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ARTICLE INFO ABSTRACT
Keywords: Thermally responsive and ligand-mediated drug delivery systems have the potential to improve the treatment of
Glioblastoma brain tumors, especially, most lethal one, glioblastoma multiform (GBM). Magnetic nanoparticle-mediated hy-

RF hyperthermia
GRGDS

Curcumin

Magnetic nanoparticles

perthermia becomes one of the most promising alternative therapy for GBM treatment in cases where localized
heating and targeted delivery of a therapeutic drug can be achieved on the tumor site. In this study, it is aimed to
increase the therapeutic efficiency of multi-functionalized nanoparticles (NPs) in combination with radio-
frequency hyperthermia (RF-HT) on GBM cells. For this purpose, firstly, a low-cost and portable home-built RF-
HT system suitable for in vitro/in vivo studies was successfully implemented and tested at 13.56 MHz frequency
with power up to approximately 400 W. Subsequently, the highly monodispersed superparamagnetic iron oxide
nanoparticles (SPIONs), which could interact with the RF magnetic field, were synthesized with the mean par-
ticle size of 5.6 + 0.9 nm. The obtained SPIONs were coated with poly (lactic-co-glycolic acid)-poly (ethylene
glycol) di-block copolymer (PLGA-b-PEG). Most of the SPIONs were uniformly distributed in such a well-defined
spherical-shaped polymeric NP. Moreover, curcumin (Cur), a potential agent for GBM treatment, was loaded into
the magnetic polymeric nanoparticles (m-PNPs) with a loading capacity of 8% (w/w, Cur/NPs) and a mean
diameter of Cur-loaded m-PNPs (Cur-m-PNPs) was 142 + 70 nm. To increase cellular uptake and targeting ability
of NPs, glycine-arginine-glycine-aspartic acid-serine (GRGDS) peptide was immobilized on the Cur-m-PNPs and
the amount of GRGDS was detected as 37 pg/mg NPs. In vitro cytotoxicity studies revealed that the presence of
GRGDS on Cur-m-PNPs (GRGDS-Cur-m-PNPs) improved the cytotoxic efficiency of Cur-m-PNPs by 6-fold in GBM
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cells for all incubation times (24, 48 and 72 h). Furthermore, NPs with RF treatment exhibited higher antitumor
activity than that of NPs without RF on GBM cells. This result may be attributed to the thermal (SPIONSs) or non-
thermal (cellular membrane) effects or both of them on cells. Overall, this study showed that RF-HT in combi-
nation with GRGDS-Cur-m-PNPs could provide a feasible approach to improve GBM treatment.

1. Introduction

Glioblastoma multiforme (GBM) is one of the deadliest primary brain
tumors in adults, most patients do not survive further than a year, and
only 5% stay alive beyond 5 years [1]. There are many factors for this
poor prognosis of GBM, most of the difficulties are its histopathological
situation such as high intrusive-angiogenic character [2], the high drug
resistance of GBM, and the presence of the blood-brain barrier (BBB)
which limits the penetration of drugs in the tumor region [3,4]. Current
treatment options of newly diagnosed GBM are comprised of maximal
safe surgical resection followed by radiotherapy and adjuvant, as well as
concomitant temozolomide (TMZ) since 2005 [5]. While TMZ therapy
has increased overall survival (OS) from 12.1 to 14.6 months, tumor
recurrence invariably occurs and TMZ resistance remains one of the
major challenges [3-5].

Although GBM has the lowest median OS among all malignant brain
tumors, there have been some improvements in the treatment of GBM by
using the biological effect in the radiofrequency (RF) region of the
electromagnetic (EM) spectrum. Tumor-treating fields (TTFields,
Novocure Inc, Israel), which is designed by focusing on the direct-
biological effects of RF, use 200 kHz alternating-electric fields that
interfere with dividing cancer cells [6], induce cell cycle arrest and
apoptosis in the glioblastoma cells [7]. Stupp et al. reported that OS was
significantly prolonged by 4.9 months with TMZ+TTFields compared to
TMZ alone in newly diagnosed GBM patients [8]. In addition to
TTFields, hyperthermia is considered as an alternative method for can-
cer therapy that also uses the -direct or -mediated biological effects of RF
fields. In hyperthermia therapy, the tissue is induced by an intentional
increase in temperature that either destroys the tissue or renders the
cancer cells more vulnerable against chemo-radio therapy [9]. However,
magnetic nano hyperthermia depends on the idea that magnetic nano-
particles delivered to tumors can increase temperature after exposure to
an external magnetic field and eventually induce cell death [10].

The unique magnetic properties of superparamagnetic iron oxide
nanoparticles (SPIONs), which renders them susceptible to the external
magnetic field [11,12], have received tremendous attention for GBM
treatments [13]. Superparamagnetic iron oxide nanoparticles can be
synthesized by different methods such as co-precipitation, thermal
decomposition, microemulsion, sol-gel and etc. [14]. Among the others,
low-cost co-precipitation and high-temperature thermal decomposition
are the most common methods used to synthesize SPIONs. While
low-cost and simple production is the best-known advantages of
co-precipitation, this method has some drawbacks such as broad size
distribution and high agglomeration of SPIONs [15]. On the other hand,
highly monodisperse SPIONs can be effectively synthesized by thermal
decomposition method [14].

It has been reported that the combination of magnetic nano hyper-
thermia with radiotherapy, which is approved for the treatment of
recurrent GBM in Europe, increased OS by 7.2 months compared to
standard TMZ treatments [2]. Although many clinical trials have been
carried out to improve the effectiveness of GBM treatment, the success
criteria of trials were reported that the increase of only several months in
overall survival of patients. In addition, among treatment-associated
severe adverse events, reduced neurologic function and negative
impact on the quality of life are observed in patients. Therefore, more
effective novel therapeutic agents or strategies are needed to improve
GBM treatment. Moreover, many alternative molecules have been
investigated whereas curcumin has been reported as one of the most
effective potential candidates for GBM treatment [3].

Curcumin (Cur) is one of the natural pharmaceutical compounds that
accumulate in the hippocampus by passing the blood-brain barrier, and
its lipophilic nature provides appropriate absorption to the central
nervous system [16]. Curcumin has become a potential drug for glio-
blastoma [3] and inhibits cell proliferation via various molecular and
cellular signaling pathways concurrently in cytoplasm and nucleus in
glioblastoma cells [17]. There are many preclinical studies of Cur indi-
cating that it was used as an effective anti-tumor agent against GBM, or
curcumin application before chemotherapy could make patients more
sensitive to the treatment [18]. However, poor bioavailability and low
solubility of Cur in aqueous media limit its therapeutic applications
[19-21]. In order to overcome these limitations, nanocarriers have been
developed with certain functions, providing important advantages such
as overcoming physiological barriers and increasing the water solubility
and circulation time of curcumin [22].

Many different polymers, such as poly (lactic-co-glycolic acid)
(PLGA), polyethylene glycol (PEG), and polyvinyl alcohol (PVA) have
been investigated as nanocarriers to enhance the poor solubility and
retention time of curcumin in aqueous media. Among them, PLGA is
attracting more attention due to its unique properties such as biocom-
patibility, biodegradability, efficient intracellular endocytosis, and FDA
approval [23]. Also, PEG is one of the most widely used polymers
because of its ability to escape recognition by the immune system,
prevent macrophage attachment, and enhance retention time for drug
delivery studies [24]. In recent years, many studies have been carried
out to improve the targeting of Cur-loaded polymeric NPs (Cur-PNPs) on
various cancer cells [25]. In some disease states (especially cancer),
specific receptors are over-expressed, and receptor-mediated transport
(RMT) utilizes this feature for the active targeting of nanoparticles [26].
For this purpose, depending on the type of cancer cells, suitable ligands
such as monoclonal antibody [27], folic acid [28] and
arginine-glycine-aspartic acid (RGD) [29] have been conjugated to
Cur-PNPs for active targeting of NPs. RGD has been regarded as one of
the high binding affinity to integrins that over-expressed on the vascu-
lature of tumor microenvironments and also GBM cells [30]. In addition,
conjugation of the glycine-arginine-glycine-aspartic acid-serine
(GRGDS) to the NPs has been shown to increase cellular uptake of the
GBM cells [31]. Therefore, we focused on GRGDS as a promising ligand
because this peptide has selective affinity for the o,p3/aps integrins that
are overexpressed on the GBM cells [31,32].

Several researchers have investigated the antitumor efficiency of
magnetic nano hyperthermia treated with Cur-SPIONs co-loaded into
exosome [3], dendrimer [28], liposome [33] and B-cyclodextrin [34] on
cancer cell lines. Most of the magnetic nano hyperthermia studies
mediated with SPIONs have been used at the band of frequency up to
1 MHz, however, there were only a few studies at the frequency of
13.56 MHz, and targeting-ligands were not used in these studies [35,
36]. Also, the frequency of 13.56 MHz not only increases the tempera-
ture but also affects the electrical properties of the cell membrane [37].
It is widely known that RF hyperthermia (RF-HT, 13.56 MHz) has a
thermal-killing effect on cells which is regarded as the major working
mechanism [38]. However, the possible non-thermal effect of RF-HT,
largely disregarded by most researchers, was approved especially in
the cell membrane bilayer [39]. This interaction between the cell
membrane and RF may change the ionic gradient of the membrane, thus
RF creates an additional non-thermal effect related to ion fluxes.
RF-hyperthermia has thermal and non-thermal effects, and both effects
can create a synergic effect [38]. These effects may increase the cellular
uptake that leads to enhanced therapeutic efficiency of nanocarriers.
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Additionally, 13.56 MHz RF frequency has been approved for clinical
cancer treatment in Europe [40]. It should be noted that RF-HT may
have increased the cellular uptake of NPs by changing electrophysio-
logical activity within the cell membrane [40]. Also, RF-HT has been
used to effectively render cancer cells more sensitive before chemo-
therapy [25], this enhanced chemo-sensitivity after RF treatment may
be related to the more cellular uptake and also RF-membrane
non-thermal interaction, as well as thermal effect, contributed to this
enhanced therapeutic efficiency.

According to the published literature, there is no report on
13.56 MHz RF-magnetic field in combination with GRGDS-conjugated
and curcumin-loaded magnetic polymeric nanoparticles (GRGDS-Cur-
m-PNPs) for improving targeting therapeutic efficiency on the T98G
glioblastoma cell lines. For this purpose, in this study, it is aimed to
implement an efficient RF hyperthermia system in the frequency of
medical band to increase cell death with the functionalized nano-
particles which display thermal effects with RF-SPIONs interactions,
non-thermal effects with RF-cell membrane interactions, anti-
proliferative effects with curcumin, and targeting potential with
GRGDS on T98G cells.

2. Materials and methods
2.1. Materials

Iron (III) chloride hexahydrate (> 99%), Iron (II) chloride tetrahy-
drate (> 99%), sodium oleate (95%), 1-octadecene (90%), oleic acid
(90%), poly(lactic-co-glycolic acid) (PLGA) (lactide:glycolide, 50:50,
Mw:30000-60000), poly(ethylene glycol) 2-aminoethyl ether acetic
acid (COOH-PEG-NH;, Mn:3500), 1-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide sodium salt (NHS),
dimethyl formamide (DMF, > 99%), dichloromethane (DCM), polyvinyl
alcohol (PVA), acetonitrile (HPLC grade), curcumin (Mw: 368.38 Da
with purity > 65%), ammonium hydroxide (NH4OH, 25%), hydrochlo-
ric acid (HCl, 37%), hexane and dimethyl sulfoxide (DMSO) were pur-
chased from Sigma-Aldrich, Germany. All other chemicals were
obtained from Sigma-Aldrich unless specifically mentioned otherwise.

2.2. RF-hyperthermia system

Magnetic hyperthermia experiments were carried out using a home-
built radiofrequency (RF) hyperthermia system that consists of an RF
oscillator, RF driver, RF amplifier, RF impedance-matching network,
induction coil applicator (solenoid and pancake geometry), water
cooling system, and a thermal camera (Scheme S1 and Fig. S1). RF driver
(AN779L) and amplifier (EB104) (disassembly circuits) in kit forms
designed by Motorola company were purchased from Communication
Concepts Inc. (USA) and these component sets were assembled by the
manufacturer instructions with slight modification (manual of AN779L-
EB104). In addition, all of the RF equipment was properly tested before
and after the assembly process with the applicable testing equipment
(multimeter, signal generator, oscilloscope, dummy load, inductance-
capacitance (LC) meter, etc.). Thereafter, the impedance matching
network was implemented to prevent damage against reflected power
causing a dramatic increase in temperature at the junctions of power
transistors in the RF driver-amplifier system. A standing wave ratio
power-meter (SWR and dummy load, ME-165/G, USA) was also used to
measure this forward/reflected power of the RF signal. Aluminum boxes
were made to prevent interference in electronic devices and/or to pre-
vent the employee from being affected by high power RF-fields. After
that, water-cooled coils with two different geometry (solenoid and
pancake) were built to generate a magnetic field, and these applicators
were integrated into an RF system for in vitro cell culture studies.
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2.3. Synthesis of superparamagnetic iron oxide nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIONs) were synthe-
sized by the thermal decomposition method with some minor modifi-
cations [41]. For iron-oleate complex synthesis, 10.8 g iron (III) chloride
and 36.5 g sodium oleate were dissolved in a mixture composed of
ethanol (80 mL), ultrapure water (60 mL), and hexane (140 mL). The
final solution was heated to 70 °C and kept at this temperature for 4 h.
After the reaction was completed, the solution of the iron-oleate com-
plex was washed three times with ultrapure water in a separatory funnel
and dried in a vacuum. For monodisperse iron oxide nanoparticle syn-
thesis; 36 g of iron-oleate complex and 5.7 g of oleic acid (OA) were
mixed in 200 g of 1-octadecene by mechanical stirring under an argon
atmosphere. The mixture was heated to 320 °C at a heating rate of
3-4 °C/min and kept at that temperature for 30 min. The final suspen-
sion was then cooled to room temperature and an equal volume of
ethanol was added to precipitate the nanoparticles. Then, the nano-
particles were washed several times with ethanol to remove any excess
surfactants by centrifugation and neodymium magnet. Finally, SPIONs
were dispersed in hexane and stored at 4 °C.

2.4. Synthesis of PLGA-b-PEG di-block copolymer

Di-block copolymers of poly (lactic-co-glycolic acid) (PLGA) and
poly (ethylene glycol) (PEG) were synthesized using EDC-NHS chemis-
try [42]. In brief, 100 mg of PLGA was dissolved in 20 mL of DMF with
gentle stirring and then, activated with 1172.2 pM NHS and 1198.3 pM
EDC. This solution was allowed to react overnight at room temperature.
The resulting PLGA-NHS was washed in ice-cold methanol by three
times to discard non-reacted EDC-NHS and dried in a vacuum. The
activated PLGA-NHS (80 mg) was dissolved in 4 mL DMF, and then,
reacted with 26.6 pM hetero bi-functional PEG (COOH-PEG-NH,) with
average Mn:3500. This mixture was incubated for 12 h at room tem-
perature with gentle stirring. The obtained PLGA-b-PEG di-block
copolymer was washed in ice-cold methanol by three times to remove
non-reacted PEG and dried in a vacuum at room temperature before
further use. PLGA-b-PEG copolymer was characterized for molecular
weight and polydispersity by gel permeation chromatography (Omnisec
GPC/SEC system, Malvern, UK). The chemical structure of the
PLGA-b-PEG copolymer was also analyzed by 'H nuclear magnetic
resonance (‘H NMR) (Bruker, AV400 NMR, USA) with CDCI3 as a sol-
vent and an attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) (Nicolet iS10, Thermo Scientific, USA) in the
range of 5004000 cm ™’

2.5. Synthesis of curcumin-loaded magnetic polymeric nanoparticles

Curcumin-loaded magnetic polymeric nanoparticles (Cur-m-PNPs)
were synthesized using the single emulsion solvent evaporation method
with some modifications [43]. In brief, 20 mg PLGA-b-PEG di-block
copolymer and 8 mg curcumin were co-dissolved in 4 mL of DCM in a
glass vial. Then, 2 mg SPIONs was added to the solution, and the mixture
was sonicated to form the organic phase. This organic phase was added
dropwise into 20 mL of PVA solution (1%, w/v) and stirred for 10 min at
15,000 rpm by using an ultra-turrax homogenizer (IKA-T25, Germany).
The emulsified solution was then stirred at 500 rpm for another 4 h to
allow organic solvent evaporation. The reaction product, Cur-m-PNPs,
was collected after centrifugation at 11,000 rpm (4 °C, 30 min) and
subsequently washed with ultrapure water three times to remove all
excess impurities and unloaded curcumin. Finally, nanoparticles were
freeze-dried and kept at 4 °C for further use. For the synthesis of mag-
netic polymeric nanoparticles (m-PNPs), the method described above
was utilized in the absence of curcumin in the organic phase.



F. Senturk et al.
2.6. Conjugation of GRGDS peptide to Cur-m-PNPs

Glycine-arginine-glycine-aspartic acid-serine (GRGDS) and carbox-
ytetramethyl rhodamine (TAMRA)-labeled GRGDS (TAMRA-GRGDS)
peptides were synthesized using standard Fluorenylmethyloxycarbonyl
(Fmoc) chemistry by GeneCust (Luxemburg). The GRGDS and TAMRA-
GRGDS peptides were purified by reverse-phase HPLC and verified using
mass spectrometry. The conjugation of peptides with Cur-m-PNPs was
performed via EDC-NHS reactions [42]. Briefly, 15 mg Cur-m-PNPs was
homogeneously dispersed in 750 pL ultrapure water and then, 750 pL
EDC-NHS was added to the NPs solution (75 mg EDC and 75 mg NHS
0.1 M MES (2-(N-morpholino)ethanesulfonic acid) buffer, pH: 5). The
terminal carboxyl group of NPs was activated in a shaking incubator at
100 rpm for 45 min at 37 °C. The activated NPs were collected after
centrifugation at 14,000 rpm (0 °C, 10 min) and washed with 0.1 M
MES buffer once to remove all excess EDC-NHS. Thereafter, 750 pL of
GRGDS or TAMRA-GRGDS (1 mg/mL, in MES buffer) peptide was added
to the activated nanoparticles and allowed to slowly react for peptide
conjugation at 37 °C and 100 rpm for 45 min. At the end of the reaction,
the nanoparticles were washed two times with 0.1 M MES buffer for
10 min at 14,000 rpm and unbound peptides were removed.

The TAMRA-GRGDS peptide sequence was used to determine the
amount of peptide that conjugated to m-PNPs or Cur-m-PNPs. TAMRA-
GRGDS peptide, which contains fluorescent chemical groups, was con-
jugated to the surface of the NPs as described above. After the conju-
gation process, the washing solutions were collected in Falcon tubes and
the peptide binding amount was determined using a fluorescence
spectrophotometer (Cary Eclipse, Agilent, USA). For this purpose,
TAMRA-GRGDS solutions were prepared in the range of 0-20 pg/mL
and the calibration curve was obtained at 544 nm excitation and 572 nm
emission wavelengths. All calculations were performed using the cali-
bration curve. Also, TAMRA-GRGDS linked NPs were observed by
fluorescence microscopy (Olympus IX71, Japan).

2.7. Characterization of nanoparticles

Morphology, size and size distribution of the obtained nanoparticles
were examined by using transmission electron microscopy (TEM, FEI
Tecnai G2 Spirit BioTwin, USA) and scanning electron microscopy
(Quanta 400F Field Emission SEM, USA). The average size and size
distribution of NPs were calculated from TEM/SEM images using ImageJ
software (National Institute of Health, USA).

The crystal structure of the superparamagnetic iron oxide nano-
particles (SPIONs) was investigated by X-ray diffraction (XRD) analysis
(Rigaku, D/Max-B, Tokyo, Japan) using CuKa radiation at a scanning
rate of 0.2°/min, from 20° to 80°. The average crystallite size of the
SPIONs was also calculated based on the XRD pattern according to
Scherrer’s Eq. (1) [44]:

d = 0.94/pcoso (€D)

Where d is the crystallite size, 4 is the X-ray wavelength (4 = 1.5405 A),
A is the full width at half maximum (FWHM) and 6 is Bragg’s diffraction
angle. The hydrodynamic size and size distribution of the nanoparticles
were determined by dynamic light scattering (DLS) experiments using a
Zetasizer Nano ZS (Malvern Instruments, UK) at room temperature. The
presence of various functional groups on the surface of NPs was analyzed
by ATR-FTIR spectroscopy in the range of 500-4000 cm™ (Nicolet iS10,
Thermo Scientific, USA). The magnetic field dependent magnetization of
the SPIONs, PNPs, m-PNPs and Cur-m-PNPs were measured with
quantum design physical property measurement system (QD-PPMS,
USA) at room temperature in the field range between — 2 Tesla and + 2
Tesla. The heating potential of the magnetic nanoparticles (MNPs) was
represented by the specific absorption rate (SAR) or specific loss power
(SLP), which is defined as the heating power generated per unit mass.
The magnitude of the SAR was calculated by Eq. (2) [45]:
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SAR(W/g) = C- (AT / Ar) )

MgpioN

Where the C is specific heat capacity for water (C = 4.18 J/g.°C), myy is
the mass of entire solution, mgpjony is the mass of iron oxide nano-
particles, and AT/At is the initial slope of the time-dependent temper-
ature curve. The temperature of the samples exposed to AC magnetic
field was monitored by an infrared thermal camera (FLIR E6, Sweden).
The iron content in each nanoparticle sample was quantified using a
colorimetric method via an iron assay kit (Sigma Aldrich, MAKO025)
according to the manufacturer’s instructions. The absorbance of the
solutions was measured in 96 well plates using a microplate reader (Asys
UVM 340, Austria) at 593 nm. Iron concentration of samples was
calculated using a standard calibration curve. Standard solutions of
known iron concentration were prepared also using iron assay kit
components, and concentration range from 0 to 10 nmol/well (for 96
well plate).

2.8. Curcumin encapsulation efficiency and drug loading

Encapsulation efficiency (EE%) and drug loading capacity (DL%) of
curcumin in Cur-m-PNPs and GRGDS-Cur-m-PNPs were determined by
UV spectrometry (Nanodrop 2000c, Thermo scientific, USA). Briefly,
lyophilized NPs were dissolved in acetonitrile (1 mg/mL) using an ul-
trasonic water bath and a magnetic stirrer. SPIONs and impurities were
removed using neodymium magnet (magnetic separation) and centri-
fugation, respectively. The absorbance at 420 nm was measured in 4-
fold diluted samples and the concentration of Cur was calculated
using a standard curve of Cur constructed in acetonitrile (0-100 pg/mL).
The EE% and DL% of NPs were calculated using Eq. (3) and Eq. (4):

EE% = (amount of Cur encapsulated in NPs/initially added amount of Cur) x
100 3)

DL% = (amount of Cur encapsulated in NPs/weight of NPs after lyophiliza-
tion) x 100 ()]

2.9. Invitro curcumin release

In vitro release of curcumin from Cur-m-PNPs and GRGDS-Cur-m-
PNPs was carried out in phosphate buffer saline (PBS, pH: 7.4). The
freeze-dried NPs were dispersed in PBS (2 mg/mL) and the solution was
divided into microcentrifuge tubes (1000 pL each). The samples were
incubated at 37 °C in a horizontal shaker at a speed of 100 rpm. After
that, 2 uL of release medium was withdrawn at certain time intervals
(05,1, 2, 3,6, 12, 24, 48, 72 h) and replaced with fresh medium. The
released curcumin was dissolved in an equal volume of ethanol (2 uL)
and the absorbance of the samples was measured by UV spectropho-
tometer at 430 nm. The in vitro Cur release from NPs was calculated
using the standard curve of Cur constructed in ethanol/PBS (50:50, v/v)
solutions at different concentrations (0-100 pg/mL). All the experi-
ments were carried out in triplicate for each time point.

To realize the drug release mechanism of curcumin loaded m-PNPs,
the experimental release data were fitted to the zero-order, first-order,
Higuchi and Korsmeyer-Peppas kinetic models. The model equations are
described below [46]:

Zero-order kinetic model: M/My, = kot (5)
First-order kinetic model: log(100 — W) = log100 — k;t 6)
Higuchi model: M/M, = kyt'? @
Korsmeyer-Peppas model: M/M, = kt" (8)

where M/M,, is the fraction of the drug released at time t, W is the
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drug release percentage at time ¢, t is the release time, k, k;, kyy and k are
kinetic rate constants of the zero-order, first-order, Higuchi, Korsmeyer-
Peppas models and n is the release exponent indicative of the release
mechanism of the drug.

2.10. Cell culture studies

Human glioblastoma cells (T98G cell line) were cultured in Dul-
becco’s Modified Eagle Medium F-12 with L-glutamine (DMEM F-12)
supplemented with 10% (volume/volume, v/v) fetal bovine serum (FBS)
and 1% (v/v) penicillin-streptomycin. Incubation processes were carried
out at 37 °C in a humidified atmosphere containing 5% CO5 (Heraeus
Instruments, Germany).

2.10.1. Effects of free curcumin on T98G cells

T98G cells were seeded at a density of 10* cells/well in 96-well plates
and incubated overnight. Curcumin was dissolved in dimethyl sulfoxide
(DMSO) to prepare a stock solution of 10 mM. This solution was filtered
through a 0.22 um membrane and serial dilutions of Cur were prepared
by using a culture medium. The cells were treated with medium con-
taining an equivalent amount of DMSO (1%, v/v). As an additional
DMSO-control group, cells were treated with DMSO (1%, v/v) alone in
the medium. Subsequently, cells were treated with various concentra-
tions of Cur (0-100 uM) for 24, 48, 72 h, and the cytotoxic effects were
detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay [47].

2.10.2. Effects of Cur-loaded m-PNPs on T98G cells

In the cell culture studies, magnetic polymeric nanoparticles (m-
PNPs), GRGDS-conjugated magnetic polymeric nanoparticles (GRGDS-
m-PNPs), curcumin-loaded magnetic polymeric nanoparticles (Cur-m-
PNPs), and GRGDS-conjugated curcumin-loaded magnetic polymeric
nanoparticles (GRGDS-Cur-m-PNPs) were used. T98G cells were seeded
in a 96-well plate at a density of 10* cells/well and incubated at 37 °Cin
a humidified condition with 5% CO2 overnight. Nanoparticles were
sterilized by ultraviolet (UV) light for 10 min and dispersed in the cul-
ture medium. Then, the medium was replaced with the fresh one con-
taining different concentrations (0-1000 ug/mL) of NPs. Also, cells were
treated with an equivalent volume of NPs-free medium as a control
group. The effect of nanoparticles on the proliferation of T98G cell lines
was investigated at the 24th, 48th and 72nd h using the MTT assay and
the 72nd h for live/dead cell viability assay. Furthermore, apoptotic/
necrotic effect of NPs on T98G cells was analyzed after 72 h using the
Annexin V-PI assay.

2.10.3. Hyperthermia treatments in vitro

In order to examine the effect of RF-hyperthermia on T98G cells, two
types of experimental groups were established: only nanoparticles
treated groups (NPs) and RF treated group (NPs+RF). The NPs+RF
group was exposed to RF-field (13.56 MHz, 150 W, 15 min) in the
presence of the NPs. T98G cells were seeded at a density of 2.5 x 10°
cells per 25 cm? flask and incubated overnight to allow cell attachment.
After incubation, the medium was replaced with a fresh medium, which
contained 750 pg/mL of m-PNPs, Cur-m-PNPs or GRGDS-Cur-m-PNPs.
Then, the cells were incubated for 24 h. Thereafter, the flasks were
placed at the center of the solenoid coil and exposed to RF-hyperthermia
for 15 min. During the exposure of hyperthermia, temperature elevation
of the medium was monitored and measured by a thermal camera (FLIR
E6, Sweden). Then, the cells were transferred to 96-well plate by tryp-
sinization and incubated again for 24 h. Finally, MTT, live/dead and
Annexin V-FITC/PI analyzes were performed.

2.10.4. MTT assay

After completion of the incubation time of free Cur, NPs or NPs+RF
treatments on cells, 20 uL. MTT solution (5 mg/mL) and 200 uL fresh
medium were added to each well. After incubating for 3 h at 37 °C, the
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medium was aspirated, and replaced with 200 uL/well isopropanol. Cell
viability was determined by measuring the absorbance of each well at
570 nm with a reference wavelength of 650 nm using a microplate
reader (Asys UVM 340, Austria). Each experiment was repeated five
times (n = 5). The concentration of free Cur or NPs that inhibited 50%
cell growth compared with untreated cells (ICs5p) was defined by curve
fitting using GraphPad Prism software.

2.10.5. Live/dead cell viability analysis

The live/dead cell viability assay kit (K502-Biovision, USA) was used
for the simultaneous determination of live and dead cells according to
the manufacturer’s instructions. The medium containing NPs was
removed and 200 pL of assay buffer, 0.4 pL of live cell staining dye, and
0.2 pL of dead cell staining dye were added to each well, and cells were
incubated for 15 min at 37 °C in the dark. Finally, stained live and dead
cells were visualized by fluorescence microscopy (Olympus IX71,
Japan).

2.10.6. Annexin V/PI double staining assay

Apoptotic cells were monitored by Annexin V-FITC/PI staining using
an apoptosis detection kit (K101-Biovision, USA) according to the
manufacturer’s instructions. The medium containing NPs was removed
and 100 pL of 1X binding buffer, 1 uL of Annexin V-FITC and 1 uL of
propidium iodide were added to each well and incubated in the dark for
5 min at room temperature, thereafter early apoptotic, late apoptotic or
necrotic cells were detected by using fluorescence microscopy (Olympus
IX71, Japan).

2.10.7. Cellular uptake

Fluorescent dye labeled-peptide (TAMRA-GRGDS) conjugated to NPs
surface was enabled to tracking the NPs in T98G cells. Briefly, T98G cells
were seeded in a 24-well plate and then, incubated overnight. After
incubation, TAMRA-GRGDS conjugated Cur-m-PNPs (250 pg/mL) were
added to certain wells. After 2 h and 24 h of incubation time, cells were
washed twice with PBS and observed using fluorescence microscopy.
Cellular uptake of the nanoparticles was also quantitatively analyzed by
calculation of Pearson’s correlation coefficient (PCC) and Manders’
colocalization coefficients (MCC) using JACoP in ImageJ v1.53 software
(National Institute of Health, USA). The Pearson coefficient indicates
how well green (Cur) and red (TAMRA) fluorescent intensities are
correlated for every pixel of an images whereas Manders’ M1 and M2
coefficients are the indicators of the fraction of red fluorescence over-
lapping green and vice versa, respectively [48]. Values close to 1 in-
dicates better colocalization of the green and red fluorescence for both
coefficients.

2.11. Statistical analysis

Results were presented as mean =+ standard deviation (SD) of five
times replicated measurements in a parallel manner unless otherwise
indicated. Statistical significance of difference was tested either stu-
dents’ t-test or one-way analysis of variance (ANOVA) test with Dun-
nett’s post-test. The significance level was set at 0.05. All data that
required non-linear regression analysis were performed using GraphPad
Prism version 9 (GraphPad Software Inc., CA, USA). P value less than
0.05 was considered as statistically significant (*p < 0.05, **p < 0.01,
4 < 0,001).

3. Results and discussion

3.1. Synthesis and characterization of superparamagnetic iron oxide
nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIONs) were synthe-
sized by thermal decomposition of organo-iron precursor in the presence
of oleic acid (OA) in a high-boiling point organic solvent (1-octadecene)
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[41]. TEM images revealed the highly monodisperse SPIONs (Fig. 1a)
with a mean particle size of 5.6 + 0.9 nm and the size distribution of
SPIONs was quite narrow (Fig. 1b). The crystalline structure of SPIONs
was determined by XRD (Fig. 1c). The characteristic peaks for FesO4
(26 = 30.24°, 35.6°, 43.26°, 53.7°, 57.11°, 62.82° and 74.23°) marked
by their indices ((220), (311), (400), (422), (511), (440) and (533)),
were observed for SPIONs. These peaks are consistent with the database
in the JCPDS file (JCPDS card no. 01-075-0449) with a cubic structure
[49]. Also, the size of crystallite was calculated by using Scherrer’s
equation as 8.32 nm. The adsorption of OA on the surface of Fe3O4 NPs
was shown by ATR-FTIR spectroscopy (Fig. 1d). The pure OA shows two
peaks at 2855 and 2920 cm ™! corresponding to the symmetric and
asymmetric —CHy stretching, respectively. The intense peak at
1707 em ™! attributed to —C=O stretch and the peak at 1286 em™! cor-
responds to C—O stretch. In the ATR-FTIR spectrum of OA coated Fe3O4
NPs, the symmetric CH; stretch was shifted to a lower frequency
(2851 cm™Y). The displacement to a lower frequency indicates that the
OA layer adsorbed onto the surface of the NPs and hydrocarbon mole-
cules surrounding the NPs were in a close-packed ordering [50]. The
presence of magnetite is characterized by two bands at 634 and
590 cm’l, which attributed to the Fe—O stretching [51]. Also,
1641 cm™! and 1464 cm™! peaks correspond to asymmetric and sym-
metric carboxylate vibrations, respectively, which indicate that the
bonds between iron atoms and carboxylate groups of OA have been
established [52]. Overall, these results confirm that the synthesis of the
OA coated Fe304 NPs by thermal decomposition was successful.

3.2. Synthesis and characterization of m-PNPs and Cur-m-PNPs

To obtain magnetic polymeric nanoparticles (m-PNPs), PLGA-b-PEG
di-block copolymer was first synthesized using PLGA and PEG polymers
via EDC-NHS chemistry. The successful conjugation of PLGA and PEG
polymers was confirmed by analyzing the characteristic peaks of the
synthesized PLGA-b-PEG, using both 'H NMR and ATR-FTIR spectra.
The 'H NMR spectrum of the PLGA-b-PEG showed both characteristic
peaks of PLGA and PEG (Fig. S2a). The peaks at 1.6 ppm (—CHs),
4.8 ppm (—CHjy) and 5.2 ppm (-CH) represent PLGA structure [53],
while the peak at 3.4 ppm (—CH2CH30-) denotes the presence of the
PEG structure in the synthesized PLGA-b-PEG [54]. Also, the molecular
weight of PLGA-b-PEG was determined by GPC, yielding Mj:14.4 kDa,
M,:31.5 kDa and polydispersity index = 2.18. The synthesis yield of
PLGA-b-PEG was 80%, and PEGylation efficiency was 50% in terms of
0.5% w/w PEG in the synthesized PLGA-b-PEG. According to ATR-FTIR
analysis (Fig. S2b), an intense peak at 1746 cm ™! corresponds to the C-O
stretching of PLGA was observed in the synthesized copolymer. The
presence of PEG can be noticed by the small peaks at 950 cm™! and
841 cm ™!, which represent C-H bending vibration and C-O—C stretch-
ing, respectively. Moreover, the peak at 1673 cm™! represents the
hydrogen-bonded carbonyl of the amide, indicating that a carbonyl
amide linkage (CO-NH) was successfully generated [53,54]. Overall, the
synthesis of the PLGA-b-PEG copolymer was successfully carried out
based on both 'H NMR and FTIR results. After this section, PLGA-b-PEG
di-block copolymer has been abbreviated simply as polymer. For
example, PLGA-b-PEG nanoparticles have been abbreviated as poly-
meric nanoparticles (PNPs).

Morphology and size of magnetic polymeric nanoparticles (m-PNPs)
were determined using TEM, SEM and DLS analyses (Fig. 2a-d). Ac-
cording to SEM analysis, the m-PNPs exhibited spherical morphology
with a mean diameter of 167 + 64 nm (Fig. 2a and c). TEM confirmed
that encapsulation of SPIONs has been clearly illustrated with uniform
magnetic nanoparticle distribution (black spots in Fig. 2b) within the
polymeric matrix. Moreover, the image showed that SPIONs exhibited
well-defined spherical shape in the core and no apparent particle ag-
gregation was observed in polymeric nanoparticles. The dynamic light
scattering (DLS) measurements also revealed that the average hydro-
dynamic diameter of m-PNPs is 247 + 90 nm (Fig. 2d). The different
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particle sizes obtained by SEM and DLS are due to the difference be-
tween the operating conditions of these methods. DLS measures a hy-
drodynamic diameter of NPs in an aqueous solution; therefore, NPs are
in a swollen state, while SEM/TEM analyses of NPs have been performed
after drying process [50]. Also, the interaction of multiple parameters in
DLS, including the concentration, shape, and surface properties of the
NPs, can contribute to the size difference obtained from DLS [55].

In Fig. 2e, the SEM image of the curcumin-loaded magnetic poly-
meric nanoparticles (Cur-m-PNPs) showed a spherical shape, and the
diameter was about 142 + 70 nm (Fig. 2f). In addition, the DLS results
showed that the average hydrodynamic diameter of Cur-m-PNPs was
215 + 70 nm (Fig. 2g). Consequently, the NPs with regular size and
shape were successfully produced and characterized.

The magnetic field-dependent magnetizations of the NPs were shown
in Fig. 2h. It is clear to find that magnetization curves of all the samples
exhibit superparamagnetic behavior, in which the coercivity are close to
zero. The magnetization (M) of the PNPs was found to be zero (no iron
content) as expected. The saturation magnetization of the SPIONs were
found as 6.0 emu/g and this value is relatively low compared to the
literature findings [56]. However, magnetic properties of SPIONs
strongly affected by their size. Smolensky et al. have found that the Mg
values of the SPIONs decreased from 43 emu/g to ~3 emu/g as the
particle size changing from 18 to 5 nm [57]. This could be attributed to
the distortion of the crystal symmetries *spin canting effect’ of the
magnetic dipole moments as the particle size decreases [58]. As ex-
pected, Mg of the m-PNPs and Cur-m-PNPs decreased to 0.6 and
0.3 emu/g, respectively. The decrease in My values of the polymeric
nanoparticles is mainly due to the dense PLGA layers around SPIONs for
m-PNPs, and additionally curcumin content for Cur-m-PNPs. By using
the AT vs. t graph (Fig. S7), SAR values were calculated as 315 W/g for
m-PNPs, 310W/g for Cur-m-PNPs and 330W/g for
GRGDS-Cur-m-PNPs. These SAR values are consistent with Nehate et al.
[59]. Overall, the findings in this study confirm the capability of these
nanoparticle systems that can generate heat to increase the temperature
of the cell culture medium to the hyperthermia treatment degrees
(~42-45 °C) during 15 min of AC magnetic field exposure.

ATR-FTIR analysis of Cur, m-PNPs and Cur-m-PNPs was shown in
Fig. 2i. In the free Cur spectrum, 3503 em! corresponds to O-H
stretching. 1626 cm™land 1601 cm™! attributed to C=O vibration and
C=C aromatic stretch, respectively, and both peaks were also seen in Cur-
m-PNPs. In addition, 1750 cm ™! and 2946 cm ™! peaks correspond to the
C~O stretch and aliphatic CH band of the PLGA polymer [60], these
peaks were observed on both m-PNPs and Cur-m-PNPs. Our results are
consistent with the related literature [61]. Cur-loaded m-PNPs with
suitable size that can be used in the treatment of GBM have been suc-
cessfully produced.

Following NPs fabrication and detailed characterization studies,
TAMRA labeled GRGDS was chemically immobilized on m-PNPs and
Cur-m-PNPs with EDC-NHS chemistry. Mass spectroscopy analysis
revealed that GRGDS and TAMRA-GRGDS peptides had molecular
weights of 490.47 and 1031.09 g/mol ([M-H]), respectively, which
matches the theoretical molecular weights of peptides (Fig. S3a,b). Ac-
cording to HPLC analysis, GRGDS and TAMRA-GRGDS peptides have
~99% and ~95% purity (Fig. S4a,b), respectively, and they can be used
for in vitro studies without further purification. The conjugation amount
of GRGDS onto the m-PNPs and Cur-m-PNPs were found as ~37 pg
peptide/mg NP for both NPs, according to the absorbance-concentration
standard curve of TAMRA-GRGDS (Fig. S5). It was confirmed that
GRGDS peptide had been successfully conjugated onto m-PNPs and Cur-
m-PNPs, which would ensure the targeting ability for subsequent
experiments.

3.3. Loading and release studies of curcumin

The encapsulation efficiency and drug loading of Cur-m-PNPs were
calculated to be 25% and 8%, respectively. After conjugation of GRGDS
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to Cur-m-PNPs, the EE% and DL% values of GRGDS-Cur-m-PNPs
decreased to 4.0% and 1.6%, respectively. These reductions are prob-
ably due to the leaking of Cur from polymeric NPs during three times
washing and shaking in the incubator for the peptide conjugation pro-
cess. Jamali et al. reported that a decrease of EE% and DL% values of
Cur-PLGA NPs (66%, 11%, respectively) after MAb-antibody conjuga-
tion to Cur-PLGA NPs (27%, 4.5%, respectively) [61]. Also, the EE%
value of Cur in PLGA NPs were reported as 31% [62] and 22% [63] in
previous studies, which was consistent with our results.

The in vitro Cur release profile from Cur-m-PNPs and GRGDS-Cur-m-
PNPs in PBS (pH = 7.4, 37 °C) during 72 h was shown in Fig. 3. Cur-
cumin release from Cur-m-PNPs and GRGDS-Cur-m-PNPs occurred in a
biphasic manner, with an initial burst phase and then, a sustained-
slower phase. Cur-m-PNPs showed 40% Cur release in the first 3 h fol-
lowed by sustained release of 72% over the entire period of the study.
Also, GRGDS-Cur-m-PNPs showed 31% and 65% of Cur release, at the
3rd h and the 72nd h, respectively. However, there was no significant
difference between the release curves of Cur-m-PNPs and GRGDS-Cur-
m-PNPs (Fig. 3).

As shown in Fig. 3, curcumin release from m-PNPs shows two distinct
phases: a fast release phase between 0 and 3 h and a slow-release phase
between 3 and 24 h and the release was almost completed after 24 h.
This drug release profile can be explained as burst biphasic [64].
Therefore, the experimental release data was analyzed by a two-step
approach between 0 and 3 h (Stage 1-fast period) and 3-24 h (Stage
2-sustained release period) to explore the mechanism of curcumin
release from m-PNPs. The experimental release data were fitted to four
kinetics models (Fig. 4) and the rate constants and the regression coef-
ficient (R?) values were calculated based on the fitted curves (Table 1).
The R? closest to 1 indicates the best kinetic model the drug release
mechanism obeys. The zero-order kinetic model indicates that the drug
release rate from a reservoir is independent of its concentration (only
time dependent). On the other hand, the first order kinetic model defines
a concentration dependent release profile. Also, Higuchi model is mainly
used to describe diffusion-controlled drug release based on Fick’s law
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[65]. According to the RZ, the highest correlation for Cur-m-PNPs in
Stage 1 (R2 = 0.942) and Stage 2 (RZ: 0.991) was observed in the
Higuchi model which means that the curcumin release in all stages from
these nanoparticles was diffusion-controlled. Moreover, rate constant
for Higuchi model (ky) decreased from 0.248 h12 to 0.080 h''/? con-
firming that the sustained release of curcumin started after 3 h of initial
fast release period. After GRGDS conjugation, drug release mechanism
was orchestrated by first-order kinetic with R? value of 0.983 for fast
release period (0-3 h). This shows that the GRGDS conjugation to the
Cur-m-PNPs surface may act as an extra diffusion barrier for curcumin to
be released and the release system becomes concentration dependent.
According to the drug release mechanism, we can say that surface
adsorbed and loosely bound curcumin to the GRGDS conjugated
Cur-m-PNPs was released to the sink in a concentration dependently
manner during the fast release period. After an initial burst period,
curcumin release from GRGDS-Cur-m-PNPs followed again a Fickian
diffusion with an R? value of 0.969 for Higuchi model. To further
analyze drug release mechanism from the m-PNPs, the experimental
release data were also fitted to Korsmeyer-Peppas model [66].
Korsmeyer-Peppas equation is a useful mathematical model to identify
the drug release mechanism when more than one type of release
mechanism is involved. In this model, the n value characterizes the
release mechanism of a drug. For spherical particles, a value of n < 0.43
corresponds to a Fickian diffusion mechanism whereas an n value be-
tween 0.43 and 0.85 states a non-Fickian or anomalous transport. If the n
value is greater than 0.85, drug release mechanism is characterized as
the Super Case II model. The Super Case II model is observed when the
released solvent shows a high affinity to the drug carrier matrix. In the
case of Cur-m-PNPs, the n value was found as 0.52 for Stage 1 and 0.24
for Stage 2 with the R? values of 0.856 and 0.992, respectively.
Korsmeyer-Peppas kinetic parameters cannot be used to define the
release mechanism for the Cur-m-PNPs at Stage 1 since the release data
did not fit this model well enough due to a low R? value. However,
Fickian diffusion mechanism can be used to explain curcumin release
from Cur-m-PNPs by Higuchi model for Stage 1 (R? = 0.942) and both
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Fig. 3. Invitro release profile of curcumin from Cur-m-PNPs and GRGDS-Cur-m-PNPs in PBS (pH = 7.4) at 100 rpm in a shaking incubator (37 °C). All release assays

were performed in triplicate and the mean + SD are shown.
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Table 1

The Cur release constants and correlation coefficients (R?) obtained from various kinetic models for Cur-m-PNPs and GRGDS-Cur-m-PNPs.

Zero-order First-order Higuchi Korsmeyer-Peppas
ko R? ks R? ke R? k n R?
Cur-m-PNPs Stage 1 0.126 0.787 0.166 0.823 0.248 0.942 0.26 0.52 0.856
Stage 2 0.012 0.965 0.026 0.983 0.080 0.991 0.30 0.24 0.992
GRGDS-Cur-m-PNPs Stage 1 0.103 0.971 0.125 0.983 0.184 0.950 0.13 0.89 0.955
Stage 2 0.015 0.943 0.028 0.966 0.099 0.969 0.21 0.34 0.958

Higuchi model (R2 = 0.991) and Korsmeyer-Peppas model (R2 =0.992,
n = 0.24) for Stage 2. On the other hand, the n value for the fast release
period from GRGDS-Cur-mPNPs is calculated as 0.89 (R? = 0.955)

indicating the non-Fickian Super Case II drug transport. This can be
attributed to the GRGDS peptide cover on m-PNPs increased the water
affinity of the polymeric matrix, thereby, drug release takes place by the
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Fig. 5. Invitro cytotoxicity of free curcumin after 24 h, 48 h and 72 h treatment on T98G cell lines. Cell viability assay was performed by MTT assay. Values represent

mean £ SD (n =5), *p < 0.05, **p < 0.01, ***p < 0.001.
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combination of diffusion and polymer relaxation [67]. In Stage 2, cur-
cumin release from GRGDS-Cur-m-PNPs follows a Fickian diffusion with
an n value of 0.34.

3.4. Cytotoxicity of free curcumin against T98G cell lines

The cytotoxicity of free curcumin was investigated on T98G glio-
blastoma cells at different concentrations (0-100 uM) for 24, 48 and
72 h by MTT assay (Fig. 5). The free Cur exhibited dose-dependent
cytotoxicity with increasing Cur concentration for 48 and 72h on
T98G cells. The DMSO-control group did not show any effect on cell
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growth for all incubation times. The ICsy values of Cur for T98G cell
lines were reported as 8 uM [68] and 50 uM [69] after 24 h; 18 uM [70]
after 120 h on the previous studies. In this study, the ICs value of free
Cur was found as 36 uM after 72 h, which could be used as a reference
concentration for subsequent cell cytotoxicity of Cur-m-PNPs or
GRGDS-Cur-m-PNPs.

3.5. Cytotoxicity of NPs against T98G cells

The therapeutic efficacy of m-PNPs, GRGDS-m-PNPs, Cur-m-PNPs
and GRGDS-Cur-m-PNP was investigated on T98G cells for 24 h, 48 h
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Fig. 6. In vitro cytotoxicity of nanoparticles after (a) 24 h, (b) 48 h and (c) 72 h treatments on T98G cell lines; the graphs representing the ICs, values of (d) Cur-m-
PNPs and (e) GRGDS-Cur-m-PNPs. Cell viability assay was performed by MTT. The statistical comparison of differences among NPs at the same dose was analyzed.
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and 72 h by MTT assay (Fig. 6). GRGDS-m-PNPs had no significant toxic
effect on T98G cells compared to m-PNPs for all incubation times. This
result confirmed that both m-PNPs and GRGDS-m-PNPs exhibited no
cytotoxicity against T98G cells, suggesting good biocompatibility of the
drug carriers and targeting peptides. However, both Cur-m-PNPs and
GRGDS-Cur-m-PNPs caused a significant decrease in cell viability
compared to m-PNPs for all incubation times (Fig. 6). The cytotoxic
effects of the NPs on the T98G cells were determined by evaluating the
IC5p values and these values were compared with free Cur (Table 2). The
cytotoxicity of GRGDS-Cur-m-PNPs was found to be almost 2.5-fold
higher than that of free Cur and 6-fold higher than that of Cur-m-PNPs
for 72 h. Since curcumin was released from Cur-m-PNPs and GRGDS-
Cur-m-PNPs in a sustained manner for up to 72 h, the therapeutic ef-
fects of NPs on T98G cells were evaluated especially for 72 h (Table 3).

The increase of potential therapeutic efficiency of GRGDS-Cur-m-
PNPs was probably due to the success of enhanced cellular uptake and
targeting ability of NPs. Also, results showed that GRGDS-Cur-m-PNPs
inhibited the proliferation of T98G cells more effectively than that of
free Cur and Cur-m-PNPs. Therefore, GRGDS-Cur-m-PNPs could
enhance in vitro anticancer effectivity of Cur. Besides, the cytotoxic ef-
fect of Cur-loaded NPs on T98G cells was supported by live/dead cell
staining (Fig. 7a). These fluorescence images were consistent with the
results of MTT analysis. Jiang et al. showed that RGD-linked, paclitaxel
and curcumin co-loaded liposomes showed a superior anti-proliferative
effect on A549 cells (lung cancer cell lines) with synergistic therapeutic
effect for targeted-chemotherapy [71].

Apoptosis is related to loss of membrane asymmetry causing the
externalization of phosphatidylserine (PS) from the inner to the outer of
the plasma membrane [72]. The use of propidium iodide (PI) and
FITC-labeled Annexin V (Annexin V-FITC) is a typical technique to
display the progression of apoptosis [73]. Early apoptotic cells were
Annexin V-positive and PI-negative, whereas late apoptotic or necrotic
cells were Annexin V/PI double-positive. Annexin V-FITC/PI staining
was performed for the evaluation of apoptosis/necrosis after the treat-
ment of Cur-m-PNPs and GRGDS-Cur-m-PNPs on T98G cells, and cells
were observed using fluorescence microscopy (Fig. 7b). In general, the
cells treated with GRGDS-Cur-m-PNPs underwent a higher level of early
apoptotic cells as compared to those treated with Cur-m-PNPs. T98G
cells treated with Cur-m-PNPs showed intensively stained nucleus that
the membrane integrity was completely disrupted. Wadajkar et al.
developed a magnetic-based core-shell particle conjugated with GRGDS
peptide for targeting melanoma cells, and they found that the cellular
uptake of GRGDS-conjugated particles was higher than that of the
non-conjugated particles by melanoma cells [74]. In another study,
RGE-conjugated and SPION-Cur co-loaded exosomes showed the highest
targeting ability depending on the presence of RGE peptide on U251
cells [3]. Quader et al. showed that epirubicin (potential anti-GBM
agent) loaded polymeric micelles with cyclic-RGD conjugation were

Table 2
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uptaken by GBM cells faster and in a higher amount than those without
RGD [4]. In our study, the GRGDS peptide has been successfully used as
a targeting agent for T98G cells, and GRGDS-conjugated NPs were found
to reduce the effective dose of curcumin 6-fold compared to those
without GRGDS.

3.6. Cellular uptake

To further investigate the correlation between the enhanced cyto-
toxic effect of the GRGDS-targeted NPs and cellular uptake by the T98G
cells, TAMRA-labeled GRGDS-Cur-m-PNPs were tracked in T98G cells
using fluorescence microscopy (Fig. 8). As shown in Fig. 7, the green
signal of curcumin and red signal of TAMRA appear in the T98G cells
after 2 h and 24 h incubation with 250 pg/mL TAMRA-GRGDS-Cur-m-
PNPs (containing 4 ug/mL Cur). In Fig. 8, when the images were over-
lapped, the green and red fluorescent were approximately co-localized
(yellow), and this also indicated that GRGDS-peptide was successfully
conjugated to the surface of NPs. In addition, Fig. 8 (merged) exhibited
that NPs entered into the cells after incubation for 2 h and the co-
localized (TAMRA-Cur) fluorescent colors enable to track the location
of the NPs. After 24 h incubation time, T98G cells became shrunken,
rounded, and most of the NPs accumulated inside the cells. The coloc-
alization studies can be displayed in scatterplots where the intensity of
red color is plotted against the intensity of green color for each pixel, just
like the output presented as flow cytometry data [48]. Pearson’s corre-
lation coefficient (PCC) and Mander’s M1 and M2 coefficients were
calculated as 0.89, 0.97 and 0.82 after 2 h of incubation, respectively
and these values changed to 0.98, 0.92 and 0.99 for 24 h (Fig. 8). At the
longer incubation period (24 h), the green and red fluorescence in-
tensities overlapped perfectly in both coefficients. In summary, quali-
tative and quantitative analyses of the fluorescence images indicated
that GRGDS-Cur-m-PNPs was efficiently delivered into the cells, and
most probably GRGDS contributed to the enhanced therapeutic effi-
ciency of NPs.

3.7. In vitro hyperthermia application

We have previously shown that the presence of GRGDS on NPs
improved the cytotoxicity of Cur-m-PNPs 6-fold by decreasing the
effective dose of curcumin (Fig. 6). To evaluate the combined effect of
hyperthermia with targeting, glioblastoma cells were exposed to RF-
hyperthermia in the presence of m-PNPs, Cur-m-PNPs or GRGDS-Cur-
m-PNPs. The treatment concentration of Cur-m-PNPs and GRGDS-Cur-
m-PNPs incubated with the cells was determined as 750 ug/mL for hy-
perthermia. Cur concentrations in 750 ug NPs were calculated by
considering the loading and releasing amounts of Cur for 24 h, as shown
in Table 4. These values were approximately compatible with the ICsg
values of NPs (according to the amount of Cur) which was previously

ICsq values of free Cur, Cur-m-PNPs and GRGDS-Cur-m-PNPs on T98G cells after 72 h.

T98G Free Cur Cur-m-PNPs (amount of Cur loaded and released) GRGDS-Cur-m-PNPs (amount of Cur loaded and released)
ICso (72 h) 36 uM ~620 pg/mL (~90 uM Cur) ~600 pg/mL (~15 uM Cur)
Table 3

Concentrations of Cur-m-PNPs and GRGDS-Cur-m-PNPs decided for the treatment of T98G cells in the view of the loading and 72 h releasing amounts of Cur.

Parameters Cur-m-PNPs GRGDS-Cur-m-PNPs
Drug loading (DL%, w/w) 8 1.6

uM Cur/mg NPs ~200 uM ~40 pM

Cur release from NPs in 72 h 72 65

uM Cur/mg NPs (release in 72 h) 144 yM 26 uM

The doses of NPs treated to T98G
The doses of NPs treated to T98G (by the amount of Cur loading and releasing for 72 h)

250; 500; 1000 pg/mL
36; 72; 144 M, respectively

250; 500; 1000 pg/mL
6.5; 13; 26 uM, respectively
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Curcumin
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Fig. 8. Fluorescence images showing intracellular uptake of TAMRA-GRGDS-Cur-m-PNPs by T98G cells using curcumin (green) and TAMRA (red) fluorescent probes.
2.5 x 10* cells were seeded on the 24-well plate and incubated with 250 ug/mL TAMRA-GRGDS-Cur-m-PNPs (containing 4 pg/mL Cur) for 2 h and 24 h. After the
incubation period, the cells were washed twice with PBS and imaged under fluorescence microscopy. Scatter plots of the colocalization of red and green fluorescent

intensities were given on the rightmost panels.

Table 4

Concentrations of the Cur-m-PNPs and GRGDS-Cur-m-PNPs decided for the
treatment of T98G cells for hyperthermia in the view of the loading and 24 h
releasing amounts of Cur.

Parameters Cur-m-PNPs GRGDS-Cur-
m-PNPs
uM Cur/mg NP ~200 uM ~40 uM
The dose of NP treated to T98G cells for 750 pg/mL 750 pg/mL
hyperthermia
uM Cur/750 pg NP (hyperthermia concentration ~150 uM ~30 uM
of NPs)
Cur release from NP in 24 h ~65 (from ~60 (from
Fig. 3) Fig. 3)
The dose of NP treated to T98G cells for 97.5 uM 18 uM
hyperthermia (by the amount of Cur loading
and releasing for 24 h)
150
Hl NPs
= 1 NPs+RF
o~
<100
2
2
8
>
= 50
[T}
o
0
»
O
N
&

Cell viability (%)

shown in Table 2.

RF-hyperthermia experiment was carried out with RF power of
150 W at the frequency of 13.56 MHz for 15 min exposure. During the
hyperthermia, the rise in temperature of the cell culture medium was
monitored by using a thermal camera (Fig. S6). Fig. S7 also shows the
increase in temperature (AT) as a function of heating time (t). The in-
crease in temperature of culture medium containing T98G cells treated
with 750 pg/mL of m-PNPs, Cur-m-PNPs and GRGDS-Cur-m-PNPs were
6.1 °C, 5.8 °C and 5.9 °C; and also heating up to 43.0 °C, 43.2 °C and
43.5 °C, respectively. Thus, all kinds of NPs contributed to rising in
temperature almost at the same level to the culture medium (~6 °C) and
heating to ~43 °C. This can be explained by the fact that almost the
same amount of iron was encapsulated in the nanoparticles for each
sample group, based on the results from the iron content analysis
(~25 pg Fe/1 mg PLGA). On the other hand, the NPs free culture me-
dium (control) displayed about a 2.5 °C rise in temperature induced by
RF-hyperthermia. During the RF-hyperthermia, the rise in temperature
of the NPs free medium may be associated with electrical conductivity

(b)

150
100-
50 ﬂ ﬁ
0- , :
NPs NPs+RF
Il Control
1 m-PNPs

[ Cur-m-PNPs
[1 GRGDS-Cur-m-PNPs

Fig. 9. In vitro cytotoxicity of different NPs and NPs-+RF treatment on T98G cells. Cell viability was performed by MTT assay. Values represent mean + SD (n = 5),

*p < 0.05, **p < 0.01, ***p < 0.00L.
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caused by electrolytes contained in the cell culture medium [75]. Also,
another reason could be the capacitive effect of two consecutive coil
windings and the resulting undesirable stray electrical fields which can
create hot spots [76]. Minaei et al. designed temozolomide-loaded folic
acid-functionalized magnetic polymeric NPs to investigate anticancer
efficiency on C6 glioblastoma cancer cells with RF-field exposure
(13.56 MHz, 80 W). The rise in temperature of the culture medium
containing C6 cells under 10 min RF exposure was measured as ~15 °C
and ~9 °C in the presence and absence of NPs, respectively [77].

The effects of m-PNPs, Cur-m-PNPs and GRGDS-Cur-m-PNPs on the
viability of T98G cells with or without RF-hyperthermia were deter-
mined by MTT analysis (Fig. 8). In the absence of RF-field, Cur-m-PNPs
(non-targeted) and GRGDS-Cur-m-PNPs (targeted) have a similar cyto-
toxic effect on cells (Fig. 9b), and also both NPs significantly decreased
cell viability compared to control cells (p < 0.01). After RF-field was
applied, Cur-m-PNPs reduced cell viability (16%, p < 0.001) more than
GRGDS-Cur-m-PNPs (31%, p < 0.001) (Fig. 9b). The reason for this may
be related to Cur, which is not taken into the cells sufficiently in Cur-m-
PNPs (non-targeted) without RF-field and has increased cellular uptake

Colloids and Surfaces A: Physicochemical and Engineering Aspects 622 (2021) 126648

in the presence of RF-field. In other words, the hyperthermia-effect may
have acted like GRGDS for cellular uptake. Several studies have been
reported that the magnetic field increases cellular uptake and blood-
brain barrier permeability [78,79]. The MTT results in the presence of
NPs with or without RF-hyperthermia were further confirmed by the
live/dead assay (Fig. 10a). After the RF-field was applied to the cells for
15 min, dead cells (stained red) were eliminated due to washing, tryp-
sinization, and centrifugation process, so that only live cells (stained
green) could be visualized using fluorescence microscopy. Fig. 10a
showed the viable T98G cells after treatment with m-PNPs, Cur-m-PNPs
or GRGDS-Cur-m-PNPs with or without RF-hyperthermia exposure. The
cells treated with NPs and RF (NPs+RF) showed lower levels of cell
viability as compared to the cells treated with only NPs. The live/dead
assay finding is in good agreement with the results of the MTT assay.
Fig. 10b shows the Annexin V/PI fluorescence staining of T98G cells
before and after RF treatment. As shown in Fig. 10b, very few dead cells
were detected in the medium, and proliferation of T98G cells continued
in both control groups of NPs and NPs+RF. However, the cells treated
with NPs and RF-field underwent a higher level of cell death (especially

NPs

NPs+RF

Cur-m-PNPs

GRGDS-Cur-m-PNPs

Control m-PNPs

Cur-m-PNPs GRGDS-Cur-m-PNPs ]

NPs

NPs+RF

Fig. 10. (a) Live/dead analysis after NPs or NPs+RF treatment on T98G cells (20X), (b) Annexin V-PI staining after NPs or NPs+RF treatment on T98G cells (20X).
Control groups for NPs and NPs+RF are only T98G cells incubated at the same conditions.
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in the early apoptotic stage-Annexin V-FITC'/PI) as compared to
treated NPs. An increase in the number of necrotic cells was also
observed in T98G cells treated with Cur-m-PNPs and RF, which likely
represent late apoptotic cells (Annexin V-FITC"/PI"). Furthermore, the
early apoptotic stage indicating intact cell membrane was more
frequently observed in targeted NPs (GRGDS-Cur-m-PNPs) under RF-
field. Our results are consistent with previous studies which outlined
that curcumin treatment inhibits cellular proliferation and induces
apoptosis in many cancer cells [3,80].

4. Conclusion

In this work, a portable RF-hyperthermia system was successfully
implemented and tested that produces 400 W of RF output at 13.56 MHz
for in vitro studies. This system was then combined with the multifunc-
tional magnetic polymeric nanoparticles carrying a targeting ligand,
GRGDS, to improve the therapeutic efficacy of a cytotoxic drug, curcu-
min, on GBM cells. The designed magnetic nanoparticles can release
~70% of their curcumin load during 72 h in a controlled manner while
they show a heating performance sufficient to increase the temperature
of T98G cells’ environment to the hyperthermia temperature (43 °C)
within 15 min. In addition to that, as prepared GRGDS-Cur-m-PNPs
resulted the decrease of curcumin’s therapeutic dose 2.5-fold
(~15 uM) compared to free Cur (36 uM) and 6-fold relative to Cur-m-
PNPs (~90 uM). Hence, we can say that GRGDS conjugation increased
cellular uptake of the nanoparticles by specifically binding to cell re-
ceptors, thereby enhancing the bioavailability of curcumin. In the hy-
perthermia study, all NP groups showed toxicity to T98G cells with cell
viability less than 50%, but the presence of curcumin reduced cell
viability to 16% for Cur-m-PNPs and 31% for GRGDS-Cur-m-PNPs.
Interestingly, Cur-m-PNPs showed more anti-proliferative effects than
that of GRGDS-Cur-m-PNPs after hyperthermia exposure, indicating that
hyperthermia may have also contributed to the increased cellular uptake
via non-thermal effect. Overall, our data show a feasible approach of
using the GRGDS-Cur-m-PNPs for RF-hyperthermia by the targeting
delivery of Cur into glioblastoma cells.
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