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Electro-permeabilisation allows the free access of polar compounds to the cytoplasm by a reversible
alteration of the cell membrane. It is now used in clinics for the eradication of cutaneous solid tumors.
New developments predict its future applications for other anti-cancer treatments.
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1. Introduction

Among the physical methods for drug delivery, electric field
induced membrane permeabilisation (electro-permeabilisation,
electroporation) appears as one of the most mature ones. For
almost 20 years, it was developed for an in vivo use and clinical
applications. This is now a loco-regional therapy for disseminated
cutaneous and subcutaneous tumor lesions (such as melanoma).
In this mini-review, after a short description of the biophysical
mechanisms supporting electro-permeabilisation and their con-
sequences for more practical applications, the present state of
the art on electro-chemotherapy will be reported. In a final part,
promising developments for a targeted delivery in connection with
nano-biotechnologies will be described with the first reports for
photodynamic therapy.

2. Electrodelivery at the single cell level

From Maxwell equations and electrodynamics of dielectric, a
cell can be considered as a hollow sphere of dielectrics (the plasma
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membrane) embedded in and containing a conductive medium.
In simpler words, when the field is present, the cell behaved as
a closed capacitor. As a result, the field induces a size and position
dependent membrane voltage modulation. This is present after a
loading time of the order of the microsecond. Membranes become
permeabilised when the field induced trans-membrane voltage
reaches locally (on the cellular caps facing the electrodes) a crit-
ical value. At the single cell level, different steps can be observed
(Teissie et al., 2005):

(1) “Induction step” (time scale microsecond or less): the field
induced the membrane potential difference increase which
gave local defects (may be due to kinks in the lipid chains)
when it reached a critical value (about 200 mV). A mechani-
cal stress was present with a magnitude that depends on the
buffer composition.

“Expansion step” (micro to millisecond): these defects
expended as long as the field was present and with a strength
larger than a critical value. Again, an electromechanical stress
remained present.

“Stabilization step” (millisecond): as soon as the field intensity
was lower than the threshold value, that is mentioned in step 1,
stabilization processes were taking place within milliseconds,
which brought the membrane to the permeabilised state for
small molecules.
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(4) “Resealing step”: a slow resealing was then occurring on a scale
of minutes. It was a first order process with a strong tempera-
ture control.

(5) “Memory effect”: some changes in the membrane properties (a
potency for macro-pinocytosis) remained present on a longer
time scale (hours) but the cell behavior was finally back to nor-
mal (ability to grow).

Concerning drug delivery, the main fact is that permeabilisa-
tion stays present for seconds after the pulse (so-called resealing
period). The post pulse repair mechanism appears as an active pro-
cess involving energy provided from the cell (starved cells cannot
reseal). There is a general agreement that very little is known about
what is really occurring at the molecular level during membrane
electro-permeabilisation. Lipids appear as the primary target of the
field effect as in the case of liposomes. Nevertheless membrane
proteins appear to be affected by a direct or by a back effect.

It is well accepted that the entry of small molecules, such as
anticancer drugs, occurs mostly through simple diffusion after the
pulse. A short lived electrophoretic loading is indeed present along
the millisecond duration of the pulse (Pucihar et al., 2008). The
passive loading during the slow resealing results in a fast and sig-
nificant increase of drug concentration (100x ), for products where
no effective membrane transport is present. This is of major impor-
tance for drug delivery as it induces a high cytotoxicity in tumor
cells when polar toxic drugs (bleomycin or cis-platin) are intro-
duced in the cytoplasm. This is obtained even if their external
concentration is low. Secondary effects are therefore limited.

The entry of charged macromolecules, such as plasmid DNA,
occurs through a multistep mechanism involving the elec-
trophoretically driven interaction of DNA molecules with the
destabilized membrane during the pulse, a stabilization step dur-
ing the second following the pulse and then its passage across the
membrane. Successful DNA electro-transfer into cells depends not
only on cell permeabilisation but also on the way plasmid DNA
interacts with the plasma membrane. In tissues (i.e. for clinical
developments), a critical problem is the limits for plasmid diffusion
due to the extracellular matrix (Mesojednik et al., 2007; Henshaw
and Yuan, 2008).

But gene electro-transfer is not the focus of the present mini-
review. Recent pertinent reviews can be found in several papers
(Escoffre et al., 2009; Andre and Mir, 2010).

3. Electrodelivery in tissues

This description at the single cell level can be adapted to be valid
on tissues (cell associate). A fair agreement was found between
mathematical simulation and experimental observations. The local
field at the cell level is not the “macro-field” present externally on
the assembly (tissue). The free diffusion of the drug can be hindered
by the close contact of the cells and by the external matrix (Pucihar
et al., 2007; Abidor et al., 1994a,b; Wasungu et al., 2009).

From the technology (design of applicators), it is possible to very
specifically target certain tissues within the body with whatever
drug, isotope, or other product. Delivery is desired in a specific
situation (Cemazar and Sersa, 2007; Hojman, 2010).

Permeabilisation (and associated local delivery) occurs as long
as it is possible to locally provide a field strong enough to be larger
than the critical value reported in step 1. This is obtained by a
proper design of the electrodes taking into account their geome-
try and the specific dielectric properties of a tissue. The efficiency
in delivery is then under the control of the pulse cumulated dura-
tion. This parameter acts on the permeabilisation extend (step 2)
and on the kinetic of the slow resealing (step 4). Drug delivery is
obtained and appears to be further enhanced by a tissue response

the so-called vascular lock. The application of electric pulses to the
tumors induced instant but transient tumor blood flow reduction.
This is followed by a vascular disrupting action due to an indirect
action on the endothelial cells of the blood vessels (Hudej et al.,
2010; Sersa et al., 2008).

This means that the drug does not need to be locally injected
(IT) but its IV injection will be effective on the local tissue (tumor)
where the electric pulse is applied. Again a massive inflow occurs
allowing injecting a very limited amount of the drug.

4. Electrodelivery in clinics

The most impressive success of electro-pulsation in drug deliv-
ery is the clinical development of electro-chemotherapy (ECT).
From the efforts of several teams with supports of the European
Union (FP5 Cliniporator, FP6 Esope), standardized protocols are
now provided to treat cutaneous tumors (Mir et al., 2006).

Basically, the drug (bleomycin or cisplatin) is injected at a low
dose either IV or IT, then a series of 8 pulses of 0.1 ms (frequency up
to5kHz)ata 1300V to electrode width (cm) is delivered with plate
or needle electrodes. It is observed to be painless for the patient. EU
approved technologies are available associated to these protocols
(Colombo et al., 2008; Hampton, 2011).

Local electro-loading of bleomycin or cis-platin is obtained on
skin tumors submitted to local electric pulses after IV injection
of the drug. More than 80 hospitals spread all over Europe are
using this technology (almost as a routine practice). ECT is now
proved to be an effective treatment in the palliative management
of un-resectable recurrent disease in solid cutaneous and subcuta-
neous tumors of varying histology (mostly melanoma) with overall
objective response rates of approximately 80-90%. ECT is now a
loco-regional therapy for disseminated cutaneous and subcuta-
neous tumor lesions to be used as a new treatment modality to
improve patient’s quality of life (Campana et al., 2009; Quaglino
et al., 2008; Giardino et al., 2006, 2010; Moller et al., 2009; Gaudy
et al., 2006; Sadadcharam et al., 2008; Gehl, 2008; Testori et al.,
2010; Kaehler et al., 2010; Landstroem et al., 2010; Jarm et al.,
2010).

A key feature is that 0.1 ms pulses are applied to bring an effi-
cient delivery for drugs (MW about 1000 Da) with almost no direct
effect on the cell viability. Death can be “delivered” by induc-
ing an irreversible permeabilisation (so-called IRE) by using more
stronger pulses (Edd et al., 2006; Al-Sakere et al., 2007). No drug
injection is required. Recent results showed that indeed very short
ns pulses can eradicate skin tumors in a more effective way than
longer pulses by an IRE process (Nuccitelli et al., 2010; Chen et al.,
2011; Garon et al., 2007). The associated mechanisms are clearly
different. No drug is needed. Furthermore it is observed that even
if permeabilisation is triggered for divalent ions, it cannot support
the inflow of drugs large as bleomycin (Deng et al., 2003; Bowman
et al.,, 2010). While ECT does not appears to have a cell selectivity
(as long as cells are sensitive to bleomycin), this is clearly not the
case for ns IRE (Ibey et al., 2010).

5. Safety issues

The concerns of the safety of electro-delivery were accessed.
They can be linked to the physical effects of the technology. Burning
can be induced due to the high currents that are delivered. This is
a main concern when using needles electrodes with a very small
diameter. Their shapes result in a very high local current density.
But burning is avoided when the standard operating procedures are
followed.

The occurrence of a “molecular” response was recently
investigated. No toxicity appears to be linked to “classical”
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electro-permeabilisation in vivo. Differentially expressed genes
were investigated by microarray analysis. ECT (and EGT) pulses
induce a heat shock protein (HSP70) stress response mechanism.
Nuclear effects are present such as repression of histone protein
H4, a major protein involved in chromatin assembly, and down-
regulation of components involved in protein synthesis. But no
change in the expression profile of major tumor suppressor genes or
oncogenes, no change in the expression of genes involved in the sta-
bility of DNA and no promotion of tumor genesis were detected. The
expression of metastasis promoting genes was not increased after
electro-chemotherapy (Todorovic et al., 2010; Mlakar et al., 2009).

The effects on muscle fibers were transient as the expression
profiles 3 weeks after treatment were closely related with the con-
trol muscles (Rubenstrunk et al., 2004; Hojman et al., 2007). This
was observed with plate electrodes. Nevertheless some deleterious
damages were observed in old investigations when using needle
electrodes where current induced effects may be present. Limited
muscle damage and regeneration structural changes with loss of
cell integrity and striation pattern were observed in some fibers
after EGT (i.e. electrical conditions that are more drastic that those
required for ECT in the standardized protocols). No difference in
the force generation capacity was observed in the muscles 2 weeks
after EGT.

6. New developments on delivery by electropulsation
6.1. Improved photodynamic therapy (PDT)

During many years due to the success in preclinical and clinical
treatments, electro-delivery was mostly used to enhance the effect
of bleomycin (and of cis platin). But the biophysical description of
the processes supporting the trans-membrane transport predicts
that it was effective for any kind of polar molecule (with a MW
about 1 kDa). The effectiveness of the photodynamic therapy (PDT),
a low-invasive and targeted therapy of cancer, could be intensi-
fied by increasing the intracellular transport of a photosensitizer. A
disadvantage of photodynamic therapy is linked to the slow accu-
mulation of photosensitizer in tumor tissue. Its accumulation is
passive and therefore very limited when the product is hydrophilic.
It is a slow process with a poor selectivity for the tumor. The dose
that can load in the tumor can be too low to give a therapeutic
effect. Electro-permeabilisation gives a free access the cytoplasm in
the tissue volume where the field pulse is delivered. Recent stud-
ies in vitro showed on different cell systems an enhancement of
photodynamic tumor therapy effectiveness by electroporation in
vitro. Low doses of photosensitizers can therefore be used improv-
ing the safety of the treatment. Photosensitizers chlorine e(6) (C
e(6)) at the dose of 10 pg/ml and aluminium phthalocyanine tetra-
sulfonate (AlPcS4) at the dose of 50 g/ml were electro-loaded
under ECT conditions and brought a fourfold increase in PDT cyto-
toxicity after light irradiation. This is a clear illustration of the
difference in cellular uptake of foreign materials and of the asso-
ciated therapeutic results between the normal cells and the cells
treated electromagnetically. This conclusion allows reducing drug
doses and exposure time of the cells to those drugs as compared
with conditions routinely used in standard PDT (Labanauskiene
et al.,, 2007; Labanauskieneé et al., 2009; Saczko et al., 2010).

6.2. Metal nanoparticles delivery

Metal nanoparticles are proposed as new vehicles for drug
delivery besides their use as contrast agents in MRI or other
spectroscopic approaches (intracellular surface-enhanced Raman
spectroscopy (SERS)). Loading is conventionally obtained by pas-
sive entry (endocytosis). This is a slow process with a rather poor

reproducibility in the cellular localization. For imaging, electro-
loaded nanoparticles are localized only in the cell cytoplasm by
a very fast process (polylysine coating of the nanoparticle, a short
incubation to give some surface absorption, a 1 ms ECT pulse). The
procedure is reported to be completed in a very short period of time
(less than 1 min) in the in vitro procedure (Tai et al., 2006; Lin et al.,
20009).

6.3. Targeted PDT with metal nanoparticles

In all previous studies, targeting of electrodelivery is limited to a
volume. Delivery is obtained where permeabilisation is triggered,
i.e. the part of the tissue where the local field is high enough to
induce membrane permeabilisation. This is controlled by the design
of the electrodes and by the voltage applied between them. No spe-
cific recognition is provided. This was shown to be provided by the
conjugation of the TiO, nanoparticles with a monoclonal antibody
and the combination with electroporation (Xu et al., 2007). Label-
ing nanoparticles with the antibody is a routine procedure and can
be easily monitored by using FITC tagged antibodies. The specificity
of cell recognition brought by the antibody gives a targeted accu-
mulation of TiO, nanoparticles on the target cancer cells. Cellular
delivery is obtained by electro-pulsation with electrical parameters
used for delivery of drugs (0.1 ms pulse duration). Photo killing is
obtained after UV irradiation of the cells. Eradication of the can-
cer cells can be obtained when the particle cell mixture is pulsed
while a very limited effect is observed without electro-pulsation.
Furthermore the photo-killing is specific for the cells bearing the
antigen specific of the monoclonal antibody.

7. Conclusions

Electric mediated drug delivery is now at a mature state. Electro-
chemotherapy is now used as a routine practice in oncology
after almost 20 years of preclinical research. Electro-delivery is
indeed open for more applications even if the molecular mecha-
nisms remain poorly understood. One should mention that even
it was developed on an empirical approach, it is a safe method.
In connection with the newly introduced nano-biotechnologies,
improvements in a more specific targeting can be reached to obtain
a more specific targeting in the drug delivery.

Acknowledgements

This work was supported by grants from the ANR (Cemirbio,
CMID) and of the EU FP7 (Oncomir). This was partly presented by
JT as an invited lecturer along the “XVémes Journées du GTRV “in
Toulouse (December 6-8, 2010).

References

Abidor, L.G., Li, L.H., Hui, S.W., 1994a. Studies of cell pellets. 1. Electrical properties
and porosity. Biophys. J. 67, 418-426.

Abidor, I.G., Li, L.H., Hui, S.W., 1994b. Studies of cell pellets. Il. Osmotic properties,
electroporation, and related phenomena: membrane interactions. Biophys. J. 67,
427-435.

Al-Sakere, B., André, F., Bernat, C., Connault, E., Opolon, P., Davalos, R.V., Rubinsky,
B., Mir, L.M., 2007. Tumor ablation with irreversible electroporation. PLoS One
2,e1135.

Andre, F.M., Mir, L.M., 2010. Nucleic acids electrotransfer in vivo: mechanisms and
practical aspects. Curr. Gene Ther. 10, 267-280.

Bowman, A.M., Nesin, O.M., Pakhomova, O.N., Pakhomov, A.G., 2010. Analysis of
plasma membrane integrity by fluorescent detection of TI(+) uptake. J. Membr.
Biol. 236, 15-26.

Campana, L.G., Mocellin, S., Basso, M., Puccetti, O., De Salvo, G.L., Chiarion-Sileni,
V., Vecchiato, A., Corti, L., Rossi, C.R., Nitti, D., 2009. Bleomycin-based elec-
trochemotherapy: clinical outcome from a single institution’s experience with
52 patients. Ann. Surg. Oncol. 16, 191-199.

Cemazar, M, Sersa, G., 2007. Electrotransfer of therapeutic molecules into tissues.
Curr. Opin. Mol. Ther. 9, 554-562.



6 J. Teissié et al. / International Journal of Pharmaceutics 423 (2012) 3-6

Chen, X., Schoenbach, KH., Zheng, S., Swanson, RJ., 2011. Comparative study of
long- and short-pulsed electric fields for treating melanoma in an in vivo mouse
model. In Vivo 25, 23-27.

Colombo, G.L., Di Matteo, S., Mir, S., L.M., 2008. Cost-effectiveness analysis of elec-
trochemotherapy with the Cliniporator® vs. other methods for the control and
treatment of cutaneous and subcutaneous tumors. Ther. Clin. Risk Manage. 4,
541-548.

Deng, ]., Schoenbach, K.H., Buescher, E.S., Hair, P.S., Fox, P.M., Beebe, S.J., 2003.
The effects of intense submicrosecond electrical pulses on cells. Biophys. ]. 84,
2709-2714.

Edd, ].F., Horowitz, L., Davalos, R.V., Mir, L.M., Rubinsky, B., 2006. In vivo results of
a new focal tissue ablation technique: irreversible electroporation. IEEE Trans.
Biomed. Eng. 53, 1409-1415.

Escoffre, ].M., Portet, T., Wasungu, L., Teissié, ]., Dean, D., Rols, M.P., 2009. What is
(still not) known of the mechanism by which electroporation mediates gene
transfer and expression in cells and tissues. Mol. Biotechnol. 41, 286-295.

Garon, E.B., Sawcer, D., Vernier, P.T., Tang, T., Sun, Y., Marcu, L., Gundersen, M.A.,
Koeffler, H.P., 2007. In vitro and in vivo evaluation and a case report of intense
nanosecond pulsed electric field as a local therapy for human malignancies. Int.
J. Cancer 121, 675-682.

Gaudy, C., Richard, M.A., Folchetti, G., Bonerandi, ]J., Grob, J.J., 2006. Randomized
controlled study of electrochemotherapy in the local treatment of skin metas-
tases of melanoma. J. Cutan. Med. Surg. 10, 115-121.

Gehl, J., 2008. Electroporation for drug and gene delivery in the clinic: doctors go
electric. Methods Mol. Biol. 423, 351-359.

Giardino, R, Fini, M., Bonazzi, V., Cadossi, R., Nicolini, A., Carpi, A., 2006. Elec-
trochemotherapy a novel approach to the treatment of metastatic nodules on
the skin and subcutaneous tissues. Biomed. Pharmacother. 60, 458-462.

Hampton, T., 2011. Electric pulses help with chemotherapy may open new paths for
other agents. JAMA 305, 549-551.

Henshaw, J.W., Yuan, F., 2008. Field distribution and DNA transport in solid tumors
during electric field-mediated gene delivery. J. Pharm. Sci. 97, 691-711.

Hojman, P., Zibert, ].Z., Gissel, H., Eriksen, ]J., Gehl, J., 2007. Gene expression profiles
in skeletal muscle after gene electrotransfer. BMC Mol. Biol. 8, 56.

Hojman, P.,2010. Basic principles and clinical advancements of muscle electrotrans-
fer. Curr. Gene Ther. 10, 128-138.

Hudej, R., Turel, I., Kanduser, M., Scancar, J., Kranjc, S., Sersa, G., Miklavcic, D., Jaku-
pec, M.A,, Keppler, B.K., Cemazar, M., 2010. The influence of electroporation on
cytotoxicity of anticancer ruthenium(Ill) complex KP1339 in vitro and in vivo.
Anticancer Res. 30, 2055-2063.

Ibey, B.L., Pakhomov, A.G., Gregory, B.W., Khorokhorina, V.A,, Roth, C.C., Rassokhin,
M.A., Bernhard, J.A., Wilmink, G.J., Pakhomova, O.N., 2010. Selective cytotoxicity
of intense nanosecond-duration electric pulses in mammalian cells. Biochim.
Biophys. Acta 1800, 1210-1219.

Jarm, T., Cemazar, M., Miklavcic, D., Sersa, G., 2010. Antivascular effects of elec-
trochemotherapy: implications in treatment of bleeding metastases. Expert Rev.
Anticancer Ther. 10, 729-746.

Kaehler, K.C., Egberts, F., Hauschild, A., 2010. Electrochemotherapy in symptomatic
melanoma skin metastases: intra individual comparison with conventional
surgery. Dermatol. Surg. 36, 1200-1202.

Labanauskiene, J., Gehl, ]., Didziapetriene, ]., 2007. Evaluation of cytotoxic effect of
photodynamic therapy in combination with electroporation in vitro. Bioelectro-
chemistry 70, 78-82.

Labanauskiené, J., Satkauskas, S., Kirveliené, V., Venslauskas, M., AtkoCius, V.,
Didziapetriené, J., 2009. Enhancement of photodynamic tumor therapy effec-
tiveness by electroporation in vitro. Medicina (Kaunas) 45, 372-379.

Landstroem, F.J., Nilsson, C.0.S., Crafoord, S., Reizenstein, J.A., Adamsson, G-B.M.,
Loefgren, L.A., 2010. Electroporation therapy of skin cancer in the head and neck
area. Dermatol. Surg. 36, 1245-1250.

Lin,]., Chen, R, Feng,S., Li, Y., Huang, Z,, Xie, S., Yu, Y., Cheng, M., Zeng, H., 2009. Rapid
delivery of silver nanoparticles into living cells by electroporation for surface-
enhanced Raman spectroscopy. Biosens. Bioelectron. 25, 388-394.

Mesojednik, S., Pavlin, D., Sersa, G., Coer, A., Kranjc, S., Grosel, A., Tevz, G., Cemazar,
M., 2007. The effect of the histological properties of tumors on transfection effi-
ciency of electrically assisted gene delivery to solid tumors in mice. Gene Ther.
14, 1261-1269.

Mir, L.M,, Gehl, J., Sersa, G., Collins, C.G., Garbay, ].M., Billard, V., Geertsen, P.F.,
Rudolf, Z., O’Sullivan, G.C., Marty, M., 2006. 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
Cliniporator™ by means of invasive or non-invasive electrodes. Eur. . Cancer
(Suppl. S4), 14-25.

Mlakar, V., Todorovic, V., Cemazar, M., Glavac, D., Sersa, G., 2009. Electric pulses used
in electrochemotherapy and electrogene therapy do not significantly change the
expression profile of genes involved in the development of cancer in malignant
melanoma cells. BMC Cancer 26, 299.

Moller, M.G., Salwa, S., Soden, D.M., O‘Sullivan, G.C., 2009. Electrochemotherapy
as an adjunct or alternative to other treatments for unresectable or in-transit
melanoma. Expert Rev. Anticancer Ther. 9, 1611-1630.

Nuccitelli, R., Tran, K., Sheikh, S., Athos, B., Kreis, M., Nuccitelli, P., 2010. Opti-
mized nanosecond pulsed electric field therapy can cause murine malignant
melanomas to self-destruct with a single treatment. Int. J. Cancer 127,
1727-1736.

Pucihar, G., Kotnik, T., Teissié, ]., Miklavcic, D., 2007. Electropermeabilization of dense
cell suspensions. Eur. Biophys. J. 36, 173-185.

Pucihar, G., Kotnik, T., Miklavcic, D., Teissié, ]., 2008. Kinetics of transmembrane
transport of small molecules into electropermeabilized cells. Biophys. J. 95,
2837-2848.

Quaglino, P., Mortera, C., Osella-Abate, S., Barberis, M., Illengo, M., Rissone, M., Savoia,
P., Bernengo, M.G., 2008. Electrochemotherapy with intravenous bleomycin
in the local treatment of skin melanoma metastases. Ann. Surg. Oncol. 15,
2215-2222.

Rubenstrunk, A., Mahfoudi, A., Scherman, D., 2004. Delivery of electric pulses for
DNA electrotransfer to mouse muscle does not induce the expression of stress
related genes. Cell Biol. Toxicol. 20, 25-31.

Sadadcharam, M., Soden, D.M., O‘sullivan, G.C., 2008. Electrochemotherapy: an
emerging cancer treatment. Int. J. Hyperther. 24, 263-273.

Saczko, J., Nowak, M., Skolucka, N., Kulbacka, J., Kotulska, M., 2010. The effects of the
electro-photodynamic in vitro treatment on human lung adenocarcinoma cells.
Bioelectrochemistry 79, 90-94.

Sersa, G., Jarm, T., Kotnik, T., Coer, A., Podkrajsek, M., Sentjurc, M., Miklavcic, D.,
Kadivec, M., Kranijc, S., Secerov, A., Cemazar, M., 2008. Vascular disrupting action
of electroporation and electrochemotherapy with bleomycin in murine sarcoma.
Br. J. Cancer 98, 388-398.

Tai, J.H., Foster, P., Rosales, A., Feng, B., Hasilo, C., Martinez, V., Ramadan, S.,
Snir, J., Melling, CWJ., Dhanvantari, S., Rutt, B., White, DJ.G., 2006. Imag-
ing islets labeled with magnetic nanoparticles at 1.5Tesla. Diabetes 55,
2931-2938.

Teissie, ]., Golzio, M., Rols, M.P., 2005. Mechanisms of cell membrane electroperme-
abilization: a minireview of our present (lack of?) knowledge. Biochim. Biophys.
Acta 1724, 270-280.

Testori, A., Tosti, G., Martinoli, C., Spadola, G., Cataldo, F., Verrecchia, F., Baldini, F.,
Mosconi, M., Soteldo, J., Tedeschi, I., Passoni, C., Pari, C., di Pietro, A., Ferrucci, P.F.,
2010. Electrochemotherapy for cutaneous and subcutaneous tumor lesions: a
novel therapeutic approach. Dermatol. Ther. 23, 651-661.

Todorovic, V., Sersa, G., Mlakar, V., Glavac, D., Flisar, K., Cemazar, M., 2010. Metastatic
potential of melanoma cells is not affected by electrochemotherapy. Melanoma
Res. (March) (Epub ahead of print).

Wasungu, L., Escoffre, .M., Valette, A., Teissie, J., Rols, M.P., 2009. A 3D in vitro
spheroid model as a way to study the mechanisms of electroporation. Int. J.
Pharm. 379, 278-284.

Xu, J., Suna, Y., Huang, J., Chen, C, Liu, G., Jiang, Y., Zhao, Y., Jiang, Z., 2007. Pho-
tokilling cancer cells using highly cell-specific antibody-TiO, bioconjugates and
electroporation. Bioelectrochemistry 71, 217-222.



	Drug delivery by electropulsation: Recent developments in oncology
	1 Introduction
	2 Electrodelivery at the single cell level
	3 Electrodelivery in tissues
	4 Electrodelivery in clinics
	5 Safety issues
	6 New developments on delivery by electropulsation
	6.1 Improved photodynamic therapy (PDT)
	6.2 Metal nanoparticles delivery
	6.3 Targeted PDT with metal nanoparticles

	7 Conclusions
	Acknowledgements
	References


