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Delivery of medicines using nanoparticles via the enhanced permeability and retention (EPR) effect

is a common strategy for anticancer chemotherapy. However, the extensive heterogeneity of tumors affects
the applicability of the EPR effect, which needs to overcome for effective anticancer therapy. Previously, we
succeeded in the noninvasive transdermal delivery of nanoparticles by weak electric current (WEC) and
confirmed that WEC regulates the intercellular junctions in the skin by activating cell signaling pathways
(J. Biol. Chem., 289, 2014, Hama et al.). In this study, we applied WEC to tumors and investigated the EPR
effect with polyethylene glycol (PEG)-modified doxorubicin (DOX) encapsulated nanoparticles (DOX-NP)
administered via intravenous injection into melanoma-bearing mice. The application of WEC resulted in
a 2.3-fold higher intratumor accumulation of nanoparticles. WEC decreased the amount of connexin 43 in
tumors while increasing its phosphorylation; therefore, the enhancing of intratumor delivery of DOX-NP is
likely due to the opening of gap junctions. Furthermore, WEC combined with DOX-NP induced a significant
suppression of tumor growth, which was stronger than with DOX-NP alone. In addition, WEC alone showed
tumor growth inhibition, although it was not significant compared with non-treated group. These results are
the first to demonstrate that effective anticancer therapy by combination of nanoparticles encapsulating che-

motherapeutic agents and WEC.
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INTRODUCTION

The microenvironment of solid tumors is characterized by a
leaky and loosely compacted vasculature with poor lymphatic
drainage. Intravenously administered nano-sized agents, such
as liposomes, micelles, polymeric conjugates, macromolecular
drugs, and imaging agents, preferentially enter the interstitial
space of tumors through leaky blood vessels and are retained
there. This phenomenon is known as the enhanced permeabil-
ity and retention (EPR) effect.” Currently, the passive target-
ing of tumor using nanoparticles via EPR effect is the major
strategy for anticancer therapy.

The therapeutic efficacy of nanoparticles encapsulating che-
motherapeutic agents following passive targeting is hampered
because of the significant heterogeneity of the EPR effect.? Tu-
mors exhibit a variety of shapes, sizes, cell densities, microen-
vironments, and developmental stages. Their variable endothe-
lial gaps, irregular blood flows, differences of stromal content,
and distinct interstitial fluid pressures result in a non-uniform
EPR effect.>® For example, renal cell carcinoma, and hepato-
cellular carcinomas tend to have good vasculature networks
that support a strong EPR effect.” In contrast, melanomas, pan-
creatic cancers, prostate cancers, and metastatic liver cancers
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are hypovascularized; the consequently poor EPR effect results
in the suboptimal delivery of nanoparticles into these tumors.>”

To ameliorate the delivery efficiency of nanoparticles,
several approaches for the augmentation of the EPR effect
have been evaluated. These strategies include increasing of
tumor blood flow by either vasoconstriction or vasodilation®?;
modulation of the tumor vasculature by application of exog-
enous growth factors'”; and changing of tumor stroma via
enzymatic degradation of the extracellular matrix."” Although
these strategies improved intratumor delivery and distribution
of nanoparticles, the systemic administration of these phar-
macological EPR modulators may also cause the delivery of
nanoparticles into the normal tissue.

To address the non-specific impacts of current EPR modu-
lating strategies, effort to enhances the EPR effect locally
within tumors have garnered significant research attention.
Several strategies reported in this regard include micro- or
nanobubble assisted ultrasound, radiotherapy, and hyperther-
mia-based augmentation of nanoparticle EPR.>'*!'¥ These
strategies have achieved success to varying degree, but they
all require very sophisticated instruments. Furthermore, the
application of ionizing radiation, and high intensity-ultrasound
may damage the normal tissue surrounding a tumor.!*!>

Here, we propose an alternative strategy, iontophoresis (IP),
for the enhancement of the EPR effect. IP is a noninvasive
transdermal drug delivery technology that employs weak
electric current (WEC) treatment by placing electrodes on
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the skin surface.!®'™ A physiologically acceptable electric
current density is used in WEC treatment does not exceed
0.5mA/cm?. It provides the driving force for the transdermal
permeation of substances across the skin barriers.'” Although
small ionic and hydrophilic molecules are preferable for
WEC-based delivery, we have successfully employed WEC
in the noninvasive transdermal delivery of antibodies, small
interfering RNA (siRNA), cytosine-phosphate-guanine (CpG)
oligo DNA, and nanoparticles-encapsulated insulin.2’2%

In pursuit of an understanding of the molecular mechanisms
underlying WEC-mediated transdermal permeation of nanopar-
ticles, we observed that the application of WEC activates an
intracellular signaling pathway leading to the opening of the
intercellular space apparatus in the skin.?>?® In particular, the
WEC-mediated opening of gap junctions and depolymerization
of F-actin associated with tight junctions dramatically altered
cell—cell interactions and created a paracellular pathway that
contributed to the transdermal permeation of macromolecules
or nanoparticles.'*?® Although the cutaneous physiology is dif-
ferent from that of tumors, in this study we hypothesized that
the application of WEC on a solid tumor may increase the EPR
effect via dissociation of intercellular junctions. Based on the
hypothesis, we evaluated the EPR effect of polyethylene glycol
(PEG)-modified doxorubicin (DOX) encapsulated nanoparticles
(DOX-NP), the status of gap junction expression in tumors,
and the antitumor effect of DOX-NP co-administered with
WEC. Taken together, this study offers a novel physical ap-
proach for the augmentation of the EPR effect and effective
anticancer therapy by combination of nanoparticles and WEC.

MATERIALS AND METHODS

Materials We used C57BL/6J (5 weeks old, male) mice
purchased from Japan SLC, Inc. (Shizuoka, Japan). All animal
procedures in this study were conducted in compliance with
Tokushima University Animal and Ethics Review Commit-
tee. B16-F1 murine melanoma cells (Dainippon Sumitomo
Pharma Biomedical Co., Ltd., Osaka, Japan) were grown in
10% fetal bovine serum (FBS) supplemented Dulbecco’s
modified Eagle’s medium (DMEM) and incubated at 37°C
in a 5% CO, atmosphere. Extracellular matrix (ECM) gel
was obtained from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
U.S.A). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG 2000) and Egg phosphatidylcholine (EPC) were collected
from NOF Corporation (Tokyo, Japan). The fluorescent com-
pound 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate (DilC18) was purchased from Thermo Fisher
Scientific (Waltham, MA, U.S.A.). DOX, as doxorubicin hy-
drochloride, was obtained from Nacalai Tesque, Kyoto, Japan.
An anti-connexin 43 (Cx43) antibody (mouse monoclonal) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, U.S.A). An anti-Cx43 (phospho Ser367) antibody (rabbit
polyclonal) was obtained from arigo Biolaboratories (Taiwan).
A rabbit polyclonal anti-Protein Kinase C (PKC) (phospho
T497) antibody, an Alexa Fluor 647 conjugated goat anti-
mouse immunoglobulin G (IgG) antibody, and an Alexa Fluor
488 conjugated goat anti-rabbit IgG antibody were purchased
from Abcam (Cambridge, U.K.).

Preparation of DOX-NP DOX-NP was prepared accord-
ing to our previous report.?” In brief, EPC/DSPE-PEG2000
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(10: 1M ratio) was added in chloroform, and a thin lipid film
was prepared by nitrogen gas drying. The resulting film was
then hydrated with 250 mM ammonium sulfate. For fluorescent
labeling of the nanoparticles, DiIC18 (1 mol% of total lipid) was
used. After incubation, a freeze-thawed cycle was performed
three times using a dry ice/ethanol bath followed by extru-
sion through 100nm pores of polycarbonate membrane filters
(Nuclepore, Cambridge, MA, U.S.A.). After adjusting the size,
the nanoparticle suspension was loaded into a PD-10 column
(GE Healthcare Japan, Tokyo, Japan) and eluted with phos-
phate-buffered saline (PBS) to eliminate the excess ammonium
sulfate. Then, ultracentrifugation of nanoparticles was carried
out at 112500 X g for 60min at 4°C followed by the addition
of 20mM N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic
acid (HEPES) (pH 8.8) to resuspend the nanoparticle pellet.
The resulting nanoparticle suspension and a DOX solution
(prepared at a concentration of 2mg/mL in 20mM HEPES (pH
8.8)) were then mixed together to incubate for 20 min at 37°C.
Next, the free DOX was separated by ultracentrifugation, and
nanoparticle encapsulating DOX was evaluated by measuring
the absorbance of DOX-NP dissolved in Triton X-100 (1%) at
484nm. The nanoparticle size, {-potential, and polydispersity
index were measured with a Zetasizer Nano ZS (Malvern In-
struments, Worcestershire, U.K.). The average particle diam-
eter was 140.83 = 13.30, the (-potential was —1.64 = 1.32mV,
and the polydispersity index was 0.23 = 0.02.

Application of WEC and Evaluation of DOX-NP Accu-
mulation in Tumors To develop melanoma-bearing mice, a
suspension of 1 X 10° B16-F1 cells and ECM gel were mixed
following a ratio of 5:1 (v/v), and the cells were implanted
into the left posterior flank of mice that were 5 to 6 weeks
of age.”® After inoculation, tumor volumes were evaluated
over time following this formula: tumor volume=0.4Xa X
b’ where the tumor volume is calculated in mm?®, a indicates
the larger diameter in mm, b indicates the smaller diameter
in mm. Intratumor accumulation of nanoparticles following
WEC application was evaluated when the tumor volume
reached approximately 500mm?’. Intravenous (iv.) injection
of DilCl8-labeled DOX-NP was performed 1h before the
WEC treatment. For the application of WEC, anesthesia was
induced in mice by intraperitoneal administration of chloral
hydrate (400mg/kg) in PBS, and the hair covering the tumor
was trimmed. Ag-AgCl electrodes (3M Health Care, Min-
neapolis, MN, U.S.A.) with a thin layer of PBS-soaked cotton
on the adhesive surface was applied to the tumor surface. The
tumor was then treated with a constant current (0.4mA/cm?
for 1h) by adjusting the electrodes to an external power sup-
ply (model TCCR-3005, TTI ellebeau, Inc., Tokyo, Japan).
After twenty-four hours of DOX-NP administration, tumors
were collected and sized into appropriately pieces. The result-
ing tumor tissues were subjected to snap-frozen in optimal
cutting temperature (OCT) compound in a dry-ice/ethanol
bath and sectioned at 10 um thickness with a cryostat. Next,
tumor sections were stained with 4',6-diaminidino-2-phe-
nylindole (DAPI) (Dojindo, Kumamoto, Japan) and mounted
with PermaFluor Aqueous Mounting Medium (Thermo Fisher
Scientific), followed by observation with an LSM700 confocal
laser scanning microscope (CLSM) (Carl Zeiss, Germany).
For quantitative analysis, the fluorescence intensity of tumor
cross-sections was quantified using ImageJ software.

Immunohistochemical Analysis of Cx43, Phospho Cx43
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Effect of WEC on Intratumor Accumulation and Distribution of DOX-NP

DilCl18-labeled DOX-NP was administered into mice bearing B16-F1 tumors via an IV route following application of WEC on the surface of the tumor. After 24h of
WEC, tumors were collected, and their cross sections of various regions were examined with CLSM: (A) untreated surface region; (B) surface region subjected to WEC;
(C) untreated internal region; (D) internal region subjected to WEC. Red indicates the accumulation of DOX-NP while blue indicates DAPI-stained nuclei. Scale bars
indicate 100 um. (E) Quantitative analysis of DOX-NP accumulation increased by WEC. Relative fluorescence intensity of tumor sections was quantified by using image

analysis software ImagelJ. Data are expressed as mean = S.D. (n>3). *p<0.05.

(Ser367), and Phospho PKC (T497) in Tumor Cross-
Sections after WEC Treatment Immediately after WEC
treatment as described above, tumors were harvested and
10 um frozen sections were generated using a cryostat. After
washing with PBS (two times for 5min) all tumor sections
were blocked by PBS containing 3% bovine serum albumin
(BSA) and Triton-X-100 (0.1%, 50 «L) for 1h at room tempera-
ture. Then, three additional washing steps were performed
with PBS for 2min and cross-sections were incubated with
mouse anti-Cx43, rabbit anti-Cx43 (phospho Ser367), or rabbit
anti-PKC (phospho T497) in 3% BSA/PBS at dilutions recom-
mended by the manufacturer. After overnight incubation at
4°C, three washing steps were carried out with PBS for 2min,
and then cross-sections were treated with an Alexa Fluor 647
conjugated anti-mouse IgG antibody or an Alexa Fluor 488
conjugated anti-rabbit IgG antibody in 3% BSA/PBS for 1h
at room temperature followed by manufacturer’s instructions.
Next, sections were subjected to wash again with PBS and
then observed with CLSM. Fluorescence intensity of antibody
staining was quantified using ImageJ software.

Investigation of the Antitumor Activity of DOX-NP in
Combination with WEC After inoculation with B16-F1
cells, mice (n=24) were randomly divided into four ex-
perimental groups as WEC (—) (untreated), WEC (+) (treated
with WEC), DOX-NP (treated with DOX-NP), and DOX-
NP + WEC (+) (treated with DOX-NP combined with WEC).
IV administration of DOX-NP (3 mg DOX per kg) was started
when tumor volumes reached approximately 100mm?® and
continued it on the scheduled days. After 1h of DOX-NP
administration, WEC (0.4mA/cm? for 1h) was applied on the
tumor as described above. Over the study period, tumor vol-
ume and body weight were monitored. Mice were sacrificed at
day 20 and tumors were harvested.

Statistical Analysis A one-way ANOVA followed by a
Tukey post-hoc test was conducted for statistical analysis.
Comparisons between two groups were accomplished by a Stu-
dent’s #-test. Data were representing as means = standard devi-
ations (S.D.). p-Values <0.05 were considered to be significant.

RESULTS AND DISCUSSION

We first examined the effect of WEC on the intratumor
accumulation of DOX-NP. After IV administration of DilC18-
labeled DOX-NP into a tumor-bearing mouse, WEC was
applied to the surface of the tumor. After indicated incuba-
tion time, tissue from the tumor was processed for frozen-
sectioning, and then the nanoparticle accumulation into the
tumor sections was observed by CLSM. From these observa-
tions, it was found that 24 h after WEC, the fluorescent signal
was markedly increased in tumor tissue sections. In contrast,
few fluorescent signals were observed in tissue from control
tumors that did not receive WEC mentioned as WEC (—) (Fig.
1). Quantitatively, the fluorescent intensity was significantly
higher in WEC-treated tumors compared to untreated control
tumors (Fig. 1). These results indicate that the intratumor
accumulation of nanoparticles was dramatically increased
following WEC, consistent with an augmentation of the EPR
effect by WEC. Additionally, we examined the effect of WEC
on the pharmacokinetics (blood retention of DOX-NP) after
administration of DOX-NP to normal mouse without cancer
inoculation. In this experiment, we used normal mice, not
tumor bearing mice, to avoid the change of pharmacokinetics
of DOX-NP by enhancement of EPR effect by WEC. DOX
concentrations in blood after intravenous injection of DOX-NP
with or without WEC treatment were almost the same (Sup-
plementary Fig. 1). Therefore, we concluded that WEC hardly
affected the pharmacokinetics (blood retention of DOX-NP)
after administration of DOX-NP.

Next, we attempted to delineate the signaling events leading
to improved intratumor accumulation of nanoparticles medi-
ated by WEC. It has been reported that WEC stimulation on
the skin surface causes a transport shunt for topically applied
nanoparticles or drugs into the epidermis or dermis via a para-
cellular pathway.'” This paracellular route was facilitated by
WEC-mediated opening of intercellular junctions.'**® Among
several candidate intercellular junctions, the proteins that form
gap junctions are reported to be responsive to electric stimuli.
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Fig. 2.
WEC

Following WEC on the surface of tumor, cross sections of tumors were subjected
to immunohistochemistry using an anti-Cx43 antibody and an Alexa Fluor 647 con-
jugated secondary antibody following observation with CLSM: (A) untreated tumor;
(B) tumor subjected to WEC. Red indicates the intratumor expression of Cx43.
Scale bars indicate 100um. (C) Fluorescence intensity of tumor cross sections was
quantified by ImageJ software. Data are expressed as mean = S.D. (n>3). *p <0.05.

Immunohistochemistry of Cx43 Expression in Tumors after

For example, in the heart, gap junctions mediate rapid current
transmission between adjacent cells, and they transmit presyn-
aptic electrical currents to the postsynaptic sites in electrical
synapses of neurons.”*” Furthermore, increased degradation
of gap junctions in diabetic retinopathy is reported to contrib-
ute to endothelial cell dysfunction and causes leakage of the
blood-retinal barrier.*"*?

Therefore, to elucidate the mechanism of improved intratu-
mor delivery and distribution of nanoparticles, we evaluated
the expression levels and phosphorylation of the gap junction
protein Cx43 in tumors following WEC. Interestingly, we
found that WEC treatment significantly reduced the amount
of Cx43 by approximately 57% of control levels (Fig. 2)
while it increased the amount of phosphorylated Cx43 by
approximately 25% of control levels (Fig. 3). As Cx43 phos-
phorylation is reported to attenuate gap junction assembly
and to potentially induce Cx43 degradation,® therefore,
these results are consistent with an augmentation of the EPR
effect via WEC-mediated opening of gap junctions within the
tumor microenvironment. To further investigate gap junction
formation following WEC, we examined the expression and
phosphorylation of PKC, which colocalizes with and directly
phosphorylates Cx43.3¥ Here, we found that phosphoryla-
tion of PKC was upregulated in the tumor immediately after
application of WEC (Fig. 4). Quantitatively, the amount of
phosphorylated PKC was increased by approximately 28% of
control levels in WEC-treated tumors. Taken together, these
results suggest that application of WEC on the tumor surface
leads to activation of the signaling molecule PKC, followed by
the phosphorylation of Cx43. Phosphorylated Cx43 promotes
the dissociation of gap junctions and augmentation of the EPR
effect. Regarding the WEC-induced change of the amount of
Cx43 in the skin, it was suggested that regeneration of Cx43
protein might be occurred after decrease in the amount of
Cx43 protein by enhancement of phosphorylation for recov-
ering gap junction at 6h after iontophoresis in our previous
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Fig. 3. Immunohistochemistry of Cx43 Phosphorylation Status in Tu-
mors after WEC

Following application of WEC on the surface of tumor, cross sections of various
regions of tumors were subjected to immunohistochemistry using an anti-Cx43
(phospho Ser367) antibody and an Alexa Fluor 488 conjugated secondary antibody
followed by observation with CLSM: (A) untreated tumor; (B) tumor subjected to
WEC. Green indicates the phospho-Ser367 Cx43. Scale bars indicate 100 um. (C)
Fluorescence intensity of tumor cross sections was quantified by Image] software.
Data are expressed as mean = S.D. (n>3). *p<0.05.
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Fig. 4.
WEC

Following application of WEC on the tumor surface, cross sections of tumors
were subjected to immunohistochemistry using an anti-PKC (phospho T497)
antibody and an Alexa Fluor 488 conjugated secondary antibody, followed by
observation with CLSM: (A) untreated tumor; (B) tumor subjected to WEC. Green
indicates the phospho T497 PKC. Scale bars indicate 100um. (C) Fluorescence
intensity of tumor cross sections was quantified by Imagel software. Data are ex-
pressed as mean * S.D. (n>3). *p<0.05.

Immunohistochemistry of Activation of PKC in Tumors by

report.’® Probably, regeneration of Cx43 protein in tumor
occurs approximately 6h after WEC treatment. Since the
phosphorylation of PKC in tumor is a trigger event for change
in intercellular junctions, this phenomenon would stop before
Cx43 protein regeneration begins.

As WEC increased DOX-NP accumulation in the tumors
(Fig. 1), we investigated the effect of combination of DOX-
NP and WEC on tumor growth in a mouse melanoma model.
DOX-NP alone showed the significant suppression of the
tumor growth by 65 and 71% compared to untreated control
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Fig. 5.

Antitumor Effect of DOX-NP Combined with WEC in B16-F1 Tumor-Bearing Mice

B16-F1 cells were injected subcutaneously in C57BL/6J mice at day 0. After cells inoculation, mice (n =24) were randomly divided into four groups and treated with
WEC/DOX-NP/DOX-NP with WEC at the indicated time point (J). The WEC (—) group did not receive any treatment. (A) Tumor growth is indicated as tumor volume
measured twice in a week. Each value represents as mean = S.D. for six mice from each group. * p <0.05, **p <0.01 vs. WEC () for (DOX-NP + WEC (+)); *p<0.05 vs.

WEC (—) for (DOX-NP). (B) Representative image of dissected tumors at day 20.

(WEC(—)) on days 14 and 17, respectively (Fig. 5). Further-
more, combination of DOX-NP with WEC(+) significantly in-
hibited the tumor growth by 80, 83 and 88% on days 14, 17 and
20, respectively. The tumor volumes of the group treated with
the combination of DOX-NP and WEC(+) were around 43%
compared to those of DOX-NP alone on day 14, 17 and 20.
Thus, although DOX-NP alone also inhibited tumor growth,
the combined application of DOX-NP with WEC(+) provided
a more potent antitumor effect. This result is consistent with
the improvement in intratumor accumulation of DOX-NP by
WEC (Fig. 1). In addition, WEC treatment alone (WEC(+))
also reduced the tumor growth, although the effect of WEC(+)
was not statistical significant (Fig. 5). This result suggests that
weak electricity has the possibility of anticancer activity. Pre-
viously, we reported that WEC induced the upregulation and
downregulation of cytoplasmic protein phosphorylation.”> The
number of proteins showing upregulated and downregulated
phosphorylation by WEC treatment was 139 and 15, respec-
tively. The three types of acidic leucine-rich nuclear phospho-
protein 32 (ANP32A, ANP32B and ANP32E) were included
in the downregulated 15 proteins. The ANP32 family protein
plays an important role in the cancer cell proliferation.3%
Since the phosphorylation is required for activation of ANP32,
the functionality regarding tumor growth of ANP32 would
reduce via downregulation of protein phosphorylation by WEC
treatment. Probably, the downregulation of ANP32 phosphory-
lation would be the reason for anticancer activity by WEC in
this study. Thus, WEC would have some degree of anticancer
activity, although it is not significant. Therefore, it was sug-
gested that the potent suppression of tumor growth by the
combination of DOX-NP and WEC(+) was the additive effect
of two WEC effects (intratumor accumulation improvement of
DOX-NP and direct anticancer activity).

In conclusion, we show for the first time that the applica-
tion of WEC significantly augments the EPR effect to increase
intratumor accumulation and distribution of DOX-NP, and ad-
ditionally WEC has direct anticancer activity. Mechanistically,
improvement of the EPR effect seems to be due to WEC-
mediated activation of cell signaling and opening of gap junc-

tions in tumors, and anticancer activity would be caused by
downregulation of ANP32 protein phosphorylation. Because
of the augmentation of the EPR effect and direct anticancer
activity by weak electricity, we propose the combination of
nanoparticles encapsulating chemotherapeutic agents and
WEC as the effective anticancer therapy.
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