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ABSTRACT

Background: Radiosensitization using nanoparticles is proposed as a novel strat-
egy for treatment of different cancers. Superparamagnetic iron oxide nanoparticles
(SPIONSs) have been reported to enhance effects of radiotherapy in several research-
es.

Objective: The objective of this research is to investigate the radiosensitization
properties of polyglycerol coated SPIONs (PG-SPIONs) on U87-MG cancer cells.

Material and Methods: In this experimental study, polyglycerol coated SPI-

ONs were synthesized by thermal decomposition method and characterized by FTIR,
TEM and VSM analysis. Cellular uptake of nanoparticles by cells was examined via

AAS. Cytotoxicity and radiosensitization of nanoparticles in combination with radia-
tion were evaluated by MTT and colony assay, respectively.

Results: Mean size of nanoparticles was 17.9+2.85 nm. FTIR verified SPIONs
coating by Polyglycerol and VSM showed that they have superparamagnetic behav-
iour. Viability significantly (P < 0.001) decreased at concentrations above 100pg/ml
for SPIONSs but not for PG-SPIONs (P > 0.05). Dose verification results by TLD for
doses of 2 and 4 Gy were 2+0.19 and 440.12 Gy respectively. The combination index
for all situations was less than 1 and the effect is antagonism.

Conclusion: However, PG-SPIONs combination with 6 MV X-ray reduced sur-
vival of U87-MG cells compared to radiation alone but the effect is antagonism.
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Introduction

ombination of radiotherapy with nanoparticles as radiosensitizer

agents is proposed for treatment of cancers in different studies

[1-6]. Radiotherapy plays an important role in treatment of can-
cers. About fifty percent of cancers are currently treated by this modal-
ity [7]. Radiotherapy goal is to kill all cancer cells with no damage to
soft tissues [8]. Many efforts have been made in radiation dose delivery
techniques to achieve this goal, but there are still inefficiencies which
prevent some cancers such as Glioblastoma Multiforme (GBM) being
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treated to the full [9, 10]. GBM is the most
malignant and frequent primary malignancy
of the brain which has remained as a clinical
unsolved problem [11-14]. The prognosis for
GBM is really poor [15, 16].

A standard method for treatment of GBM
is currently surgery followed by radiotherapy
and concurrent chemotherapy. However, there
are some limitations such as remaining of re-
sidual malignant cancer cells in the tumor site
after surgery, insufficient dose of radiation to
the cancer cells and resistance of tumor cells
to radiotherapy [17]. Radiation dose for treat-
ment of GBM is usually 60 Gy delivered in
30 fractions [18]. This dose is not sufficient to
destroy all cancer cells and increasing dose is
generally associated with a rise in soft tissues
injures [19, 20].

Among different ways which are suggested
to overcome these limitations, nanoparticles
have attracted a lot of attention to them-
selves [21]. Superparamagnetic iron oxide
nanoparticles (SPIONs) seem to be a good op-
tion for treatment of GBM due to their capabil-
ity for drug delivery, diagnosis, radiosensitiza-
tion, biocompatibility and selective targeting
under the direction of an external magnetic
field [22-25]. SPIONs were reported to en-
hance the effect of radiation on cancer cells
in several studies [3, 26, 27]. Klein et al. stud-
ied the effect of combining SPIONs with X-
ray on MCF-7 cells and expressed that citrate
coated SPIONs are excellent radiosensitiz-
ers which enhance the generation of reactive
oxygen spices (ROS) about 240% [27]. Iron
atomic number is relatively high compared to
soft tissue which causes increasing X-ray ab-
sorption and radiosensitization of cancer cells
[28]. Some damage to cancer cells has been
reported by iron oxide nanoparticles combina-
tion with ionizing radiation [26].

Coating SPIONs by a biocompatible mate-
rial has several advantages such as prevention
of agglomeration with itself [29-31]. Hyper-
branched Polyglycerol (HPG) is proposed as
a suitable coating agent for SPIONs [32, 33].

It exhibits the great promise in the area of
nanoparticles coating material even superior
to PEG as reported by Deng et al [34]. In this
study, we aimed to synthesize Polyglycerol
coated SPIONs (PG-SPIONs) and examine
their cytotoxicity and synergistic effects be-
tween megavoltage X-ray combination and
these nanoparticles in order of cancer treat-
ment.

Material and Methods

Nanoparticles synthesis and char-
acterization

In this experimental study, nanoparticles
were synthesized based on polyol process
[32]. 0.53 gr of Fe (acac), (Merk) was mixed
with 30 ml TREG(PVT.LTD). After stirring
under gentle pressure of nitrogen the mixture
gradually heated until reflux temperature [35].
When reflux is completed, solvent color goes
to dark black. Then sediment is freeze-dried
(VaCo5 ZIRBUS) [36]. To coat, 0.5 ml Gly-
cidol monomer was mixed with 15 mg dried
SPIONSs while stirring at constant temperature
284°F for 1200 minutes [32]. PG-SPIONs sed-
iment then dialyzed using a dialyze bag with a
cut-off of 12 kDa.

Transmission microscope (TEM) (Leo 912
AB) images were taken from PG-SPIONs to
determine their size and morphology. A pro-
gram was written on MATLAB(R 2009a) soft-
ware in order of getting size distribution and
mean size of nanoparticles using TEM images.
Fourier transform infrared (FT-IR) (JACSO
6300 FT-IR spectrometer) with a resolution of
4 cm™! was taken from PG coated SPIONs to
show what groups are included in them. A lit-
tle amount of SPIONs and PG coated SPIONs
were mixed with potassium bromide (KBr) to
form a tablet for analysis. Magnetic property
of SPIONSs is important for biological applica-
tions. SPIONSs treat such as they become mag-
netic in the presence of a magnetic field and
loss their magnetic properties in the absent of
it immediately [37, 38]. To define magnetic
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properties of nanoparticles, vibrating sample
magnetometer (VSM) (Meghnatis daghigh ka-
vir kashan) was taken. About 100 mg NPs was
used for this analysis.

Biological tests

U87-MG cells line was obtained from Pas-
teur institute of Iran. The cells were grown in
T-25 flasks containing culture medium with
high glucose DMEM, 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. Flasks
were maintained in an incubator (BINDER)
under 5% CO, pressure at 37°C temperature.
When cells well grew and reached to a suit-
able confluence, they were separated from the
flask floor by 0.25 % trypsin/EDTA solution
and were counted for biological tests.

MTT Assay

MTT test was used to examine the cytotox-
icity of SPIONs and PG-SPIONs on U87-MG
cells. First, the cells were cultured in 12-well
plates at the concentrations of 20000 cells in
each well. Five groups were chosen to examine
cytotoxicity of nanoparticles at different con-
centrations including 5, 25, 50, 100 and 200ug/
ml and one group was left as a control group
without any nanoparticles. For each concentra-
tion, three wells were cultured. Nanoparticles
contained medium were filtered through 0.2
ul filter before addition to wells. After remov-
ing nanoparticle-free medium, U87-MG cells
were washed twice with PBS and incubated
for 24, 48 and 72 hours after adding SPIONs
or PG-SPIONs containing medium. After re-
moving a consumed medium, 200 pul MTT
solution (nutrient medium containing Smg/
ml  3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) was added to each
well and remained in an incubator for 4 hours
at 37°C. Next, the supernatant was carefully
taken and 440 pul DMSO was used to dissolve
the formazan salt in each well. Cells viability
was examined by measuring light absorbance
of the solution using 96-well plates. Reading
was performed by a microplate reader (BIO-

RAD Model 680) at the wavelength 570nm.
The percentage of optical density reading for
treated cells with nanoparticles divided by the
same for untreated cells was considered to be
the cells viability.

For cytotoxicity evaluation of 6 MV X-ray
on U87-MG cancer cells, they were irradiated
using Anchor accelerators located at Milad
Hospital of Isfahan. A number of 20000 cells
per each well (24-well plate) were exposed to
doses of 1, 2, 4 and 6 Gy in a 20%20 cm? field
at the percentage depth dose of 97.8. Dose cal-
culation was performed using PDD table of
the accelerator and 5 c¢cm thickness backscat-
ter. Plexiglas acrylic sheets were placed un-
der plates to ensure that the dose is uniform
through the irradiated field. MTT assay was
performed such as that done for SPIONs and
PG-SPIONS. In order to ensure correct radia-
tion dose delivering to cells, dose verification
was performed for doses of 2 and 4 Gy us-
ing thermoluminescent dosimeter (TLD-100).
Two TLDs were embedded in water resistance
bags and placed in water filled well shown in
(Figure 1) under the field of radiation with
the same conditions for cell containing plates.
Kruskal-Wallis test was used for statistical
analysis of the MTT test results.

Colony assay

To prevent cancer cells from recurring, kill-
ing of those cells which can form a colony is
very important [39]. Colony assay as a gold

Bl

Figure 1: Dose verification using TLD-100 do-
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standard method is usually performed to inves-
tigate survival of irradiated or treated cancer
cells [40-42]. Anumber of 50000 cells per each
well (12-well plate) were treated by PG-SPI-
ONss at the concentration of 100pug/ml after re-
moving the cultured medium. Cells were then
exposed to doses of 1, 2, 4 and 6 Gy at room
temperature. X-ray irradiation was performed
by 6 MV X-ray with output of 1cGy/MU. Ir-
radiated cells then were carefully counted and
numbers of 1000 or 2000 cells were cultured
in 60 mm petri dishes in triplicate. After irra-
diation, cells were left in an incubator for 14
days. After removing consumed medium, petri
dishes were washed twice by PBS. Colonies
were fixed by formaldehyde and stained with
5% crystal violet in PBS. Colonies which had
more than 50 cells were counted and a surviv-
al fraction was determined for each group by
the equation 1 [41].

. ) number of colonies after treatment
The survival fraction = (1)

number of cells seeded x PE

Which PE (plating efficiency) is the ratio of
the number of colonies to the number of cells
seeded (equation 2):

_ number of colonies formed

PE x100  (2)

number of cells seeded

To determine combination effects between
radiation and nanoparticles, Chou analysis
was performed using compusyn software [43].

The combination index (CI) was used to deter-
mine if the effect is synergistic or antagonistic.
ClI less than 1 and greater than 1 indicates syn-
ergistic and antagonistic, respectively.

Cellular uptake of nanoparticles determined
using atomic absorption spectroscopy (AAS).
Cells were first cultured and washed twice
with PBS. A numbers of 2x10° cells were
counted and transferred to 60 mm petri dishes
and placed in an incubator for 24 hours. PG-
SPIONs at concentrations 1, 2 and 3 mg/ml
were added to the cells and placed in an incu-
bator for 2 days, then washed with PBS three
times and trypsinized.

After centrifuging, the remaining cells in
bottom of falcons were used for AAS. 1.5 ml
Aqua regia were added to the cells in each fal-
con and the final volume of deionized water
increased to 5 ml. The falcons were placed in
a water bath under 45°C temperature for 4 h
and the digested homogenate was centrifuged
at 19400g. The supernatant was used for AAS.
The measurements were performed using
PERKIN-ELMER AAS following calibration
process.

Results

Nanoparticles characterization
PG-SPIONSs shape and size distributions are
shown in Figure 2a and b, respectively. Mean

0.os

i3]
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Crameber Size (nm)
Mean =179 Standasd Deviation = 285

Figure 2: (a) Transmission electron microscopy of PG-SPIONs and (b) their size distributions.
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diameter of PG coated SPIONs was 17.9 +
2.85 nm. They have a spherical morphology.

Figure 3 shows FTIR spectrum of undialyzed
PG-SPIONSs. The presence of the peaks relat-
ed to C-O-C and C-H bonds is clearly seen on
the spectrum. In this case, SPIONs have been
coated with polyglycerol successfully. Peak
related to glycidol has been removed from
FTIR spectrum by the dialyze bag.

Figure 4 shows magnetic properties of
nanoparticles. Saturation magnetization for
SPION:Ss is greater than PG-SPIONs [20].

Viability tests
U87-MG cells pictures which have taken

50
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Figure 3: Dialyzed and undialyzed PG-SPIONs
FTIR.
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Figure4:Magneticpropertiesofnanoparticles.

by an inverted microscope (Nikon Eclipse
- TS100) with different magnifications are
shown in Figure 5 from part (a) to (f). Cells
degradation is seen in this figure part ¢ and d.
Cells colony is obviously shown in part e and
f.

Cytotoxicity of treated cells with SPIONS,
PG-SPIONS, 6 MV X-ray and their combina-
tion were evaluated by MTT assay. Figures
6-8 show viability percent of U87-MG cells
treated with SPIONs and PG-SPIONS incu-
bated for 24, 48 and 72 hours, respectively.
Viability significantly (P <0.001) decreases at
concentrations above 100pug/ml for SPIONs in
all times but it does not differ for PG-SPIONSs.
(P>0.05).

Figure 9 shows viability percent of US7-MG
cells irradiated with doses of 1, 2, 4 and 6 Gy

Figure 5: U87-MG cells pictures (a) 48 h post
culturing (b) after treating with PG-SPIONs
(c) exposed to 6 Gy radiation dose (d) treat-
ed with PG-SPIONs and exposed to dose 6
Gy radiation dose (e) colony formed and (f)
stained colonies for counting.

J Biomed Phys Eng 2020; 10(1)
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Figure 6: Measured viability for U87-MG can-
cer cells treated with SPIONs and PG-SPIONs
for incubation time of 24h.
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Figure 7: Measured viability for U87-MG can-

cer cells treated with SPIONs and PG-SPIONs
for incubation time of 48h.
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Figure 8: Measured viability for U87-MG can-
cer cells treated with SPIONs and PG-SPIONs
for incubation time of 72h.

from 6 MV X-ray. Viability decreases signifi-
cantly (P < 0.001) with increasing radiation
dose. Dose verification results by TLD for ir-
radiation of 2 and 4 Gy to cancer cells were
2+40.19 and 4+0.12 Gy respectively.

Colony assay results are shown by dose re-
sponse curves which consist of a vertical axis
with a logarithmic scale to determine a sur-
vival fraction and a horizontal axis defining
radiation doses. The survival curve for combi-
nation of 6 MV X-ray and PG-SPIONs at the
concentration 100 ug/ml is shown in Figure
10. Reduction in the survival fraction by dose
increasing for combination of nanoparticles
with radiation is greater than radiation alone
but it is not significant (P>0.05).

Results of combination index calculation of
PG-SPIONs combination with 6 MV X-ray-
showed that for all situations CI was less than
1 and the effect is antagonistic.

AAS results are shown in Figure 11. Cellular
uptake of nanoparticles increased with higher
doses of nanoparticles (P < 0.05) but for all
concentrations the uptake is relatively low.

Discussion

In this study we were going to synthesize
PG coated SPIONSs in order to increase radio-
sensitivity of U87-MG cancer cells. Results
showed that size and size distribution of our
nanoparticles are suitable for biomedical ap-
plications. As expected, magnetization of PG-
SPIONSs decreased compared to SPIONSs. This
situation is seen at other researches [26, 44,
45]. This can be due to coating of SPIONs
with Polyglycerol which reduces SPIONs
concentration for analysis and magnetization
consequently [46]. There is a good agreement
between our results with Martin et al [45].
Strong peaks on FTIR spectrum in our study
indicated successful coating of SPIONs by
polyglycerol which already has been reported
by Wang et al [47].

For uncoated SPIONSs, cells viability signifi-
cantly (P < 0.001) decreases at concentrations
above 100ug/ml. This result is also reported in

-\
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Figure 9: Measured viability for U87-MG
cancer cells exposed to doses of 1, 2, 4 and 6
Gy from 6 MV X rays.
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Figure 10: Survival curve for U87-MG can-
cer cells treated with combination of 6 MV
X rays and PG-SPIONs at concentration of
100ug/ml.

12 4

Uptake(ppm)

B PG-SPIONs

1 2 3
Nanoparticles concentration(mg/ml)

Figure 11: PG-SPIONs uptake by U87-MG
cancer cells treated with doses of 1, 2 and 3
mg/ml nanoparticles.

other similar studies [48-50]. Ankamwar et al,
have reported that SPIONs at low concentra-
tions have no cytotoxicity effects on U87-MG
cancer cells but obvious cytotoxicity is seen
at concentration of 100 ug/ml [48]. Entry of
SPIONs into cancer cells leads to formation
of reactive oxygen spices(ROS) such as H O,
OH? and anion superoxides (O,") which in turn
causes oxidative stress and toxicity in cells
[51].Viability for U87-MG cells treated with
PG-SPIONS is higher compared with SPIONS.
Despite of SPIONS, viability did not decrease
by increasing concentrations of PG-SPIONs
(P>0.001). In other studies cytotoxicity is not
reported even for higher concentrations of PG-
SPIONSs [52]. Saatchi et al, examined cytotox-
icity of PG coated gallium on HUVEC cancer
cells and the results showed no significant tox-
icity effects at the concentration of 10 mg/ml
[53]. Low uptake of PG-SPIONs by U87-MG
cells can be attributed to the surface hydrophi-
licity of nanoparticles [47].

U87-MG cancer cells viability significantly
(P <0.001) decreased by increasing radiation
doses. Radiation interaction with cancer cells
can damage DNA directly or produce free
radicals by radiolysis of water molecules that
in turn is destructive and kills the cells [54,
55]. Reactive oxygen spices (ROS) are gener-
ated as a result of reactions free radicals with
biological molecules which cause oxidation of
lipids, protein and DNA that induce apoptotic
and necrotic cell death due to mitochondrial
dysfunction [56, 57].

SPIONs aggregations on cell membrane
cause a membrane lipid peroxidation and im-
prove radiosensitization [58]. Klein et al, ex-
pressed that production of ROS increased in
SPIONSs loaded with MCF-7 cells exposed to
X-ray increased compared with cells only ex-
posed to X-ray. The ROS production was ex-
plained to be related with release of iron ions
into the cytosol where immediate chelation by
citrate or adenosine phosphate will take place
and active surface of nanoparticles as catalyst
for the Haber-Weiss cycle [27, 59, 60]. ROS

J Biomed Phys Eng 2020; 10(1)
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production increases with a rise in iron ions in
cancer cells which in turn leads to more cellu-
lar cytotoxicity [1]. Synergy is that the effect
of two agents given together is more effective
than would be predicted based on their indi-
vidual activity; If agent 1 alone reduces the
surviving fraction to 0.5 and agent 2 used alone
also reduces survival to 0.5, the combination
effect will be synergistic if it is less than 0.25
[61]. Combination of PG-SPIONs with 6 MV
X-ray reduced survival fractions of U87-MG
cells compared to radiation alone but differ-
ence was not significant (P>0.05). Although
radiosensitization of SPIONs alone and with
different coating has been reported in different
studies, but in our study the radiation effect
enhancement property of these nanoparticles
was not considerable. It may be related to the
coating material of HPG. Results of MTT as-
say for PG-SPIONSs confirm this because via-
bility did not significantly decrease compared
to SPIONs alone even at high concentrations
of nanoparticles. The mechanisms underlying
radiosensitization are still incompletely under-
stood and more studies are needed to be con-
ducted with this regards.

Conclusion

This study revealed that PG-SPIONSs are not
cytotoxic on U87-MG cancer cells even at con-
centrations up to 200 pg/ml. Results of MTT
test showed that cell viability decreases sig-
nificantly by increasing radiation doses. Based
on our result, we can conclude that PG-SPI-
ONs combination with 6 MV X-ray reduced
survival of U87-MG cells, it is not a good ra-
diosensitizer to be used for radiotherapy.
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