubated for 3 days to
form an array of spheroids of controlled and uniform
characteristics (size and position), as demonstrated in Fig. SI
2.t The number of cells sedimented in each well was
estimated by comparing spheroid size at 3 days of culture
obtained with this method, with the one obtained with the
classic ultra-low adhesion (ULA) 96-well plates. Approximately
30-40 cells sediment in each microwell during the seeding.

Operation procedure for spheroid electroporation

To perform electroporation on the grown spheroids, the
culture medium was removed and the slide with the micro-
structured hydrogel was mounted in the microsystem as
previously described, after having cleaned all parts with 70%
ethanol. The EPN buffer had a low conductivity of 0.03 S m™",
to minimize undesirable effects such as electrolytic reactions
or heating by Joule effect.® It was composed of 10 mM of
Hepes (Merck), 1 mM of magnesium chloride hexahydrate
(MgCl, (6H,0), Merck) and 250 mM of saccharose (Roth)
dissolved in deionized water, with a few drops of 10 M
sodium hydroxide (NaOH, Merck) to adjust pH to 7.1. The
injection of EPN buffer (Fig. 1, step 3.1), supplemented with
appropriate target molecules, was realized with a calibrated

2492 | Lab Chip, 2022, 22, 2489-2501
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time and volume for complete medium exchange (see section
“Medium exchange inside the hydrogel”).

The microsystem was then connected to the
electroporation system (Fig. 1, step 3.2), composed of an
arbitrary waveform generator (33104, Agilent Technologies)
to apply the pulsed electric field, amplified by a high-speed
bipolar amplifier (HAS 4051, NF Corp). An oscilloscope
(DSO5012A, Agilent Technologies) was also used to monitor
the input voltage and the output current, the latter being
measured with a current sensor (HY 5-P, LEM). The pulse
parameters used for EPN were determined as explained in

the next sections. Imaging of spheroids was usually
performed in situ.
For long-term follow-up, the device was carefully

disassembled and the slide containing spheroids was put
back in the initial Petri dish with culture medium. Spheroid
growth could then be followed for several days.

Estimation of voltage drop and electric field distribution

The electrical potential effectively applied on the electrode
was determined by estimating the voltage drop due to
electrical contacts and wires from impedance measurements
made with a precision impedance analyzer (4294A, Agilent
Technologies) in the device containing EPN buffer. The
measured impedance was fitted to a theoretical model
detailed in Fig. SI 3.}

To evaluate the effective electric field perceived by
spheroids, electric field distribution in the microfluidic
chamber was also determined, thanks to COMSOL modelling.
The module “Electric Currents in Layered Shells” allowed to
model the ITO conductive layer of the electrodes. Its
conductivity (7 x 10> S m™") was measured with a 4-points
measurement technique and its thickness (134 + 4 nm) was
measured with profilometry technique. Those layers
sandwiched a block representing the microfluidic chamber
filled with EPN medium in absence of cells. The potential
applied to the terminals of the electrodes in the simulation
was the rms value of the highest potential tested in the
experiments.

Medium exchange inside the microfluidic chamber

To characterize medium exchange inside the microfluidic
chamber containing the hydrogel, impedance measurements
were realized with a precision impedance analyzer. The
hydrogel, without spheroids, was first incubated 24 h in
culture medium. It was then mounted in the device and EPN
buffer was injected with a 2.5 mL syringe and 21G needle by
0.5 mL every 1.5 min. Impedance measurements were made
after each injection to monitor the evolution of overall
conductivity inside the chamber, reflecting ions and
molecules diffusion for the hydrogel part of the chamber. To
confirm these results, another experiment was made with
optical technique (confocal microscopy) to monitor the
diffusion of a fluorescence solution (0.05 mM FITC in PBS)
inside the hydrogel (Fig. SI 47).

This journal is © The Royal Society of Chemistry 2022
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Determination of EPN parameters and evaluation of EPN
efficiency

EPN tests were then performed on the fully characterized
device, to calibrate the parameters and evaluate EPN
efficiency. The excitation pulses used in this study were sine
bursts. The optimal frequency was chosen to minimize the
voltage drop in the microsystem and to maximize the effect
of the pulsed electric field on HT29 cells. This was
determined by predicting the effective voltage in the
electrolyte accounting for double layer effects and voltage
drop due to contacts and wires, and characterization of the
evolution of transmembrane potential (TMP) for HT29 cells
(Fig. SI 37). Two sine bursts of 10 kHz frequency and 5 ms
duration, spaced by 1 s, were applied.*® Several amplitudes of
sine burst were tested to determine the efficient EPN
parameters. Values from 100 to 300 V,, (peak-to-peak) were
tested to sweep a range of equivalent effective electric fields
of 300 to 900 Vgyms cm * inside the chamber containing the
spheroids.

To determine the EPN efficiency and to assess the viability
of cells, two fluorophores were used: fluorescein di-acetate
(FDA, Merck) to label living cells in green, and propidium
iodide (PI, Merck), to label dead or electroporated cells in red
(explanations detailed in Fig. SI 5f). PI and FDA were added
to the EPN buffer, with respective proportions of 30 pM and
12 puM, before injection inside the microfluidic chamber.

The pulsed electric field was then applied with the chosen
parameters (2 sine bursts, 10 kHz, 5 ms, 100 to 200 V). Cell
spheroids were observed 5 min after EPN with an
epifluorescence microscope (Axiolmager M1, Zeiss) on 5
focus planes of the spheroids. intensity
projection (MIP) was realized with the Image] software and
the mean red fluorescence intensity was evaluated for about
12 spheroids per tested condition.

Additionally, to evaluate cell mortality depending on the
applied EPN voltage, cell spheroids were electroporated at
200 or 300 Vp, in EPN buffer, then incubated 2 h in cell
culture medium and labelled with FDA and PI in PBS for
observation with confocal microscopy (Leica SP5, Fig. SI 67).

To further characterize electroporation efficiency inside
cell spheroids, and test higher voltages, observations with a
confocal 25x water immersion objective (NA 0.95) were
realized on fixed samples. Cell spheroids were electroporated
(2 sine bursts, 10 kHz, 5 ms, 100 to 300 V) in the designed
microsystem with EPN buffer containing PI and FDA
(respectively 30 and 12 uM) and incubated 15 min in cell
culture medium. They were then fixed with 4%
paraformaldehyde (PFA, Merck) in PBS for 20 min, with three
PBS rinses before and after fixation. A negative control with
dead spheroids, incubated 30 min in 70% ethanol, was also
studied. To overcome the limitations of optical sectioning
techniques like confocal microscopy, a clarification of
spheroids was performed to uniformize the refractive indexes
in the samples. To do so, 8:20 glycerol in PBS solution was
used as previously described.**® Confocal microscopy

A maximum

This journal is © The Royal Society of Chemistry 2022
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enabled the acquisition of images in the z-direction with a 2
pm z-step. Images were analyzed with a Matlab routine
already described.®" Briefly, the spheroids were segmented at
each z position thanks to the PI red fluorescence and each
slice of spheroids was fitted into a perfect circle. In the
perfect sphere obtained by combining all z slices, coordinates
were changed from cartesian to spherical to evaluate the
mean red fluorescence intensity from spheroids periphery to
core, therefore assessing the EPN efficiency inside spheroids
for different applied voltages. The maximum red fluorescence
intensity on the whole spheroid could also be determined,
allowing to compare fluorescence levels between dead and
electroporated cells.

Application to electro-chemotherapy with bleomycin: growth
monitoring and proliferation assay

A first application of the device to in vitro study of electro-
chemotherapy treatment on 3D cell constructs was realized
in the developed microsystem with bleomycin, a non-
permeant anticancer drug only penetrating into cells upon
the action of permeabilization of the electric field.*® A
bleomycin  (Merck) concentration of 20 pg mL™"
(corresponding to 14 uM) was added to the EPN buffer before
its injection into the device. The EPN was then realized with
the parameters previously described (2 sine bursts, 10 kHz, 5
ms, 200 V). Bleomycin effect on electroporated spheroids
was compared to three control groups: spheroids in presence
of bleomycin without EPN, spheroids electroporated with
EPN buffer only, and spheroids cultured without EPN and
bleomycin. Spheroid growth was studied for 3 days after EPN
by optical microscope imaging and measuring spheroid
diameter thanks to Image] software. The ratio of diameter at
different time points over diameter before EPN was
calculated to compare spheroid growth of the different
groups.

To evaluate cell proliferation 3 days after EPN, a
proliferation labelling kit (Click-iT EdU Alexa546 Imaging Kit,
Invitrogen) was used as indicated by the supplier. EAU
(5-ethynyl-2-deoxyuridine) is a thymidine analog that is
incorporated into DNA during active DNA synthesis. After 24
h incubation of spheroids with 10 uM of EdU*” in culture
medium, spheroids were rinsed in PBS, fixed with 4% PFA
(20 min), and rinsed with PBS supplemented with 3% of
bovine serum albumin (BSA, Promega), to saturate
nonspecific sites (3 x 5 min). They were then permeabilized
with a Triton X-100 solution (Merck, 0.5% in PBS), and
further rinsed with a PBS solution with 3% BSA (3 x 5 min).
EdU detection was realized by a specific click reaction
between alkyne contained in EdU and azide contained in
Alexa Fluor® dye. Spheroids were incubated overnight at 4 °C
with NucGreen™ - dead 488 (Invitrogen, 1 drop in 5 mL of
PBS) to label cell nuclei. Spheroids were then clarified in a
glycerol/PBS solution (80/20 v/v) and observed with a confocal
microscope as previously explained. Green fluorescence
corresponds to cell nuclei (NucGreen) and red fluorescence

Lab Chip, 2022, 22, 2489-2501 | 2493
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corresponded to proliferative cells (EdU detection). To
quantify proliferative cell layer inside the spheroids, the
Pearson correlation coefficient, evaluating the colocalization
of red and green pixels, was determined with a Matlab
routine (Fig. SI 77).

Statistics

The p-values calculated correspond to the two-sample Student
t-test, allowing to test the hypothesis that two statistical
series come from normal distribution with equal means, at a
threshold of 5%. Therefore, when this hypothesis is rejected,
it cannot be concluded that the two statistical series have the
same means, with a precision of 95%. Normal distribution of
the series was checked with one-sample Kolmogorov-Smirnov
test and variances were calculated to adjust the hypothesis of
the Student t-test. The tests were performed with Matlab
software.

Results and discussion
Design and working principle of the microsystem developed

The design and working principle of the microsystem are
presented in Fig. 1. It is composed of a microfluidic chamber
made of two transparent parallel electrodes, integrated with
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sealing parts allowing water tightness, electrical contact, and
observation with inverted microscope. This microsystem
enables the parallel electroporation of the hundreds of
spheroids of similar shape, size, and location that are
produced and cultivated in a micro-structured hydrogel
bonded on the bottom electrode of the microfluidic chamber.
This hydrogel presents several advantages and is widely used
in tissue engineering and microfluidic cell
systems.*®*? Its tunable mechanical properties can reproduce
the in vivo micro-environment stiffness and its porosity
enables the free diffusion of salt and small molecules like
proteins® (pore size <30 nm in 2% agarose). Indeed,
medium exchange in the microfluidic chamber is governed
by two main mechanisms: (1) flow convection above the
hydrogel, (2) diffusion of ions and molecules within the
hydrogel (no convective flow within the hydrogel). Thus, the
hydrogel acts as a scaffold for spheroid growth and prevents
from any shear stress.

culture

Electrical characterization of the microsystem

In order to determine the electric field effectively perceived
by the spheroids inside the microfluidic chamber, the device
was fully characterized. This characterization process is not
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Fig. 2 Characterization of the electric field perceived by spheroids. (a) Impedance module measurement (red solid line), fitting model (black
dotted line), and equivalent electrical circuit diagram of the device, with Rg = 245 Q, Cg = 1.07 x 107 F, Rc = 43 Q. (b) Electrical potential in the
chamber (U.) compared to the one applied (Uio:) in the device (red line) and characterization of the evolution of transmembrane potential (TMP) of
HT29 cells (blue line) with frequency (detailed explanations are presented in Fig. SI 3t). (c) COMSOL model of the microfluidic chamber and
electric field distribution. (d) Simulated electric field norm on a cross-section of the chamber containing the spheroids. Dotted circles = spheroids

(not included in the model).
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always done for other microsystems using ITO electrodes>**"
even though it is especially important because of the lower
electrical conductivity of ITO compared to other metals,
which can lead to significant voltage drop, depending on the
design. Although electric field distribution in the EPN
microfluidic  devices is sometimes determined with
multiphysics modeling,>”**** the approach used here also
includes experimental determination of voltage drop due to
and ITO electrode thanks to impedance
measurements.

Fig. 2a shows the modeled impedance amplitude (dotted
line) fitted to experimental measurements (red line) in the
microsystem containing hydrogel and EPN buffer without
spheroids. This model takes into account the electrolyte
inside the microfluidic chamber, which can be represented
by a RC parallel circuit,” electrical contacts and wires
corresponding to a resistance in series to this circuit, and the
interface between electrode and electrolyte. This interface
corresponds to an electrical double layer of ions, whose
behavior depends on the frequency. It can be modelled by a
constant phase element (CPE) to take into account the double
layer imperfect capacitive nature.** The impedance Zcpg of
this double layer is therefore described by: Zcpr = K(jw)?,
with K the impedance amplitude,  the pulsation, and S a
constant between 0 and 1 (equal to 0.9 here). This constant
represents the resistive (close to 0) or capacitive (close to 1)
nature of the double layer. The equivalent electrical circuit
obtained is represented in Fig. 2a.

This model allowed to extract the electric parameters of
the equivalent electrical circuit, and thus to calculate the
voltage to the terminals of the microfluidic chamber
(electrolyte) Ug compared to the total voltage in the system
Uror (Fig. 2b, red line), as detailed in Fig. SI 3. At low
frequencies (<10® Hz), the impedance is mainly influenced
by the capacitive behavior of the ionic double layer at the
interface electrode-electrolyte, whereas at higher frequencies
(10° to 10” Hz), the impedance represents the resistive part of
the electrolyte. Frequencies higher than 10’ Hz are not
considered in this study, as EPN is performed well below this
frequency (around 10 KHz).

The transmembrane potential (TMP) V induced by this
applied field can be estimated thanks to the following
expression:*’

contacts

1

V =1.5ER cos(f)) ————,
1+jorm

where E is the amplitude of the applied electric field (here

800 V ecm™), 6 the angle between electric field direction and
the normal to the cell membrane (taken equal to 0), @ = 2xf
the pulsation, and 7, a time constant depending on the
electrical properties of cells studied here (HT29 cells) which
can be found in the MyDEP software,"**® and detailed in Fig.
SI 3.F

Fig. 2b (blue line) shows that HT29 cells TMP has first-
order lowpass filter behavior. The choice of the working

This journal is © The Royal Society of Chemistry 2022
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frequency for the applied sine burst is 10 kHz, frequency in
the middle of the possible range of frequency minimizing
voltage drop and maximizing TMP (gray zone in Fig. 2b).
Voltage drop at this frequency is around 15%, as we can see
in Fig. 2b that the voltage inside the chamber containing the
spheroids is equal to 85% of the applied voltage at 10 kHz.

Concerning the electric field inside the chamber, COMSOL
modelling (Fig. 2c) shows a homogeneous distribution. As
shown on Fig. 2d, there is less than 1% variation on a cross-
section of the chamber (values between 990 and 1000 V
ecm ™). These results ensure that all spheroids are submitted
to the same electric field conditions. The potential applied to
the terminals of the electrodes, represented by the two layers,
was 106 Vgys, the effective potential corresponding to the
highest potential tested, 300 Vp,. The effect of the double
layer is not considered since it is negligible at the working
frequency of 10 kHz (Fig. 2a) but the voltage drop due to the
low conductivity of the ITO is well considered as the ITO
layers modelled have the thickness, conductivity and
permittivity measured on the ITO electrodes used in the
experiments. COMSOL module “Heat Transfer in Fluids” was
also used to estimate the elevation of temperature due to the
application of pulsed electric field during EPN. The estimated
elevation of temperature, induced by the application of an
electric field of the same amplitude and duration as the one
used experimentally, is only 0.2 °C, which will not damage
cells.

Medium exchange inside the hydrogel

To ensure reproducible EPN conditions, and in particular the
conductivity inside the microfluidic chamber containing
spheroids, medium exchange was characterized by injecting
EPN buffer in the chamber containing a hydrogel saturated
with culture medium. Results presented in Fig. 3 show that
medium exchange inside the whole chamber, including the
hydrogel, is easy and quick: 2.5 mL injected in 10 minutes.
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Fig. 3 Study of medium exchange from culture medium to EPN buffer
inside the microfluidic chamber by impedance measurement. Orange
line = impedance amplitude curve, blue line = volume injected.
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Therefore, the microsystem enables a gentle medium
exchange with a small flow without complicated

manipulation that may damage spheroids. By applying the
injection protocol thus determined, conductivity inside the
chamber will thus be reproducible for all experiments
performed in the microsystem. These results were confirmed
by monitoring medium exchange inside the hydrogel, when
injecting a fluorescence solution, with confocal microscopy
(Fig. SI 4%).

Determination of parameters for efficient EPN in the
microsystem

Electric field parameters for efficient EPN in the microsystem
were determined by varying the amplitude of the applied sine
bursts. The other parameters were fixed. The relevance of
such waveform for small molecule delivery into cells has
recently been pointed out,*® as its simple spectral content
can help to better understand the EPN phenomenon and its
dependance to frequency. Moreover, the application of
alternating current signals enables the reduction of
electrochemical phenomena that can damage such thin film
electrodes.®” The sine frequency was 10 kHz as explained in
the previous section. The duration, number of bursts and
repetition frequency of pulses, respectively 5 ms and 2 bursts
spaced by 1 s, were chosen based on the literature®® and kept
unchanged for all the experiments. As noted before,*” these
parameters influence the concentration of pores formed at
the membrane surface. Pulse duration can also influence the
efficiency for larger target molecules, such as DNA plasmid,
with the contribution of phenomena such as electrophoresis
to help DNA move towards cells.*®* However, in this study,
only small molecules are considered, so we only focused on
sine burst amplitude to determine the EPN threshold to
deliver such molecules into the studied HT29 cells.

EPN was first realized in the microsystem containing
grown HT29 spheroids, in presence of two fluorophores: FDA
and PI. FDA labels living cells in green and PI is a small
fluorescent molecule that can penetrate only in cells
temporarily permeabilized by the pulsed electric field
applied.>®*® Thus, when cells were electroporated in presence
of PI and FDA, those displaying both green and red
fluorescence could be considered as alive and electroporated.
Therefore, merged fluorescent signals showing yellow
intersections can be related to reversible and efficient EPN.
Fluorescence was observed 5 min after EPN for amplitudes of
100 to 200 Vp,;,, with an epifluorescence microscope.

The correspondence between the amplitude peak-to-peak
A of the applied sine burst and the effective electric field
Erws is given by:

0.85 X App

2v2d

Erms =

with d = 1 mm the distance between electrodes. The factor

0.85 is used to consider the voltage drop of 15% due to
electrical contacts and ITO thin layer, estimated thanks to
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Fig. 4 Determination of threshold with epifluorescence
microscopy. (a) Mean red fluorescence intensity of each spheroid on
maximum intensity projection (MIP) epifluorescence images (10x)
realized on HT29 cell spheroids 5 min after EPN in presence of FDA
and PI. Blue = 100 V,, green = 150 V,, yellow = 200 V, point/
square/triangle = value for one spheroid imaged, long horizontal line =
mean, small horizontal line = STD value, N = [12 to 24] spheroids/
experiment, ***p < 0,001, triplicate (points, squares and triangles
correspond to results from 3 different experiments). (b) MIP merged
epifluorescence images (2.5x) of these spheroids. Green = FDA, red =
PIl, yellow = both, scale bar = 1 mm.

Fig. 2b. Therefore, the amplitudes tested, namely 100 to 300
Vpp, correspond to effective electric fields perceived by
spheroids of 300 to 900 Vrums cm ™. It should be noted that
electrical losses are not often considered in the literature,
and the electric field values given are usually those applied,
rather than those effectively perceived by spheroids. Hence,
comparison between the different studies is complicated,
because electrical losses may not be of the same order of
magnitude for all microsystems or EPN devices used.

The results presented in Fig. 4a enable to determine a first
EPN threshold of 200 V,, for our experiment, as fluorescence
intensity is of similar and significantly lower level for 100
and 150 Vp,,. It can also be qualitatively visualized in Fig. 4b,
on which the spheroids appear in yellow (i.e. merged
fluorescence signals of both alive and electroporated cells)
only for 200 V,, applied. The microscopic images, taken at
the minimum magnification and representing only an eight
of the whole chamber, illustrate the fact that the microsystem
developed here enables the observation of tens of spheroids
simultaneously. Indeed, it was possible to perform EPN at
once on a large number of spheroids with no handling steps.
Thus, it reduced the time of an EPN experiment compared to
other existing devices used in the litterature,">>* where
spheroids are often cultivated in multi-well plates, requiring
to repeat each step for each spheroid treated. Unlike in these
multi-well plates, here medium exchange steps and EPN
procedure do not disturb spheroids thanks to the micro-

This journal is © The Royal Society of Chemistry 2022
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structured hydrogel and the microfluidic system. Moreover,
the microsystem enabled in situ imaging with a simple
optical technique, epifluorescence, which allowed to calibrate
EPN parameters quickly and easily.

To assess the mortality due to the EPN conditions applied,
a viability assay was realized on electroporated spheroids.
The same fluorophore, PI, was used for both EPN efficiency
and cell viability assays, as the
literature.?®?%3° Indeed, PI is a marker of membrane
integrity loss, characteristic of dead cells. A comparison of
red fluorescence intensity measured on dead spheroids and
electroporated spheroids was realized to illustrate this double
use of PI, showing a significantly higher intensity for dead
spheroids (Fig. SI 51). Therefore, a live/dead labelling using
FDA and PI was made on spheroids 2 h after EPN. Results
(Fig. SI 67) demonstrate a very low mortality (less than 3%)
due to the pulsed electric field applied, ensuring that the
EPN conditions determined are reversible.

To evaluate EPN efficiency for higher amplitudes (250 and
300 Vpp), another experiment was realized with confocal

often reported in

microscopy, which enabled to visualize the inner part of the
spheroid and therefore to assess EPN efficiency in the core of
the spheroids. To do that, we observed fixed spheroids with
confocal microscopy at 25x magnification (Fig. 5a). We
computed the evolution of the mean intensity of PI
fluorescence confocal images depending on the distance
from the spheroid periphery to the core (Fig. 5b), to
determine the level of electroporation of cells inside
spheroids, for several electric field intensities applied.
Results are normalized for each spheroid compared to the
spheroid diameter, to obtain the distance ratio r from the

a)
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periphery (r = 0) to the core (r = 1) of each spheroid. This
intensity is also normalized compared to the intensity of the
periphery (r = 0) for 300 V,,, applied, as it corresponds to the
higher electric field applied. A dead control (data not shown)
demonstrated that the clarification technique used, adding
glycerol on the spheroids, is efficient to allow the observation
inside these spheroids of 116 + 23 um diameter, as there is
nearly no diminution of fluorescence intensity due to photon

absorption.
Results show that EPN is more efficient for the highest
amplitude of sine burst applied, namely 300 V,,

(corresponding to 900 Vgys cm™'). For 250 Vpp (750 Viwms
em™') and 200 Vp, (600 Vrys cm™ '), EPN is respectively 25%
and 45% less efficient. Concerning the EPN efficiency inside
spheroids, there is a decrease of 25 to 30% from the
periphery to the core for 250 and 300 V,,, and more than
40% for 200 V. For the two highest amplitudes applied, the
intensity in the core stays above 50% of the maximum
intensity measured, showing a good EPN efficiency for the
entire spheroid volume. However, for 200 Vp,,, cells located in
the core of the spheroids are less electroporated, as the
intensity level decreases to a value close to the one obtained
for 150 V,, applied,
permeabilized. This could be due to a decrease in cell size in
the core of the spheroids®® and therefore a decrease in cell
sensitivity to the electric field applied, as the induced

for which only few cells are

transmembrane potential is linearly dependent on the cell
radius.”

Concerning voltages below the determined threshold,
namely 100 and 150 Vy,, results are consistent with the ones
obtained from epifluorescence microscopy (Fig. 4), as the

100 [
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Distance ratio r from the
periphery to the core

Fig. 5 Study of EPN efficiency inside spheroids for several amplitudes of applied voltage thanks to confocal microscopy. (a) Typical confocal
microscope z-stack images (25x) for a slice in the core of HT29 cell spheroids and corresponding orthogonal view. Red = PI, scale bar = 100 um.
Electroporated cells incorporate Pl and appear red. (b) Mean intensity of fixed spheroids electroporated with Pl (red) as a function of the distance
from the periphery to the core of the spheroid (116 + 23 um diameter), normalized by the mean intensity at the periphery (r = 0) of spheroids
electroporated at 300 V,,, and by the maximum radius of each spheroid. Brown = 300 V,,, orange = 250 V,, yellow = 200 V,,, green = 150 V,
blue = 100 V,,,, shaded area = SEM values, N = 20 spheroids/condition, duplicate.
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mean intensity measured is 60 to 75% less than the one
measured for an EPN voltage of 300 V.. It can be noted that
the difference between periphery and core intensities for 100
and 150 Vp,, is less visible than for 200 Vp,, but it is due to
the fact that the intensity measured for these low voltages is
so small (close to noise level) that it is not possible to
determine if cells in the core of the spheroids are less
electroporated than those at the periphery, especially for the
lowest applied electric field.

This study highlights the potential of the device to
characterize EPN efficiency in the core of tens of spheroids in
a single experiment. Such analysis is not often conducted on
spheroids and could be very useful to better understand the
effect of pulsed electric field on 3D constructs, or to
characterize the effect of EPN-based treatments inside
spheroids. As noted in the few previous studies available in

View Article Online
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the litterature,""*® results show that permeabilization is
efficient from the periphery to the core of spheroids, with a
small decrease in the core of the spheroid. Concerning the
EPN parameters, 300 V,, will be chosen as the applied
voltage for the application of the device to ECT, as it seems
to be more efficient than the other voltages tested. This value
corresponds to an effective field of 900 Viys cm™, or 1030
Vrms ¢cm ' if voltage drop is not considered which is close to
the one used for similar studies of EPN efficiency on
spheroids.?***7>3

Application to electro-chemotherapy: EPN of drug in cancer
cell spheroids

After the demonstration of the microsystem ability to
perform reversible EPN on spheroids, a first application as
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Fig. 6 Study of the effect of ECT treatment with bleomycin on HT29 cell spheroid growth and cell proliferation. (a) HT29 cell spheroid surface
ratio evolution after experiment with (+) and/or without (-) EPN and/or bleomycin for several conditions: green = non-treated spheroids, blue =
bleomycin only, yellow = EPN only, red = EPN with bleomycin, solid line = 300 V,,, dotted line = 200 V,,, N = [10 to 15] spheroids/experiment,
triplicate. (b) Optical microscope images (4x) of spheroids before and 72 h after the experiment. Scale bar = 200 um. (c) Orthogonal views of
confocal microscope images of spheroids 72 h after this experiment, representing cell nuclei in green and proliferative cells in red. Green =
NucGreen, red = EdU, yellow = both, scale bar = 50 um.
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in vitro drug testing platform was realized. The same EPN
procedure was used, except for the addition of an anticancer
drug in the EPN buffer instead of fluorophores. A commonly
used anticancer drug, bleomycin, was chosen to study the
electro-chemotherapy (ECT) effect on HT29 cell spheroids,
for sake of comparison with similar previous study.>® It has
the particularity to enter only in cells that are permeabilized,
and to intercalate in DNA to stop cell division. The EPN
voltage applied for the experiments presented in Fig. 6 was
200 V,, or 300 V,;,, to compare a higher voltage that induces
more efficient permeabilization with a lower voltage,
inducing less cell mortality (Fig. SI 6}). Growth monitoring
after this experiment (Fig. 6a and b) demonstrates that
spheroids submitted to electroporation only, or to bleomycin
without EPN, show the same growth rate as to the control
spheroids without EPN and bleomycin. On the contrary,
spheroids treated with EPN in presence of bleomycin, display
growth inhibition, as it can be seen in red on the graph and
on the corresponding microscope images (Fig. 6b).

Thanks to the micro-structured hydrogel encompassing
the spheroids, it was possible to perform a proliferation
labeling of all spheroids at once, with a commercial kit
revealing EdU incorporation in cells. Therefore, it
considerably reduced the duration of the experiment,
preventing to repeat all steps of the protocol for each well
containing one spheroid, as it is the case for ultra-low
adhesion plates. All nuclei were also stained, with the
NucGreen marker, to be able to see all cells by fluorescence
confocal microscopy, and not only the proliferative ones. The
EPN voltage for this experiment was of 200 V,, as the effect
on growth is similar to the one at 300 Vp, and observations
were made three days after the experiment. It shows that cell
proliferation, appearing in yellow because of the
superposition of nucleus (green) and EdU labeling (red), was
similar for all control groups (i.e. non-treated spheroids,
bleomycin only and EPN only). A few layers of proliferative
cells can be seen on the orthogonal views realized on Image]
(Fig. 6c). However, for spheroids treated with electro-
chemotherapy (i.e. EPN in presence of bleomycin), there are
nearly no proliferative cells and cell nuclei seem to be
exploded. The proliferative layer was further quantified from
z-stack confocal images and estimated to be between 1 to 3
cell layers for all control groups, while no proliferative layer
remains for the ECT/bleomycin-treated spheroids (Fig. SI 77).

These results are consistent with the non-permeant
character of cells to bleomycin and its efficacy only on
permeabilized cells. It is one of the reasons why this
molecule is particularly advantageous for ECT applications,
because it helps reducing side effects of chemotherapy,>>’
as it is not harmful for non-electroporated healthy cells
around the tumor, that can be in contact with bleomycin
during its injection in the tumor tissues. Results of Fig. 6
also confirm the reversibility of the electroporation
conditions used here, as electroporation has no impact on
spheroid growth and proliferation. Even though the two
voltages applied seem to have a different effect on cell

This journal is © The Royal Society of Chemistry 2022
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viability (Fig. SI 61), they induce a similar growth evolution,
comparable to the one of healthy spheroids. These results are
consistent with the litterature,*>® showing a growth
inhibition effect of the anticancer drug for ECT/bleomycin
treated spheroids only.

It can also be noted that ECT/bleomycin has the same
effect on growth for the two EPN voltages tested, although it
has been shown that 300 V,,, EPN was more efficient (Fig. 5).
This shows that even if a small quantity of bleomycin
penetrates in cells, it may be sufficient to stop their division.
Interestingly, various concentrations of bleomycin are tested
in the literature, from 1 mM,*® close to concentrations used
in vivo, to 10 uM,?* 100 times less. Even if we used a 14 uM
bleomycin during our experiments, we noticed that a lower
concentration of bleomycin could also inhibit spheroid
growth three days after EPN (data not shown), as it was
demonstrated elsewhere.>® Therefore, bleomycin
concentrations used in vitro reported in the literature might
be sometimes overdosed.

Conclusion

The research work presented here shows that the developed
microsystem enables culture, monitoring, and
electroporation (EPN) of a large number of spheroids in a
unique system, and demonstrates its application as a lab-on-
a-chip anticancer drug testing platform. Indeed, the micro-
structured hydrogel®® integrated into the microfluidic
chamber allows the production of more than 300 spheroids
of similar size, shape, and of known and reproducible
location, an important asset to get statistically relevant and
reproducible results. These spheroids better mimic complex
tumor tissues than 2D cell culture or cells in suspension,”
enabling relevant test of treatments based on EPN, such as
electro-chemotherapy (ECT), that can improve cancer
treatments.”

The microsystem was fully characterized, with impedance
measurements and modeling, showing a homogeneous
distribution of the electric field. It ensures that all spheroids
are submitted to the same EPN conditions. These parameters
could be easily determined thanks to in situ observation, with
several techniques from simple optical microscopy to more
complex epifluorescence and confocal microscopy, enabling
EPN efficiency evaluation even in the core of the spheroids.
To increase the throughput, the microsystem can be
mounted between standard cover-slip and glass slides, after
having fixed the spheroids, making it fully compatible with
automatic high content screening platform.>” We also intend
to use electrodes to perform bio-impedance measurements in
order to study EPN effect®® or monitor spheroid growth.

The integrated device presented here is also compatible
with more complex spheroid models, as well as organoids. To
get closer to in vivo tumor tissues, future work will focus on
complexifying the multicellular spheroids models to analyze
the effect of various parameters on EPN efficiency such as
spheroid size'® and tumor microenvironment,*® including
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cancer-associated cells®’ and the extracellular matrix. These
complexified models will be used to test other ECT molecules
like calcium, which has been identified as a promising
treatment with a reduced effect on healthy cells compared to
malignant ones.”® Future studies will also aim at adapting
the microsystem for electro-gene therapy (EGT) application.
This will pave the way for CRISPR/Cas9 transfection on
organoids derived from patients,*>®® therefore increasing
even more the potential applications of the device for both
fundamental research and precision medicine.®*
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