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Abstract

Purpose: Magnetic hyperthermia is a treatment method based on eddy currents, hysteresis, and
relaxation mechanisms of magnetic nanoparticles (MNPs). MNPs such as Fe;O4 have the
ability to generate heat under an alternating magnetic field. Heat sensitive liposomes (Lip)
convert from lipid layer to liquid layer through heat generated by MNPs and can release drugs.
In this research we explore whether combining liposomes, Doxorubicin (DOX) and Magnetic
Nanoparticles could help magnetic hypothermia treatment be even more effective in treating
cancerous tumors.

Methods: In this study, different groups of DOX, MNPs and liposomes were evaluated. The
superparamagnetic nano materials were synthesized by co-precipitation method. The MNPs,
DOX and a combination of MNPs and DOX were efficiently loaded into the liposomes using
the evaporator rotary technique. Magnetic properties, microstructure, specific absorption rate
in MNPs, zeta potential, loading percentage of the MNPs and DOX concentration in liposomes,
in vitro drug release of liposomes were studied. Finally, the necrosis percentage of cancer cells
in C57BL/6J mice bearing melanoma tumors was assessed for all groups.

Results: The loading percentages of MNPs and concentration of DOX in the liposomes were
18.52 and 65% respectively. The average size of Lip-DOX-MNPs obtained was 460 nm. The
Lip-DOX-MNPs at the buffer citrate solution, showed highly specific absorption rate as the
solution temperature reached 42°C in 5 min after exposure to alternative magnetic field. The
release of DOX occurred in a pH-dependent manner. The volume of tumor in the therapeutic
groups containing the MNPs significantly decreased compared to the others. Numerical
analysis showed that the tumor volume in mice receiving Lip-MNPs-DOX was 9.29% that of
the control and a histological examination of the tumor section showed 70% necrosis.
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Conclusion: The Lip-DOX-MNPs could be effective agents which reduce malignant skin
tumors growth and increase cancer cell necrosis.
Keywords: doxorubicin, hyperthermia, liposome, magnetic nanoparticles, melanoma tumor

Introduction

Hyperthermia has been introduced as a cancer complementary therapy to reduce the side
effects of the commonly used chemotherapy.'” In magnetic hyperthermia, the magnetic
nanoparticles are exposed to a magnetic field to provide the required energy for temperature
rise.>!% The temperature (around 42-44°C) damages the tumor cells without any significant
injury to the tissues. Depending on the crystalline degree and the size of the nanoparticles, the
therapeutic performance be change.!*!! Till now, many kinds of magnetic structures have been
introduced for hyperthermia purposes including magnetite, spinel ferrites, and manganese-
based perovskite structures.'>!> The Fe;Os nanoparticles have been the best option for
biomedical applications because of high thermal resistance, chemical stability, and high
saturation magnetization.!!!®!7 The Fe;Os-based heat can be generated through three
mechanisms of eddy current, hysteresis loss, and relaxation loss. The latter mechanism is the
main contributor of the heat loss required in hyperthermia.!®!”. The Neel or Brown relaxation
mechanisms are responsible for heat generation by magnetic nanoparticles. 2°In the Neel
mechanism, the super spin rotates and orients to the direction parallel to the applied field but
in the Brown mechanism the super spin remains fixed relative to the crystal orientation. To
improve treatment efficacy, the MNPs were modified for simultaneous targeted drug delivery
and magnetic hyperthermia. This strategy has become very popular in the pharmaceutical
industry. The MNPs were modified with liposomes to encapsulate drugs.?! Indeed, liposomes
have been used as nanocarriers and chemotherapeutic drug carriers.?>?? The liposomes are lipid
bilayer spherical vesicles capable of loading a large quantity of hydrophobic and hydrophilic
drugs in their lipid bilayer or cores.!”?*?% The liposomes can be thermo sensitive for controlled
drug release through lipid bilayer transition from gel to liquid phase upon heating. The toxic
drugs can be carried to the right environment without significant release into the external
media.’*?’ In addition, for drug delivery purposes, biocompatibility and biodegradability
properties are essential and liposomes have both factors.?® DOX is one of the chemotherapy
drugs used to treat cancer. It is also the first approved drug based on the liposome system for
the treatment of patients. 2*** The first Lip-DOX injection was approved in 1995 by the FDA.°
DOX is encapsulated in the aqueous layer of liposomes 3! and released at the melting phase
transition temperature in the range of 40-45°C.3%323% In the present research, the Lip-MNPs-
DOX was synthesized and then used to treat melanoma cancer. **The hyperthermia effect was
studied in-vivo to find out tumor size, necrosis percentage, and anti-tumor efficacy. In fact, the
magnetic nanoparticles were used for the dual purpose of firstly heat creation to accelerate the
leakage of the drug from the liposome and secondly to create magnetic hyperthermia.

Materials and methods

Chemicals

The initial materials consisting of Iron (III) chloride hexahydrate (FeCl3.6H>O) and Iron (II)
chloride tetrahydrate (FeCl,.4H>O) were purchased from Merck (Darmstadt, Germany) and
used as received without any further purification. Ammonia solution (NH3) and Citric acid
(C¢HsO7) were purchased from Merck as a reduction agent and dispersant agent respectively.
Doxorubicin hydrochloride (> 99 %) was purchased from the Reza Hospital (Shiraz, Iran).
Dipalmitoyl  phosphatdylcholine  (DPPC), cholesterol (CH), and distearoyl-
phosphatidylethanolamine-methyl poly thyleneglyconjugate-2000 (mPEG2000-DSPE) were
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provided by the Research Center for New Technologies in Life Science Engineering,
University of Tehran, Iran.

Cells and animals

35 Female C57BL/6J mice (5-6 weeks, 15-20 g) were purchased from the Pasteur Institute of
Iran. All animals were used in this study in accordance with international medical ethics and
institutional guidelines. Prior to the melanoma cell injection into the mice, the cell viabilities
were assessed by microscopic observation of the cells mixed with trypan blue. The mice were
divided into seven groups (5 mice in each group) and the melanoma cells (B16/F10) were
injected into the left leg subcutaneously on day 1. The tumor volumes were allowed to grow
up to 150 mm? and then the treatment was started according to the procedure presented in Table
1 by intramuscular injection. The tumor size was monitored on day 13, 16, 19, 25, and 28 by
caliper. The volume of tumor was calculated by 0.5(width) 2 in length. !7 According to Table 1
compounds were injected four times every 3 days and immediately after each injection, the
mice were exposed to an alternating magnetic field in the hyperthermia device. In the control
group only saline normal was injected four times every 3 days.

Table 1. Treatment type and dosage per group.

Group Name Dose of injection Hyperthermia
Group 1 MNPs 0.1cc 10 min hyperthermia
Group 2 Lip-MNPs-DOX 0.1cc 15 min hyperthermia
Group 3 Lip 0.2 cc without hyperthermia
Group 4 DOX 0.02 cc without hyperthermia
Group 5 Lip-MNPs 0.2cc 15 min hyperthermia
Group 6 Lip-DOX 0.1cc without hyperthermia
Group 7 Control 0.2 cc without hyperthermia

Synthesis of iron oxide magnetic nanoparticles
Fe304 nanoparticles were synthesized by co-precipitation method. First, FeCls.6H,O and
FeCl2.4H>O were weighed according to stoichiometric ratio and were dissolved in deionized
water. The NH3 was added to the solution for adjusting the pH to 10.5. The nanoparticles were
synthesized by the reduction of metallic salts in the presence of ammonia as the reducing agent.
The solution was then mixed using a stirrer at 80°C for 1 h. Next, a specific amount of citric
acid (1 mg/ml) was added to the solution and stirred for 1 hour. The synthetic particles was
separated by magnet and the solution was thrown away. Then they were washed with deionized
water and ethanol six times. The particles were finally left to air dry for 24 h.

Synthesis of Lip-MNPs-DOX, Lip-MNPs and Lip-DOX
DPPC:mPEG2000-DSPE:cholesterol with a mass ratio of 86:4:10 were dissolved in 3 mL
ethanol 99%. The solution was evaporated by rotary evaporator at 38°C to reach the thin film
of lipid. The film was dehydrated after 20 min.***” The mixture of 10 mL citrate buffer (0.01
M, pH 6.2) and 20 mg magnetite nanoparticles were dispersed by ultrasonification for 10 min
and then added to the balloon in the rotary evaporator to obtain the Lip-MNPs.**3” The Lip-
MNPs were then obtained by centrifugation for 10 min. The non-encapsulated MNPs were
separated by an Amicon filter (100 KD). Finally samples were dispersed by ultrasonification.
For synthesis of Lip-MNPs-DOX, the mixture of citrate buffer and DOX 100:8 molar ratio
were added to the thin film (Lip-MNPs) drop by drop at 40°C and were stirred for 4 h then kept
in the refrigerator for analyses. Unloaded DOX were removed by dialysis. The Lip-DOX was
synthesized similar to the Lip-MNPs and Lip-MNPs-DOX preparation method and only MNPs
were removed.’!
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Characterization
The crystallographic analysis of Fe3Os was done by X-ray diffraction (Bruker D8 Advanced,
XRD, Germany and USA) with 26 angle of 10-70°. The magnetic properties of Fe3O4 were
studied at room temperature using a vibrating sample magnetometer (Meghnatis Daghigh
Kavir, VSM, Kashan, Iran). The microstructure of samples was studied using a transmission
electron microscope (Zeiss, Em10c -100Kv, TEM, Germany) model at an operating voltage of
100 kV. The average particle size, polydispersity index (PDI), and average zeta (z)-potential
of Lip, Lip-MNPs-DOX, Lip-DOX, Lip-MNPs, and MNPs were all determined by the dynamic
light scattering technique (Malvern Instruments Ltd, DLS, UK). For the DSL measurements,
the samples were diluted to a low concentration and results were collected with a light
scattering angle of 90° and a holder temperature of 25 °C. The topology of the liposomes was
investigated by scanning electron microscopy (Leica Cambridge S360, SEM, UK).The loading
percentage of the MNPs in liposome was determined by ICP-OES (Varian, model Vistapro
ICP-OES, USA). The DOX concentration of the liposome was determined by high
performance liquid chromatography (Agilent Technologies, HPLC, Palo Alto, CA). The
mobile phase was methanol 58%, potassium phosphate 41% and acetic acid 1%.
SAR tests
The thermal behavior of magnetic nanoparticles was investigated using a hyperthermia device,
by the Laboratory of Material Engineering, Shiraz University. The samples with magnetic
nano-particles were subjected to a hyperthermia test before injection. Therefore, solutions of
Lip-DOX-MNPs, Lip-MNPs and MNPs (MNPs=0.1 g, 0.2 g and 0.4 g) at the same
concentration of buffer citrate were located into a device with power of 1000 Watt, of frequency
405 kHz. The heat-generating capability of magnetic nanoparticles was determined by
measuring the specific absorption rate (SAR) in different groups.!* Where C is specific heat of
the ferrofluid, AT/At is the initial slope of the time-dependent temperature curve, and Meerrite 1S
the total ferrite content in the fluid.'*3®

SAR =C x (A T/A t) x (1/M ferrite)
In vitro drug release
Doxorubicin release was determined in the plasma and tumor environment. Two kinds of buffer
phosphate with pH 7.4 and 5.5 were chosen close to the pH of the tumor and blood.**** For
this purpose, 1.0 mL Lip-MNPs-DOX was poured into dialysis bags and incubated in 30 mL
of buffer at a temperature 37 °C *° and a stirring speed of 100 rpm. After a predefined time
period, 2 mL of buffer was removed for analysis and 2 mL of fresh buffer replaced it. The
optical absorption of the sample was measured individually with a UV/VIS spectrophotometer
and the concentration of drug released into the media was calculated by a standard curve
method.
In vivo protocol

The tumor model was established by subcutaneously implanting B16/F10 cells into the left
leg. By the twelfth day, the volume of tumors had increased exponentially and the treatment
was started in the different groups. The tumor volume was measured every 3 days until day 28
in all groups. All mice were sacrificed on the 28" day and tumors were excised and fixed in
0.1 M formalin for 48 h. The samples were then embedded in paraffin and the sections were
stained with a Hematoxylin and Eosin (HE) solution using the protocol of Massons Trichrome
Stain, Sigma Accustain Trichrome Stain Kit. The cuts were washed in water and differential
solution and put on microscope slides for observation under high power field microscopy at
40X magnification.

Results and Discussion
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Characterization of Lip-MNPs-DOX

The X-Ray diffraction (XRD) pattern of Fe3O4 nanoparticles was shown in

A. The peaks appearing at various 20 angles are related to the planes of [220], [311], [400],
[422], [440], and [511], which represent the inverse spinel crystal planes of magnetite and the
intensities and positions of peak in XRD patterns match with standard spinel structure.*' The
absence of peaks at [110], [200], [211], and [533], which refers to the middle phases, indicates
that the target phase was reached without impurities. The crystalline structure of the nano
particles confirms that we have synthesized pure Fe3;Os with a cubic structure. The
magnetization curves of the Fe3O4 nanoparticles showed typical features of super paramagnetic
behavior (Figure 1B). The saturation magnetization (Ms), specific remnant magnetization
(Mr), and coercivity (Hc) measured 63/29 emu g!, 2/99 emu g, and 2/20 Oe, tespectively.
We have succeeded in synthesizing magnetic nano-particles with high saturation magnetization
and the partial amounts of Mr and Hc confirms the creation of Fe;O3 super paramagnetic
structure. 374!

The transmission electron microscope was used for observing the microstructure and size of
Fe;04 (Figure 1C). According to Figure 1C, the sizes of the particles were measured to about
40 nm. The size distribution of the Lip-MNPs-DOX, MNPs, Lip-DOX, Lip-MNPs, and Lip are
all shown in Figure 2A. According to DLS analyses, the average size is presented in Table 2.
The size range of liposomes was 77 nm before loading the drug and the nanoparticles. By
adding nanoparticles to the liposomes, the average size was increased to 131 nm. When DOX
was loaded into the Lip-MNPs, the average size of the Lip-DOX-MNPs was increased to 460
nm with a uniform size distribution. The average size of MNPs was 35 nm, it almost
corresponds to the result of TEM analysis. The zeta potential results are shown in Table 2.
According to Table 2, all groups have a negative charge with a potential of -45.3 mv for Lip, -
28.9 mv for Lip-MNPs and -6.9 mv for Lip-MNPs-DOX respectively. The zeta potential of
Lip-MNPs-DOX and Lip-MNPs changed in a positive direction compared with that of empty
liposomes that can be useful for improving penetration function of particles in tumor cell.
Morphological characteristics of liposomes were assessed by TEM (Figure 2B). The spherical
liposomes were between 70-100 nm in size Figure 2B that is consistent with the particle size
found by DLS technique. To verify that enough Fe,Os was loaded into the liposome, we used
the ICP-OES method (Table 2). The loading percentages of the Lip-MNPs-DOX and Lip-
MNPs groups were 18.52 and 35.94 respectively. HPLC analysis was used to evaluate the DOX
concentration in liposomes. In Table 2, the results of this analysis are shown. The encapsulating
efficiency of DOX was about 78% in Lip-DOX and 65% in Lip-MNPs-DOX indicating that
DOX was efficiently loaded into the Liposomes. Release pattern of the DOX from Lip-MNPs-
DOX and Lip-DOX is shown in figure 3. For this purpose, two kinds of acidic (pH=5.5) and
neutral (pH=7.4) media were tested.** In fact release studies were simulated in acidic media, to
assess the release pattern of DOX in the tumor tissue. In the drug release curves of the DOX
composed biphasic, a severe initial release was followed by a stable release. Lip-MNPs-DOX
release curve is slower than Lip-DOX due to the amount of magnetic nano particles in this
group. Release pattern of DOX is slower in pH=7 compared to pH=5 in acidic media. The
release pattern from the Lip-MNPs-DOX and the Lip-DOX was about 5% at pH 5.5 until 8 h
and thereafter the release rate was slower for all groups.
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Table 2. Characteristic of samples.

Average Size Zeta potential P ! . Loading Fe Loading
Sample (nm) (mV) (Polydispersity % (ppm) %
index) MNPs PP DOX

Lip-MNPs-

DOX 460 -6.9 0.45 18.52 377 65

Lip-DOX 179 -6.9 - - - 78

Lip-MNPs 131 -28.9 0.5 35.94 709 -

Lip 77 -45.3 0.6 - -
MNPs 35 -43.1 0.4

SAR tests

Nanoparticle heat generation was measured in a hyperthermia device (Figure 4). The
temperature rise as a function of time was measured by a thermometer inside the device coil.
There was no temperature rise for groups without MNPs like Lip or DOX when they were
exposed to an alternating magnetic field. Under the same device setting, the time required to
reach a temperature of 42°C for Lip-DOX-MNPs, Lip-MNPs (0.5 cc of composition + 4 cc of
citrate buffer) and MNPs (0.5 g of MNPs + 4 cc of citrate buffer) was recorded. For MNPs,
there was rapid temperature rise from 25°C to 42°C in about 1 min figure SA. However the
Lip-MNPs and Lip-MNPs-DOX needed longer times to reach 42°C possibly due to a lower
dose of the nanoparticles in the two groups. The amount of heat produced by Lip-DOX-MNPs,
Lip-MNPs was lower than that of the pure magnetic nanoparticles. These results are consistent
with loading percentages MNPs in table 2. To investigate the effect of trapping magnetic nano-
particles by liposomes on heat generation, solutions of Lip-DOX-MNPs, Lip-MNPs and MNPs
at the same concentration of MNPs (MNPs=0.4 g + 4 cc of citrate buffer) were prepared. The
temperature reached 42°C in 5 min in all groups. These results indicate that encapsulating
MNPs in liposomes does not reduce heat generation. In other words, encapsulating Fe3O4 in
liposomes showed good heat generation and confirmed Lip-MNPs-DOX to be effective for
hyperthermia treatment. Finally, the injection was given to the mice and then they were
exposed to a magnetic field for about 10-15 min to generate heat through a hyperthermia
device. A temperature rise from 25 °C to 42 °C was observed in about 10 min in the groups
containing MNPs Figure 5B. To calculate the SAR, we obtained data from the temperature-
time curves. The SAR depends on the concentration of the magnetic nanoparticles.

In vivo evaluation

For all groups, tumor size was measured and pathological tests were performed to evaluate the
behavior of liposomes, nanoparticles, and the DOX in tumor treatment (Figure 6). Tumor sizes
were measured every three days from the 13th day. The volume of tumors was calculated in
different groups by measuring the length and width in the tumor. Before the treatment was
started, tumor sizes were almost the same in all groups. According to numerical analysis in
Figure 6A, the tumor volume in the control group increased from 980 mm? on day 15 to 5000
mm?® on day 28 but in the Lip-MNPs-DOX group it increased less, from 200 mm? on day 15 to
1000 mm? on day 28. In the Lip-MNPs-DOX groups, the tumor growth was even slower than
the other ones, reaching a maximum tumor volume below 1000 mm?. It seems that the presence
of the chemotherapy drug and magnetic hyperthermia has prevented tumor growth Figure 6A.
The tumor volume remained less than 1000 mm?® in the MNPs groups with hyperthermia
treatment compared to the other groups figure 6A. Superficial burns on the tumor were
observed in this group. The tumor volume in the empty liposome group was about 5 times that
in the other groups, indicating a non-therapeutic effect of the liposome in cancer similar to
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control groups without therapy. In the Lip-DOX groups, the tumor volume began to increase
on day 20, which indicates that Doxorubicin inhibited tumor growth compared to the other
groups, and thereafter showed a large increase in tumor volume, which may be prevented by
injecting a higher dose of the drug figure 6A.In tumors of the Lip-MNPs group, the
concentration of magnetic nanoparticles was less than in the MNPs group, and as a result the
tumor volume was bigger. The antitumor efficacy of the Lip-MNPs was not significant, perhaps
because the magnetic nanoparticles were stuck in the liposome and they could not come out of
the liposome structure in 10 min. The tumor size of DOX groups was larger than the MINPs,
Lip-MNPs and Lip-MNPs-DOX. However, the Lip-DOX and DOX groups showed maximum
weight loss compared to the other groups that indicates the side effects of chemotherapy drugs
against other cancer treatments Figure 6B.There was no significant difference in body weights
in the other groups. Generally, the tumor size increased in all groups when compared to
measured before treatment. In the mice treated with hyperthermia, the tumors grew more
slowly than in the DOX group. ON the 28th day, there were no deaths in any group but the
long-term survival status of the Lip-MNPs-DOX, Lip-MNPs and Lip groups was better than
that of the Lip-DOX and DOX groups. The results shown that the antitumor efficacy of the
groups consisting of MNPs with hyperthermia was better than the other groups even the DOX
groups.

The results of HE staining of tissue in different groups was studied (Figure 7). Next, the
response to treatment was examined microscopically. In the Lip-MNPs-DOX groups, the
maximum necrosis was 70% which being higher than other groups means that we have been
able to prevent tumor growth. In the control and empty liposome groups mitosis was higher
compared to treatment groups with hyperthermia and there was the lowest percentage of
necrosis and the tissue structure of tumors was complete. For the groups with magnetite
nanoparticles, the necrosis was more marked than in Lip-DOX, DOX, Lip and control groups.
Also the microscopic investigation confirmed the presence of malignant melanoma in all
groups.

MNPs can convert their energy to heat under the influence of an alternating magnetic field.
B3The previous studies have shown that heat-induced magnetic nanoparticles encapsulated in
liposomes can be a good option for magnetic thermotherapy.®**?® The research in this field has
investigated the effect of magnetic liposomes on the cancer treatment or drug loading on the
liposome. Also, previous research has shown that with the encapsulation of DOX in liposomes
the therapeutic efficacy did not dramatically increase. In the present study, we constructed
novel compositions and evaluated Lip-MNPs-DOX antitumor efficacy by histological
examination and the decrease in tumor growth after four rounds of administration to healthy
mice. We combined these nanoparticles and DOX chemotherapy drug with biocompatible and
biodegradable lipids that could enhance the localization of nanoparticles and DOX in the tumor
region and this resulted in a higher percentage of necrosis and a decrease in tumor growth. In
fact, our purpose in this research was to integrate two effective methods in cancer treatment
and create a treatment with the least possible side effect. The tumor cells are more sensitive to
heat than normal cells and this heat can destroy the tumor cells. Also heat generation assists
the heat-sensitive liposomes and conversion of lipid layer to liquid phase and drug release.
Because liposomes are lipid bilayer they can trap hydrophobic MNPs and DOX in their cores.
Also, the heat generation by MNPs increased the permeability of tumor vessels, which
facilitated drug delivery to the tumor tissue. We measured these MNPs ability to treat tumors
in hyperthermia and drug delivery. First, a rotary evaporator was used to trap nanoparticles and
to improve the loading percent of MNPs in liposomes an ultrasonic device was used. The results
of Lip-MNPs-DOX analysis showed that an acceptable amount of DOX and nanoparticles were
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encapsulated in the liposome layers. Xenograft tumors in mice were induced by injection of
B16/F10 cell line. To evaluate the effect of the chemotherapy drug and hyperthermia, we
considered 7 different treatment groups. Then the tumor implantation was heated using
hyperthermia to the power of 1000 Watts and a frequency of 405 kHz. The tumor volume in
the mice receiving Lip-MNPs-DOX decreased severely compared to the other groups. The
tumor volume at the end of the treatment in mice receiving Lip-MNPs-DOX was 9.29% that
of the control and histological observation shown 70% necrosis. A noteworthy point was the
lack of weight loss in the hyperthermia treatment groups, which is due to the use of low-dose
chemotherapy drugs in this group (Figure 6B). The results confirmed that combining of DOX
and MNPs in the tumor area will lead to effective cancer therapy.

Conclusion

Drug release in magnetic liposomes was improved with heat generated by nanoparticles. In
vivo studies demonstrated the Lip-MNPs-DOX with suitable loading efficiencies are ideal
carriers which could reduce the growth of malignant skin tumours and increase cancer cell
necrosis without weight loss in treated groups of mice.

Ethical issues

Ethics approval and consent to participate our study was approved by the Iranian laboratory
animal ethics framework under the supervision of the Iranian Society for the Prevention of
Cruelty to Animals and Shiraz University Research Council (IACUC no: 4687/63). The
recommendations of European Council Directive (2010/63/EU) of September 22, 2010,
regarding the standards in the protection of animals used for experimental purposes, were also
followed. The study was carried out in compliance with the ARRIVE guidelines.

Acknowledgments

We appreciate the insights provided by Dr. Amir Reza Dehghanian about analyzing
pathological tests, Mr. Omid Koohi about the in vivo section in Shiraz University of Medical
Sciences, Ms. Khosravani for assistance in liposome synthesis, also Ms. Elisabeth Bamad
Baker for manuscript edit in Exeter University of United kingdom.

Funding Sources
This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Contflict of interest
The authors declare that they have no conflicts of interests. Authors disclose all relationships
or interests that could have direct or potential influence or impart bias on the work.

References

1. Mohammad Ali Behnam FE, Zahra Sobhani, Omid Koohi-Hosseinabadi, Amir Reza
Dehghanian, Seyed Mojtaba Zebarjad, Mohammad Hadi Moghim, Ahmad Oryan. Novel
Combination of Silver Nanoparticles and Carbon Nanotubes for Plasmonic Photo Thermal
Therapy in Melanoma Cancer Model. Adv Pharm Bull 2018. doi: 10.15171/apb.2018.006

2. C.Blanco-Andujar FJT, D.Ortega. Current Outlook and Perspectives on Nanoparticle-
Mediated Magnetic Hyperthermia. Iron Oxide Nanoparticles for Biomedical Applications
2018:197-245. doi: 10.1016/B978-0-08-101925-2.00007-3

8|Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

3. Zahra Sobhani MAB, Farzin Emami, Amirreza Dehghanian, Iman Jambhiri. Photothermal
therapy of melanoma tumor using multiwalled carbon nanotubes. Int J Nanomedicine
2017:4509—-17. doi: 10.2147/1IN.S134661

4. Yuan Ding Wc, Dan sun, gui-ling Wang, Yu hei, shuai Meng, Jian-hua chen, Ying Xie, Zhi-
Qiang Wang. In vivo study of doxorubicin-loaded cell-penetrating peptide-modified pH-
sensitive liposomes: biocompatibility, bio-distribution, and pharmacodynamics in BALB/c
nude mice bearing human breast tumors Drug Des. Devel. Ther. 2017. doi:
10.2147/DDDT.S149814

5. ALI DABBAGH BJJA, 2 HADIJAH ABDULLAH, MOHD HAMDI, NOOR HAYATY
ABU KASIM. Triggering Mechanisms of Thermosensitive Nanoparticles Under
Hyperthermia Condition. J Pharm Sci 2015;104:2414-28. doi: 10.1002/jps.24536

6. Yuxin Guo YZ, Jinyuan Ma, Qi Li, Yang Li, Xinyi Zhou,, Dan Zhao HS, Qing Chen, Xuan
Zhu. Light/magnetic hyperthermia triggered drug released from multifunctional thermo-
sensitive magnetoliposomes for precise cancer synergetic theranostics. J Control Release
2017. doi: 10.1016/j.jconrel.2017.04.028

7. Ashfag Ahmad HB, Ilsu Rhee , Sungwook Hong Magnetic heating of triethylene glycol
(TREG)-coated zinc-doped nickel ferrite nanoparticles. J Magn Magn Mater 2018;447:42-
7. doi: 10.1016/jjmmm.2017.09.057

8. Zhila Shaterabadi GN, Meysam Soleymani. Physics responsible for heating efficiency and
self-controlled temperature rise of magnetic nanoparticles in magnetic hyperthermia
therapy. Prog Biophys Mol Biol 2017. doi: 10.1016/j.pbiomolbio.2017.10.001

9. VZ-MMFa-GeAGa-GoBSJSR, Mijangos GFGRHaC. Chitosan nanoparticles for combined
drug delivery and magnetic hyperthermia: From preparation to in vitro studies. Carbohydr.
Polym. 2017. doi: 10.1016/j.carbpol.2016.09.084

10. M. Ghazanfari MK, M. Jaafari. Optimizing and modeling of effective parameters on the
structural and magnetic properties of Fe304 nanoparticles synthesized by coprecipitation
technique using response surface methodology. J Magn Magn Mater 2016:134-42. doi:
10.1016/J.JMMM.2016.02.094

11. C. Gomez-Polo VR, L. Cervera, J.J. Beato-Lopez, J. Lopez-Garcia, J.A., Rodriguez-
Velamazan MDU, E.C. Mendonga, J.G.S. Duque. Tailoring the structural and magnetic
properties of Co-Zn nanosized ferrites for hyperthermia applications. J Magn Magn Mater
2018. doi: 10.1016/j.yjmmm.2018.05.051

12. Ljubica Andjelkovié¢ MS, Mladen, Laki¢ DJ, Predrag Vuli¢, Aleksandar, Nikoli¢ S. A
Study of the Structural and Morphological Properties of Ni—Ferrite, Zn—Ferrite and
Ni-Zn—_Ferrites Functionalized with Starch. Ceramics International 2018. doi:
10.1016/j.ceramint.2018.05.018

13. Pallabita Chowdhury AMR, Sheema Khan, Bilal B. Hafeez, Subhash C. Chauhan, Meena
Jaggi, and Murali M. Yallapu. Magnetic Nanoformulations for Prostate Cancer. Drug
Discov Today 2018. doi: 10.1016/j.drudis.2017.04.018

14. S.AmiriH.Shokrollahi. The role of cobalt ferrite magnetic nanoparticles in medical science.
Mater. Sci. Eng. C 2013:1-8. doi: 10.1016/j.msec.2012.09.003

15. Ankit Shah MAD. Immunological effects of iron oxide nanoparticles and iron-based
complex drug formulations: Therapeutic benefits, toxicity, mechanistic insights, and
translational considerations Nanomed J 2018. doi: 10.1016/j.nano.2018.01.014.

16. Emilia Zachanowicz JP, Aleksander Zigcina, Krzysztof Rogacki, , Btazej Pozniak MT,
Monika Margdziak, Krzysztof Marycz, Joanna Kisata, Kinga , Heclik RP. Polyrhodanine
cobalt ferrite (PRHD@CoFe O ) hybrid nanomaterials - synthesis, 2 4 structural, magnetic,

9|Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

cytotoxic and antibacterial properties. Mater Chem and Phys 2018. doi:
10.1016/j.matchemphys.2018.05.015

17. T.S. Anilkumar LY-J, Chen Huai-An, Hsu Hao-Lung, Jose Gils, Chen, Jyh-Ping. Dual
Targeted Magnetic Photosensitive Liposomes for Photothermal/Photody-namic Tumor
Therapy. J. Magn. Magn. Mater. 2018. doi: 10.1016/j.jmmm.2018.10.020

18. Mehta RV. Synthesis of magnetic nanoparticles and their dispersions with special reference
to applications in biomedicine and biotechnology. Mater. Sci. Eng. C 2017. doi:
10.1016/j.msec.2017.05.135

19. Hatamie SP, Benymin ; Ahadian, Mohammad Mahdi search by orcid ; Naghdabadi,
Fatemeh search by orcid ; Saber, Reza ; Soleimani, Masoud Heat transfer of PEGylated
cobalt ferrite nanofluids for magnetic fluid hyperthermia therapy: In vitro cellular study. J
Magn Magn Mater 2018;462:185-94. doi: 10.1016/j.jmmm.2018.05.020

20. P.T. Phong NXP, P.H. Nam, N.V. Chien, D.D. Dung , .H. Linh Size-controlled heating
ability of CoFe204 nanoparticles for hyperthermia applications. Phys. B: Condens. Matter
2018:30-4. doi: 10.1016/j.physb.2017.12.010

21. Vivek Dav KT, Amit Sohgaura, Ashish Gupta, Veera Sadhu, Kakarla Raghava Reddy.
Lipid-polymer hybrid nanoparticles: Synthesis strategies and biomedical applications. J.
Microbiol. Methods 2019:130-42. doi: 10.1016/j.mimet.2019.03.017

22. L.LatreilleAugustineLallozPatriceHildgenXavierBanquy = JMR. Nanostructured
nanoparticles for improved drug delivery. Nanostructures for Drug Delivery 2017:149-82.
doi: 10.1016/B978-0-323-46143-6.00004-X

23. RunxinLu L, QimingYue,QijunLiu,XiaojingCai,WenjiaoXiao,LiHai,LiGuo,YongWu.
Liposomes modified with double-branched biotin: A novel and effective way to promote
breast cancer targeting Bioorg. Med. Chem.2019:3115-27. doi: 10.1016/j.bmc.2019.05.039.

24. Sepideh Zununi Vahed RS, Soodabeh Davaran, Simin Sharifi. Liposome-based drug co-
delivery systems in cancer cells. Mater. Sci. Eng. C . 2017;1327-1341. doi:
10.1016/j.msec.2016.11.073

25. Dorota Nieciecka KN, Krystyna Kijewska, Anna M Nowicka, Maciej Mazur, Pawel
Krysinski. Solid-core and hollow magnetic nanostructures: Synthesis, surface modifications
and biological applications. Bioelectrochemistry 2012.
do1:10.1016/j.bioelechem.2012.06.001

26. Xiaolin Fang JC, Aizong Shen. Advances in anti-breast cancer drugs and the application of
nano-drug delivery systems in breast cancer therapy. J Drug Deliv Sci Technol 2020. doi:
10.1016/j.jddst.2020.101662

27. Mahnaz Amiri MS-N, Ahmad Akbari Magnetic nanocarriers: Evolution of spinel ferrites
for medical applications. Adv. Colloid Interface Sci. 2019. doi: 10.1016/j.¢1s.2019.01.003

28. Mohamed M. Fathy HMF, Asmaa M.M. Balah, Faten F. Mohamed, Wael M. Elshemey.
Magnetic nanoparticles-loaded liposomes as a novel treatment agent for iron deficiency
anemia: In vivo study. Life Sci. 2019. doi: 10.1016/5.1£s.2019.116787

29. Zhiting Deng Y X, Min Pan, Fei Li, Wanlu Duan, Long Meng,, Xin Liu FY, Hairong Zheng.
Hyperthermia-triggered drug delivery from 1RGD-modified temperature-sensitive
liposomes enhances the anti-tumor efficacy using high intensity focused ultrasound. J
Control Release 2016.

30. Upendra Bulbake SD, Nagavendra Kommineni and Wahid Khan. Liposomal Formulations
in  Clinical Use: An  Updated Review.  Pharmaceutics  2017.  doi:
10.3390/pharmaceutics9020012.

31. Michael Peller LW, Simone Limmer, Martin Hossann, Olaf Dietrich, Michael Ingrisch,
Ronald Sroka, Lars H. Lindner. Surrogate MRI markers for hyperthermia-induced release

10| Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

of doxorubicin from thermosensitive liposomes in tumors. J Control Release 2016. doi:
10.1016/j.jconrel.2016.06.035

32. Guoqin Niu BC, and Jeffrey Hughes. Preparation and Characterization of Doxorubicin
Liposomes. Cancer Nanotechnol. 2010. doi: 10.1007/978-1-60761-609-2 14

33. Lili Zou WD, Yuanyuan Zhang, Shaohui Cheng, Fenfen Li, Renquan Ruan, Pengfei Wei,
Bensheng Qiu. Peptide-modified vemurafenib-loaded liposomes for targeted inhibition of
melanoma via the skin. Biomaterials 2018. doi: 10.1016/j.biomaterials.2018.08.013

34. Qi Liu MD, Yun Liu, Leaf Huang. Targeted Drug Delivery to Melanoma. Adv. Drug Deliv.
Rev. 2017. doi: doi:10.1016/j.addr.2017.09.016

35. Chaitali Dey KB, Arup Ghosh,Madhuri Mandal Goswami, Ajay Ghosh, Kalyan Mandal.
Improvement of drug delivery by hyperthermia treatment using magnetic cubic cobalt
ferrite nanoparticles. J. Magn. Magn. 2016. doi: 10.1016/;.jmmm.2016.11.024

36. Miguel N. Centelles MW, Po-Wah So, Maral Amrahli, Xiao Yun Xu, Justin Stebbing,
Andrew D. Miller, Wladyslaw Gedroyc, Maya Thanou. Image guided thermosensitive
liposomes for focused ultrasound drug delivery: Using NIRF labelled lipids and topotecan
to visualise the effects of hyperthermia in tumours. J Control Release 2018. doi:
10.1016/j.jconrel.2018.04.047.

37. Van Du Nguyen SZ, Jiwon Han, Viet Ha Le, Jong-Oh Park, Sukho Park. Nanohybrid
magnetic liposome functionalized with hyaluronic acid for enhanced cellular uptake and
near-infrared-triggered drug  release. Colloids Surf. B 2017. doi:
10.1016/j.colsurtb.2017.03.008.

38. Yunok Oh MSM, Panchanathan Manivasagan, Subramaniyan Bharathiraja, Junghwan Oh.
Magnetic hyperthermia and pH-responsive effective drug delivery to the sub-cellular level
of human breast cancer cells by modified CoFe204 nanoparticles. Biochimie 2016. doi:
10.1016/j.biochi.2016.11.012

39. Zongfei Ji GL, Qinghua Lu, Lingjie Meng, Xizhong Shen, Ling Dong, Chuanlong Fu,
Xiaoke Zhang. Targeted therapy of SMMC-7721 liver cancer in vitro and in vivo with
carbon nanotubes based drug delivery system. J. Colloid Interface Sci. 2012. doi:
10.1016/j.jcis.2011.09.013.

40. Xunan Zhang WZ, Hongmei Bi, Kunming Zhao, Thomas Fuhs, Ying Hu, Wenlong Cheng,
Xiaojun Han. Hierarchical Drug Release of pH-sensitive Liposomes Encapsulating Aqueous
Two Phase System. Eur J Pharm Biopharm 2018:177-82. doi: 10.1016/.ejpb.2018.02.021

41. Thi Kim Oanh Vuong aLL'T, Trong Lu Le, Duy Viet Pham, Hong Nam Pham, Thi Hong Le
Ngo, Hung Manh Do, Xuan Phuc Nguyen. Synthesis of high-magnetization and
monodisperse Fe304 nanoparticles via thermal decomposition. Mater. Chem. Phys. 2015.
doi: 10.1016/j.matchemphys.2015.08.010

42. Caihong Tao TC, Hui Liu, Sisi Su. Design of biocompatible Fe304@MPDA mesoporous
core-shell nanospheres for drug delivery. Microporous Mesoporous Mater. 2019. doi:
10.1016/j.micromeso.2019.109823

11| Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

400

: |
300 \
2
B
& 200 |
§ f
100 ‘\ ‘l | r‘ I
| |
WA U
S WM S
o m————— RS TR focios
10 20 30 40 50 60 70
2Theta (degree)
80
B
60
S 40
S
g 20
<
£ o
«
N
T 20
e
= 40 y | 30nm
-60 —
0

-8
-15000 -10000 -5000 0 5000 10000 15000
Magnetic field (Oe)

Figure 1. A) X-ray pattern, B) M-H curves of Fe203 nanoparticles, C) TEM image of Fe304 particles

A 16
. MNPs
12 1 —— Lip
X )
< | Lip-MNPs
> 10 P
S 8 Lip-DOX
3
g 64 —— Lip-MNPs-DOX
(7}
w
41 |
2 p
\
0 e ——————————
0 200 300 400 500 600 700 800 900 1000

Diameter (nm)

P84 240658 nm

D2 = 98.70 nm

SEM HV: 20.0 kV WD: 744 mm L1 L1

View fleld: 2.58 pm Det: SE 500 nm

Figure 2. A) Particle size distribution in different groups: Lip-DOX-MNPs, Lip-DOX, Lip-MNPs, Lip, and MNPs, B)
SEM image of liposomes.
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Figure 3. Release profile of DOX from liposome in vitro (The data represent mean + standard deviation)

Figure 4. Tumor volume A) before the treatment B) 6 days after treatment with hyperthermia in Lip-MNPs-
DOX group, C,D) photograph of the hyperthermia device

13| Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

70

60 A
S w -
w
g 40
<
Z 30
s
& 20
10 —0—MNPs  —@—LipMNPs  —a—Lip-DOX-MNPs
0
50 100 150 200 250 300
TIME (S)
50
45
40
e 3
§ 30
E 25
% 20
S 45
@ —8—MNPs  —@—Lip-MNPs  —a—Lip-DOX-MNPs
10
5
0

50 150 250 350 450 550 650 750 850
TIME (S)
Figure 5. Magnetic heating curves for groups consist of magnetic nanoparticles A) before in-vivo test under
power of 1000 watts and frequency of 405 kHz, B) after injection in mice under power of 1000 watts and
frequency of 405 kHz. (The data represent mean + standard deviation)
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Figure 6. Tumor sizes in different groups at three conditions of measurement (N=5 in each group and data was
shown as mean * standard deviation) (A), body weight after different treatments (B).
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Figure 7. Histopathological of tumor section for different groups after 28 days: a) Lip, b) DOX, ¢) MNPs, d) Lip-
MNPs, e) Lip-DOX-MNPs, f) Lip-DOX, g) Control.
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