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Abstract: This study aimed to develop sorafenib loaded magnetic microspheres for the treatment of hepatocellular carcinoma.
To achieve this goal, superparamagnetic iron oxide nanoparticles (SPIONs) were synthesised and encapsulated in alginate
microspheres together with an antineoplastic agent, sorafenib. In the study, firstly SPIONs were synthesised and characterised
by dynamic light scattering, energy-dispersive X-ray spectroscopy, and scanning electron microscopy. Then, alginate-SPIONs
microspheres were developed, and further characterised by electron spin resonance spectrometer and vibrating sample
magnetometer. Besides the magnetic properties of SPIONs, alginate microspheres with SPIONs were also found to have
magnetic properties. The potential use of microspheres in hyperthermia treatment was then investigated and an increase of
about 4°C in the environment was found out. Drug release studies and cytotoxicity tests were performed after sorafenib was
encapsulated into the magnetic microspheres. According to release studies, sorafenib has been released from microspheres for
8 h. Cytotoxicity tests showed that alginate-SPION-sorafenib microspheres were highly effective against cancerous cells and
promising for cancer therapy.

1௑Introduction
Among the many different types of treatments, chemotherapy is
one of the most common treatments for cancer. The disadvantage
of chemotherapy is that it damages healthy cells as well as
cancerous cells, which is a painful process for the patient. Targetted
and controlled drug delivery methods have been developed to
overcome this problem [1–4].

Hepatocellular carcinoma (HCC) is the most common primary
liver cancer and it ranks fourth among the cancer types that cause
death [5]. The common treatments currently applied for HCC are
Trans-Arterial Chemoembolisation (TACE) and Drug Eluting Bead
– Trans-Arterial Chemo Embolisation (DEB-TACE) [6, 7]. DEB-
TACE is an endovascular treatment that uses microspheres to
release chemotherapeutic agents in a controlled release manner
within a target lesion [8, 9]. The main disadvantage of DEB-TACE
is that it cannot provide an image in treatment, so CT scans are
usually used for this purpose [10]. For this reason, it is
uncomfortable for the patient to take images during the treatment.

Sorafenib is the first systemic agent approved for the treatment
of advanced HCC [11]. It has been proved as a very effective
multi-kinase inhibitor for the treatment. Sorafenib, a bi-aryl urea
molecule, that can suppress several mechanisms of kinase proteins,
plays an important role in the treatment of HCC. Sorafenib inhibits
tumour growth and angiogenesis by targetting the Receptor
Tyrosine and Serine/Threonine Kinases [12].

Biocompatible biopolymeric microspheres as drug delivery
systems have numerous advantages in cancer treatment, especially
[2, 13]. This study aims to develop magnetically responsive
biopolymeric microspheres to deliver the chemotherapeutic agent,
sorafenib by controlling with an external magnetic field. In this
study, alginate which is one of the most biocompatible polymers
was used as a carrier of sorafenib and also superparamagnetic iron
oxide nanoparticles (SPIONs) were synthesised. By encapsulating
SPIONs into the alginate microspheres, the microspheres can be
captured in the vessels and targetted to the tumour region

accurately by an external magnetic field. In our work, besides the
magnetic and morphological features, the physicochemical and
cytotoxic properties were also investigated to show the
effectiveness of the microspheres in cancer treatment. Results from
this study will provide important information on the potential
application in the HCC treatment.

2௑Materials and methods
2.1 Materials

Sodium alginate, calcium chloride (CaCl2 anhydrous), Tween-80,
sodium hydroxide (NaOH) and hydroxypropyl methylcellulose
(HPMC) were purchased from Sigma-Aldrich (MO, USA). Iron
(II) chloride tetrahydrate, iron (III) chloride hexahydrate, and
hydrochloric acid (HCl) were supplied from Merck (Germany).
Sorafenib tosylate was obtained from Novartis (Switzerland). In
cell culture studies, media (Dulbecco's modified Eagle's medium
(DMEM)/F-12, penicillin-streptomycin, fetal calf serum (FCS),
trypsin-EDTA and 3-(4,5-dimethyldiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) were ordered from Sigma-
Aldrich (MO, USA). DI (deionised) water was also used
throughout all the related procedures.

2.2 Synthesis of SPIONs

The co-precipitation method was utilised to synthesise SPIONs
[14]. Briefly, 60 ml 0.5% HCl solution was placed in a flask and
nitrogen gas was purged through the solution for 15 min to remove
any oxygen. 5.2 g of iron(III) chloride hexahydrate and 2.0 g of
iron(II) chloride tetrahydrate were then added. The temperature
was increased to 65°C under vigorous stirring and nitrogen gas
flow for 30 min. Later, 1.0 M 100 ml NaOH solution was mixed
dropwise with a pre-prepared solution using a needle. The colour
of the solution turned into black that indicated the co-precipitation
reaction had started. Then, the mixture was stirred vigorously for 1 
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h and subsequently was cooled to room temperature while still
stirring for another 1 h. The black precipitate was washed four
times with DI water and SPIONs were collected using a
neodymium magnet. Next, SPION suspension was poured into a
Petri dish and dried at 50°C for two days so that SPION powder
was obtained.

2.3 Synthesis of alginate-SPION microspheres

A total of 25 ml 1.2% alginate solution was prepared and
vigorously stirred using a magnetic stirrer. 0.03 g HPMC was
added as a stabilising agent and the solution was continuously
stirred until a homogenous solution was obtained. A total of 125 
mg of the SPION was then added into the alginate solution and the
mixture was sonicated for 40 min until the SPIONs were fully
dispersed in the alginate solution. To be used as a crosslinking
solution, 2.5, 5.0, or 10% CaCl2 solutions were prepared and 1.0 
ml of Tween-80 was then added as a surfactant aid to achieve more
homogeneous microspheres. The alginate-SPION solution was
added into various concentrations of CaCl2 solutions through an
encapsulator (B-395 pro, Büchi, Essen, Germany) attached with a
nozzle with a diameter of 80 µm. Alginate-SPION microspheres
were obtained at a fixed electrode tension (600 V) and various
vibration frequencies of encapsulator [1].

2.4 Synthesis of alginate-SPION-sorafenib microspheres

The sorafenib solution was prepared by dissolving 200 mg of
sorafenib tosylate drug (one capsule) in 20 ml methanol at 65°C.
Then, the drug-methanol mixture was centrifuged at 5000 rpm for
5 min and cooled to room temperature. The supernatant was then
taken and filtered using a 0.22 µm syringe filter to remove
undissolved substances. Various amounts of sorafenib solution
were added to the CaCl2 solution that the final concentrations of
sorafenib were 0.1, 0.25, or 1.0 mg/ml, and the total volume was
100 ml. Then, the alginate-SPION solution was added into the
crosslinking solution containing the sorafenib utilising the
encapsulator as described previously.

2.5 Morphological and physicochemical analysis

2.5.1 Electron microscopy and energy-dispersive X-ray
spectroscopy: The morphological characterisations of the
SPIONs were evaluated with scanning and transmission electron
microscopies (SEM; FEI Quanta200, Japan and TEM; FEI Tecnai
G2, Japan) and chemical composition of the SPIONs were
investigated by an energy-dispersive X-ray spectrometer (EDX,
FEI Quanta200, Japan) operating at 15 keV. To prepare SEM and
EDX samples, powder samples were fixed on double-sided carbon
adhesive tape which was mounted on sample stubs. Each sample
was coated with gold using a precision etching coating system
(PECS, Gatan 682) before characterisation. For TEM analysis,
SPIONs solution was dropped on the copper grid and dried at room
temperature. The images were collected operating 120 keV.
Elemental mapping analysis of sorafenib loaded alginate-SPION
microspheres was carried out with an EDX attached SEM (Tescan
GAIA3, Czech Republic) without gold coating.

2.5.2 Dynamic light scattering (DLS) and zeta potential: The
size distribution and zeta potential of the synthesised SPIONs were
analysed with a DLS instrument (Zetasizer 3000 HSA, Malvern
Instruments, UK) in phosphate-buffered saline (PBS) solution at
25°C. Each sample was sonicated in an ultrasonic bath for 2 min
prior to analysis.

2.5.3 Electron spin resonance (ESR) spectroscopy and
vibrating sample magnetometry: Prepared SPIONs and alginate-
SPION microspheres were characterised by an ESR spectrometer
(Bruker EMX 113 X-Band ESR, Germany). The instrumental
parameters were as follows: Central magnetic field: 270.0 mT,
sweep time: 83.89 s, modulation frequency: 100 kHz and
amplitude: 0.1 mT, microwave frequency: 9.78 GHz and power:
0.125 mW. Magnetic properties of prepared SPIONs, alginate-

SPION microspheres and alginate microspheres were characterised
with a vibrating sample magnetometer (VSM, LDJ 9600, Lake
Shore, USA).

2.5.4 In vitro magnetic hyperthermia: To determine the heating
potential of the samples with magnetic hyperthermia system,
specific absorption rate (SAR) measurements were performed. An
easy set-up consisting of a power generator, a fibre optic
thermometer and a data acquisition system was used. Prior to
analysis, the samples were suspended in isopropyl alcohol reaching
a concentration of 5 mg/ml. Experiments were conducted under the
magnetic field and frequency. The temperature of the samples was
recorded through the optical fibre system, initiating from 25°C.

2.5.5 Optical imaging: The images of the synthesised alginate
microspheres were taken by a light microscope (Olympus CH40) at
the end of each synthesis. Microspheres were dispersed on a
microscope cover glass and overall size was calculated by
measuring the microspheres using ImageJ software. For the
calculation, the average of five different images for each synthesis
was taken.

2.5.6 Entrapment efficiency (EE) and drug release: Three
different concentrations of sorafenib (0.1, 0.25, or 1.0 mg/ml) were
used in the synthesis of alginate-SPION-sorafenib microspheres
and the entrapment efficiencies of the microspheres were assessed.
The prepared microspheres were centrifuged at 3000 rpm for 5 min
and the drug concentration in the supernatant was determined by a
UV–visible spectrophotometer (Nanodrop1000, Thermo USA) at a
wavelength of maximum (λmax) 263 nm. Drug EE of microspheres
was calculated by the following formula [15]:

EE %

=
Total amount of Sorafenib − Amount of free Sorafenib

Total amount of Sorafenib

× 100.

The release profile of sorafenib from microspheres was examined
in PBS solution (pH 7.4) [16]. In brief, 0.25 mg/ml sorafenib was
loaded into the prepared microspheres and microsphere-sorafenib
suspension was centrifuged at 3000 rpm for 5 min. After removing
the supernatant, sorafenib-loaded microspheres were resuspended
in 20 ml of PBS and the suspension was incubated in a water bath
under stable shaking at 100 rpm at 37°C. Finally, the amount of
released sorafenib in the medium was quantified by the UV–visible
spectrophotometer at 263 nm in different time intervals.

2.5.7 In vitro cytotoxicity test: Cytotoxicity effects of the alginate
and alginate-SPION microspheres in HEPG2 liver cancer and L929
fibroblast cell lines were evaluated by MTT test [17]. Cells were
cultured in a medium of DMEM/F-12 supplemented with 10% FCS
and 100-U/ml penicillin-streptomycin at 37°C in a 5% CO2
atmosphere. Cells were seeded in 96-well plates at a density of 1 × 
104 cells per well and incubated overnight. The microspheres at
various concentrations were diluted using the medium, added to the
cells and the cells were then incubated for 24 h. Next day, the
medium in each well was aspirated and 200 µl of medium
containing 13 µl MTT solution (5 mg/ml, dissolved in RPMI 1640
without phenol red) was added onto the cells. At the fourth hour of
incubation at 37°C, 100 µl of isopropanol–HCl was added to
solubilise formed formazan crystals. Then, the absorbance of each
well was measured at 570 nm using a microplate
spectrophotometer (ASYS Biochrome, UK). The cell viability was
determined as a percentage of control.

3௑Result and discussion
3.1 Morphological and physicochemical analysis

Synthesised SPIONs were analysed by SEM and TEM and the
obtained photographs revealed that nanoparticles were spherical.
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According to the SEM and TEM images, nanoparticles have a size
of ∼10–15 nm in diameter that is favourable to obtain
superparamagnetic behaviour. In addition, EDX analysis showed
that synthesised SPIONs consisted of iron and oxygen elements as
expected. The carbon peak in the spectrum corresponded to tape
used as a substrate, and the peak in the gold (Au) area
corresponded to the coating (Fig. 1). 

In the elemental mapping of Sorafenib loaded alginate-SPION
microspheres, carbon and fluorine were investigated which came
from alginate and sorafenib, respectively. It was found that fluorine
atoms and thus the sorafenib molecules are homogeneously
dispersed in the microsphere according to Fig. 2. 

The average size of SPIONs was obtained with DLS. The
hydrodynamic radius was 61 nm with a PDI of 0.27 showing that
SPIONs have relatively narrow size distribution. The obtained size
value was inherently larger than the one that obtained with SEM
and TEM due to the difference in measurement method [18]. That
is because of the superparamagnetic property of the SPION caused
to aggregation. Besides, the zeta potential of SPIONs was found
out as −27.0 mV that means SPIONs were moderately stable
(Fig. 3) [19]. 

The effect of CaCl2 concentration and applied frequency on the
size and morphology of the alginate-SPION microspheres was
determined by an optical microscope Fig. 4. The most spherical
shape and narrow size distribution were obtained by optimising
synthesis parameters. The optimal production condition was a
frequency of 1600 Hz and CaCl2 concentration of 5% (Table 1). 

The ESR spectra of SPION and alginate-SPION microsphere
were presented in Fig. 5. The characteristic ESR spectrum of
SPIONs was changed expectedly when encapsulated within
alginate microspheres. The resonance lines were shifted to higher
fields with rising intensity. Also, the spectral line width was
increased from 100 to 120 mT that was compatible with the
previous studies [20, 21].

As seen in Fig. 6, maximum saturation magnetisation (about 70 
emu/g) was determined for SPION while it decreased to 4.0 emu/g
for alginate-SPION microspheres, and to almost 0.0 emu/g for

Fig. 1௒ Electron microscope analyses of SPIONs
(a) SEM image, (b) EDX spectrum, (c) TEM image of SPIONs

 

Fig. 2௒ Elemental analysis of Sorafenib loaded alginate-SPION
microsphere
(a) SEM image, (b) Carbon, (c) Fluorine

 

Fig. 3௒ Particle size and zeta potential analysis of SPIONs
(a) Dynamic light scattering, (b) Zeta potential graph of SPIONs

 

Fig. 4௒ Optical microscope image of alginate-SPION microspheres
(magnification: x4)
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alginate microspheres. This reduction in magnetisation can be
explained with the non-magnetic property of alginate material.

In the hyperthermia study, SPIONs exhibited the highest
temperature rise, while alginate-SPION microspheres also achieved
a temperature increase of 4°C after 6 min. SAR values of the
SPIONs and alginate-SPION microspheres were calculated as 99.3
and 22.7 J/gs, respectively (Fig. 7). The results indicated that
SPIONs and alginate-SPION microsphere samples can heat the
environment and can be used in hyperthermia area, which is one of
the scopes of this study. Due to the coating of SPIONs with
alginate, alginate-SPION microspheres showed a lower
temperature difference as expected. On the other hand, alginate
microspheres samples did not provide almost any heating
performance confirming the results recorded with the VSM studies.
The combined application of hyperthermia and chemotherapy has
attracted increasing interest with its potency to overcome the
disadvantages of monotherapies [22]. When hyperthermia is
integrated with chemotherapy involving drug-loaded micro-/nano-
sized delivery systems, the heat generated not only affects cancer
cells but also triggers drug release [23, 24]. Thus, the

chemotherapeutic agent can be released in the designated region
without damaging normal cells so that only cancerous cells can be
specifically destroyed.

3.2 Drug loading efficiency and release profile

Alginate and alginate-SPION microspheres showed a loading
efficiency of 65.6 and 58.8%, respectively, when 0.25 mg/ml
sorafenib was used. The difference in drug encapsulation amount
for microspheres can be explained with contained iron oxide core
in alginate-SPION which does not participate in the drug
encapsulation. Besides, when the amount of sorafenib used was 0.1
and 1.0 mg/ml for alginate-SPION microspheres, the loading
efficiency was determined to be 86.2 and 42.2%, respectively. This
attributes to loading of sorafenib had reached its saturation point
and no more drugs can be encapsulated in microspheres (Table 2)
[25]. 

Fig. 8 showed in vitro drug release profile of sorafenib-loaded
alginate-SPION microspheres in PBS medium for 8 h. It was
observed that alginate-SPION-sorafenib microspheres exhibited
biphasic drug release behaviour with an initial burst release and a
slower release afterwards. In the first 1 h, the percentage of
released sorafenib was found to be as 54% whereas in the second
phase sorafenib released in a sustained manner by maintaining its
concentration in the release medium. At the end of 8 h, almost 81%

Table 1 Effect of CaCl2 concentration and frequency to
microsphere size
CaCl2
concentration, %

Frequency, Hz Mean
diameter, µm

Standard
deviation

1.5 1400 154.8 34.0
1600 136.6 17.0
1800 149.0 9.4

5 1400 135.9 18.5
1600 109.3 5.1
1800 112.7 3.3

10 1400 135.7 11.5
1600 132.0 6.0
1800 121.0 11.7

 

Fig. 5௒ Electron spin resonance studies
(a) SPION, (b) Alginate-SPION microsphere with g values 2.759 and 2.240,
respectively

 

Fig. 6௒ Magnetic field response of particles
(a) SPIONs, (b) Alginate-SPION microspheres, (c) Alginate microspheres

 

Fig. 7௒ Temperature increment of particles under magnetic field
(a) SPIONs, (b) Alginate-SPION microspheres, (c) Alginate microspheres

 
Table 2 Sorafenib encapsulation efficiency (%)
Sorafenib, mg/mL Alginate

microsphere
Alginate-SPION

microsphere
0.10 — 86.2
0.25 65.6 58.8
1.00 — 42.2
 

Fig. 8௒ Release profile of sorafenib encapsulated alginate-SPION
microspheres
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of sorafenib was released from the microspheres. The burst release
of sorafenib may be attributed to the fact that some of the drugs
were adsorbed onto the surface of the alginate-SPION
microspheres. The biodegradable characteristics of alginate
maintained the microspheres consequently allowed sorafenib to
detach and released to the environment [26]. To prevent the burst
release as well as assure a long-term sustained release pattern, drug
delivery systems can be engineered by using layer-by-layer
approaches [27]. However, importantly, the initial rapid release
phenomenon of drugs may also be useful to quickly reach the
effective treatment concentration [28].

3.3 In vitro cytotoxicity

Cytotoxicity effects of sorafenib encapsulated alginate-SPION
microspheres were examined in L929 fibroblast and HEPG2 liver
cancer cell lines. The cell lines were incubated with the
microspheres at various concentrations (10, 100, 500 µg/ml) with
different encapsulated sorafenib amounts. The result of the MTT
assay showed that bare alginate-SPION microspheres did not
exhibit any toxicity on L929 and significant toxicity on HEPG2
cells. When microspheres produced by encapsulation using 0.25 
mg/ml drug were used at 500 µg/ml concentration on L929 cells,
viability decreased to 90%. When L929 cells were exposed to 100
and 500 µg/ml microsphere concentrations that 1.0 mg/ml drug
was used in the production step, the viability was decreased to 82

and 73%, respectively. In addition, when we examined the effect of
microspheres on HEPG2 cells, it was seen that the viability
significantly decreased as the microsphere and drug concentration
increased. Comparing the viability values obtained after using 100 
µg/ml of microspheres produced using 10 mg/ml drug, HEPG2 cell
viability decreased to 33%, while L929 cell viability remained at
85% (Fig. 9). 

4௑Conclusion
This study represented the preparation and characterisation of
alginate-SPION-sorafenib microspheres that were a potential
candidate in the treatment of HCC. SPIONs were synthesised by
co-precipitation method and encapsulated with the chemotherapy
agent, sorafenib, within alginate microspheres. ESR and VSM
results showed that microspheres had magnetic properties and
could be used in targetting. According to hyperthermia results,
microspheres tended to increase temperature almost 4°C that
improved their effectiveness in therapeutic applications. In drug
release studies, it was determined that the microspheres released
almost 81% of the encapsulated sorafenib in a controlled manner
for 8 h in vitro. Cytotoxicity tests carried out in both healthy and
cancerous cells revealed that the sorafenib loaded microspheres
were highly toxic to cancerous cells depending on the
concentration but caused minimal damage to healthy cells. In
conclusion, alginate-SPION-sorafenib microspheres can be
recommended as a promising chemotherapy and hyperthermia
agent to be used and developed for further in vivo studies.
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