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ABSTRACT

In this study the evolution in the efficiency okefrochemotherapy (reversible electroporation) with
pulse number was assessed in vitro. Experimente werformed using 100 ps pulses at different
electric field intensities and the chemotherapeagient bleomycin. Additionally, electrical impedanc
spectroscopy measurements were used as a diffaretitod to study in real time the changes
produced on cells with pulse number during traiheansecutive pulses. Our results show that the
relation between pulse number and the observedomgtcis complex and difficult to fully
characterize. This relation can display a highhedir behaviour up to a certain number of pulses
and/or field intensity applied. However, the redatibetween the number of pulses and the observed
outcome always evolves to a saturation or at laastduction in the electric field effects that is
displayed when either electric field intensity alge number are increased. An exponential model was
found to best describe this relation within thegamf experimental conditions considered. Eledtrica
impedance measurements confirmed the results amd gamore precise quantification of this
dependence. The study highlights the importanceghkse number has in the electrochemotherapy

protocols and establishes some limits in the ugbisfparameter.



1 Introduction

The application of high intensity pulsed electiglds to biological samples is widely used to pi@o
the transient permeabilization of the cells memeérana phenomenon termed electroporation, also
known as electropermeabilization. This is routinaed as a technique to incorporate membrane-
impermeant molecules into the cells. A deep undedibhg of the technique and of the main
applications of the phenomenon can be found inlfiLparticular, one of the most relevant medical
applications of this technique, called Electroch#rampy (ECT), consists in the combination of the
electric field with a chemotherapeutic agent, ugualeomycin, or cisplatin, for the local treatmexit
cancer [2-6]. The classical electrical protocolduge the clinics consists in the application of 8

monopolar 100 ps pulses.

Bleomycin is a non-permeant molecule that cannosxthe membrane by diffusion because of its
hydrophilicity and molecular weight. In the absermfeelectric pulses, the bleomycin molecules
showing cytotoxic effectiveness bind to a recegi@rand it has been shown in vitro that they
penetrate the cells by a receptor-mediated endsisyfB]. In vivo, in the absence of electric pulses
delivery, the same mechanism should apply, buadt ¢nly been demonstrated for the nucleic acids,
another type of non-permeant molecules [9]. Whentsdporation pulses are applied, the cytotoxicity
of bleomycin can be increased by more than 1004foldivo. The transient permeabilization of cell
membrane allows the bleomycin to enter the celld &m exert its cytotoxic effect, which is
significantly higher in the tumour cells becauseloav concentrations, bleomycin induces a mitotic
cell death [10]. Therefore, a very interesting #j@ty is achieved, causing tumour cell death &hil
preserving the surrounding normal cells that dodieide like tumour cells. Unlike other antitumor
treatments based on physical phenomena, ECT isdlleetreatment able to exert a specific effect at

the cellular level, as it only kills the dividinth(is the tumoral) cells in the treated volume.

Usually, the rule applied by medical doctors ta@ase the efficiency of an electroporation treatmen

is to increase either the amplitude, duration errtimber of electric pulses applied to the taiigstie.



In order to minimize certain undesired effects @del heating or just limited by the maximum power
that the pulse generator can deliver, a regulastissis not to increase the amplitude or duratbn
the individual electric pulses, but to increase tnber of the pulses applied. Especially, in the
treatment of deep seated tumours, where the tigmrebave high conductivities, there are important
restrictions in the desired nominal parametersirigularge amperages that the pulse generators may
not be able to deliver. For security reasons, tloeease in the power of the pulse generators, while

technically possible, is not sought over certamits [11].

Many previous studies have investigated the rolhefifferent pulse parameters on the efficiericy o
electroporation [1,12-18], mainly, the impact of ihtensity of the applied electric field, its duoa

and possible equivalent combinations between ttvesgarameters. In general, it is widely accepted
that a decrease in the pulse amplitude can be awafed by an increase in the duration of the aghplie
pulse down to a certain threshold at which thensity of the electric field is not enough to produc
electroporation. The same general idea applies veheeduction in the amplitude of the pulses is
compensated by an increase in the number of palselged. However, this second relation has been
poorly studied in the case of the 100 us pulsesZ1Pand there is still some controversy about the

limits that an increase in the number of pulsediagmas on the treatment efficiency.

There is a general agreement in the fact thatnbieease in the effect produced by repetitive pulses
not linear and there exists a saturation phenomewd®re an increase in pulse number is not
translated in a more intense effect. This was oeskfor example for CHO (Chinese Hamster Ovary)
cells in vitro for the uptake [22] or the relea&8][of different molecules. However, in both caard
under similar experimental conditions, the limitsr fthe observation of this saturation were
considerably different and thus dependent on thectlen technique used. Theoretical modelling has
also shown this saturation effect using trains @fcadnventional 100 ps pulses at 1 Hz repetition
frequency [24]. In this study, an exponential daseein pore number formation despite the applioatio
of additional pulses was shown. However, the remsamd the mechanisms behind this loss of
efficiency are not clear. Usually, it is believdwt inducing a transmembrane potential in an ajread

permeabilized membrane would be more difficult andld thus explain the observed gradual loss of



the electric field effect. However, this hypothdsés been only studied in a recent article usiriyrz0
pulses where the results regarding the membrar@arggation dynamics after the pulses were not
conclusive due to limitations in the fluorescenedysed [25]. Another study on pulse trains termed
this saturation phenomenon “electro-desensitizgtiand related a decrease in pulse repetition rate
with a greater membrane permeabilization over eewahge of pulse conditions [26]. A non-linear
scaling law with pulse number was also proposedc&rosecond pulses [27]. In this case a square
root relation was established. Finally, and costtarthe rest of studies, one single study showed a
linear dependence between permeabilization ana pulmber, at least up to 100 pulses, using 60 ns

pulses and the classical propidium iodide and YdPdyes [28].

In the present study the dependence of electroctiemapy efficiency in vitro on pulse number is
studied for different electric field intensitiesing bleomycin. The limits of the detection techrequ
and how they could impact in the observed saturapbenomenon are explored for different
bleomycin concentrations. Additionally, electridamipedance spectroscopy measurements are used in
a different scenario to measure in real time tie@nges produced on cells with pulse number during

trains of pulses for different field intensities.



2 Materialsand M ethods
2.1 Cdll culture

Chinese hamster lung cell line DC-3F [29] was gromvnomplete cell culture medium which consists
of MEM - Minimum Essential Medium (Life TechnologieCergy-Pontoise, France) with addition of
10% fetal bovine serum (Life Technologies) and $eimented by antibiotics (100 U/ml penicillin,
and 100 pg/ml streptomycin (Life Technologies). Toells were maintained in a humidified

atmosphere at 37°C and 5% CO2 and routinely passay two days.

After trypsinization of exponentially growing celisd inactivation of trypsin (Life Technologies) by
the serum factors of the complete medium, cellewentrifuged for 10 min at 150 g and resuspended
at a density of 4,2 x f@ells/ml in S-MEM, which is a Minimum Essential Mlam modified for the

culture of cells in suspension (Life Technologies).
2.2 Electric field exposure

Cells suspended in S-MEM were exposed in conveatiefectroporation 1 mm cuvettes from Cell
Project (Harrietsham, United Kingdom). It must lmiced that precise measurements of the distance
between the electrodes were performed in tripl&cateng an electronic calliper. These measurements
indicated that the real distance was slightly higipeecisely 1.18+0.02 mm for the 1 mm cuvettes.
This measured distance was considered as thentealelectrode distance to be used to evaluate the
electric field inside the cuvette. The voltagesdb®applied were chosen in order to deliver electric
pulses with a voltage to distance ratio (V/d) raggirom 760 V/cm to 1100 V/cm. This range was
chosen based on our previous experience and conmésgo the limits of reversible electroporation

when 8 pulses are applied under these particuf@@rarental conditions.

Pulses of 100 ps duration were delivered at aitepefrequency of 1Hz by an electroporation power
supply (Cliniporatol", IGEA, Carpi, ltaly) able to generate high-voltagpiare-wave pulses. Because
this device cannot deliver more than 20 pulses i, two or more series of 20 pulses were
consecutively applied when the treatment needeck i@n 20 pulses. In these cases, an interval of
20-30 seconds between each series was necessargdn to re-program the following series of
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pulses. Moreover, this interval also ensured tlmatamperature increase occurred in the cuvette. It
was also taken advantage of this period of timgetatly shake the cuvettes for homogenization and to

minimize bubbles formation at the metallic partlu cuvettes,
2.3 Assessment of eectrochemotherapy efficiency

Electrochemotherapy efficiency was studied usingofvycin, a cell membrane impermeant
chemotherapeutic agent that selectively kills otilg permeabilized cells. This method indirectly
measures cell survival as a reflect of the electrajion-mediated uptake of bleomycin inside cells.
The cuvettes containing the cells and the desim@antration of bleomycin (final concentrations
ranging from 1 nM to 30 nM) were subjected to theegic pulses. Tests were also performed without
bleomycin in order to verify other collateral effecof the micropulses only (irreversible

electroporation, thermal effects, etc.).

After the delivery of the electric pulses, cellsrevdkept for 10 min at room temperature. They were
then diluted in complete medium. After dilutionlsevere seeded in triplicate in complete culture
medium (250 cells per cell culture dish, 35 mm ianteter) to measure their viability through a
guantitative cloning efficacy test. After 5 daysimained in a humidified atmosphere, colonies were
fixed, stained (with a solution of 5% formaldehyamtaining crystal violet) and the number of clones
N for each condition was counted. Viability was matized to the number of clones in the control
(Ncontrol) and reported as a percentage of surviddNcontrol x 100. In experiments without
bleomycin, the control condition refers to cellsomitted to no treatment. In experiments with
bleomycin, the control condition refers to cells,dontact with the bleomycin, that did not receive
electric pulses. The cells in the controls weredheth exactly the same way than the exposed cells
including incubation times in cuvettes and diluoAll the experiments were repeated at least three

independent times in at least two different days.
2.4 Electrical impedance measurement system

The electrical impedance spectra of cell suspessidaring the application of trains of 20

electroporation pulses were acquired in real timedifferent electric field intensities. These



measurements were done as a parallel study ammbthparison between ECT and impedance results
should be done carefully. Specifically, in orderitorease the sensitivity to the impedance changes
produced by the electroporation pulses, the sathéree(DC-3F) was prepared in suspension but at a
higher density (100- £acells/ml) and the buffer used was a low condustiglectroporation buffer.
The buffer consisted off of 250mM sucrose, 10mM épnd 1mM MgCI2 (pH 7, osmolarity 287

mOsm/L, conductivity 0,1 S/m).

This method enabled us to have direct access ttethporal evolution of the effects of the electric
field on cells pulse after pulse. Similar to theyous experiments, 100 us pulses at a repetition
frequency of 1Hz were delivered by a Clinipordfoand the cells were pulsed and measured in
conventional 1 mm electroporation cuvettes. Thesukiag system was synchronized with the pulse
generator in order to measure the impedance spedfthe cells suspensions immediately after each
individual electroporation pulse of a train of pgs The custom made measuring system was based on
a PXI platform (National Instruments, Austin, TXpmprising an arbitrary waveform generator (NI-
PXl 5422), a two channels digitizer (NI-PXle 512apd a high density multi-configuration
multiplexer matrix (NI-PXle 2529). Additionally, austom-made analog front-end was used to
interface the measuring signals with the electrddesasuring signal current level < 1 mA). More
details about a very similar setup can be foungB@j. In this setup, the impedance measurements
were performed using a two-electrode arrangemerthi$ configuration the two metallic plates of the

cuvettes were used as the measuring electrodesdsattirrent injection and voltage measurement.

A fast time-domain measuring technique based ontisimg excitations was used to acquire
impedance spectral information in the gap betwemrsecutive pulses at a temporal resolution of 1
spectrum/ms. The multisine excitation burst comdi26 frequencies distributed from 1 kHz to 1
MHz. A custom software was developed in LabVIEW tiblaal Instruments) to control the whole

system. The measurements sequence consistedomtiaupus acquisition of 100 spectra (100 ms)
after a fixed delay of 500 ms after each pulseiagiibn until completing the 20 pulses protocolcka

100 spectra segment was averaged to produce & smgpsurement point after each pulse. All the

acquisitions were performed at least three indepeiniiimes.



3 Results and Discussion

3.1 Effect of the electric field intensity and pulse number on cell electr ochemother apy

Cells were exposed to a varying nhumber of micragailganging from 1 to 20) and different fields
amplitudes (ranging from 760 V/cm to 1100 V/cm)he presence of 30 nM of bleomycin. For each
condition, cell permeabilization to bleomycin wasseassed as explained in Materials & Methods. In
Fig.1la, the evolution in the percentage of celvistalt with pulse number is shown for each of the
applied electric field intensities. In this set @periments, the number of pulses was gradually
increased until a plateau in cell death was obthibe maximum number of pulses assayed was 20
for 760 and 850 V/cm and 15, 10 and 5 for the figitbnsities of 930, 1020 and 1100 V/cm,
respectively. It is interesting to notice how tHatpau level, calculated as the mean value oftreet
last experimental points for each condition, valiesveen 10-20 % and does not reach zero (cell
death of the entire cell population). Particulagiateau values of 18+ 3.8 %, 15+2.9 % and 11+3.5 %
were respectively obtained for 930, 1020 and 110V This plateau value, which seems to decrease
with the increase of the electric field amplituddows that there are restrictions in the uniform
exposure of the cells either to the electric fiekdy bleomycin, or both that avoid a 100 % response
Bleomycin accessibility to cells in these experitseshould be assured since 30 nM is considered
already as a “saturating” concentration when @a#selectropermeabilized. On the other hand, #®r th
electric field exposure, there may be a lack ofarniity in the cuvettes maybe due to the menisous i
the liquid causing this remaining cell survivalsa| it is known that cells can shield the fielduoich

the neighbouring cells are exposed [31-33]. Theseldst reasons are probably the major causes for
the plateau values not reaching a 0 % of cell salviln particular, considering that after the
detachment of the cells from their culture substfathatever the method of detachment, using trypsin

or not), some cell aggregates may subsist asusdemnsions are difficultly monodispersed.

In the case of the two lowest electric field iniéas corresponding to 760 and 850 V/cm, although t
beginning of a saturation effect was observed, weid#d to perform an additional series of
experiments increasing the number of pulses begontb verify if the saturation was maintained. In

Fig. 1b, the results after the application of uB@opulses show that when cells were exposed te mor
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than 20 pulses, viability continued to decreaskettame possible to achieve about 80% of bleomycin-
dependent cell death with more than 40 micropus&50 V/cm (plateau value 19+2.3 %). However,
for the field intensity of 760 V/cm it was not pdse to reach a plateau even when 80 pulses were

applied.

The relation between cell death and applied puiseber displays a nonlinear evolution. There is a
first part of the curves that display a quite linbahaviour but when the number of pulses was durth
increased there was a reduction in the outcomeedahyg each supplementary pulse applied. This
observation suggests the existence of a saturgtiemomenon responsible for the loss of efficacy
observed. Furthermore, the apparition of this phesron is dependent on the intensity of the electric
field applied. For the highest electric field, tlaturation is hard to observe as only 3 pulse® wer
necessary to reach the maximum detectable efféris, Tthe saturation observed under the highest
electric field conditions is likely due to a satima in the bleomycin effect more than a saturation
the electric field effect. On the contrary, a satian of the electric field effects is clearly obsd for

850 V/cm up to 20 pulses. For an electric field@60 V/cm the evolution with pulse number seems to
be linear up to 20 pulses and it was necessargaease the number of pulses above 20 to clearly

observe this saturation.

Lastly, it has to be mentioned that there is aiptessias in the present analysis produced by dlee f
that for more than 20 pulses the exposure wasamitnuous. As explained in section 2.2, an interval
of 20-30 seconds between each series was necessamder to re-program the generator. As
previously shown in several studies [34,35], thécome obtained when the electric field dose is
splitted in several delayed segments is sometimgheh than a single train exposure. This
phenomenon called “electrosensitization” could hpasicipated in the increase observed between 20
and 40 pulses for 850 V/cm in Fig. 1b. This medra, tif all the pulses had been consecutively

applied, even a more saturation effect would haenmbserved.
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Fig. 1 Cell survival as a function of the number amensity of 100us micropulses in the presencg@ohM bleomycin
Cloning efficiency tests were performed after expeda micropulses (100 ps 1Hz) of a field amplited&60 V/iecm (),
850 V/icm ), 930 V/cm (), 1020 () and 1100 V/cm-{) in SMEM containing 30nM bleomycin. Results
represented as mean value + SD (standard deviaifahyee independemxperiments. Cell survival is normalized to
control exposed to bleomycin alone. a) Results @@0tpulses. b) Extended resultstoB0 pulses for 850 and 760 V/

only. Dashed line corresponds to the average offdteau values for 1100, 1020 and 930 V/cm expenim
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3.2 Collateral effects of the field application on cell viability (Limits for reversible

electropor ation)

Because of the very large number of pulses (uPtpses) that were delivered at the lowest field
amplitudes, it was necessary to verify the possihfgact of these trains of pulses by themselves, i.
in the absence of bleomycin, on cell viability. F& shows the cell survival evolution with pulse
number for up to 80 pulses for 760, 850 V/cm anidijteonally, the effects for up to 20 pulses for an

intensity of 1100 V/cm.

It can be seen how for the maximum electric fidltiG0 V/cm), pulses began to cause some cell death
only when more than 8 pulses were applied. Celthdeereased linearly with pulse number above 8
pulses and up to 20 pulses, when about 60% of éllepopulation was killed. This effect in cell
viability, only detectable starting at pulse numBeconfirms that the cell death observed in Fifprl

this field intensity was only due to reversibleatteporation.

In the case of 850 V/cm and 760 V/cm, the eledteld (in the absence of bleomycin) started to be
toxic for pulse numbers higher than 20 and 40, gethyely. The accumulated cell death for these
electric field intensities at pulse number 80 wesuad 55 % in the case of 850 V/cm and 20 % for
760 V/cm. Part of the cell death increase obsewken a large number of pulses is applied in the
presence of bleomycin at these field amplitudesy.(Hib) could then be due to irreversible
permeabilization or other collateral effects. Amdhgse other effects, we cannot exclude the tgxicit
due to an electrolytic contamination (partly reeehby the presence of bubbles in the cuvettes) or
even thermal effects. This last was discarded afesaisuring the temperature rise using a temperature
probe (LumaTest, Lumasense Technologies) whoseabgtber end was inserted inside a cuvette
during pulse application. The change in temperatarethe highest electric field intensity and 80
pulses was < 1 °C at the end of the treatment. Faroteason that could explain the observed cell
death is the pH changes produced at the electintigface, even though in a liquid suspension dnd a
the pulse repetition rates used in our experimehése is time to partly homogenise the solutiod an

to compensate the pH changes at the oppositeadestr
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The results obtained in this section can be helpiuthe interpretation of the results shown in.Aib.
Particularly, for 760 V/cm in the presence of blgom, the results in Fig. 1b suggests that no
saturation is reached after 80 pulses. However panimg the slopes of the cell survival decrease in
Fig. 1b and Fig. 2a for this field intensity, itekear that they are identical between pulse nurdbBer
and 80. This observation can take us to considerttie decrease of cell survival from pulse humber
40 to 80 in the presence of bleomycin (data in Em).is in fact produced by the effects of the &lec
field alone. This way, in order to observe only B@T effects, the data reported in Fig. 1b could be
corrected with the data of Fig. 2a for 760 V/cmisTborrection would produce a saturation of the

electric field effects also for 760 V/cm (see FAg.for the original (dashed) corrected data (splid)

It is important to note that the same kind of cotim (compensation) cannot be applied to the
850V/cm field amplitude because from pulse numbrad this field amplitude, there is already a
saturation in the maximum observable reversiblectf{fat 30 nM bleomycin) and the slopes are

different.

In conclusion of this section, the results conflirat for the two lowest electric fields, the satioa
observed in Fig. 1 is even more pronounced tharotteedisplayed. If the cell death caused by the
electric pulses alone is subtracted from the resoitttained with bleomycin, a more significative
saturation effect with pulse number is revealedoAthe results of this section confirm the existen
of limits for the increase of the applied numbepolfses to reach a certain effect. The collatdfatts

of pulse application should be taken into accoummva large number of pulses are applied.
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3.3 Effect of the concentration of bleomycin (detection limits)

In order to assess whether the observed saturaiarfunction of the number of pulses is reallyarnd
the dependence of the electric field amplitudeaty we analysed how a reduction in the concentratio
of bleomycin could impact the observed relationMeein electric field intensity and pulse number.
With respect to the effects of the bleomycin aldhe, extremely low bleomycin concentrations used
(30 nM and lower concentrations) cause no effeatemligible effects if no pulse is delivered to the
cell suspension (as we already reported in 1988.[8&3. 3 shows the results of cells exposed to a
fixed electric field intensity of 1100 V/cm at vaus bleomycin concentrations and various pulse
numbers. It can be observed how, to achieve a aingéll survival rate, a reduction in the
concentration of bleomycin needs to be translatedn increase in the number of pulses delivered.
From 30 nM to 3 nM, a plateau (10-20 % of survivaljeached if the number of pulses increases up
to 10. It is important to note that the resultsFig. 3 also confirm that, up to 8 pulses, theraas
significant effect of the electric pulses alonetfwut bleomycin). However, at 1 nM the plateauas n
reached even with 20 pulses, but, since pulseseaddn1100 V/cm were toxic, it did not seem

profitable to explore the situation with more tt2hpulses.

The observed relation is similar to the one obskiuesection 3.1 for a variation in the electrieldi
intensity applied. Specifically, at 1 nM, the resatbetween cell death and the number of pulses doe
not display a saturation phenomenon similarly ® tiehaviour observed previously for an electric
field of 760 V/cm up to 20 pulses. However, it istineable that from pulse number 10 there is a
reduction in the slope of the curve of survivakraersus pulse number, suggesting a decrease in the
intensity of the effect of any supplementary pulsth increasing pulse number. Additionally, if for

this low bleomycin concentration, the cell deatbduced by the pulses alone would be subtracted, the
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reduction in the intensity of the effect of any plgmentary pulse with increasing pulse number would

be even more pronounced.

These results demonstrate that by increasing ttectittn sensitivity of the experimental technique
used, in this case by reducing the bleomycin camnagon, the apparent saturation observed nearly
disappeared and the effects of the electric pideeame almost linear. This can at least partighga
with the study performed by Pakhomov et al. [28fwehby using a highly sensitive technique and
very short pulses they could not observe any saatalhe increase in the detection sensitivity ldou
help in revealing the real additive effect of cangese pulses. However, in the present study, éeen
the lowest concentration of bleomycin used, therstill a reduction in the effect when the numbler o
pulses increases. This suggests that there wouidwagys a saturation effect if the number of pulses

applied is sufficiently high.

Interestingly, these results suggest that in tirécell application of ECT, a reduction in the dade
bleomycin administered to patients, for examplethimse with high risk of lung fibrosis, could be
compensated by increasing the number of pulsesegpgihis hypothesis, with relevant implications

in the clinical practice, should be verified in faial models.

Finally, although all the previous results corregpto ECT efficacy in vitro, bleomycin has beendise
as a sort of permeabilization marker. A good catreh has been found between this method and
other traditional assays based on the uptake bfomescent dye [37]. Consequently, using a similar
approach, the main conclusions presented hereildl t@igeneralized for Reversible Electroporation
by complementing the present study with other pabitization assays (i.e. fluorescent dyes uptake).
An optimization in the dye uptake conditions (ebg. finely tuning the dye concentration and/or

incubation time) should be performed to extenddtection limits of the technique.
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3.4 Exponential model

In an attempt to mathematically model the enserobtbe data, and to describe in a more exhaustive
way the relation between pulse number, the amg@itidthe applied electric field and the observed
outcome, we fitted the data to different mathenadtfanctions and we found that the exponential
function was the simplest and the most convenipptaach. The analysis was performed in Matlab
(The MathWorks, Inc.) using a nonlinear Least Sgsaapproach and the Trust-Region algorithm.
The data corresponding to a constant bleomycinemtnation of 30 nM and different electric fields
were first individually fitted to the general exmontial function f (Nuse Eieir) Shown in Fig. 4a (left)
and the values of the parametarsb andc were extracted. It was observed that the valuethef
parameters andc remained almost constant for the all the fiel@msities, meaning that this values
are not dependent on the electric field appliece fihal values fola (91) andc (12) were calculated

from the mean values obtained for the differentife The parametear, which is the minimum level
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reached by the model, corresponds to the platealile cell survival discussed before. The paramete

a corresponds, thus, to the maximum effect attasmabthe present experimental setup.

Contrarily, the values obtained for the paramétevere highly dependent on the field applied and,
more interestingly, they followed a sigmoidal degemce upon the electric field intensity, at least
inside the limits of reversible electroporation. ificlude this dependence on the model, the differen
values ofb were fitted to a sigmoid function (Fig. 4a riglanel) that was inserted in the final model
equation. The sigmoidal behaviour found for theapaterb, which corresponds to the time constant
of the exponential function, indicates that foremtral range of electric field intensities, theseai
strong influence of the field applied on the ratelecrease in cell survival with pulse number. Gut
this range, a variation in the field applied withpact in a lesser extent the time constant of the
exponential model and thus, a more similar evotuiiothe ECT outcome with pulse number will be

found.

In Fig. 4b the resulting model computed for thdeddnt field intensities and the corresponding data
are displayed. These results show the good agredmémneen the model and the experimental data
for most cases. Observing the calculated residoalthe different conditions studied shown in Fig.
4c, an increase in the error with pulse numberbisined for the two lowest electric fields, but in

average, the residuals values are acceptable.

This model therefore would allow for the calculatiof the convenient number of pulses to
compensate electric field amplitudes. Even tholighnumerical values of the function here shown are
only strictly valid for the case of the DC-3F filtasts treated in vitro when cells are suspendéit in
MEM medium at 4,2 x 10cells/ml at the time of the exposure to the eleqiulses, the exponential
function should be of general use. For cells imoyithe numerical values obtained could be a
sufficient approximation for a number of cell lin@is result shows the interest of developing lsimi
models that could be used as a guide in the clipieatice and that would help the physicians k@ta

better decisions in the treatments planning.
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f(N pulse Eﬁeld)= ae (bN

pulse) + C

Model parameters:

a = 91 (maximum effect)
c =12 (plateau level)
b = Sigmoid function:

b parameter value
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Fig. 4. Exponential model results. A) Left part slsdthe mathematical expression and the numeridaésaf the model. In the

right part the sigmoidal dependence of b paran{étae constant of the exponential) upon the eledieid is shown; red points

correspond to the values obtained for each indalifitting and black line shows the resulting fittinction introduced in the

final general equation. B) Representation of the rhaith the experimental data corresponding to 76&nvV(—), 850 V/cm (),

930 V/cm (), 1020 () and 1100 V/cm-{-) using 100 ps pulses at 1 Hz repetition frequeanzy a fixed bleomycin

concentration of 30 nM. C) Residuals (data-modethefmodel for the different conditions studied.
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3.5 Real-time impedance measur ements

Because all the data presented in the previougasavere somehow based in post-pulse evaluations
of the effects of the entire trains of pulses (atadvas collected on the effects of each additipakse
inside a given train of pulses), we considered trestl-time data could give complementary
information about the effects on cells with inciegspulse number. To this end we performed
electrical impedance measurements of cell suspensituring the application of electroporation
pulses. The measuring system allowed us to obta@asorements before, during (in the time gap
between consecutive pulses) and just after a caenplEpulses procedure. It is important to stress t
fact that these measurements were performed indifgyent experimental conditions with respect to
the previous experiments. Particularly, in ordeinttrease the contribution of cells to the measured
impedance, a dense cell suspension was used (vétaoi®n around 0,4). Also, the conductivity of
the electroporation buffer was reduced to imprdve acquired signal to noise ratio. Under these

circumstances, a direct comparison between bosho$eesults should be avoided.

First, for each electric field intensity, controeasurements were performed during the application o
electric pulses to a cuvette containing the sanfeebbut without cells. These measurements were
performed to ensure that other collateral effectshsas corrosion of electrodes surface or small
temperature variations did not produce changesipedance that could lead to a misinterpretation of
the results. As shown in supplementary informa&dn no changes in impedance were detected when

pulses were applied to the electroporation buffene

In Fig. 5a an example of the obtained impedancetspevolution during the application of an elextri
field of 1270 V/cm to a cell suspension is showhe Wisplayed data were calibrated for undesired
system contributions (electrodes, cables, etcifjgudifferent saline solutions measured in the exac
same conditions and using a three-references aabhbr method [38]. Due to the fact that the
measurements were performed using a two-electragdesigement, the impedance data at low

frequencies were highly corrupted by the predonmgaglectrode/electrolyte interface impedance and
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could not be used. This is why the spectra displayd-ig. 5a are truncated for the frequencieswelo

20 kHz. The arrows in the figure indicate the di@tof the temporal evolution pulse after pulse.

A reduction in the measured impedance of thestedpension is shown pulse after pulse, which is the
expected behaviour during cell permeabilization,32642]. However, according to theory and as
shown in previous studies [42—-44], the changesrobdein the impedance magnitude, should be
considerably different at low and high frequenaythe frequency band studied, at low frequency a
non-permeabilized cell membrane behaves as aratesuthus blocking the flow of current. When the
frequency of the measuring signal increases, thabrene is gradually shunted allowing the flow of
current at high frequencies. If the membrane is pemwneabilized, the low frequency currents will be
able to cross the membrane producing a bigger iammx change at low frequency than at high
frequency impedance, where the current could ajrgeditially flow across the membrane. On the
contrary, our results show a similar variation lué tnagnitude of the impedance for all the frequency
range analysed. This can be explained by the lfeatta massive change in conductivity is produced
concomitant to cell permeabilization due to thééege of intracellular components to the extracatiul
compartment in the cuvettes-based set-up and #rispcedominate over the changes produced on
cells. Observing now the evolution of the phasehef impedance, it is clear that in this case, the
changes produced are not affecting all the fregesnn a similar way. In particular, in the freqagn
range between 100 — 200 kHz these changes aredeaaisiy higher. This observation suggests that
the phase information is less affected by the casupgoduced in the conductivity of the extracetlula
buffer and that should bring more precise inforomatiabout the changes produced in the cell
suspension, as previously shown in a recent sd@ly [

In Fig. 5b the normalized phase evolution at thlediency of 173 kHz, is shown for the different
electric field intensities studied. It can be shew for 760 V/cm the impedance measurements display
no change, meaning that either this electric figldhot causing cell permeabilization under these
particular experimental conditions or that the rogiag system is not able to detect the small chseinge
produced by this low electric field intensity. Thigh density of the cells suspensions used in these

experiments could at least partially cause a réaluéh the effect of the same electric field intiéns
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compared to the previous situation. This is exgdibased on the shielding effect discussed in@ecti
3.1, which could have a large effect under thegeemental conditions. Also, the reduction in the
conductivity of the pulsing buffer used can be sgd as a possibility for a change in the
effectiveness of the applied electric field. Howe\a previous study using very similar experimental
conditions, demonstrated that the dependence ocotiguctivity of the extracellular buffer was only
important when a single 100 us pulse was appliedregligible when a train of several pulses was
used [45]. In any case, there is still the posgybihat the measuring system is unable to detest t

very small changes in impedance that this low glefield produces on the cell membrane.

The impedance changes for the next electric fiedded (1016 V/cm) display a linear evolution with
pulse number up to 20 pulses. On the contrarytHertwo highest electric fields it is possible to
observe a change in this linear trend when mone 1daand 10 pulses were applied at 1270 and 1525
V/cm, respectively. Above these limits, there islear reduction in the rate of impedance drop with

pulse number suggesting a saturation in the eftddtse electric field on the cell suspension.

It is important to stress the fact that, contravythie experiments on cell viability, the informatio
provided by the impedance measurements reflectsahtime the immediate effects of the electric
pulses on cells, avoiding the “intrinsic” saturatieffects of the other methods. Because the atesolu
changes in the phase (Fig. 5a) are very small,amelltus conclude that the loss of linearity detdeta

in Fig. 5b when more than 14 and 10 pulses werdieapfor 1270 and 1525 V/cm reflects a real
saturation, even if this saturation is not fulllacbed with only 20 pulses at these field amplitudes
Thus, our results confirm at the least that reipetipulses are less and less efficient. The loss in
efficiency hereby demonstrated supports the ide& ghturation should exist independently of the

experimental technique used.
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4 Conclusions

This study demonstrates that the relation betwkemumber of electroporation pulses applied, their
intensity and the effects of these pulses on thlensembrane is not straightforward. Up to some
extent, particularly when the pulses are appligdhe treatment of cells with bleomycin in the seop
of the antitumor electrochemotherapy, a reductiothe field amplitude (imposed, for example, by a
limitation in the current intensity that the putpenerator is able to deliver) can be compensateahby
increase in the number of pulses applied. Accortinipis study, this compensation would follow an
exponential law with a highly linear behaviour fodow number of pulses. The parameters of this
exponential function have been determined for mfitastic cell line but they could approximate #os

of a number of cell lines in vitro.

However, there are limits to compensate a redudtidghe field intensity by an increase in the numbe
of pulses applied to obtain a similar accumulatéfdce The loss of linearity, which results in a
saturation (reached or not in our experiments, Ametion of the experimental conditions), appears
when a too high number of pulses and/or a too s&dield amplitude are applied. Our study also
shows that the observed saturation would not b thiel result of the saturation in the transporthef
bleomycin across the electropermeabilized membranea different scenario the impedance
measurements reveal an intrinsic saturation ofetffiects of the electric pulses in the membrane
structure, i.e. in the structural changes of thenbrane that are responsible for its permeability to
otherwise non-permeant molecules. Further resaarolecessary to deeply understand and establish
the causes and limits of this gradual loss in fhieiency of repetitive pulse application. Thessuks
should be complemented with other permeabilizatissays to extend the present results to a more

general conclusion in the electroporation field

Finally, this study reinforces the idea that otlitations in the increase of the number of pulges
increase the electroporation effect are imposedhbyapparition of undesired collateral effects that
impact the viability of the cells, like the cellate directly caused by the electric pulses whicls wa

detected in the absence of bleomycin.
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