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ABSTRACT

Curcumin, an herbal derivative, could be used as anticancer agent in drug delivery. Due to hydrophobic properties of curcumin, its
bioavailability decreases to cancer cells. The aim of this study was to prepare curcumin loaded poly (lactic-co-glycolic acid)
nanoparticles (CUR-PLGA-NPs) as a drug delivery system to overcome the limitation of hydrophobicity of CUR as well as to
investigate its toxicity effect on human glioblastoma U87MG cells compared to free CUR. Single emulsion method was used to prepare
CUR-PLGA-NPs. Under optimum conditions, the size of nanoparticles was characterized by dynamic light scattering (DLS) and
scanning electron microscopy (SEM). Encapsulation efficiency and loading content were 89.77% and 9.06 %, respectively; with a
biphasic release behavior. Differential scanning calorimetric (DSC) thermograph of CUR-PLGA-NPs exhibited that CUR was dispersed
in amorphous phase. The cytotoxicity studies on U87MG cell line indicated that CUR-PLGA-NPs had high cytotoxicity effects
compared to free CUR. The half maximal inhibitory concentration (ICsg) after cell incubation for 72 h was 57.99 pg/mL and 32.90
pg/mL for free CUR and CUR-PLGA-NPs, respectively. In conclusion, it is suggested that CUR-PLGA-NPs can be used for drug

delivert to cancer cells.
Keywords:Curcumin, PLGA, Nanoparticle, Glioblastoma.

1. INTRODUCTION

Bioactive plant compounds have been recently applied for
the treatment of many diseases such as diabet, skin, influmatory
and cardiovascular diseases and cancers [1-3]. In addition, many
species of the plants have the anti-cancer property [4] such as
polyphenols [5, 6]. One of the most widely used polyurethanes in
the research is CUR (diferuloylmethane) which is derived from
curcuma longa planet. It has high potential to be used as anti-
cancer agent in drug delivery[7-9] due to several properties
including anti-cancer effects, antioxidant and anti-inflammatory
activity that affect cell cycle regulation and apoptosis
pathways[10-12].
The effects of CUR as a treatment agent on different types of
cancers such as prostate, colon, liver, breast and glioma have been
perforemed by many studies[11, 13, 14]. In spite of all these
desired properties, the application of CUR as anti-cancer agent is
limited due to its highly hydrophobic nature and low
bioavailability [15, 16]. To overcome this problem and sufficient
delivery of therapeutic agents to the tumors, the design of new
drug and delivery system is needed. Nanocarriers have created

2. MATERIALS AND METHODS

2.1. Material.

Curcumin (purity > 80% , Cas No: 458-37-7), Poly (vinyl alcohol)
with molecular weight 30000-70000, Rhodamin G6, phosphate-
buffered saline (PBS) and tetrazolium dye 3-(4, 5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide were purchased from
Sigma-Aldrich. PLGA polymer (lactic/glycolic acid ratio 50:50,

new opportunities to enhance the efficacy of drug delivery
especially for small hydrophobic molecules in tumors cells via
decreasing in drug side effect and increasing in bioavailability [17,
18]. The most notable nanostructures used in drug delivery are
liposomes and nanostructures consist of nanopore or
biocompatible polymeric nanoparticles [19-21]. The clinical
application of PLGA, as a safe, biocompatible and biodegradable
controlled release polymer system, has been well demonstrated
[22-24].

The preparation of PLGA nanoparticles can have several
advantages including drug protection, drug delivery of
hydrophobic compounds, control of its release profiles and
facliation of the penetration of the drug into the tissue [25-27]. In
our previous works, we prepared methotrexate loaded PLGA
nanoparticles and imatinib base-loaded human serum albumin [28,
29]. In this study, we prepared the CUR-PLGA-NPs using solid-
in-oil-in-water (S/O/W) emulsion method [30, 31] and investigate
the toxicity effect of CUR on the U87 cancer cell line.

Resomer® 503H) was bought from Boehringer Ingelheim
(Germany). Other solvents and reagents were in analytical grade.
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were received from Gibco® (Germany).
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2.2. Preparation of nanoparticles.

CUR-PLGA-NPs were prepared using S/O/W method through 10
steps [31]. Briefly, 50 mg PLGA to 4 mL chloroform was added
and mixed with the 5 mg CUR and then sonicated to prepare the
organic phase. The organic phase was added dropwise into PVA
1% as an aqueous phase to form a suspension. Sonication and
magnetic stirrer was also used to produce the CUR-PLGA-NPs.
Finally, the sedimentary components of centrifugation were freeze
dried for 8 h at -80 °C. Blank PLGA nanoparticles were prepared
according to the same procedure. Applying One-Factor
Experiment, effect of PVA and CUR concentration were evaluated
on size distribution and encapsulation efficiency. Cellular uptake
ability of CUR-PLGA-NPs was examined by adding rhodamin to
organic phase (0.3 mg/ ml).

2.3. Particle size, size distribution and morphology.

DLS (Malvernlnstruments, model Zetasizer® 3000-HS, UK) was
used to investigate the size of nanoparticles, polydispersity index
(PDI) and zeta potential. Furthermore, the size and morphology of
nanoparticles were also characterized using SEM. Nanoparticles
were placed on sample holder and sputtered with gold (180 s at
14 mA under argon atmosphere). Then, the average particle size
and morphology of the nanoparticles were characterized.

2.4. Drug loading and encapsulation efficiency.

After the centrifugation of produced suspension in the preparation
stage, CUR-PLGA-NPs were separated from supernatant and then
the concentration of free CUR were measured in the supernatant
by UV-VIS spectroscopy (Optizeri 2120 UV plus) at Amax = 425
nm. The drug entrapment efficiency (EE) and loading capacity
(LC) were quantified by the following equation :[32]

weight of encapsulated CUR in NPs
LC% = x 100 (Eqg.1
% weight of CUR—loaded NPs ( q )
weight of CUR loaded in NPs
EE% = x 100 Eq. 2
% Weight of CUR initially used ( q )

2.5. DSC analysis.

DSC analysis of the samples were performed to determine the
physical state of CUR in polymeric nanoparticles and interaction
between CUR and polymer in nanocarriers. To record DSC curve
(TGA Q50, Thermal Analysis —TA,USA) a small amount of CUR,
PLGA polymer, PLGA/CUR mixture and CUR-PLGA-NPs
samples were placed in aluminum pan and heated from 0 to 300 °'C

3. RESULTS

In medical applications, polymeric nanoparticles can be
used to reduce the hydrophobicity and to improve efficient
delivery of the CUR. According to this object, S/O/W method was
applied to prepare of the CUR-PLGA-NPs to reduce the CUR
hydrophobicity and increase bioavailability.

Physicochemical properties of nanoparticles such as
particle size and size distribution depend on several parameters
such as polymer types, molecular weight of polymer, emulsifier
type, emulsifier and drug concentration, sonication power,
evaporation time, rotational speed on stirrer, etc. [33, 34].
Emulsifier and therapeutic agent concentration had great impact
on particles size, EE and DL, Therefore, we decided to investigate

under inert nitrogen atmosphere ata heating rate of 10°C/min
while the instrument was calibrated with the alumina powder.

2.6. In vitro drug release.

In our study, we used the dialysis bag method to evaluate the in
vitro release of CUR. The release of CUR-PLGA-NPs was
determined using an aqueous buffer that contains 100 mL PBS
solution and 3% v/v ploronic F-68. Then, 20 mg of CUR-PLGA-
NPs were suspended to the aqueous buffer. The samples were
shacked at constant shaking of 50 rpm at temperature condition of
37°C. At selected time duration (0, 0.5, 1, 2, 3, 6, 12, 24, 48 and 72
h), 3 mL of solution were removed and then centrifuged. The
amount of free CUR concentration was determined by
spectrophotometry at An= 425 nm using calibration curve of
CUR in buffer phosphate-methanol (1:9) media. To compare the
effects of nanoparticles in drug release profile, free drug release
curve was obtained in the same condition and method.

2.7. Cellular uptake and viability assay of nanoparticles.

Cell growth inhibition assay was measured by MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) test.
CUR, PLGA, and CUR-PLGA-NPs were used for cell viability
assay on U87 glioblastoma cell line. The cells were cultured by
routine procedure (DMEM environment, 10% FBS, 100 pg /mL
penicillin-streptomycin at 37°C and 5% CO,). For this
investigation, 2 x 10° cell/well were cultured and then the cells
treated with 0, 5, 10, 30 and 50 pg/mL of CUR, PLGA and
PLGA-CUR-NPs for 24, 48 and 72 h. The absorbance of the wells
was recorded by a microplate reader (Biotech ELx808 Absorbance
Microplate Reader) compared to the control cells line according
the following formulation:

Cytotoxicity (%) = 1-(Abs test cells/Abs control cells) x 100

(Ea. 3)

To investigate the intracellular uptake of nanoparticles, the
cultivated cells were incubated with rhodamin G6-CUR-PLGA-
NPs for 4 h and were investigated by fluorescence microcopy
(Oxion fluorescence, Euromex Company). ICs, that represents the
concentration of a substance required for 50% inhibition in vitro,
was calculated with GraphPad Prism software (v6.07). All
assessments were repeated three times for the statically analysis.
Data were displayed along with mean +SD (standard deviation).

the effects of two main factors including PVA and CUR
concentration on the physicochemical properties of prepared
CUR-PLGA-NPs.

3.1. Effects of CUR concentration on particle size, EE and LC.
It has been showed that the drug concentration could affect the
size of nanocarrier, LC, therapeutic efficacy, pharmacokinetics
and toxicity of drug [35, 36]. As showed in table 1, when the
amount of CUR increased from O to 10 mg, the size of
nanoparticles significantly increased from about 114 to 206 nm (P
< 0.05). It may be due to more content of CUR available in the
emulsion droplets or adsorption of drug on surface of
nanoparticles[37].

Table 1.The relationship between CUR concentration, nanoparticle size, PDI, zeta potential, EE and LC.

Curcumin(mg Main Size (nm)
0 114 +8

0.029

PDI ZP (mv) EE (%)

-6.39

119+9

| 0.220 |

-438 | 7781 | 7.86
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Curcumin(mg) Main Size (nm) PDI \ ZP (mv) EE (%) DL (%)
4 128 +11 0.280 -5.66 89.77 9.06
7 165+ 21 0.312 -4.33 91.43 9.48
10 206 + 27 0.401 -5.24 92.64 10.53

The obtained results of EE (89.77%) and LC (9.06%) were
similar to the results of Anindita Mukerjee et al[30]. The EE and
LC of CUR-PLGA-NPs enhanced by an increased amount of CUR
and the increase were not remarkable (P > 0.05). Therefore, by
increasing the amount of CUR from 3 to 10 mg in organic phase
an increase in EE and LC occurred from 77.81 to 89.87 % and
7.86 to 10.53 %, respectively. The prepared nanoparticles with the
amount of 4-5 mg of CUR were desirable in the results of EE, LC
and particles size. By increasing the concentration of CUR, the
amount of EE and LC did not increased significantly, but the size
of nanoparticles increased. The reduced cellular uptake capacity
of nanoparticles is due to the increase in the particle size. Hence,
the mean size of nanoparticles is particularly one of the limiting
factors in the delivery of the CUR to the tissue such as brain [6,
38, 39] and should be optimized. On the other hand, by adding
CUR concentration in the organic phase, presumably, CUR places
on the outer surface of the nanoparticles and result in an unsuitable
EE, LC, release profile and therapeutic efficacy. As a final result,
using low concentrations of CUR is more appropriate to obtain
smaller particle size with an optimum value of drug entrapment.
3.2. The effects of PVA concentration on particle size.

Due to the influence of PVA on the particle size, polydispersity
index, zeta potential, surface properties of NPs such as
hydrophobicity and other pharmaceutical properties, PVA as
emulsifiers in the preparation of nanoparticles has been used [40].
PVA concentration affects the stability of emulsion. In our study,
typically the NPs size increased at low and high PVA
concentration in the aqueous phase. In some studies, contradictory
data have been reported, because many paprameters such
asorganic phase, molecular weight of polyvinyl alcohol, speed and
time of homogenizer and sonication affect particles size diameter
[30, 41].

Table 2. The effects of PVA content on mean size of CUR-PLGA-NPs.
PVA con. (%) Mean size of NPs ( nm £ SD)

PLGA nanoparticles can have high negative zeta potential due to
carboxyl groups (about -40 mV). However, because of the
presence of PVA, the zeta potential was less (-7 mV) [44-46].

Zata Potential (mV)

1 0 100
Sazm {nm)

Figure 1. A) size and zeta potential by DLS. EM photograph of
CUR-PLGA-NPs.

3.4. Curcumin-polymer interaction study.

The obtained results of DSC graph is useful to understand the drug
release profile [47]. The DSC thermogram of free CUR (curve A),
PLGA (curve B), CUR-PLGA-NPs (curve C) and mixture of
PLGA and free CUR (curve D) are shown in figure 2. According
to DSC curve, endothermic peak of CUR was shown about 180 °C
whereas PLGA had an amorphous state with a peak at the 45 'C
which indicates glass to rubbery transition temperature (Tg).
Exothermic curve of free CUR and PLGA mixture consist of two
peak at the 45 'C and 180 'C while these peaks were not observed
in CUR-PLGA-NPs sample. Base on the obtained result, in this
preparation, no reaction occurred between free CUR and PLGA
while CUR was trapped inside PLGA NPs in an amorphous state.
Additionally, CUR-PLGA-NPs have structural rigidity at
physiological condition. It can be due to the higher Tg relative to
the physiological temperature. However, with the water
penetration into the CUR-PLGA-NPs, the Tg decreases and chain
mobility increases. These changes increase the drug release [48,

3 294+17 49].
i 2131741;281 3.5. In vitro CUR release.
05 354 313 The CUR release profile from nanoparticles was studied in PBS

At low PVA concentrations (0.5%) and high PVA concentrations
(2 and 3%), chains of emulsifier may have unsuitable chain
orientation [42, 43]. As indicated in the table 2, based on the other
experimental condition, PVA with 1 % concentration was chosen.
3.3. Physicochemical properties of nanocarriers.

The optimized amount of CUR-PLGA-NPs includes 5 mg CUR,
50 mg PLGA, 10 mL PVA 1 %, 2 min sonication and magnetic
stirrer for 8-10 h. Base on the result of SEM and DLS (as seen in
figure 1), CUR-PLGA-NPs were monodispersed (PD1<0.27) with
the mean size of 123 nm and according to the SEM image, CUR-
PLGA-NPs have a spherical morphology.

solution of 3% ploronic F-68 at physiological pH. As seen in
figure 3, two-phase behavior of the CUR release from
nanoparticles is observed. In a burst phase during the first 12 h,
the release percentage of CUR from polymeric NPs were about
50%. At the sustain release phase, the release rate of CUR after 72
h was less than 80%. However, about 80% free CUR was released
into the medium in the first 12 h. These results indicate that the
release of the CUR from nanoparticles is suitable for drug delivery
into the tumor tissue.

3.6. Uptake and cytotoxicity effects.

In order to evaluate the toxicity of nanoparticles, we should ensure
from its cellular uptake of CUR-PLGA-NPs. In this work, 100
(ug/ml) rhodamin G6-CUR-PLGA-NPs were exposed to the
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cultivated cell line and then investigated by florescence
microscopy. Rhodamin G6-CUR-PLGA-NPs were prepared using
the nanoprecipitation. After exposure the cells with the rhodamine
G6-CUR-PLGA-NPs, red fluorescence of rhodamine G6 was
observed in the cell line. The results exhibited that rhodamine G6-
CUR-PLGA-NPs is able to pass through the cell membrane and
accumulate inside the cells. With the increase of the exposure time
of rhodamine G6-CUR-PLGA-NPs on the cell line, florescent
intensity enhanced . According to the cellular uptake studies, NPs
in the size of 100-200 nm can be internalized by receptor-mediate
endocytosis mechanism[50, 51].

E= g
—
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Figure 2.DSC thermogram of A) CUR, B) PLGA, C) CUR-PLGA-NPs
and physical mixture of CUR and PLGA.
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Figure 3. Release profile of CUR (red) and CUR-PLGA-NPs (black).

After incubation of U87 cells with CUR-PLGA-NPs, it is
observed that both exposure time and CUR-PLGA-NPs
concentration are effective in toxicity. However, concentration has
a greater effect on toxicity. On the other hand, toxicity of free
CUR depends on concentration and time (figure 5 and 6).
According to our results, it was observed that the effect of PLGA
nanoparticles on cytotoxicity can be negligible. Additionally, the
toxicity of PLGA nanoparticles increased over time. This can be
due to the acidification of the environment due to the

decomposition of nanoparticles or the presence of PVA remaining
on the surface of nanoparticles.

Figure 4. The internalization of CUR-PLGA-NPs into the U87 cell line.
A) Represents the nucleus of U87 cells painted by DAPI dye.
B) U87 Cells exposed to the fluoresce CUR-PLGA-NPs.
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Figure 5. Cytotoxicity effects of PLGA, free CUR and CUR-PLGA-NPs
on U8T7 cells after A) 24 h, B) 48 h.and C) 72 h.
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As shown in figure 5, it is observed that at low concentrations
toxicity of CUR-PLGA-NPs decrease over time. Especially, this
decrease is observed after 48 hours. Two main reasons for this
decline can be related to the growth pattern of glioblastoma cells
and release profile of CUR-PLGA-NPs. Based on cell culture
conditions, glioblastoma cells replicate every about 48 hours.
Therefore, the number of live glioblastoma cells doubles. As a
result, this leads to decrease in toxicity levels after 48 hours
exposure,[52]. On the other hand, CUR release from PLGA
nanoparticles in the first 24 hours is more than 48 hours. This can
also be effective in reducing toxicity after 48 hours.
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Figure 7. Comparison of free CUR and CUR-PLGA-NP toxicity at a
concentration of 10 pg/mL.

4, CONCLUSIONS

The aim of our investigation was to prepare of CUR-
PLGA-NPs and study the release profile of PLGA-CUR-NPs and
their toxicity. In this study, S/O/W method was used to prepare
CUR-PLGA-NPs. In addition, the size of the preapred
nanoparticles was about 123 nm with high EE (89.77%) and LC

5. REFERENCES

1. Mustafa, G.; Arif, R.; Atta, A.; Sharif, S.; Jamil, A. Bioactive
compounds from medicinal plants and their importance in drug
discovery in Pakistan. Matrix science pharma 2017, 1, 17-26,
https://doi.org/10.26480/msp.01.2017.17.26.

2. Kris-Etherton, P.M.; Hecker, K.D.; Bonanome, A.; Coval,
S.M.; Binkoski, A.E.; Hilpert, K.F.; Griel, A.E.; Etherton, T.D.
Bioactive compounds in foods: their role in the prevention of
cardiovascular disease and cancer. The American journal of
medicine 2002, 113, 71-88, https://doi.org/10.1016/S0002-
9343(01)00995-0.

3. Nobili, S.; Lippi, D.; Witort, E.; Donnini, M.; Bausi, L.;
Mini, E.; Capaccioli, S. Natural compounds for cancer treatment
and prevention. Pharmacological research 2009, 59, 365-378,
https://doi.org/10.1016/j.phrs.2009.01.017.

4. Mukherjee, A.K.; Basu, S.; Sarkar, N.; Ghosh, A.C.
Advances in cancer therapy with plant based natural products.
Current  medicinal  chemistry 2001, 8, 1467-1486,
https://doi.org/10.2174/0929867013372094.

5. Saetung, A.; Itharat, A.; Dechsukum, C.; Wattanapiromsakul,
C.; Keawpradub, N.; Ratanasuwan, P. Cytotoxic activity of Thai
medicinal plants for cancer treatment. Songklanakarin Journal
of science and technology 2005, 27, 469-478.

6. Brito, A.F.; Ribeiro, M.; Abrantes, A.M.; Pires, A.S.; Teixo,
R.J.; Tralhao, J.G.; Botelho, M.F. Quercetin in cancer treatment,
alone or in combination with conventional therapeutics? Current
medicinal chemistry 2015, 22, 3025-3039,
http://dx.doi.org/10.2174/0929867322666150812145435.

7. Wilken, R.; Veena, M.S.; Wang, M.B.; Srivatsan, E.S.
Curcumin: A review of anti-cancer properties and therapeutic

Although the toxicity of free CUR seems to be greater than CUR-
PLGA-NPs at the same concentration and time, application of free
CUR is limited due to hydrophobic properties. Also, it should be
noted that the toxicity of CUR-PLGA-NPs at a concentration of
100 pg/ml (containing approximately 10 pg/ml of CUR) has the
toxicity equal with the amount of 100 pg/ml of free CUR at 72 h
(figure 7).

At the last result, ICsy values were used to compare the
cytotoxicity of CUR-PLGA-NPs and free CUR. According to the
table 3, as the ICsy of CUR-PLGA-NPs is less than free CUR, it
seems that CUR-PLGA-NPs is more effective than free CUR.

Table 3. ICs values of free CUR and CUR-PLGA-NPs after the
incubation time of 24 h, 48 h, and 72 h via MTT test.

time Free CUR CUR-PLGA-NPs
24 h 26.65 30.13
48 h 49.33 30.40
72h 57.99 32.91

(9.06%) in optimized conditions. The toxicity studies of CUR-
PLGA-NPs by the MTT assay showed that their toxicity deponds
on concentration and time. Due to the biphasic release profile and
toxicity results, CUR-PLGA-NPs are suggested as an effective
treatment agent in the drug delivery application to cancer tissues.

activity in head and neck squamous cell carcinoma. Molecular
cancer 2011,10, 12, https://doi.org/10.1186/1476-4598-10-12.

8. Qadir, M.l.; Nagvi, S.; Muhammad, S.A. Curcumin: a
polyphenol with molecular targets for cancer control. Asian
pacific journal of cancer prevention 2016, 17, 2735-2739,
https://doi.org/10.14456/apjcp.2016.5.

9. Momtazi-Borojeni, A.A.; Mosafer, J.; Nikfar, B.; Ekhlasi-
Hundrieser, M.; Chaichian, S.; Mehdizadehkashi, A.; Vaezi, A.
Curcumin in Advancing Treatment for Gynecological Cancers
with Developed Drug-and Radiotherapy-Associated Resistance.
Reviews of physiology, biochemistry and pharmacology 2018,
176,https://doi.org/10.1007/112 2018 11.

10. Tsai, Y.M.; Chien, C.F.; Lin, L.C.; Tsai, T.H. Curcumin and
its nano-formulation: the kinetics of tissue distribution and
blood-brain barrier penetration. International journal of
pharmaceutics 2011, 4186, 331-338,
https://doi.org/10.1016/j.ijpharm.2011.06.030.

11. Kunnumakkara, A.B.; Anand, P.; Aggarwal, B.B. Curcumin
inhibits proliferation, invasion, angiogenesis and metastasis of
different cancers through interaction with multiple cell signaling
proteins. Cancer letters 2008, 269, 199-225,
https://doi.org/10.1016/j.canlet.2008.03.009.

12.Hussain, Z.; Thu, H.E.; Amjad, M.W.; Ahmed, T.A. and
Khan, S. Exploring recent developments to improve antioxidant,
anti-inflammatory and antimicrobial efficacy of curcumin: A
review of new trends and future perspectives. Materials science
and engineering: C 2017, 7, 1316-1326,
https://doi.org/10.1016/j.msec.2017.03.226.

Page | 4229


https://doi.org/10.26480/msp.01.2017.17.26
https://doi.org/10.1016/S0002-9343(01)00995-0
https://doi.org/10.1016/S0002-9343(01)00995-0
https://doi.org/10.1016/j.phrs.2009.01.017
https://doi.org/10.2174/0929867013372094
http://dx.doi.org/10.2174/0929867322666150812145435
https://doi.org/10.1186/1476-4598-10-12
https://doi.org/10.14456/apjcp.2016.5
https://doi.org/10.1007/112_2018_11
https://doi.org/10.1016/j.ijpharm.2011.06.030
https://doi.org/10.1016/j.canlet.2008.03.009
https://doi.org/10.1016/j.msec.2017.03.226

Hossein Arzani, Mahdi Adabi, Jafar Mosafer, Farid Dorkoosh, Masood Khosravani,
Hasan Maleki, Houra Nekounam, Morteza Kamali

13. Shishodia, S.; Chaturvedi, M.M.; Aggarwal, B.B. Role of
curcumin in cancer therapy. Current problems in cancer 2007,
31, 243-305,
https://doi.org/10.1016/j.currproblcancer.2007.04.001.

14. Zanotto-Filho, A.; Braganhol, E.; Edelweiss, M.l.; Behr,
G.A.; Zanin, R.; Schroder, R.; Simdes-Pires, A.; Battastini,
A.M.O.; Moreira, J.C.F. The curry spice curcumin selectively
inhibits cancer cells growth in vitro and in preclinical model of
glioblastoma. The Journal of nutritional biochemistry 2012,23,
591-601, https://doi.org/10.1016/j.jnutbio.2011.02.015.

15. Anand, P.; Nair, H.B.; Sung, B.; Kunnumakkara, A.B.;
Yadav, V.R.; Tekmal, R.R.; Aggarwal, B.B. RETRACTED:
Design of curcumin-loaded PLGA nanoparticles formulation
with enhanced cellular uptake, and increased bioactivity in vitro
and superior bioavailability in vivo. Biochemical pharmacology
2010, 79, 330-338, https://doi.org/10.1016/j.bcp.2009.09.003.

16.Sasaki,  H.;Sunagawa, Y.; Takahashi, K.; Imaizumi,
A.; Fukuda, H.; Hashimoto, T.;Wada, H.;Katanasaka,
Y.; Kakeya, H.; Fujita, M.; Hasegawa, K.; Morimoto, T.

Innovative preparation of curcumin for improved oral
bioavailability. Biological and Pharmaceutical Bulletin 2011,
34, 660-665, https://doi.org/10.1248/bpb.34.660.
17.Jahangirian, H.; Lemraski, E.G.; Webster, T.J.; Rafiee-
Moghaddam, R.; Abdollahi, Y. A review of drug delivery
systems based on nanotechnology and green chemistry: green
nanomedicine. International journal of nanomedicine 2017, 12,
2957, https://dx.doi.org/10.2147%2FIIN.S127683.

18. Lockman, P.; Mumper, R.; Khan, M.; Allen, D. Nanoparticle
technology for drug delivery across the blood-brain barrier.
Drug development and industrial pharmacy 2002, 28, 1-13,
https://doi.org/10.1081/DDC-120001481.

19. Prabaharan, M. Chitosan-based nanoparticles for tumor-
targeted drug delivery. International journal of biological
macromolecules 2015, 72, 1313-1322,
https://doi.org/10.1016/j.ijbiomac.2014.10.052,

20. Liu, J.; Huang, Y.; Kumar, A.; Tan, A.; Jin, S.; Mozhi, A,;
Liang, X.J. pH-sensitive nano-systems for drug delivery in
cancer therapy. Biotechnology advances 2014, 32, 693-710,
https://doi.org/10.1016/j.biotechadv.2013.11.009.

21. Ahmad, Z.; Shah, A.; Siddig, M.;Kraatz, H.B. Polymeric
micelles as drug delivery vehicles. RSC advances 2014, 4,
17028-17038, https://doi.org/10.1039/c3ra47370h.

22.Kumari, A.; Yadav, S.K.; Yadav, S.C. Biodegradable
polymeric nanoparticles based drug delivery systems. Colloids
and surfaces B: biointerfaces 2010, 75, 1-18,
https://doi.org/10.1016/j.colsurfb.2009.09.001.

23.Mosafer, J.; Teymouri, M. Comparative study of
superparamagnetic iron oxide/doxorubicin co-loaded poly
(lactic-co-glycolic acid) nanospheres prepared by different
emulsion solvent evaporation methods. Artificial cells,
nanomedicine, and biotechnology 2017, 46, 1-10,
https://doi.org/10.1080/21691401.2017.1362415.

24.Mosafer, J.; Abnous, K.; Tafaghodi, M.; Jafarzadeh, H.;
Ramezani, M. Preparation and characterization of uniform-sized
PLGA nanospheres encapsulated with oleic acid-coated
magnetic-Fe304 nanoparticles for simultaneous diagnostic and
therapeutic  applications.  Colloids and surfaces A:
physicochemical and engineering aspects 2017, 514, 146-154,
https://doi.org/10.1016/j.colsurfa.2016.11.056.

25. Danhier, F.; Ansorena, E.; Silva, J.M.; Coco, R.; Le Breton,
A.; Préat, V. PLGA-based nanoparticles: an overview of

biomedical applications. Journal of controlled release 2012,
161, 505-522, https://doi.org/10.1016/j.jconrel.2012.01.043.
26.Acharya, S.; Sahoo, S.K. PLGA nanoparticles containing
various anticancer agents and tumour delivery by EPR effect.
Advanced drug delivery reviews 2011, 63, 170-183,
https://doi.org/10.1016/j.addr.2010.10.008.

27. Mosafer, J.; Teymouri, M.; Abnous, K.; Tafaghodi, M.;
Ramezani, M. Study and evaluation of nucleolin-targeted
delivery of magnetic PLGA-PEG nanospheres loaded with
doxorubicin to C6 glioma cells compared with low nucleolin-
expressing L929 cells. Materials science and engineering: C
2017, 72, 123-133, https://doi.org/10.1016/j.msec.2016.11.053.
28. Kamali, M.; Dinarvand, R.; Maleki, H.; Arzani, H;
Mahdaviani, P.; Nekounam, H.; Adabi, M.; Khosravani, M.
Preparation of imatinib base loaded human serum albumin for
application in the treatment of glioblastoma. RSC Advances2015,
5, 62214-62219, https://doi.org/10.1039/C5RA08501B.
29.Hassan, M.F.D.; MahdiAMK,; Kamali, HAM.
Methotrexate-Loaded PLGA  Nanoparticles:  Preparation,
Characterization and their Cytotoxicity Effect on Human
GlioblastomaU87MG Cells. Medical nano research 2017, 4,
https://doi.org/10.23937/2378-3664/1410020.

30. Mukerjee, A.; Vishwanatha, J.K. Formulation,
characterization and evaluation of curcumin-loaded PLGA
nanospheres for cancer therapy. Anticancer research 2009, 29,
3867-3875.

31.Ranjan, A.P.; Mukerjee, A.; Vishwanatha, J.K. Solid in
oil/water  emulsion-diffusion-evaporation  formulation  for
preparing curcumin-loaded plga nanoparticles. Google Patents
2010.

32. Mosafer, J.; Abnous, K.; Tafaghodi, M.; Mokhtarzadeh, A;
Ramezani, M. In vitro and in vivo evaluation of anti-nucleolin-
targeted magnetic PLGA nanoparticles loaded with doxorubicin
as a theranostic agent for enhanced targeted cancer imaging and
therapy.  European  journal of pharmaceutics and
biopharmaceutics 2017, 113, 60-74,
https://doi.org/10.1016/j.ejpb.2016.12.009.

33.Feczkd, T.; Toth, J.; Doésa, G.; Gyenis, J. Influence of
process conditions on the mean size of PLGA nanoparticles.
Chemical Engineering and Processing: Process intensification
2011, 50, 846-853, https://doi.org/10.1016/j.cep.2011.05.006

34. Astete, C.E.; Sabliov, C.M. Synthesis and characterization of
PLGA nanoparticles. Journal of biomaterials science, polymer
edition 2006, 17, 247-289,
https://doi.org/10.1163/156856206775997322.

35. Noori, K.M.; Khoshayand, M.R.; Mostafavi, S.H.; Amini,
M.; Khorramizadeh, M.R.; Jeddi, T.M.; Atyabi, F.; Dinarvand,
R. Docetaxel Loaded PEG-PLGA Nanoparticles: Optimized
Drug Loading, In-vitro Cytotoxicity and In-vivo Antitumor
Effect. Iranian journal of pharmaceutical research 2014, 13,
819-33.

36. Kowalczuk, A.; Trzcinska, R.; Trzebicka, B.; Miller, A.H.;
Dworak, A.; Tsvetanov, C.B. Loading of polymer nanocarriers:
factors, mechanisms and applications. Progress in
polymer science 2014, 39, 43-86,
https://doi.org/10.1016/j.progpolymsci.2013.10.004.
37.Madani, F.; Esnaashari, S.S.; Mujokoro, B.; Dorkoosh, F.;
Khosravani, M.; Adabi, M. Investigation of Effective Parameters
on Size of Paclitaxel Loaded PLGA Nanoparticles. Advanced
pharmaceutical bulletin 2018, 8, 77,
https://doi.org/10.15171/apb.2018.010.

Page | 4230


https://doi.org/10.1016/j.currproblcancer.2007.04.001
https://doi.org/10.1016/j.jnutbio.2011.02.015
https://doi.org/10.1016/j.bcp.2009.09.003
https://doi.org/10.1248/bpb.34.660
https://dx.doi.org/10.2147%2FIJN.S127683
https://doi.org/10.1081/DDC-120001481
https://doi.org/10.1016/j.ijbiomac.2014.10.052
https://doi.org/10.1016/j.biotechadv.2013.11.009
https://doi.org/10.1039/c3ra47370h
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://doi.org/10.1080/21691401.2017.1362415
https://doi.org/10.1016/j.colsurfa.2016.11.056
https://doi.org/10.1016/j.jconrel.2012.01.043
https://doi.org/10.1016/j.addr.2010.10.008
https://doi.org/10.1016/j.msec.2016.11.053
https://doi.org/10.1039/C5RA08501B
https://doi.org/10.23937/2378-3664/1410020
https://doi.org/10.1016/j.ejpb.2016.12.009
https://doi.org/10.1016/j.cep.2011.05.006
https://doi.org/10.1163/156856206775997322
https://doi.org/10.1016/j.progpolymsci.2013.10.004
https://doi.org/10.15171/apb.2018.010

Preparation of curcumin-loaded PLGA nanoparticles and investigation of its cytotoxicity effects on
human glioblastoma U87MG cells

38. Salatin, S.; Maleki, D.S.; Yari, K.A. Effect of the surface
modification, size, and shape on cellular uptake of nanoparticles.
Cell biology international 2015, 39, 881-890,
https://doi.org/10.1002/cbin.10459.

39.Bi, C.; Miao, X.Q.; Chow, S.F.; Wu, W.J.; Yan, R.; Liao, Y.;
Chow, A.H.L.; Zheng, Y. Particle size effect of curcumin
nanosuspensions on cytotoxicity, cellular internalization, in vivo
pharmacokinetics and biodistribution.
Nanomedicine:nanotechnology, biology and medicine2017, 13,
943-953, https://doi.org/10.1016/j.nan0.2016.11.004.

40.Sahoo, S.K.; Panyam, J.; Prabha, S.; Labhasetwar, V.
Residual polyvinyl alcohol associated with poly (D, L-lactide-
co-glycolide) nanoparticles affects their physical properties and
cellular uptake. Journal of controlled release 2002, 82, 105-114,
https://doi.org/10.1016/S0168-3659(02)00127-X.

41. Mainardes, R.M.; Evangelista, R.C. PLGA nanoparticles
containing praziquantel: effect of formulation variables on size
distribution. International journal of pharmaceutics 2005,290,
137-144, https://doi.org/10.1016/j.ijpharm.2004.11.027.
42.Narayanan, K.; Subrahmanyam, V.; Venkata, R.J.A
fractional factorial design to study the effect of process variables
on the preparation of hyaluronidase loaded plga nanoparticles.
Enzyme research 2014, http://dx.doi.org/10.1155/2014/162962.
43. Taghipour, B.; Yakhchali, M.; Haririan, |.; Tamaddon, A;
Samani, S.M. The effects of technical and compositional
variables on the size and release profile of bovine serum albumin
from PLGA based particulate systems. Research in
pharmaceutical science 2014, 9, 407-20.

44. Cooper, D.L.; Harirforoosh, S. Effect of formulation
variables on preparation of celecoxib loaded polylactide-co-
glycolide nanoparticles. PloS one 2014, 9, 113558,
https://doi.org/10.1371/journal.pone.0113558.

45. Tahara, K.; Karasawa, K.; Onodera, R.; Takeuchi, H.
Feasibility of drug delivery to the eye's posterior segment by

6. ACKNOWLEDGEMENTS

topical instillation of PLGA nanoparticles. Asian journal of
pharmaceutical sciences 2017, 12, 394-399,
https://doi.org/10.1016/j.ajps.2017.03.002.

46. Reisch, A.; Runser, A.; Amtz, Y.; Mély, Y.; Klymchenko,
A.S. Charge-controlled nanoprecipitation as a modular approach
to ultrasmall polymer nanocarriers: making bright and stable
nanoparticles. ACS nano 2015, 9, 5104-51186,
https://doi.org/10.1021/acsnano.5b00214.

47.Nair, K.L.; Thulasidasan, A.K.T.; Deepa, G.; Anto, R.J;
Kumar, G.V. Purely aqueous PLGA nanoparticulate
formulations of curcumin exhibit enhanced anticancer activity
with dependence on the combination of the carrier. International
journal of pharmaceutics 2012, 425, 44-52,
https://doi.org/10.1016/j.ijpharm.2012.01.003.

48.Uchegbu, I.F.; Schatzlein, A.G. Polymers in drug delivery.
CRC Press 2006.

49.Jain, R.A. The manufacturing techniques of various drug
loaded biodegradable poly (lactide-co-glycolide)(PLGA)
devices. Biomaterials 2000, 21, 2475-2490,
https://doi.org/10.1016/S0142-9612(00)00115-0.

50. Kulkarni, S.A.; Feng, S.S. Effects of particle size and surface
modification on cellular uptake and biodistribution of polymeric
nanoparticles for drug delivery. Pharmaceutical research 2013,
30, 2512-2522, https://doi.org/10.1007/s11095-012-0958-3.
51.Jiang, W.; Kim, B.Y.; Rutka, J.T.; Chan, W.C. Nanoparticle-
mediated cellular response is size-dependent.
Nature nanotechnology 2008, 3, 145,
https://doi.org/10.1038/nnano.2008.30.

52.Ye, L.; Wang, C.; Yu, G,; Jiang, Y.; Sun, D.; Zhang, Z.; Y,
X.; Li, X.; Wei, W.; Liu, P.; Cheng, J.; Du, B.; Hu, L. Bmi-1
induces radioresistance by suppressing senescence in human
U87 glioma cells. Oncology letters 2014, 8, 2601-2606,
https://dx.doi.org/10.3892%2F0l1.2014.2606.

This project was supported by Tehran University of Medical Sciences (TUMS), grant N0.92-02-87-21850.

@ ® © 2019 by the authors. This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Page | 4231


https://doi.org/10.1002/cbin.10459
https://doi.org/10.1016/j.nano.2016.11.004
https://doi.org/10.1016/S0168-3659(02)00127-X
https://doi.org/10.1016/j.ijpharm.2004.11.027
http://dx.doi.org/10.1155/2014/162962
https://doi.org/10.1371/journal.pone.0113558
https://doi.org/10.1016/j.ajps.2017.03.002
https://doi.org/10.1021/acsnano.5b00214
https://doi.org/10.1016/j.ijpharm.2012.01.003
https://doi.org/10.1016/S0142-9612(00)00115-0
https://doi.org/10.1007/s11095-012-0958-3
https://doi.org/10.1038/nnano.2008.30
https://dx.doi.org/10.3892%2Fol.2014.2606
https://www.researchgate.net/publication/335967078
https://www.researchgate.net/publication/335967078

