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IN VITRO MAGNETIC TARGETED DELIVERY OF
DOXORUBICIN USING IRON OXIDE NANOPARTICLES
LEADS TO ENHANCED CELL DEATH IN GLIOBLASTOMA
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Iron oxide nanoparticles have been synthesized using a modified Massart
method and in situ functionalized with polyethylene glycol, resulting in 8.81+#1.96
nm highly crystalline nanoparticles with spinel structure. Doxorubicin was loaded
for magnetic targeted delivery to the peri- nuclear areas of the U-87 MG human
glioblastoma cells. Cytotoxicity was dependent on the internalized quantity of the
nanoparticles, which varied for each sample.
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1. Introduction

Glioblastoma multiform is the most aggressive and invasive type of brain
tumor, resulting in very low survival rates among patients (19% for patients with
ages between 20- 44 years, 8% for 45- 54 year- old patients, respectively 5% for
patients above 55 years [1]). The common treatment schemes for this type of
cancer involve surgery to remove the tumor, followed by radiation therapy and/ or
chemotherapy, which have low efficiency due to the high recurrence and therapy
resistance [2]. In order to augment the patients’ response to applied treatment and
improve general wellbeing, new approaches involving nanotechnology have been
proposed for the treatment of glioblastoma multiform [3, 4, 5, 6].

In this study, we have synthesized polyethylene glycol (6K molecular
weight) functionalized iron oxide nanoparticles employing an in situ method.
With the aim to propose new magnetically activated drug delivery systems for
glioblastoma treatment, the chemotherapeutic substance Doxorubicin (DOX) was
loaded through ad/ absorption within the Fe;O,@PEG 6K particles. DOX has
previously been used in different clinical approaches for the management of this
disease [7, 8].

The morphological and structural characterization was performed using
scanning electron microscopy (SEM), high resolution transmission electron
microscopy (HR-TEM) and selected area electron diffraction (SAED). The
potential use of DOX-loaded Fe;0,@PEG 6K systems for targeted and controlled
drug delivery under magnetic activation was evaluated by subjecting nanoparticle
suspensions to different high amplitude alternating fields.

The in vitro evaluation of the nanosystems was done for U-87 MG human
glioblastoma cells using the MTS tetrazolium- salt metabolic assay and
microscopic characterization of the morphology. The nanosystems proved to have
cytotoxic effects in targeted glioblastoma cells. The novelty of the study
especially comes from the correlation of the cytotoxic effects of magnetic targeted
drug-loaded nanoparticles in glioblastoma cells with high precision quantitative
measurements of nanoparticle internalization.

2. Materials and methods

All chemical reagents were of analytical purity and purchased from Sigma
Aldrich Chemie Gmbh, Darmstadt, Germany. The synthesis of the iron oxide
nanoparticles (Fe3O,) was done using a modified co- precipitation method, at
room temperature. For this, the precursor solution of ferrous sulfate and ferric
chloride, molar ratio [FeSO,e7H,0]:[FeCl3]=1:1.6, was added drop wise into an
alkaline solution of ammonia. The Fe3O,4 nanoparticles were washed several times
with ultrapure water and the final suspensions were also done in ultrapure water.
The 6K polyethylene glycol (PEG with 6,000 g/mol molecular weight)
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functionalized iron oxide nanoparticles (Fes0,@PEG 6K) were obtained using an
in situ conjugation method, by dissolving the polymer into the precipitation
medium prior to the addition of the precursor solution [9, 10].

The chemotherapeutic drug Doxorubicin (DOX) was loaded into the
Fe;0,@PEG 6K nanosystems through ad/ absorption from aqueous solution. For
this, the Fe;O,@PEG 6K were immersed into a 32 pug/mL DOX solution
(prepared in ultrapure water) for 24h (FesO,@PEG 6K/ DOX (24)), respectively
48h (Fe;0,@PEG 6K/ DOX (48)). After this time, the drug- loaded nanoparticles
were magnetically separated and the supernatant was kept for spectrophotometric
measurements, which was performed using a microplate reader (Tecan,
Mannedorf, Switzerland). The loading ability of the drug was calculated using the
method described by Kamba et al [11].

The morphological characterization of synthesized nanoparticles was
performed using the scanning electron microscopy method, using in this respect a
SEM microscope from FEI Company (Hillsboro, OR, USA). The analysis was
done for dried nanoparticle powders placed on a carbon strip and the energy of the
secondary electron beam was up to 30 keV.

The structural and intimate morphological evaluation of nanoparticles was
done using the transmission electron microscopy (TEM), high resolution TEM
(HR-TEM) and selected area electron diffraction (SAED) analysis. The
investigations were performed using a Tecnai G2 F30 S-TWIN HR-TEM (FEI
Company, Hillsboro, OR, USA) equipped with SAED accessory. For analysis, the
samples were prepared by making successive dilutions and sonication in ultrapure
water. The final suspension was placed onto a holey carbon- coated copper grid
and dried. The investigations were done in transmission mode, at 300 kV, with
point resolution of 2A and line resolution of 1A.

In order to evaluate the magnetically activated response of the
nanoparticles, volumes of 4 mL from final suspensions (3.2 mg/mL for
FesO,@PEG 6K, respectively 1.6 mg/mL for Fe;O,@PEG 6K/ DOX) were
exposed to radiofrequency magnetic fields with power of 2, 1.6, 1.2 and 0.8 kW.
An Ultra Heat S Series (RF) heating system (UltraFlex Power Technologies,
Sofia, Bulgaria) accessorized with a fiber optic temperature sensor (Optocon,
Dresden, Germany) was used for measurements. For each sample, the thermal
response was recorded up to 50°C, which is considered to be the thermal limit
where the apoptosis and necrosis processes of tumor cells occur [12]. The
supernatants resulted from the magnetic separation were spectrophotometrically
analyzed. Specific Absorption Rate (SAR) was calculated accordingly to slope of
recorded temperature versus time dependence, as described in [13].

The cytotoxicity of drug-free and drug-loaded Fe;O,@PEG 6K
nanoparticles was assessed for U-87 MG human glioblastoma cells purchased
from ATCC (Mansas, VA, USA), which were cultured in Dulbecco’s modified
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Eagle’s medium (DMEM) (Biochrom, Merck Milipore, Billerica, MA, USA),
supplemented with 10% fetal bovine serum (Biochrom) and 1% Penicillin/
Streptomycin (Biochrom), in standard conditions of temperature and humidity
(37+2 °C, 5+1 % CO, and more than 90% humidity).

The quantitative internalization of the nanoparticles in the U-87 MG cells
was evaluated using the Particle Induced X-ray Emission (PIXE) technique,
performed at the Romanian Center for lon Beam Applications (RoCIBA) using a
3 MV Tandetron particle accelerator [14]. A 3 MeV proton beam was transported
to the IBA chamber and extracted in air through a silicon nitride window. The
samples were positioned in air, at a distance of 25mm from the Si3N4 membrane.
Using this setup, a 2.83 MeV proton beam, reached the samples at normal
incidence. An Amptek SiPIN detector positioned backwards at 45° with respect to
the beam direction was used to record characteristic X-rays from the samples
(resolution 130 eV at 5.9 keV, Ka line of 55Mn). For this, 250000 cells were
seeded in 6 well plates and cultured during 24h to allow attachment. Afterwards,
nanoparticle treatment was applied for another 24h. At the end of the incubation
time, the samples were thoroughly washed with PBS to remove the non-
internalized nanoparticles and cells were collected for measurements. The
spectrums were processed using the GupixWin software [15] and the Fe;O,
concentration per cell was calculated by normalizing the output values to the cell
number.

The magnetic targeting setup was prepared as following: 5000 U-87 MG
cells were seeded on 10 mm glass coverslips and cultured for 24h to allow
attachment. Two of these coverslips (one representing the control area and one the
targeting area) were placed into a 60 mm Petri dish which was filled with either
complete DMEM either with nanoparticle suspensions in complete DMEM
(concentrations of 250, 125, 62.5, respectively 31.25 pug/ mL). A 5 mm NdFeB
magnet (10.8- 12.5 kOe, 1,2 kg magnetic power, Hobber) was placed under the
targeting area coverslip (Fig. 1) and cells were cultured for another 24h.

In order to measure the cytotoxic effect of the nanoparticles, the MTS
tetrazolium- salt based viability assay was employed (CellTiter 96 Aqueous One
Solution Cell Proliferation Assay, Promega, Madison, WS, USA), according to
the producer’s specifications. After the incubation time, each glass coverslip was
gently washed with Phosphate Buffer Saline (PBS) and was placed into a well of a
24- well plate. A 1:6 solution of MTS: complete DMEM was added in each well;
the cells were incubated for another 3h in standard conditions. The cells
metabolized the MTS in the solution leading to the formation of soluble formazan,
which was measured at 490 nm using a Sunrise microplate reader (Tecan,
Mannedorf, Switzerland). Control blank samples containing only nanoparticles at
the corresponding concentrations were prepared, in order to eliminate the possible
interferences.
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/,

Fig. 1. Magnetic targeting of Fe;0,@PEG 6K (/DOX) nanoparticles experimental setup:
schematic representation (A) and photographs of the experimental setup (B, C);

The qualitative evaluation of the cytotoxic effects of the nanoparticles, but
also their internalization in glioblastoma cells was evaluated using optical
microscopy. The glass slides containing cells from the magnetic targeting
experiment were individually placed in 24 well plates and carefully washed with
PBS. Fresh culture medium was placed in each well. Images of the living cells
were acquired using an Olympus BX51 brightfield microscope (Tokyo, Japan).

Experiments were performed in triplicate and data was presented as mean
+ SEM. The statistic evaluation was done using Student’s t- test and one- way
ANOVA.

3. Results and discussions

This study presents the synthesis, characterization and in vitro testing of
polyethylene glycol functionalized iron oxide nanoparticles for the targeted
magnetic delivery of Doxorubicin chemotherapeutic in glioblastoma cells. The
nanoparticles were obtained using a room temperature modified chemical co-
precipitation method, similar as in Popescu et al [10], where the conjugation with
the polymer was done in situ.

The scanning electron microscopy morphological evaluation of the Fe3O,-
based powders revealed an aggregated aspect of the ovoid nanoparticles, with
physical dimensions between 5- 12 nm (data not shown). There was no noticeable
difference in the aspect of the samples (Fe;O4, Fes0,@PEG 6K, respectively
Fes0,@PEG 6K/ DOX (48)).

Transmission electron microscopy images confirmed the aggregated
aspect and the size dispersion of the Fe;0,@PEG 6K nanoparticles with ovoid
morphology and mean diameters of 8.81+1.96 nm (Fig. 2- a, b and Fig. 3). The
high resolution TEM showed the high degree of crystallinity of the inorganic
phase, the (220) crystalline plane of 0.29 nm characteristic for magnetite
mineralogical phase being emphasized (Fig. 2- c¢, red arrows) [16]. This
information was confirmed by the selected area electron diffraction spectrum,
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which showed the diffraction rings of face centered magnetite phase with spinel
structure: (220), (222), (400), (440), (333), (422) (Fig. 2- d) [17].

a) b)

(220) (222)
(400)

.’

(440)
(333) d)
Fig. 2. Transmission electron microscopy (TEM) images (a, b), high resolution TEM (HR-TEM)
(c), respectively selected area electron diffraction (SAED) spectrum (d) for Fe;O,@PEG 6K;

c) Mnm (422)

The drug loading ability of Fe;0,@PEG 6K was dependent on the loading
time of the chemotherapeutic substance Doxorubicin. Hence, the quantity of
encapsulated DOX in Fe;0,@PEG 6K/ DOX (24) and Fe;0,@PEG 6K/ DOX
(48) was 0.49 wt%, respectively 0.81 wt%, with a calculated loading efficiency of
24.5%, respectively 40.95%.

Following the RF magnetic field exposure, we monitored both the thermal
response of nanoparticle suspensions (occurred due to superparamagnetic
properties of iron oxide nanoparticles) and the accompanying drug release
(occurred due drug concentration variations within the collected supernatants).
The temperature variation of nanoparticle suspensions was related to the power of
applied magnetic field, in a directly proportional manner (Fig. 4) [13].
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Fig. 3. Size distribution of Fe;O,@PEG 6K measured in TEM images;

In all nanosystems, the highest field power (2 kW) caused the most
accelerated temperature increase. Interesting fact, the upper thermal limit of
~45°C was reached faster (less than 5 min.) in the case of DOX-loaded
nanoparticle suspensions. For Fe;O,@PEG 6K/ DOX (24) nanosystems, similar
thermal response was obtained for both middle field powers in approx. 6 min. In
the particular case of Fe;0,@PEG 6K/ DOX (48), similar thermal responses were
recorded for 2 kW and 1.6 kW fields. The maximum calculated SAR value was
obtained for Fe;0,@PEG 6K/ DOX (48) (43.68+1.25 kW/kg), followed by
FesO4@PEG 6K (24.03+1.62 kW/kg), respectively Fes0,@PEG 6K/ DOX (24)
(37.1£0.42 kWI/Kg).

The UV-VIS spectra confirmed the drug release by measuring the
absorbance at 480 nm (data not shown). The drug release after magnetic
stimulation was proportional with the thermal variation after magnetic stimulation
leading to a maximum release of 78.2% Fe;O0,@PEG 6K/ DOX (24), respectively
72.12% for Fe;0,@PEG 6K/ DOX (48) (for 2 kW magnetic field).

The magnetic targeting of the nanoparticles was possible due to the native
magnetic properties of Fe3O4 [18]. Hemery et al [19] used the magnetic properties
of PEG- conjugated iron oxide nanoparticles to enhance the cytotoxicity against
glioblastoma cells. Here, the magnetic targeting of Fe;0,@PEG 6K (DOX)
nanoparticles was tested using an in vitro set-up similar as in [20], followed by the
cytotoxicity characterization.

The MTS metabolic activity of the U-87 MG cells was evaluated after the
magnetic targeting of Fe;0,@PEG 6K (DOX) nanoparticles, in order to provide
quantitative information on their cytotoxic potential (Fig. 5- a). The viability of
the cells was calculated as percent from the untreated (control) cells. Thus,
unloaded Fe;0,@PEG 6K nanoparticles showed a biocompatible behaviour as the
viability for all concentrations employed in the study was above 80% (according
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to ISO 10993-12:2001(E)), even for the highest concentration of 250 ug/mL
(88.25+1.06%, P<0.01) (Fig. 5- a). These results confirm previous data on the
biocompatibility of PEG- functionalized iron oxide nanoparticles [21].
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Fig. 4. Dependence of heating ability after different magnetic fields exposure: Fe304@PEG 6K,
Fe304@PEG 6K (24), respectively Fe304@PEG 6K (48);

The loading of doxorubicin in the Fe30,@PEG 6K nanoparticles increased
the cytotoxicity of the nanoparticles in a manner which was dependent on the
loading time of the drug (thus, the loaded quantity of DOX). The viability of
glioblastoma cells after 24h of interaction with FesO,@PEG 6K/ DOX (24)
decreased until 62.74+0.65% for the highest concentration employed (250
ug/mL), where P<0.001 compared to control, respectively Fe;0,@PEG 6K,
showing an improved cytotoxic effect of the nanoparticles after loading the
chemotherapeutic substance (Fig. 5- a).

The loding of the active substance for another 24h did not show any
significantly statistic additional effect on the cytotoxicity of the U-87 MG cells,
for none of the concentrations employed in the study, although the loading
efficiency of DOX was higher for Fe;0,@PEG 6K/ DOX (48) compared to
Fe;0,@PEG 6K/ DOX (24) (40.94% compared to 24.5%) (Fig. 5- a). However,
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FesO,@PEG 6K/ DOX (48) showed a cytotoxic effect for all concentrations
employed in the study (compared to control cells and DOX free nanoparticles)
(Fig. 5- a).

These results suggest there might be a difference in the internalization of
the nanoparticles in the cells after 24h interaction. To prove this, we have
employed PIXE analysis to measure the quantity of internalized nanoparticles per
cell. Results showed a significant difference between the internalized amout of
nanoparticles per cell, in case of Fe;0,@PEG 6K/ DOX (24) (1325.63+£164.41
pg/ cell), compared to both Fe;O,@PEG 6K (601.48+152.65 pg/ cell) and
FesO4,@PEG 6K/ DOX (48) (828.2+22.3 pg/ cell) (P<0.05) (Fig. 5- b).

Fig. 6 illustrates the morphology of the cells after interaction with
FesO,@PEG 6K/ DOX (48) nanoparticles and their internalization. Thus, the
density of the cells appeared to be reduced in case of nanoparticles- exposed U-87
MG samples, the cells having a round aspect with smaller elongations. The
presence of nanoparticles was evidenced as dark aggregates located in the
cytoplasm of the cells, mainly in the peri- nuclear area (Fig. 6). The localisation of
the nanoparticles in this area can be explained by the high dimension of the
aggregates and their localisation into the endo- lysosome compartments [11, 22].
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Fig. 5. (A) Viability of U-87 MG human glioblastoma cells after nanoparticle exposure and
magnetic targeting during 24h; (B) quantity of internalized nanoparticles per cell; data is presented
as meantSEM;

Xia et al [23] used local magnetic field to target HelLa cells for redox
delivery of doxorubicin from Fe3O, loaded PEG- based micelles. Similarly,
Venugopal et al [24] obtained Fe;O,@Au- Phytagel/ DOX to induce magnetic cell
targeting and improve cytotoxicity in glioma cells. Here, we have used PEG-
conjugated nanoparticles to deliver DOX using a magnetic targeted approach in
glioblastoma cells, the in vitro cytotoxic effects being correlated with the high
precision internalization measurements.
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Fig. 6. U-87 MG human glioblastoma cells morphology after magnetic targeting using different
concentrations of Fe304@PEG 6K/ DOX (48) nanoparticles (250 pg/mL A-B, respectively 125
pug/mL C-D): control areas (A, C), respectively targeted areas (B, D); measure bar 100 um;

4. Conclusions

Iron oxide nanoparticles (Fe3O;) were successfully prepared and
functionalized in situ with polyethylene glycol (molecular weight 6K) using a
modified chemical co- precipitation method. Physical and chemical
characterization revealed the obtaining of highly crystalline face centered spinel
structured magnetite nanoparticles. Magnetic targeting of Fe;O,@PEG 6K/
(DOX) determined their intracellular internalization in the peri- nuclear areas of
the aimed U-87 MG human glioblastoma cells and local doxorubicin delivery
increased the cytotoxicity.
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