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This work describes the development and characterization of triglyceride-based magnetic 
nanocomposites for application in magnetic hyperthermia and controlled drug delivery. The 
magnetic solid lipid nanocomposites (MSLN) constituted by mixtures of trilaurin-tricaprylin 
and trilaurin-tricaprin have been successfully obtained by emulsification-solvent evaporation 
method. The developed MSLNs were subjected to an external oscillating magnetic field and 
showed significant hyperthermia. The samples were exposed to frequencies of 688 and 869 kHz 
causing, respectively, a temperature increase of 15.5 and 22.7 °C (trilaurin-tricaprylin) and 17.3 
and 26.1 °C (trilaurin-tricaprin). Also, in vitro assays in the absence of magnetic field showed that 
the triglyceride-based formulations were able first to encapsulate and then to sustained release 
an antitumoural hydrophobic drug. After 72 h of assay trilaurin-tricaprylin and trilaurin-tricaprin 
released 73 and 55% of their cargo, respectively. In addition, MSLN exhibited low in vitro cytotoxic 
activity against human neutrophils. 
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Introduction

Nanotechnology is an expanding sector and the use of 
superparamagnetic iron oxide nanoparticles (SPIONs) is 
attracting increasing attention in several areas. SPIONs 
are widely employed for biotechnological applications 
through the development of magnetic systems for use in: 
cell separation, as contrast agents for magnetic resonance 
imaging (MRI), magnetic hyperthermia, targeted bioactive 
compounds delivery and biosensors.1-4 Such applications 
explore the biggest advantages of using SPIONs: 
biocompatibility and satisfactory magnetic response at 
applied magnetic field (superparamagnetic character).5,6

The surface of the magnetic nanoparticles should 
be modified, not only in order to prevent oxidation 
and aggregation, but also to provide colloidal stability, 
reduced magnetic susceptibility, as well as to expand the 
effectiveness of cellular uptake and biodistribution. The 
hydroxyl groups present on the surface of nanoparticles 
can function as an anchor point for various types of 
compounds such as oleic acid, which is commonly used in 
the synthesis of magnetic ferrofluids. The criteria adopted 
to select the appropriate coating of magnetic nanoparticles 
depends mainly on the intended application. In the case of 
this research, magnetic nanoparticles made of iron oxide 
were coated with oleic acid (Fe3O4@OA) for subsequent 
incorporation into lipid carriers.7-9

The lipid carriers have been widely used as they also 
possess excellent characteristics such as biocompatibility 
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and versatility, and they have been proposed for the delivery 
of bioactive compounds by oral, intravenous, topical and 
parenteral routes.10,11

The solid lipid nanoparticles (SLNs) emerged in the 
early 90’s and currently are alternative encapsulation 
systems and carriers of active compounds to polymeric 
nanoparticles (nanospheres and nanocapsules). The SLNs 
are colloidal dispersions containing a surfactant agent and 
a matrix composed of solid lipids at room and corporal 
temperature.12,13

SLNs present some advantages in comparison to 
conventional carrier systems such as low toxicity, efficient 
incorporation of hydrophobic bioactive compounds in 
their lipid core, the ability to influence the release profile 
of their cargo from the solid matrix and easy large-scale 
production.14,15

Several methods are employed in the SLNs preparation, 
however the method of emulsification-solvent evaporation 
is usually applied when the bioactive compound has low 
solubility in the lipid or it is thermosensitive.16,17

The common lipids used to obtain the SLNs are 
triglycerides,12 fatty acids13 and waxes.14 Among the 
triglycerides, emphasis is placed on trilaurin, tricaprin and 
tricaprylin, which were selected to form the lipid matrix of 
the nanosystems synthesized in this work. Some research 
confirms the potential of these lipids in the bioactive 
encapsulation.18-20

Thus, combining the properties of the SLNs and 
SPIONs, the magnetic solid lipid nanoparticles (MSLNs) 
appear as a promising system for use in magnetic 
hyperthermia and drug delivery of bioactive molecules at 
specific sites, which can be triggered by the thermomagnetic 
action.21-23 It is noteworthy that MSLNs can also be used 
in diagnostic procedures via magnetic resonance imaging 
technique (MRI) because magnetite is an excellent contrast 
agent (T2 type). In addition, such systems are applied in 
cancer treatment, since the heat generated in hyperthermia 
by itself produces an antitumor action.24,25

Magnetic hyperthermia has shown great potential 
for the development of effective methods for the cancer 
treatment combined with conventional therapies such as 
radiation and chemotherapy. The temperature increase at 
range from 42 to 44 °C (temperature range used in clinical 
treatments by hyperthermia) significantly reduces cell 
viability of the tumor cells.26,27

In this context, oncocalyxone-A (onco-A), a quinone 
(Figure 1) obtained from the Auxemmaoncocalyx Taub. 
plant, was selected as a bioactive model compound for the 
purpose of this study. The bioactive compound selected 
has several pharmacological properties such as cytotoxic 
activity, analgesic, anti-inflammatory, antioxidant and 

anti-tumor activity against three human tumor cell lines: 
Sarcoma 180, Leukemia HL-60 and L1210 Leukemia.28

It is worth mentioning that, although there are 
scientific papers describing the development of solid lipid 
nanoparticles (NLSM), no previous work involving the 
use of lipid mixtures (trilaurin, tricaprin and tricaprylin) 
was found in the literature. Thus, herein we report the 
development of MSLN containing onco-A for in vitro 
release as well as to explore this system in heating tests 
for magnetic hyperthermia.

Experimental

Materials

Iron(II) chloride tetrahydrate (Sigma-Aldrich), iron(III) 
chloride hexahydrate (Sigma-Aldrich), ammonium 
hydroxide (Sigma-Aldrich), trilaurin (TCI Europe), 
tricaprin (TCI Europe), tricaprylin (TCI Europe), oleic acid 
(Sigma-Aldrich), Tween 20 (Sigma-Aldrich), chloroform 
(analytical grade or better: Sigma-Aldrich), hexane 
(analytical grade or better: Sigma-Aldrich), acetonitrile 
(HPLC grade: Tedia).

Synthesis and characterization of Fe3O4@OA nanoparticles

Hydrophobic nanoparticles of magnetite (Fe3O4@OA)  
were prepared by coprecipitation method adapted.29 
Briefly, 9.2 g of iron(II) chloride tetrahydrate and 15 g of 
iron(III) chloride hexahydrate were dissolved in 250 mL 
of deionized water and stirred for 10 min at 50 °C. After 
10 min, 30 mL of NH4OH (12 mol L-1) were added resulting 
in a dark precipitate Fe3O4. Then 2.5 mL of oleic acid was 
added and the mixture was heated at 80 °C for 1 h. Excess 
NH4OH and oleic acid (OA) were removed by magnetic 
separation of Fe3O4@OA with the use of a magnet, followed 
by the decantation of the supernatant and the redispersion 
of the solid in fresh solvent. The washing procedure was 
repeated five times with deionized water and four times with 
hexane. Finally, the Fe3O4@OA nanoparticles were dried, 
dispersed in chloroform and stored at room temperature.

Figure 1. Oncocalyxone-A chemical structure.
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The concentration of Fe3O4 in the final dispersion 
was determined by thermogravimetric analysis (TGA), 
where the ferrofluid was heated 25-700 °C in N2 
atmosphere and the heating rate was 10 °C min-1, 
resulting in a concentration of 92 g L-1. The Fe3O4@OA 
nanoparticles were also characterized by transmission 
electron microscopy (JEM 2100, JEOL® USA) and powder 
X-ray diffraction (X’Pert diffractometer PRO, PANalytical) 
set at 45 kV and 40 mA and equipped with Cu Ka radiation 
(λ = 1.541874 Å) using Bragg-Brentano geometry of 2θ 
range from 20 to 100° with a scan speed of 0.006° s-1.

Synthesis of magnetic solid lipid nanoparticles (MSLNs)

Magnetic solid lipid nanoparticles (MSLNs) were 
synthesized by the method of emulsification-solvent 
evaporation. In the preparation of the organic phase (OP), 
270 µL of the suspension Fe3O4@OA were dispersed in 
730 µL chloroform containing 500 mg of lipid and 2 mg 
of oncocalyxone-A. Then the aqueous phase (AP) was 
prepared by dissolving 200 mg of Tween 20 in 10 mL of 
deionized water. Subsequently, the OP was added to AP 
at room temperature and homogenized with Vortex IKA®. 
This pre-emulsion was sonicated in an ultra sound (Branson 
W-450D Sonifier® Model) with 50% amplitude for 2 min 
and pulse (30 seconds on / 10 seconds off). After this step, 
this dispersion was subjected to a rotary evaporator (Buchi® 
R100) under vacuum at 35 °C. After the organic solvent 
evaporation and the solidification of lipids the MSLNs were 
formed. Two different triglyceride mixtures were formulated 
to obtain MSLNs: (i) tricaprin/trilaurin and (ii) tricaprylin/
trilaurin, both with a triglyceride ratio 1:1 (m/m), leading to 
samples MSLN1 and MSLN2, respectively.

Physicochemical characterization of MSLNs 

The hydrodynamic diameter and polydispersion of the 
MSLN1 and MSLN2 aqueous dispersions were determined 
by dynamic light scattering (DLS) using a Horiba® SZ-100 
nanoparticle analyzer. The MSLN dispersions were diluted 
in deionized water with the ratio 1:1000 (v/v) (MSLN:H2O) 
and analyzed at a fixed angle of 90° at 25 °C. The surface 
charge of the MSLNs was evaluated by zeta potential. The 
results of both analyses were expressed as the average of 
three determinations. 

The morphology of MSLNs was analyzed by scanning 
electron microscopy (SEM Quanta 650 FEG, FEI® 
Company). For the sample preparation, an aliquot of the 
MSLNs dispersions was diluted in deionized water in the 
ratio 1:1000 (v/v) (MSLN:H2O). Then, 50 µL of this dilution 
was deposited on a silicon wafer and dried under vacuum.

Differential scanning calorimetry (DSC) was employed 
to study thermal behavior of freeze dried MSLNs samples 
and the thermograms were performed using a differential 
scanning calorimeter model DSC-50 (Shimadzu®). 
The thermal analysis of MSLNs was conducted in N2 
atmosphere at a flow rate of 40 mL min-1, a temperature 
range of –20 to 150 °C and a linear increase of 10 °C min-1.

The powder X-ray diffraction (XRD) data of 
MSLNs were obtained on a diffractometer X’Pert PRO 
(PANalytical®) set at 45 kV and 40 mA and equipped with 
Cu Ka radiation (λ = 1.541874 Å) using Bragg-Brentano 
geometry of 2θ range from 20 to 100° with a scan speed 
of 0.006° s-1.

Magnetic properties

The hysteresis loops of Fe3O4@OA and MSLNs 
were measured using a vibrating sample magnetometer 
(VSM, EV9 MicroSense®). The magnetization as a 
function of the applied magnetic field was collected at 
300 K in the magnetic field range from –20 to 20 kOe. 
The magnetization values were expressed per mass of the 
vacuum dried magnetic material.

Magnetic hyperthermia

The magnetic hyperthermia curves were acquired in 
a DM100 instrument (Nanoscale Biomagnetics®) at a 
frequency of 688 and 869 kHz and at an intensity of the 
magnetic field of 200 Oe. The samples were placed in 2 mL 
vials and measured in the dispersion aqueous form. 

In vitro drug release studies

In order to evaluate the release profile of the 
oncocalyxone-A from the lipid core of the MSLNs, 
release kinetics experiments were performed. The system 
used in this experiment consisted of a donor compartment 
where 1 mL of the MSLNs formulation under study was 
added and an acceptor compartment prepared with 50 mL 
of buffer phosphate solution at pH 7.4 which was in the 
dilution sink condition. For release assays, 1 mL of aqueous 
oncocalyxone-A, MSLN1 or MSLN2 (0.2 mg mL-1) was 
added to the donor compartment. A cellulose membrane 
(Microcon-Millipore®) with a molecular exclusion pore 
1 kDa was used to separate both compartments. Aliquots 
(1 mL) were collected after 30 min of experiment and at 
intervals of 1 hour for the first eight hours. After, aliquots 
were collected each 24 h to complete the total test in 72 h 
(3 days). The obtained aliquots were analyzed by high 
performance liquid chromatography (HPLC) for subsequent 
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determination of the concentration values which converted 
into percentage of the oncocalyxone-A released which 
were later plotted on a graph of cumulative percentage 
bioactive released versus time (hours). This assay provides 
the bioactive ability to cross the pores of the membrane 
that separates the donor compartment from the acceptor. 
However, MSLN particles are unable to pass through 
this membrane and therefore it is possible to observe the 
tunneling effect of the bioactive release rate. The release 
experiments were performed in triplicate at 37 ± 1 °C. 
The HPLC analyzes were conducted on a chromatograph 
(Shimadzu®), model LC-10AD, Phenomenex® equipped 
with a Luna C-18 column (5 µm, 250 × 4.6 mm) with 
a flow rate of 1 mL min-1 at 40 °C. The mobile phase of 
CH3CN/H2O (1:1, v/v) was used with isocratic elution and 
UV detection (SPD-20A/UV-Vis) at 280 nm.

Drug release kinetics mechanisms

To analyze the mechanism of onco-A release from 
these MSLNs systems, the in vitro dissolution data were 
fitted to various mathematical models, such as, zero order, 
pseudo-first order (Higuchi) and Korsmeyer-Peppas models 
(equations 1-3).30,31

Zero-order model: Q = Kt  (1)
Higuchi model: Q = Kt1/2 (2)
Korsmeyer-Peppas model: Mt / M∞ = Ktn (3)

where Q is the percentage of bioactive release at time t,  
Mt / M∞ represents the fraction of bioactive released in 
time t, K is the release constant and n is the release exponent 
that specifies the bioactive release mechanism. 

The Korsmeyer-Peppas model has been employed 
in the in vitro bioactive release behavior analysis of 
various formulations to distinguish between various 
release mechanisms: Fickian release (diffusion-controlled 
release), which occurs when n ≤ 0.5; Case-II transport, 
which involves polymer dissolution and polymeric chain 
enlargement or relaxation, occurs when n ≥ 1.0; and 
non-Fickian release (anomalous transport), where an 
n value between 0.5 and 1.0 involves a combination of the 
diffusion mechanisms and Case II transport.

Oncocalyxone-A encapsulation efficiency

The MSLNs formulations were subjected to the 
magnetic separation for determination of the free 
oncocalyxone-A amount. Then, the non-magnetic aqueous 
fraction was analyzed by HPLC. The onco-A entrapped 
in MSLNs systems was determined by the difference 

between the initial amount of bioactive added to the MSLN 
formulations and the free amount observed. In this way, 
the encapsulation efficiency (EE) was determined through 
the equation 4:

EE = [(B – A) / B] × 100 (4)

where A: unencapsulated amount of bioactive in MSLN 
nanoparticles and B: initial amount of bioactive in MSLN 
formulations.

Cytotoxicity study: determination of lactate dehydrogenase 
(LDH) assay

Human neutrophils were isolated by Lucisano and 
Mantovani’s method32,33 with slight modifications. Cells 
pellets were suspended in Hank’s balanced salt solution 
(HBSS) containing 80-90% neutrophils with viability 
of 90 ± 2.0% established by Trypan Blue exclusion test. 
Human neutrophils (2.5 × 106 cells mL-1) were incubated 
(15 min at 37 °C) with HBSS (non-treated cells), Triton 
X-100 (0.2% (v/v), standard cytotoxic), MSLN1 and 
MSLN2 samples (pure and with dilutions of 1:10, 1:50, 
1:100 (v/v)). The lactate dehydrogenase (LDH) activity 
was determined by a commercially available method 
(LDH liquiform of Labtest Diagnosis). 

Statistical analysis

The results are expressed as mean ± standard 
deviation (SD). The statistical significance of differences 
between groups was determined by one-way analysis 
of variance (ANOVA), followed by Tukey for multiple 
comparisons as a post hoc test. The significance level was 
set at p < 0.05.

Results and Discussion

MSLN’s characterization

The MSLNs containing magnetite nanoparticles coated 
with oleic acid (Fe3O4@OA) and oncocalyxone-A as 
bioactive compound were prepared by emulsification-solvent 
method. The use of oleic acid in the coating of magnetite 
nanoparticles emerged as a strategy to reduce oxidation 
and the degree of aggregation of Fe3O4 nanoparticles as 
well as to ensure compatibility with the organic phase used 
in the preparation of MSLNs. The nanoparticles samples 
MSLN1 and MSLN2 which lipid matrix was composed of 
lipids mixtures trilauri + tricaprin and tricaprylin + trilaurin, 
respectively, had an average diameter of 176 ± 8 nm (MSLN1) 
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and 177 ± 9 nm (MSLN2) and polydispersity index (PDI) 
of 0.10 ± 0.24 (MSLN1) and 0.18 ± 0.03 (MSLN2). 
These results did not show significant difference in 
average diameter between formulations and furthermore 
a narrow particle size distribution was observed. The zeta 
potential measurements showed values of surface charge of 
−52.9 ± 3.8 and −54.5 ± 1.1 mV for MSLN1 and MSLN2, 
respectively, indicating that the high colloidal stability of 
the MSLNs observed in water solution can be explained 
by the strong electrostatic repulsion between particles. 
The observed negative charge can be explained by the 
chemical composition of the lipids mixtures, which can be 
dissociated on the particle surface. Figure 2A shows the 
TEM micrograph Fe3O4@OA nanoparticles obtained by 
chemical co-precipitation that was used to determine the 
mean size of about 8 nm (Figure 2B). Through the SEM 
micrographs, MSLN1 and MSLN2 (Figures 2C and 2D) did 
not display granular artifacts with dark contrast deposited on 
the surface of the silicon wafer, a fact that would demonstrate 
the presence of magnetic nanoparticles non-encapsulated. 

X-ray diffraction (XRD) confirmed that the 
crystallographic phase of the magnetic nanoparticles in 

the ferrofluid was that of magnetite, Fe3O4 (Figure 3). The 
diffraction peaks at 2θ 30.1; 35.5; 43.1; 53.75; 57.2 and 
62.85º correspond to the characteristic crystal planes of 
Fe3O4 structure (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), 
respectively.34 Those diffraction peaks can be identified also 
in the XRD patterns of the samples MSLN1 and MSLN2, 
that together with the SEM analysis showing the absence 
of magnetite nanoparticles alone, point to the successful 
incorporation of the magnetite nanoparticles into the 
lipid core. Extra peaks can be also observed in the XRD 
patterns of MSLN1 and MSLN2 between 20 and 30° that 
are associated to the polymorphism of the lipid matrix. 

The DSC curve of the freeze-dried MSLN2 sample 
(Figure 4) showed a single endothermic event corresponding 
to the fusion of the lipid matrix at T = 41 °C (∆H = 73 J g-1). 
The DSC curve MSLN1 showed two endothermic events 
with T = 9.5 °C (∆H = 57 J g-1) and T = 42 °C (∆H = 88 J g-1). 
This result may be related to the solubility of the molecules 
of the liquid lipid (tricaprylin) in the solid lipid (tricaprin), 
leading to a phase separation and the formation of 
nanocompartments (domains) of oil inside the solid lipid 
matrix in MSLN1.35,36

Figure 2. (A) TEM micrograph of Fe3O4@OA (inset: higher magnification); (B) histogram showing the particle size distribution of the Fe3O4@OA sample; 
(C) SEM micrograph of MSLN1; (D) SEM micrograph of MSLN2.
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Magnetic properties of the samples

Hysteresis loops of Fe3O4@OA, MSLN1 and MSLN2 
samples were measured using a vibrating sample 

magnetometer (VSM) at 300 K. The magnetization (M) as 
a function of the applied magnetic field (H) for Fe3O4@OA 
showed a characteristic superparamagnetic behavior typical 
of single-domain magnetite nanoparticles, where both zero 
remanence and no coercivity are observed (Figure 5A). 
The saturation magnetization normalized to the total mass 
(including the non-magnetic mass contribution coming 
from the organic matter) was as high as 70 emu g-1. Once 
the organic mass contribution is removed, the saturation 
magnetization increased up to values very close to those of 
magnetite bulk, ca. 90 emu g-1, what points to a negligible 
spin-canting in the atomic surface and emphasizes the long 
range atomic order due to the surface functionalization with 
OA.37 After the incorporation of Fe3O4@OA nanoparticles 
into the triglyceride-based formulations, MSLN1 and 
MSLN2, the superparamagnetic behavior was preserved, 
as it comes exclusively from the magnetite nanoparticles. 
However, the saturation magnetization normalized to 
the total mass decreased drastically, with values of 2.2 
and 2.8 emu g-1 for MSLN1 and MSLN2, respectively 
(Figure 5B). This was due to the fact that the amount of 
the organic matter that contributed to the total mass largely 
increased in the formulations. These values are similar to 
others reported in the literature for magnetic hybrid systems 
with biological application.38-40 The magnetic character 
of the MSLN samples, together with the SEM images, 
further confirms the efficient incorporation of Fe3O4@OA 
nanoparticles inside the lipid nanoparticles, which would 
be presumably embedded in the triglyceride core. 

Magnetic hyperthermia measurements

The Fe3O4 concentrations used in magnetic hyperthermia 
tests were 3.3 and 3.8 g L-1 for MSLN1 and MSLN2, 
respectively. The electromagnetic parameters (amplitude 

Figure 3. X-ray diffractograms of the samples MSLN1, MSLN2 and 
Fe3O4@OA.

Figure 4. DSC thermograms of freeze-dried samples (MSLN1 and 
MSLN2).

Figure 5. Room temperature hysteresis loops of (A) Fe3O4@OA nanoparticles and (B) MSLN1 and MSLN2 samples. Insets are a zoom in the low-field range.
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and frequency of the oscillating magnetic field) used in 
these experiments are considered within the biologically 
safe range.41 MSLN1 and MSLN2 samples were subjected 
to a fixed magnetic field of 200 Oe, whereas two different 
frequencies, 688 and 869 kHz, were tested. On the one 
hand, the frequency of 688 kHz caused a temperature 
increase of 15.5 °C (MSLN1) and 17.3 °C (MSLN2) 
in 15 min. On the other hand, the MSLN1 and MSLN2 
samples experienced a temperature increase of 22.7 and 
26.1 °C, respectively, when subjected to the frequency 
of 869 kHz (Figure 6). This increase in the temperature 
produced by both formulations is the expected effect of the 
increase of the frequency and there is a linear relationship 
between the frequency and the heating efficiency. 

These results show that the heating rate induced by 
the magnetic nanocarriers MSLN1 and MSLN2 under 
an oscillating magnetic field, can represent a trigger 
mechanism to induce apoptosis or cellular death in tumoral 
masses and act as a complementary/alternative cancer 
treatment. This effect together with the drug release opens 
a new window of applications for these magnetic lipid 
systems and show particular promise in cancer treatment, 
in which the therapeutic action from a drug delivery, 
together with the additional heat generated in hyperthermia 
by itself,42,43 could induce a more efficient synergetic 
antitumor action.

In vitro bioactive release studies 

The onco-A encapsulation efficiencies were calculated 
for the MSLN1 and MSLN2 samples obtaining the values 
of 71.7 and 73.5%, respectively. Therefore, both systems 
were effective for the encapsulation of onco-A. Bioactive 
release studies were performed in MSLN1 and MSLN2 to 
assess the effect of the lipid matrix on the release profile of 
an encapsulated drug. Figure 7 shows the release profiles of 

onco-A in buffer phosphate medium of pH 7.4. An initial 
increase of the drug release rate was observed (burst) 
when the delivery profile of free onco-A was compared 
to the situation in which onco-A was incorporated into 
the triglyceride-based nanocomposites. About 33% of 
bioactive release in the first 30 minutes of experiment was 
observed for free onco-A, and after 5 h almost all onco-A 
was released (99%). In comparison, when onco-A was 
incorporated into the MSLNs, there was a release of about 
8% within the first 30 min of experiment for both MSLN1 
and MSLN2 samples, followed by a linear drug release rate 
within the initial 8 h assay. At this time, onco-A release was 
of 65 and 46% for MSLN1 and MSLN2, respectively. From 
t = 8 h on, the concentration of released onco-A increased 
slowly in both samples, reaching a cumulative release of 
73 and 55% for MSLN1 and MSLN2, respectively,  at the 
end of the drug delivery experiment (t = 72 h). 

These results evidence that the MSLNs formulations 
were able to modify the release profile of onco-A, delaying 
the release of the drug with time when compared to the 
non-encapsulated drug delivery profile. Furthermore, the 
analysis of the release profiles reveals that the triglyceride 
mixture composition has a direct effect on the onco-A 
delivery profile. The nanocomposite composed of tricaprin 
and trilaurin (MSLN1) showed a more pronounced release 
rate than the triglyceride based formulation composed 
of tricaprylin and trilaurin (MSLN2) in the first 8 h, in 
addition to a higher amount of drug released during this 
time (ca. 19% difference). However, in the time range 
from t = 8 h up to t = 72 h, the amount of drug released 
represents about a 10% in both nanocomposites. The 
observed difference between the drug delivery profiles 
of both nanocomposites lies in the first 8 h, which seems 
to be related to the distribution of the onco-A within the 
lipid nanoparticles. 

Figure 6. Hyperthermia measurements of the MSLN1 and MSLN2 
samples.

Figure 7. Mean (± standard deviation) percent of onco-A released at 
pH 7.4.
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The reason could lie in the different phase structure that 
MSLN1 and MSLN2 show in their lipid core. The plausible 
formation of domains of oil inside the solid lipid matrix 
in MSLN1 as consequence of the solubility of the liquid 
lipid tricaprylin in the solid tricaprin matrix, as deduced 
from the DSC results, could favor a greater interaction 
of onco-A with the hydrophobic core of the MSLN2 
nanocomposite. The in vitro bioactive release data from 
onco-A encapsulated MSLNs were evaluated kinetically 
using various mathematical models, such as zero order, 
Higuchi and Korsmeyer-Peppas models. The results of 
the data fitting into these above-mentioned mathematical 
models are given in Table 1. In all cases, the values for n 
were smaller than 0.5, meaning that onco-A release occurs 
by diffusion (Fickian model). Several other systems based 
on SLN described in the literature follow the same release 
pattern found in this study.44,45 This indicates that the release 
profile of the active compound is controlled by diffusion 
through the lipid core and, subsequently, by diffusion 
through cellulose membrane.

Cytotoxicity of MSLNs in human neutrophils

The potential toxic effects of the MLSNs in human 
neutrophils were investigated by measurements of LDH 
activity in the cell suspensions. The measurement of 
LDH activity, enzyme present in the cell cytoplasm, is a 
marker of intact membrane with considerable sensitivity. 
In this study, the MSLNs associated with oncocalyxone-A 
did not affect the cell viability assessed by LDH activity 
when compared with a control group (HBSS) (Figure 8), 
suggesting the absence of toxicity on the cell membrane 
of human neutrophils.

Conclusions

Magnetic solid lipid nanoparticles based on triglycerides 
mixtures were successfully synthesized by emulsification-
solvent evaporation method. The magnetic MSLN1 and 
MSLN2 nanocomposites were colloidally stable in water 
and showed an average particle size below 200 nm. 
Such systems are presented as potential candidates for 

therapeutic applications due to promising results in 
magnetic hyperthermia and drug release of onco-A. On 
the one hand, in vitro drug delivery assays showed that 
the MSLNs formulations were able to modify the release 
profile of onco-A, delaying the drug delivery and evidencing 
the effect of the triglyceride mixture composition on it. 
On the other hand, the good hyperthermia response of 
the nanocomposites under an oscillating magnetic field 
provides MSLNs with high promise as heat generating 
sources in magnetic hyperthermia. In addition, the MSLNs 
formulations did not affect the cell viability as measured by 
LDH activity, suggesting the absence of toxicity on the cell 
membrane of human neutrophils. Therefore, the triglyceride-
based magnetic nanocomposites open new perspectives for 
biomedical applications through the synergism between the 
therapeutic action of bioactive compounds and hyperthermia 
properties from iron oxide nanoparticles.
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