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Abstract

Three-dimensional (3D) cellular models representamealistically the complexity éh vivo tumors compared to
2D cultures. While 3D models were largely usedlassical electroporation, the effects of nanoseqmided
electric field (nsPEF) have been poorly investigata this study, we evaluated the biological effdnduced by
nsPEF on spheroid tumor model derived from the H@®-human colorectal carcinoma cell line. By vagyihe
number of pulses (from 1 to 500) and the polatityigolar and bipolar), the response of nsPEF exeodiD ns
duration, 50 kV/cm) was assessed either imnmediatitdy the application of the pulses or over aquelasting up
to 6 days. Membrane permeabilization and celludgatld occurred following the application of at |30 pulses.
The extent of the response increased with the nuoflmulses, with a significant decrease of vidapjl24 h post-
exposure, when 250 and 500 pulses were appliedefféets were highly reduced when an equivalentbemof
bipolar pulses were delivered. This reduction wiasieated when a 100 ns interphase interval wasdhiced
into the bipolar pulses. Altogether, our resultsvghthat nsPEF effects, previously observed atitigdescell level,
also occur in more realistic 3D tumor spheroids eled



1. Introduction

Pulsed electric fields (PEFs) of microsecond daratand field strengths of 100s to 1000s V/cm are
promising tools for the localized treatment of was cancers [1,2]. Plasma membrane “poration’rématlts from
microsecond pulses is the basis of electrochemaplyECT) and irreversible electroporation (IREjridg ECT,
impermeable or poorly-permeable chemotherapeies][or high doses of calcium [6,7] are introdug#d the
tumor cells whilst their membranes are temporgsdymeabilized. IRE uses higher electric field gjthe than
ECT to induce permanent plasma membrane poratioichwesults in necrosis [8—10]. Nanosecond putsectric
fields (nsPEF) with field strength of 10s of kV/@an induce apoptosis or necrosis [11-13] as atrekaiultiple
cellular effects including plasma membrane porafid)14—-16], increased intracellular calcium [12,20], loss
of mitochondrial activity [15,21,22], and cytoskigedisruption [15,23].

Over the last fifty yeari vitro PEF experiments have typically been performedeashnconolayers (two-
dimensional [2D] models) adhered to the bottomaifdlastic or glass cell culture plates or peishés. However,
such models are highly simplified and fail to regaet the real cellular anatomical, biochemical, bhioghysical
structure of tissues and organs [24,25]. In padicihe lack of the cell microenvironment cros;tauch as cell-
to-cell and cell-to-extra-cellular matrix interamrts may lead to inaccurate predictiornirofivo situations [25-28].

Therefore, to bridge the gap betwdanvitro andin vivo models, three-dimensional (3D) vitro models
were developed to mimic the complexityinfvivo structures. These 3D assemblies have the advaotdmgeng
more complex than cells monolayers or cells suspeag29]. Depending on the cell-culture techniga® well
as on the specific application, numerousiBitro models exist including organoids, cellular sphésoand
organs-on-chips [30,31]. Cellular spheroids arenfedt by exploiting the natural tendency of certagh types to
grow and aggregate in clusters and they providergmoved 3Din vitro model of human solid tumors [32].
Namely, a gradient of oxygen and nutrients is distadsd within the multicellular spheroid inducingliferation
gradient. In the outer layers, proliferative celle present while quiescent or dead cells can tedfavithin the
hypoxic region at the heart of the spheroid [32,38]addition, cell-to-cell interactions and theegence of
extracellular matrix represent a microenvironmehtol is different from the one obtained in 2D-cudtd cells
(monolayers) or in cell suspensions [28]. For ladlse reasons, the spheroid has been shown todsesyaiio use
ex vivo tumor model that can reproduce or at least prediehomena, which might occurvivo [34].

PEF studies using spheroids have mostly investigtite effects of the pulse conditions used in ECT,
typically, 8 square-wave, 100 ps duration pulsedieg at 1 Hz with an electric field strength oband 1 kV/cm
[35]. These parameters were shown to cause uptakeopidium iodide (PI), a marker of plasma memigran
permeabilization, in both peripheral and core dellslCT-116 spheroids up to 600 um diameter, wéhigheral
cells being more intensely marked with PI [36]. 'liembrane permeabilization was accompanied bjpsenae
of change in macroscopic structure over the fidlsh@urs and a 40% size decrease 5 days followmgxtposure.
Plasma membrane permeabilization was confirmedohe®ids formed from other cancer cell lines (HT29,
SW780, MDA6, MB231) as well as normal fibroblask$DF-n), which all demonstrated uptake of PI [37].
Similarly, the application of ten 5-ms pulses &tkV/cm to HCT-116 spheroids, also caused Pl uptiat@ighout
the spheroid [27].

Limited studies have investigated the effects &fEis on 3D cell cultures [38,39], with the aim takate
the occurrence of electrosensitization, i.e., therdased efficacy of nsPEF ablation when the étepulse
treatments were split in fractions [40]. Cellulghsroids of KLN205 squamous carcinoma cells expdseal
single train of 200 pulses (300 ns, 6 kV/cm at &) ksulted in 20 % cellular death whereas applyivmtrains
of 100 pulses (300 ns, 6 kV/cm at 50 Hz), with 8 $Qlelay between the first and second train, teduh 50%
cellular death [38]. This electrosensitization wasifirmedin vivo with KLN205 cells grown as subcutaneous
tumors in mice [39]. This suggests that 3D celtunds represent a valuable miniaturized tissue hmdeiding
more realistic information than 2D cell cultures.

In this study, we exposed, for the first time, glat spheroids from the HCT-116 human colorectedioama
cell line to 10 ns duration pulses, with an eledigld strength of 50 kV/cm, and varied pulse neménd polarity.
The rationale to use 10-ns electric pulses wagptoee the biological outcome of very short pulseas3D models
as current literature is lacking. In addition, weed at comparing the biological effects obtaingth\8D cells
with those on 2D cell cultures of previous studiésur group. From a technical point, our genesatre based
on an optoelectronic technology [41,42]. Two opdetionic photoconductive semiconductor switches are
optically triggered simultaneously by a pulsed ta$é ns duration pulses are particularly convetrfienour setup
and equipment. Indeed, the pulses duration shoaldebs than the switches charges recombination time
approximately assessed between 50 and 200 ns facomoponents. The technology also allows us toaepl
pulses with shorter durations in the sub-nanosecamge for further investigations on 3D spheroidesa-cellular
effects. We used live cell imaging to investigabe immediate or delayed effects on plasma membrane
permeabilization, spheroid size, growth and cedluiability.

2. Material and Methods
2.1 Cell culture and spheroid formation



Human colorectal carcinoma cells HCT-116 (ATCC® CZAYTM) stably expressing green fluorescent
protein (GFP) [43] were cultured in Dulbecco’s Miaell Eagle Medium DMEM + 4.5 g/L of glucose (Gibco-
Invitrogen, Carlsbad, USA), L-Glutamine (CSTGLU®robio, France) and pyruvate, supplemented wit 10
of fetal bovine serum (F7524, Sigma, USA), and I%emicillin/streptomycin (P0781, Sigma, USA). Gellere
kept in a humidified atmosphere at 37°C and 5% ©f &nd were mycoplasma negative (as tested every week
with MycoAlert Mycoplasma Detection kit, cat n°#L118, Lonza, SwitzerlandJhe non-adherent technique
was used to generate spheroids. Briefly, 500 eediee suspended in 200 pL of culture medium andexbéd
Costar® Corning® Ultra-low attachment 96 well pa{€isher Scientific, lllkirch, France). Spheroislere kept
in a humidified atmosphere at 37°C and 5% of,GCeIl aggregation occurred in the first 72 howltofving the
seeding, and allowed obtaining single spheroidsimilar sizes in each well [44]. Spheroids wereesqul to
nsPEF after 5 days of culture when their mean diameached 425+5 um and 587+7 um (see Fig. S2 of
supplementary material) for experiments presemtddg. 6 and Fig 7, respectively. The size of thieesoids was
obtained from micrographs. Precisely, the sphenoigi® imaged by a microscope (Incucyte® Live-Calaging
System). The well plates containing the spherodae (spheroid per well) were placed in the incubatmide
which the Incucyte® microscope allows the follow-affan individual spheroid, with the acquisitionaaflibrated
(x,y) micrographs being obtained every hour. Frobgse images, the spheroids diameter were measwidteir
area was calculated. Moreover, under all conditiongreated spheroids were used as internal centrol

2.2 nsPEF exposure system and dosimetry

To study the effects of nsPEF on spheroids plaseralmnane permeabilization, size, growth and viahikt
versatile high-voltage generator was used [45]IsGeére exposed up to 500, 10 ns unipolar or bippldses,
with or without delay of 100 ns between the twogpities at a frequency of 20 Hz. Sham exposureg \&kso
performed under the same experimental conditioad dsiring exposure of cells, but with the generatatched
off, i.e., no nsPEF were delivered. The generatup and its performances are fully describedtsi.[

In brief, the generator is based on the frozen-waueciple [46] as shortly explained hereafter. daxial
transmission line is used to store a bias voltage fa high-voltage DC power-supply (SR20kV-300WeHrax,
France). Two optoelectronic photoconductive sendoator switches (PCSSs) are optically triggered
simultaneously by a 3-ns Nd:YAG pulsed laser (L2R4Ekspla, Lithuania with pulse repetition rate2tf Hz
and energy up to 70 mJ per optical pulse) to atlusvdelivery of the electric pulses into the bidtad samples.
Exploiting the propagation of the electromagnetaves along the transmission line allows genergiiriges of
different durations. For a 10 ns duration puls2 natransmission line (RG2014 coaxial cable) igiited between
the two switches. Depending on the termination efeond switch output, either bipolar or unipolalsps can be
generated and applied to the spheroids. Specificathen a 5@ charge (Barth Electronics model 2051) is
connected directly to the output of the 2-port bilve wave is totally absorbed, generating unippldses (Fig.
1A). If a short circuit is provided, the wave isally reflected and its phase is inverted, resgltma bipolar pulse
(Fig. 1B). A delay between the positive and negapiglarities of the bipolar pulse can be introdusg@nlarging
the coaxial cable between the output of the 24paxtand the second switch termination. Here, tegge bipolar
(Fig. 1C) pulses with a 100 ns delay, a cable pfaxmately 10 m was used.

Two steel wire electrodes that are 4-mm long anth2wide separated by a gap of 1.4 mm were used to
deliver nsPEF to the spheroids (Fig. 2). This agunfation allows for real-time observations with th&roscope
objective as shown in Fig. 2A.

A tap-off box (Model 245-NMFFP-100, Barth Electrosi Inc, NV, USA), connected between the generator
and the electrodes, allows to measure in real-timegenerated pulses, visualized on the screenl@f @Hz
oscilloscope (DSO, TDS6124C, Tektronix, USA). Psldisplay on the oscilloscope show a good repdayadi
their shapes. Measured pulse profiles used inxperaments are shown in Fig. 1. In all cases, lferfirst pulse,
the maximum amplitude of the delivered voltage wapgroximately 7.5 kV. Peak-to-peak maximum ampétud
for the bipolar pulse was approximately 14 kV. bgvolar pulses with an interphase interval of 1G0 the
maximum amplitude of the second pulse was sliglatlyer compared to the first pulse. The techniquedus
generate these pulses implies a difference in amaglibetween the positive and negative polaritys@ulhe
amplitude decrease is mainly due to the PCSS ralsiésistor losses. The delayed negative polatitgepis
propagating two more times through the PCSS rebigisiéstor compared to the positive pulse. The #@og#
decrease is also due to the cable losses whicindepethe cable length (0.02 dB/m). Numerical satiahs were
performed by using the Finite Difference Time Dom&DTD) numerical method [45]. The wire electrodes
covered by a drop of pulsing medium (dielectricnpitivity of 74 and conductivity of 1.4 S/m) wereoateled as
illustrated on Fig. 2B. The electric field distriimn with a spheroid (dielectric permittivity of 4d conductivity
of 1.0 S/m) in the region between the electrodespsesented in Fig. 2C. Results show that theilbiigions are
rather homogeneous and the electric field streagjttihe level of the exposed spheroid was approxiynd0
kV/cm; this value is considered as a referenceeviduthe experiments. The electric fields betwierelectrodes
inside and outside a spheroid are shown in Fig.T2i2.electric field inside the spheroid is slightigher (around
60 kV/cm) due to the lowest conductivity consideirethis simplified homogeneous model.
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Fig. 1.Measured time-domain pulse profile for a 10-nseuluration: (A) unipolar, (B) bipolar and (C) bigowith a delay of 100 ns. Voltage
(VIKV) is presented as a function of time (t/ns).
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Fig. 2. Wire electrodes delivery device. A) Setup on therascope stage, B) FDTD numerical modelling angdhmirgy of the delivery system,
the inset represent a spheroid placed betweeridbeagles, C) Electric field (E/(kV/cm)) distribati with a spheroid model D) Electric field
(E/(kV/cm)) versus time (t/ns) between the eleatoihside (red curve) and outside (blue curveherspd.

Temperature elevation of the medium during the syp®to nsPEF was measured with a fiber optic probe
(Luxtron One, Lumasense Technologies, CA, USA) gdiabetween the electrodes. In addition, microscopic
temperature elevation was also retrieved from lineréscence variation of Rhodamine-B (SigmaAldrishint-
Quentin Fallavier, France) using the protocol dethin [47]. Data are in good agreement and theyshown in
Fig. S1 of supplementary material.

A maximum AT of 7.4°C £ 0.3 °C was recorded when 500 pulseseveielivered under the unipolar
condition, which increased as expected with thdiegion of bipolar pulses, either with and withaglay, to
10.18 °C * 1.26 °C. Temperature increase was irdlocdy during the application of the electric psider a
duration comprised between 0.5 s (10 pulses, ~0.ATF) and 25 s (500 pulses). For viability and growth
investigations, spheroids were collected from tleeteodes delivery system immediately after expesAs the
experiments were performed at room temperature’@2 a 10 °C temperature increase would not lead to
temperature above critical physiological value. &ltlveless, electroporation can generate stressbsasuhermal
stress. This was demonstratadivo on a mouse model, in which the heat shock pr¢t¢8P70) expression was
monitored by the expression of a reporter gendf@itase). Using electroporation parameters for gesesfer
delivery (namely, long lasting pulses of severdlisaiconds), the thermal increment although modegatthe
whole tissue level could be stronger inside this@s shown by numerical 3D modeling [48]. Numénisadeling
could provide additional information about thisrimal increment but further experiments are needesbhfirm
this hypothesis as well as to characterize thedeslth.

2.3 Live spheroid imaging

2.3.1. Cell permeabilization

A round 22 mm glass slide that was sandwichedartastic coverslip holder was placed on the miwpe
stage. The electrodes were lowered, using a miangrakator, until they made contact with the glasspheroid
was then placed between the electrodes in 500 prbarf temperature HEPES-buffered salt solution (HBS
(NaCl 121 mM, KCI 5.4 mM, MgGl0.8 mM, NaHCQ 6 mM, D-glucose 5.5 mM, HEPES 25 mM and"Ua8
mM, pH 7.3) containing 100 uM PI (Sigma-Aldrich #FD).

Cells were observed by epifluorescence using aal &6116000 microscope with a 10x objective.
Fluorescence excitation was provided by a Spectight engine (Lumencor). Emitted light was filtdrand
captured on an electron-multiplying charge-coupgledice camera (EMCCD Evolve 512, Roper) with 51212
pixels. X-Light spinning disk (CrestOptics, Romtaly) was used for confocal imaging of spheroidssishanced



fluorescence microscopy. The system was contrdliedand images were captured with, Metafluor (\ars1.8
Molecular Devices). Pl (excitation maximum: 493 nemission maximum: 636 nm) and GFP (excitation
maximum: 488 nm; emission maximum: 510 nm) had>gosure time of 50 ms. Images were acquired every
second for an imaging period of 240 seconds. A sihveroid was used for each experiment (n=3 to érsjuds).

2.3.2. Cell viability assessment

To evaluate cellular viability after exposure, eapheroid was individually placed in a well of tBestar®
Corning® Ultra-low attachment 96 well plate (Fislgmientific, Illkirch, France) containing cultureagium. The
plate was placed in the IncuCyte Live Cell Anah&jstem Microscope (Sartorius, UK) at x4 magnifaaiFig.
6) and x10 magnification (Fig. 7). Spheroid growths followed over a period of 6 days after treatmesing
bright field and GFP channels [49]. Pl was usedsgess cell viability in real-time and uptake ithie spheroids
was followed over a period of 48 hours following #xposure. Directly after the nsPEF exposureyiithedium
containing 1 uM of PIl was added into the wells. Téxkfluorescence due to Pl penetration was foltbwith the
IncuCyte Live Cell Analysis System Microscope wéhx10 objective. Size image was 1392*1040 pixel241
pm/pixel) and acquisition time was set to 400 ns 00 ms for green and red channel, respectivatgl&plane
images using a wide field microscope were acquiféd.focal plane was centered at the equatoriaipo®f the
spheroid. The depth of the field, which varies witlmerical aperture and objective magnificatiori3s5 pum.
Due to the size of the spheroid i.e. 425 um in @i@m fluorescence signals coming from above atahbare
negligible.

2.4 Image processing

2.4.1.Cell permeabilization and changes in spheroid size

For permeabilization experiments image stacks fliwm cell imaging experiments were analyzed using
Image Analyst MKII (Image Analyst $wvare, Novato, CA). Images were first backgrountsacted and a region
of interest (ROI) that followed the contour of #heroid was then drawn and relative fluorescememsity data
from the ROI was generated by Image Analyst MKIynkographs and line scans were created using ImageJ
software [50] from a line ROI that passed from tofottom of the spheroid. Change in spheroid sias also
determined using ImageJ. The GFP images were thiceshto select the spheroid and the area was mezhsu

2.4.2 Cell viability

Micrographs of the green and red channels wereyagalwith IncuCyte software ZOMM (Essenbio). The
spheroid growth curves were evaluated from the afeghe spheroid determined from green-fluorescent
micrographs, plotted as a function of time everyhfar 6 days (n=12 spheroids). The viability watedmined
by the Pl mean fluorescence intensity from red+fsoent micrographs and was plotted as a functidme
every 6 h during 48h (n=9 spheroids). Data weredrp to Microsoft excel software for the deterntiiora of the
relative percentage and plotted using PRISM 5 swoftw

2.5. Statistical analysis

Statistical analyses were performed using Origih8@0riginLab Corporation, Northampton, MA, USA)
software. Datasets were first tested for normalfridistion using Kolmogrov-Smirnov test. Either timen-
parametric Mann-Whitney Rank or a two-way ANOVA warsed. P values 305, <0.01, or <0.0001 were
considered statistically significant. Results amrespnted as me&SEM (Standard Error of the Mean).

3. Results and discussion

3.1 Plasma membrane permeabilization

Plasma membrane permeabilization was chosen asargrindicator to evaluate the effect of nsSPEF on
spheroids. Permeabilization was assessed by faitptyie uptake of Pl, a dye that is excluded froifs agith
intact membranes. Uptake was visualized by confldalcell imaging, with the optical slice goingrétugh the
center of the spheroid. Uptake of Pl occurred imiatetly after the start of nsPEF application inetposure
conditions and was still observed to occur in theutes following pulse application (Fig. 3).

Maximal uptake of PI following unipolar exposurergdated to the number of pulses with more pulses
resulting in higher uptake, the mean maximal chandg&iorescence for 250 and 500 pulses being 23
times more, respectively, than that of 100 pul&taiptake following bipolar exposure was similaihked to
pulse number with mean maximal change in fluoreseéor 250 and 500 bipolar pulses being 1.28 aPd @mes
more, respectively, than that of 100 bipolar pulsésvever, unipolar pulses lead to a higher maxinpaake of
PI than bipolar pulses with uptake being arounddtimes higher when comparing the same numbeuleép
(mean unipolar maximal values were 2.7, 3.3 andtitn@s higher than bipolar for 100, 250 and 500sesl
respectively). To obtain a comparable Pl uptak&Gff unipolar pulses, 500 bipolar pulses have tagjpmied.



Note that no significant effects were elicited whiea number of pulses was lower than 100.

The addition of a 100 ns delay between the phddas bipolar pulse, for 500 pulses, resulted irahanced
uptake of Pl when compared to both 500 unipolartapdlar pulses (maximal change in Pl fluorescenc&U
was 543.95+54.86, 192.62+2.79 and 669.93+94.11entisely for unipolar, bipolar, and bipolar with AGs
delay).

This difference between the amount of permeabitimainduced by unipolar pulses and bipolar pulkes,
been referred to as bipolar cancellation [51]. Tifienomenon was consistently observed in numerubnes
and for several durations of the pulse, mostlyhm $ub-microsecond range (from 2 to 900 ns) [52-\B4ien a
delay is introduced between the two phases ofifi@dr pulse cancellation can still persist, bis ilependent on
the duration of the delay and also the duratiothefpulse [52,55,56,45]. For pulse duration lorthan 10 ns,
cancellation may occur for interphase intervaldoag as 50 us [56]. However, when a single 10 nsRE&
applied on adherent U87-MG human glioblastoma catl¢15 kV/cm, cancellation was only observedieiays
< 30 ns [45]. Interphase intervads40 ns resulted in cumulative effects, in termspthke of YO-PRO™-1 (YP),
with the uptake observed with interphase intere&l$00 ns and 150 ns corresponding to that of tqudvalent
pulses of the same polarity [45]. This is consistéth the results of this study, where we show tba500 pulses,
the addition of a 100 ns delay between the phakbgolar pulses resulted in an enhanced uptakel afhen
compared to both 500 unipolar (~20% increase ioréscence) and no delay bipolar pulses (~70% irerea
fluorescence).

Why pulses of 10 ns duration maintain bipolar célatien for only very short interphase durationsiicbbe
due to an occlusion mechanism [57]. For sufficieatiort intervals, the pores created by the froitggare rapidly
occluded by external molecules assisted by the palde, resulting in a minor uptake of Pl. Howe¥er,longer
interphase intervals, the occlusion phenomenonelayed allowing for more entry of Pl which resuits
cumulative effects similar to the application obtwositive polarity pulses [45].
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Fig. 3. FluorescenceAf/-) against time (t/s) plot for uptake of Pl folling the application of unipolar (100, 250, 500)ses, bipolar (100,
250, 500) pulses, or 500 bipolar pulses with an®hterphase delay. In all experiments 10 ns pulsge applied at 20 Hz with a 50 kV/cm
electric field. Lines show average Pl change ollemxgeriments and the error bars show S.E. (n+&liche conditions except for 250 and
500 unipolar pulses where n=4).

The polarity of the pulse also had an effect onsibetial distribution of PI uptake (Fig. 4). Datgedime is
available in the kymograph which shows intensitfladrescence over time (left to right) and dis&atong ROI
(top to bottom) for a line ROI that passes top attdim along the center of the spheroid. The lirnscshow Pl
fluorescence in arbitrary units along the same R@ at 30 seconds post-pulse and the end of tBes@dond
imaging period. Pl at earlier times can be coreglatith cell permeabilization whereas Pl at 24 potse could
be correlated with more permanent membrane albastin all cases, the application of 500 pulsaedddo an
increase in Pl fluorescence throughout the wholeegd. For unipolar exposure, there is an enhapogdsion
of Pl in the external layer of cells proximal teethlectrode at the top of the image. In the cadspaflar pulses,
the fluorescence increase is fairly homogenoussadite spheroid and the addition of the 100 nsghtese delay
leads to more intense fluorescence in the extegiklin proximity to both electrodes. Asymmetrare formation
and preferential anodal entry of YP or Pl due t@alar nsPEF were reported by several studies &%H5].
Anodal uptake of Pl was observed in U-937 cell$ofeing the application of 10, 6 ns pulses, at 280ckn.



Similar anodal YP uptake was reported in Jurkds @posed to 100 unipolar, 4 ns, 80 kV/cm pulsegepetition
rate of 1 kHz [60]. The anodal preference of dyéake can be explained by differences in transmengbra
potentials over the two poles of the cell [59] thety result in asymmetric distribution of the cezhélectropores
and inhomogeneous perturbation of the membranepplotipid bilayers [58,60,62]. The homogenous uptake
following bipolar exposure is in agreement with\poeis literature [52,60], including data obtainesing ps pulse
duration where similar fluorescence patterns wese abserved [63]. The addition of the 100 ns phese delay
leads to more intense fluorescence in the extarelld in proximity to both electrodes. We assumat tihe
application of the back pulse determines a rapidrision of the electrical phenomena occurring atelrel of the
membrane. This may result in a more homogeneouaraegt of the dye throughout the spheroid, whiamdse
pronounced when a delay is applied.

0 seconds 240 seconds kymograph Line scans t=30s and t=240s

Fig. 4. Representative images of spatial distribution lofiftake following the application of 500 unipolaipolar, or bipolar with 100 ns
interphase delay, pulse application started aet0r&ls. The kymographs show intensity of fluorese@ver time (left to right) and distance
along ROI (top to bottom) for a line ROI that passep to bottom along the center of the spherdi llhe scans show Pl fluorescence in
arbitrary units along the same line ROI at 30 sdsgblue) post-pulse and the end of the 240 secgadyimaging period. Scale bar = 50
pm.

3.2 Spheroid size

A small but rapid increase in spheroid size wase algserved under all pulse conditions (Fig. 5A)hwit
unipolar exposure resulting in a significantly largncrease than an equivalent number of bipoldsesu
Compared to spheroid size before pulse, the avgrageentage increase in size for unipolar vs bip@Math
average % difference) was: 3.7 + 0.4 vs 1.4 + 6234), 4.45 + 0.5 vs 2.5 £ 0.1 (43%), and 3.4 +\&2.5+ 0.4
(26%), for 100, 250, and 500 pulses, respectivélye average percentage increase (62%, 43%, 26%) was
dependent on the pulses number, decreasing asldesmumber increased. The addition of the 100tagphase
delay to the 500 bipolar pulse condition resultedn average percentage size increase (3.3 z@n3®)arable to
that of 500 unipolar pulses (3.4 + 0.8). The dyranaif the size increase also varied between unipald bipolar
exposure (Fig. 5B and C) with onset of the increasmirring with the start of the pulse train foipoiar pulses
and the end of the pulse train for bipolar pulses.

Such cell diameter increase was already reportadglalectropulsation process following ps pulseation
application and could be explained by osmotic dngllIMammalian cells are able to maintain contnaratheir
intrinsic volume and osmotic shock causes watactmmulate in cells by osmosis. This leads firgrtoncrease
in the cell size, following which the volume decea after the extrusion of osmolytes, through gtaof
transport systems [64]. Human erythrocytes pulsedni isotonic solution kept swelling because oftiocorous
penetration of solutes toward equilibrium [65,68}velling was also reported for CHO cells [67] ahid effect
could be explained by alteration of the cell cydskon, due to ATP and GTP leakage during electsagion
[68]. Studies, performed on cells submitted to risPAtso reported swelling phenomena. SignificafferBnces
in volume regulation behavior after unipolar anddbar nsPEF have indeed been recently publishefd T5®
authors showed that unipolar pulses induced cedllswg while bipolar pulses caused shrinking of faum
lymphoma cells in suspension. This was interpragedifferences in membrane potential recovery tiaguirom
the different sizes of the permeabilized structuheterestingly, not all cells have the same respsrto nsPEF.



Chromaffin cells do not swell when exposed to PE§ [69]. The lack of swelling and the absence oifphology
changes contrasts with cell swelling and blebbibgeoved for other types of cells such as Jurkgniphoblasts
[70].

In our present study, with HCT-116 cells grown iB[2 model and submitted to nsPEF, we also observed
spheroid size amplification following electropuisat but to a significantly lower extent. Cell slimj creates a
hydrodynamic influx of water, which could explahetincrease in membrane permeabilization due inaease
in the size of the pores. In addition to cell singl] transient breakdown of intercellular conneasibetween cells
in the 3D spheroid model may occur, and can alsribaite to the observed change in the size offtesroid.
The exact mechanism of action and the biologicakequences of exposing cells to unipolar or bipot&EF
have still to be determined. The understandindgnefgrocesses and causes of action related to ke ldetween
pulses, their number and their polarity, is mandafior determining how differences in cells andtiss responses
could be further exploited both in basic researuh @inical applications.
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Fig. 5. A. Size change (%), over time (t/s), of spheraidmpared to initial size following application ofipolar (100, 250, 500) pulses,

bipolar (100, 250 and 500) pulses or 500 bipoldsgsiwith a 100 ns interphase delay. By focusintherfirst 50 seconds of A) the onset of
size increase is shown in B) for unipolar (100,,28W0) pulses, and in C) for bipolar (100, 250 &A6) pulses. The arrows under the plots
denote the duration of the pulse train (from topattom in both cases: 100, 250, 500 pulses). oralf the conditions except for 250 and

500 unipolar pulses where n=4. All data were gtesiy significant except for those indicated witls., non-significant (Mann-Whitney test,
p <0.05).



3.3 Spheroid viability and growth

Live fluorescent microscopy was used to assesktiger-term impact of nsPEF exposure by obserjing i
the death of the cells in the spheroids 48 houes #feir exposure and ii) and their ability to\grover a 6 day
period. Spheroids were submitted to 1 to 500 uaippllses and following exposure 1 uM Pl was addetie
culture medium. At this point any pulse induced rbeane resealing was considered to have occurred and
therefore cells that were PI positive were congideron-viable. All cells in the spheroids were \éatollowing
exposure to 1, 5, or 10 pulses with no cells shghuptake.

100 pulses induced uptake of Pl into the sphergidispheral cells (Fig. 6A), observed at 24 h, gffect
was more pronounced following exposure to 250 puls®llowing 250 pulses, cells within the centerttod
spheroid were non-viable and after 500 pulsespRike was observed throughout the entire sphdroitie case
of both 250 and 500 pulses breakup of the sphevaisl observed, most likely due to a loss of cohesiathe
structure. The mean fluorescence intensity measmtsyshowed that Pl uptake, for all conditions,uod
during the first 24 h following exposure and théatgaued (Fig. 6B).

The spheroid growth curves (GFP fluorescence dremble cells) showed that spheroids treated Wijt8,
10, and 50 pulses grew at a similar rate as shgsexi control spheroids. Spheroids treated with @B88es
exhibited a slower growth rate than control andespids exposed to 500 pulses did not grow duriegtidays
follow up (Fig. 6C). Spheroids exposed to 100 milsehibited a lower, but not significantly diffetegrowth
curve indicating that the cell death observed Witlduring the first 24 h was not deleterious far ipheroids.

In results presented in Fig. 6A, no necrotic coitaiw spheroids was observed compared with obsenst
of [71], where a necrotic core on smaller spheraids observed but only after 8 days of culture eNbat in our
experiments, spheroids were exposed to nsPEFftays of culture.
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Fig. 6. Spheroid growth inhibition and cell viability depkon the number of pulses. HCT 116-GFP spheroaie weated by the application
of unipolar (1, 5, 10, 50, 100, 250, 500) pulsetitg 10 ns at 20 Hz with a 50 kV/cm electric ficklibsequently, the spheroids were incubated
in culture medium containing 1 uM PI during wideldi fluorescence video microscopy over a perio@ ddys. (A) Representative images of
spheroids with Propidium iodide (PI) representerethand GFP represented in green at 24 h. S&0ead. (B) cell viability reflected by Pl
uptake mean fluorescence intensities (MFI/pum2tetbas a function of time per hour (t/h). N=2 expents, n=9 spheroids per condition. C)
Growth curves plotted from GFP fluorescence are@gfum?), mean * standard error mean as a funofidime per hour (t/h). N=2
experiments, n=12 spheroids per condition. Two-ABYDVA ****p < 0.0001; **p<0.01.

Long-term effect on viability and spheroid growtlasvthen evaluated using larger spheroids of 587 um,
rather than the 425 um used in our other experisn@it). 7). We found again that increasing of thenher of
unipolar pulses from 100 to 500, led to an increafsEl uptake (Fig. 7A and 7B). However, with théamer
spheroids a yellow fluorescence in the center diespids was observed revealing a necrotic core. [Thé
presence of the necrotic core and the spheroidialiciameter may explain the differences in cebrtality
compared to results shown in Fig. 6.



We then used these larger spheroids to investibateffect of bipolar pulses with or without aneirghase
delay on cell viability and spheroid growth. Foliogy the application 100, 200 or 500 bipolar pulses,PI
labelling was observed indicating that no cell Heatcurred at the surface of the spheroid as fotrabspheroids
(Fig. 7A). Quantification of the mean PI fluorescernintensities for all conditions, at various tipwnts over 36
h showed no statistical difference in cell viaikthen compared to the control (Fig. 7B). Followelgbipolar
exposure conditions spheroid growth was also fountde comparable to control (Fig. 7C). Given theten
compared to control, the corresponding unipolasgsiresulted in decreased cell viability and dee@apheroid
growth, the bipolar cancellation that was obselindeig. 3 and 4 seems also to have a cancellaffenten these
longer-term parameters. The introduction of a del&yl00 ns between the two bipolar phases restifteasl
complete restauration of the unipolar effect (Fid\), with no difference found in the quantificatiaf PI
fluorescence or spheroid growth when comparedeatnresponding unipolar pulse (Fig. 7B and 7C).
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Fig. 7. Effect of bipolar pulses on cell viability and gritwof spheroids. HCT 116-GFP spheroids were trebyethe application of 10 ns
pulses with (100, 250, 500) unipolar (uni), bipoflip) or bipolar pulses with 100-ns delay at 20With a 50 kV/cm electric field. Then,
spheroids were incubated in culture medium contgidipM PI during wide field fluorescence video ragcopy over a period of 6 days. (A)
Representative images of spheroids with Propidioaiide (PI) in represented in red and GFP in reptesein green at 24h. Scale: 300 pm.
(B) cell viability reflected by Pl uptake mean frescence intensities (MFI/um2) plotted as a fumctibtime per hour (t/h). N=2 experiments,
n=12 spheroids per condition. (C) Growth curvesasted from GFP fluorescence area: Relative araageh(RA%, mean * standard error
mean) plotted as a function of time per hour (thiF2 experiments, n=12 spheroids per condition. Tway ANOVA ****p < 0.0001;
**p<0.01.

4. Conclusion

In this study, we evaluated the potential effectduced by unipolar and bipolar 10-nsPEF on cellular
spheroids derived from the HCT-116 human colorectatinoma cell line. Different biological effectgere
studied including i) membrane permeabilizationyaJiation of the spheroid size, iii) cellular vibty 48 h post-
exposure, and iv) spheroids growth over a 6-ddgvieLip.

A high-voltage generator was used to provide 5@kViinipolar or bipolar pulses. In addition, bipqlaises
with an interphase interval of 100 ns were alsoegated by modifying the delay of propagation of the
electromagnetic waves.



Membrane permeabilization of the exposed spheraislanalyzed through the uptake of PI, which cap onl
enter into cells with permeabilized membranes. #seeted, by increasing the number of unipolar pufsem
100 to 500, PI uptake increased by a factor of Moreover, we studied the occurrence of bipolaicediation in
3D cellular models. We demonstrated that the apfitin of bipolar pulses with no delay between tbiapties
induced cancellation. Pl uptake under bipolar migas about three times lower compared to the eptaluced
by unipolar pulses, independently of the humbepuites applied. However, the addition of a 100-akyd
between the two-pulse polarities completely tapérsancellation, resulting in additive effects in increase
of Pl uptake of about 30% in comparison to unipgplases.

The analysis of the spatial distribution of Pl lg@ahows an asymmetric poration of the membraneawhe
500 unipolar pulses are delivered, which disappe&en bipolar pulses are applied, possibly dubécstvitch of
the electrical phenomena carried by the back patlsiee level of the cellular membrane.

The application of 100 to 500, 10-ns pulses induetight increase in the size of the exposed spder
Unipolar pulses caused a larger maximal size irserélaan bipolar exposure, and the size increasendapy on
the number of pulses.

Cellular viability of the spheroids was analyzedio®a period of 48 h post-exposure. Obtained resu#s
consistent with the observations of membrane pdoitizgtion immediately after the pulse. Followinget
application of 100 pulses, permeabilization wasi@iized in the peripheral zone of the spheroidianteased as
a function of the pulse number. The spheroids dromas also affected by the number of pulses. Tiécgtion
of an increased number of pulses led to a deci&fabee growth of the spheroids. A complete inhdaitiof the
spheroid growth could be achieved after applicatibB00 pulses, as evidenced 24 h post-exposurelagly, to
membrane permeabilization, the application of Epglulses did not affect spheroids growth, sugggdthat
cancellation may also occur in realistic tumor mesdehe cancellation phenomenon was reversed byns@izlay
between the bipolar pulses.

Our results contribute to the knowledge of the @ffef short nsPEF on more realistic 3D celluladeis.
We have proved that cellular spheroids can beyeasi efficiently used to investigate the potergif¢cts of 10
nsPEF either monopolar or bipolar. The use of splsrover classical 2In vitro cultures appears extremely
advantageous in the electroporation field becauaiows obtaining important information such asnmbeane
permeabilization or cellular viability, which arkser to then vivo response, possibly avoiding or at least limiting
in vivo experimentation. In our study, we have, for thstfiime, moved from 2D to 3ih vitro cultures in the ns
duration electroporation field. We have demonsttateat some of the bioeffects observed in 2D modeds
confirmed in 3D cell cultures under specific expesconditions, including membrane permeabilizatailular
swelling, or loss of cellular viability. In additig bipolar cancellation was also observed, both r@luction of Pl
uptake or inhibition of cellular growth, suggestititat this phenomenon may also occur in tissuegth&u
investigations would allow gaining new insightsoithe mechanism behind nsPEF as well as bipolaredlation,
which still remains unraveled.
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