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Abstract

This study aimed to improve delivery of lomustine as a chemotherapeutic agent and to 
increase its uptake by U87-MG cancer cells via synthesizes LN-FA-PG-SPIONs (lomustine 
loaded polyglycerol coated superparamagnetic iron oxide nanoparticles conjugated with folic 
acid). Nanoparticles were synthesized by thermal decomposition method and characterized using 
TEM (transmission microscope), FTIR (Fourier transform infrared spectroscopy), and VSM 
(vibrating sample magnetometer). Lomustine release from nanoparticles was determined by 
dialysis-bag diffusion technique. Nanoparticles cytotoxicity was evaluated by MTT assay. Mean 
size of SPIONs and FA-PG-SPIONs (PG-SPIONs conjugated with folic acid) were 7.1 ± 1.13 
nm and 25.1 ± 3.94 nm, respectively. Based on FTIR spectra SPIONs were successfully coated 
by polyglycerol and conjugated with folic acid. Lomustine encapsulation efficiency was 46 ± 6.8 
%. SPIONs were cytotoxic on U87-MG cells at concentration above 100 ug/ml (p < 0.05) but 
PG-SPIONs do not reduce viability significantly (p > 0.05). Conjugation of folic acid with PG-
SPIONs increased nanoparticles uptake by U87-MG cells (p < 0.05). We concluded that however 
FA-PG-SPIONs are proposed as a useful tracer for diagnostic and treatment of GBM but their 
drug delivery properties for lomustine is not satisfactory and more researches are necessary with 
this regard.

Keywords: Polyglycerol coated SPIONs; Folic acid; Drug delivery; Lomustine; U87- MG 
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Introduction

GBM (glioblastoma multiforma) is known 
as the most malignant brain cancer with a 
very poor prognosis (1-3). Standard method 
for treatment of GBM is currently surgery 
followed by radiotherapy and concurrent 
chemotherapy (4). However, there are 

limitations such as remaining of residual 
malignant cancer cells in the tumor site after 
surgery, insufficient dose of chemotherapy 
agents to the cancer cells, and resistance of 
tumor cells to treatment (5-7). 

Lomustine is one of the alkylating agents 
used for treatment of GBM. It is nonspecific for 
cancer cells and also has effect on rapid dividing 
normal cells (8, 9). Reducing cytotoxicity 
and in turn side effects of lomustine requires 
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lowering drug dose but cancer cells should 
receive enough dose to be killed (10). Targeted 
drug delivery using nanoparticles has received 
much attention for treatment of cancers by 
purpose increasing drug dose to cancer cells 
while reducing toxicity on normal cells (11-13). 

SPIONs (superparamagnetic iron oxide 
nanoparticles) have been reported to have good 
capabilities for drug delivery to cancer cells 
(14-16). These nanoparticles are appropriate 
for drug delivery thanks to their targeting 
property either by an external magnetic field or 
by targeted molecules as well as drug loading 
potential (17).  

Folic acid is a targeting agent for which 
receptors are highly expressed in brain 
tumors(18, 19). In addition, there are some 
advantages with it such as high binding affinity 
to folate receptors, compatibility with variety 
of organic and aqueous solvents, high stability 
during storage, low cost and availability (20). 
Considerable potentials for targeted drug 
delivery to GBM have been reported for 
conjugated SPIONs with folic acid (21). 

Coating SPIONs by a suitable material 
is important for drug delivery applications. 
Coating SPIONs with a biocompatible 
polymer can prevent agglomeration of them, 
minimize protein absorption, and lead to 
increased circulation time in the blood stream 
(22-24). HPG (hyperbranched polyglycerol) 
is a novel polymeric surface coating material 
that has good chemical stability and excellent 
biocompatibility (25, 26). It exhibits great 
promise in the area of biocompatible and 
bioactive materials for antifouling surfaces 
and also for controlled drug delivery using 
nanoparticles. Deng et al. suggested that HPG 
is even superior to PEG, the gold standard 
coating polymer at present, as a surface 
coating for drug delivery applications (27).

 Loading lomustine in PG-SPIONs 
(polyglycerol coated SPIONs) conjugated 
with folic acid is an interesting idea to resolve 
insufficient drug dose delivery problem to 
cancer cells and reduce side effects to normal 
tissues. In this study we aimed to synthesize 
LN-FA-PG-SPIONs (lomustine loaded 
polyglycerol coated superparamagnetic iron 
oxide nanoparticles conjugated with folic 
acid) and examine cytotoxicity of these 
nanoparticles on U87-MG cancer cells.

Experimental

Materials
For synthesize and coating SPIONs 

by polyglycerol, iron (III) acetylacetonate 
(Fe (acac) 3) (Merk), ethyl acetate (Merk), 
triethylene glycol (TREG) (Lobachimi PVT.
LTD), and glycidol (MW = 74.08) (ACROS 
ORGANINCS) were used. For conjugation of 
folic acid (Fluka) with PG-SPIONs, anhydrous 
dimethyl sulfoxide (Dry DMSO) (78/13 g/
mol), dimethylaminopyridine (DMAP) and 
dicyclohexylcarbodiimide (DCC) were 
purchased from Merk. Lomustine (233.70 g/
mol) was obtained from Exir-Austria and 
ethanol from Merk. 

High glucose Dulbecco’s modified eagle’s 
medium (DMEM) (BioIdia), phosphate 
buffer saline (PBS) (BioIdia) and penicillin 
– streptomycin (BioIdia) and fetal bovine 
serum (FBS) (INCOLON) were used for 
cell culture. 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) 
(Sigma-Aldrich) and dimethyl sulphoxide 
(DMSO) molecular grad (Pars Tuse) were used 
for evaluation of nanoparticles cytotoxicity. 
U87-MG cell line was obtained from Pasteur 
institute of Iran. 

SPIONs synthesis and coating with 
polyglycerol

SPIONs were synthesized by thermal 
decomposition method (25). Briefly 1.06 g of 
iron (III) acetylacetonate (Fe (acac)3) and 60 
mL triethylene glycol (TREG) were mixed in 
a three necks bottle and magnetically stirred 
under a slow flow of nitrogen while raising 
temperature gradually up to 300 °C (28). Next 
solvent was mixed with 20 mL ethyl acetate 
and remained on a 0.6 T neoduim magnet for 
3 days in order to separate resolved SPIONs. 
Nanoparticles then freeze dried (VaCo5 
ZIRBUS) for use in the next steps (29).

SPIONs were coated with polyglycerol by 
ring opening reaction of glycidol monomer 
(25). Thirty milligram SPIONs were mixed 
with 1 mL of glycidol (MW = 74.08) monomer 
and sonicated for 30 min. Mixture kept at 
constant temperature 140 °C under nitrogen 
gas pressure and magnetically stirred for 20 h. 
Next 10 mL deionized water was added to the 
mixture and sonicated for 20 min. PG-SPIONs 
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were separated from solvent by a 0.6 T magnet 
and dialyzed against deionized water with a 
dialyze bag (MWCO: 12000 g/mol) and freeze 
dried for 48 h. 

Preparation of Conjugated folic acid PG-
SPIONs and Loading Lomustine

In order to prepare FA-PG-SPIONs, 
briefly 802 mg PG-SPIONs and 100 mg folic 
acid were dissolved in 5 mL dry DMSO and 
sonicated for 5 min. Next 30/88 mg DMAP as 
a catalyst and 59.25 mg DCC as a coupling 
reagent were added to it. After sonication, 
beaker was sealed with aluminium foil and 
the solvent was kept at 5 °C for 36 h under 
magnetic string. Solvent was then dialyzed 
against deionized water using a dialysis bag 
(MWCO: 12000 g/mol) for 24 h and freeze 
dried for 96 h to obtain FA-PG-SPIONs.

For loading lomustine on FA-PG-SPIONs, 
briefly 16 mg lomustine and 80 mg FA-PG-
SPIONs were dissolved in 2 mL dry DMSO 
and sonicated for 30 min. Solvent was then 
dialyzed against a dialysis bag (MWCO: 12000 
g/mol) for 24 h. LN-FA-PG-SPIONs (lomustine 
loaded FA-PG-SPIONs) obtained after freeze 
drying and were ready for related analysis. 

Nanoparticles characterizations

Size and size distribution 
Transmission microscope (TEM) (Leo 912 

AB) images were taken from nanoparticles. 
Mean nanoparticles size and size distribution 
of the nanoparticles were determined by 
MATLAB software (2014a) using TEM 
images. The results were reported as mean ± 
SD (standard deviation).

Fourier transform infrared spectroscopy 
(FTIR) 

Fourier transform infrared spectroscopy 
(FTIR) with a resolution of 4 cm-1 was 
performed on nanoparticles by a JACSO 6300 
spectrometer. Enough amounts of nanoparticles 
were mixed with potassium bromide (KBr) 
to form a tab for analysis. The results were 
recorded as transmittance spectrum. 

Vibrating sample magnetometer (VSM)
Magnetic properties of nanoparticles were 

measured by vibrating sample magnetometer 

(VSM) (Meghnatis daghigh kavir kashan). 
About 100 mg NPs was used for this analysis. 

UV-Visible spectrophotometry
This analysis was performed to determine 

corresponding wavelength of maximum 
absorbance (λmax), encapsulation efficiency, 
and examine drug release profile for lomustine. 
For λmax determination, appropriate amount 
of lomustine was dissolved in ethanol and 
scanned by a UV-Visible spectrophotometer 
(Biowave II) at wavelength 200 to 450 nm. For 
calculation of encapsulation efficiency 20 mg 
LN-FA-PG-SPIONs was dissolved in PBS with 
pH 7.4 and digested with minimum amount of 
95% v/v ethanol. After centrifuging at 19400×g 
(Hettich) for 30 min supernatant was used for 
analysis. The encapsulation efficiency was 
calculated using the below Equation:

Encapsulation Efficiency% = 
total mass of lomustine in nanoparticles
mass of lomustine used in formulation

Time profile for the release of lomustine 
from the nanoparticles was determined 
using dialysis bag diffusion technique under 
magnetic stirring. Forty milligram lomustine 
loaded nanoparticles were dispersed in 3 mL 
PBS with pH 7.4 and were dispensed into 
a dialysis bag with a molecular cut off of 
12 kDa. Dialysis bag tied in both sides and 
suspended in 200 mL PBS at 37 °C with slow 
continuous magnetic stirring. Three millilitre 
of release medium was taken at different 
time intervals and dilated with ethanol. The 
amount of released lomustine was calculated 
by measuring light absorbance at 230 nm.

Biological tests

Cell culture
U87-MG Cells were cultured in T-75 flasks 

containing high glucose DMEM with 10% 
fetal bovine serum (FBS) and 1% penicillin/
streptomycin and grown in incubator 
(BINDER) under 5% CO2 pressure at 37 °C 
temperature. When the cells were well grown 
and reached to a suitable confluence, they 
were separated from flask floor by 0.25% 
trypsin/EDTA solution and were counted for 
biological tests.
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Atomic absorption spectroscopy (AAS)
Number of 2 × 106 U87-MG cells were 

cultured in T-25 flasks and incubated for 24 
h. Next SPIONs, PG-SPIONs, and FA-PG-
SPIONs contained medium at concentration of 
1, 2, and 3 mg/mL were added to the flasks. After 
48 h, the cell cultures were carefully washed 
twice with PBS to remove free nanoparticles. 
Then, the cells were trypsinized with 0.25% 
trypsin/EDTA, centrifuged, and the supernatant 
was removed. Cells pellet resuspended in 1.5 
mL a mixture of 37% hydrochloric acid and 
69% nitric acid and the final volume increased 
to 5 mL by deionized water. The centrifuge 
tubes remained in an ultrasonic bath at 45 °C 
for at least 4 h. After ultracentrifugation at 
19400×g, solution supernatant was used for 
analysis. The nanoparticles uptake by U87-MG 
cells was measured by an atomic absorption 
spectrophotometer (PERKIN-ELMER). AAS 
results were statistically analysed by Kruskal-
wallis test.

MTT Assay
Cytotoxicity of nanoparticles on U87-

MG cells was examined by MTT test. The 
cells were cultured in 12-well plates at a 
concentration of 2 × 104 cells in each well. Five 
groups were chosen to examine cytotoxicity 
of nanoparticles based on their concentration 
including 5, 25, 50,100, and 200 µg/mL 
and one group was left as control without 
any nanoparticle. For each concentration 
three wells were cultured. The nanoparticle 

containing medium was filtered through a 0.2 
µL filter before addition to the wells. The 
nanoparticle free medium was removed from 
the wells and the cells were washed twice 
with PBS and incubated for 24, 48, and 72 h 
after adding nanoparticles containing medium. 
After incubation the culture medium was 
removed and 200 µL fresh medium contained 
5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was added 
to each well and remained in incubator for 4 h 
at 37 °C. Next, the supernatant was carefully 
removed and 440 µL DMSO was added to each 
well and remained in darkness for 2 h. The 
cell viability was examined by measuring light 
absorbance of the solution using microplate 
reader (BIO-RAD Model 680) at 570 nm. The 
cell viability was calculated as percentage of 
optical density reading of cells treated with 
nanoparticles divided by the same for untreated 
cells. Measurements were repeated three times. 
Kruskal-Wallis test was used for statistical 
analysis of the MTT test results.

Results and Discussion

Nanoparticles characterizations
 TEM images of SPIONs and FA-PG-

SPIONs are shown in Figures 1 and 2. The 
mean diameter of SPIONs was 7.1 ± 1.13 nm 
and it was 25.1 ± 3.94 nm for FA-PG-SPIONs. 
They were nearly spherical in shape. These 
ranges of size are suitable for targeted drug 
delivery applications (30).

Figure 1. (a) TEM image and (b) size distribution curve of SPIONs.

FTIR spectrums for PG-SPIONs, FA-PG-
SPIONs, and LN-FA-PG-SPIONs are shown 

together in Figure 3. 
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Figure 2. (a) TEM image and (b) size distribution curve of FA-PG-SPIONs.

 
Figure 3. FTIR spectrum of PG-SPIONs (red color), FA-PG-SPIONs (green color) and LN-FA-PG-SPIONs (black color).

For PG-SPIONs which is depicted by 
red color: Peaks 1100 cm-1 and 2900 cm-1 
are attributed to C-O-C and C-H bonds, 
respectively, verifying successful coating 
of SPIONs with glycidol monomer. Peak 
900 cm-1 is removed on FTIR spectrum for 
dialyzed PG-SPIONs. This peak is related to 
epoxy monomers of glycidol which have been 
eliminated from nanoparticles by dialyze bag. 
The presence of PG polymer on the surface of 
SPIONs is verified by peaks around 3300 cm-1.

In FA-PG-SPIONs FTIR spectrum (green 
color) peaks 1607 and 1693 cm-1 are related 
to N-H and C-O bonds, respectively. The 
presence of phenyl and pterin rings is obvious 
by peaks in the range 1485-1519 cm-1. Those 
peaks in the range of 3100 to 3500 cm-1 are 
attributed to O-H groups of glutamic acid 
and N-H groups of pterin ring. These peaks 
confirmed successful conjugation of PG-
SPIONs with folic acid. 

The peaks 1076, 1703, and 3348 cm-1 

corresponding to N-H, C=O, and N-O-N bonds, 
respectively, as well as the peaks in the range 
of 2850-2960 cm-1 and 1534-1491 cm-1 related, 
respectively, to CH2=CH2 groups and cyclohexyl 
ring are obviously observed on LN-FA-PG FTIR 
spectrum (black color) which confirm presence 
of lomustine in the nanoparticles. Other peaks 
for PG-SPIONs and FA-PG-SPIONs are also 
observed on this spectrum. 

Figure 4 shows PG-SPIONs in a container 
located in the near of a neoduim magnet. PG-
SPIONs have been attracted toward the magnet.

Figure 4. PG-SPIONs attracted by a neoduim magnet.
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VSM results for investigation of 
superparamagnetic behaviour and magnetization 
measurement of SPIONs and PG-SPIONs 
are shown together in Figure 5. Saturation 

magnetization for SPIONs and PG coated 
SPIONs at temperature 25 °C is about 60 and 10 
emug-1, respectively, which is still suitable for 
biological applications (31). 

Figure 5. VSM plot for SPIONs and PG-SPIONs.

Maximum intensity on UV-Vis absorption 
spectra of lomustine dissolved in ethanol is located 

at wavelength 228 nm (Figure 6). Encapsulation 
efficiency was found to be 46 ± 6.8%. 

Figure 6. Maximum intensity on UV-Vis absorption spectra of lomustine dissolved in ethanol is located at wavelength 228 nm.

LN-FA-PG-SPIONs showed a burst release 
of lomustine up to 50 h at first but the slope of 
the curve is then slow. The released lomustine 
reaches to 67% within 60 h from the start of 
test. The time to reach fifty percent of maximum 
(t50%) is about 45 h. Figure 7 shows drug 
release profile for LN-FA-PG-SPIONs.

Results showed that synthesized 
nanoparticles have suitable size and size 
distribution with a superparamagnetic 

behaviour. Coating causes increase in size and 
reduction in magnetization of SPIONs which 
has been already reported in several studies 
(32-34). This can be due to coating of SPIONs 
with polyglycerol which reduces SPIONs 
concentration for analysis and magnetization, 
consequently (35). Our results were in a 
good accordance with synthesized SPIONs 
by Martin et al. (34). Presence of similar 
peaks of 1095 and 2883 cm-1 with our study 
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Figure 7. Lomustine release profile for LN-FA-PG-SPIONs.

on FTIR spectrum in Wang et al. study has 
been reported to verify successful coating of 
SPIONs by polyglycerol (36). Dialysis causes 
removal of excess monomers which did not 
participate in the reaction. 

Results of FA-PG-SPIONs FTIR spectra 
verified successful conjugation of folic acid 
with PG-SPIONs. Presence of similar peaks 
1560 and 1652 cm-1 in FTIR spectrum of 
targeted magnetic nanoparticles has been 
attributed to amid bonds of folic acid in a study 
by Mohapatra et al. (37). In another study by 
Chen et al peak 1623 cm-1 on FTIR spectrum has 
been claimed to verify successful conjugation 
of folic acid with PLGA–PEG nanoparticles 
loaded with vincristine sulfate (38). 

FTIR spectra of LN-FA-PG-SPIONs showed 

peaks related to those bonds in the structure 
of lomustine. Encapsulation efficiency of 
lomustine was relatively low with combination 
ratio used in our study. Release of lomustine 
from LN-FA-PG-SPIONs was fast initially but 
it is followed by a slow slope. Burst release can 
be related to those molecules which are near 
the nanoparticles surface. Slow drug release 
after that is due to hydrophobicity of lomustine 
which results in retarded drug diffusion (8).   

Viability tests
Figures 8A-8E show pictures of the 

untreated and treated U87-MG cells by 
nanoparticles which have been taken by an 
inverted microscope (Nikon Eclipse – TS100).

Figure 8. U87-MG cells pictures (a) 48 h post culturing (b) after treating with SPIONs (c) PG-SPIONs (d) FA-PG-SPIONs and (e) 
LN-FA-PG-SPIONs.
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Figure 9. Nanoparticles uptake by U87-MG cells.

Results of AAS for evaluation of 
nanoparticles uptake by U87-MG cells is 
shown in Figure 9. There is an incense in FA-
PG-SPIONs uptake compared with SPIONs 

and PG-SPIONs at all concentrations (p 
< 0.05). Uptake of uncoated SPIONs was 
the lowest value and did not change with 
increasing concentration (p > 0.05). 

Figures 10-12 show viability percentage of 
U87-MG cells treated with nanoparticles and 
incubated for 24, 48 and 72 h, respectively. 
Viability significantly (p < 0.001) decreases at 
concentrations above 100 µg/mL for SPIONs 
at all times. Increase in PG-SPIONs and FA-
PG-SPIONs concentration did not reduce cells 
viability significantly (p > 0.05) as well as PG-

SPIONs showed less cytotoxicity compared 
with other nanoparticles. Significant reduction 
in cells viability was observed for LN-FA-PG-
SPIONs compared with other nanoparticles 
(p < 0.05). For uncoated SPIONs cells 
viability significantly (p < 0.001) decreases at 
concentrations above 100 µg/mL whose result 
is also reported in other similar studies (39-41).

Figure 10. Viability of U87-MG cancer cells treated with nanoparticles for incubation time of 24 h.

Figure 11. Viability of U87-MG cancer cells treated with nanoparticles for incubation time of 48 h.
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Figure 12. Viability of U87-MG cancer cells treated with nanoparticles for incubation time of 72 h.

Ankamwar et al. have reported SPIONs 
at low concentration have no cytotoxicity 
effect on U87-MG cancer cells but obvious 
cytotoxicity is seen at concentration 100 ug/mL 
(39). Entry of SPIONs into cancer cells leads 
to formation of reactive oxygen spices (ROS) 
such as H2O2, OH0 and anion superoxides 
(O2-) which in turn causes oxidative stress 
and toxicity in cells (10). Viability for U87-
MG cells treated with PG-SPIONs is higher 
compared with other nanoparticles. Viability 
did not decrease by increasing concentration 
of PG-SPIONs (p > 0.001). In other studies 
cytotoxicity is not reported even for higher 
concentration of PG-SPIONs (42). Saatchi 
et al. examined cytotoxicity of PG coated 
gallium on HUVEC cancer cells and the 
results showed no significant toxicity effect at 
concentration of 10 mg/mL (43). Conjugation 
of folic acid with SPIONs increased uptake of 
nanoparticles by U87-MG cells. Increase in 
uptake of SPIONs conjugated with folic acid 
by MCF-7 cancer cells has been reported by 
Huang et al. which is associated with targeted 
bonding of folic acid with float receptors (44). 
LN-FA-PG-SPIONs cytotoxicity was higher 
than other nanoparticles which is due to 
presence of lomustine in these nanoparticles.

Conclusion  

This study revealed that SPIONs are 
cytotoxic on U87-MG cancer cells at 
concentration above 100 µg/mL but coating 
them by polyglycerol reduces cytotoxicity. 
SPIONs conjugation with folic acid increases 
their uptake by U87-MG cancer cells 
which provides a promising strategy for 
diagnostic and treatment of GBM. Lomustine 

encapsulation efficiency for LN-FA-PG-
SPIONs is relatively low with ratio used in our 
study but more studies should be conducted 
in this regard. Results of MTT test showed 
that cell viability decreases significantly by 
loading lomustine in FA-PG-SPIONs. Based 
on our results we conclude that however FA-
PG-SPIONs are proposed as a useful tracer for 
cancer diagnostic and treatment of GBM but 
their drug delivery properties for lomustine 
are not satisfactory and more researches are 
necessary to be conducted in this regard.

Acknowledgment

This research was partially founded by 
Isfahan University of Medical Sciences with 
grant number: 394365. We would like to thank 
all those who supported us during this project 
including medical physics department and 
nano biotechnology laboratory colleagues at 
Isfahan University of Medical Sciences and 
University of Isfahan respectively.

References 

(1) Brat DJ, Prayson RA, Ryken TC and Olson 
JJ. Diagnosis of malignant glioma: role of 
neuropathology. J. Neurooncol. (2008) 89: 287-311.

(2) Wen PY and Kesari S. Malignant gliomas in adults. 
N. Engl. J. Med. (2008) 359: 492-507.

(3) Ostrom QT, Gittleman H, Liao P, Rouse C, Chen Y, 
Dowling J, Wolinsky Y, Kruchko C and Barnholtz-
Sloan J. CBTRUS statistical report: primary brain 
and central nervous system tumors diagnosed in the 
United States in 2007–2011. Neuro-Oncol (2014) 
16: iv1-iv63.

(4) Fang C, Wang K, Stephen ZR, Mu Q, Kievit FM, 
Chiu DT, Press OW and Zhang M. Temozolomide 



143

 Jafari S et al. / IJPR (2020), 19 (2): 134-144

nanoparticles for targeted glioblastoma therapy. ACS 
Appl. Mater. Inter. (2015) 7: 6674-82.

(5) Parsons DW, Jones S, Zhang X, Lin JCH, Leary 
RJ, Angenendt P, Mankoo P, Carter H, Siu IM 
and Gallia GL. An integrated genomic analysis of 
human glioblastoma multiforme. Science (2008) 
321: 1807-12.

(6) Huse JT, Holland E and DeAngelis LM. Glioblastoma: 
molecular analysis and clinical implications. Annu. 
Rev. Med. (2013) 64: 59-70.

(7) Omuro A and DeAngelis LM. Glioblastoma and 
other malignant gliomas: a clinical review. JAMA 
(2013) 310: 1842-50.

(8) Mehrotra A, Nagarwal RC and Pandit JK. Lomustine 
loaded chitosan nanoparticles: characterization and 
in-vitro cytotoxicity on human lung cancer cell line 
L132. Chem. Pharm. Bull. (Tokyo) (2011) 59: 315-20.

(9) Mehrotra A and Pandit J. Critical process parameters 
evaluation of modified nanoprecipitation method 
on lomustine nanoparticles and cytostatic activity 
study on L132 human cancer cell line. J. Nanomed. 
Nanotechol. (2012) 3: 1-8.

(10) Harvey KA, Xu Z, Saaddatzadeh MR, Wang H, 
Pollok K, Cohen-Gadol AA and Siddiqui RA. 
Enhanced anticancer properties of lomustine 
in conjunction with docosahexaenoic acid in 
glioblastoma cell lines. J. Neurosurg. (2015) 122: 
547-56.

(11) Allen TM and Cullis PR. Drug delivery systems: 
entering the mainstream. Science (2004) 303: 1818-22.

(12) Davis ME and Shin DM. Nanoparticle therapeutics: 
an emerging treatment modality for cancer. Nat. Rev. 
Drug. Discov. (2008) 7: 771-82.

(13) Singh R and Lillard JW. Nanoparticle-based targeted 
drug delivery. Exp. Mol. Pathol. (2009) 86: 215-23.

(14) Pankhurst QA, Connolly J, Jones SK and Dobson J. 
Applications of magnetic nanoparticles in biomedicine. 
J. Phys. D Appl. Phys. (2003) 36: R167.

(15) Chertok B, Mof﻿fat BA, David AE, Yu F, Bergemann 
C, Ross BD and Yang VC. Iron oxide nanoparticles 
as a drug delivery vehicle for MRI monitored 
magnetic targeting of brain tumors. Biomaterials 
(2008) 29: 487-96.

(16) Hadjipanayis CG, Machaidze R, Kaluzova M, 
Wang L, Schuette AJ, Chen H, Wu X and Mao 
H. EGFRvIII antibody–conjugated iron oxide 
nanoparticles for magnetic resonance imaging–
guided convection-enhanced delivery and targeted 
therapy of glioblastoma. Cancer Res. (2010) 70: 
6303-12.

(17) Mahmoudi M, Sant S, Wang B, Laurent S and 
Sen T. Superparamagnetic iron oxide nanoparticles 
(SPIONs): development, surface modification and 
applications in chemotherapy. Adv. Drug Deliv. Rev. 

(2011) 63: 24-46.
(18) Garin-Chesa P, Campbell I, Saigo P, Lewis JrJ, 

Old L and Rettig W. Trophoblast and ovarian 
cancer antigen LK26. Sensitivity and specificity in 
immunopathology and molecular identification as a 
folate-binding protein. Am. J. Clin. Pathol. (1993) 
142: 557-67.

(19) Parker N, Turk MJ, Westrick E, Lewis JD, Low 
PS and Leamon CP. Folate receptor expression 
in carcinomas and normal tissues determined by 
a quantitative radioligand binding assay. Anal. 
Biochem. (2005) 338: 284-93.

(20) Reddy JA and Low PS. Folate-mediated targeting of 
therapeutic and imaging agents to cancers. Crit. Rev. 
Ther. Drug Carrier Syst. (1998) 15: 587-627.

(21) Zhang Y, Sun C, Kohler N and Zhang M. Self-
assembled coatings on individual monodisperse 
magnetite nanoparticles for efficient intracellular 
uptake. Biomed. Microdevices (2004) 6: 33-40.

(22) Veiseh O, Sun C, Gunn J, Kohler N, Gabikian P, Lee 
D, Bhattarai N, Ellenbogen R, Sze R and Hallahan 
A. Optical and MRI multifunctional nanoprobe for 
targeting gliomas. Nano Lett. (2005) 5: 1003-8.

(23) Hu F, Neoh KG, Cen L and Kang ET. Cellular 
response to magnetic nanoparticles “PEGylated” via 
surface-initiated atom transfer radical polymerization. 
Biomacromolecules (2006) 7: 809-16.

(24) Lutz JF, Stiller S, Hoth A, Kaufner L, Pison U and 
Cartier R. One-pot synthesis of PEGylated ultrasmall 
iron-oxide nanoparticles and their in-vivo evaluation 
as magnetic resonance imaging contrast agents. 
Biomacromolecules (2006) 7: 3132-8.

(25) Ghasemi A, Jafari S and Salehi I. Synthesis 
and characterization of polyglycerol coated 
superparamagnetic iron oxide nanoparticles and 
cytotoxicity evaluation on normal human cell lines. 
Colloid. Surf. A Physicochem. Eng. Asp. (2018) 551: 
128-36.

(26) Jafari S, Cheki M, Tavakoli M, Zarrabi A, Sani KG 
and Afzalipour R. Investigation of combination effect 
between 6 MV X Ray radiation and polyglycerol 
coated superparamagnetic iron oxide nanoparticles 
on U87-MG Cancer Cells. J. Biomed. Phys. Eng. 
(2018) 10: 15-24. 

(27) Deng Y, Saucier-Sawyer JK, Hoimes CJ, Zhang 
J, Seo YE, Andrejecsk JW and Saltzman WM. 
The effect of hyperbranched polyglycerol coatings 
on drug delivery using degradable polymer 
nanoparticles. Biomaterials (2014) 35: 6595-602.

(28) Maity D, Choo SG, Yi J, Ding J and Xue JM. 
Synthesis of magnetite nanoparticles via a solvent-
free thermal decomposition route. J. Magn. Magn. 
Mater. (2009) 321: 1256-9.

(29) Zhao L, Chano T, Morikawa S, Saito Y, Shiino 



144

Lomustine Loaded Nanoparticles for GBM Treatment

A, Shimizu S, Maeda T, Irie T, Aonuma S and 
Okabe H. Hyperbranched polyglycerol‐grafted 
superparamagnetic iron oxide nanoparticles: 
synthesis, characterization, functionalization, size 
separation, magnetic properties, and biological 
applications. Adv. Funct. Mater. (2012) 22: 5107-17.

(30) Faraji AH and Wipf P. Nanoparticles in cellular drug 
delivery. Bioorg. Med. Chem. (2009) 17: 2950-62.

(31) Lu AH, Salabas EeL and Schüth F. Magnetic 
nanoparticles: synthesis, protection, functionalization, 
and application. Angew. Chem. Int. Ed. Engl. (2007) 
46: 1222-44.

(32) Tartaj P and Serna CJ. Synthesis of monodisperse 
superparamagnetic Fe/silica nanospherical composites. 
J. Am. Chem. Soc. (2003) 125: 15754-5.

(33) Huang FK, Chen WC, Lai SF, Liu CJ, Wang CL, 
Wang CH, Chen HH, Hua TE, Cheng YY and Wu M. 
Enhancement of irradiation effects on cancer cells 
by cross-linked dextran-coated iron oxide (CLIO) 
nanoparticles. Phys. Med. Biol. (2009) 55: 469-82.

(34) Marinin A. Synthesis and characterization of 
superparamagnetic iron oxide nanoparticles coated 
with silica [dissertation]. Royal Institute of Technology, 
Stockholm (2012) 1-50.

(35) Keshavarzi E, Ghaeb Y and Rouhani S. The 
magnetic properties of Fe3O4 nanoparticale with 
different Coats and hydrodynamic diameters. In: 
12th Iranian Seminar on Physical and Theoretical 
Chemistry. University of Kurdistan (2010).

(36) Wang L, Neoh K, Kang E, Shuter B and Wang SC. 
Superparamagnetic hyperbranched polyglycerol‐
grafted Fe3O4 nanoparticles as a novel magnetic 
resonance imaging contrast agent: an in-vitro 
assessment. Adv. Funct. Mater. (2009) 19: 2615-22.

(37) Mohapatra S, Mallick S, Maiti T, Ghosh S and 
Pramanik P. Synthesis of highly stable folic acid 

conjugated magnetite nanoparticles for targeting 
cancer cells. Nanotechnology (2007) 18: 385102.

(38) Chen J, Li S, Shen Q, He H and Zhang Y. Enhanced 
cellular uptake of folic acid–conjugated PLGA–
PEG nanoparticles loaded with vincristine sulfate in 
human breast cancer. Drug Dev. Ind. Pharm. (2011) 
37: 1339-46.

(39) Ankamwar B, Lai T, Huang J, Liu R, Hsiao M, 
Chen CH and Hwu Y. Biocompatibility of Fe3O4 
nanoparticles evaluated by in-vitro cytotoxicity 
assays using normal, glia and breast cancer cells. 
Nanotechnology (2010) 21: 075102.

(40) Choi JY, Lee SH, Na HB, An K, Hyeon T and 
Seo TS. In-vitro cytotoxicity screening of water-
dispersible metal oxide nanoparticles in human cell 
lines. Bioprocess. Biosyst. Eng. (2010) 33: 21-30.

(41) Mahmoudi M, Hofmann H, Rothen-Rutishauser 
B and Petri-Fink A. Assessing the in-vitro and 
in-vivo toxicity of superparamagnetic iron oxide 
nanoparticles. Chem. Rev. (2011) 112: 2323-38.

(42) Sutradhar KB and Amin ML. Nanotechnology in 
cancer drug delivery and selective targeting. ISRN 
Nanomater. (2014) 214: 1-12. 

(43) Saatchi K, Gelder N, Gershkovich P, Sivak O, 
Wasan KM, Kainthan RK, Brooks DE and Häfeli 
UO. Long-circulating non-toxic blood pool imaging 
agent based on hyperbranched polyglycerols. Int. J. 
Pharm. (2012) 422: 418-27.

(44) Huang Y, Mao K, Zhang B and Zhao Y. 
Superparamagnetic iron oxide nanoparticles 
conjugated with folic acid for dual target-specific 
drug delivery and MRI in cancer theranostics. Mat. 
Sci. Eng. C-Mater (2017) 70: 763-71.

This article is available online at http://www.ijpr.ir


