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Purpose: Modulated electro-hyperthermia (mEHT) stands to be a significant technological 

advancement in the hyperthermia field, utilizing autofocusing electromagnetic power on the 

cell membrane to create massive apoptosis. Since mEHT possesses the unique ability to excite 

cell membranes, we hypothesized that mEHT could enhance the uptake of liposomal drugs by 

enhancing phagocytic activity.

Materials and methods: Water bath control and mEHT were used to compare the enhance-

ment of liposome-encapsulated doxorubicin (Lipodox®) uptake by cancer cells. Cancer cells 

were made visible by doxorubicin fluorescence to investigate drug uptake. Viable cell yield was 

determined via the Trypan Blue exclusion method. Various substrates were used to investigate 

the mechanism of drug-uptake enhancement. The murine colon carcinoma model, CT26, was 

used to confirm the tissue infiltration of Lipodox® and its therapeutic effect.

Results: mEHT treatment showed a significant enhancement of Lipodox® uptake of doxoru-

bicin fluorescence compared with 37°C or 42°C water bath treatment. Tumor tissue sections 

also confirmed that mEHT treatment achieved the highest doxorubicin concentration in vivo 

(1.44±0.32 µg/g in mEHT group and 0.79±0.32 µg/g in 42°C water bath). Wortmannin was used 

to inhibit the macropinocytosis effect and 70 kDa dextran-FITC served as uptake substance. 

The uptake of dextran-FITC by cancer cells  significantly increased after mEHT treatment 

whereas such enhancement was significantly inhibited by wortmannin.

Conclusion: The result showed mEHT-induced particle-uptake through macropinocytosis. 

mEHT-enhanced uptake of Lipodox® may amplify the therapeutic effect of liposomal drugs. 

This novel finding warrants further clinical investigation.

Keywords: hyperthermia, cancer treatment, liposome, doxorubicin, micropinocytosis

Introduction
Hyperthermia (HT) has a long history of use as a cancer treatment. One specific form 

of HT is modulated electro-hyperthermia (mEHT),1–4 which utilizes capacitively 

(impedance) couplled 13.56 MHz amplitude-modulated radiofrequency energy.4 The 

trade name for mEHT is oncothermia. The electric field energy can concentrate and 

accumulate in the tumor area due to the higher ionic conductivity around the cancer 

cell and induce cancer cell apoptosis in relatively low fever-range temperatures (at or 

below 42°C).3–6 mEHT has been applied as clinical cancer treatment worldwide for 

more than 20 years.7–9 Numerous clinical trials and retrospective analyses have shown 

that mEHT can be applied to multiple cancer types, including brain, gastrointestinal, 

gynecological, liver, lung, and pancreatic cancers.10 mEHT has shown a synergistic 

effect with some chemotherapy agents.11 In general, mEHT is not recommended 

as monotherapy, but rather in combination with radiotherapy, chemotherapy, or 

immunotherapy.
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In a previous study, we performed a three-armed, direct 

comparison between water bath, 8 MHz conventional HT 

(Thermotron RF-8), and mEHT. We observed the respective 

biological effects on tumor cell lines. In the same treatment 

conditions (42°C for 30 minutes), mEHT gave rise to a higher 

apoptosis rate than other HT methods. Moreover, mEHT 

also induced the release of Heat Shock Protein 70 (Hsp70) 

from cancer cell cytosol to its extracellular domain.12 These 

results indicate that mEHT may trigger anti-tumor responses 

on cell membranes and disturb the biological effects of cell 

membranes. Liposomal chemotherapy drugs (chemo-drugs) 

are a relatively new form of chemo-drugs, with many years 

of clinical application. They have many advantages when 

compared with conventional chemo-drugs. The use of lipo-

some-encapsulated doxorubicin (Lipodox®) allows the drug to 

become trapped within the tumor site, enhancing its killing 

effect on tumor cells. Lipodox® can also reduce side effects 

induced by conventional doxorubicin, specifically cardiac 

toxicity. Approved cancer indications for Lipodox® include 

Kaposi sarcoma, multiple myeloma, and breast and ovarian 

cancers. Lipodox® has not been approved as a substitute for 

conventional doxorubicin in adjuvant treatment of breast 

cancer.13 Furthermore, therapeutic efficacy in application has 

not matched expectations from development phases.14 Thus, 

there have been many studies conducted to enhance the thera-

peutic efficacy of liposomal chemo-drugs. Thermo-sensitive 

liposome, a new form of doxorubicin, has been proposed as 

remedy,15 but this new formulation drug has yet to pass clini-

cal trials, and is years away from clinical bedside application. 

As of now, no proven method is available to enhance the 

therapeutic efficacy of US Food and Drug Administration-

approved Lipodox® or its class of liposomal chemo-drugs.16

mEHT has been mentioned as a nano-heating method on 

cell membranes without utilizing artificial nanoparticles.17 

The radiofrequency energy transmitted from mEHT could 

stimulate the membrane, specifically the membrane rafts 

of the tumor cells.18 Thus, in this study, we hypothesized 

that the ability of mEHT to stimulate cell membranes may 

enhance the phagocytosis of cancer cells. This may apply 

to macromolecular drugs such as liposomal chemo-drugs.

Materials and methods
Cell culture
HepG2 (hepatocellular carcinoma) and A549 (lung 

carcinoma) cells were grown in DMEM (Thermo Fisher 

Scientific, Waltham, MA, USA) containing 10% heat-inacti-

vated FBS with 100 units/mL penicillin and 100 µg/mL strep-

tomycin (Thermo Fisher Scientific). U87MG (glioblastoma 

astrocytoma) cells were maintained in minimum essential 

medium (Thermo Fisher Scientific) containing 10% heat-

inactivated FBS with 1 mM sodium pyruvate, 100 units/

mL penicillin, and 100 µg/mL streptomycin. CT26 (murine 

colorectal carcinoma) cells were maintained in RPMI 1640 

(Thermo Fisher Scientific) containing 10% heat-inactivated 

FBS with 4.5 g/L D-glucose, 10 mM HEPES, 1 mM sodium 

pyruvate, 100 units/mL penicillin, and 100 µg/mL strepto-

mycin. All of the cell lines were purchased from Bioresource 

Collection and Research Center, Hsinchu, Taiwan (BCRC). 

The BCRC number of each cell line is listed as follows: 

BCRC 60025 (HepG2), BCRC 60074 (A549), BCRC 60360 

(U87MG), and BCRC 60447 (CT26).

mEHT treatment
Electromagnetic heating was generated by capacitively-

coupled, amplitude-modulated, 13.56 MHz radiofrequency 

(LabEHY, Oncotherm Ltd, Troisdorf, Germany). An 

in vitro heating model was set up in an electrode chamber 

(LabEHY in  vitro applicator). The chamber contained a 

cell bag (1×106 cells) heated to 42°C for 30 minutes with 

average power of 10–12 W. Temperature was maintained at 

approximately 42°C on the treated side, as measured with 

optical sensors (Luxtron FOT Lab Kit, LumaSense Technolo-

gies, Inc., Santa Clara, CA, USA). The in vitro model setup 

was shown previously.12 The power patterns were repeated 

three times. We checked the power pattern each time to 

verify the accuracy and similarity of the experiments. Our 

experiment followed the same precision procedure setup for 

experimentation with mEHT as used by Andocs et al.19 For 

water bath control, 1×106 cells were placed in a tube with 

culture medium and incubated at 42°C for 30 minutes.

Viability assay
To determine cell viability, cells were cultured for 24 hours 

after treatment, and viable cell yield was determined via the 

Trypan Blue exclusion method.

Lipodox® size determination and 
doxorubicin concentration
Lipo-Dox® (Lipodox®) was purchased from Taiwan Tung 

Yang Biopharm (TTY Biopharm Company, Ltd, Taipei, 

Taiwan). Lipodox® contains 20 mg/10 mL of doxorubicin 

and 14 mol/mL phospholipid per vial. The lipid compositions 

included distearoylphosphatidylcholine, cholesterol, and poly-

ethylene glycol-(average molecular weight, 2,000) derived 

distearoylphosphatidylethanolamine (molar ratio, 3:2:0.3).20,21 

The diameter of the Lipodox® was determined by dynamic 
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light scattering (DLS) (HORIBA SZ-100, HORIBA, Kyoto, 

Japan). Total doxorubicin content in the medium was detected 

fluorometrically using a 96-well microplate reader (Sunrise, 

Tecan, Männedorf, Switzerland) (excitation: 470 nm; emis-

sion: 582 nm). Fluorescence intensity was translated to 

doxorubicin concentration, by a standard curve prepared from 

doxorubicin original solutions. Results are represented by the 

mean and SD of at least three replicates for each experiment.

Doxorubicin-release detection
In this study, the doxorubicin-release detection was performed 

by flow cytometry and immunofluorescence. Cells were col-

lected at 10 minutes after treatment. For flow cytometric 

analysis, the drug-loaded cells were washed with ice cold PBS 

twice and detected in the FL-2 channel depending on the red 

fluorescence of doxorubicin. In the inhibition experiments, 

different inhibitors for each endocytosis pathway were used 

and cells were pre-treated with them for 30 minutes prior to 

mEHT treatment, including 200 µg/mL NaN
3
 (Sigma S2002, 

ATPase-inhibitor, Sigma-Aldrich Co., St Louis, MO, USA), 

4 µg/mL filipin (Sigma F4767, caveolae-mediated pathway), 

0.1 µM wortmannin (Sigma W3144, macropinocytosis), and 

7 µg/mL chlorpromazine (CPZ) (Sigma C8138, clathrin-

mediated endocytosis pathway). For immunofluorescence 

staining, the drug-loaded cells were washed with ice cold PBS 

twice and stained with DAPI for nuclear staining after fixing 

with 3.7% paraformaldehyde for 15 minutes. The fixed cells 

were washed with ice cold PBS twice, re-suspended in mount-

ing solution, and dropped onto the cover slide for analysis by 

fluorescence microscopy (iRiS™ digital cell imaging system, 

Logos Biosystems, Inc., Seoul, South Korea).

Substrate assay
To investigate the increasing uptake ability by mEHT treat-

ment, various endocytosis pathway substrates were used in 

this study including Alexa-fluor 488-conjugated transferrin 

(5 µg/mL, Invitrogen T-13342) for clathrin-mediated pathway, 

Alexa-fluor 488-conjugated cholera toxin subunit-B (2 µg/mL, 

Invitrogen C-34775) for caveolin-mediated pathway, and FITC-

labeled 70 kDa dextran (1 mg/mL, Sigma 46945) for macropi-

nocytosis. All these substrates were used for pre-treating cells 

for 10 minutes before mEHT treatment and analyzed by Accuri 

C6 flow cytometer and CFlow Software (Accuri cytometers 

Inc., Ann Arbor, MI, USA) at 10 minutes after treatment.

Western blot assay
For protein analysis, cells were lysed 10 minutes after 

treatment with RIPA buffer (Sigma R0278) containing 

phosphatase inhibitor (Hoffman-La Roche Ltd., Basel, 

Switzerland) and protease inhibitor (Hoffman-La Roche Ltd.). 

The total protein concentration was measured using the BCA 

protein assay kit (Thermo Fisher Scientific). Cell lysates 

(20 µg) were separated using SDS-PAGE. After transfer, pro-

teins were probed with antibodies against p-EGFR, Tyr1068 

(Cell Signaling Technology [#2234], Danvers, MA, USA), 

and α-tubulin (9F3) (Cell Signaling Technology, #2128). 

Bound antibodies were visualized using HRP-linked anti-

rabbit antibodies.

Animal study
BALB/c mice were purchased from BioLASCO Taiwan 

Co., Ltd. (Taipei, Taiwan) and housed at 20°C–22°C, with 

50%–60% humidity and 12-hour light/dark cycles. Sterile 

rodent food and water were given ad libitum. Five-week 

old mice at weights of 20–25 g were used. CT26 murine 

colorectal carcinoma cells were cultured as described pre-

viously. CT26 murine colorectal carcinoma cells (3×105) 

were injected subcutaneously in the right femoral areas of 

mice. The mice were used for experiments when their tumor 

volume grew to approximately 150–200 mm3. The mice 

received local water bath or mEHT treatment (as described 

previously) immediately after 10 mg/kg Lipodox® intravenous 

injection through the tail vein as a one-time treatment. For 

water bath control, tumor-bearing legs were fixed on a rack 

to maintain a stable position in a water bath during the HT 

treatment. The size of tumors was measured on the day of 

experiment, and once every 2 days. Length (L) and width 

(W) were recorded and the tumor volumes were calculated 

as (L×W2/2). Mice were sacrificed when their tumors reached 

the maximum allowed volume of 3,000 mm3.

Statistical analysis
All statistical analyses were performed using the statisti-

cal software program Prism 4 (GraphPad Software, Inc., 

La Jolla, CA, USA). Comparisons among groups were made 

with one-way ANOVA or unpaired Student’s t-test (two-

tailed). Differences were considered statistically significant 

at P,0.05. Data are given as mean and SD of experiments, 

independently repeated at least three times.

Ethics statement
The studies were approved by the Institutional Animal Care 

and Use Committee of the National Yang-Ming University 

prior to initiation (approval no. 1060602). The welfare of 

the animals was based on the Guide for the Care and Use of 

Laboratory Animals, 8th edition.
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Results
mEHT enhanced cytotoxicity of Lipodox® 
in various cancer cell lines
In order to investigate the cytotoxicity of mEHT combined 

with Lipodox® in cancer cells, HepG2, A549, U87MG, and 

CT26 cells were treated for 10 minutes with or without 50 µM 

of Lipodox®, and then separated into groups to be either incu-

bated in a water bath at 37°C (control), in a water bath at 42°C, 

and mEHT at 42°C for 30 minutes. After 24 hours incubation 

without Lipodox®, cell number was counted and the number 

relative to the 37°C control was indicated as cell viability. Cell 

viability of the mEHT group decreased in comparison with 

the 37°C control, whereas mEHT combination with Lipodox® 

treatment further decreased the cell viability to 10.7%±2.7% 

from 52.3%±6.2% with mEHT treatment alone in HepG2 

cells (Figure 1A, P,0.001). This result was consistent among 

other cell lines. For A549 cells, cell viability under mEHT 

treatment with Lipodox® was 23.4%±4.1%, while without Lipo-

dox® was 49.5%±13.2%, (P,0.05) (Figure 1B). In U87MG 

cells, cell viability was 45.0%±1.7% with mEHT treatment 

alone and 25.6%±4.9% with mEHT plus Lipodox®, (P,0.01) 

(Figure 1C). In CT26 cells, cell viability was 47.3%±8.7% 

with mEHT treatment alone and 22.3%±8.9% with mEHT 

plus Lipodox®, (P,0.05) (Figure 1D).

Size distribution and doxorubicin-release 
rate of Lipodox® unaffected by mEHT 
treatment
To investigate if mEHT treatment affects the liposomal size 

and structure of Lipodox®, Lipodox® was separated into groups 

and treated under three conditions: in a water bath at 37°C 

Figure 1 Inhibition of cell viability with mEHT plus Lipodox® treatment.
Notes: Cancer cells (A) HepG2, (B) A549, (C) U87MG, (D) CT26 were incubated under three conditions: in a water bath at 37°C as control, in a water bath at 42°C, and 
with mEHT at 42°C for 30 minutes. Cells for viability assay were cultured for 24 hours after treatment, and viable cell yield was determined by the Trypan Blue exclusion 
method. Histograms for the percentage of Trypan Blue-negative cells are shown. Data represent mean ± SD (n=3). *P,0.05, **P,0.01, ***P,0.005.
Abbreviations: Lipodox®, liposome-encapsulated doxorubicin; mEHT, modulated electro-hyperthermia.
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Figure 2 Size distribution and Lipodox®’s doxorubicin-release rate with HT treatment.
Notes: (A) The particle size of Lipodox® was measured by DLS after incubation under three different conditions: in water bath at 37°C as control, in water bath at 42°C, 
and with mEHT at 42°C for 30 minutes. (B) Free form of doxorubicin was measured in the Lipodox®-containing medium after incubation under different conditions: in water 
baths at 4°C, 37°C, 42°C, and with mEHT at 42°C for 30 minutes.
Abbreviations: DLS, dynamic light scattering; HT, hyperthermia; Lipodox®, liposome-encapsulated doxorubicin; mEHT, modulated electro-hyperthermia.

° °

(control), in a water bath at 42°C, and with mEHT at 42°C 

for 30 minutes. Liposomal size was then measured by DLS. 

Size distributions showed no significant difference among 

the three groups, with 84.5±18.6 nm at 37°C, 67.2±15 nm in 

42°C water bath, and 90.3±25.5 nm with mEHT incubation 

(Figure 2A). The release rate of doxorubicin concentration 

in medium also showed no significant difference among the 

three groups, with 4.24% at the 37°C water bath, 4.38% 

at the 42°C water bath, and 5.87% with mEHT treatment 

(Figure 2B). This result indicated that both HT treatment by 

water bath and mEHT did not affect the liposomal size and 

structure of Lipodox®. Therefore, we can confirm that the 

cytotoxic enhancement of mEHT plus Lipodox® was due to 

increased release of doxorubicin in medium.

mEHT enhanced Lipodox® uptake by 
cancer cells in vitro and in vivo
Lipodox® uptake by cells (HepG2, A549, U87MG, and CT26) 

was detected by the intracellular fluorescence intensity 

of doxorubicin by using flow cytometry and fluorescence 

microscopy. As shown in Figure 3A, mEHT significantly 

increased the uptake of doxorubicin in HepG2 (3.4±0.7 fold 

to 37°C), A549 (2.2±0.8 fold to 37°C), U87MG (1.8±0.3 fold 

to 37°C), and CT26 (1.5±0.2 fold to 37°C) in vitro. Flow 

cytometric assay for detecting fluorescence intensity showed 

that after mEHT treatment, Lipodox® uptake was significantly 

increased in all cell lines compared with the 42°C water bath 

and 37°C control (Figure 3A). Immunofluorescence further 

showed the uptake of Lipodox® in HepG2 culture water bath 

at 37°C, in 42°C water bath, and with mEHT treated with 

50 µM of Lipodox® for 30 minutes. As shown in Figure 3B, 

cells cultured with mEHT showed the highest fluorescence 

intensity compared with the 37°C and 42°C water bath 

groups, indicating elevated uptake under mEHT treatment.

To investigate the mEHT-increased Lipodox® uptake 

in vivo, CT26-bearing mice were separated into three groups 

to be treated with a water bath at 37°C (control), water bath at 

42°C, and with mEHT at 42°C for 30 minutes after Lipodox® 

intravenous treatment (10 mg/kg). The tumors were dissected 

and the concentrations of doxorubicin were detected. 

Figure 3C shows the doxorubicin concentrations water bath 

at 37°C, in 42°C water bath, and with mEHT were 0.35±0.1, 

0.79±0.32, and 1.44±0.32 (μg/g), respectively, indicating that 

mEHT significantly increased Lipodox® retention in tumors.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1274

Tsang et al

°
°

°

Figure 3 Increased Lipodox® uptake in vitro and in vivo due to mEHT treatment.
Notes: (A) Cellular uptake of Lipodox® by various cancer cells (HepG2, A549, U87MG, and CT26wt). Cells were treated for 24 hours with 50 µM of Lipodox® followed 
by either incubation in water bath at 37°C as control, in water bath at 42°C, and with mEHT at 42°C for 30 minutes. Flow cytometry was used to quantify the uptake of 
Lipodox® by the cells. Data represent results from experiments repeated three times independently. (B) Fluorescence microscopy images of HepG2 cells which were treated 
with Lipodox® at 50 µM for 24 hours, followed by incubation in water bath at 37°C as control, in water bath at 42°C, and with mEHT at 42°C for 30 minutes. Nuclei were 
stained with DAPI (blue), and doxorubicin was indicated by red fluorescence. Magnification 400×. (C) mEHT increased Lipodox® uptake in vivo. Four hours after Lipodox® 
intravenous treatment (10 mg/kg), CT26-bearing mice were treated in three groups under incubation in water bath at 37°C as control, in water bath at 42°C, and with 
mEHT at 42°C for 30 minutes. Fifteen mice were divided into three groups, each containing five mice. The tumors were dissected and the concentration of doxorubicin was 
measured by spectrofluorometry. *P,0.05, ***P,0.005.
Abbreviations: Lipodox®, liposome-encapsulated doxorubicin; mEHT, modulated electro-hyperthermia.

mEHT enhanced Lipodox® uptake by 
activation of macropinocytosis
Endocytosis pathways are subdivided into four categories: 

receptor-mediated endocytosis (clathrin-mediated endocy-

tosis), caveolae-dependent endocytosis, macropinocytosis, 

and phagocytosis.22 To explore which pathway was utilized 

in mEHT-enhanced Lipodox® uptake, various inhibitors were 

utilized to block pathways. By blocking energy by supple-

mentation with NaN
3
 (ATPase-inhibitor), both water bath and 

mEHT treatment showed a significant decrease of Lipodox® 

uptake (Figure 4A, P,0.01). Both CPZ (clathrin-mediated 

endocytosis-inhibitor) and wortmannin (macropinocytosis-

inhibitor) significantly reduced the Lipodox® uptake in water 

bath and mEHT treatment (Figure 4B and C), whereas wort-

mannin induced a more inhibitory effect with mEHT treatment 

(P,0.01). Filipin (caveolae-mediated endocytosis-inhibitor) 

had no effect on both water bath and mEHT treatment groups 

(Figure 4D). These results indicated that the processes involved 

in translocation of Lipodox® across cancer cell membranes are 

energy-dependent and may include macropinocytosis.

The cytotoxic effect after Lipodox® plus HT treatment was 

further evaluated by wortmannin. Cytotoxicity of Lipodox® 

under water bath and mEHT treatment could be reversed 

by wortmannin (Figure 4E). Consistent with the observa-

tion of uptake inhibition, mEHT responded to wortmannin 

more significantly than water bath treatment (P,0.01 vs 

P,0.05, Figure 4E).

Various substrates for the investigation of 
endocytosis pathways
Multiple substrates were used for different pathways: cholera 

toxin subunit for caveolae-dependent endocytosis and trans-

ferrin for clathrin-dependent endocytosis were both utilized. 

Cholera toxin subunit was found to increase levels of substrate 

internalized significantly after mEHT treatment (Figure 5A, 

1.21±0.08 fold compared to 37°C treatment, P,0.05).  
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° ° °

°

Figure 4 Effect of endocytic-inhibitors on accumulation of Lipodox® and cell viability in HepG2 cells.
Notes: Cells were either untreated or pretreated under separate conditions with various inhibitors. (A) NaN3 as ATPase-inhibitor, (B) CPZ, (C) wortmannin, (D) filipin 
for 30 minutes at 37°C prior to adding Lipodox® (50 µM). The fluorescence signal was measured following incubation for 3 hours at 37°C in all cases. (E) HepG2 cells for 
viability assay were cultured for 24 hours after treatment, and viable cell yields were determined by the Trypan Blue exclusion method. Data represent mean ± SD (n=3). 
*P,0.05 and **P,0.01 compared to control.
Abbreviations: CPZ, chlorpromazine; Lipodox®, liposome-encapsulated doxorubicin; Wort, wortmannin.

Transferrin uptake was significantly enhanced with 42°C 

water bath (Figure 5C, 1.18±0.05 fold compared to 37°C treat-

ment, P,0.01). The substrate of macropinocytosis, dextran, 

was significantly increased (2±0.5 fold compared to 37°C 

treatment) in cancer cells after mEHT treatment (Figure 5B). 

Since the increased uptake was higher in dextran, we further 

investigated the effect with the macropinocytosis inhibitor, 

wortmannin. Wortmannin also significantly reduced the 

internalized dextran under mEHT treatment (Figure 5D). It 

has been reported that macropinocytosis can be stimulated by 

triggering tyrosine kinase receptor.23 The activation of EGFR 

after mEHT treatment was evaluated by Western blot. As 

shown in Figure 5E, EGFR was activated immediately from 

10 minutes up to 6 hours and decreased in 24 hours after 

mEHT treatment. This result further confirmed that mEHT-

induced endocytosis was macropinocytosis.

In vivo evaluation of therapeutic efficacy of 
the combination of Lipodox® and mEHT
The therapeutic effect of Lipodox® plus mEHT was further 

confirmed by a mouse cancer model. The effect of tumor 

growth inhibition was shown in Figure 6. There was no 

therapeutic effect in groups treated with water bath or with 

mEHT alone. Lipodox® alone inhibited tumor growth slightly. 

Lipodox® with water bath was found to increase tumor growth 

inhibition (P,0.05). Tumors treated with Lipodox® plus 

mEHT were significantly smaller than those of the control 

groups (untreated, with water bath alone, mEHT alone, Lipo-

dox® alone, or Lipodox® plus water bath) (P,0.05).

Discussion
In this study, we found that mEHT could enhance the uptake 

of Lipodox® by disturbing physiologic activity within the cell 

membrane. A possible pathway to stimulate this endocytosis 

ability was also investigated. Uptake of particles is limited 

to a specific size during mEHT treatment. Uptake enhance-

ment is positively related to the killing effect of cancer cells. 

Our in vivo study also showed a similar enhancement and 

therapeutic effect.

To the best of our knowledge, this is the first report that 

directly shows the enhancement of cellular uptake ability 

of clinical grade Lipodox®. Lipodox® is widely used for the 
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Figure 5 The stimulation of endocytosis signaling pathway with mEHT treatment.
Notes: The roles of (A) cholera toxin B subunit signaling pathway (caveolin pathway), (B) dextran (micropinocytosis), and (C) transferrin (clathrin pathway) in endocytosis 
of mEHT treatment in HepG2 cells were evaluated. (D) Wortmannin (0.1 µM) was used to observe the dextran uptake inhibition effect. (E) The activation of EGFR was 
determined by immunoblotting for Y1068 phosphorylation. Lysates of HepG2, A549, and U87MG were harvested after mEHT treatment at 10 minutes, 6 hours, and 24 
hours. GAPDH and beta-actin were served as internal control. *P,0.05, ***P,0.005.
Abbreviations: mEHT, modulated electro-hyperthermia; Wort, wortmannin; CB-T, Cholera toxin B subunit; Trf, transferrin.
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Figure 6 Decreased tumor growth with in vivo treatment of inbred colon cancer mice model.
Notes: CT26-injected BALB/c mice were untreated (control [Ctrl], n=6) or treated under different conditions: WB (n=6), mEHT (n=7), Lipodox® (n=7), dWB (n=7), and 
Lipodox® plus mEHT (n=7). Tumors were measured at days 0–24 after treatment. Tumor growth curves showed that Lipodox® plus mEHT treatments inhibited tumor 
growth significantly better than other groups.
Abbreviations: dWB, Lipodox® plus WB; mEHT, modulated electro-hyperthermia; mLD, Lipodox® plus mEHT; WB, water bath.

treatment of gynecologic cancer including cervical and 

ovarian cancers. However, the efficacy of Lipodox® in clinical 

bedside settings is not as high as expected based on clinical 

development findings. Although several studies reported that 

HT could enhance the therapeutic effect of Lipodox®, these 

studies focused on the tumor liposome extravasation induced 

by HT.24,25 In this report, we utilized mEHT as a physical 

method to enhance the cellular uptake of Lipodox® in cancer 

cells, significantly increasing the killing effect on cancer cells. 

These findings show promise for future clinical applications.

The cell membrane is one important target for mEHT.17 

Due to the specific design of mEHT, the structure of lipid 

bilayer membranes serves as a good insulator for the cell 

from the electric field generated by mEHT. The heating of 

mEHT applies forward energy selectively to the most ion-

ized areas in the tumor microenvironment. The RF current, 

which flows through the cancerous lesion of ionized areas, 

was electrically concentrated by its lower impedance. The 

mEHT generated energy is captured by the extracellular 

part of the cell membrane.17 The membrane rafts, which are 

a cluster of functional proteins, have different electromag-

netic properties when compared with other parts of the cell 

membrane. This property allows membrane rafts to absorb 

more mEHT energy than other lipid bilayer parts of the cell 

membrane. The higher energy absorption induces elevation 

of temperature on rafts during mEHT treatment. Therefore, 

the energy of mEHT could disrupt the membrane arrange-

ment and enhance particles of specific size to penetrate 

cancer cells.

Conventional HT has been reported to induce hyperper-

meable tumor vasculature environment that enhances the 

therapeutic efficacy of both Doxil and Lipodox®.26 Conven-

tional HT can induce a selective intratumoral accumulation 

of liposomal drugs, while HT increases vascular permeability 

in the tumor vasculature.27 Conventional HT may also trig-

ger the release of extravascular liposomal drugs from the 

liposomal structure, but the release of Doxil may increase the 

risk of toxicity in healthy tissues. For conventional HT as a 

treatment consideration for regional tumors, the temperature 

may need to rise to a higher level (above 41°C) to achieve 

intravascular drug release. This treatment lacks the selectivity 

for tumor tissues, thus increasing the possibility of side 

effects and toxicity to surrounding healthy tissues. Moreover, 

when compared to mEHT, conventional HT cannot enhance 
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the uptake of Lipodox® by tumor cells directly. mEHT may 

indicate a particular therapeutic benefit for tumor cells that 

have more resistance to chemotherapy by inhibiting trans-

portation across the membrane.

Macropinocytosis has been considered as growth factor-

induced and actin-driven endocytosis that transfers particles 

or fluid from outside the cell into cytosol.22 When compared 

with other cellular endocytosis pathways, macropinocytosis 

takes up particles in a nonspecific manner and could occur 

in most cells. This kind of endocytosis is usually triggered 

by outside stimulations that induce the activation of receptor 

tyrosine kinase. In this report, we showed that mEHT could 

be a stimulator to excite EGFR and may induce the forma-

tion of membrane ruffles. Dextran testing also confirmed 

that this mEHT-induced macropinocytosis is nonspecific 

endocytosis.

It has been reported that apoptosis can be induced in 

cancer cells by mEHT treatment alone.12,28,29 The death 

receptors and caspase signaling pathway are activated in 

cancer cells after mEHT treatment. Although monotherapy 

with mEHT is not very promising in clinical applications, 

the ability of apoptosis induction by mEHT may contribute 

to the enhancement of cancer cell killing effect when 

doxorubicin is released from the liposome within cancer 

cells. Previous studies have shown that thermosensitive 

liposome-encapsulated doxorubicin (TLED) could achieve 

a similar therapeutic effect in doxorubicin-resistant cancer 

cells.30 However, TLED still focuses on a local release of 

doxorubicin in the tumor site, which differs from our find-

ings of enhanced cellular uptake of doxorubicin. Vujaskovic 

et al have reported neoadjuvant therapy with Lipodox® and 

HT as a feasible and well-tolerated treatment strategy in 

locally advanced breast cancer.31 Their results are consistent 

with our animal study which showed that conventional HT 

(water bath) could elevate the therapeutic effect of Lipodox®. 

We found that mEHT enhanced the effect further.

There are several approaches to enhance the cellular 

uptake of doxorubicin through various methods of drug-

loaded nanoparticles. Two recent studies have shown that 

treatment with MoS2 nanoparticles followed by photothermal 

therapy could accelerate drug release and increase efficacy 

of cancer treatment with doxorubicin.32,33 The application 

of thermosensitive liposomal doxorubicin and mild HT 

produced by a clinical high intensity focused ultrasound 

system has undergone a clinical trial that showed improved 

anti-tumor efficacy.34,35 These studies have shown the prom-

ise of utilizing physics-based therapies in combination with 

nanoparticle drugs for the treatment of cancer. Our studies 

also confirmed the value of this treatment approach. Further-

more, the use of clinically-approved Lipodox® and mEHT 

can have immediate clinical bedside applications without 

further need for trials.

Conclusion
mEHT treatment was designed to focus on low pH areas in 

tissues, but mEHT did not induce doxorubicin release from 

liposomes in the extracellular matrix. mEHT stimulated the 

activity of receptors and enzymes of cancer cells. Conse-

quently, the uptake of Lipodox by cancer cells significantly 

increased after mEHT treatment and effectively enhanced 

the therapeutic effect of the drug. This novel finding war-

rants further study for application to clinical cancer therapy.
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