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Abstract: Late diagnosis and systemic toxicity associated with conventional treatments make on-
cological therapy significantly difficult. In this context, nanomedicine emerges as a new approach
in the prevention, diagnosis and treatment of cancer. In this work, pH-sensitive solid magnetoli-
posomes (SMLs) were developed for controlled release of the chemotherapeutic drug doxorubicin
(DOX). Shape anisotropic magnetic nanoparticles of magnesium ferrite with partial substitution by
calcium (Mg0.75Ca0.25Fe2O4) were synthesized, with and without calcination, and their structural,
morphological and magnetic properties were investigated. Their superparamagnetic properties
were evaluated and heating capabilities proven, either by exposure to an alternating magnetic field
(AMF) (magnetic hyperthermia) or by irradiation with near-infrared (NIR) light (photothermia).
The Mg0.75Ca0.25Fe2O4 calcined nanoparticles were selected to integrate the SMLs, surrounded by
a lipid bilayer of DOPE:Ch:CHEMS (45:45:10). DOX was encapsulated in the nanosystems with
an efficiency above 98%. DOX release assays showed a much more efficient release of the drug at
pH = 5 compared to the release kinetics at physiological pH. By subjecting tumor cells to DOX-loaded
SMLs, cell viability was significantly reduced, confirming that they can release the encapsulated
drug. These results point to the development of efficient pH-sensitive nanocarriers, suitable for a
synergistic action in cancer therapy with magnetic targeting, stimulus-controlled drug delivery and
dual hyperthermia (magnetic and plasmonic) therapy.

Keywords: combined cancer therapy; drug release; pH-sensitive magnetoliposomes; shape anisotropic
nanoparticles; superparamagnetism

1. Introduction

The rapid and uncontrolled proliferation of tumor cells to adjacent tissues and organs,
as well as the lack of targeted therapies with reduced systemic toxicity, make cancer one of
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the diseases with the highest mortality rate [1]. Several limitations associated with conven-
tional treatments, specifically in the pharmacokinetic profile of the drug (e.g., reduced speci-
ficity, systemic toxicity and early metabolization and elimination) [2], point to an urgent
need to develop new therapeutic approaches that allow the safe use of anticancer drugs.

In recent years, many studies have been focused on the development of magnetolipo-
somes to overcome the limitations of conventional liposomes [3–5]. These drug delivery
systems, which consist of liposomes based on magnetic nanoparticles (MNPs), improve
the therapeutic efficacy by the synergy between magnetic targeting and simultaneous
hyperthermia and controlled drug delivery. In the presence of an external magnetic field
gradient, the nanoparticles are responsible for guiding the nanosystem to the tumor site,
where the content will be released on demand by using an alternating magnetic field (AMF)
and/or a NIR laser light source. Moreover, this type of nanoparticle is able to produce a
dual hyperthermia effect (magnetic and/or photothermal) [6–9].

Nanoparticles with superparamagnetic behavior, i.e., without coercivity, hysteresis or
remanence, are ideal for biomedical applications. By adjusting their elemental composition
and shape anisotropy, the magnetic properties of the MNPs can be optimized. Magnetite
(Fe3O4) and maghemite (γ-Fe2O3) have been the most explored compositions for cancer
therapy applications [10–14]. Recently, a high interest in the study of ferrites composed of
alkaline earth metals has emerged. In particular, calcium and magnesium ferrites show
high cell viability, as these elements are easily metabolized. Therefore, greater biocompati-
bility and biodegradability are guaranteed, as reported by several research groups [15–19].
Magnesium ferrite MNPs have been shown to have improved magnetic properties, acting
as efficient hyperthermia agents [20]. Hirazawa et al. [21] reported that the partial replace-
ment of Mg2+ ions by Ca2+ in magnesium ferrite nanoparticles (Mg1-xCaxFe2O4) favors
biocompatibility, magnetization and thermal energy dissipation under an external magnetic
field. The heating efficiency of nanoparticles with shape anisotropy, i.e., non-spherical, has
shown clear advantages [22–25]. For instance, the easier magnetization along their longest
axis gives them a longer blood circulation time and better magnetic and hyperthermia
properties [26]. Unlike isotropic MNPs, their magnetic behavior results from the interaction
between shape anisotropy and magnetocrystalline anisotropy [27,28].

Liposomes are advantageous nanosystems for drug delivery applications. As the
non-covalent forces associated with their self-organization are reversible, this allows a
dynamic transition between several morphologies in response to different stimuli [29].
At the tumor level, there are specific stimuli, which can be strategically used as triggers
for controlled drug delivery [30]. For instance, variations in the pH value can stimulate
the release of encapsulated therapeutic agents into the cytoplasmic space of abnormal
cells through the endocytic pathway, by lysosomes and endosomes, using pH-sensitive
liposomes [31]. As the bloodstream and healthy tissues have a neutral pH (approximately
pH = 7.4), upon reaching the tumor microenvironment, which is more acidic (pH around 5),
these types of formulations undergo a membrane destabilization, which helps the fusion
of liposomes and drug release at acidic pH. At the endosomal level, these liposomes lose
their initial stability due to their increased fusogenic potential, which prevents lysosomal
degradation by enzymatic action, releasing the therapeutic compound into the cytosol [30].

Typically, pH-sensitive liposomes are composed of phospholipids of phosphatidylethanolamine
(PE) and derivatives containing carboxylic groups that promote the stabilization of lipo-
somes at neutral pH [32]. These types of natural and unsaturated phospholipids have
fusogenic properties, as they have a good ability to adhere to cell membranes. This ad-
hesion is ensured by the weak hydration of the small polar heads [32]. Several studies
refer to the use of dioleoylphosphatidylethanolamine (DOPE) for the formation of pH-
sensitive lipid vesicles. This phospholipid has an inverted conical shape and packing
parameter above 1, naturally forming inverted structures [33–35]. The phospholipid di-
palmitoylphosphatidylethanolamine (DPPE) has a conical geometry similar to DOPE;
however, it is saturated, presenting a more rigid structure [36]. Liposomes containing only
DOPE or DPPE have a reduced stability. To overcome this problem, it is usual to add an
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amphiphilic molecule, which stabilizes the lipid bilayer, e.g., cholesterol and derivatives
such as cholesteryl hemisuccinate (CHEMS) [37]. In liposomes containing phospholipids
with the PE group and CHEMS, the factor that dictates the behavior and conformation of
the vesicle is the ionization state of CHEMS. At neutral pH, CHEMS is ionized (negatively
charged), so the liposome presents a linear conformation as a result of electrostatic repul-
sions between the phosphate groups of DOPE/DPPE and the carboxylic group of CHEMS.
At acidic pH, the CHEMS carboxylic group is protonated, which causes a change in the
conformation of DOPE/DPPE, resulting in an inverted hexagonal phase and, consequently,
the destabilization of vesicle membranes and the release of antineoplastic agents [30]. As it
acts to reduce the transition temperature between the lamellar and hexagonal phases and
decreases the permeability of biomembranes, preventing the early release of encapsulated
drugs, cholesterol (Ch) was also included in the final lipid composition [30,37].

The present work focuses on the development of pH-sensitive nanosystems with
improved magnetic properties derived from anisotropic-shaped MNPs. The structural,
magnetic and hyperthermia characterization confirmed the synthesis of anisotropic mixed
ferrite nanoparticles (Mg0.75Ca0.25Fe2O4) with high magnetization and thermal energy
dissipation (under AMF or NIR irradiation). These were effectively surrounded by a pH-
sensitive lipid bilayer of DOPE:Ch:CHEMS (45:45:10), forming solid magnetoliposomes.
Overall, promising results were obtained for a controlled delivery of DOX under pH trigger,
which was corroborated by cell viability assays performed on the HepG2 adherent human
liver hepatocellular carcinoma cell line. To our knowledge, the combination of shape
anisotropy magnesium/calcium ferrite nanoparticles and pH-sensitive liposomes of this
nanosystem was not previously reported, showing promising results for application in
combined therapies.

2. Materials and Methods

All the solutions and synthesis procedures were prepared using ultrapure water of
Milli-Q grade (MilliporeSigma, St. Louis, MO, USA) and spectroscopic grade solvents.

2.1. Preparation of Anisotropic Nanoparticles of Mg0.75Ca0.25Fe2O4

Shape anisotropic magnetic nanoparticles of magnesium ferrite with 25% replacement
by calcium ions (Mg0.75Ca0.25Fe2O4) were prepared using an adapted protocol previously
described by Cardoso et al. [23]. To synthesize MNPs with anisotropic shape, several surfactants
can be used as shape inducing agents [38]. In this protocol, a binary surfactant system was
applied using octadecene and oleic acid as the solvent and shaping agent, respectively. The last
one acts as a stabilizer and promotes the formation of specific arrangements on the surface in
the nucleation and crystal growth phases of non-spherical nanoparticles [39].

For this purpose, a solution of 2 mM of iron (III) citrate tribasic monohydrate in 15 mL
of octadecene was heated to 120 ◦C, under continuous magnetic stirring, until dissolution
of the metallic precursor. Then, 0.25 mM of calcium acetate hydrate, 0.75 mM of magnesium
acetate tetrahydrate and 3.1 mM of oleic acid were added to the previous solution. After 1 h,
under magnetic stirring at 120 ◦C, a condenser was linked to the system to ensure a flow
capable of keeping the molecules in the liquid state at controlled temperature. The mixture
was heated at a rate of 1 ◦C per min, until reaching 200 ◦C. Thenceforth, a new increase in
temperature was imposed at 5 ◦C per min until reaching the boiling point of octadecene
(290 ◦C), remaining at this temperature for 1 h. The resulting MNPs were suspended in
tetrahydrofuran (THF) and washed with water and ethanol in several cycles of magnetic
decantation. Finally, half of the nanoparticles were calcined at 350 ◦C under an ultrapure
nitrogen flow for 30 min to remove surface organic residues of octadecene and oleic acid.
Both calcined and non-calcined MNPs were characterized to compare their properties. The
application of this protocol is expected to yield cubic-shaped magnetic nanoparticles.
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2.2. Preparation of Liposomes

In this work, pH-sensitive liposomes were prepared. Different lipid formulations
were studied using the lipids dioleoylphosphatidylethanolamine (DOPE, from Avanti
Polar Lipids, Birmingham, AL, USA), dipalmitoylphosphatidylethanolamine (DPPE, from
Sigma-Aldrich, St. Louis, MO, USA), cholesterol (Ch, from Sigma-Aldrich, St. Louis, MO,
USA) and cholesteryl hemisuccinate (CHEMS, from Sigma-Aldrich, St. Louis, MO, USA) at
the molar ratios DOPE:CHEMS (7:3), DOPE:Ch:CHEMS (45:45:10) and DPPE:Ch:CHEMS
(45:45:10). Liposomes composed of these formulations were synthetized following the
ethanolic injection method [40], where an ethanolic lipid solution (1 × 10−3 M) was initially
prepared according to the desired proportion. The volume of the lipid solution equivalent
to this concentration was evaporated under an ultrapure nitrogen flow and subsequently
redissolved in absolute ethanol in the same volume. Finally, the ethanolic solution was
injected, drop by drop and under vortexing, to 3 mL of ultrapure water, inducing the forma-
tion of liposomes. The injection was performed while ensuring that the aqueous medium
was at a higher temperature than the main phospholipid phase transition temperature
(−16 ◦C for DOPE and 63 ◦C for DPPE) [41].

2.3. Preparation of Solid Magnetoliposomes

Solid magnetoliposomes loaded with doxorubicin were prepared following the method
described in Ref [23]. For this purpose, the lipids DOPE, Ch and CHEMS were used at the
molar ratio of 45:45:10, respectively. According to Ref [23], a thin lipid film with 2/3 of
1 mM of DOPE:Ch:CHEMS was prepared by solvent evaporation under a nitrogen flow. To
this film, 3 mL of heptane was added, and this solution was ultrasonicated at 190 W for
10 min. In this step, reverse micelles with uniform sizes are formed. Afterward, 1 mM of
dried MNPs was added, and the solution was again ultrasonicated for another 5 min to
force its entry into the previously formed micelles. To promote the nanosystem precipita-
tion, this solution was placed in the cold. Then, by magnetic decantation, reverse micelles
containing the MNPs were purified, and the resultant pellet was completely dried through
an ultrapure nitrogen flow. Finally, the pellet was resuspended in 3 mL of ultrapure water,
and a solution containing the remaining lipid and DOX (1.13 × 10−4 M) was added by
ethanolic injection, under vortex, forming the second lipid layer and consequently, the
solid magnetoliposomes.

2.4. Spectroscopic Measurements

Spectroscopic measurements were carried out at Photophysics Laboratory of the
Physics Center of the University of Minho, Braga, Portugal. Absorption spectra of MNPs
dispersions were acquired on a double-beam Shimadzu UV-Vis-NIR spectrophotometer,
model UV-3600 Plus (Shimadzu Corporation, Kyoto, Japan). The fluorescence emission
spectra of samples containing the SMLs were measured on a Fluorolog 3 spectrofluorometer
(HORIBA Jobin Yvon IBH Ltd., Glasgow, UK) equipped with double monochromators in
excitation and emission, exciting at 480 nm (DOX excitation).

2.5. Structural Characterization

The crystalline structure and phase identification of the shape anisotropic magnetic
nanoparticles were determined by X-ray diffraction (XRD), using a PAN’alytical X’Pert PRO
diffractometer (Malvern Panalytical Ltd., Malvern, UK) in a Bragg–Brentano configuration
operating with Cu Kα radiation (λ = 0.154060 nm), at the Electron Microscopy Unit of the
University of Trás-os-Montes and Alto Douro (UTAD), Vila Real, Portugal.

All images of Mg0.75Ca0.25Fe2O4 MNPs and SMLs were obtained by transmission
electron microscopy (TEM), using a JEOL JEM-1010 high-contrast microscope operating
at 100 kV (Centro de Apoio Científico-Tecnolóxico à Investigación (CACTI), Vigo, Spain).
The samples were ultrasonicated and deposited on copper grids with carbon and Formvar.
The TEM images processing was performed using ImageJ software (version 1.53t, National
Institutes of Health (NIH), Bethesda, MD, USA). The manual selection of the nanoparticles’
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diameter allowed estimating their average size. The histograms obtained by this analysis
were fitted to a Gaussian distribution.

The average hydrodynamic diameter and zeta potential (ζ) of the developed liposomal
formulations and SMLs were measured on a dynamic light scattering (DLS) equipment
LitesizerTM 500 from Anton-Paar (Anton-Paar GmbH, Graz, Austria) equipped with a
laser diode of λ = 658 nm. For liposomal measurements, aqueous solutions of 0.3 mM
were prepared in phosphate buffer pH = 7.4 and pH = 5. In the case of SMLs, aqueous
solutions of 0.5 mM were measured in aqueous buffer solutions. Before measurement, all
samples were sonicated and filtered using a Socorex DosysTM all-glass syringe attached to
a hydrophilic polytetrafluoroethylene (PTFE) filter. The analysis was carried out at 25 ◦C
using an Univette cell with an optical path of 10 mm. Three independent measurements
were performed for each sample. For SMLs colloidal stability assays, aqueous solutions in
PBS pH = 7.4 were prepared and stored at 4 ◦C for 7 days. Differences in the hydrodynamic
diameter, PDI and zeta potential were recorded by DLS and ELS, as described above.

2.6. Magnetic Characterization

The magnetic properties of the mixed ferrite nanoparticles were evaluated on a MPMS3
Superconducting Quantum Interference Device (SQUID) magnetometer Quantum Design
MPMS5XL (Quantum Design Inc., San Diego, CA, USA) at IFIMUP (University of Porto,
Porto, Portugal). The hysteresis loop was obtained by measuring the magnetization of the
samples as a function of the applied magnetic field (H), applying fields up to 5.5 T, at room
temperature (300 K). For that, the temperature was fixed, and the magnetic moment (M)
was measured at different values of H.

2.7. Hyperthermia Measurements

The heat capability generation of the nanoparticles was quantified through the specific
absorption rate (SAR), described by Equation (1):

SAR = C
∆T
∆t

× ms

mm
, (1)

where C is the specific heat capacity of the medium (4.186 J g−1 K−1); ∆T/∆t is the initial
slope of the temperature curve as a function of time; and ms and mm are the mass of the
solvent and of the magnetic material, respectively [42]. As SAR depends on the frequency
and intensity of the applied AMF, it does not allow comparing values with confidence.
Thus, the intrinsic loss power (ILP, nH·m2/kg) is the parameter designed for this purpose,
according to Equation (2):

ILP =
SAR
H2f

(2)

where H corresponds to the intensity of the magnetic field (kA/m), and f is the frequency (kHz) [43].

2.7.1. Magnetic Hyperthermia

The heating capabilities of Mg0.75Ca0.25Fe2O4 nanoparticles, in the presence of an
alternating magnetic field, were evaluated using a hyperthermia setup at the Faculty of En-
gineering of University of Porto (Porto, Portugal) working at f = 155 kHz and H = 8.5 kA/m.
Temperature variations resulting from the application of an AMF were recorded for 30 min.
In the absence of magnetic field, the cooling of the solutions was also recorded for half
an hour. For the magnetic hyperthermia measurement, the SAR value was calculated
following Equation (1) and using the initial linear slope method. This indicates the rate at
which electromagnetic energy is absorbed per unit mass of MNPs.

2.7.2. Photothermal Hyperthermia

The potential of anisotropic MNPs in photothermal therapy (PTT), i.e., their ability
to dissipate thermal energy under NIR radiation, was evaluated using an experimental
irradiation setup at the Physics Centre of University of Minho. The developed setup consists
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of a sample holder, a laser light source with a wavelength of 808 nm and 1 W/cm2 of power
density, and a T-type thermocouple connected to a digital multimeter (Agilent U1242A)
for temperature measurement. Before each measurement, the temperature was stabilized
at room temperature, and then, the samples were irradiated. Temperature variations
were recorded over time for 30 min, and afterward, the laser was turned off, and cooling
was recorded in the same way. The SAR calculation was performed as described in the
previous section.

2.8. Drug Encapsulation Efficiency

Doxorubicin encapsulation efficiency, EE(%), in magnetoliposomes was estimated by
fluorescence spectroscopy. Initially, the fluorescence emission spectra of aqueous solutions
of DOX with different concentrations were measured. Using the maximum fluorescence
intensity of each spectrum, obtained with excitation at 480 nm, a calibration curve of
fluorescence intensity was plotted as a function of DOX concentration, and then, a linear
regression was fitted. To determine the value of EE(%), 1.5 mL of SMLs solution was
placed on the top of Amicon® Ultra centrifugal filter units (100 kDa), which were subjected
to centrifugations, at 3000 rpm for 10 min. As a result, two phases were obtained: the
solution retained above the membrane of the filters, corresponding to doxorubicin, which
was effectively encapsulated in the SMLs, and the aqueous solution below the membrane,
containing the non-encapsulated drug. Subsequently, and based on the calibration curve
initially obtained, the concentration of non-encapsulated drug was quantified. Three
independent measurements were performed, and the respective standard deviation (SD)
was calculated. The last step consisted of calculating the EE(%) of DOX in SMLs, as
described by Equation (3):

EE(%) =
[Drug] total − [Drug] non−encapsulated

[Drug] total
× 100 (3)

2.9. Drug Release Kinetics

The DOX release profile of the developed nanosystems was evaluated using two
different media, one to simulate the acidic tumor microenvironment (pH = 5) and another
for physiological conditions (pH = 7.4). For this, solid magnetoliposomes were diluted
in phosphate buffer with the desired pH value, and these solutions were placed above
the Amicon filter membrane. The volume below the cellulose membrane was filled with
7.5 mL of the corresponding buffer solution, and the Amicon filters were placed on an
orbital shaker at 300 rpm. Aliquots of 200 µL were pipetted out from the solution placed
below the membrane, always being replaced with 200 µL of PBS at the corresponding pH.
This procedure was repeated for 48 h. For each aliquot, the fluorescence spectrum was
measured, with excitation at 480 nm, and the concentration of the released doxorubicin was
quantified using the calibration curves obtained in PBS 5 and 7.4, as described in Section 2.8.
Three independent measurements were performed. To better understand the kinetics, the
cumulative DOX release curves were fitted to the Weibull and first-order models using
Prism 8 software (GraphPad Software, La Jolla, CA, USA).

2.10. Cell Culture

The adherent human liver hepatocellular carcinoma HepG2 cell line (ATCC HB-
8065—American type culture collection, Virginia, VA, USA) was cultured and maintained
in T75 culture flasks with Roswell Park Memorial Institute (RPMI) 1640 medium, with
GlutaMAX™ supplemented with 10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin
in a humidified incubator, at 37 ◦C, with 5% CO2 environment. When confluence was
achieved, the sub-culturing process was performed by trypsinization, and the cell count
was performed using Trypan blue and a Neubauer chamber.
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2.11. Biological Studies

For viability assays, the AquaBluer assay (MultiTarget Pharmaceuticals, LLC) was
used. HepG2 cells were seeded on 96-well plates, at a density of 7000 cells/well, and
were incubated with supplemented RPMI-1640 medium overnight, at 37 ◦C, in the CO2
incubator. Afterward, the medium was aspirated, and the viability assay was conducted
by adding 100 µL of AquaBluer solution (1:100 in supplemented RPMI-1640 medium) to
each well and incubation for 2 h, at 37 ◦C, under 5% CO2 environment. Then, a microplate
reader at λexc = 540 nm and λem = 590 nm wavelengths was used to evaluate the viability.
This process was repeated after 48 h of adding DOX-loaded SMLs at two different DOX
concentrations (5.65 × 10−5 M and 1.13 × 10−4 M), as well as free DOX with the respective
concentrations. Untreated HepG2 cells were used as a control. For each condition, three
independent measurements were performed.

3. Results and Discussion
3.1. Characterization of Mg0.75Ca0.25Fe2O4 Nanoparticles
3.1.1. UV-Vis-NIR Absorption Spectra

The optical properties of Mg0.75Ca0.25Fe2O4 nanoparticles (with and without calcina-
tion), represented by their absorption spectra in Figure 1, show that both ferrites exhibit a
broad absorption band in the visible region, which is consistent with the blackish color of
the MNPs dispersion.
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Through the obtained spectra, it was possible to determine the energy band gap using
a Tauc plot, given by Equation (4):

(αhν)n ∼
(
hν− Eg

)
(4)

where α designates the absorption coefficient, h corresponds to Planck’s constant, ν is
the frequency, n is an exponent dependent on the nature of the transition (if n = 2, it
corresponds to a direct semiconductor; when n = 1/2, it is an indirect semiconductor),
and Eg corresponds to the energy band gap [44]. For both mixed calcium/magnesium
ferrites, linear relations were obtained for n = 2, indicating that they behave as direct
semiconductors. Through the intersection of (αhν)2 linear extrapolation with the Y-axis, the
MNPs energy band gap was estimated, with a value of 1.46 eV and 1.48 eV for non-calcined
and calcined nanoparticles, respectively. The obtained band gaps are slightly higher than
those previously obtained for cubic nanoparticles with the same composition (1.29 eV) [23].



Nanomaterials 2023, 13, 1051 8 of 21

In another study, reported by the same research team, it was reported that the percentage
of calcium is directly proportional to the band gap. For Mg0.75Ca0.25Fe2O4 MNPs, a value
of Eg = 1.51 eV was estimated [45], similar to the ones determined in the present work.

3.1.2. Crystalline Structure

XRD diffraction pattern is essential in the characterization of MNPs, as it provides
information about their crystalline structure, average grain size and degree of purity. As
the thermal treatment promotes an enhanced crystallinity of nanoparticles, the removal of
surface organic impurities and favors the crystals’ growth, facilitating the achievement of a
crystalline phase [46], the calcined MNPs were selected for analysis by X-ray diffraction,
according to the Rietveld method. The respective XRD diffractogram is shown in Figure 2
and was analyzed using Profex software (version 4.3.6) [47], which uses Rietveld-type
calculations implemented by BGMN [48].
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From the crystallographic open database (COD), the CIF file with number 1011245
(space group Fd-3m:1) was imported and processed by Profex. However, it was necessary
to make changes in the unit cell composition, so that 25% of the positions occupied by
magnesium ions were replaced by calcium ions, and the distribution of cations across the
tetrahedral and octahedral sites was considered to be in accordance to the mixed ferrite
stoichiometry. Further, the ferrite unit cell also included the inversion degree. All the
experimental diffraction peaks could be indexed to the ferrite spinel phase, pointing to a
high purity of the obtained magnetic nanoparticles. These peaks occur at 18.2◦ (1 1 1), 30.0◦

(2 2 0), 35.4◦ (3 1 1), 37.0◦ (2 2 2), 43.1◦ (4 0 0), 47.2◦ (3 3 1), 53.5◦ (4 2 2), 57.0◦ (5 1 1), 57.0◦

(3 3 3), 62.6◦ (4 4 0), 65.9◦ (5 3 1), 71.1◦ (6 2 0), 74.1◦ (5 3 3), 75.1◦ (6 2 2), 79.1◦ (4 4 4), 82.1◦

(7 1 1), 82.1◦ (5 5 1), 87.0◦ (6 4 2), 89.9◦ (7 3 1), 89.9◦ (5 5 3), 94.7◦ (8 0 0) and 97.7◦ (7 3 3). A
good fit was obtained, with χ2 = 1.46 and RP = 8.67, when the inversion degree was fixed
at a value of 0.825, which was previously reported for magnesioferrite [49]. The obtained
lattice parameter was 8.367 Å, which is near to the value reported in the magnesioferrite
CIF file (8.360 Å). In order to adequately describe the relative intensity and shape of the
various diffraction peaks using BGMN [48], it was required to consider the size broadening
effects, Debye–Waller factors (TDS) and preferred orientation (PO). The latter is taken into
account in accordance with the ferrite space group through spherical harmonics. The main
results of the XRD analysis are indicated in Table 1. If the inversion factor is fitted, only
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a small improvement is obtained, resulting in χ2 = 1.44 and RP = 8.62 with an inversion
degree of 0.675. The fact that the fit is not perfect, especially in the main (3 1 1) and in
(4 0 0) diffraction peaks, points to the influence of the anisotropic shape of the prepared
nanoparticles. An average size of 18.7 ± 0.3 nm is estimated using all the diffraction peaks
through their size broadening effects, as implemented in BGMN [48,50]. This value is
similar to others reported in the literature for particles with the same composition [51]. The
instrument peak broadening was taken into account through Profex software, using the
specific characteristics of the XRD equipment. Interestingly, the need to consider strain
effects on the fit of the diffractogram points to a larger shape anisotropy than that of the
magnetic nanoparticles previously obtained with the same expected composition [23].

Table 1. Parameters obtained by Rietveld analysis of calcined Mg0.75Ca0.25Fe2O4 magnetic nanopar-
ticles. Calculated RP and χ2 parameters, phase sizes, strain and degree of inversion obtained by
analysis of X-ray diffraction pattern using Profex software.

Ox,y,z (a) i (b) Phase Size
(nm)

Lattice Constant
(nm) RP χ2

0.3769 ± 0.0009 0.825
18.7 ± 0.3 0.8367 ± 0.0001

8.67 1.46
0.3761 ± 0.0009 0.675 ± 0.02 8.62 1.44

(a) Value of Ox,y,z in CIF file is 0.375. (b) i—degree of inversion.

3.1.3. Size and Shape Analysis

Considering the human physiology and its interaction mode with foreign systems,
it is essential to study the influence of physicochemical properties of the nanosystem on
normal organism functioning to avoid its opsonization and ensure cellular uptake [52]. For
this purpose and for a rigorous determination of magnetic nanoparticles’ size distribution
and morphology, characterization by TEM was performed. For in vivo applications, the
nanosystems must have reduced sizes, up to 150 nm [53].

Through the TEM images presented in Figure 3, it is verified that the non-calcined
nanoparticles have a cubic shape. However, it is highlighted that thermal treatment
can lead to a shape transformation of the synthesized anisotropic MNPs, developing a
more elongated nanorod-like structure, with recrystallization and grain growth over time.
Possibly, given their composition and crystallinity, this type of MNPs are more susceptible
to different pressure and temperature conditions, presenting this morphological change
apparently favorable in nanomedicine, since higher surface area/volume ratio is reflected
in larger nanoparticles’ magnetization [26].

On the one hand, and using the size histogram and Gaussian distribution (Figure 3b)
fitted to the experimental data in Figure 3a,c, average sizes of 41 ± 11 nm were obtained,
with some larger nanocubes being observed in Figure 3c. On the other hand, considering
the elongated MNPs identified in Figure 3e, an average length and width of, respectively,
89 ± 26 nm (Figure 3d) and 29 ± 8 nm (Figure 3f) were determined. The nanorods’ size
distribution is much more heterogeneous compared to the size distribution for cubic-shaped
ferrites. This occurs because the calcined MNPs are in different stages of elongation, which
is reflected in the Gaussian distributions presented in Figure 3d,f.
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3.1.4. Magnetic Properties

For biomedical applications, it is essential to ensure that the magnetic core of SMLs has
ideal magnetic characteristics for both magnetic guidance and hyperthermia. To confirm
this, the dependence of the nanoparticles’ magnetization (M) on the applied field (H) was
evaluated by SQUID.

The hysteresis cycles of Mg0.75Ca0.25Fe2O4 magnetic nanoparticles, at room temper-
ature, presented in Figure 4 allowed a determination of the values of coercivity (Hc),
remnant magnetization (Mr), saturation magnetization (Ms) and calculation of the ratio
Mr/Ms (squareness value), summarized in Table 2. The almost closed hysteresis loop
and the low values of remnant magnetization exhibited by both types of nanoparticles
(0.52 emu/g for nanocubes and 1.74 emu/g for calcined nanoparticles) are compatible
with superparamagnetic behavior. Furthermore, the squareness value below 0.1 in both
MNPs shows that more than 90% of the magnetization is lost after removing the external
magnetic field [54]. This proves that these particles exhibit superparamagnetic behavior at
300 K. Moreover, coercivity must be low and close to zero, which is verified in both ferrites.
Without residual magnetization after the removal of magnetic field, the agglomeration of
nanoparticles is avoided, consequently increasing their circulation time in the body [55].
Both ferrites showed an improved magnetism compared to the spherical ones with an equal
proportion of magnesium and calcium ions (12.98 emu/g) [45]. Hence, it is concluded
that shape anisotropy favors the magnetism of the MNPs and therapeutic effectiveness. In
addition, calcined nanoparticles exhibit higher magnetization, therefore being the most
promising (Ms = 45.21 emu/g), pointing to the development of a new and efficient strategy
to synthetize rod-shaped mixed ferrites with better magnetic properties. Given their mag-
netic behavior, they are promising for magnetic guidance of the nanosystem to the target
region and as hyperthermia agents.
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Table 2. Results of SQUID analysis at 300 K: Coercivity (HC), saturation magnetization (Ms), remnant magne-
tization (Mr) and squareness value (Mr/Ms) for non-calcined and calcined Mg0.75Ca0.25Fe2O4 nanoparticles.

MNPs HC (Oe) Ms (emu/g) Mr (emu/g) Mr/Ms

Non-calcined 5.72 35.92 0.52 0.014
Calcined 19.49 45.21 1.74 0.038

3.1.5. Hyperthermia Capacity

To evaluate their potential in magnetic and photothermal hyperthermia, the heating
capabilities of nanoparticles with anisotropic shape were assessed under the application
of an alternating magnetic field or under a laser light source, respectively. As mentioned
in Section 3.1.2., only the calcined batch of MNPs was evaluated, since these MNPs have
better magnetization derived from the thermal treatment at 350 ◦C.

Several published studies demonstrate that magnetic nanoparticles with anisotropic shape
(e.g., cubic and elongated) have higher SAR values compared to spherical MNPs [56,57]. The
heating capability of cubic-shaped Mg0.75Ca0.25Fe2O4 nanoparticles under an alternating
magnetic field was already evaluated by Cardoso et al. [23]. These nanoparticles exhibited
an excellent temperature variation of 19.4 ◦C in 30 min with H = 200 Gauss and f = 688 kHz.
In this work, to assess the potential of the synthesized MNPs, an aqueous suspension of
the magnesium/calcium ferrite was evaluated under an AMF amplitude of 11 mT and
frequency of 155 kHz (the product of the applied magnetic field and oscillating frequency is
below the limit acceptable for use in small regions of the human body). The heating profile
(Figure 5a) shows that there is a gradual and time-dependent increase in temperature, with
a reasonable temperature variation of approximately 12 ◦C in 30 min. In cancer cells, this
local temperature increase will induce a series of metabolic reactions, including programed
cell death, essential to fight the disease. In order to determine the specific absorption
rate, the initial linear slope method of the ∆T/∆t curve was used. The values of SAR and
ILP calculated according to Equations (1) and (2), 203.27 W/g and 0.47 ± 0.12 nH·m2/kg,
respectively, confirmed their potential as magnetic hyperthermia agents.
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Figure 5. Heating profile (gray: heating; red: cooling) of the aqueous solutions of calcined
Mg0.75Ca0.25Fe2O4 nanoparticles under exposure to: (a) AMF with 11 mT amplitude and frequency
of 155 kHz; (b) laser light source with 808 nm wavelength and 1 W/cm2 power density.

Although several studies already reported different nanomaterials as magnetic hy-
perthermia and photothermia agents [9,58,59], to the best of our knowledge, the capacity
of shape anisotropic mixed ferrite nanoparticles in phototherapy was never reported.
Furthermore, the potential of this type of ferrite in dual hyperthermia is also innovative
in nanoparticle research for combination therapies. In Figure 1, it is observed that the
synthesized nanoparticles absorb at λ = 808 nm, allowing a study of their potential in
PTT. As described in the literature, it is usual to apply a minimum laser power density of
1 W/cm2 [7–9,24,58]. In this way, we reproduced the common analysis conditions using a
NIR laser with the same power density. Thus, the magnetic nanoparticles were exposed
to the NIR light source, and the results of temperature variation as a function of time are
displayed in Figure 5b. When the laser wavelength is in resonance with the surface plas-
monic frequency, part of that energy is dissipated/released as heat [60]. When irradiated
for 30 min at λ = 808 nm, a high temperature variation of 18.9 ◦C was achieved. This
heating effect can strongly reduce the viability of cancer cells and is sufficient to exert
toxic effects on the tumor by PTT. The photothermal hyperthermia data obtained (with
the initial slope method) are summarized in Table 3. A SAR value of 1.1 × 104 W/g was
obtained for anisotropic calcined MNPs, which compares well with the reported values for
other ferrite nanoparticles [60] (Table S1 in Supplementary Material). The high SAR in both
hyperthermia measurements, especially under a NIR laser, corroborates the potential of
these MNPs as agents in cancer therapy.

Table 3. Slope (∆T/∆t), coefficient of determination (R2), nanoparticles’ mass (mMNPs) and SAR
value obtained by magnetic and photothermal hyperthermia.

Hyperthermia ∆T/∆t R2 mMNPs (mg) SAR (W/g)

Magnetic 1.2143 0.8436 24.97 203.27
Photothermal 2.4786 0.9593 1.04 11021.86

3.2. Characterization of pH-Sensitive Magnetoliposomes

The calcined batch of Mg0.75Ca0.25Fe2O4 nanoparticles was selected for encapsulation
in pH-sensitive magnetoliposomes, as these MNPs have the desired composition, an aver-
age diameter suitable for biological applications and good magnetization, which is essential
to locate the nanosystem in the target region where it will act as hyperthermia agent. For
that purpose, different liposomal formulations were studied by DLS and electrophoretic
light scattering (ELS) for the selection of the best pH-sensitive behavior.



Nanomaterials 2023, 13, 1051 13 of 21

3.2.1. Selection of the pH-Sensitive Liposomal Formulation

The best pH-sensitive formulation was selected after studying the variations of several
lipid compositions with medium pH (pH = 5 to simulate the tumor microenvironment and
pH = 7.4 to mimic physiological fluids). Analyzing in detail the results obtained by DLS
and ELS (Table 4), i.e., the hydrodynamic size and zeta potential, it can be noted that the for-
mulations composed of a phosphatidylethanolamine derivative as the main component are
strongly sensitive to changes in medium pH. For liposome formulations containing DOPE
or DPPE, the stability differences between acidic and basic media are significant. When com-
bined with CHEMS—DOPE:CHEMS (7:3), DOPE:Ch:CHEMS (45:45:10), DPPE:Ch:CHEMS
(45:45:10)—these changes are a result of the protonation of the carboxylic groups of the
latter molecule at acidic pH values, which strongly compromises the stability of the lipid
bilayer [30]. For this study, the polydispersity index (PDI) was also measured by DLS,
which provides information about the degree of dispersion of the MNPs. Ideally, this index
should take values lower than 0.3, reflecting uniform and monodisperse populations [61].

Table 4. Hydrodynamic diameter (nm), polydispersity index (PDI) and zeta potential (mV) and respec-
tive standard deviation (SD) in acidic (pH = 5) and physiological (pH = 7.4) conditions of the liposomal
formulations DOPE:CHEMS (7:3), DOPE:Ch:CHEMS (45:45:10) and DPPE:Ch:CHEMS (45:45:10).

Lipid Formulation pH Hydrodynamic Diameter ± SD (nm) PDI ± SD Zeta Potential ± SD (mV)

DOPE:CHEMS
5 * 0.31 ± 0.007 −8.39 ± 1.05

7.4 101.43 ± 0.63 0.24 ± 0.004 −17.19 ± 0.95

DOPE:Ch:CHEMS
5 * 0.30 ± 0.03 −7.93 ± 0.51

7.4 161.90 ± 5.22 0.26 ± 0.004 −22.78 ± 0.92

DPPE:Ch:CHEMS
5 * 0.40 ± 0.003 −11.69 ± 1.42

7.4 360.01 ± 132.75 0.39 ± 0.07 −25.10 ± 1.22

* Outside the device’s detection limit.

It is noted that at lower pH, the PDI increases, and the absolute value of the zeta
potential decreases. This reveals that, when reaching a more acidic microenvironment,
such as in tumors, the formulations can be destabilized, and their content release can
be promoted. Liposomes of the DPPE:Ch:CHEMS (45:45:10) formulation had slightly
higher sizes and PDI than what is desirable for body circulation (at pH 7.4), while the
DOPE:Ch:CHEMS (45:45:10) formulation showed the greatest difference in zeta potential
at both pH values. Thus, the DOPE:Ch:CHEMS (45:45:10) formulation stands out as the
most promising for the development of pH-sensitive SMLs, being selected to encapsulate
the calcined magnetic nanoparticles.

3.2.2. Proof of SMLs Synthesis

Using fluorescence emission measurements, it was possible to prove that the shape
anisotropic magnetic nanoparticles were efficiently surrounded by a lipid bilayer. Fluo-
rescence emission spectra of doxorubicin in liposomes and SMLs loaded with the same
concentration of DOX and with the same lipid concentrations confirm its encapsulation
(Figure 6). In the SMLs aqueous solution, a reduction in DOX fluorescence intensity com-
pared to the liposome sample is evident. This occurs because the MNPs present in the
magnetic core of SMLs act as quenchers of the fluorescence emitted by DOX. This quench-
ing effect results from the broad absorption spectrum of calcined mixed ferrites, which
have the capacity to absorb part of the energy emitted by the fluorescent compound after
its excitation at 480 nm. Still, this phenomenon can also be explained by photoinduced
electron transfer, as well as an increase in intersystem crossing efficiency due to the heavy
atom effect. The latter prevails in fluorescence inhibition in this type of nanosystem.
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Figure 6. Fluorescence emission spectra (λexc = 480 nm) of doxorubicin (1.13 × 10−4 M) in
DOPE:Ch:CHEMS (45:45:10) SMLs with a magnetic core (solid line) and in liposomes with the
same formulation (dashed line).

The magnetoliposomes prepared show suitable average sizes for combined therapy.
Comparing the hydrodynamic diameter of DOPE:Ch:CHEMS liposomes (45:45:10) and
of SMLs with the same composition at physiological pH (Table 5), it is verified that the
liposomes have very slightly larger sizes. Furthermore, the lipid vesicles present a less
negative zeta potential compared to solid magnetoliposomes, possibly due to the presence
of MNPs near the bilayer surface, conferring an even more negative surface charge. In
SMLs, the larger negative charge density on the surface (more negative zeta potential)
may act to reduce the average diameter due to a decrease in aggregation [62]. Thus,
the reductions in the hydrodynamic size, as well as in PDI and zeta potential, confirm
the synthesis of solid magnetoliposomes and indicate suitable properties for biomedical
applications, guaranteeing the enhanced permeability and retention (EPR) effect.

Table 5. Hydrodynamic diameter (nm), polydispersity index (PDI) and zeta potential (mV) and
respective SD of liposomes of DOPE:Ch:CHEMS (45:45:10) and SMLs containing the same lipids and
calcined Mg0.75Ca0.25Fe2O4 nanoparticles, at pH = 7.4.

Nanosystem Hydrodynamic
Diameter ± SD (nm) PDI ± SD Zeta Potential ± SD

(mV)

Liposomes 161.9 ± 5.2 0.26 ± 0.0004 −22.78 ± 0.92
SMLs 149.4 ± 24.2 0.15 ± 0.01 −28.19 ± 1.68

A TEM image of SMLs is presented in Supplementary Material (Figure S1), reveal-
ing roughly spherical structures, with a solid interior (the magnetic cluster) surrounded
by a membrane. The image reveals some polydispersity in size, as inferred from DLS
measurements (PDI near 0.2). It is clear that the SMLs are not aggregated.

Using DLS and ELS techniques, the colloidal stability of pH-sensitive SMLs in physio-
logical medium was assessed (Figure S2 in Supplementary Material). The variation of the
hydrodynamic diameter, PDI and zeta potential shows that the solid magnetoliposomes
remain stable for at least 5 days. After 5 days, there was a slight increase in size from
176 nm to 235 nm, while the PDI and zeta potential presented favorable values during the
assay. These results indicate that the prepared solid magnetoliposomes are generally stable
for at least 5 days.
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3.3. Photophysical Studies of Drug-Loaded Magnetoliposomes
3.3.1. Doxorubicin Encapsulation Efficiency

The percentage of DOX encapsulated in the SMLs of DOPE:Ch:CHEMS (45:45:10)
nanosystems containing Mg0.75Ca0.25Fe2O4 nanoparticles was estimated by fluorescence
spectroscopy assays. Calculated using Equation (3), the obtained values of EE(%) are listed
in Table 6. A high encapsulation efficiency was obtained (98.71% ± 0.97%), which points to
a promising use of these new pH-sensitive SMLs in combined cancer therapy, using DOX
as a chemotherapeutic drug.

Table 6. Doxorubicin encapsulation efficiency, EE(%), in DOPE:Ch:CHEMS (45:45:10) SMLs con-
taining Mg0.75Ca0.25Fe2O4 nanoparticles from three independent measurements (i, ii and iii) and
respective mean and standard deviation.

Assay EE(%) Mean ± SD (%)

i 99.22
98.71 ± 0.97ii 97.32

iii 99.59

3.3.2. Doxorubicin Release Kinetics

The release profile of doxorubicin from the SMLs was determined at pH = 5 and
pH = 7.4 by fluorescence measurements. Figure 7 shows the strong dependence of the
release rate on the medium pH. After 20 h, the drug release starts to be much more
pronounced in acidic medium compared to that at physiological pH, reaching about 55%
release after 48 h, while at pH = 7.4, a maximum of only 11% is achieved. On the one hand,
at neutral pH, the DOX release percentage is almost invariable, showing that drug release
is prevented. On the other hand, at pH = 5, an increased and continuous release is observed
over time as a result of membrane destabilization at this pH. Furthermore, a saturation
release was not achieved after 48 h, indicating that there is a gradual destabilization of the
biomembrane, promoting the release of its content.
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To better understand the release kinetics, two mathematical models were used to
predict the release mechanism of the therapeutic agent. In this work, the cumulative DOX
release curve was fitted to the Weibull model and first-order kinetics.

In the Weibull model, a distribution function determines the fraction of drug dissolved
in solution (m) at time t (Equation (5)):

m = 1 − exp−(t−Ti)
α
b (5)
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where Ti designates the release latency time (normally taking the value 0), and α describes
the time scale of the process, enabling the determination of the shape of the release progres-
sion curve (b). When b = 1, the release kinetics is equivalent to an exponential function; if
b > 1, the function is sigmoid constrained by an inflection point. In the case of b < 1, we are
facing a parabolic-type function with a high initial slope [63]. An alternative model is the
first-order kinetics, in which release profile is described by Equation (6):

F (%) = M0 ×
(

1 − e−kt
)

(6)

where F is the percentage of released drug, M0 is the total amount of drug, k is the first-order
rate (variable), and t is the time [64].

Both fittings were performed on the release kinetic data up to 24 h of measurement,
showing good quality. The parameters obtained are listed in Table 7, and the determination
coefficients demonstrate that the best model to describe the release profile is the Weibull
model, for both pH values (Figure 8). Despite this, as it is an empirical model, the param-
eters α and b associated with the model have no physical meaning. In the literature, a
correlation has already been established between parameter b and the release diffusional
mechanism of the antitumor agent. When b ≤ 0.75, the diffusion is of the Fickian type,
i.e., through Euclidian and fractal spaces; if 0.75 < b < 1, there is a combination of Fickian
diffusion and Case II transport mechanisms. However, in situations where b takes values
greater than 1, the release follows a complex mechanism [65]. Thus, the DOX diffusion
mechanism at pH = 5 and pH = 7.4 is of the Fickian type. For the first-order kinetics, the
parameter k reveals that, up to 24 h, the formulation exposed to a buffer solution at pH = 5
presents a release rate approximately 2.2 times higher than that obtained for neutral pH.
These results validate the pH sensitivity of the magnetoliposomes developed, as well as
their potential in application in oncological therapy.

Table 7. Parameters obtained by fitting the mathematical models to the release kinetics of doxorubicin
encapsulated in SMLs (Weibull and first-order) and respective coefficients of determination (R2) for
each pH value studied (5 and 7.4).

pH
Weibull First-Order

B A R2 k (min−1) R2

5 0.432 8.73 × 10−5 0.993 0.121 0.974
7.4 0.0324 0.0111 0.992 0.0542 0.980
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3.3.3. Cell Viability

Preliminary biological studies were carried out by evaluating the effect of DOX-loaded
solid magnetoliposomes on the cancer cell line HepG2. For this, viability assays were
performed incubating the cells with drug-loaded SMLs at 5.65 × 10−5 M. For comparison
purposes, free doxorubicin was also tested (Figure 9). After the 48-hour assay, the viability
of cells subjected to SMLs without DOX increased due to higher cellular proliferation than
in the control, which is indicative of the development of a safe and non-toxic nanosystem.
In all other situations, there was a great decrease in cell viability. In this study, it is
highlighted that the developed formulation of pH-sensitive SMLs seems to promote drug
entry into the cells, this nanosystem being more effective in cancer therapy compared
to the chemotherapeutic agent alone. A maximum inhibitory activity of approximately
73.2% was observed at this low concentration of DOX. In order to determine the effect
of the antineoplastic agent concentration on cell viability, a higher DOX concentration
was tested (Figure S3—Supplementary Material). However, the differences in inhibitory
activity obtained are not very significant, reinforcing the fact that there is no need for using
a high drug concentration to obtain a notable effect in tumor cells. Based on the previously
presented DOX release profile, it is proven that these SMLs effectively interact with cells,
allowing a more efficient release of the drug in acidic media. All of the above has a great
influence on the toxicity exhibited by these nanosystems.
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Thus, it is possible to predict an even more pronounced reduction in cell viability
by subjecting tumor cells to DOX-loaded SMLs under the application of an alternating
magnetic field and/or a laser light source, exercising a dual therapeutic approach. In these
assays, HepG2 cells did not show any cellular activity, which strongly demonstrates the
importance of developing magnetic nanosystems sensitive to specific stimuli of the tumor
microenvironment.

4. Conclusions

In this work, shape anisotropic Mg0.75Ca0.25Fe2O4 magnetic nanoparticles were pre-
pared and characterized in detail. The magnetic properties allowed characterizing the
nanoparticles as superparamagnetic, an ideal behavior for application as magnetic hyper-
thermia agents. Magnetic hyperthermia (SAR = 4.98 W/g) and photothermal
(SAR = 1.1 × 104 W/g) measurements confirmed the enhanced potential of nanorods in
cancer treatment. The calcined nanoparticles, with rod-like shape, were selected as the
magnetic component of pH-sensitive DOPE:Ch:CHEMS (45:45:10) SMLs. After the effective
incorporation of the drug doxorubicin in the SMLs, with a high encapsulation efficiency, its
release profile was studied, which was much more pronounced in acidic medium (55%).
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Biological assays on the HepG2 cell line confirmed the drug delivery capability of SMLs,
reducing cancer cells’ viability to 26.8% using a low doxorubicin concentration, and the
development of a safe and non-toxic nanosystem was confirmed.

Considering all the results, the combination of non-spherical magnetic nanoparticles with
a pH-sensitive liposomal formulation emerges as a promising approach to exert a multimodal
cancer therapy through pH-sensitive drug delivery combined with dual hyperthermia (mag-
netic and photothermia). To the best of our knowledge, the pH-sensitive DOPE:Ch:CHEMS
(45:45:10) formulation is innovative in the composition of solid magnetoliposomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13061051/s1, Table S1: SAR values obtained by photothermal
hyperthermia of different nanoparticles under a NIR laser at λ = 808 nm and power density of
1 W/cm2; Figure S1: TEM image of solid magnetoliposomes containing a DOPE:Ch:CHEMS (45:45:10)
lipid bilayer; Figure S2: Variation, for a storage period of 7 days, of: (a) hydrodynamic diameter (blue)
and PDI (red); and (b) zeta potential (green) of an aqueous solution of DOPE:Ch:CHEMS (45:45:10)
SMLs at pH=7.4; Figure S3: Viability of HepG2 cancer cells in the presence of DOX-loaded solid
magnetoliposomes at 1.13 × 10−4 M (SMLs [+]), as well as in the presence of drug in free form at the
same concentration (DOX [+]).
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