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Purpose: Breast cancer presents one of the highest rates of prevalence around the world. 
Despite this, the current breast cancer therapy is characterized by significant side effects and 
high risk of recurrence. The present work aimed to develop a new therapeutic strategy that may 
improve the current breast cancer therapy by developing a heat-sensitive liposomal nano- 
platform suitable to incorporate both anti-tumor betulinic acid (BA) compound and magnetic 
iron nanoparticles (MIONPs), in order to address both remote drug release and hyperthermia- 
inducing features. To address the above-mentioned biomedical purposes, the nanocarrier must 
possess specific features such as specific phase transition temperature, diameter below 200 nm, 
superparamagnetic properties and heating capacity. Moreover, the anti-tumor activity of the 
developed nanocarrier should significantly affect human breast adenocarcinoma cells.
Methods: BA-loaded magnetoliposomes and corresponding controls (BA-free liposomes and 
liposomes containing no magnetic payload) were obtained through the thin-layer hydration method. 
The quality and stability of the multifunctional platforms were physico-chemically analysed by the 
means of RAMAN, scanning electron microscopy-EDAX, dynamic light scattering, zeta potential 
and DSC analysis. Besides this, the magnetic characterization of magnetoliposomes was performed 
in terms of superparamagnetic behaviour and heating capacity. The biological profile of the plat
forms and controls was screened through multiple in vitro methods, such as MTT, LDH and scratch 
assays, together with immunofluorescence staining. In addition, CAM assay was performed in order 
to assess a possible anti-angiogenic activity induced by the test samples.
Results: The physico-chemical analysis revealed that BA-loaded magnetoliposomes present 
suitable characteristics for the purpose of this study, showing biocompatible phase transition 
temperature, a diameter of 198 nm, superparamagnetic features and heating capacity. In vitro results 
showed that hyperthermia induces enhanced anti-tumor activity when breast adenocarcinoma 
MDA-MB-231 cells were exposed to BA-loaded magnetoliposomes, while a low cytotoxic rate 
was exhibited by the non-tumorigenic breast epithelial MCF 10A cells. Moreover, the in ovo 
angiogenesis assay endorsed the efficacy of this multifunctional platform as a good strategy for 
breast cancer therapy, under hyperthermal conditions. Regarding the possible mechanism of action 
of this multifunctional nano-platform, the immunocytochemistry of the MCF7 and MDA-MB-231 
breast carcinoma cells revealed a microtubule assembly modulatory activity, under hyperthermal 
conditions.
Conclusion: Collectively, these findings indicate that BA-loaded magnetoliposomes, under 
hyperthermal conditions, might serve as a promising strategy for breast adenocarcinoma treatment.
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Introduction
Worldwide, breast carcinoma is the most commonly diag
nosed malignancy that affects women, with over 
one million new patients each year.1,2 According to the 
World Health Organization (WHO),3 the incidence rate 
varies significantly across the world, ranging from 19.3/ 
100 000 women in Eastern Africa to 89.7/100 000 women 
in Western Europe. Nevertheless, the survival rate depends 
a lot on the stage of carcinoma detection; thus, women in 
developed countries such as North America, Japan and 
Sweden present a survival rate of 80%, while women in 
low-income countries have a survival rate of 40%. 
Therapeutic approach of breast carcinomas is defined by 
the molecular expression of estrogen receptor (ER), pro
gesterone receptor (PR), human epidermal growth factor 
receptor 2 (HER2), and the Ki-67 cellular proliferation 
marker. Thus, for ER-positive tumors the hormone therapy 
is usually implemented. However, the most aggressive 
subtype of breast cancer – the triple-negative breast cancer 
(TNBC) does not express ER, PR or HER2 and is char
acterized by a poor prognosis, a high rate of relapse, and 
ineffective therapy. Furthermore, it is commonly asso
ciated with women under 50 years old.2,4,5 In this case, 
for high-grade carcinomas, the treatment is associated with 
the administration of anthracyclines (doxorubicin and epir
ubicin) and taxanes (paclitaxel and docetaxel) among other 
chemotherapeutics.6 Although doxorubicin is considered 
to be the most active and widely used substance in the 
treatment of breast cancer,7 in addition to its side effects, 
the mechanism of resistance (by inducing changes in 
topoisomerase II expression) is another huge limitation 
for its use in breast adenocarcinoma therapy.6 Therefore, 
the development of a new therapeutic strategy for TNBC 
treatment could help overcome key therapeutic challenges 
such as the side effects and chemotherapy resistance pre
sented by conventional treatment. To address this limita
tion, the current study approaches a new therapeutic 
strategy for inducing cytotoxicity of human adenocarci
noma cells by developing a nano-based formulation suita
ble to incorporate a potent anti-tumor agent that manifests 
minimal cytotoxic effect on healthy cells and also to be 
able to address a hyperthermic approach of the carcinoma 
cells. Inducing hyperthermia in breast carcinomas presents 
a series of advantages as the normal cells surrounding the 
tumor tissue exhibit a higher resistance to temperatures 
around 43–46 °C, while tumor cells are known to be 
significantly affected by hyperthermia treatment, up to 46 

°C8–12. Nevertheless, hyperthermia treatment success is 
based on biocompatible temperatures, up to 46 °C,8–11 

exceeding this temperature will induce necrosis of both 
normal and tumor cells.13 In recent years, magnetic nano
particles (MNPs) have been developed and gained signifi
cant attention in drug delivery, hyperthermia approach, 
and remote-controlled drug release10,12,14–17. Among 
them, magnetic iron oxide nanoparticles (MIONPs) are 
the most commonly used due to their biocompatibility, 
good colloidal stability (if a suitable capping agent is 
used), and high magnetization potential.18–20

The anti-tumor agent chosen in the present study is 
betulinic acid – BA, a pentacyclic triterpene declared as 
one of the most promising anti-tumor agents in a screening 
supported by the United States National Cancer Institute 
(NCI).21 It has been assumed that BA induces apoptosis 
via an intrinsic pathway, which affects mitochondrial 
membrane integrity and thereby bypasses the classical 
chemotherapy resistance22,23, thus providing an important 
advantage for patients that develop resistance to the reg
ular chemotherapeutics, such as doxorubicin.6 However, 
the hydrophobic structure of BA and the relatively short 
half-life in the systemic circulation limit its bioavailability. 
Therefore, the development of an adequate drug delivery 
system that can overcome these limitations is essential to 
improve its pharmacokinetics properties.24,25

In this regard, liposomes are considered ideal nanos
tructures for entrapping both hydrophobic drugs in their 
lipid bilayer structure and hydrophilic MNPs in their aqu
eous core.12,26 Liposomes entrapping MNPs are generic
ally entitled magnetoliposomes.17,26 These nano-based 
structures are among the most successfully utilized bio
compatible, biodegradable, and non-immunogenic drug 
carriers, as they are designed similarly to the cell mem
brane in order to bypass solubility issues, in vivo toxicity, 
and poor stability manifested by other carrier systems.27–31

Magnetoliposomes possess the advantage of remote 
drug release when applying an external magnetic field, 
taking advantage of the hyperthermia-inducing features 
expressed by the MNPs that could control the phase tran
sition of magnetoliposomes from the gel to the liquid 
state.17

Based on these aspects, the main goal of this work was 
to develop a novel multifunctional platform with both 
hyperthermia-inducing and remote drug delivery features 
able to release its payload (BA and MIONPs) under con
trolled hyperthermic conditions, thus overcoming the 
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above-mentioned therapeutic challenges associated with 
the use of BA.

In the current study, the nano-based BA-loaded mag
netoliposomal system was found to induce an enhanced 
cytotoxic effect on MDA-MB-231 cells, under hyperther
mic conditions, as compared to BA alone, whereas the 
non-tumorigenic breast cell line – MCF 10A manifested 
a slightly diminished viability. The anti-tumor effect of the 
developed platform is related to both BA and MIONPs 
activity; BA promotes significant microtubule alterations, 
whereas MIONPs content is responsible for a specific 
nuclear alteration, called enucleation. It was also found 
that the anti-tumor effect of the multifunctional platform is 
correlated with the impairment of the angiogenesis 
process.

Materials and Methods
Reagents
Cholesterol, L-α-phosphatidylcholine (lecithin), 1.2-dis
tearoyl-sn-glycerol-3-phosphoethanolamine– N-[amino 
(polyethylene glycol)-2000] (DSPE-PEG2000), and betu
linic acid were purchased from Sigma-Aldrich Chemie 
GmbH (Taufkirchen, Germany). Methanol was obtained 
from Merck (Darmstadt, Germany), ammonium formate 
from Agilent (Santa Clara, CA, USA), and ultrapure deio
nized water was provided by a Milli-Q® Integral Water 
Purification System from Merck Millipore (Darmstadt, 
Germany). All reagents were of analytical grade purity, 
commercially available. Specific cell culture media, high 
glucose Dulbecco’s Modified Eagle’s Medium (DMEM), 
Eagle’s Minimum Essential Medium (EMEM) and 
Dulbecco’s Modified Eagle’s Medium and Ham’s F12 
medium (1:1 mixture) with L-Glutamine and HEPES 
(DMEM:F12) were purchased from ATCC (American 
Type Culture Collection). Fetal calf serum (heat- 
inactivated FCS), antibiotic mixture, Trypsin EDTA and 
Trypan blue reagent were purchased from Sigma-Aldrich 
Chemie GmbH (Taufkirchen, Germany). Epidermal 
Growth Factor (EGF) and phosphate buffer saline (PBS) 
were obtained from Thermo Fisher Scientific 
(Massachusetts, USA).

Cell Lines
The cell lines used in the present study, MDA-MB-231 
(ATCC® HTB-26), MCF7 (ATCC® HTB-22), and MCF 
10A (ATCC® CRL-10,317) were acquired from ATCC 

(Manassas, VA, United States) as frozen vials and stored 
in liquid nitrogen, at −196 °C.

Magnetic Iron Oxide Nanoparticles 
Coated with Citric Acid (MIONPs*CA) 
Synthesis
Magnetic iron oxides nanoparticles (MIONPs) were synthe
sized following the combustion method as described in detail 
by Ianos et al, using iron nitrate nonahydrate (Fe(NO3)3•9H2O) 
and a double amount of fuel – citric acid monohydrated 
(C6H8O7•H2O). Briefly, reagents were mixed and dissolved 
in distilled water, quickly heated to 400 °C in a heating mantle 
with a design to trigger the ignition of the combustion reaction. 
After several minutes the obtained reaction product was hand 
grinded, washed (fresh distilled water) and dried.32 The phy
sico-chemical analysis of the MIONPs revealed the presence 
of two types of iron oxide: magnetite nanoparticles (Fe3O4) 
and maghemite nanoparticles (γ-Fe2O3), with spherical shape 
and an average hydrodynamic diameter of 76 nm. Further, 
MIONPs were moistened for 2 days in a mixture formed of 
distilled water and 96% ethanol, afterwards sonicated for sev
eral hours and covered with citric acid (CA) monolayer, in 
a basic environment. The MIONPs coated with CA were 
dispersed in distilled water, leading to a stable colloidal sus
pension with high zeta potential (around −47 mV).

Magnetoliposomes Synthesis
The magnetoliposomes were prepared through the well- 
described thin-layer hydration method.30,33 Briefly, L-α- 
phosphatidylcholine:cholesterol:DSPE-PEG2000:BA 
(100mg:12.5mg:10mg:10mg) were dissolved in a 1:1 (v/ 
v), methanol:chloroform solvent mixture and stirred until 
a clear solution was obtained. The solvent mixture was 
then removed using a rotary evaporator and the resulting 
lipid film was hydrated with an aqueous magnetic suspen
sion, corresponding to 10 mg of MIONPs (total lipid: 
MIONPs molar ratio of 4:1). The mixture was left to 
hydrate for 24 h before redispersion through sonication 
for 30 min in a Qsonica Q700 Sonicator. Un-encapsulated 
magnetic nanoparticles were removed by magnetic decan
tation, separated through centrifugation at 0.86 RCF and 
the resulting solution was extruded through a 0.2-µm 
membrane and stored at 4 °C until further use. Empty/ 
blank nano-liposomes (without MIONPs and betulinic 
acid) were prepared similarly and used as controls. 
A graphical representation of the BA-loaded magnetolipo
somes is shown in Figure 1.
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Raman Spectroscopy Characterization of 
BA-Loaded Magnetoliposomes
Micro-Raman spectra of BA-loaded magnetoliposomes 
and controls were collected in the 100–4000 cm−1 spectral 
region using a LabRam HR-800 system (Horiba Jobin 
Yvon, Inc.). Samples were excited with a HeNe laser of 
632.8 nm (15 mW output) through a confocal Raman 
BX41 microscope (100x Olympus objective) and the fol
lowing parameters were employed in the acquisition of the 
inelastic backscattering signals: a holographic grating of 
600 grooves mm−1, a confocal hole of 300 μm, 
a thermoelectrically cooled Andor CCD camera of 1024 
× 256 pixels, neutral filters of optical densities of 0.3–4, 
acquisition times of 5, 15, and 30 s, and five cycles for 
each sample. Under these experimental conditions, the 
spectral resolution was about 1 cm−1. The spectra were 
collected using the LabSpec v.5 software and were pro
cessed in Origin 8.6 software.

Morphology and Elemental Composition
The morphology and ultrastructure of BA-loaded magne
toliposomes (Lip+MIONPs*CA+BA) was determined by 
scanning electron microscopy (SEM) and the elemental 
composition was confirmed by energy dispersive X-ray 
analysis (EDAX). SEM-EDAX analysis was performed 
with EDX detection on a scanning electron microscope 
(SEM), using an EDAX detector (ZAF Quantification— 

Standardless, Element Normalized) with FEI Quanta 250 
microscope (Eindhoven, Holland).

DLS and ζ-Potential Measurements
The hydrodynamic diameter and the surface charge of the 
liposomal samples were determined using a dynamic light 
scattering (DLS) instrument (Malvern Zatasizer Nano ZS) 
at 37 °C. The stock solutions of liposomal samples and 
MIONPs*CA colloidal suspensions were diluted 3 times 
and 10 times, respectively, with Milli Q water.

Magnetic Characterization
Magnetometry
The mass magnetization curves at room temperature 
(22 °C) of the magnetic MIONPs and of the magnetolipo
somes (Lip+MIONPs*CA, Lip+MIONPs*CA+BA) were 
measured by the means of an ADE Technologies VSM 
880 instrument. Using the MIONPs and magnetoliposomes 
saturation magnetization (Msat) values, the MIONPs mass 
percentage (%m MIONPs) in the magnetoliposomes was 
calculated according to the following formula:

%mMIONPs ¼
Msat magnetoliposomes

Msat MIONPs
x100% (1) 

Magnetically Induced Heat Generation
The heating ability of the magnetic MIONPs in AC high- 
frequency magnetic fields was investigated using an in- 
house built equipment. The AC magnetic field with 98kHz 

Figure 1 Graphical representation of a BA-loaded magnetoliposome. MIONPs*CA are incorporated in the aqueous core, while BA is entrapped in the lipid bilayer of the 
liposome. (Image realized by applying Servier Medical ART illustration: http://smart.servier.com).
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frequency and 10 kA/m field was generated using 
a commercial induction heater. The sample was contained 
in a polyethylene plastic cylindrical flask thermally insu
lated with polystyrene foam. The sample temperature was 
measured using an Optocon FOTEMP1-OEM optical fiber 
thermometer. The data acquisition was made using 
a National Instruments virtual instrument. The Intrinsic 
Loss Power (ILP)34 of the MIONPs was determined 
using the stepped heating method.35

Thermal Analysis
The heating behavior of the BA-loaded magnetoliposome 
(Lip+MIONPs*CA+BA) was studied within the range of 
25–80 °C by thermal analysis, using a Netzsch 
449 C instrument. The thermogravimetric (TG) and differ
ential scanning calorimetry (DSC) curves were recorded 
using aluminum crucibles, under a nitrogen flow of 20 mL/ 
min, at a heating rate of 5 °C/min.

Evaluation of Fe and BA Encapsulation 
Efficiency
Determination of Fe Concentration
Fe content of the magnetoliposome stock solutions (Lip 
+MIONPs*CA and Lip+MIONPs*CA+BA) was deter
mined via a colorimetric assay, which involved the forma
tion of a Fe3+–sulfocyanate complex.36 The absorbance of 
the resulting complex was measured at 480 nm using 
a T70 UV/VIS spectrophotometer (PG Instruments Ltd.) 
and the final concentration of Fe was calculated using 
a linear, external calibration curve obtained from standard 
solutions, with Fe concentrations ranging from 650 
μg·mL−1 to 7.4 mg·mL−1. Encapsulation efficiency (EE) 
was determined by applying the following formula:

EE% ¼
Fein liposomes

Fetotal
x100% (2) 

37

Determination of BA Concentration
The amount of BA not incorporated in the liposomes was 
determined based on the fact that lipid interference can 
occur. A 6120 LC-MS analytical system from Agilent 
(Santa Clara, CA, USA) which consisted of a 1260 
Infinity HPLC coupled with a Quadrupolar (Q) mass spec
trometer equipped with an electrospray ionization source 
(ESI) was utilized. The OpenLAB CDS ChemStation 
Workstation software was employed to control the instru
ment, acquire and process the LC-MS data. Samples were 

analyzed on a Zorbax Eclipse Plus C18 column (3.0 mm 
x100 mm x 3.5 µm) at 40 °C. The mobile phase was 85% 
methanol and 15% 1 mM of ammonium formate in iso
cratic elution, at a flow rate of 1 mL·min−1. UV detection 
was achieved at λ= 200 nm and BA was identified at 2.82 
min retention time. Mass spectrometric detection was 
accomplished by ESI ionization and SIM detection in the 
negative ion mode [M-H+] at m/z = 455.3. An external 
calibration curve was obtained by a 7-point plot in the 
50–2000 ng·mL−1 range (R2 > 0.999 linearity) and was 
used for the sample quantification.

The encapsulation efficiency (EE) and the drug loading 
capacity (DLC) were estimated using the following 
formulas:

EE% ¼
BAtotal � BAfree

BAtotal
x100% (3) 

38

DLC% ¼
BAencapsulated

totallipids
x100% (4) 

37

Cell Culture
Two distinct breast adenocarcinoma cell lines and a non- 
tumorigenic control cell line were utilized for the in vitro 
evaluation of the BA-loaded magnetoliposomes. The fol
lowing tumorigenic cell types were selected due to their 
different genotypes: MDA-MB-231, a triple-negative 
human breast adenocarcinoma cell line, and MCF7 cells, 
a hormone-dependent cell line that is progesterone and 
estrogen receptor-positive with a high Ki-67 
expression.39 The non-tumorigenic cells were MCF 10A- 
breast epithelial cells. All cells were maintained under 
standard conditions: a humidified atmosphere of 5% 
CO2, at 37 °C, in a Steri-Cycle i160 incubator (Thermo 
Fisher Scientific, USA). Cells were cultured as monolayers 
in specific growth media. MDA-MB-231 cells and MCF7 
cells were maintained in DMEM and EMEM, respectively, 
supplemented with 10% FCS and 0.1 mg·mL−1 streptomy
cin, and 100IU mL−1 penicillin. MCF 10A cells were 
cultured in DMEM:F12 medium supplemented with 20 
ng·mL−1 epidermal growth factor (EGF), 0.01 ng·mL−1 

insulin, 500 ng·mL−1 hydrocortisone, 5% FCS, and anti
biotic mixture of 0.1 mg·mL−1 streptomycin, 100IU mL−1 

penicillin. The medium was replaced every 2 days.
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Treatment Protocol
Cells (MDA-MB-231, MCF7, and MCF 10A) were seeded 
in 6-, 12-, and 96-well culture plates according to the 
experimental needs and incubated until a confluent cell 
monolayer was reached. Cells were then exposed to final 
concentrations of 5 and 25 µM of BA that correspond to 
5.94 and 29.71 µg·mL−1 of MIONPs. All experiments 
were performed under normothermic and hyperthermic 
conditions. The equivalent concentration of BA dissolved 
in DMSO was also tested and served as positive control. 
The cells were exposed to a maximum concentration of 
0.5% DMSO, which was deemed non-toxic for in vitro 
applications.40

Hyperthermia Protocol
To simulate also the cytotoxic effects induced by test 
compounds under hyperthermic conditions, each experi
ment was carried in hyperthermia (43 °C). The hyperther
mia protocol was performed as described by Kossatz et al, 
by incubating the cells at 43 °C for 90 cumulative equiva
lent minutes (CEM43).41 A temperature treatment that is 
equivalent to an incubation time of 30 min at 46 °C.9 

When the hyperthermia period ended, the microplates 
were maintained under normal conditions until a total of 
24 h incubation was achieved.

Cell Viability Assessment
In a primary screening, the effect of all test compounds on the 
viability rate of both adenocarcinoma cell lines (MDA-MB 
-231 and MCF7) and one mammary epithelial cell line (MCF 
10A) was evaluated using the 3–4,5-dimethylthiazol-2-yl- 
2,5-diphenyltetrazolium bromide (MTT) assay. In brief, 
MCF7, MDA-MB-231, and MCF 10A cells were seeded 
onto 96-well plates at an initial density of 1x104 cells/well. 
Next day, the medium was replaced with a fresh one contain
ing the test compounds and cells were incubated for 24 
h under normothermic and hyperthermic conditions. 
Afterward, 10 µL of MTT reagent was added in each well 
and the culture plates were incubated for 3 h. The mitochon
drial reductase of the viable cells converted the yellow MTT 
to a dark, insoluble formazan salt. The formed crystals were 
dissolved by the addition of 100 µL of lysis buffer per well. 
Finally, the absorbance of the generated colour was spectro
photometrically analysed at 570 nm using a microplate 
reader (xMarkTM Microplate Spectrophotometer, Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). The experiments 
were performed in triplicate, with three wells for each 

concentration. The cell viability percentage was calculated 
according to the following formula:

Viability %ð Þ ¼

Abs TS � HT with cellsð Þ

� Abs TS � HT without cellsð Þ

Abs CNT with cellsð Þ

� Abs CNT without cellsð Þ

x100% (5) 

where:
Abs TS = Absorbance of test sample
Abs C NT = Absorbance of control in normothermia
HT = hyperthermia

Cytotoxicity Assay
A cytotoxicity test that quantifies the amount of LDH 
(cytosolic enzyme) released into the media was performed 
similarly to the MTT assay. The extracellular leakage of 
this cytosolic enzyme is an indicator of the cytotoxic 
potential and the results can be further quantified by spec
trophotometric analysis.42,43 After incubating the cells for 
24 h with the test compounds under normothermic and 
hyperthermic conditions, 50 µL/well of media containing 
the LDH released was transferred into a new plate and 
after that 50 µL reaction mixture was added in each well 
and mixed carefully. The plate was then incubated at room 
temperature, in the dark, for 30 min before adding 50 µL/ 
well of stop solution. The absorbance was measured at 490 
nm and 680 nm with a microplate reader (xMarkTM 

Microplate Spectrophotometer, Bio-Rad Laboratories, 
Inc., Hercules, CA, USA)

In vitro Scratch Assay – Wound Healing 
Technique
The scratch assay test was employed to assess cell to cell 
interaction along with cell migration and proliferation 
potential. This technique is based on the formation of 
a cell-free area by scratching the cell monolayer along 
the well diameter with a sterile pipette tip. The cell growth 
in the scratched area is then supervised by taking pictures 
at certain time intervals.44,45

The three cell types were cultured to a density of 2.0 x 105 

cells/well into 12-well plates until the optimal confluence was 
reached. Afterwards, a straight gap was drawn inside each well 
and the cellular debris were washed with 1x PBS. The 
scratched areas were treated with test samples and the plates 
were maintained under normothermic and hyperthermic con
ditions. Pictures were taken initially (normothermic condi
tions) and 24 h post-stimulation (normothermic and 
hyperthermic conditions) with an inverted microscope 
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(Olympus IX73, Tokyo, Japan) equipped with an integrated 
DP74 camera (Olympus, Tokyo, Japan). The scratched widths 
were determined with the calibrated scale measurement func
tion of the camera software (CellSense Dimension) in order to 
quantify the migration rate. The following formula was 
applied:46

Scratch closure
after 24h %ð Þ

¼

Scratch
surface 0hð Þ �

Scratch
surface 24hð Þ

Scratch surface 0hð Þ
x100%

(6) 

Fluorescence Immunocytochemistry
Cells were cultured on coverslips in 6-well plates (35 mm 
diameter) overnight and were then exposed to the test com
pounds for 24 h. After the incubation period ended, the cells 
were washed twice with ice-cold 1x PBS and fixed with 4% 
PFA in PBS for 30 min at room temperature. Thereafter, 
cells were washed again with 1x PBS, permeabilized with 
2% Triton X-100/1x PBS, blocked with 30% FCS in 0.01% 
Triton X-100, and incubated with the primary antibody (α- 
tubulin antibody, Invitrogen by Thermo Fisher Scientific) in 
a dark humidity chamber, at 4 °C, overnight. The 
following day, cells were washed twice with 0.01% Triton 
X-100/1x PBS and incubated with fluorescent-labeled 
(Alexa FlourTM 488, Invitrogen by Thermo Fisher 
Scientific) goat anti-rabbit secondary antibody, in a dark 
humidity chamber, at 4 °C, for 1 h. After rinsing the cells 
five times with 0.01% Triton X-100/1x PBS, cell nuclei 
were counterstained with DAPI (4ʹ,6ʹ-diamidino-2-phenylin
dole) for 15 min. Finally, the coverslips were mounted on 
glass slides with FluoromontTM aqueous mounting medium 
(Sigma-Aldrich, Munich, Germany) and observed under an 
Olympus IX73 microscope equipped with ultraviolet and 
blue excitation filters and DP74 camera (Olympus, Tokyo, 
Japan). Post-captured images were merged and adjusted for 
brightness and colour balanced using Image J software.

In ovo Angiogenesis Assessment Through 
Chick Chorioallantoic Membrane (CAM) 
Assay
The CAM assay is a simple alternative method to in vivo 
mouse models that offers the ability to assess the angio
genesis process.47 The angiogenesis process is the phe
nomenon through which new blood vessels are emerging 
from the pre-developed vasculature.48 This process is 
known to have a significant impact on tumor growth and 
proliferation. Evaluation of test samples can be performed 

during specific embryonic days of development (EDD), 
between EDD 7–10, when the chick embryo CAM shows 
specific characteristics of the tumor angiogenesis 
process.49 Thus, this method is widely used in cancer 
research as a preliminary assay to murine experimental 
models.47

The method employed for the CAM assay was con
ducted as previously described.43 Briefly, fertilized eggs 
(Gallus gallus domesticus) were sprayed with 70% alcohol 
to ensure the disinfection of the eggshell and afterwards 
the eggs were horizontally incubated in a controlled humi
dified atmosphere at 37 °C. On the 3rd EDD, approxi
mately 5 mL of albumen was aspired through a small 
perforation in the pointed end of the eggshell. The 
following day, a window was cut on the upper side of 
the egg, that was further sealed to assure the physiologic 
conditions offered by the eggshell, and specimens were 
further incubated until the day of the experiment. To 
induce hyperthermic conditions the liposomal samples at 
the final concentration of 25 µM were maintained for 
30 min at 46 °C in a water bath (Precision GP20, 
ThermoFisher Scientific) and 10 µL were immediately 
applied on the top of the CAM, inside the plastic ring 
that has been previously placed on the vascularized surface 
of the CAM. The liposomal samples were daily applied 
and the angiogenesis process was monitored between the 
7th to 11th EDD by means of a stereomicroscope 
(Discovery 8 Stereomicroscope, Zeiss). Representative 
images were taken for further analysis using the Axio 
CAM 105 color, Zeiss digital camera and processed by 
Zeiss ZEN software and ImageJ software. The EDD 7 was 
considered the starting point of the experiment (0 h).

Angiogenesis inhibition (AI) could be quantified by 
morphometric analysis of daily recorded macroscopic 
images.43 In this regard, the blood vessels (BV) that inter
sected the inoculation ring were determined and the fol
lowing formula was applied:

AI %ð Þ ¼ 1 �
NoBVtest sample

NoBVcontrol
x100% (7) 

Statistical Analysis
The GraphPad Prism 8.3.0 software (GraphPad Software, 
San Diego, CA, USA) was used for the performance and 
presentation of the data. One-way ANOVA analysis was 
applied to determine the statistical differences followed by 
Tukey’s post-test (* p <0.05, ** p<0.01, and *** p<0.001, 
**** p<0.0001 vs hyperthermia control cells). The results 
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were expressed as the mean ± standard deviation (SD) of 
three independent experiments (n=3).

Results
Physico-Chemical Characterization of 
BA-Loaded Magnetoliposome and 
Controls
The physico-chemical analysis of the magnetoliposomes 
was conducted by means of Raman spectroscopy, SEM- 
EDAX analysis.

Raman Analysis
The micro-Raman spectra of BA-loaded magnetolipo
somes and corresponding active substrates, betulinic 
acid and MIONPs, are shown in Figure 2. Raman vibra
tional modes for the new BA-loaded magnetoliposomes 
were detected at 332, 395, 471, 560, 660, 995, 1059, 
1349, 1457, 1600, 1865, 2091, 2647, 2897, and 
3144 cm−1. A careful analysis of the control samples 
(MIONPs NPs coated with citric acid, and BA alone) in 
conjunction with the current Raman literature50–56 facili
tated the identification of the Raman bands of BA- 
loaded magnetoliposomes and demonstrated their 
structural composition. The broad peaks at 995 and 
1059 cm−1 of very strong relative intensity (Figure 2C) 
are indicators of the entrapment of BA in the lipid 
bilayer and the PEG functionalization of the magnetoli
posomes, respectively. Other standalone BA marker 
bands at 463, 1348 and 1457 cm−1 in Figure 2A were 
observed at 471, 1349 and 1456 cm−1 in the Raman 
spectrum of BA-loaded magnetoliposomes (Figure 2C). 
A PEG characteristic peak (at 2890 cm−1) was detected 
at 2897 cm−1 in the Raman spectrum of BA-loaded 
magnetoliposomes (Figure 2C).

Morphological Structure and Elemental 
Analysis
Morphological analysis was conducted by scanning elec
tron microscopy (SEM) which showed relatively smooth- 
surfaced, agglomerated nanoparticles with a mean 
diameter below 200 nm (Figure 3); the freeze-dried cake 
appearance of BA-loaded magnetoliposomes does not 
undergo significant alterations. However, some irregulari
ties can be noticed, as a consequence of the HV (high 
vacuum) set-up employed for this technique, described in 
the literature as a factor that influences the microscopic 
evaluation of lyophilized products.57

The chemical species utilized in the synthesis of BA- 
loaded magnetoliposomes were identified through EDAX 
analysis. As presented in Figure 3, only C, O, P, K and Fe 
were recorded within BA-loaded magnetoliposomes sam
ple. The results were expressed in weight percent (Wt %) 
and atomic percent (At %) within Table S1.

Stability, Size, Magnetization, Heating and 
Thermal Analysis
Physical stability of the liposomal structures was 
assessed by taking pictures at different time points, for 
almost 1 month. The liposomal samples were stored at 
4 °C and the colloidal suspension of MIONPs*CA was 
maintained at room temperature. All samples presented 
a good stability for 28 days and homogeneous appear
ance: neither small aggregation nor flocculation of the 
liposomal structures was observed. MIONPs*CA colloi
dal suspension showed no instability signs for more than 
6 months (Figure S1).

Moreover, the measurement of the ζ-potential of each 
sample indicated a high stability of the liposomal struc
tures against aggregation: Lip, Lip+MIONPs*CA, Lip 
+BA and Lip+MIONPs*CA+BA developed a ζ-potential 
of −21.6 mV, −29.4 mV, −28.0 mV and −19.7 mV, respec
tively (Table 1). In terms of mean diameter, all liposomal 
samples showed diameters below 200 nm, as follows: 
177.6 nm for Lip, 153 nm for Lip+MIONPs*CA, 108.7 
nm for Lip+BA, and 198.1 nm for Lip+MIONPs*CA+BA 
(Figure 4A).

The MIONPs used to obtain the magnetoliposomes, 
showed superparamagnetic behaviour with negligible 
coercivity and manifested a saturation magnetization of 
48.7 emu/g (Figure 4B). The magnetometry indicated 
that magnetoliposomes (Lip+MIONPs*CA, Lip 
+MIONPs*CA+BA) possess superparamagnetic properties 
of 0.094 and 0.089 emu/g, respectively. The MIONPs 
mass percentage from both magnetoliposomes (Lip 
+MIONPs*CA, Lip+MIONPs*CA+BA) was determined 
by applying equation (1) which indicated the following 
values: 0.193%m and 0.183%m, respectively. The satura
tion magnetization of BA-loaded magnetoliposomes (Lip 
+MIONPs*CA+BA) is lower than that of the BA-free 
magnetoliposomes (Lip+MIONPs*CA), probably due to 
the additional BA mass. The heating capacity of 
MIONPs was determined by the Intrinsic Loss Power 
(ILP) analysis, which revealed a value of 0.178±0.032 
nH*m2/kg. Thus, by using ILP of MIONPs and the mass 
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percentage of magnetic loading, the ILP of magnetolipo
somes can be estimated for the perspective of their use in 
magnetic hyperthermia experiments.

Thermal analysis of BA-loaded magnetoliposomes 
(Figure 4C) indicated an endothermic process at 45.9 °C, 
which is attributed to the transition of the phospholipid 
bilayer of the liposome from the gel to the liquid phase;37 

the process was accomplished without mass loss, as 
recorded on the TG curve.

Betulinic Acid and MIONPs*CA 
Encapsulation Within Liposomes
The total amount of free BA determined by LC-MS was 
973 µg; thus, after applying equations (3) and (4), the 
encapsulation efficiency and drug loading capacity of BA 
within liposomes were determined to be 80.54% and 7.1%, 
respectively. The encapsulation efficiency of MIONPs*CA 
within BA-loaded magnetoliposomes calculated with 
equation (2) indicated an encapsulation efficiency of 
MIONPs*CA of 79.16%.

Cell Viability Assessment by MTT Assay
The MTT data sets of both human adenocarcinoma cell 
lines (MDA-MB-231 and MCF7) and one non- 
tumorigenic breast epithelial cell line (MCF 10A) are 
presented in Figure 5. MDA-MB-231 control cells were 
more sensitive to hyperthermia treatment, displaying 
a viability rate of approximately 70%, whereas MCF7 
control cells expressed a higher viability percentage, 
around 85%. The most resistant cells to hyperthermia 
treatment were the MCF 10A cells, showing 90% via
bility. Lower MDA-MB-231 cell viability was recorded 
under hyperthermic conditions when the liposomal 
structures containing BA (Lip+BA and Lip+ 
MIONPs*CA+BA) were compared with the active com
pound alone. The most significant reduction of the 
MDA-MB-231 viability was noticed when Lip 
+MIONPs*CA+BA sample was applied under 
hyperthermic conditions. In this case, the cells expressed 
the viability of 47.31% (vs 56.89% viability displayed 
by the MDA-MB-231 cells treated with BA alone, under 
hyperthermia).

Figure 2 (A) Molecular structure and Micro-Raman spectra of betulinic acid (BA); (B) Micro-Raman spectra of magnetic iron oxide nanoparticles (MIONPs); (C) Micro- 
Raman spectra of BA-loaded magnetoliposomes.
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MCF7 cells responded quite different if compared to 
the MDA-MB-231 cells, the higher concentration (25 μM) 
induced cytotoxic effects rather independent of the thermal 
conditions applied. Thereby, it could be stated that the 
hyperthermic treatment significantly augmented MDA- 
MB-231 cell viability reduction after stimulation with 
Lip+MIONPs*CA+BA nanoformulations, while MCF7 
cells were more resistant to this treatment.

Nevertheless, the viability of MCF 10A cells did not 
fall below 80% when exposed to liposomal samples, 
regardless of the thermal conditions applied.

The MTT assay emphasized the selective cytotoxic role 
played by BA-loaded platforms in human breast cell lines, 
causing a significant cytotoxic effect on the highly aggres
sive MDA-MB-231 cells and low viability inhibition 
(20%) of the non-tumorigenic breast MCF 10A cells.

Figure 3 SEM-EDAX analysis of BA-loaded magnetoliposomes.

Table 1 Physico-Chemical Characteristics of BA-Loaded Magnetoliposomes and Controls

Sample DLS ζ-Potential Msat 
[emu/g]

%m MIONPs 
[%]

Z-Average 
[nm]

PDI ζ-Pot 
[mV]

ζ-Pot StdDev 
[mV]

Lip 177.6 0.182 −21.6 −2.1 - -

Lip+MIONPs*CA 153.0 0.218 −29.4 −2.8 0.094 0.193
Lip+BA 108.7 0.238 −28.0 −2.7 - -

Lip+MIONPs*CA+BA 198.1 0.416 −19.7 −1.9 0.089 0.183
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Cytotoxic Potential Assessment by the 
Means of Lactate Dehydrogenase (LDH) 
Release
The reduction in the cell viability observed through MTT 
test was further assessed by the means of LDH cytotoxi
city assay; results are displayed in Figure 6.

Taking into account that this particular method present 
limitations in detecting low percentages of LDH, especially 
for short incubation periods (24 h) or processes affecting the 
intracellular activity of the cells,58,59 this assay was performed 
only for the highest concentration, 25 μM, where the MTT test 
revealed a more significant cell viability decrease.

As shown in Figure 6, a moderate increase in the 
cytotoxic effect was induced by BA-free liposomal struc
tures under hyperthermic conditions, compared to the 
results obtained under normothermic conditions, especially 
for the MDA-MB-231 cells. The cytotoxic rates displayed 
by MCF7 cells stimulated with test samples presented 

slight differences between normothermic and hyperther
mic conditions, with the highest cytotoxic rate (7.50%) 
recorded after Lip+MIONPs*CA+BA treatment, under 
normothermic conditions. However, it could be observed 
that BA-loaded platforms induced a less cytotoxic effect 
and BA itself did not induce LDH released, which can be 
explained by the mechanism of action of BA.

MCF 10A cells showed no significant increase in the 
cytotoxic rate after treatment with liposomal samples under 
hyperthermic conditions. Nevertheless, MCF-10A cells trea
ted with BA manifested the same effect as the tumorigenic 
cell lines exposed to BA, displaying no LDH released.

Cell Migration Assessment – a Wound 
Healing Technique
Cell migration assessment was conducted by means of the 
wound healing technique (Figure 7). It could be noticed 
that under normothermic conditions the MDA-MB-231 

Figure 4 Graphical representation of: (A) intensity distribution of particles size of the liposomal samples; (B) magnetization curves of magnetoliposomes and control 
(MIONPs); (C) TG/DSC curves of BA-loaded magnetoliposome.
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control cells had normal, elongated shape and were adher
ent to the culture plate; BA-free nanoplatforms displayed 
no antiproliferative effect on the MDA-MB-231 cells 
migration rate under normothermic conditions, while Lip 
+MIONPs*CA+BA induced a slight inhibition. However, 
Lip+BA and Lip+MIONPs*CA+BA induced a decrease in 
confluency, which drastically suppressed the migratory 

potential of the invasive MDA-MB-231 cells, especially 
under hyperthermic conditions. MCF7 cell confluence 
decreased in the presence of liposomal structures contain
ing BA (Lip+BA and Lip+MIONPs*CA+BA), under 
hyperthermic conditions. Comparing these results with 
the ones obtained for the MCF7 cells exposed to BA 
alone, it could be observed that Lip+BA and Lip 

Figure 5 Viability percentages of breast adenocarcinoma (MDA-MB-231, MCF7) cells and breast epithelial (MCF 10A) cells after exposure to liposomal structures at 
concentrations of 5 and 25 µM. The MTT assessment was performed 24h post-stimulation, under normothermic (37 °C) and hyperthermic (43 °C) conditions. The cell 
viability percentage was normalized to control cells (no stimulation, under normothermic conditions). One-way ANOVA analysis was applied to determine the statistical 
differences followed by Tukey’s multiple comparisons test vs hyperthermia control (*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001). The data represent the mean values 
± SD of three independent experiments (n=3).
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+MIONPs*CA+BA induced a higher scratch closure per
centage: 63.5% and 55.4%, respectively, versus 50.25% 
for BA alone, under hyperthermal treatment. The wound 
closure rate expressed by MCF 10A control cells (~40%) 
indicates that this cell line develops a lower migratory 
capacity, as compared to the adenocarcinoma cell lines 
(MDA-MB-231, MCF7), after 24 h. This may be 

explained by the low proliferative character of MCF 10A 
cells; thereby the effect may not be related to the test 
compounds treatment. However, all liposomal structures 
inhibited the migratory capacity of MCF-10A cells in 
a smaller proportion than the BA treatment; for BA- 
loaded magnetoliposomes (Lip+MIONPs*CA+BA) the 
wound closure rate was 49.59%, under normothermic 

Figure 6 Cytotoxicity percentages of breast adenocarcinoma (MDA-MB-231, MCF7) cells and breast epithelial (MCF 10A) cells after exposure to liposomal structures at 
concentration of 25 µM. The LDH assessment was performed 24 h post-stimulation under normothermic (37 °C) and hyperthermic (43 °C) conditions. One-way ANOVA 
analysis was applied to determine the statistical differences followed by Tukey’s multiple comparisons test vs hyperthermia control (*p < 0.05; **p < 0.01; ***p < 0.001, ****p 
< 0.0001). The data represent the mean values ± SD of three independent experiments (n=3).
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conditions and 48.9%, under hyperthermal treatment. 
Moreover, it could be observed that the hyperthermal 
treatment did not significantly affect the migratory capa
city of MCF 10A cells when compared to control cells.

Nuclear and Microtubule Organization 
Determined by Immunofluorescence 
Assay
To obtain an insight into the mechanism of action exerted 
by BA-loaded magnetoliposomes (Lip+MIONPs*CA 

+BA) against breast adenocarcinoma (MDA-MB-231, 
MCF7) cells, under hyperthermic conditions, the cell mor
phology was further analyzed by immunofluorescence 
staining.

As presented in Figures 8 and 9, immunostaining of 
the cytoskeleton indicated that treatment with test com
pounds (25 µM) under hyperthermic conditions induced: 
i) chromatin condensation associated with nuclear dis
ruption of MDA-MB-231 cells, massive nuclear growth 
of MCF7 cells after treatment with Lip+MIONPs*CA 
and also fragmentation of the centrosomes of both breast 

Figure 7 Representative images of the migratory capacity of the breast adenocarcinoma (MDA-MB-231, MCF7) cells and breast epithelial (MCF 10A) cells after treatment 
with test compounds at concentration of 25 µM. The results were expressed as percentage of wound closure after 24 h (normothermia/hyperthermia) compared to the 
initial surface; NT – normothermia (37 °C), HT – hyperthermia (43 °C). The cells were visualized by light microscopy, at magnification 20x. Scale bars represent 50 µm. 
One-way ANOVA analysis was applied to determine the statistical differences followed by Tukey’s multiple comparisons test vs hyperthermia control (*p < 0.05; **p < 0.01; 
***p < 0.001, ****p < 0.0001). The data represent the mean values ± SD of three independent experiments (n=3).
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adenocarcinoma cell lines; ii) chromatin condensation in 
both cell lines, along with disruption of the MT assem
bly in MDA-MB-231 cells and extensive depolymeriza
tion in MCF7 cells after exposure to Lip+BA; iii) 

chromatin condensation in both cell lines, associated 
with nuclear membrane blebbing of MDA-MB-231 
cells after treatment with Lip+MIONPs*CA+BA and in 
the case of MCF7 cells, microtubule bundles were 

Figure 8 MDA-MB-231 cells visualized by fluorescence microscopy, after 24 h treatment with test compounds at concentration of 25 µM, under hyperthermal conditions. 
Nuclear and microtubules staining were expressed separately (DAPI and α-tubulin, respectively) and also combined (overlay). Yellow arrows marked the typical 
morphological changes for apoptosis induction: chromatin condensation, boundary alterations, and nuclear fragmentation, while enucleation process is highlighted by the 
yellow circle. The abnormal filamentous organization of microtubule (MT) network was indicated by the red arrows. Three independent experiments were performed for 
each sample (n=3).
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noticed; iv) chromatin condensation and alterations of 
MDA-MB-231 cell nuclei morphology after stimulation 
with BA; v) MIONPs accumulation within the cells with 
alterations of the cytoskeleton only when high MIONPs 
uptake occurred. Depending on the type of the tumor 

cell line, MIONPs was accumulated in different concen
trations (Figures 8 and 9).

Some changes are also observed in the hyperthermia 
control cells, which are most likely induced by the 
hyperthermic treatment applied. The quantification of 

Figure 9 MCF7 cells visualized by fluorescence microscopy, after 24 h treatment with test compounds at concentration of 25 µM under hyperthermal conditions. Nuclear 
and microtubules staining were expressed separately (DAPI and α-tubulin, respectively) and also combined (overlay). Yellow arrows marked the typical morphological 
changes for apoptosis induction: chromatin condensation, boundary alterations, and nuclear fragmentation, while enucleation process is highlighted by the yellow circle. The 
abnormal filamentous organization of microtubule (MT) network was indicated by the red arrows. Three independent experiments were performed for each sample (n=3).
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abnormal changes index of each sample compared to con
trol hyperthermia can be consulted in Figure S2.

In ovo Angiogenesis Assessment
In the present study, the CAM assay was performed in 
order to evaluate the potential anti-angiogenic effect of the 
liposomal samples under normothermic and hyperthermic 
conditions. The results obtained for liposomal samples 
without BA (Lip, Lip+MIONPs*CA) are presented in 
Figure 10, whereas the activity expressed by liposomal 
samples containing BA (Lip+BA and Lip+MIONPs*CA 
+BA) is depicted in Figure 11.

BA-free liposomal samples (Lip, Lip+MIONPs*CA) 
both under normothermic and hyperthermic conditions 
were well tolerated, and the treated specimens registered 
good viability. When analyzing the modification induced 
48 h, 72 h and 96 h after the inoculation of the samples, 
some differences were noted concerning both the BA- 
free liposomal samples and the conditions that preceded 
the application. Liposomes alone did not induce major 
changes in the aspect of the vascular developing plexus, 
as fine vessels with moderate branching patterns were 
observed especially for the hyperthermia exposed sam
ple. The other blank liposomal sample, containing Lip 

Figure 10 Stereomicroscopic in ovo images of the vascularized areas treated with blank liposomal samples (Lip and Lip+MIONPs*CA) at concentration of 25 µM, under 
normothermic – NT (37 °C) and hyperthermic pre-treatment – HT (46 °C). Three independent experiments were performed for each sample (n=3).
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+MIONPs*CA, did not affect the angiogenic process 
under normal conditions, while under hyperthermia pre
treatment, the vessel architecture seemed slightly 
affected, showing a lower number of small intercon
nected capillaries.

While analyzing the effects induced on the CAM 
angiogenesis by BA-loaded liposomes, Lip+BA and Lip 
+MIONPs*CA+BA, we noted that under normothermic 

conditions, the viability was comparable to the blank spe
cimens and no important inhibitory effects upon the angio
genesis process were registered 48 h after inoculation 
(Figure 11). Still, the density of new forming capillaries 
was slightly lower for the Lip+BA treated specimens, 
compared to Lip+MIONPs*CA+BA. Regarding the 
hyperthermia pretreated samples containing BA, we 
noted a lower viability of the specimens, up to 48 h, 

Figure 11 Stereomicroscopic in vivo images of the vascularized areas treated with liposomal samples containing BA (Lip+BA and Lip+MIONPs*CA+BA) at concentration of 
25 µM, under normothermic - NT (37 °C) and hyperthermic pre-treatment - HT (46 °C). The specimens with hyperthermic pre-treatment died after 48h, so they were not 
determined (nd) further. Three independent experiments were performed for each sample (n=3).
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suggesting that higher incubation periods (72 h and 96 h) 
may lead to angiogenesis impairment and consequently to 
the death of the specimens.

The most representative results in terms of angiogen
esis inhibition were quantified and are presented in 
Figure S3.

Discussion
The present study describes the development of 
a multifunctional vesicular nano-system, using BA and 
magnetic iron oxide nanoparticles (MIONPs) as therapeu
tic agents. A liposomal nanoplatform was selected as the 
most adequate carrier for both BA and MNPs due to its 
more difficult identification by macrophages compared to 
stiff particles.60 The cytotoxic effect induced by BA on the 
tumor microenvironment was investigated under 
hyperthermic conditions, considering previous reports of 
Wachsberger et al61 who concluded that hyperthermia 
facilitated an augmented therapeutic effect. MIONPs*CA 
colloidal suspension has already been tested and mani
fested promising results under hyperthermic conditions 
against the highly aggressive breast cancer MDA-MB 
-231 cells.62

Synthesis of liposomal structures was accomplished by 
the thin film hydration method, which is considered to be 
the most effective method for entrapping hydrophobic 
compounds.30 Sonication and extrusion through mem
branes with a certain porosity size are some of the well- 
established methods to obtain nanosized liposomes with 
a uniform size distribution.63 Accordingly, following 
membrane extrusion, unilamellar vesicles with a uniform 
distribution size range (<200 nm) were obtained, which 
were subsequently confirmed by DLS analysis (Table 1).

Nevertheless, several aspects have been considered to 
achieve stable thermosensitive liposomes. Firstly, selecting 
the optimal HSPC:Chol ratio has played a major role; 
literature shows that soybean phosphatidylcholine pro
vides a good entrapment rate of the chemotherapeutic 
agent and may even influence the membrane of certain 
tumor cells.64,65 Moreover, the licensing of LipoplatinTM, 
phosphatidylcholine:cholesterol-based formulation64 and 
the successful development of two BA-loaded liposomal 
platforms using the same lipid combination 
(phosphatidylcholine:cholesterol)37,66 have strongly sup
ported the lipid structure selection for this study. The 
addition of cholesterol to the phospholipid bilayer grants 
the liposomal structure the optimal stiffness to avoid the 
drain of hydrophilic molecules.30,67 However, the ratio 

must be carefully selected based on the fact that any 
excess could lead to a competition with the lipophilic 
drug, BA in our case, for the free encapsulation space 
within the phospholipid bilayer.65 Secondly, entrapping 
a stable MIONPs colloidal suspension within the inner 
aqueous core of the liposomes was mandatory in order to 
avoid interactions with the phospholipid bilayer.28 Thirdly, 
the functionalization of the liposome surface with PEG- 
2000 led to the so-called “stealth liposomes”, which are 
known to reduce the clearance rate and to improve liposo
mal steric stability.67,68 The addition of PEG-2000 on 
liposomes surfaces may increase their encapsulation effi
ciency rate and delay the oxidation process, which in turn 
enhances their physical stability and avoids drug leakage 
during long time storage.

The stability of nano-formulations for use in the bio
medical field is one of the most significant parameters, in 
particular for liposomes; extremely negative or positive 
values of zeta potential are associated with a strong repul
sion between particles thereby avoiding agglomeration and 
increase of nanoparticle diameter. In general, particles 
with a zeta potential more positive or more negative than 
20 mV are considered to be stable.51 The ζ-potential of all 
liposomal structures (Lip, Lip+MIONPs*CA, Lip+BA, 
Lip+MIONPs*CA+BA) indicated appropriate stability; in 
addition, all liposomal samples displayed a mean diameter 
below 200 nm (Table 1), enabling their tumor accumula
tion through the EPR effect.66

Another important parameter for biomedical applica
tions is the superparamagnetic behavior of MNPs which 
enables their magnetization depending on the presence of 
an external magnetic field.10,16 In this regard, the satura
tion magnetization of both types of magnetoliposomes 
(Lip+MIONPs*CA, Lip+MIONPs*CA+BA) was evalu
ated. However, a decrease of the magnetization potential 
was observed in the case of magnetoliposomes if com
pared to the MIONPs. This fact can be correlated to the 
lack of magnetic properties exhibited by the CA and the 
double phospholipid layers that cover the iron oxide 
core.26 Besides the superparamagnetic feature, the heat 
transfer described by the ILP analysis of MIONPs indi
cates the possibility of their use in magnetic heat genera
tion. Nevertheless, to exhibit a cytotoxic effect, MNPs 
must be embedded by the tumor cells and in the presence 
of an AMF, hyperthermal conditions could be achieved 
due to Néel or/and Brownian relaxation.69,70

Regarding the hyperthermic treatment (43 °C) used for 
the in vitro experiments, a difference of 3 °C can be 
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noticed between the thermal set-up employed for in vitro 
experiments and the phase transition of BA-loaded mag
netoliposomes. The temperature selection was based on 
previous literature reports on the strong correlation 
between the heating efficacy of tumors through magnetic 
hyperthermia and the distribution of the magnetic material 
within the tumor;71 thus, even if at the injection site the 
temperature of the tumor would reach 46 °C and could, in 
our case, ensure the transition temperature of the lipo
somes, the average temperature of the tumor cells will be 
several degrees below, considered in the present study to 
be around 43 °C. Therefore, the current in vitro experi
ments simulates the corresponding conditions that could 
occur in vivo. Still, in order to obtain the mandatory 
thermal parameters, the 43 °C cumulative equivalents 
minutes (CEM43) protocol was employed,41 by maintain
ing the cells for 90 min at 43 °C, a temperature treatment 
that corresponds to 30 min at 46 °C.9

However, for the in ovo assessments all liposomal 
samples were previously maintained at 46 °C, to ensure 
the liposomal membrane destruction and the release of 
BA, because in ovo specimens cannot be subjected to 
hyperthermia due to embryos death.

The clinical application of magnetically induced 
hyperthermia is considered to be achieved by intratumoral 
injection of magnetic nanoparticles able to induce heat 
when an external magnetic field is applied. To induce the 
appropriate cytotoxic thermal conditions, the concentration 
of magnetic material administrated at the tumor site 
depends on the size of the targeted carcinoma.17

Regarding the cytotoxicity of the magnetoliposomes 
and controls, different responses of the MDA-MB-231 
and MCF7 cell lines were recorded, depending on the 
thermal parameters employed (normothermia vs 
hyperthermia).

These different responses may be correlated with two 
aspects: i) the distinctive morphological phenotype of the 
two breast adenocarcinoma cell lines which respond dif
ferently to the same treatment, and ii) the distinct iron 
accumulation ability expressed by the selected cell lines. 
Our group already reported that MIONPs are cytotoxic 
against tumor melanoma cells, generating different 
responses depending on the cell origin, phenotype and 
metastatic potential.72–74 The stronger BA cytotoxic effect 
on MDA-MB-231 cells versus MCF7 cells could explain 
the difference in cell viability percentages induced by the 
BA-loaded nanoplatforms when applied on the two breast 
adenocarcinoma cell lines. In terms of hyperthermia 

effects, it could be noticed a decrease in the MDA-MB 
-231 cell population when treated with BA-loaded nano
formulations, compared to the same treatment groups 
under normothermic conditions. This result may be 
explained by the thermosensitive feature of liposomes, 
which release BA only after reaching the transition tem
perature of the phospholipid bilayer, whereas under nor
mothermic conditions BA is still entrapped within the 
liposomes and cannot exert its anti-tumor effect. Thus, 
the stronger cytotoxic effect induced by the BA-loaded 
magnetoliposomes under hyperthermic conditions, com
pared with the effect induced by BA-free liposomes 
under the same thermal conditions can be attributed to 
the BA content; however, a limited release of BA from 
liposomes may occur due to the extremely hydrophobic 
nature of BA, which exhibits a much higher affinity for the 
lipophilic part of the liposomes than for the hydrophilic 
biological environment. This drawback should be over
come by the in vivo administration of the nano-platforms 
that, once subjected to enzymatic metabolism, will pre
sumably lead to an enhanced BA release. A similar phe
nomenon was previously reported by our group when BA 
and its analog – betulin – were incorporated within 
gamma-cyclodextrin derivatives decorated with long 
hydrophobic chains which provided excellent encapsula
tion efficacy.75,76 While the in vitro experiments displayed 
poor cytotoxic effects due to the high stability of the 
cyclodextrin-drug complex and its inability to release the 
active drug, the in vivo testing on animal models revealed 
a strong antitumor activity.

Nevertheless, the viability rates of MDA-MB-231 cells 
exposed to BA-loaded liposomal nano-platforms, under 
hyperthermic conditions, were reduced when compared 
to hyperthermia control cells. This supports the conclusion 
that hyperthermia treatment alone was not the only factor 
responsible for the cytotoxic effect, but instead, there is 
a combined, enhanced cytotoxic effect induced by 
hyperthermia and BA together. However, for MCF7 
cells, hyperthermia did not play an important role in 
decreasing cell viability, and moreover, BA itself mani
fested a less intense cytotoxic activity compared to the 
effect exerted on MDA-MB-231 cells.

When comparing our results with Doxorubicin (Dox), 
a broad-spectrum anti-tumor agent that is generally con
sidered the most effective single compound for the treat
ment of breast cancer,7 it was noticed that the 
concentration of Dox required to induce significant cell 
death of breast adenocarcinoma cells is lower than the 
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concentration of our newly developed nanoplatforms. 
According to Pilco-Ferreto et al,77 the concentration of 8 
µM Dox induced a 50% reduction of MDA-MB-231 cell 
viability after 24-h post-exposure. However, the viability 
of non-tumorigenic immortalized breast epithelial MCF 
10F cells decreased by 30% after treatment with 
a concentration of 2 µM Dox, revealing high cytotoxicity 
on normal cells, thus highlighting the side effects. 
Therefore, even if in the case of our newly developed 
formulation a higher molecular concentration of the active 
substance (25 µM - BA) is needed to induce a similar anti- 
tumor effect, this concentration affects a much smaller 
proportion of healthy cells, being one of the main advan
tages of these nanoformulations.

As previously reported, the mechanism of action for 
BA consists of affecting the cell mitochondrial activity,23 

which is an intracellular process that cannot be well quan
tified through the LDH method.59 Moreover, Zheng et al 
showed in a recent study that BA acts as an inhibitor on 
aerobic glycolysis, especially on highly aggressive breast 
cancer cells, and correlated this result to a low lactate 
production.78 This report may explain the absence of 
LDH release and the negative cytotoxic effect noticed for 
BA-treated cells (Figure 6); also, it may justify the differ
ent results obtained through MTT vs LDH assays, for BA- 
loaded platforms.

As the migratory potential of tumor cell lines is known 
to play a key role in tumor proliferation, the evaluation of 
BA-loaded magnetoliposomes and controls as anti- 
migratory agents was employed in this study, by applying 
a wound healing technique. The results obtained through 
this assessment corroborated the MTT data, revealing that 
BA-loaded nano-platforms applied under normothermic 
conditions did not induce a significant inhibitory activity 
on the migratory potential of the MDA-MB-231 and 
MCF7 cells; whereas, under hyperthermic conditions, the 
proliferative activity of the breast adenocarcinoma cell 
lines was strongly inhibited, especially for the highly 
invasive MDA-MB-231 cells. The non-tumorigenic breast 
epithelial MCF 10A cells exposed to BA-loaded platforms 
and control samples presented almost the same migratory 
and proliferative activity as the control cells; however, 
a slight inhibitory effect was induced by BA alone under 
hyperthermic treatment.

Another factor that influenced the cytotoxic activity of 
the magnetoliposomes was the accumulation rate of 
MIONPs; MCF7 cells expressed a lower uptake rate, 
compared to MDA-MB-231 cells. In the present study, 

MIONPs accumulation within both breast adenocarcinoma 
cell lines was emphasized by immunofluorescence, fol
lowed by measurements of iron agglomerates within the 
cells (Figures 8 and 9). Results revealed that the iron 
bundles were much higher (6.88 µm in diameter) within 
MDA-MB-231 viable cells, whereas iron clusters detected 
within MCF7 viable cells displayed a diameter of only 
3.16 µm (when iron assembled in groups with a diameter 
around 6 µm, MCF7 cells shrink and become round, 
showing specific signs of apoptosis). Based on these 
results, it could be concluded that the iron accumulation 
rate is reduced to half in MCF7 cells, compared to MDA- 
MB-231 cells. Our results are in agreement with other 
recent studies.39,79 The difference in iron accumulation 
rate between the two breast adenocarcinoma cell lines 
could be explained by a more intensive metabolic activity 
of MDA-MB-231 cells, compared to MCF7 cells, which 
may have stimulated the membrane receptors expression, 
leading to a higher iron internalization.79 Besides the cell 
phenotype and the modification of the expression of cell 
membrane receptors under Fe treatment, the endocytosis 
pathway may also be influenced by the physico-chemical 
properties (size, shape, surface charge) of internalized Fe 
NPs.39,79,80 In order to obtain more information about the 
mechanism of action of magnetoliposomes and controls, 
the cytoskeleton changes of both breast adenocarcinoma 
lines (MDA-MB-231 and MCF7) were ascertained, under 
hyperthermal conditions.

The microtubule (MT) assembly plays a key role in 
cytoskeleton dynamics, orchestrating important cellular 
processes such as organization and distribution of mitotic 
spindle and organelles (Golgi complex, endoplasmic reti
culum), cell shape maintenance and intracellular transpor
tation via MT-motor proteins (kinesins), proteins which 
also regulate the MT dynamics.81–83 Modifications of the 
MTs network may alter cell division by inducing cell cycle 
arrest and causing cell death, which promotes MTs as an 
effective target in cancer chemotherapy. Tubulin assembly 
modulator compounds are divided into two major groups: 
i) MT-stabilizing agents (ie, Paclitaxel), which stimulate 
tubulin polymerization and block MT dynamics, leading to 
MT bundles in interphase cells and increased MTs density; 
and ii) MT-destabilizing agents (ie, colchicine and vinca 
alkaloids), which strongly inhibit MTs assembly and 
induce cell cycle arrest in mitosis phase by triggering 
tubulin depolymerization.82,84–86 The present results indi
cate that adenocarcinoma cell lines (MDA-MB-231, 
MCF7) stimulated with the magnetoliposamal samples 
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and controls experienced nuclear and MT network altera
tions, under hyperthermic conditions. Both cell lines trea
ted with Lip+MIONPs*CA presented extensive cell 
nuclear enlargement, a specific sign of enucleation. The 
enucleation process occurs when cellular nuclei increase 
their size until the nuclear extrusion process emerged87 

and the cytoplasmic compartment became more 
compact.88 This phenomenon was previously identified 
on SK-BR-3 and MCF7 cells by Paunescu et al89 follow
ing stimulation with MIONPs obtained by the combustion 
method.

Lip+BA caused disruption of the MT assembly in 
MDA-MB-231 cells and depolymerization in MCF7 cells 
by acting like an MT-destabilizing compound on MCF7 
cells, whereas Lip+MIONPs*CA+BA produced blebbing 
and shape alterations of MDA-MB-231 cell nuclei mem
brane, along with tubulin polymerization of MCF7 cells, 
thereby creating MT bundles, which hampered MT 
dynamics.

Regarding the angiogenesis process, the hyperthermia 
pretreated samples containing BA induced lower viability 
of the specimens (48 h) compared to BA-loaded nanoplat
form under normothermic conditions (more than 96 h). 
Higher incubation periods (72 h and 96 h) with hyperther
mia pretreated BA-loaded samples could be correlated 
with angiogenesis impairment causing embryos death 
(Figure 11). Our previously reported effects of BA alone 
or contained in nano-emulsions indicated an indirect 
mechanism of action, altering the maturation period of 
the newly forming vessels.90 The impact upon vessel 
development during a peak in the angiogenic process at 
this stage of incubation91 might be stronger, with higher 
inhibitory effects, due to enhanced bioavailability of BA, 
and possibly in conjunction with the entire liposomal for
mulation, based on the so-called EPR effect.92 An impor
tant inverse correlation between angiogenesis and survival 
rate in the case of invasive breast cancer describes the 
disease as an angiogenesis-dependent malignancy.93 

Thus, angiogenesis inhibitors with an optimal bioavailabil
ity and safety profile are highly needed. Bioactive natural 
compounds such as BA represent a valuable path of inves
tigation for advances in the control of metastatic breast 
cancer.

One of the most important features of any anti-cancer 
agent is represented by its high selective toxicological 
profile, manifesting high toxicity on tumor cells and low 
toxicity on healthy cells. In this regard, the selective cyto
toxic effect expressed by BA-loaded magnetoliposomes on 

human breast cell lines must be pointed out for the per
spective of their development as tools in a novel therapeu
tic approach to invasive breast cancer.

Liu et al developed two types of liposomes containing 
BA: PEGylated BA liposomes, which improved BA 
bioavailability,66 and gold nano-shell-based betulinic acid 
liposomes, considered suitable structures for both chemo 
and photothermal therapy.37 Nevertheless, BA-loaded 
magnetoliposomes were developed and reported for the 
first time by our group.94,95

The present study provides preliminary data on 
MIONPs’ behavior, under hyperthermic conditions. 
However, improving superparamagnetic characteristics 
and heat dissipation capacity of magnetoliposomes are 
some of the challenges raised by this study, to which our 
group will address in the upcoming studies, together with 
an advanced biological screening using three-dimensional 
(3D) human breast carcinoma spheroids under hyperther
mic conditions, which will grant us the opportunity to 
generate a heat map of the 3D spheroids, that could be 
further used as preliminary data for in vivo experiments 
performed under magnetically induced hyperthermia.

Conclusion
The present study reported the synthesis process and phy
sico-chemical characterization of the multifunctional BA- 
loaded magnetoliposomes, along with a complex in vitro 
and in ovo biological profile. The synthesized BA-loaded 
magnetoliposomes present a diameter suitable for biologi
cal purposes of around 198 nm, superparamagnetic beha
viour, magnetically induced heat capacity and 
biocompatible phase transition temperature of the lipid 
bilayer; thus, all the mandatory features that make these 
structures ideal candidates for both hyperthermia-inducing 
and remote control drug release are met.   Under 
hyperthermal treatment, BA-loaded magnetoliposomes 
manifested enhanced anti-tumor activity compared to BA 
and BA-loaded liposomes under normothermic or 
hyperthermic conditions and MIONPs-loaded liposomes 
at a concentration of 25 µM induced impairment of 
human breast adenocarcinoma cells, correlated to the enu
cleation process in MCF7 cells and DNA fragmentation in 
MDA-MB-231 cells. Moreover, the entrapped-MIONPs 
played an essential role in the anti-cancer activity of the 
BA-loaded magnetoliposomes, leading to an enhanced 
cytotoxic effect, compared to MIONPs-free liposomes 
containing BA. Collectively, these findings could be 
important features for the development of a new and 
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innovative breast cancer therapeutic approach, by merging 
the anti-tumor activity of BA with hyperthermal treatment. 
Therefore, future directions regarding advanced screening 
of the multifunctional nanoplatforms are considered.
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