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ABSTRACT: Irreversible electroporation (IRE), a nonthermal ablative
treatment for unresectable tumors, applies an electrical field across the
cell membrane, creating irreparable pores. Compared with conventional
thermal ablation, IRE can preserve nearby structures. However, tumors
may recur in regions exposed to insufficient electrical field strength. We
developed a novel doxorubicin-loaded polymeric micelle system (M-
Dox) using oil-in-water emulsion. M-Dox particles were 37.9 nm + 3.2
nm in diameter, with 4.3% Dox loading by weight. M-Dox was toxic to
four human cancer cell lines at nanomolar and micromolar median
inhibitory concentrations. We used a hepatic carcinoma xenograft
mouse model to evaluate the antitumor efficacy of M-Dox and IRE.

Tumors treated with IRE + M-Dox had the highest M-Dox uptake and percentage of necrotic cells, compared with the
monotherapy and control groups. Immunohistochemical staining confirmed that the combination group had the fewest
proliferating cells. Our data suggest that adjuvant M-Dox enhanced the antitumor efficacy of IRE.

F or patients with unresectable tumors, minimally invasive
therapies are important alternatives to ablate tumors
locally." Most ablative techniques kill tumor cells by inducin
significant temperature change within the ablation zone.
However, treatment response is often complicated by collateral
damage to nearby ducts or blood vessels. The efficacy of
thermal ablation also can be limited by the “heat sink” effect, in
which the blood flow in the adjacent vasculature dissipates the
thermal energy and causes suboptimal ablation and eventually
tumor recurrence.” Irreversible electroporation (IRE) has
proven useful in treating patients with perivascular tumors.*
Unlike thermal ablation, IRE selectively disrupts cell mem-
branes by creating irreparable pores and enables the intra-
cellular delivery of nanoparticles.” The persistent leakage of the
cell membrane soon leads to the loss of endocytic homeostasis
and consequent cell death.” IRE has many advantages over
conventional thermal ablation. IRE affects only cell membranes,
sparing most of the other cellular components or nearby
tissues. The treatment can be administered relatively quickly,
over several minutes.” Importantly, IRE preserves nearby
sensitive structures (e.g, the urethra and myelin sheaths)®
and leaves the extracellular matrix and major tissue vasculature
largely intact. IRE usually causes a minimal scar that heals
several weeks after 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 strength of the
local electrical field. If the cell membrane is able to recover
following the electrical pulses, the effect is called reversible
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electroporation (RE). Although RE has been used extensively
to transport molecules or nanoparticles across the cell
membrane,'® RE does not kill tumor cells by itself. Tumor
cells exposed to insufficient electrical field strength may survive,
resulting in tumor recurrence. The number of residual tumor
cells can be minimized by using IRE probes with advanced
array geometry along with mathematical simulation of the
distribution of the intratumoral electrical field strength.''
However, owing to the irregular geometry and heterogeneity
of tumor masses, it is difficult to achieve uniform IRE-induced
necrosis throughout the tumor mass.

Chemotherapy drugs, such as bleomycin,'” have been used to
boost the antitumor efficacy of RE. To determine whether
chemotherapy drugs also can augment the antitumor effects of
IRE, we developed a novel doxorubicin-loaded micelle system
(M-Dox) and evaluated its antitumor efficacy in combination
with IRE. We hypothesized that the combination of IRE and
M-Dox would have better antitumor efficacy than IRE alone.

M-Dox was prepared via oil-in-water emulsion using a cross-
linkable block copolymer as the macromolecular surfactant
(Figure 1A). The proton nuclear magnetic resonance ('H
NMR) spectrum revealed that each copolymer was constituted
of 10 units of methoxy-PEG-methacrylate (MAPEG, hydro-
philic block) and 20 units of 2-(methacryloyloxy)ethyl 4-oxo-4-
(3-(triethoxysilyl)propylamine)butanoate (MESPS, hydropho-
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Figure 1. Preparation and characterization of doxorubicin-loaded
micelles (M-Dox). Chemical structure of cross-linkable block
copolymer (A) and poly(lactic-co-glycolic acid) (PLGA) (B). (C)
Schematic illustration of M-Dox particle. PLGA (yellow), Dox (red),
cross-linking layer (gray). (D) Transmission electron microscopy
micrograph of M-Dox particles (scale bar = 100 nm). (E) Doxorubicin
release profile at 37 °C. (F) Hydrodynamic size and polydispersity
index (PDI) of M-Dox particles during degradation at 37 °C.

bic block). The oil phase contained the biodegradable
poly(lactic-co-glycolic acid) (PLGA, Figure 1B) and doxor-
ubicin. The resultant M-Dox particles (Figure 1C) were 37.9
nm + 3.2 nm in diameter (polydispersity index [PDI], 0.145),
with 4.3% Dox loading by weight. Transmission electron
microscopy (TEM) confirmed that the M-Dox particle had a
spherical morphology with diameters around SO nm (Figure
1D).

Owing to the acid-induced degradation of PLGA, Dox was
released from M-Dox at 37 °C in a pH-dependent manner
(Figure 1E). The release of Dox was faster at pH 5.2 than at pH
7.4. Up to 60% of Dox 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 the M-Dox particles did not change
dramatically during degradation, probably because of the cross-
linking silane. After 7 days of incubation at 37 °C, the particle
size decreased from 37.9 nm =+ 3.2 to 25.2 nm =+ 2.5 nm. The
PDI increased from 0.145 to 0.308 (Figure 1F), suggesting that
partial degradation may have occurred.

We first studied the effect of M-Dox on cell viability in four
cancer cell lines (Figure S1): U87 (human glioblastoma), HeLa
(human cervical cancer), MIA PaCa-2 (human pancreatic
adenocarcinoma), and Hep3B (human hepatocellular carcino-
ma). Cell viability was measured after 96 h of incubation with
conventional Dox or M-Dox. Both Dox and M-Dox showed
excellent antiproliferation efficacy, although M-Dox was less
cytotoxic than Dox. The antiproliferation median inhibitory
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concentration values for Dox and M-Dox (nM) were 77.5 + 8.9
vs 444.9 + 33.5 for U87, 17.1 + 2.5 vs 51.8 + 6.1 for HelLa,
0.97 £ 0.07 vs 30.7 + 2.6 for MIA PaCa-2, and 30.5 + 2.5 vs
92.1 + 8.0 for Hep3B.

We then tested the effect of electroporation field strength
(V/em) on Hep3B cell viability (Figure 2A). We did not
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Figure 2. Effect of doxorubicin-loaded micelles (M-Dox) and
electroporation treatment on Hep3B cell viability. (A) Hep3B cell
viability after electroporation at different field strengths. (B) Hep3B
cell viability in untreated cells and in cells treated with M-Dox alone,
reversible electroporation (RE, 500 V/cm) alone, and RE + M-Dox.
The combination group had the fewest viable cells of all four groups (p
< 0.05).

observe significant cell death at field strengths up to 500 V/cm;
above this threshold, cell viability decreased as the field strength
increased. Therefore, we defined the field strength of RE as 500
V/cm and of IRE as 2500 V/cm. For in vitro combination
therapy, Hep3B cells were treated with M-Dox (50 #M) and
RE. Untreated cells and monotherapy groups were used as
controls. Figure 2B shows that the combination group had
significantly fewer viable cells than the monotherapy groups (p
< 0.05). Blank micelles did not have a significant impact on cell
viability (Figure S3).

We used a Hep3B subcutaneous xenograft mouse model to
investigate the in vivo effects of combination therapy. Tumors
were collected 24 h after treatment and sectioned for the
analysis of M-Dox uptake, necrosis, and cell proliferation.
Figure 3 summarizes the M-Dox uptake results. Compared with
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
times, respectively (p < 0.05). Figure 4 shows representative
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Figure 3. In vivo uptake of doxorubicin-loaded micelles (M-Dox) in
the presence of electroporation. (A) Untreated control, (B) M-Dox,
(C) reversible electroporation (RE) + M-Dox, (D) irreversible
electroporation (IRE) + M-Dox. The quantitative results are
summarized in panel E. Data points are presented as means +
standard error of mean (N = 9). Each group was significantly different
from each other (p < 0.05).
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Figure 4. Hematoxylin and eosin analysis of treated tumors and
quantification of necrotic cells. (A) Reversible electroporation (RE),
(B) irreversible electroporation (IRE), (C) doxorubicin-loaded
micelles (M-Dox), (D) RE + M-Dox, and (E) IRE + M-Dox. The
quantitative results are summarized in panel F. Data points are
presented as means + standard error of mean (N = 3).

tumor necrosis from tumor tissue stained with hematoxylin and
eosin. The percentage of necrotic cells in IRE + M-Dox-treated
tumors (97.2 + 0.5%) was significantly higher than those of
tumors treated with IRE alone (86.5 + 0.5%) or M-Dox alone
(46.7 + 9.1%) (p < 0.0S). Figure S shows the cell proliferation
of treated tumors. Of the monotherapy groups, the IRE group
had fewer proliferating cells than the RE or M-Dox groups (p <
0.05). The IRE + M-Dox group had fewer proliferating cells
than the IRE or M-Dox groups (p < 0.05).

In this study, we developed a novel M-Dox system using an
in situ cross-linkable amphiphilic polymeric stabilizer. The M-
Dox particles had excellent cytotoxicity in four types of human
cancer cells. The combination of IRE and M-Dox showed
better antitumor efficacy in a Hep3B xenograft model than the
monotherapy groups.

Oil-in-water emulsion is widely used to prepare nanoparticles
loaded with hydrophobic chemotherapy drugs."’ An important
step during the emulsion is to form a stable dispersion of
micrometric oil droplets stabilized by small-molecular or
macromolecular surfactants."” During the postemulsion evap-
oration, the organic solvent inside the oil droplets evaporates,
and the microdroplets solidify into nanoparticles coated by the
surfactants. However, since most surfactants are not covalently
bound to the nanoparticles, the stability of the nanoparticles
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Figure S. Immunohistochemical staining for proliferating cells
(Ki67+) on sections of treated tumors. Representative micrographs
are shown in panels A—E: (A) reversible electroporation (RE), (B)
irreversible electroporation (IRE), (C) doxorubicin-loaded micelles
(M-Dox), (D) RE + M-Dox, and (E) IRE + M-Dox. The quantitative
results are summarized in panel F. Data were generated from at least
10 randomly chosen field of views in each treatment group. Significant
differences are marked with * (p < 0.05).

may be insufficient. Hydrolytically cross-linkable polymers have
been synthesized via various methods.'* We hereby developed a
novel amphiphilic polymeric surfactant, PEG-b-poly(MESPS),
which can cross-link in situ through the hydrolysis of silane
groups. As a result, the PLGA/Dox cores were covered by a
mesh network of cross-linked PEG-b-poly(MESPS) (Figure
1C). Notably, the silane group was linked to the polymer
backbone via a biodegradable succinic monoester bond.'’
Therefore, the cross-linking unit can shed from the micelles
over time. The ammonium functionality at the exterior termini
of the PEG block (Figure 1A) also could be used to conjugate
with targeting ligands or diagnostic imaging tracers.'® Owing to
the cross-linked silane, M-Dox showed excellent size stability
(Figure 1F) and retained most of the Dox up to 1 week at
physiological pH (Figure 1E). Dox was released in an acidic
environment, which is advantageous since tumor microenviron-
ments typically are acidic.'” The antitumor efficacy of M-Dox
was validated in four human cancer cell lines, with nanomolar
or micromolar median inhibitory concentration values (Figure
S1). M-Dox was less cytotoxic than Dox probably because of
the controlled release of the drug in M-Dox during incubation.

To our best knowledge, M-Dox is the first polymeric
nanoformulation that has been used in combination with IRE
to demonstrate treatment efficacy. Mouli et al.'® recently
published on the use of superparamagnetic iron oxide
nanoparticles loaded with doxorubicin in combination with
IRE to increase the accumulation of drug-carrying nanoparticles
in N1S1 rat hepatoma and VX2 rabbit tumor models. Although
the authors showed increased accumulation of the nanoparticles
in the target tissues, treatment efficacy was not presented. As
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shown in Figure 3, more cell nuclei expressed the fluorescence
of Dox after IRE or RE than in the control group. M-Dox was
directly injected into tumors 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);
this finding supports previous reports of the limitations of
intratumoral injection. Electroporation increased the intra-
cellular delivery of M-Dox: IRE was more potent than RE
(Figure 3D vs Figure 3C) probably because IRE could better
permeate cell membranes.

For our antitumor efficacy studies, we found in vitro that the
combination group (RE + M-Dox) had fewer viable cells than
the groups treated with RE alone or M-Dox alone (Figure 2B),
indicating that M-Dox could enhanced the antitumor efficacy
within the reversible zone. We further evaluated the antitumor
efficacy of M-Dox in combination with electroporation in a
Hep3B xenograft model. Treating tumors with electroporation
and M-Dox caused acute tumor necrosis (Figure 4). Of all the
treatment groups, IRE + M-Dox caused the highest percentage
of necrotic cells. The necrosis data correlated with the
immunohistochemical staining results for cell proliferation
(Figure S), in which the IRE + M-Dox-treated tumor tissue had
the fewest proliferating cells (Ki67") of all experimental groups.

Our study had several limitations. We analyzed only acute
tumor response, and the M-Dox particles were intratumorally
injected. Long-term monitoring of tumor growth and animal
survival is necessary to understand the antitumor efficacy of this
combination therapy. To improve the intratumoral distribution
of nanoparticles, we will use intravenous injection of M-Dox in
future studies. The uptake of M-Dox in tumors and other
organs will be determined by a biodistribution study.

In summary, we developed a novel doxorubicin-loaded
micelles via oil-in-water emulsion technique. Our results
showed that combining electroporation and M-Dox effectively
inhibited four cultured cell lines and a human hepatic
carcinoma xenograft model. While IRE treatment killed most
tumor cells, adjuvant M-Dox treatment further increased the
percentage of necrotic cells and decreased the proliferating
tumor cells. Further studies are warranted to evaluate survival
of animals treated with systemic drug-loaded nanoparticles.
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