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Abstract: This study evaluated the effects and mechanism of action of combining irreversible electroporation (IRE)
and photodynamic therapy (PDT) in breast cancer cells in vitro and in vivo. Jin’s formula was used to assess Killing
efficacy of different IRE+PDT dosing combinations in breast cancer MCF-7 cells. Flow cytometry, high-content im-
aging, and confocal laser scanning microscopy were used to detect apoptosis. gRT-PCR and western blotting were
used to evaluate expression of apoptosis-related genes and proteins. IRE+PDT combination therapy was adminis-
tered to BALB/C mice with breast cancer tumors in vivo; tumor size was used to assess treatment efficacy. Killing
mechanisms were examined using transmission electron microscopy and immunohistochemistry. We found that
IRE+PDT combination therapy produced significant synergistic killing effects in breast cancer cells (highest Jin g
value of 1.32). Early apoptosis rates were significantly higher in the IRE+PDT group (16.0%) than in IRE-alone (7.6%)
and PDT-alone (4.6%) groups (P<0.05). gRT-PCR showed higher Caspase-1, -3, -5, -6, -7, -8, and -9 and TNFRSF1A
expression with IRE+PDT than with control. Western blots showed increased cleaved Caspase-3, -7, and -9, and
PARP levels in the IRE+PDT group. In vivo tumor suppression rate for IRE (1200 V)+PDT (10 mg/kg) was 68.3%.
Combination therapy produced the most obvious apoptosis effects. Compared with controls, the IRE+PDT group ex-
hibited lower new blood vessel (VEGF, CD31), metastasis (TGF-B), and cell proliferation (Ki-67) indicators and higher
inflammation indicator (TNF-a) 1 day post-treatment. Thus, combining IRE and PDT enhanced their anti-tumor ef-
fects in breast cancer, and apoptosis played a key role in this process.

Keywords: High-voltage pulsed electric field, photodynamic therapy, breast cancer, combination therapy, apopto-
sis

Introduction

Breast cancer is one of the most common mali-
gnancies in women around the world. According
to the International Agency for Research on
Cancer statistics, the global number of new
cases of breast cancer in women reached 1.38
million in 2008, accounting for 23% of all
female malignancies. Approximately 46 million
women died from breast cancer, accounting for
14% of all female cancer deaths [1]. Breast
cancer is a serious threat to women’s physical
and mental health.

Electroporation is a process whereby cells are
exposed to short pulses of a high-voltage elec-
tric field, increasing the permeability of cell

membranes for ions and molecules and form-
ing nanometer-sized fissures. Under certain
conditions (e.g., strong electric fields), this
increased permeability is permanent, termed
irreversible electroporation (IRE). In 2005,
Davalos et al. [2] reported that IRE is an abla-
tion method that can avoid thermal tissue dam-
age. In 2006, Edd et al. [3] demonstrated IRE-
mediated tissue ablation in normal Sprague-
Dawley rat livers, documenting cell death and
immunological reactivity in the ablation area.
Since then, many researchers have used heal-
thy organs [4, 5] and tumor models [6, 7] of
small and large animals to demonstrate that
IRE can ablate tumor tissue in a non-thermal
manner. After positive results in animal experi-
ments, clinical investigations of IRE began; IRE
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has been investigated for the treatment of liver
[8, 9], pancreatic [10, 11], kidney [12, 13], lung
[14, 15], and prostatic [16] cancers. As a non-
thermal, minimally invasive ablation technolo-
gy, IRE allows tissue selectivity, preserving key
structures [17] such as large vessels and
nerves in the ablation area, avoiding heat sink
effects [18], reducing inflammation [19] and
scar formation after treatment, shortening
treatment cycles, and enabling real-time moni-
toring. IRE ablation has many advantages over
current ablation technologies.

Despite the potential effectiveness of IRE for
treating solid tumors, there are problems that
require resolution. IRE-dependent ablation
requires distribution of the electric field and
conductivity in the target tissue [20]. The for-
mer is governed by the configuration of elec-
trodes, and the latter is subject to microenvi-
ronmental changes within tissues, cell types,
and cellular structures within tissues [21].
Currently, electrode configuration in IRE treat-
ment is designed with a software simulation
according to tumor images, but the tumor
boundary conditions used in the software simu-
lation are optimized with uniform electric field
distribution, which differs from the complex
structure, multiple parameters, and versatile
surroundings of real tissue. In 2009, Daniels et
al. [22] reported that tissue heterogeneity sig-
nificantly affected the distribution of electric
fields and temperatures, and simulation soft-
ware cannot accurately provide tissue targeting
characteristics. The residual tumor boundary in
IRE ablation affects cure rates [23] and can
lead to recurrence [15]. When using IRE, it is
common to see overtreatment or undertreat-
ment, so relying solely on IRE has clear short-
comings. Furthermore, although various abla-
tion technologies have been combined with
other treatment methods, such as surgery, che-
motherapy, and radiotherapy, the merits of
combined therapy are controversial, as these
therapies also have side effects.

Photodynamic therapy (PDT) is a relatively new
tumor treatment method. It uses lasers of par-
ticular wavelengths to illuminate and activate a
photosensitizer taken up by tumor tissues,
causing a photochemical reaction to produce
substances, such as singlet oxygen, that dam-
age tumor cells. PDT has advantages, including
dual targeting of the photosensitizer and illumi-
nation area, the ability to be used in repeated
treatments, long-term immunological effects,
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and only minimal side effects (e.g., skin allergic
reaction). These have allowed PDT to be rapidly
developed and extensively used in clinical
applications. The United States Food and Drug
Administration has already approved PDT for a
variety of solid tumors, including tongue, laryn-
geal, and skin cancers.

In theory, the controllable illumination area of
PDT can compensate for the incomplete abla-
tion boundary with IRE, and the electroporation
of cell membranes can improve cellular inges-
tion of the photosensitizer. Therefore, the
objective of this research was to evaluate the
effects of combining IRE and PDT on breast
cancer cells in vitro and in vivo by evaluating
cell toxicity and determining Jin’s formula. We
also explored the mechanism of action of the
combination. Our results show that IRE+PDT
combination therapy is more effective than
either therapy alone, and may resolve the prob-
lem of residual tumor boundary that can occur
with IRE ablation alone.

Materials and methods
Materials

Both the human breast cancer cell line MCF-7
and murine breast cancer cell line EMT-6 were
purchased from the cell resource center of the
Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (http://www.cell-
resource.cn/). BALB/C mice were purchased
from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Hyclone Roswell Park
Memorial Institute (RPMI) 1640 (SH30027.01)
culture medium and Gibco fetal bovine serum
(FBS; 16000-044) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Photocar-
cinorin (PSD-007, 10 mg/mL) was purchased
from Zhangjiang Biotechnology Co., Ltd. (Shang-
hai, China), and phosphate buffer and thiazolyl
blue (MTT) were obtained from Sigma (USA).
Hoechst 33342 staining solution, Annexin
V-Alexa Fluor 488/PI (C1063) apoptosis detec-
tion kit, and sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) rapid
preparation kits were purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). mi-
RNA Purification Kit (CW06275) and miRNA
cDNA Synthesis Kit (CW21415) were purchased
from ComWin Biotech Co., Ltd. (Beijing, China).
Fast Super EvaGreen qPCR Master mix (s-2008)
was purchased from Suzhou Yuheng Biological
Technology Co., Ltd. Quantitative reverse tran-
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scription-polymerase chain reaction (QRT-PCR)
primers were designed in-house and synthe-
sized by Invitrogen (Carlsbad, CA, USA). Apopto-
sis antibody detection kit (9915) was pur-
chased from Cell Signaling Technology (USA).
EasySee Western Blot Kit was purchased fr-
om Beijing TransGen Biotech Co., Ltd. (Beijing,
China). The ECM830 electroporation apparatus
was made by Harvard Apparatus (USA), and the
635-nm semiconductor laser unit was pro-
duced by the Institute of Biomedical Enginee-
ring, Chinese Academy of Medical Sciences.

Cell culture

MCF-7 and EMT-6 cells were cultured at 37°C in
a 5% CO, incubator with RPMI 1640 (Hyclone)
containing 10% inactivated FBS, 100 ug/mL
penicillin, and 100 yg/mL streptomycin (Gibco).
Cells were passaged once every 2-3 days, and
cells in the logarithmic growth phase were used
for experimentation.

Cell-based protocols

Irreversible electroporation: An ECM830 squ-
are wave generator was used to conduct IRE.
MCF-7 cells growing in the logarithmic phase
were collected, digested with trypsin, and cen-
trifuged for 5 min. The concentration of the cell
suspension was then adjusted to 8 x 10* cells/
mL. Subsequently, 600 yL of cell suspension
was added to the electric pulse cup with 4-mm
electrode spacing, and pulsed electric fields
with 50 pulses were used to pulse the cells at
0, 280, 320, 360, 400, 440, 480, 520, 560,
600, or 640 V, with a pulse length of 100 ps
and pulse interval of 1 s. After pulsing, cells
were transferred into a 96-well plate and incu-
bated for 24 h. MTT (5 mg/mL) was then added
to the culture for 4 h, followed by the addition
of dimethyl sulfoxide for 15 min. A microplate
reader was used to detect absorbency at 570
nm. The cell survival rate was calculated, and
the IRE dose groups with death rates of
20%, 30%, and 40% were selected for further
investigations.

Photodynamic therapy: MCF-7 cells (8 x 10*
cells/mL) growing in the logarithmic phase were
inoculated into 96-well plates. After overnight
incubation, they were cultured together with
the photosensitizer (PSD-007) in darkness for
2 h, at PSD-007 concentrations of O, 3.125,
6.25, 12.5, 25, and 50 pg/mL. After washing
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twice with phosphate-buffered saline (PBS), a
635-nm laser unit was used to vertically illumi-
nate the cells for 2 min, with a power density of
20 mW/cm? and energy density of laser (EDL) of
2.4 J/cm?2, The cells were cultured for another
24 h, then the death rate was determined using
the above MTT methods. PDT dose groups with
death rates of 20% and 40% were selected for
further investigations.

Irreversible electroporation + photodynamic
therapy: All experiments were conducted with
the following: a control group; IRE-alone groups
A (IRE-A; 180 V), B (IRE-B; 280 V), and C (IRE-C;
380 V), with electrode spacing of 4 mm, pulse
length of 100 ps, pulse interval of 1 s, and 50
pulses; PDT-alone group | (PDT-I; 10 pg/mL
PSD-007) and Il (PDT-Il; 12.5 pyg/mL PSD-007),
with 2.4 J/cm? EDL; and combination therapy
groups. The combination therapy groups includ-
ed IRE-A+PDT-l, IRE-A+PDT-Il, IRE-B+PDT-I, IRE-
B+PDT-Il, IRE-C+PDT-I, and IRE-C+PDT-Il. The
cells were cultured with the photosensitizer
PSD-007 for 5 min in darkness at room tem-
perature. The combination therapy groups then
received the electric pulses, which were fol-
lowed immediately by illumination. The IRE-
alone and PDT-alone groups were processed in
a similar manner. The cells were subsequently
cultured for another 24 h, and the MTT method
was used to detect the cell death rate.

Assessment of combination therapy: Jin’s for-
mula was used to estimate whether IRE and
PDT were synergistic. This formula is as follows:
g=E,,/(E,*+E-EE) with E representing the
inhibition rate of methods a and b, and E, and
E, representing the inhibition rates of methods
a and b alone. A g value from 0.85 to 1.15 indi-
cates an additive effect, a q value more than
1.15 indicates a synergistic effect, and a q
value less than 0.85 indicates an antagonistic
effect.

Irreversible electroporation effects on the emi-
ssion spectrum and absorption rate of the pho-
tosensitizer: The 50 pg/mL photosensitizer
solution was pulsed using the pulsed electric
field with 50 pulses at 380 V, pulse length of
100 ps, and pulse interval of 1 s. A fluores-
cence spectrophotometer was used to mea-
sure the emission spectrum of the photosensi-
tizer before and after the electric pulses, with a
405-nm excitation wavelength for PSD-007.

The above dose parameters were used to treat
MCF-7 cells, which were cultured for O, 0.5, 1,
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Table 1. Primer names and associated sequences

Primer names Sequences Primer names Sequences

Caspl-human-F CCTGGTGTGGTGTGGTTTA Caspl10-human-F GAGGAAGGCAGCTGGTATATT
Caspl-human-R ATCCTTCTCTATGTGGGCTTTC  Casp10-human-R GACAGCAGTGAGGATGGATAAG
Casp2-human-F TTCTGGAGAAGGACATCATCAC  TNF-human-F CCAGGGACCTCTCTCTAATCA
Casp2-human-R GTTCCACATTCTGGCTGAAAC TNF-human-R TCAGCTTGAGGGTTTGCTA
Casp3-human-F CTCCACAGCACCTGGTTATT TNFRSF1A-human-F CTCCAAATGCCGAAAGGAAATG
Casp3-human-R AAATTCAAGCTTGTCGGCATAC  TNFRSF1A-human-R ATAATGCCGGTACTGGTTCTTC
Casp4-human-F CCCTCAAGCTTTGTCCTCAT FAS-human-F GGGAAGGAGTACACAGACAAAG
Casp4-human-R GCGGTTGTTTCTCTCCTTTATTG  FAS -human-R GGTCCGGGTGCAGTTTAT
Casp5-human-F CATCCTTGGCACTCATCTCTT FASLG-human-F TGCAGCAGCCCTTCAATTA
Casp5-human-R TCCTTCTCCTCGTGGATCTT FASLG-human-R AGAGGTTGGACAGGGAAGA
Casp6-human-F GCTGACTTCCTCATGTGTTACT  BCL2-human-F GGAGGATTGTGGCCTTCTTT
Casp6-human-R TCCCAACATCTCACACAAATCT  BCL2-human-R GTTCAGGTACTCAGTCATCCAC

Casp7-human-F
Casp7-human-R

CTGACTTCCTCTTCGCCTATTC
CTGACTTCCTCTTCGCCTATTC

Casp8-human-F GGAGCTGCTCTTCCGAATTA
Casp8-human-R CATGACCCTGTAGGCAGAAA
Casp9-human-F GAGTCAGGCTCTTCCTTTGT
Casp9-human-R CTTTGCTGCTTGCCTGTTAG

BID-human-F
BID-human-R
CYCS-human-F
CYCS-human-R
B-actin-human-F
B-actin-human-R

CCTACCCTAGAGACATGGAGAA
GTGCGTAGGTTCTGGTTAATA
TTACACAGCCGCCAATAA
CAGGGATGTACTTCTTGGGATTC
GGACCTGACTGACTACCTCAT
CGTAGCACAGCTTCTCCTTAAT

2, 3, and 4 h. An InCell Analyzer 2000 (GE
Healthcare Life Sciences, Piscataway, NJ, USA)
high-content cell imaging analysis system was
then used to analyze and calculate fluores-
cence intensity, with a 405-nm excitation wave-
length for PSD-007 and an emission wave-
length of 630 nm.

Apoptosis detection

High-content cell analysis: MCF-7 cells were
divided into groups and cultured for 24 h. The
groups were as follows: IRE-alone | (630 V) and
IRE-alone 1l (580 V), with pulse length of 100
us, pulse interval of 1 s, 50 pulses; PDT-alone |
(32 pg/mL PSD-007) and PDT-alone Il (29.5
ug/mL PSD-007), with 2.4 J/cm? EDL; and
IRE+PDT-I (380 V+12.5 pg/mL) and IRE+PDT-II
(380 V+10 pg/mL), with pulse length of 100 ps,
pulse interval of 1 s, 50 impulses, and EDL of
2.4 J/cm?. Next, the Annexin V-FITC apoptosis
detection kit and Hoechst 33342 were used to
stain the cells, which were analyzed using an
InCell Analyzer 2000. The excitation wave-
lengths for Annexin V-Alexa 488, propidium
iodide (PI), and Hoechst 33342 were 490/20
nm, 543/22 nm, and 400/50 nm, respectively,
with corresponding emission wavelengths of
525/30 nm, 605/64 nm, and 455/50 nm, res-
pectively.

Flow cytometry: The three groups with the
highest apoptosis levels were selected through
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the high-content cell imaging analysis system;
they were the IRE-alone Il, PDT-alone Il, and
IRE+PDT-Il groups. Cells treated with IRE-II,
PDT-1I, and IRE+PDT-1l were then cultured for O,
2, or 6 h, collected, and stained with the
Annexin V-FITC apoptosis detection kit. The
apoptosis rate at the excitation wavelength of
488 nm was determined using a flow cytometer
C6 (BD Bioscience, San Diego, CA, USA), analyz-
ing 1 x 10%cells.

Confocal laser scanning microscopy: Cells
treated with IRE+PDT combination therapy
were cultured for 2 h, stained with AnnexinV/PI
and Hoechst 33342, and observed with a laser
scanning confocal microscope (Zeiss LSM
710). The excitation and emission wavelengths
of AnnexinV were 488 nm and 536 nm, respec-
tively. The corresponding wavelengths were
543 nm and 643 nm for Pl and 405 nm and
451 nm for Hoechst 33342.

Detection of apoptosis-related genes and pro-
teins

Real-time quantitative reverse transcription-
polymerase chain reaction assay: Cells treated
with IRE, PDT, and IRE+PDT were cultured for 2
h. Total RNA was then extracted using the
miRNA Purification Kit following the manufac-
turer’s instructions. The extracted RNAs were
subjected to SimpliNano (Biochrom, US) for
purity and concentration evaluation and con-
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verted to cDNA using the miRNA cDNA Synthesis
Kit. The cDNA was used as a template to mag-
nify target genes using Fast Super EvaGreen
qPCR Master mix on the ABI 7500 real-time
PCR amplifier (Thermo Fisher Scientific). The
reverse and forward primers for the target
genes and housekeeping genes (B-actin) are
listed in Table 1. Results were obtained using
the AAt method. All reactions were performed
at a denaturation temperature of 95°C, anneal-
ing temperature of 60°C, and extension tem-
perature of 72°C, repeated for 35-40 cycles.

Western blot analysis of apoptosis-related pro-
teins expression: Western blot assays were
performed as follows. After 6 h of treatment,
cells were collected on ice and lysed in radioim-
munoprecipitation assay (RIPA) buffer. The lys-
ate was cleared by centrifugation at 12,000 x g
for 5 min, then heated at 100°C for 10 min in
reducing buffer. Samples (30 ug) were sepa-
rated by SDS-PAGE and transferred onto polyvi-
nylidene fluoride membranes. After transfer to
nitrocellulose, the membrane was incubated in
blocking solution (5% skimmed milk and Tris-
buffered saline with Tween 20 [TBST]) for 1 h at
room temperature. Membranes were then incu-
bated overnight with the primary antibody
(1:1000 dilution) at 4°C. The membranes were
subsequently washed with TBST, then incubat-
ed with the second antibody (1:2000 dilution)
for 1 h at room temperature, followed by wash-
ing with TBST. We then used the EasySee
Western Blot Kit and visualized the protein
bands via the Clinx ChemiScope Series
Chemiluminescence Imaging systems (Clinx
Science, China). B-actin was used as a loading
control.

Animal experimentation

Murine breast cancer model: All animal experi-
ments were approved by the animal care and
use committee of the Institute of Medical En-
gineering, Chinese Academy of Medical Scien-
ces or Biomedical Engineering and Technology
College (2015015).

Murine breast cancer cells (EMT6) were digest-
ed and collected, and the concentration was
adjusted to 1 x 107 cells/mL. The cells (200 pL)
were injected subcutaneously into the right
side of the back of 6-week-old BALB/C mice,
and tumor growth was observed. When the
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tumor diameter reached 10 mm (13-14 days
after inoculation), treatments were performed.

Irreversible  electroporation, photodynamic
therapy, and irreversible electroporation + pho-
todynamic therapy treatments: A total of 48
female BALB/C mice with tumors were divided
into 6 groups, with 8 mice in each group. The
groups were as follows: control, IRE-alone 1000
V, IRE-alone 1200 V, PDT-alone, IRE+PDT-I
(1000 V+PDT), and IRE+PDT-II (1200 V+PDT).
The mice were anesthetized with 4% isoflurane
and secured in place. For mice in the IRE-alone
groups, two electrodes were inserted vertically
into the tumor tissues 10 mm apart, and IRE
was applied at 1000 V or 1200 V, with a pulse
length of 100 ps. Ten series of pulses were
used, with 100 pulses in each series and 1 s
between series. For mice in the combination
therapy groups, photosensitizer was injected
into the tail vein, and IRE treatment (1000 or
1200 V, with other pulse parameters identical
to those used in the IRE-alone groups) was
administered 24 h later. After IRE, the mice
were immediately illuminated with a power den-
sity of 200 mW/cm? and an illumination dura-
tion of 10 min. For mice in the PDT-alone group,
photosensitizer was injected into the tail vein
and illumination was performed 24 h later in a
manner identical to that used for the combina-
tion therapy group. No anesthesia was used
during PDT.

A Vernier caliper was used to measure tumor
size, and photographs were taken once every 2
days for a total of 15 days after the above treat-
ments. The tumor size was calculated as the
long diameter x short diameter x (short diam-
eter/2). The tumor suppression rate was calcu-
lated as the [(tumor size before operation -
tumor size after operation)/tumor size before
operation] x 100%.

Ultrastructure, histopathology, and cytokine
detection: To collect tumor tissues, cancer-
bearing mice were anesthetized and sacrificed
by injection of an overdose of sodium pentobar-
bital on the first, seventh, and fourteenth days
after treatment. Tumors obtained on the first
day were divided vertically into two equal-sized
sections, with one-half used for transmission
electron microscopy (TEM) examination and
the other for pathological and immunohisto-
chemical examinations. Tissues harvested on
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Table 2. Killing rates of irreversible electroporation
combined with photodynamic therapy in MCF-7 cells

Growth fraction

Group Killing rate Q value Combination effect
IRE-A 19.1% NA NA
IRE-B 29.9% NA NA
IRE-C 36.5% NA NA
PDTl 19.6% NA NA
PDT-II 38.6% NA NA
IRE-A+PDT-I 24.9% 0.71 antagonism
IRE-A+PDT-II 27.0% 0.53 antagonism
IRE-B+PDT-l 26.2% 0.60 antagonism
IRE-B+PDT-II 40.8% 0.71 antagonism
IRE-C+PDT-| 65.1% 1.32 synergism
IRE-C+PDT-II 78.8% 1.29 synergism

Abbreviations: IRE, irreversible electroporation; NA, not appli-
cable; PDT, photodynamic therapy.

the later 2 days were used for pathological and
immunohistochemical examinations only.
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Figure 1. Detecting the survival rate of cells with
different therapeutic doses of irreversible electro-
poration (IRE) and photodynamic therapy (PDT).
A: Killing effects in MCF-7 cells exposed to IRE of
different strengths. *P<0.05 versus 400 V/cm
group. B: Killing effects in MCF-7 cells of PDT at
different PSD-007 doses. *P<0.05 versus 3.125
ug/mL group. C: Killing effects in MCF-7 cells of
IRE alone, PDT alone, and IRE+PDT. Data repre-
sent mean values of three independent experi-
ments (n=3). *P<0.05 versus 380 V+12.5 pg/mL

group.

For TEM, the tissues were fixed with 2.5% glu-
taraldehyde and then dehydrated, permeat-
ed, resin-embedded, sliced, and scanned.
For pathological and immunohistochemical
examinations, the tissues were fixed with 4%
paraformaldehyde and then paraffin-embed-
ded, sliced, and stained with hematoxylin
and eosin or immunohistochemically stained
to detect vascular endothelial growth factor
(VEGF), cluster of differentiation (CD31), the
nuclear-associated antigen (Ki-67), trans-
forming growth factor (TGF-B), and tumor
necrosis factor (TNF-a). Semi-quantitative
analysis was performed of the immunohisto-
chemical staining images to calculate the
positive expression rate of the cytokines
within five wide-field views.

Statistical analysis

SPSS v. 22.0 software was used for the statisti-
cal analyses, with data expressed as mean +
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pug/mL and 29.5 pg/mL, respectively. B: MCF-7 apoptosis, as detected by flow cytometry at O, 2, and 6 h after treat-
ment. C: MCF-7 apoptosis, as detected by confocal microscopy 2 h after treatment, shown at 63 x magnification.
The blue signal is DNA marked by Hoechst 3342. The green signal represents eversion of phosphatidylserine in
the molecular membrane marked with Annexin-FITC, which indicates early apoptosis. The red signal represents Pl
entry into the nuclei due to increased membrane permeability during the later stages of apoptosis. IRE, irreversible
electroporation treatment alone; P DT, photodynamic therapy alone; IRE+PDT, treatment with irreversible electro-
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poration and photodynamic therapy. IRE stands for the group solely treated with IRE, PDT for the group solely treated
with PDT and IRE+PDT for the group treated with the combination of IRE and PDT.
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standard deviation. Differences between two
groups were assessed using two-tailed Stu-
dent’s t-test. One-way analysis of variance was
used to assess differences among more than
two groups. P<0.05 was considered indicative
of statistically significant differences.

Results
Cell toxicity and combination effects

To explore the killing effects of pulsed electric
fields with differing field strengths on tumor
cells, cell toxicity was determined in MCF-7
cells. The results (shown in Figure 1A) showed
that the death rate of the IRE-alone groups was
positively correlated with the field strength, as
more cells died with the higher field strengths.
Three dose groups-IRE-A (450 V/cm), IRE-B
(700 V/cm), and IRE-C (950 V/cm), which exhib-
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Figure 4. Bar chart of the percentage of viable and
apoptotic cells in control and treated MCF-7 cell
populations at O h (A), 2 h (B), and 6 h (C) after
treatment. Data represent the mean values of
three independent experiments (n=3). *P<0.05
versus control. IRE, irreversible electroporation
treatment alone; PDT, photodynamic therapy
alone; IRE+PDT, treatment with irreversible elec-
troporation and photodynamic therapy.

ited cell death rates of 20%, 30%, and 40%,
respectively-were selected for subsequent
combination therapy experiments.

Figure 1B shows the killing effects of PDT with
differing doses of the photosensitizer PSD-007
in MCF-7 cells. When the concentration of pho-
tosensitizer PSD-007 was below 50 yg/mL, the
killing effect of PDT on MCF-7 cells was posi-
tively correlated with the concentration of pho-
tosensitizer; that is, a higher concentration pro-
duced a higher death rate. Two dose groups-
PDT-I (10 pg/mL) and PDT-ll (12.5 ug/mL),
which exhibited death rates of 20% and 40%,
respectively-were selected for subsequent
combination therapy experiments.

The killing effects of one-to-one combinations
of the three IRE groups (IRE-A, IRE-B, and IRE-C)
and the two PDT groups (PDT-I and PDT-Il) were

Am J Transl Res 2018;10(2):334-351



Application of high-voltage pulsed electric field

’ o . I CONTROL
6.0 I IRE

5.5 - I PDT

. I (RE+PDT
4.5-
4.0-
3.5
3.0
25
2.0
15
1.0-
0.5
0.0

Relative expression amount

e
oy - L

y [
NV PPN RPN VO 22 0\
R FF XK SRR KT AV
FFFFFFFF I

B
Cleaved PARP

124 I CONTROL
. I IRE+PDT

-
o
1
H

Cleaved Caspase-9

o
@
1

Cleaved Caspase-7

(=}
FS
1

Cleaved Caspase-3

Protein level normalized to j\-actin
o o
L] o
1 1

B-actin

?P_?g 2 A p 2
CONTROL IRE+PDT - w‘“‘ﬂf » K e

o
o
I

o

Figure 5. Changes in expression of apoptosis-related genes and proteins after treatment with irreversible electropor-
ation (IRE), photodynamic therapy (PDT), and IRE+PDT. A: Apoptosis-related gene expression 2 h after MCF-7 cells
were treated. B: Cleaved Caspase-3, Caspase-7, and Caspase-9 and PARP levels 6 h after MCF-7 cells were treated.

C: The relative gray date from WB experiments. Data represent the mean values of three independent experiments
(n=3). *P<0.05 versus control.

determined, as shown in Figure 1C. IRE-C+PDT-I best synergy (Table 2), with a g value of 1.32.
and IRE-C+PDT-II were the combinations with Most other combinations had antagonistic
the highest killing rates (65.1% and 78.8%, effects, although the IRE-C+PDT-1l combination
respectively). According to Jin’s formula, the was also synergistic. IRE-C+PDT-| was therefore
combination of IRE-C and PDT-I exhibited the used for the subsequent apoptosis detection
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Figure 6. Mouse treatment procedure and tumor suppression rates after treatment. A: Irreversible electroporation
(IRE) process for mice with breast cancer. B: Photodynamic therapy (PDT) process for mice with breast cancer. C:
Left, changes in tumor size with treatments at different doses; right, tumors in mice treated with the combination
method changed at different times. Data represent the mean values of three independent measurements (n=3).
*P<0.05 for the IRE (1200 V)+PDT (10 mg/kg) group versus control.
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Figure 7. Ultrastructural and histopathological changes of various groups at different times. A: Changes in tumor tis-
sues on the first day after treatment, as viewed under the electron microscope (TEM). B: Histopathological changes
in tumor tissues at days 1, 7, and 14 after treatment, as viewed by light microscopy (LM) at 400 x magnification.

and apoptosis-related gene and protein expres-
sion studies.

the emission spectrum before and after the
electric pulses. The peak values before the
pulses occurred at 625 nm and 682 nm, and
the peak values after the pulses occurred at
624 nm and 678 nm. As such differences are

Effects of electric pulse on photosensitizer
emission spectrum and absorbency

As shown in Figure 2A, the photosensitizer
PSD-007 appeared to have two peak values for

344

within the sensitivity range of the apparatus,
these results indicate that the pulsed electric
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fields had no obvious impact on the emission
spectrum of the photosensitizer.

To explore the effects of the electric pulses
on photosensitizer absorption, a high-content
imaging system was used to observe cellular ab-
sorption of the photosensitizer before and after
the electric fields, as shown in Figure 2B and
2C. Within 30 min, the electric field improved
photosensitizer absorption (P<0.05), but over
time, the fluorescence density of the cells in
the group without an electric field stimulation
increased. After 4 h, cells in all groups exhibit-
ed a similar fluorescence density.

Apoptosis detection

Apoptosis was detected qualitatively, quantita-
tively, and at the cell morphology level with a
high-content imaging system, flow cytometry,
and confocal laser scanning microscopy, res-
pectively. Figure 3A shows apoptosis with the
high-content cell imaging and analysis system
in the three groups of cells 24 h after treat-
ment. Apoptosis was observed in all three
groups. The IRE (380 V)+ PDT (10 pg/mL) com-
bination group had the highest apoptosis rate
and exhibited the typical characteristics of
early apoptosis, such as phosphatidylserine
molecular membrane eversion (green fluores-
cent signal), and late apoptosis, such as kar-
yopyknosis (red fluorescent signal).

The three groups with the strongest apoptosis
results-IRE-II, PDT-Il, and IRE+PDT-ll-were sele-
cted by high-content imaging analysis and
underwent qualitative analysis by flow cytome-
try. The results are shown in Figures 3B, 4. Apop-
tosis occurred in all groups to various degrees.
At O h (immediately after treatment), the apop-
tosis rates of the IRE+PDT-Il, PDT-Il, and IRE-II
groups were 16.0%, 4.6%, and 7.6%, respec-
tively; the rate of the combination group was
significantly higher than that of the other two
groups. At 6 h, the apoptosis rates decreased,
while the necrosis rates increased.

Apoptosis detected by laser scanning confocal
microscopy is shown in Figure 3C. The combi-
nation therapy group exhibited clear apoptotic
features, including phosphatidylserine molecu-
lar membrane eversion, increased membrane
permeability, nuclear crenation, karyorrhexis in
some cells, and other apoptotic morphologies.

345

Expression of apoptosis-related genes and
proteins

When evaluating the presence of 17 genes
related to apoptosis, we found that expression
of cysteine-aspartic acid protease (Caspase)
family and death receptor-related genes in the
various treatment groups changed as early as
2 h post-treatment (Figure 5A). Expression of
Caspase-3 was higher in all treatment groups
than in the control group (P<0.05), and expres-
sion in the PDT-alone group was the greatest:
2.5 times that of the IRE-alone group and 2
times that of the combination therapy group.
Caspase-9, Bc12, and Bid expression decre-
ased in all three treatment groups compared
with control at 2 h post-treatment (P<0.05). The
combination therapy group had the highest
Caspase-8 expression, which was 1.9 times
that of the PDT-alone group and 3.8 times that
of the IRE-alone group. Among all of the treat-
ment groups, expression of Caspase-6 and
Caspase-7 was highest in the combination ther-
apy group, but expression of both was lower
than in the control. Expression of Caspase-5
was highest in the IRE-alone group, but it was
lower in the PDT-alone and combination thera-
py groups than in controls (P<0.05). Expression
of FASLG and TNFRSF1A in the combination
therapy group was higher than in the IRE-alone
and PDT-alone groups, but FASLG expression
was lower than in the control group.

To cleaved Caspase-7 and cleaved Caspase-3
fragments, allowing Caspase-3 to activate poly
(ADP-ribose) polymerase (PARP), initiating apo-
ptosis. We performed western blotting to ana-
lyze the expression of Caspase-3, Caspase-7,
and Caspase-9 fragments and PARP. As shown
in Figure 5B and 5C, expression of all of these
proteins was significantly higher in the combi-
nation therapy group than in the control group
(P<0.05).

Tumor suppression rate

Tumor sizes in mice from all treatment groups
became smaller, as tumor growth was sup-
pressed after treatment (Figure 6). On day 1
post-treatment, tumor suppression rates of the
groups were 9.0% for IRE-alone (1000 V), 33.7%
for IRE-alone (1200 V), 6.1% for PDT-alone,
1.2% for IRE (1000 V)+PDT (10 mg/kg), 38.3%
for IRE (1200 V)+PDT (10 mg/kg). On day 3
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post-treatment, the tumor suppression rates of
the five treatment groups reached peak values:
29.1%, 45.3%, 5.3%, 43.4%, and 68.3%, res-
pectively. These results indicate that the com-
bination therapy groups produced more tumor
suppression than the IRE-alone and PDT-alone
groups, with the IRE (1200 V)+PDT (10 mg/kg)
producing the most suppression (P<0.05).

Histopathological and ultrastructure observa-
tion

Figure 7A shows TEM images of tumors from
the various groups on the first day after treat-
ment. Varying degrees of apoptosis occurred in
all treatment groups, as evidenced by heavy
condensation and chromatin marginalization,
and nuclear fragmentation during late apopto-
sis. In particular, many typical apoptotic bodies
appeared in the combination therapy group,
which was the most obvious sign of apoptosis.

The results of histopathological analysis show-
ed that cells in the control group had large
nuclei, with clearly visualized cytoplasts and
nucleoli, as well as abundant cytoplasm. The
tumors were nest-shaped with typical signs of
karyokinesis (red arrow in Figure 7B) and were
infiltrated with only a few inflammatory cells. As
the tumors grew, the cells began to necrose
because of the limited blood supply. In all treat-
ment groups, signs of necrosis, such as nucle-
us fragmentation (black arrows in Figure 7B)
and indistinct cytoplast boundaries (blue arr-
ows in Figure 7B), were apparent the first day
after treatment. Tumors from the combination
therapy groups exhibited necrosis of large
tumor cells because of the limited blood supply,
obvious infiltration by inflammatory cells, and
prominent fibrous tissue (yellow arrows in
Figure 7B). On the seventh day after treatment,
invasive growth of tumor cells was found at the
edge of necrotic tissue in the IRE+PDT groups.
On the fourteenth day after treatment, two
trends were found within tumor tissue: coagula-
tive necrosis of tumor cells in large areas and
massive recurrence and proliferation of residu-
al tumor cells.

Immunostaining

We detected VEGF, CD31, Ki-67, TGF-B, and
TNF-a expression in tumor tissues. On the first
day after treatment, angionecrosis occurred in
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the combination therapy groups, with positive
VEGF and CD31 staining decreased to 24.4% in
the IRE (1200 V)+PDT (10 mg/kg) group, as
shown in Figure 8A and 8B. On the seventh day
after treatment, new vessels were found in the
IRE (1200 V)+PDT (10 mg/kg) group, with posi-
tive VEGF and CD31 staining increased to
28.6%. TGF-B was actively expressed in the
control group on all days, and the rate of posi-
tive TGF-B staining was lower in all treatment
groups than in control at all times, except in the
PDT-alone group on first day after treatment.
On the seventh day after treatment, the per-
centage of positive TGF-f3 staining in the IRE
(1200 V)+PDT (10 mg/kg) group began to
increase, and on the fourteenth day after treat-
ment, it reached 22.2%. In the control group,
the rate of positive Ki-67 staining was 27.5%
and the rate of positive TNF-a staining was only
19.4% on the first day after treatment. On the
first day after treatment, Ki-67 was decreas-
ed in all treatment groups, and TNF-a was
increased in most treatment groups. On the
seventh day after treatment, the percentage of
positive Ki-67 staining in the treatment groups
increased, and positive staining for TNF-a de-
creased for most treatment groups. On the
fourteenth day after treatment, the percentage
of positive Ki-67 staining continued to incre-
ase, whereas staining of TNF-a continued to
decrease in the treatment groups. The percent-
age of positive TNF-a cells was significantly
lower in the IRE (1200 V)+PDT (10 mg/kg) than
in the control group on the fourteenth day
(P<0.05).

Discussion

At the cellular level, we used cytotoxicity testing
of breast cancer cell lines to screen various
combinations of low-dose IRE and PDT: IRE-A
(450 V/cm), IRE-B (700 V/cm), IRE-C (950 V/
cm), PDT (PDT-1, 10 pg/mL and PDT-II, 12.5 ug/
mL), Using Jin’s formula, we determine that the
best combination was IRE-C+PDT-Il, which dem-
onstrated synergistic cytotoxic effects that
were much higher than those produced by IRE
or PDT alone. The rate of killing MCF-7 cells with
combination therapy was 1.78 times with IRE
alone and 3.32 times than with PDT alone. The
tumor suppression rate was 68.3% in the IRE
(1200 V)+PDT (10 mg/kg) treatment group by
the third day after treatment, which was 1.5
times of the IRE-alone (1200 V) group. Com-
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Figure 8. Changes in percent-
ages of positively-stained cells
for tumor-related factors in the
various irreversible electropo-
ration (1000V and 1200V),
photodynamic therapy (PDT),
and IRE+PDT (1000V+PDT and
1200V+PDT) groups, as deter-
mined by immunohistochemical
staining. A: Left, VEGF expres-
sion; right, tissue changes in
the control and 1200V+PDT gr-
oups. B: Left, CD31 expression;
right, tissue changes in the con-
trol and 1200V+PDT groups. C:
Left, TGF-B expression; right,
tissue changes in the control
and 1200V+PDT groups. D: Le-
ft, Ki-67 expression; right, tis-
sue changes in the control and
1200V+PDT groups. E: Left, TNF-
« expression; right, tissue chan-
ges in the control and 1200V+
PDT groups. Light microscopy
images are shown at 400x mag-
nification. Data represent the
mean values from three inde-
pendent measurements (n=3).
*P<0.05 versus control.

bination therapy substanti-
ally improved anti-tumor eff-
ects of IRE and PDT, sug-
gesting that it may have con-
siderable potential as a ther-
apeutic option for breast
cancer.

In  experiments examining
the killing efficiency of IRE
and electro-chemotherapy
in malignant glioma, Neal et
al. [24] reported that the
combination increased Kill-
ing effects by 2 to 3 times,
compared with IRE alone.
However, this may not be the
ideal approach because ch-
emotherapy drugs have poor
targeting and substantial si-
de effects. In the current
study, we used PDT instead,
as it is safe, without signifi-
cant side effects, and can
be used for repeated treat-
ments. In addition, more
conventional minimally inva-
sive ablation causes coagu-
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lative necrosis and adverse effects, but com-
bined IRE and PDT induces cell apoptosis,
which can reduce the body’s inflammatory
response and restore the integrity of normal
body tissues.

Apoptosis plays a key role in cancer treatment,
and the IRE ablation used in this study has
been previously demonstrated to produce
apoptosis [7, 25, 26] and necrosis of tumor
cells. Apoptosis is also an important tumor-Kkill-
ing mechanism for PDT [27, 28]. In the current
study, we have demonstrated that apoptosis
is important for the killing of tumor cells by
IRE+PDT combination therapy. Our cell experi-
ment results showed that apoptosis occurred
in all three treatment groups, but flow cytome-
try results indicated that the apoptosis rate of
MCF-7 cells treated with combination therapy
was 3.5 times and 2.1 times higher than the
rates of cells treated with PDT alone and IRE
alone, respectively. Our in vivo experiments
also showed that apoptosis in murine breast
tumors was substantially greater in tumors
treated with combination therapy than in those
treated with IRE or PDT alone. In their study of
histological changes at different time points
after IRE ablation of tumor tissue, Kim et al. [8]
demonstrated that apoptosis rates reached
peak values at 24 h after treatment, a finding
that is consistent with our current results.

There are many inductive pathways for cell
apoptosis [29]. One is the cell surface receptor-
mediated pathway, in which factors induce
apoptosis through apoptosis-related receptors
on the surface of cell membranes. These recep-
tors mainly belong to tumor necrosis factor
receptor (TNFR) family, such as TNFR and FAS,
but they also include the TNF-related apopto-
sis-inducing ligand receptor (TRAIL-R). The
other pathway is the mitochondrial-mediated
pathway, which is a rapid apoptosis pathway, as
all factors for apoptosis are available and only
require activation. By screening 17 apoptosis-
related genes in this study, we found that
IRE+PDT combination therapy activated many
apoptosis pathways. As shown in Figure 9,
increased expression of apoptosis-related ge-
nes occurred in all three treatment groups. In
the IRE-alone and PDT-alone groups, apoptosis
occurred mainly through the mitochondrial-
mediated pathway, whereas strong expression
of genes involved in both the apoptosis-related
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receptor and mitochondrial-mediated path-
ways was observed in the combination therapy
group, which may explain why the highest apop-
tosis rate occurred in this group.

It is also noteworthy that Caspase-1 expression
in the combination therapy group was much
higher than that observed in the IRE-alone and
PDT-alone groups. Caspase-1 plays an impor-
tant role in regulating inflammatory reactions
and apoptosis. It has been found that exces-
sive Caspase-1 expression can activate Cas-
pase-3 and Caspase-9 [30], eventually causing
apoptosis. Therefore, increased Caspase-1
expression in the combination therapy group
suggests that Caspase-1 may promote apopto-
sis and participate in the inflammatory reaction
within cells, releasing cellular contents to acti-
vate immune reactions. By contrast, Caspase-1
expression changed little in the IRE-alone and
PDT-alone groups, supporting the view that
combination therapy more effectively activates
immune reactions, inducing the body to sup-
press tumors and instilling long-lasting treat-
ment benefits.

TNF-a expression relates to the health of tumor
cells, whereas Ki-67 expression relates to the
growth and invasion of tumors, and TGF-B
expression relates to the degree of tumor
invasion. Changes in TNF-a, Ki-67, and TGF-
expression after combination therapy verified
the presence of direct killing of tumor cells. We
also found that blood vessel injury appeared to
be one of the anti-tumor mechanisms of combi-
nation therapy, as VEGF and CD31 did not
recover to normal levels until 2 weeks after
treatment. Nuccitelli et al. [31] reported results
that were consistent with ours. Using ultrasonic
Doppler scanning, they found that blood flow
ceased within 15 min after the end of pulsed
electric field therapy in a mouse melanoma
model, and histological examination demon-
strated that blood flow did not return to normal
for approximately 2 weeks, the exact time of
which correlated with the level of tumor
damage.

Conclusions

Using both in vivo and in vitro methods, we
showed that IRE+PDT combination therapy pro-
duced superior tumor killing than IRE or PDT
alone, and that apoptosis plays a key role in the
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Figure 9. Expression pathways of apoptosis-related genes in the different treatment groups. IRE, irreversible electroporation treatment alone; PDT, photodynamic
therapy alone; IRE+PDT, treatment with irreversible electroporation and photodynamic therapy.
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anti-tumor mechanisms of combination thera-
py. IRE+PDT combination therapy, therefore,
appears to be a promising treatment for solid
tumors in humans. We propose that the combi-
nation of IRE and PDT will provide a new thera-
peutic regimen that overcomes incomplete
tumor boundary ablation that often occurs with
IRE alone. In future experiments, we will focus
on optimizing the dosage of combination thera-
py and generating a complete and accurate
mechanistic explanation for the effects of this
therapy.
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