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Abstract

Background and aims: Electroporation demonstrated certain modulable actions on tumoral cell membrane permeability to increase
the intracellular bioavailability of chemotherapeutic drugs. The current in vivo study aimed to investigate the synergic effect of
concomitant electroporation application to the intratumoral administration of cisplatin on murine invasive ductal adenocarcinoma

breast cancer.

Methods: The fragments of the extracted tumor were implanted subcutaneously in healthy female Balb/C mice. Having reached the
determined tumoral volume, the mice were randomly divided into five groups, including control, intratumoral cisplatin injection,
tumoral electroporation application, electrochemotherapy (ECT), and double course ECT. The normalized tumoral volume and the
inhibition ratios were calculated during a 30-day follow-up period. The data were tested by ANONA, and a statistically significant

level was set at P<0.05.

Results: The inhibition ratio was significantly different between the intra-tumoral cisplatin administration and tumoral electroporation
application groups compared to the control group (P<0.05). ECT displayed superior results in comparison to the two later groups
(P<0.05). The double-course ECT group even represented a significant difference compared to the ECT group (P<0.05).

Conclusion: Concomitant ECT to the cisplatin intratumoral administration indicated contributive anti-tumoral impacts in an in vivo
murine model of invasive ductal adenocarcinoma breast cancer. ECT promises further applications to overcome the occurrence of

therapeutic resistance to chemotherapeutic drugs.
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Introduction

Increasing the cell membrane permeability to enhance
the intracellular entrance of any cytotoxic or cytostatic
drugs was considered a potential adjunctive therapeutic
approach promising more pronounced chemotherapeutic
anti-tumor responsiveness (1). Considering that the cell
membrane permeability is a bi-directional substance-
transferring process, making a given drug enter into
cells should act as an intra-cellular drug trap that
aborts its consequent extra-cellular expulsion (2).
The latter perspective does augment the intra-cellular
drug concentration (intracellular bioavailability) while
lessening the required systemic chemotherapeutic drug
doses, affording the ever-sought clinical view as to how to

minder the chemotherapeutic side effects (3,4).
Electroporation was advanced as a physical adjunctive
method to increase the cell membrane permeability in
the face of chemotherapeutic drugs; thereafter, it was
deemed “electrochemotherapy” (ECT) (5,6). It consists
of exogenous induction of an alternated cell membrane
potential on tumoral cells through the application of
short frequencies-high amplitudes repetitive electrical
pulse bouquets in adjunct to chemotherapy and is
applied in a precise frame-time with regard to the latter
administration (6). The presumed ECT effectiveness was
previously reported by the means of in vitro and in vivo
experiments and it was extended to the preclinical and
clinical trials intended to treat tumors such as sarcoma,
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carcinoma, or melanoma (7, 8). Nevertheless, ECT
displayed limited efficiency in the case of voluminous solid
tumors (9). The present study was designed to investigate
the in vivo additive promoting the anti-tumoral effect of
the electroporation to the intratumoral cisplatin-based
chemotherapy application on a subcutaneously implanted
murine breast cancer cells’ tumor and in mice.

Materials and Methods

Mice population

Healthy female Balb/C mice (6-8 weeks old) were
purchased from Pasteur Institute (Tehran, Iran); they
were adapted for 10 days to an ambient temperature of
25°C and a natural light/dark cycle.

Tumor implantation

Affected mice by the spontaneous mouse mammary
tumor (invasive ductal carcinoma) were purchased
from the Immunology Department of Tarbiat Modares
University (Tehran-Iran). Its tumor was removed
surgically and chopped into fragments. Subsequently,
the tumor fragments were subcutaneously implanted at
the flank of the healthy mice. Once the implanted tumor
reached a diameter of 12-15 mm in approximately 2 weeks
(630 mm’ in volume), the mice were randomly divided
into three groups (8-10 animals for each group).

Cisplatin: administration dose and inject a preparation
The application dose of the intratumoral injection of
cisplatin was 8 mg/kg for each mouse. The cisplatin vial
(50 mg/mL, Ebewe Pharma, Austria) was performed by
sodium chloride 0.9% on the day of injection. A volume of
0.02 mL/g of mouse body weight of the prepared cisplatin
was injected intratumorally.

Electroporation process

Eight square-wave electric pulses of 1000 V/cm amplitude,
with a pulse duration of 100 us and repetition frequency
of 1 Hz, were delivered by two flat, parallel stainless-steel
electrodes which were placed on the skin at the opposite
sides of the tumor. The adequacy of contact between
the skin contacts of the electrodes was assured using a
conductive gel. Electric pulses were delivered by an ECT-
SBDC, a pulse generator. Electroporation was delivered
one minute after the intratumoral cisplatin injection.

Experimental group assignment

The randomly designed mice experimental groups were

labeled as follows:

e CG: The control group,

e CTG: The chemotherapy group receiving cisplatin
intratumoral injection

e EPG: The electroporation group receiving electric
pulses

e ECT: The electrochemotherapy receiving cisplatin
intratumoral injection and receiving electrical pulses

e  DECT: Receiving a second ECT in a 15-day interval
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from the first ECT

Experimental assessment

Tumor growth was daily assessed through mutual
measurements of the two orthogonal tumor diameters (el
is the larger tumor diameter, and e2 is the largest diameter
orthogonal to el). Tumor volumes were measured using
the formula V=m/6xe xe’ leading to tumor-doubling
time (DT) calculations for each individual treated tumor.
Tumor growth delay (GD) was measured by subtracting
the mean tumor volume DT from that of the tumors in
the control group and dividing the mean tumor volume
DT of each experimental group. The inhibition ratio
was calculated on day 30 after the treatment by formula
(1 - the treated tumor average volume/untreated tumor
average volume) x 100%. Partial response was considered
a decrease of more than 50% of the tumor volume.
Complete response was considered the absence of any
detectable tumor for more than 100 days. Normalized
tumoral volume (Vn/V0) for each mouse was calculated
by dividing the tumor volume at day N after the treatment
(Vn) by the tumor volume on the treatment day (VO0).

Statistical analysis

All data were tested for the normality of distribution. The
ANOV A with repeated measures was used to evaluate the
statistical significance of differences between experimental
and control groups at different times, and a P<0.05 was
considered significant in the statistical tests (P<0.05).

Results

Tumor growth

Cisplatin or cis- diamminedichloroplatinum: The
intratumoral injection of cisplatin at a dose of 8
mg/kg delayed the tumor growth up to 5.5 days
(Figure 1), resulting in an inhibition ratio of 33%, which
is significantly different in comparison to CG (P<0.05,
Figure 2). The tumor growth restarted on day 3 after
intratumoral injection.

EPG: The tumoral application of electroporation
protocoldisplayedatumor GD ofonly2 days (Figure 1) with
an inhibition ratio was 32% (Figure 2), which is noticeably
different in comparison to CG (P<0.05). The tumor
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Figure 1. Time course of tumor growth in experimental groups. Note.
Control: Control group; Cisplatin: Chemotherapeutic; EP: Electroporation;
ECT: Electrochemotherapy; ECT twice: Double electrochemotherapy.
Data are expressed as meanszstandard errors; CDDP,  cis-
diamminedichloroplatinum(ll)
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Figure 2. Inhibition ratio in comparison to the control group for treatment
groups. Note. EP: Electroporation; Cisplatin: Chemotherapy; ECT:
Electrochemotherapy; ECTtwice: Double electrochemotherapy; CDDP, cis-
diamminedichloroplatinum(ll)

growth restarted on day 3 after the electroporation
application. No tumor was cured after either of these
treatments alone.

ECT: A prolonged tumor GD up to 15.5 days was
observed (Figure 1), and the inhibition ratio reached
61.2%, which is significantly different compared to
CG (P<0.05). With a 30% increase in the inhibition
ratio (Figure 2), ECT was significantly more effective
in comparison to CTG and EPG for the first 9 post-
procedural days (P<0.05)

ECTtwice: A more prolonged delay to tumor growth
up to 18 post-procedural days (or 3 days after the second
ECT) was noticed (Figure 1), resulting in an inhibition
ratio of 79% (Figure 2), which is significant compared to
ECT (P<0.05). Tumor GD was significantly postponed
until day 30 of the initial ECT application (Figure 1).
Table 1 highlights tumor growth in the experimental
groups.

Discussion

Modulating the tumoral cell membrane permeability given
increasing the intracellular uptake of chemotherapeutic
drugs has been an ever-tremendous perspective in
the field of anti-cancer therapeutic research (3). The
cellular trans-membrane passage is an actively and
intelligently regulatory process that can be upregulated
or downregulated toward any given substance. Such
an innate mouldability confers to any tumoral cell the
ability to develop trans-membranous resistance to the
intra-cellular transfer of chemotherapeutic drugs (10).
The iatrogenic capability to take control of tumoral cells’
trans-membrane transferring to the chemotherapeutic
drugs does sustain an increased intracellular drug
concentration. The latter should act as an intra-
cellular drug trap that augments the intra-cellular drug
bioavailability and diminish drug extracellular washout
accordingly, resulting in the enhancement of the
cytotoxic or cytostatic sought effect (11). Increasing the
intracellular drug concentration does come to reduce
the required drug therapeutic doses with its attendant
corollaries to lessen the clinical chemotherapy drug side
effects that may lead to therapeutic penalties. A myriad of

Table 1. Tumor growth in the experimental groups

Experimental Groups N B;:;;:])Z);; GD (Days) Surviving Days
Control 8  4.46+0.46 - 25
Cisplatin 8 10.16+1.21 5.54 30
EP 8 6.62+0.48 2 25
ECT 10 20.15+1.18 15.53 45
ECTtwice 8 38.75%2.57 34.13 80

Note. GD: Growth delay; DT: Doubling time; EP: Electroporation; ECT:
Electrochemotherapy; ECTtwice/DECT: Double electrochemotherapy. Data
are expressed as the mean +standard error.

herbal, chemical, nano-chemical, and physical concepts
has been advanced, experienced, and undertaken to take
therapeutic dominance on the tumoral cell membrane
function (12,13).

The intricated cell membrane function is actively
sustained by the electro-chemical interactions, resulting
in the formation of the membrane’s electrical action
potential. Therefore, modulating or perturbating the
membrane potential action, and that concomitantly to
the chemotherapy, does sound attractive to be dogged as
a strategy in increasing the intracellular drug uptake.

Electroporation, which is known for its ability to
transiently reduce the regional blood flow, was advanced
as an adjunct physical strategy to modulate the tumoral
cell permeability, concomitant to chemotherapy (5,14).
The latter consists of locally delivering high-amplitude
and short-frequency bouquets of electrical pulses in a
predetermined chronological frame-time with regard
to chemotherapy administration (15). It was previously
reported that electroporation can facilitate the uptake
of any potentially permeate molecule through the cell
membrane (16-18).

Cisplatin is a pillar chemotherapeutic drug employed
to treat a myriad of human malignancies (19). However,
the resistance to cisplatin administration was fraught
with the occurrence of tumoral resistance, early after
the first observed tumoral responsiveness, raising
the issue of the gradual decrease in further tumoral
responsiveness (20,21). Hence, diverse methods acting as
trans-membranous drug transporting systems have been
explored given overcoming the tumoral cell membrane
resistance to cisplatin (22,23).

Electroporation has demonstrated a certain modular
role in tumoral cell membrane permeability to enhance
intracellular cisplatin bioavailability. The in vitro
cytotoxicity of cisplatin was boosted using concomitant
electroporation, and the latter was boosted by several
folds (24,25). Electroporation concomitantly to cisplatin
administration displayed enhanced in-vitro, in vivo, and
even clinical anti-tumoral effectiveness in the setting of
cutaneous tumor nodules (25).

In the current experimental study, it was sought to
investigate the in vivo additive anti-tumoral effects of
electroporation application to intratumoral cisplatin
administration on the murine invasive ductal carcinoma
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tumor model in mice. The present findings represented
the significant additive anti-tumoral contribution of
ECT to tumoral electroporation and intratumoral
cisplatin administration alone, as well as the superiority
of applying two courses of ECT (ECTtwice) over a single
course (P<0.05) expressed using the respective tumoral
inhibition ratios. The normalized tumor volumes indicated
a significant tumoral growth inhibition over a 30-day
follow-period, with the ECTtwice group displaying the
most pronounced temporal effect (Figure 1). In parallel to
previous reports, it can be argued that the noticed additive
anti-tumoral actions of ECT result from the ability of
electroporation to modulate tumoral cell membrane
permeability with regard to cisplatin, increasing the
latter intracellular bioavailability by trapping it inside the
tumoral cell (25-27).

Conclusion

Through its ability to modulate tumoral cell membrane
permeability, electroporation represented an in vitro
contributive anti-tumoral impact on the murine invasive
ductal adenocarcinoma breast cancer presumably by
increasing intracellular cisplatin bioavailability. ECT
remains a promising anti-cancer therapeutic pathway
to effectively overcome the clinically vexing issue of
therapeutic resistance occurrence and subsequently
envisage reductions in required doses of chemotherapeutic
drugs.

Acknowledgments

This work was supported by the Radiation Medicine Department,
Shahid Beheshti University, Tehran, Iran. The authors would like
to thank Professor Ahmadiani, Neuroscience Research Center,
Shaheed Beheshti University, Medical Sciences, Tehran, Iran, with
the approval code 143057.

Authors’ Contribution

Conceptualization: Elham Raeisi, Lluis M Mir.

Data curation: Sedigheh Amini-Kafie.

Formal analysis: Negar Rahmatpour.

Investigation: Sedigheh Amini-Kafie.

Methodology: Seyed Mahmoud Reza Aghamiri.

Project administration: Azin Bandi, Negar Rahmatpour.
Resources: Azin Bandi.

Supervision: Elham Raeisi.

Validation: Seyed Mahmoud Reza Aghamiri.
Writing—original draft: Elham Raeisi, Lluis M Mir.
Writing-review & editing: Seyed Mahmoud Reza Aghamiri, Lluis
M Mir.

Competing Interests

The second author of this article is the Deputy Editor of the journal,
the entire process of evaluating and reviewing the article was the
same as that of the other authors and there is no conflict of interest.

Ethical Approval

The current study was approved by the Research and Medical Ethics
Committee of Shahid Beheshti University with the code 143057 in
accordance with the locally elaborated and approved Guidelines
for Care and Use of Laboratory Animals.

Electrochemotherapy enhances responsiveness to cisplatin

Funding
This work was supported by the Research Deputy of Shahid
Beheshti University of Medical Sciences.

References

1. Foglizzo V, Marchio S. Nanoparticles as physically-
and biochemically-tuned drug formulations for cancers
therapy. Cancers (Basel). 2022;14(10):2473. doi: 10.3390/
cancers14102473.

2. Miller MA, Zachary JF. Mechanisms and morphology of
cellular injury, adaptation, and death. In: Zachary JF, ed.
Pathologic Basis of Veterinary Disease. Mosby; 2017. p. 2-43.
e19. doi: 10.1016/b978-0-323-35775-3.00001-1.

3. Senapati S, Mahanta AK, Kumar S, Maiti P. Controlled drug
delivery vehicles for cancer treatment and their performance.
Signal Transduct Target Ther. 2018;3:7. doi: 10.1038/s41392-
017-0004-3.

4. Yan L, Shen J, Wang J, Yang X, Dong S, Lu S. Nanoparticle-
based drug delivery system: a patient-friendly chemotherapy for
oncology. Dose Response. 2020;18(3):1559325820936161.
doi: 10.1177/1559325820936161.

5. Cucu Cl, Giurcineanu C, Popa LG, Orzan OA, Beiu C,
Holban AM, et al. Electrochemotherapy and Other Clinical
Applications of Electroporation for the Targeted Therapy of
Metastatic Melanoma. Materials (Basel). 2021;14(14):3985.
doi: 10.3390/ma14143985.

6. Sersa G, Cemazar M, Snoj M. Electrochemotherapy of
tumours. Curr Oncol. 2009;16(2):34-5.

7. Meschini S, Condello M, Lista P, Vincenzi B, Baldi A,
Citro G, et al. Electroporation adopting trains of biphasic
pulses enhances in vitro and in vivo the cytotoxic effect of
doxorubicin on multidrug resistant colon adenocarcinoma
cells (LoVo). Eur ] Cancer. 2012;48(14):2236-43. doi:
10.1016/j.¢jca.2011.11.031.

8. Sersa G, Teissie J, Cemazar M, Signori E, Kamensek U,
Marshall G, et al. Electrochemotherapy of tumors as in situ
vaccination boosted by immunogene electrotransfer. Cancer
Immunol Immunother. 2015;64(10):1315-27. doi: 10.1007/
5s00262-015-1724-2.

9. Mali B, Miklavcic D, Campana LG, Cemazar M, Sersa G, Snoj
M, et al. Tumor size and effectiveness of electrochemotherapy.
Radiol Oncol. 2013;47(1):32-41. doi: 10.2478/raon-2013-
0002.

10. Choromanska A, Chwitkowska A, Kulbacka J, Baczynska
D, Rembiatkowska N, Szewczyk A, et al. Modifications of
plasma membrane organization in cancer cells for targeted
therapy. Molecules. 2021;26(7):1850. doi:  10.3390/
molecules26071850.

11. Mir LM, Gehl J, Sersa G, Collins CG, Garbay JR, Billard V, et
al. Standard operating procedures of the electrochemotherapy:
instructions for the use of bleomycin or cisplatin administered
either systemically or locally and electric pulses delivered
by the CliniporatorTM by means of invasive or non-invasive
electrodes. EJC Suppl. 2006;4(11):14-25. doi: 10.1016/j.
ejcsup.2006.08.003.

12. Choromanska A, Chwitkowska A, Kulbacka J, Baczynska
D, Rembiatkowska N, Szewczyk A, et al. Modifications of
plasma membrane organization in cancer cells for targeted
therapy. Molecules. 2021;26(7):1850. doi:  10.3390/
molecules26071850.

13. Rezaei-Tazangi F, Roghani-Shahraki H, Khorsand Ghaffari
M, Abolhasani Zadeh F, Boostan A, Arefnezhad R, et al.
The therapeutic potential of common herbal and nano-
based herbal formulations against ovarian cancer: new
insight into the current evidence. Pharmaceuticals (Basel).
2021;14(12):1315. doi: 10.3390/ph14121315.

14. Kanthou C, Kranjc S, Sersa G, Tozer G, Zupanic A, Cemazar
M. The endothelial cytoskeleton as a target of electroporation-

Journal of Shahrekord University of Medical Sciences, Volume 25, Issue 4, 2023 187


https://doi.org/10.3390/cancers14102473
https://doi.org/10.3390/cancers14102473
https://doi.org/10.1016/b978-0-323-35775-3.00001-1
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1177/1559325820936161
https://doi.org/10.3390/ma14143985
https://doi.org/10.1016/j.ejca.2011.11.031
https://doi.org/10.1007/s00262-015-1724-2
https://doi.org/10.1007/s00262-015-1724-2
https://doi.org/10.2478/raon-2013-0002
https://doi.org/10.2478/raon-2013-0002
https://doi.org/10.3390/molecules26071850
https://doi.org/10.3390/molecules26071850
https://doi.org/10.1016/j.ejcsup.2006.08.003
https://doi.org/10.1016/j.ejcsup.2006.08.003
https://doi.org/10.3390/molecules26071850
https://doi.org/10.3390/molecules26071850
https://doi.org/10.3390/ph14121315

Raeisi et al

20.

based therapies. Mol Cancer Ther. 2006;5(12):3145-52. doi:
10.1158/1535-7163.mct-06-0410.

Wolinsky JB, Colson YL, Grinstaff MW. Local drug delivery
strategies for cancer treatment: gels, nanoparticles, polymeric
films, rods, and wafers. ] Control Release. 2012;159(1):14-26.
doi: 10.1016/j.jconrel.2011.11.031.

Zaharoff DA, Henshaw JW, Mossop B, Yuan F. Mechanistic
analysis of electroporation-induced cellular uptake of
macromolecules. Exp Biol Med (Maywood). 2008;233(1):94-
105. doi: 10.3181/0704-rm-113.

Kanthou C, Benzakour O. Cellular effects and signalling
pathways activated by the anti-coagulant factor, protein S, in
vascular cells protein S cellular effects. Adv Exp Med Biol.
2000;476:155-66. doi: 10.1007/978-1-4615-4221-6_13.
Jaroszeski MJ, Dang V, Pottinger C, Hickey J, Gilbert R, Heller
R. Toxicity of anticancer agents mediated by electroporation
in vitro. Anticancer Drugs. 2000;11(3):201-8.  doi:
10.1097/00001813-200003000-00008.

Dasari S, Tchounwou PB. Cisplatin in cancer therapy:
molecular mechanisms of action. Eur J Pharmacol.
2014;740:364-78. doi: 10.1016/j.ejphar.2014.07.025.

Florea AM, Busselberg D. Cisplatin as an anti-tumor drug:
cellular mechanisms of activity, drug resistance and induced
side effects. Cancers (Basel). 2011;3(1):1351-71. doi: 10.3390/
cancers3011351.

22.

23.

24.

25.

26.

27.

200059004-00002.

Shen DW, Pouliot LM, Hall MD, Gottesman MM. Cisplatin
resistance: a cellular self-defense mechanism resulting from
multiple epigenetic and genetic changes. Pharmacol Rev.
2012;64(3):706-21. doi: 10.1124/pr.111.005637.

Kumar S, Kushwaha PP, Gupta S. Emerging targets in cancer
drug resistance. Cancer Drug Resist. 2019;2(2):161-77. doi:
10.20517/cdr.2018.27.

Kranjc S, Cemazar M, Sersa G, Scancar J, Grabner S. In vitro
and in vivo evaluation of electrochemotherapy with trans-
platinum analogue trans-[PtCI(2)(3-Hmpy)(2)]. Radiol Oncol.
2017;51(3):295-306. doi: 10.1515/raon-2017-0034.

Perrone AM, Ravegnini G, Miglietta S, Argnani L, Ferioli M,
De Crescenzo E, et al. Electrochemotherapy in vulvar cancer
and cisplatin combined with electroporation. Systematic
review and in vitro studies. Cancers (Basel). 2021;13(9):1993.
doi: 10.3390/cancers13091993.

Mir LM, Orlowski S. The basis of electrochemotherapy. In:
Jaroszeski MJ, Heller R, Gilbert R, eds. Electrochemotherapy,
Electrogenetherapy, and Transdermal Drug Delivery. Totowa,
NJ: Humana Press; 2000. p. 99-117. doi: 10.1385/1-59259-
080-2:99.

Sersa G, Stabuc B, Cemazar M, Miklavcic D, Rudolf Z.
Electrochemotherapy with cisplatin: clinical experience
in malignant melanoma patients. Clin Cancer Res.

21. Giaccone G. Clinical perspectives on platinum resistance. 2000;6(3):863-7.
Drugs. 2000;59 Suppl 4:9-17. doi: 10.2165/00003495-
188 Journal of Shahrekord University of Medical Sciences, Volume 25, Issue 4, 2023


https://doi.org/10.1158/1535-7163.mct-06-0410
https://doi.org/10.1016/j.jconrel.2011.11.031
https://doi.org/10.3181/0704-rm-113
https://doi.org/10.1007/978-1-4615-4221-6_13
https://doi.org/10.1097/00001813-200003000-00008
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.3390/cancers3011351
https://doi.org/10.3390/cancers3011351
https://doi.org/10.2165/00003495-200059004-00002
https://doi.org/10.2165/00003495-200059004-00002
https://doi.org/10.1124/pr.111.005637
https://doi.org/10.20517/cdr.2018.27
https://doi.org/10.1515/raon-2017-0034
https://doi.org/10.3390/cancers13091993
https://doi.org/10.1385/1-59259-080-2:99
https://doi.org/10.1385/1-59259-080-2:99

