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Abstract

Irreversible electroporation (IRE) is a novel non-thermal ablative treatment for cancer patients
with unresectable tumor. IRE kills tumor cells by applying a strong electric field across the cell
membrane, thereby creating irreparable pores. Compared to conventional thermal ablation, IRE is
effective in perivascular tissues and can preserve the surrounding sensitive structures. However,
tumor cells may survive in the regions exposed to insufficient electric field strength, and cause
tumor relapse afterwards. We prepared a doxorubicin-loaded polymeric micelles system (M-Dox)
using oil-in-water emulsion. The resultant M-Dox was 37.9 + 3.2 nm in size with a Dox loading of
4.3% by weight. M-Dox is toxic to multiple human cancer cell lines with 1Cgq values in
nanomolar and micromolar range. When combined with IRE in a hepatic carcinoma mouse
xenograft model, the tumor treated with the combination therapy (IRE + M-Dox) was the highest
in both M-Dox uptake and percentage of necrosis. Immunohistochemical staining also confirmed
that the fewest proliferating cells were present after the combination therapy. Our data suggested
that M-Dox was an effective adjuvant treatment to enhance the anti-tumor efficacy of IRE.
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Despite the improvement in the early diagnosis of cancer, many patients are poor candidates
for surgical resection of tumor due to the stage and/or location of diseases?. For this cohort
of patients with unresectable tumor, minimally invasive therapies are important alternatives
to ablate tumor locally. The commonly used ablative techniques include percutaneous
ethanol injection, radiofrequency, microwave, laser-induced interstitial thermal therapy,
high-intensity focused ultrasound, and cryoablation2. So far, most ablative techniques kill
tumor cells by inducing significant temperature change within the ablation zone. However,
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the treatment response is often complicated by the collateral damage to the nearby ducts or
blood vessels. In the meantime, the efficacy of thermal ablation can be limited by the “heat
sink” effect, when the blood flow in the adjacent vasculatures could dissipate the thermal
energy, causing suboptimal ablation and eventually tumor recurrence3.

Recently, irreversible electroporation (IRE) has proven useful in treating patients with
perivascular tumors*. Instead of causing temperature change, IRE kills tumor cells by
creating irreparable pores on cell membrane®. The persistent leakage of cell membrane soon
leads to the loss of endocytic homeostasis and consequently cell deathS. IRE exhibits many
advantages over the conventional thermal ablation. First, IRE only affects the membrane of
cells, sparing most of the other tissue molecules. IRE remains effective near blood vessels,
and the whole treatment can be administered in as short as several minutes’. Importantly,
IRE could preserve the nearby sensitive structures such as urethera and myelin sheaths®; and
leave the extracellular matrix and major tissue vasculature largely intact. Notably, IRE
usually forms a minimal scar that can dissolute in several weeks after the treatment. The
rapidly absorbed scar will not interfere with the post-treatment diagnosis of residual or
recurrent tumors®,

The cell-killing efficacy of IRE depends on the electric field strength (£), to which the cells
are exposed locally. If £drops below a certain threshold when the cell membrane could
recover following the offset of electric pulses, the effect is called reversible electroporation
(RE). Although it has been used extensively to transport molecules or nanoparticles across
the cell membranel®, RE does not kill tumor cell by itself. As a result, the tumor cells
exposed to insufficient electric field strength, i.e. RE, may survive the treatment and cause
tumor recurrence afterwards. The number of these residual tumor cells can be minimized by
using IRE probes with advanced array geometry along with mathematical simulation of the
distribution of intratumoral £11. However, due to the irregular geometry and heterogeneity
of tumor mass, it is unlikely to achieve a uniform IRE-induced killing throughout the tumor
mass. On the other hand, chemotherapy drugs have been used in combination with RE. One
of the most commonly used drug is bleomycin!2. In this study, we prepared a doxorubicin-
loaded micelles system (M-Dox) and evaluated its efficacy in combination with IRE. We
hypothesize that the combination of IRE and M-Dox has better anti-tumor efficacy than IRE
alone.

M-Dox was prepared via the oil-in-water emulsion method using a crosslinkable block
copolymer as the macromolecular surfactant (Figure 1A). TH-NMR spectrum revealed that
each copolymer was constituted of 10 units of MAPEG (hydrophilic block) and 20 units of
MESPS (hydrophobic block). The resultant M-Dox (Figure 1C) was 37.9 £ 3.2 nm in size
(polydispersity index or PDI 0.145) with a doxorubicin loading of 4.3 % by weight. TEM
micrograph confirmed that M-Dox had spherical morphology with diameters between 50 to
100 nm (Figure 1D). The slightly larger micelles size from TEM may be attributed to the
particle deformation during the preparation of TEM samples. Due to the acid-induced
degradation of PLGA, doxorubicin was released from M-Dox at 37 °C in a pH-dependent
manner (Figure 1E). The release was faster at pH 5.2 than at pH 7.4. Up to 60% of drug was
released at pH 5.2 after 7 days of incubation, at which time less than 10% was released at
pH 7.4. Notably, the size of M-Dox did not change dramatically during degradation,
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probably because of crosslinking silane. After 7 days of incubation at 37 C, the size
decreased from 37.9 + 3.2 at day 0 to 25.2 + 2.5 at day 7; while the PDI increased from
0.145 to 0.308.

We first studied the effect of M-Dox on cell proliferation in four cancer cell lines (Figure
S1): U87 (human glioblastoma), HeLa (human cervical cancer), Miapaca-2 (human
pancreatic adenocarcinoma), and Hep3B (human hepatocellular carcinoma). Cell viability
was measured after 96 hrs of co-incubation with free Dox or M-Dox. Both Dox and M-Dox
showed excellent anti-proliferation efficacy, while M-Dox was less toxic than free Dox. The
anti-proliferation 1Csq values for Dox and M-Dox (nM) were: 77.5 £ 8.9 vs. 444.9 + 33.5 for
U87,17.1 + 2.5vs. 51.8 + 6.1 for HelLa, 0.97 + 0.07 vs. 30.7 + 2.6 for Miapaca-2, and 30.5
+2.5vs.92.1 + 8.0 for Hep3B.

The effect of electroporation field strength (V/cm) on Hep3B cell viability was then tested
(Figure 2A). No significant cell death was observed up to 500 V/cm, above which the cell
viability decreased as the field strength increased. Therefore, 500 VV/cm was chosen for
reversible electroporation and 2500 V/cm for irreversible electroporation. For /in vitro
combination therapy, Hep3B cells were treated with 50 uM M-Dox along with reversible
electroporation (RE) at 500 VV/cm. Non-treatment cells and monotherapy groups were used
as control. Figure 2B shows that the combination group had significant lower cell viability
than either monotherapy groups (p < 0.05).

The in vivo effects of the combination therapy were investigated using Hep3B subcutaneous
xenograft model. Tumors were collected 24 hrs after treatment and sectioned for the
analyses in M-Dox uptake, necrosis and cell proliferation. The results of M-Dox uptake are
summarized in Figure 3. Compared to M-Dox monotherapy, both RE + M-Dox and IRE +
M-Dox increased the number of M-Dox-positive nuclei by 1.7 and 2.7 folds, respectively (p
< 0.05). Representative tumor necrosis from H&E stained tumor tissues are presented in
Figure 4. The percentage of necrosis (%) in IRE + M-Dox treated tumor (97.2 + 0.5%) was
significantly higher than those of tumors treated by IRE (86.5 + 0.5%) or M-Dox (46.7
+9.1%) (p < 0.05). There were no significant difference among the RE, M-Dox and RE +
M-Dox groups. The cell proliferation of treated tumors are shown in Figure 5. Among the
monotherapy groups, the IRE groups had the fewest proliferating cells than either RE or M-
Dox group (p < 0.05). For combination therapies, the IRE + M-Dox group had fewer
proliferating cells than either IRE or M-Dox group (o < 0.05).

In this study, we successfully prepared a novel doxorubicin-loaded polymeric micelles
system via oil-in-water emulsion using an /n situ crosslinkable amphiphilic polymeric
stabilizer. The resultant M-Dox showed excellent toxicity to different types of human cancer
cells. The combination therapy of IRE and M-Dox showed the best anti-tumor efficacy in
Hep3B xenograft model compared to the monotherapy groups.

Oil-in-water emulsion is widely used to prepare nanoparticles loaded with hydrophobic
chemotherapy drugs!3. An important step during the emulsion is to form a stable dispersion
of micrometric oil droplet stabilized by small-molecular or macromolecular surfactants!4.
During the post-emulsion evaporation, the organic solvent inside the oil droplets evaporates,
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and the micro-droplets solidify into nanoparticles coated by the surfactants. However, since
most surfactants are not covalently bound to the nanoparticles, the stability of nanoparticle
may be insufficient. We hereby developed a novel amphiphilic polymeric surfactant, PEG-4-
poly(MESPS), which can crosslink /n situ through the hydrolysis of silane groups. As a
result, the PLGA/Dox core were covered by a mesh network of crosslinked PEG-b-
poly(MESPS) (Figure 1C). The ammonium functionality at the exterior termini of PEG
block (Figure 1A) could be used to conjugate with targeting ligands or diagnostic imaging
tracers!3?. Due to the crosslinked silane, M-Dox showed excellent size stability (Figure 1F)
and retained most of Dox at physiological pH up to 1 week (Figure 1E). Dox was quickly
released in acidic environment, which is an advantage since tumor microenvironment is
typically acidicl®. The anti-tumor efficacy of M-Dox was validated in four human cancer
cell lines, with 1Cgq values (Figure S1) at nanomolar to micromolar ranges. M-Dox was less
toxic than free Dox, because of the controlled release of Dox during the incubation.

Various nanoparticles have been used to enhance thermal ablation®. For example, high-
intensity focused ultrasound (HIFU) is used to stimulate the intratumoral release of drugs
from liposomes!’, or to locally vaporize perfluorocarbons in micro/nano-bubbles to generate
high-resolution ultrasound imaging!8. Inorganic nanoparticles, e.g. gold nanoparticles and
single-wall carbon nanotubes, could generate heat in the presence of radiofrequency (RF),
microwave (MW), or near infrared (NIR) laser irradiation1®. In consequence, the effective
area of thermal ablation can be increased!®. The tumor-specific localization of such
nanoparticles can also focus the thermal energy to the tumor region and minimize collateral
damage to the nearby tissues. Mouli, et al has recently published on the use of SP10-loaded
with doxorubicin in combination with IRE to increase the accumulation of drug-carrying
nanoparticle in N1S1 rat hepatoma and VX2 rabbit tumor models2°. Although the authors
showed increased accumulation into the target tissues, treatment efficacy was not presented.
To our best knowledge, this manuscript presented the first example to combine IRE with
activatable chemodrug-loaded nanoparticles with acute treatment efficacy. Unlike thermal
ablation, IRE selectively disrupts cell membranes and enables the intracellular delivery of
nanoparticles?l. As shown in Figure 3, more cell nuclei expressed the fluorescence of Dox
after IRE or RE. M-Dox was directly injected into tumor so that each tumor was exposed to
the same dose of M-Dox. Without electroporation, the intratumoral distribution of M-Dox
was uneven (Figure 3B), which is in accordance with previous reports about the limitations
of intratumoral injection. In the meantime, electroporation increased the intracellular
delivery of M-Dox, whereas IRE was more potent than RE (Figure 3D vs. C), probably
because IRE could better permeate cell membranes.

For the anti-tumor efficacy studies, we first tested /n vitro whether M-Dox could improve
cell killing under the condition of reversible electroporation. A field strength of 500 V/cm
was chosen for RE since it did not affect cell viability (Figure 2A). When M-Dox (50 M)
was added during the electroporation (Figure 2B), the combination group (RE + M-Dox)
yielded lower cell viability than either RE or M-Dox alone. We further evaluated the anti-
tumor efficacy of M-Dox in combination with electroporation in a Hep3B xenograft model.
Treating tumor with electroporation and M-Dox caused acute tumor necrosis (Figure 4). IRE
+ M-Dox caused the highest percentage of necrosis among all the treatment groups. The
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necrosis data correlated with the immunohistochemical staining for cell proliferation (Figure
5), where the IRE + M-Dox treated tumor had the fewest proliferating cells (Ki67*).

The current study was limited that only acute tumor response was analyzed, and the M-Dox
was intratumorally injected. A long-term monitoring of tumor growth and animal survival
will be conducted to fully understand the anti-tumor efficacy of the combination therapy. In
order to further improve the intratumoral distribution of nanoparticles, M-Dox will be
intravenously injected in future. The uptake of M-Dox in tumor and other organs will be
measured by biodistribution study.

In summary, we successfully prepared doxorubicin-loaded micelles via a novel oil-in-water
emulsion technique. We showed that the combination therapy of electroporation and M-Dox
was an effective treatment against multiple cultured cell lines, as well as in a human hepatic
carcinoma xenograft model. While the IRE treatment killed most of tumor cells, the
adjuvant treatment with M-Dox further increase the percentage of tumor necrosis, and
depleted the fraction of proliferating tumor cells. Further studies are warranted to evaluate
animal survival during treatment. A systemic administration of chemodrug-loaded
nanoparticles will also be used.
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Preparation and characterization of doxorubicin-loaded micelles (M-Dox). Chemical
structure of (A) crosslinkable block copolymer and (B) poly(lactic-co-glycolic acid), PLGA.
(C) Schematic illustration of M-Dox. (D) TEM micrograph of M-Dox (scale bar = 500 nm).
(E) Doxorubicin release profile at 37 °C. (F) Hydrodynamic size and polydiversity index

(PDI) of M-Dox during degradation at 37 °C.
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RE

M-Dox

RE +
M-Dox

Effect of M-Dox and electroporation treatment on Hep3B viability. (A) Hep3B viability
after electroporation at different field strength. (B) Hep3B viability after treatment with M-
Dox, reversible electroporation (RE, 500 V/cm), and combination of RE + M-Dox. The
combination group had the lowest cell viability among all four groups (p < 0.05).
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Figure 3.
In vivo uptake of M-Dox in the presence of electroporation. (A) Non-treatment control, (B)

M-Dox, (C) RE + M-Dox, (D) IRE + M-Dox. The quantitative results are summarized in
panel E. Data points were presented as mean + standard error of mean (N = 9). Each group
was significantly different from the others (p < 0.05)
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Figure 4.
H&E Analyses of treated tumors and quantification of necrosis. (A) RE, (B) IRE, (C) M-

Dox, (D) RE + M-Dox, and (E) IRE + M-Dox. The quantitative results are summarized in
panel F. Data points were presented as mean + standard error of mean (N = 3).
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Figureb.
Immunohistochemical staining for proliferating cells (Ki67*) on sections of treated tumors.

Representative micrographs are shown in panels A-E: (A) RE, (B) IRE, (C) M-Dox, (D) RE
+ M-Dox, and (E) IRE + M-Dox. The quantitative results are summarized in panel F. Data
was generated from at least 10 randomly chosen field-of-views in each treatment group.
Significant differences are marked with * (p < 0.05).
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