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ABSTRACT

agnetic nano hyperthermia (MNH) is a promising technique for the treatment of
Ma variety of malignancies. This non-invasive technique employs magnetic nanopar-
ticles and alternating magnetic fields to generate local heat at the tumor location, which
activates cell death pathways. However, the efficacy of MNH is dependent on the physico-
chemical properties of the magnetic nanoparticles, such as size, size distribution, magnetic
properties, biocompatibility, and dispersibility in the medium. In this study, it is aimed
to evaluate the heating capacity of poly (lactic-co-glycolic acid)-poly (ethylene glycol) di-
block copolymer (PLGA-b-PEG) coated monodisperse iron oxide nanoparticles (IONs) as
an effective mediator for MNH application. For this purpose, monodisperse IONs with a
narrow size distribution and a mean particle size of 8.6 nm have been synthesized via the
thermal decomposition method. The resulting IONs were then coated with the PEGylated-
PLGA polymer and homogeneously dispersed in the polymeric matrix, which had a clearly
defined spherical shape. Additionally, the specific absorption rate (SAR), reflecting the
amount of heat dissipation from the NPs to the surrounding medium, was calculated for
different concentrations (10, 5, 2.5, and 1.25 mg/mL) of PEGylated-PLGA-IONs. At 5 mg/
mL PEGylated-PLGA-IONSs (125 pg, /mL) were found to have a maximum SAR value of
313 W/g. In conclusion, the homogenous dispersion of IONs in PEGylated-PLGA matrix

may be one of the critical parameters to enhance the SAR value for MNH-based cancer
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INTRODUCTION

Acancer treatment strategy known as magnetic
nano hyperthermia (MNH) employs magnetic
nanoparticles (MNPs) to create local heat at the tu-
mor site under the applied alternating magnetic fields
(1, 2). This non-invasive technique induces physiolo-
gical changes and activates death pathways in tumor
cells. In hyperthermia, mild temperature increases
up to 41-43°C induce the degradation of intercellu-
lar proteins, which triggers apoptosis, whereas higher
temperature increases above 45°C cause the necrosis
of cancer cells (3, 4). However, due to its fewer ad-
verse effects on healthy tissue, hyperthermia-induced
apoptosis is a more favorable process of cellular death
mechanism than necrosis (5, 6). On the other hand,
the efficiency of MNH is determined by the physical
parameters of the exposure system as well as the qu-
alities of the magnetic nanoparticles.

Iron oxide nanoparticles (IONs) with superior

Cite as:

magnetic properties have been widely used in various
biomedical applications (7, 8), including magnetic re-
sonance imaging, blood-brain barrier permeability (9),
and MNH agents (10). In the field of MNH, IONs are
the favored agent because of their ability to serve as heat
mediators when exposed to an alternating magnetic fi-
eld (11). However, the performance of MNH is depen-
dent on the physicochemical qualities of IONs. Also,
these qualities include size, size distribution, magnetic
properties, biocompatibility, and aggregation, which de-
termine how IONs interact with the external magnetic
fields (12). Since the physicochemical characteristics of
IONs are directly determined by the manufacturing
procedures, fabrication methods also have an impact on
MNH performance.

Iron oxide nanoparticles can be fabricated using
various techniques, including co-precipitation, thermal
decomposition, sonochemical decomposition, hydrot-
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hermal reactions, electrochemical deposition, etc. (13).
Among them, co-precipitation and thermal decomposition
are the two most commonly used techniques. However, the
co-precipitation method typically results in a wide range of
particle sizes, highly agglomerated particles, and poor cont-
rol of the creation of particle shapes (14). In addition, one
of the major barriers to biological application is the high
agglomeration of nanoparticles, which may also reduce the
heating ability of IONs for hyperthermia. On the other hand,
the thermal decomposition method can be used to create
a highly monodisperse IONs (13). These monodisperse
IONs could also be coated with biocompatible/biodegra-
dable polymers like poly(lactic-co-glycolic acid) (PLGA) and
polyethylene glycol (PEG) for biological applications. Furt-
hermore, the presence of these polymers can improve the
stability and dispersibility of IONS.

The characteristics of the polymer-coated IONs play a
role in the interactions between the nanoparticles and the
electromagnetic fields (EMF). However, the physical para-
meters of the applied external EMF, mainly its frequency, are
also crucial for the different types of biological interactions
(15). For instance, in our previous study, a portable radiofre-
quency-hyperthermia (RF-HT) system with a specific frequ-
ency of 13.56 MHz was constructed and reported (4). This
particular frequency (13.56 MHz) mostly interacts with
the dynamic cell membrane structures, which compose of
tightly packed microdomains known as lipid rafts (16, 17).
Therefore, in the next study, we investigated the permeabi-
lity of an in vitro blood-brain barrier (BBB) model in relation
to the effects of specific 13.56 MHz frequency either alone
or in the presence of nanoparticles (9). After exposure to the
13.56 MHz, it was found that transported amounts of IONs
and polymer-coated IONs on the basolateral sides increased.
Thus, we concluded that the 13.56 MHz combination with
membrane or nanoparticles (IONs and polymer-coated
IONS) can increase BBB permeability. In a different study,
we tried to improve the therapeutic efficacy of multi-functi-
onalized nanoparticles in combination with 13.56 MHz on
glioblastoma cells (10). Since the membrane interaction of
this 13.56 MHz specific frequency is known (17), it has been
claimed that it may enhance cellular uptake by membrane
interaction as well as the hyperthermia impact.

In all of the studies discussed above, a system with a
frequency of 13.56 MHz was utilized in accordance with the
interaction of the biological structure (cell membrane, BBB
penetration, cellular uptake., etc.). However, in this research,
acommercialized induction heating system was used, which
produces a magnetic field at a frequency of roughly 300 kHz
and is commonly used in MNH experiments. Since the fo-
cus of this research is on the interaction between a magne-
tic field and materials (IONs), external frequencies around
300 kHz were selected, where this interaction is stronger for

hyperthermia. To our knowledge, there is no study in which
highly monodisperse IONs were embedded in PEGylated-
PLGA nanoparticles and correlated the hyperthermia effi-
cacy of these particles with concentration-dependent spe-
cific absorption rate (SAR) values. Therefore, the aim of
this study is to determine the efficacy of PEGylated-PLGA
coated monodisperse IONs as a hyperthermia mediator to
evaluate the potential for future research on cancer therapy.

MATERIAL AND METHODS
Materials

Ferric chloride hexahydrate (FeCls.6H20), sodium
oleate, l-octadecene, oleic acid, poly(lactic-co-glycolic
acid) (PLGA) (lactide:glycolide, 50:50, M, :30,000-60,000),
poly(ethylene glycol) 2-aminoethyl ether acetic acid (COOH-
PEG-NH:, M :3500), I-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide sodium salt
(NHS), hexane, methanol, ethanol, dimethyl formamide
(DMEF), dichloromethane (DCM), polyvinyl alcohol (PVA,
M :30,000-70,000) and iron assay kit (MAK025) were purc-
hased from Sigma-Aldrich (Germany).

Fabrication of monodisperse iron oxide
nanoparticles (IONs)

Monodisperse iron oxide nanoparticles (IONs) were
fabricated by a thermal decomposition method (18), as
also reported in our previous studies (8-10) . Briefly, the
thermal decomposition process involves two steps. First,
synthesis of iron-oleate complexes: Iron (III) chloride he-
xahydrate (10.8 g) and sodium oleate (36.5 g) were dissol-
ved in a mixture of distilled water, ethanol, and hexane
(60; 80; 140 mL) and heated at 70°C for 2 h. Following
the end of the reaction, the iron oleate organic layer was
washed three times in a separatory funnel with distilled
water. In the second step of thermal decomposition, the
synthesized iron oleate (36 g) and oleic acid (5.7 g) were
dissolved in 1-octadecene under nitrogen (N2) protection
and heated to 320°C for 30 min. After cooling the final
solution down to room temperature, the excess surfac-
tants were removed by washing the magnetic NPs three
times with ethanol using a neodymium magnet and cent-
rifugation (10,000 rpm, 15 min). Finally, IONs were dist-
ributed in hexane for further use.

Fabrication of PEGylated-PLGA polymer

Di-block polymers of PLGA and PEG (Mn: 3500) were
fabricated via an EDC-NHS chemistry (19). Briefly, PLGA
(50 mg) was dissolved in DMF (10 mL), followed by acti-
vated with 1.20 mM EDC and 1.17 mM NHS. After allo-
wing the solution to react overnight, the obtained PLGA
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was washed three times with ice-cold methanol to re-
move impurities and vacuum dried. Forty milligrams of
activated PLGA were dissolved in dimethylformamide (2
mL), then added 26 uM NH2-PEG-COOH and incubated
for 12 h with magnetic stirring (100 rpm). The resulting
PEGylated-PLGA copolymer was precipitated, washed
three times with ice-cold methanol, collected, and dried
in a vacuum prior to further use.

Fabrication of PEGylated-PLGA coated
monodisperse IONs

PEGylated-PLGA polymer coating of IONs was carried
out by a single emulsion-solvent evaporation method (20).
Briefly, 2 mg of IONs and 20 mg PEGylated-PLGA poly-
mers were mixed in 4 mL DCM, forming the emulsion’s
organic phase. The organic phase was then added drop-
wise to 20 mL of 1% (w/v) PVA aqueous solution under
stirring at 15,000 rpm with an ultra-turrax homogenizer
for 10 min. Next, the organic solvent (DCM) was evapo-
rated while the emulsion was mechanically stirred with a
non-magnetic PTFE stirrer for 4 h at room temperature.
Subsequently, the PEGylated-PLGA-IONs were washed
three times by centrifugation (11,000 rpm, 30 min) to re-
move excess reactants. The collected PEGylated-PLGA-
IONs were finally freeze-dried and stored at 4°C until
further use.

Characterization of nanoparticles

The morphology and size of the fabricated nanopartic-
les were investigated by field emission scanning electron
microscopy (Quanta 400F SEM, USA) and transmission
electron microscopy (TEM, FEI Tecnai G2 Spirit BioT-
win, USA). The average size and standard deviation of the
IONs and PEGylated-PLGA-IONs were calculated from
more than 200 particles in electron microscope images
utilizing Image] software. The polydispersity index (PDI)
describes the particle size distribution. The PDI value
may vary from 0 to 1, while the PDI value less than 0.1
implies monodisperse particles and the values more than
0.1 may indicate polydisperse particle size distributions.
The formula for the polydispersity index is presented as
follows (21).

PDI =(c /dYy o)

Where o represents the standard deviation and d in-
dicates the mean particle diameter. The hysteresis loops of
IONs and PEGylated-PLGA-IONs were recorded at room
temperature with a physical property measurement system
of Quantum Design (QD-PPMS, USA) in magnetic fields
between -2 to 2 Tesla.

Magnetic heating experiments of nanoparticles

The heating ability of PEGylated-PLGA coated IONs is
investigated using an induction heating system (Easy
Heat 8310, Ambrell, UK) (Fig. 1a) with a 3.43 cm diame-
ter and 8-turns coil (Fig. 1b). Heat generation was cont-
rolled at ambient temperature by running cold water
through the induction coil’s hollow tube. The prepared
PEGylated-PLGA-IONs were dispersed in distilled water
(2.5 mL) and sonicated for 2 min to improve dispersion
homogeneity. Then, the suspension was placed inside the
coil, and magnetic field was applied for 10 min (100 A,
312 kHz). After that, magnetic field strength (H) was cal-
culated using Equation (2).

H =1.257 ni/ L(Oe) @)

where i represents the coil's current value, L its dia-
meter in centimeters, and # its number of turns (22). The
calculated magnetic field strength was H= 23.51 kA/m, and
the induced temperature of the solution was recorded using
a fiber optic temperature sensor (Neoptix, Canada) throug-
hout the exposure (Fig. 1b and 1c). Afterwards, the specific
absorption rate (SAR), which is the main parameter of heat
dissipation of magnetic nanoparticles (23), was calculated to
evaluate the heating efficiency of PEGylated-PLGA-IONSs at
different concentrations (10, 5, 2.5, 1.25 mg/mL). The SAR
value is calculated by using the following Equation (3) (24).

SAR (W /g)=C (m, /m,,) (AT/At) 3)

Where the C refers to suspension’s specific heat capa-
city (Cwater= 4.185 J/g°C), ms for the mass of the solution,
mFe for the mass of iron (Fe), and AT/At for the slope mea-
sured from the heating curves.

Figure 1. Induction heating system (Easyheat 8310, Ambrell, UK), (a)
power supply, (b) induction coil (8-turns) with fiber optic temperature
probe, (c) fiber optic temperature measurement system (Neoptix, Ca-
nada).

It has been noted that some researchers provide SAR re-
sults in Watts per mass of nanoparticles (W/mNPs) (25, 26),
whereas others report Watts per mass of Fe (W/mFe) (27, 28).
In this paper, SAR values were expressed in Watts per unit
mass of iron (W/mFe). Therefore, a colorimetric approach
was used to determine the iron content in PEGylated-PLGA
nanoparticles with iron assay kit components. A microplate
reader (Asys UVM340, Austria) was used to measure the
solutions' absorbance at 593 nm in 96-well plates. Iron assay
kit components were also used to create standard solutions
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with known iron concentrations. Next, the iron concentra-
tion of PEGylated-PLGA-IONs was calculated using a stan-
dard calibration curve.

RESULTS AND DISCUSSION

Fabrication and characterization of IONs and
PEGylated-PLGA coated IONs

A detailed physicochemical characterization of iron oxi-
de nanoparticles (XRD and ATR-FTIR) and PEGylated-
PLGA polymers (*H NMR and ATR-FTIR) were also
reported in our previous publications (8-10, 29). In this
study, IONs were fabricated by the thermal decomposi-
tion of iron-oleate precursor in the presence of an orga-
nic solvent with a high boiling point. Iron oxide nano-
particles, as shown in TEM image (Fig. 2a), had a narrow
size distribution with an average particle size of 8.6 +
0.9 nm (Fig. 2b). Additionally, TEM image demonstrates
the efficiency of the thermal decomposition method in
producing monodispersed IONs. The PDI was calcula-
ted as 0.01, indicating that IONs were monodispersed.
For biological applications, monodispersed IONs were
coated with PEGylated-PLGA polymer by emulsion-sol-

vent evaporation method. The morphology and size of
PEGylated-PLGA coated IONs were characterized via
SEM/TEM analyses. According to SEM analysis (Fig. 2d),
the PEGylated-PLGA-IONs exhibited spherical morpho-
logy with an average diameter of 170 + 46 nm (Fig. 2e).
As shown in Fig. 2f, the IONs were uniformly distribu-
ted and clearly displayed in the PEGylated-PLGA matrix.
Furthermore, the same image revealed that IONs in the
core had a well-defined spherical shape, with no apparent
particle aggregation. This situation may also assist the
heating capacity (SAR) of PEGylated-PLGA-IONSs in an
alternating magnetic field.

The magnetic field-dependent magnetizations of the
IONs and PEGylated-PLGA-IONs are shown in Fig. 2c. It
is apparent that the magnetization curve has no hystere-
sis with zero coercivity and remanence, which indicates a
superparamagnetic behavior. The saturation magnetizati-
on (Ms) of IONs was 6 emu/g, which was lower than the
values reported in the literature (30). However, the satura-
tion magnetization of magnetic nanoparticles may change
dramatically based on factors such as the particle size (31),
the distortion of crystal symmetry (spin canting effect) (32),
and whether or not the synthesis medium contains oxygen
(27). On the other hand, the Ms of the PEGylated-PLGA-
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Figure 2. (a) The TEM image of monodisperse iron oxide nanoparticles (IONs), (b) size distribution histogram of IONs from TEM image, (c)
hysteresis loops of IONs and PEGylated-PLGA coated IONs (PEGylated-PLGA-IONSs), (d) SEM image of PEGylated-PLGA-IONSs, (e) size distribution
histogram of PEGylated-PLGA-IONs from SEM image, (f) TEM image of PEGylated-PLGA-IONs containing IONs homogeneously dispersed in the

PEGylated-PLGA matrix.
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IONs decreased to 0.6 emu/g. This reduction for PEGylated-
PLGA-IONS is caused by the PEGylated-PLGA layers sur-
rounding IONs. Although magnetization is a major factor
in influencing IONs' heating efficiency, other factors, such
as low aggregation, and homogeneous and uniform size
distribution, are also crucial. Therefore, the hyperthermia
efficiency of monodisperse and non-clustered IONs in the
PEGylated-PLGA matrix (PEGylated-PLGA-IONs) was tes-
ted despite their low magnetization values.

Induction heating performance of PEGylated-
PLGA coated IONs

Before the induction heating experiments, the iron (Fe)
concentration of the PEGylated-PLGA-IONs was measu-
red using a colorimetric method (Fig. 3). For this reason,
iron assay kit components were used to generate stan-
dard solutions with known iron concentrations. Next, a
standard absorbance-total iron concentration curve was
obtained (Fig. 3a), and it was used to determine iron con-
tent of the PEGylated-PLGA-IONS (Fig. 3b). The total Fe
content was found to be 40 ug Fe/1 mg PEGylated-PLGA-
IONS.

@ )
20 20

L5 R2=0.9633

R?=09842

Y = 0.3207*X + 0.05042 Y =0.007978*X +0.03213

0.5

Absorbance (593 nm)
e - h
g =
Absorbans (593 nm)
s
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Figure 3. A colorimetric method to determine iron content with an
iron assay kit components based on the instructions of the manufactu-
rer, (a) total iron, (b) concentration of the PEGylated-PLGA coated IONs.

Afterward, PEGylated-PLGA-IONs were dispersed in
distilled water (2.5 mL) at different concentrations (1.25,
2.5, 5, and 10 mg/mL). To induce heating, the PEGylated-
PLGA-ION solutions are positioned in the coil’s center, and
an external alternating magnetic field (312 kHz, 100 A) is
provided for 10 min. During the magnetic field exposure,
the induced temperature of the solutions was measured and
recorded in real-time (Fig. 4). According to the temperature
profiles, the solution temperature increased by 9, 6, 2.1, and
1.5°C at the PEGylated-PLGA-IONs concentrations of 10, 5,
2.5, and 1.25 mg/mL, respectively (Fig. 4). However, SAR va-
lues of PEGylated-PLGA NPs (10, 5, 2.5 and 1.25 mg/mL)
were found as 251.3, 313.4, 186.8 and 160.9 W/g, respectively
(Table 1). The SAR value was maximum at 5 mg/mL nano-
particle concentration, while the highest temperature incre-
ase was observed at 10 mg/mL. On the other hand, AT/At is
the initial slope (0 to 30 s) for 1.25 mg/mL greater than 2.5
mg/mL. Even though the ION concentration is 50% lower
than at 2.5 mg/mL, the SAR values are very close to those
at 2.5 mg/mL. Therefore, it may be concluded that when an
external field is applied, the aggregation rate of 2.5 mg/mL

or even the sedimentation rate is faster than 1.25 mg/mL.
In other words, magnetic nanoparticles may exhibit larger
SAR values at lower concentrations.

There are several studies in the literature on coating
iron oxide nanoparticles with biocompatible materials to
evaluate SAR values. For instance, albumin-stabilized car-
bon-encapsulated iron oxide nanoparticles (Fe@C-BSA)
have been evaluated as a potential agent for magnetic nano
hyperthermia. Among the tested concentrations of Fe@C-
BSA (1, 2.5, and 5 mg/mL) for induction heating, the SAR
value was determined to be the highest (437.64 W/g) at the
lowest concentration (1 mg/mL) (33).

PEGylated-PLGA coated monodisperse IONs
10
90°c — 10mg/mL
8 — Smg/mL
o 6 +6,0°C 2.5 mg/mL
it — 1.25mg/mL
S 4
water
+2,1°C
2 _——— — +1,5°C
o~ I - +09°C
N7 S
0 200 400 600 800
Time (s)

Figure 4. The time-dependent changes in the temperature of
PEGylated-PLGA coated monodisperse iron oxide nanoparticles with
different concentrations under the alternating magnetic field (100 A, 312
kHz, 10 min).

Table 1. Concentration-dependent specific absorption rate (SAR) of
PEGylated-PLGA coated iron oxide nanoparticles (PEG-PLGA-IONs) in
2.5 mL of distilled water under an alternating magnetic field (312 kHz,
100 A, 10 min)

Concentration of iron (Fe)

Concentration of in PEG-PLGA-IONs (accor-

PEG-PLGA-IONs ding to colorimetric method  SAR (W/gFe)
(mg/mL) using an iron assay kit)
(ugFe/mL)
10 250 251.3
5 125 313.4
2.5 62.5 186.8
1.25 31.25 160.9

In another study, hyperthermia efficacy and SAR value
of magnetic graphene oxide-lignin nanocomposites (mag-
netic GO-lignin) were examined for cancer therapy. At the
lower concentration of the nanocomposite (0.5 mg/mL),
magnetic GO-lignin exhibits a higher specific absorption
rate (121.22 W/g) (25). Therefore, a key factor influencing
the specific absorption rate is the high stability and good
homogeneity of magnetic nanocomposites in the aqueous
phase. The SAR or corresponding parameters, specific loss
power (SLP) or intrinsic loss power (ILP), can also be used
to measure the magnetic heating efficacy of magnetic na-
noparticles (34). Kim et al. report that the SLP of magnetic
nanoparticles as a hyperthermia agent exhibited a strong
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concentration-dependent oscillation behavior. Their fin-
ding suggests that the short interparticle distance, which is
concentration related, may be the cause of decreasing SLP
value (35). In light of these studies, determining the criti-
cal dose for a high-efficiency magnetic nano-hyperthermia
agent is crucial for biomedical research. Moreover, it beco-
mes clear that the monodisperse and non-aggregate distri-
bution of iron oxide nanoparticles in the polymeric matrix
has a significant impact on hyperthermia efficiency.

CONCLUSION

The use of IONs in magnetic nano hyperthermia appli-
cations depends on their improvement with high heating
efficacy, biocompatibility, and colloidal stability under
physiological conditions. In this short study, PEGylated-
PLGA coated monodisperse iron oxide nanoparticles
were fabricated and tested as a potential magnetic nano
hyperthermia agent. The results showed that highly mo-
nodisperse IONs (8.6 + 0.9 nm) were clearly demonstra-
ted with uniform distribution in the PEGylated-PLGA
polymeric matrix. After that, different concentrations
of PEGylated-PLGA coated monodisperse IONs were
tested for their induction heating potentials. The highest
SAR value was calculated to be 313 W/g at a nanoparticle
concentration of 5 mg/mL, which included 125 pgFe/mL.
Therefore, these findings suggest that the monodisperse
fabrication of IONs and their homogeneous distribution
in the polymeric matrix may also contribute to the ef-
ficacy of hyperthermia on induction heating for cancer
therapy.
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