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Abstract

Purpose To compare the accumulation and effect of lipo-
somal doxorubicin in liver tissue treated by radiofrequency
ablation (RFA) and irreversible electroporation (IRE) in
in vivo porcine models.

Materials and Methods Sixteen RFA and 16 IRE proce-
dures were performed in healthy liver of two groups of
three pigs. Multi-tined RFA parameters included: 100 W,
target temperature 105°C for 7 min. 100 IRE pulses were
delivered using two monopolar electrodes at 2250 V, 1 Hz,
for 100 psec. For each group, two pigs received 50 mg
liposomal doxorubicin (0.5 mg/kg) as a drip infusion dur-
ing ablation procedure, with one pig serving as control.
Samples were harvested from the central and peripheral
zones of the ablation at 24 and 72 h. Immunohistochemical
analysis to evaluate the degree of cellular stress, DNA
damage, and degree of apoptosis was performed. These and
the ablation sizes were compared. Doxorubicin
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concentrations were also analyzed using fluorescence
photometry of homogenized tissue.

Results RFA treatment zones created with concomitant
administration of doxorubicin at 24 h were significantly larger
than controls (2.5 £ 0.3 cm vs. 2.2 + 0.2 cm; p = 0.04). By
contrast, IRE treatment zones were negatively influenced by
chemotherapy (2.2 &+ 0.4 cm vs. 2.6 £ 0.4 cm; p = 0.05). At
24 h, doxorubicin concentrations in peripheral and central
zones of RFA were significantly increased in comparison with
untreated parenchyma (0431 £ 0.078 ng/g and
0.314 £ 0.055 pg/g vs. 0.18 £ 0.012 pg/g; p < 0.05). Dox-
orubicin concentrations in IRE zones were not significantly
different from untreated liver (0.191 £ 0.049 pg/g and
0.210 £ 0.049 ng/g vs. 0.18 £ 0.012 pg/g).

Conclusions Whereas there is an increased accumulation
of periprocedural doxorubicin and an associated increase in
ablation zone following RFA, a contrary effect is noted
with IRE. These discrepant findings suggest that different
mechanisms and synergies will need to be considered in
order to select optimal adjuvants for different classes of
ablation devices.

Keywords Liposomal doxorubicin - Radiofrequency
ablation - Irreversible electroporation

Introduction

The use of local percutaneous ablation methods as a
technique for the treatment of parenchymal malignancies,
particularly hepatic tumors, has increased over the last
25 years [1]. Despite the differences between the principles
of thermal and nonthermal methods [2], the common
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objective of these techniques is to destroy malignant cells
using a minimally invasive approach while sparing as
much parenchyma as possible. Irrespective of the
improvements in minimally invasive ablation techniques,
when compared with standard of care surgical resection,
the disadvantage of higher rates of local recurrence still
persists for individual ablative methods [3]. In the case of
thermal ablation, malignant hepatic tumors with a dimen-
sion of 2 cm and less have commensurate local recurrence
rates with surgical resection, whereas for larger tumors
(> 2 cm), the local recurrence rate increases [4] mainly
due to inability to achieve sufficient safety margin [5].
The options for increasing the efficacy of thermal
ablative methods include combining intraarterial
embolization to decrease blood flow or more simply the
conjunctive administration of systemic chemotherapeutic
agents [6-9]. The most studied chemotherapeutic molecule
in catheter-based treatment in interventional oncology is
the anthracycline-containing drug doxorubicin often
administered encapsulated in liposomal form. The liposo-
mal encapsulation serves to increase safety and tolerability
by decreasing cardiac and gastrointestinal toxicity, while
drug is preferentially distributed to the tumor tissue, and
when appropriately modified with compounds such as
polyethylene glycol can increase the circulation time of the
drug substantially [10]. Periprocedural administration of
liposomal doxorubicin can significantly extend the volume
of ablation formed by radiofrequency (RFA) [11, 12]. This
combination of methods results in a high concentration of
residual active metabolites within marginal zones that are
susceptible to the persistence of the malignant cells that
form recurrent disease [13]. In contrast to tumors treated by
RFA and free doxorubicin, the intratumoral concentration
of the chemotherapeutic agent after periprocedural
administration of doxorubicin encapsulated in a liposomal
carrier has been found to be seven times higher [14].
More recently, irreversible electroporation (IRE) has
become a well-known potentially nonthermal technique for
soft tissue ablation [15]. Using IRE, cell death at minimal
energy input can eliminate the carbonization and heat sink
effect observed in thermal methods. Additionally, the
nonthermal electrical characteristic of IRE may prevent the
collateral damage that can occur with thermal ablation
techniques to surrounding tissues, such as the vessels, bile
ducts, and nerves [16]. As true IRE is achieved only under
specific electrical conditions, differences in tissue electrical
conductivity can alter the homogeneity of the ablation
zone, with the persistence of exclusively reversible ablated
regions that have a high probability of recurrent disease.
On the other hand, the marginal zones of IRE that corre-
spond to a zone of reversible electroporation hypothetically
should have the advantage of easier transportation of
chemotherapeutic  agents into  their intracellular

@ Springer

compartments. Indeed, this strategy has been promulgated
in the past as a technique known as electrochemotherapy
where the temporary formation of pores in the cellular
membrane by reversible electroporation increases the effi-
cacy of chemotherapy by facilitating the transportation of
impermeable drugs of high molecular weight such as
bleomycin [17]. Although free forms of anthracycline-
based drugs failed to prove any laboratory benefit in
combination with such reversible electroporation in prior
studies [18], there has been no previous focus on liposomal
forms.

Thus, we sought to assess the synergistic effect of the
concomitant application of the liposomal form of doxoru-
bicin during IRE procedures. Our study objective was to
compare drug concentrations in and adjacent to the treat-
ment zone and their effect on the size of the ablation zone
compared to previously observed effects seen during the
coadministration of chemotherapeutic agents to RFA
treatments.

Materials and Methods

Experiments were performed under the supervision of the
Veterinary Research Institute in Brno, Department of
Surgery of the Faculty of Veterinary Medicine, University
of Veterinary and Pharmaceutical Sciences in Brno, Czech
Republic, with prior approval for the use of animal test
subjects from the Ethics Committee of University of
Veterinary and Pharmaceutical Sciences in Brno, Czech
Republic, according to law on the protection of animals
against cruelty (as amended by §17, paragraph 15 g, Act
no. 246/1992 Coll.). Six laboratory female piglets (50%
Duroc, 25% Pietrain, and 25% Landrace crossbreed) were
split into two groups of three pigs according to the desired
survival time after surgery (24 h vs. 72 h). The piglets
were 4 months of age and weighed 40 & 1 kg in the group
harvested at 24 h and 32 kg & 1 kg for those harvested
after 24 h. The animals were anesthetized and given
muscular blockade in a uniform fashion as described in
Appendix 1. A laparotomy approach enabled direct visu-
alization of the liver. Eight RFA and eight IRE treatments
were created in the liver parenchyma of each of two groups
to a maximum of three per lobe (total N of ablations = 32),
(Fig. 1).

Radiofrequency energy was generated using an
Angiodynamics Model 1500 generator and delivered via
StarBurstXL. multi-tined needles (Angiodynamics, Lan-
tham, NY, USA) with tines extended to 3 cm. Energy
parameters included: power at 100 W, target temperature
of 105 °C, and procedure duration of 7 min.

IRE pulses were delivered using two monopolar elec-
trodes using clinically relevant parameters previously
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Harvested in 24hrs — immunohistochemical and
fluorescence photometric analyses

Fig. 1 Schematic representation of IRE and RF ablations for each
pig. Each box represents liver parenchyma divided into three exposed
lobes for thermal ablation (black filled circle) and IRE treatment

validated in experimental studies [19-21]. These included:
voltage of 2250 V, pulse length of 100 microsec, 100
pulses at a frequency of 1 Hz, a 1.5 cm electrode exposure,
and electrode spacing of 1.5 & 0.3 cm. The IRE energy
was delivered by a generator prototype constructed by
Department of Power Electrical and Electronic Engineer-
ing, Faculty of Electrical Engineering and Communication,
Brno University of Technology, Brno, Czech Republic.
Prior unpublished tests verified the accuracy of the gener-
ator output to 94% of declared values. No complications
were observed either during anesthesia or any of the
ablation procedures.

Long circulating liposomal doxorubicin (MYOCET
50 mg, 52.6 h half-life [10], Teva, Haarlem, NL) was
intravenously administered to two of the three subjects in
each group at a dose of 0.5 mg/kg at a slow drip (30 ml/
60 min) while simultaneously performing the ablation. The
administration was initiated 10 min prior to the first abla-
tion procedure to achieve saturation of blood pool with
liposomal doxorubicin. The third subject in each group
underwent ablation without administration of the liposomal
doxorubicin and hence served as a control (Fig. 1). The
first group of animals was euthanized after 24 h, and the
second group was euthanized after 72 h. Treatment zones
were dissected from the hepatic parenchyma, and the
peripheral and central zones of ablation were measured
along both their long and short axes by two operators.
Representative samples from each zone were immediately
frozen after harvest and were stored at — 80 °C until
analysis of doxorubicin content was performed. The fluo-
rescent properties of doxorubicin were then used to quan-
tify the amount of the drug in the obtained tissue samples
as described in Appendix 2 based upon previously pub-
lished procedures [14]. Additionally, representative tissue
samples of each treated area including the central and
peripheral zone harvested after 24 h were analyzed by the
immunohistochemical protocol described in Appendix 3.
Quantitative analysis was performed by measuring the
thickness of the rim of staining for HSP70, YH2AX, and
cleaved caspase-3 to evaluate the degree of cellular stress,
DNA damage, and degree of apoptosis, respectively.
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Harvested in 72hrs - fluorescence photometric
analyses

(white filled circle). The orange background indicates administration
of liposomal doxorubicin during treatment in slow drip infusion,
while the white background indicates native control

Measurements were analyzed using unpaired student’s
t tests, as appropriate, with either analytic software STA-
TISTICA software (StatSoft CR s.r.o., Prague, Czech
Republic) or Microsoft Excel (Microsoft, Redmond,
Washington, USA). A P value of less than 0.05 was con-
sidered significant.

Results
Comparison of Treatment Zone Sizes

At 24 h, sharply demarcated borders for RFA and IRE
were observed. Doxorubicin increased the overall RFA
ablation size. Significant increases in gross coagulation
zones were observed in the livers treated with RFA and
concomitant liposomal doxorubicin administration, as
compared with the liver treated with RFA alone
(250 £ 030 cm  vs. 221 £0.21 cm; p =0.04). An
increased peripheral rim of red tissue surrounding the
central white region of coagulation was also observed for
the RFA zones receiving doxorubicin (0.33 + 0.05 cm vs.
0.28 £ 0.07 cm; p = 0.04). By contrast, after IRE treat-
ments, ablation zones were smaller in the group adminis-
tered liposomal doxorubicin (2.22 + 040 cm  vs.
2.63 £ 0.43 cm; p = 0.05). Additionally, there was poorer
discrimination between central and peripheral zones for
IRE (Fig. 2).

At 72 h, RF zones remained well demarcated and were
slightly smaller when compared to that of 24 h
(245 £023 cm  vs. 2.11 £ 0.17 cm, respectively,
p = 0.01). However, for IRE much more poorly defined
borders were seen in 72 h to the point that an accurate
representative diameter could not be assessed.

Doxorubicin Concentrations at 24 h

At 24 h, statistically significant (p < 0.01) differences in
the concentrations of doxorubicin were seen by fluores-
cence photometric analysis, in both the peripheral and
central zones of RF ablation. Specifically, in the peripheral
and central zones of ablation, doxorubicin concentrations
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Fig. 2 Gross pathology of 53
ablation zones. Radiofrequency v
ablation (A, B) and IRE
treatment zones (C, D).
Concomitant administration of
liposomal doxorubicin (A, C),
bland controls (B, D). Well-
demarcated central white zone
and peripheral red zone were
noted for RFA, whereas a
poorly defined transition is seen
between central and the
periphery of IRE zones
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were 240 x and 1.74 x  higher  (measuring
0.431 £ 0.078 pg/g and 0.314 £ 0.055 pg/g, respectively)
in comparison with the untreated parenchyma
(0.180 £ 0.012 pg/g; p < 0.01). By contrast, low levels of
doxorubicin that were equal to the untreated liver par-
enchyma were noted throughout the IRE treatment zones
(0.191 4+ 0.049 pg/g and 0.210 £ 0.049 pg/g, = 1.06;
1.17 times higher to untreated liver; p = 0.63, p = 0.09)
(Fig. 3).

Doxorubicin Concentration at 72 h

At 72 h, an increased accumulation of liposomal doxoru-
bicin was noted in RF ablation zones (0.208 £ 0.036 pg/g
in central zone and 0.231 4 0.052 pg/g in peripheral
zone). These concentrations were statistically significantly
higher for RFA compared to both IRE (0.18 &+ 0.059 pg/g)
and the non-ablated samples (p < 0.05, both comparisons)
(Fig. 4). However, unlike at 24 h, there was no significant
difference between central and peripheral RFA zones
(0.208 £ 0.035 pg/g vs. 0.231 4+ 0.052 pg/g, p = 0.6).
Additionally, fluorescent intensity of doxorubicin did not
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show a statistically significant increase compared to unaf-
fected parenchyma in IRE zones. For IRE, no differences
between central and peripheral zones were observed.

Comparison Between Groups Harvested at 24
and 72 h

The concentration of doxorubicin in RFA zones was sta-
tistically significantly higher at 24 h than after 72 h
(p < 0.01). There was no significant difference in these
values for IRE zones p = 0.1 (Fig. 4). The background
intensity of samples without doxorubicin administration
was identical at both 24 and 72 h and corresponded to a
doxorubicin concentration of 0.08 &+ 0.035 pg/g.

Immunohistochemical Analyses

For RFA at 24 h, cells positively stained with HSP70 and
cleaved caspase-3 were observed as a well-organized rim
in the peripheral zone of ablated areas. This zone of
apoptosis and cellular stress was wider with higher number
of positive cells in liver treated with both RFA and



T. Andrasina et al.: The Accumulation and Effects of Liposomal Doxorubicin in Tissues Treated by...

755

Fig. 3 Fluorescence
photometric analysis of
doxorubicin tissue
concentration at 24 h. The
surface graph depicts
concentration of doxorubicin for
RFA and IRE in peripheral

(P) and central treatment zones
(C) separated by untreated
tissue (liver), two treatment
zones created with concomitant
administration of liposomal
doxorubicin are in left part of
graph
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fluorescence photometric
analysis results at 24 and 72 h.
The red-dashed line represents
background autofluorescent
properties of liver tissue set to
0.15 pg/g concentration of
doxorubicin (mean + 2SD)
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doxorubicin than for RFA only. The rim of HSP70 positive
cells was 373.6 + 49.1 um for combined treatment with
liposomal doxorubicin compared to 222.8 + 38.9 um for
treatment with RFA only (p < 0.0001); the rim of cleaved
caspase-3 positive cells was 890.0 £ 162.4 pm and
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587.1 £ 89.5 um, respectively (p < 0.0001) (Figs. 5, 6).
Cells with YH2AX positively stained nuclei created a rather
narrow peripheral rim for RFA zones, which was wider for
RFA alone (181.9 &+ 34.2 um) compared to that of com-
bined therapy (133.9 + 29.9 um; p < 0.0001) (Fig. 7). No
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Fig. 5 Fluorescent microscopy.
Peripheral zones stained with
antiHSP70, RFA with liposomal
doxorubicin (A), RFA only (B),
IRE with liposomal doxorubicin
(C), IRE only (D). Red lines
showing width of positively
stained borderline

measurable stained cells were seen in central zones of
RFA.

For IRE zones, there were only very rarely isolated cells,
without any specific distribution or dependence on dox-
orubicin therapy. Specifically, the central zones treated
with IRE were characterized by solitary HSP positive cells,
with the peripheral zones containing small groups of pos-
itive cells, most notably adjacent to interlobular septa
(Fig. 5). Likewise, cleaved caspase-3 positively stained
cells were predominantly located along the interlobular
septa, especially in peripheral zones (Fig. 6). Moreover, no
differences in expression of HSP70 and cleaved caspase-3
were noted between the group with combined therapy and
IRE only. Finally, there were only very rare and isolated
YH2AX positively stained cells in all tested samples
(Fig. 7).

Discussion
Multiple prior studies have demonstrated that the combi-
nation of radiofrequency ablation with intravenously

administered nanoparticles such as liposomal doxorubicin
increases intratumoral doxorubicin accumulation and
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tumor destruction [14, 22]. Clinical studies with RFA show
promising results as well [6]. However, there are limited
data about IRE technique in combination with drug accu-
mulation. Our work demonstrates that the treatment zones
after IRE exhibit different properties than RFA zones in
accumulation of doxorubicin and context with cell death.
In contrast to our initial assumption, peripheral and central
zones of IRE did not reach a higher accumulation of
doxorubicin in comparison with unaffected healthy par-
enchyma. Explanations for these findings are potentially
multifactorial. Prior studies have documented that accu-
mulation of liposomal doxorubicin in tissues treated with
RFA depends on many factors, e.g., drug concentration,
time of administration, etc. Ahmed observed a different
extent of accumulation corresponding to the temperature
produced by the ablation needle, with 50 °C representing
the threshold temperature for a significant difference in
accumulation in tissues treated with RF compared to the
control [22]. Increased temperature in tissues is responsible
for endothelial injury, resulting in permeabilization of
microvascularization with improved penetration of liposo-
mal carriers [23, 24]. There is only minimal thermal effect
of IRE generated by Joule heating around the electrodes
during an IRE procedure. The lack of thermal injury could
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Fig. 6 Fluorescent microscopy.
Peripheral zones stained with
anticleaved caspase-3, RFA
with liposomal doxorubicin (A),
RFA only (B), IRE with
liposomal doxorubicin, (C), IRE
only (D). Red lines showing
width of positively stained
borderline

potentially partially explain why IRE, considered as a
nonthermal technique, does not evince any demonstrable
effect and probably brings no or minimal contribution to
accumulation characteristics within the IRE zones. The
very same mechanism made tumorous or inflamed tissues
more susceptible to the liposomal form due to enhanced
vascular permeability and retention effect (particles of
100 nm or less preferentially accumulate in diseased tis-
sue) [11]. Macrophage infiltration of the peripheral rim
with high bio-absorption of liposomal agents could be
counted as another important factor as to why there is a
predominant increase in accumulation within the peripheral
zones of RFA. Concurrently, macrophage accumulation is
higher in the border zone for RFA than for IRE ablation
[25], Fig. 8 (HE staining, Appendix 3).

We simultaneously administered doxorubicin during
ablative procedures. Coagulative necrosis caused by
radiofrequency ablation with target temperatures reaching
100 °C leads to encapsulation of doxorubicin which cir-
culates in the bloodstream during intervention. On the other
hand, a possible persistent perfusion of the electroporated
region during IRE procedure, owing to the intact vascular
matrix [25], could also contribute to washout delivered
drug back into the bloodstream and be another potential

reason of very low accumulation of the cytostatic agent
after 24 h. Moreover, RFA alone induces morphologic
changes to vessels within the ablation zone lasting 12-24 h
after treatment with the addition of liposomal doxorubicin
causes early vessel contraction and a reduction in periab-
lational microvascular patency [24]. So-called vascular
block phenomenon which consists of a reflex constriction
of arterioles and a collapse of vessels caused by hyper-
permeabilization of endothelial cells could be only tem-
porary and may not regularly occur during IRE procedures
[25]. These different mechanisms could explain the fact
that concentrations of doxorubicin in IRE treatment zones
were identical to baseline levels of untreated parenchyma.
The main aim of electrochemotherapy is local enhance-
ment of cellular uptake in a reversibly electroporated area
which would be primarily beneficial for drugs with poor
natural cellular infiltration [26]. Non-permeant drugs are
defined as molecules that cannot cross the plasma mem-
brane because of hydrophilicity and absence of channels or
transporters at the plasma membrane level that introduce it
to intracellular compartment [27]. In comparison with
bleomycin, the gold standard for electrochemotherapy,
doxorubicin is hydrophobic molecule which passes natu-
rally across biomembranes due to passive diffusion in wide
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Fig. 7 Fluorescent microscopy.
Peripheral zones stained with
antiyH2AX, RFA with
liposomal doxorubicin (A),
RFA only (B), IRE with
liposomal doxorubicin (C), IRE
only (D). Red lines showing
width of positively stained
borderline

range of environments (pH, drug concentration) [28]. Thus,
the development of nanocarriers for drugs such as dox-
orubicin has been seen as beneficial for clinical use
[12, 29, 30] including when combined with RFA where
increased drug accumulation was observed predominantly
in post-RF inflammatory zones. Accordingly, it was ini-
tially postulated that protective liposomal nanocarriers of
doxorubicin during IRE should likewise increase its utility.
Yet, the poorer results of lower doxorubicin tissue con-
centration we obtained when combined with IRE suggest
that the potential benefit of membrane permeabilization
during IRE with concomitant application of liposomal
doxorubicin is not always realized. Rather, unlike RFA, it
is even plausible that the liposomes are directly damaged
by the pulses of high voltage electric fields and lose their
function and vascular leakage selectivity resulting in
washout of free doxorubicin rather than tissue entrapment
(Table 1).

Our observed increased size of coagulation in zones
after RFA when combined with doxorubicin in vivo has
been already well documented [22]. On the other hand, the
shrinkage of IRE zones when combined with treatment
with liposomal doxorubicin was quite surprising finding.
Although the extent of hyperemia that is more robust
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surrounding RF zones than IRE ablation zones may
potentially explain a difference in liposomal doxorubicin
uptake, this finding alone does not sufficiently explain the
rapid decrease in ablation size. Likewise, the limited
amount of apoptosis found after IRE was unexpected par-
ticularly in light of the known increase in apoptosis after
2-6 h following IRE ablation [31, 32].

In this study, we also analyzed cell death and DNA
damage, as well as heat and toxic stress in tissues by
immunohistochemistry. The findings of increased bands of
HSP70 and cleaved caspase-3 positive cells favoring
combined treatment of RFA and liposomal forms of
chemotherapy correspond to the previously cited studies
[33]. Likewise, our findings for H2AX were similar for RF.
However, using immunohistological staining at 24 h, we
did not detect any difference in the presence of expression
of HSP70 and cleaved caspase-3 between ablation zones
with combined therapy and IRE treatment only. The fact
HSP70 and cleaved caspase-3 predominantly identified
along interlobular septa could be explained by preferential
passage of electric current through areas of lower impe-
dance (vessels etc.) [31, 34]. Likewise, no obvious bor-
derline with YH2AX positive cells appeared in IRE zones,
but only solitary and very rare YH2AX positively stained
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Fig. 8 H&E staining, optical magnification 200x, RFA periphery
after 24 h (A), region of necrosis without cellular reaction, hepato-
cytes with eosinophilic cytoplasm and preserved nuclei sharply
demarcated with hyperemic rim (arrow). IRE periphery after 24 h
(B), H&E staining, optical magnification 200x-disintegrated hepato-
cytes, neutrophilic infiltrates in interlobular septs (arrow), no sharp
transient zone identified

cells in all tested samples may be elucidated by the long-
time period after treatment.

To account for the IRE findings, we note that apoptosis
is a relatively intensive and rapid process with broad
spectrum of morphological cellular changes. Maximal
caspase activation is achieved very shortly in 1-4 h, and at
that time many of the characteristic features of apoptosis
that are relevant to cell clearance are visible [35]. The work
of Al-Sakere also shows that most of DNA breaks appear
only few hours after treatment with no organized cell
nuclei after 24 h [36]. Indeed, it has been noted that in as
little as a few hours following IRE that the cellular diam-
eter is reduced (25-50%) and by 12-24 h, the cellular
diameter is again increased by 10-30%. Thus, based upon
the known more rapid apoptosis and cell death when
combining liposomal doxorubicin with RFA, we postulate
that more rapid apoptosis may have occurred with IRE and
due to persistent vascularity and increased scavenger cells,
there was quicker clearance of the treatment zone [25].
Indeed, Solazzo et al. observed a more rapid H2AX peak
and clearance for RFA and liposomal doxorubicin (1 and
4 h respectively, compared to RFA alone (peak at 4 h)
[33]. Thus, any chemotherapeutical influence upon the
apoptotic process may be difficult to evaluate from one-
time interval, and without further detailed kinetic studies, it
may be very challenging to assess the precise treatment
zone. Future work which includes earlier follow-up may
shed more light on this issue. Regardless, if this hypothesis
is correct, it will draw more attention to problems of
accurate measurement of ablation extent, when there is
rapid clearing due to apoptosis or other currently uniden-
tified other mechanism or response of the body. Most
notably, in our case, increased and accelerated damage to
cellular constituents which leads to apoptosis could be the
key factor explaining smaller size of measured ablative
zones in 24 h after ablation.

The peaking concentrations of chemotherapeutic we
observed at 24 h after RFA treatment is in agreement with
some previous publications [14]. However, others using a
different liposome preparation have reported 72-h interval as

Table 1 Sizes of RFA and IRE zones. Significant differences in maximal zone diameter are marked with bold (D+ with administration of
liposomal doxorubicin, D— without administration of liposomal agent)

Size in cm (average) Total Centre Periphery

Min Max Min Max Min Max
RFA D+ 1.74 £ 0.19 2.50 + 0.30 1.31 £ 0.19 2.01 £0.23 0.12 + 0.03 0.33 + 0.05
RFA D— 1.71 &£ 0.33 221+021 1.21 + 0.34 1.77 +£ 0.30 0.12 + 0.03 0.28 & 0.07
IRE D+ 1.54 + 0.28 222+ 040 095 £+ 0.27 1.59 £0.37 0.20 + 0.11 0.39 + 0.17
IRE D— 1.68 £ 0.33 2.63 + 042 1.29 £ 0.18 210 £ 051 0.13 + 0.04 0.28 £+ 0.08
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more efficient [37, 38]. This suggests that tailoring of drug
administration will be needed for each nanopreparation and
for each ablation energy source. Regardless, the combination
of IRE with the liposomal doxorubicin preparation selected
will likely be less ideal for clinical usage than its combina-
tion with RFA. Indeed, from the clinical perspective, our
results suggest that combining the liposomal form of dox-
orubicin with RFA should not likely be replaced by com-
bining liposomal carriers with IRE until there is
demonstration of either improved or equivalent efficacy, and
ideally a better mechanism of action will be demonstrated.
There are several limitations of our study. The experi-
ments were performed on a single tissue model only (i.e.,
normal porcine liver), and the ablation methods were not
employed within cancer tissues or other types of baseline
lives (e.g steatosis and fibrosis). On the basis of previous
studies, doxorubicin accumulation within tumorous tissues
seems to be clearly influenced by RF ablation with sub-
stantial increases in concentration being observed at the
periphery of the RF treatment zone in cancerous tissues.
Commonly, cancer cells show higher sensitivity to doxoru-
bicin and usually faster DNA metabolism of cancer cells
could trigger more cells to apoptotic pathways compared to
healthy parenchyma [39, 40]. Regardless, we acknowledge
that our experiments performed on liver parenchyma provide
us only first predictions of principles which could be used in
concomitant treatment of liposomal chemotherapy and IRE.
Clearly, the treatment of other tissue types—most notably
cancers—will be needed to draw more definitive conclu-
sions. Likewise, additional study with a more varied set of
IRE and drug parameters could potentially enhance our
understanding of this increased resorption phenomenon.

Conclusion

Our study has verified enhanced uptake of liposomal
doxorubicin within RFA treatment zones as previously
described with fluorescence photometric analyses showing
maximal concentrations of doxorubicin in the peripheral
zone of RFA after 24 h. On the contrary, IRE zones do not
achieve a significant accumulation of liposomal doxoru-
bicin compared to unaffected parenchyma. Thus, our initial
hypothesis of a synergistic effect of combined adminis-
tration of liposomal doxorubicin and IRE treatment was not
proven. In contrast, a decreased size of IRE treatment
zones with concomitant administration of liposomal dox-
orubicin was observed, a completely opposite finding in
comparison with enhancing effect of these liposomes in
combination with RFA procedure. Thus, our work calls for
further clinical work optimizing ideal combinations of
specific ablation tools and drug formulations and for more
basic research elucidating the underlying mechanisms of
action to achieve optimal therapeutic results.
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Appendix 1: Supplementary Animal Information
The pigs were housed in stone hutches under controlled
environmental conditions (20-22 °C room temperature,
50-60% relative humidity, 12 h light and 12 h dark cycle).
The whole procedure was carried out under general anes-
thesia with deep muscle relaxation, and the animals were
intubated and artificially ventilated. The following combi-
nations of substances were applied for general anesthesia.
Premedication: i.m. Tiletamine 2 mg/kg 4+ zolazepam
2 mg/kg (Zoletil 100, Virbac) + ketamine 2 mg/kg (Nar-
ketan, Vetoquinol) + xylazine 2 mg/kg (Sedazine, Fort
Dodge) i.v. cannulation + Buprenorphine (Temgesic,
Schering-Plow) 0.01 mg/kg im. Induction: Norofol
(propofol, Fresenius) to effect (1-2 mg/kg) i.v. Lateral ear
vein was used for catheterization. Conduction: Inhalation
anesthesia of O2—air mixtures- Isoflurane (Aerrane, Baxter)
Monitoring: HR, RR, SpO2, ETCO2. Atracrium (1.5 mg/
kg, Tracurium, GlaxoSmithKline, Italy) was used for
muscle relaxation. Each animal underwent median
laparotomy whereby the dominant surface of liver was
exposed. After surgery, the animals were awakened and
pain was efficiently controlled by meloxicam (0.2 mg/kg,
Metacam 5 mg/mL, Boehringer Ingelheim, Germany). The
animals were euthanized 24 and 72 h after surgery
(Thiopental, T61 Intervet International GmbH). In each
pig, an en bloc specimen of liver was excised.

Appendix 2: Supplementary Laboratory
Information

Briefly, specified tissues were harvested, weighed, and
homogenized with a MagNA Lyser (Roche, Basel, CH) in
acid alcohol (0.3 N hydrochloric acid, 70% ethyl alcohol).
Doxorubicin was extracted for 24 h at 5 °C. The extracted
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doxorubicin supernatant from all tissue homogenate sam-
ples was quantified with fluorescence photometry using an
excitation wavelength of 485 nm while measuring the
intensity of the emission at 535-595 nm. The obtained
concentrations were plotted on a standard curve of lipo-
somal doxorubicin serially diluted likewise in acid alcohol.
Considering fluorescence photometry analysis, we note that
the absolute values of concentration of doxorubicin in liver
tissue homogenate were influenced by autofluorescent
properties of physiologically presented molecules such as
cytochromes in liver tissue. Nevertheless, these natural
backgrounds could be statistically distinguished from tissue
treated with liposomal doxorubicin.

Appendix 3: Supplementary Laboratory
Information

Representative tissue samples of each treated area from
central and peripheral zone harvested after 24 h were
embedded in OCT compound (Leica), snap-frozen, and
stored at —20 °C. The “central zone” was defined as the
1 cm most central part of the treated area, and the “pe-
ripheral zone” was defined as the tissue 2-3 mm nearest to
“apparently normal surrounding liver parenchyma.” Tis-
sues were sectioned on a Leica Cryostat (7 pm) and placed
on treated slides for fluorescent analysis. Sections were
counterstained with 4/,  6-diamidino-2-phenylindole
(DAP]) (Sigma-Aldrich) and mounted with 80% glycerol
mounting medium for fluorescent microscopic analysis
using TissueFax (TissueGnostics). A two-step immuno-
histochemical protocol was performed: primary antibodies
for specific antigens included HSP70 (Assay Designs, Ann
Arbor, Mich) to assess for cellular stress; YH2AX (Cell
Signaling Technologies, Danvers, Mass) as a marker of
DNA damage; and cleaved caspase-3 (Cell Signaling
Technologies) as a marker of apoptosis and secondary
staining with fluorochrome. Images of whole sections were
automatically acquired with 10x/0.45 objective for two
channels (405/450 nm excitation/emission, 488/535 nm ex/
em). Quantitative analysis was performed by measuring
thickness of the rim of staining, from each central and
peripheral ablation zone, and four random fields were
analyzed.
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