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ARTICLE INFO ABSTRACT

Keywords: Malignant gliomas are highly lethal. Delivering chemotherapeutic drugs to the brain in sufficient concentration

Glioma is the major limitation in their treatment due to the blood-brain barrier (BBB). Drug delivery systems may

PLGA overcome this limitation and can improve the transportation through the BBB. Paclitaxel is an antimicrotubule

Nanoparticles agent with effective anticancer activity but limited BBB permeability. R-Flurbiprofen is a nonsteroidal antien-

Paclitaxel . . . . . .

R-flurbiprofen ﬂamr'natory drug and‘ has potentlal'a'ntlcancer act1v1ty. Accordlqg.ly, we de51gfled an appr(‘)ach .comblmng R-

Nanomedicine flurbiprofen and paclitaxel and positively-charged chitosan-modified poly-lactide-co-glycolic acid (PLGA) na-
noparticles (NPs) and to transport them to glioma tissue. NPs were characterized and, cytotoxicity and cellular
uptake studies were carried out in vitro. The in vivo efficacy of the combination and formulations were evaluated
using a rat RG2 glioma tumor model. Polyethylene glycol (PEG) modified and chitosan-coated PLGA NPs de-
monstrated efficient cytotoxic activity and were internalized by the tumor cells in RG2 cell culture. In vivo
studies showed that the chitosan-coated and PEGylated NPs loaded with paclitaxel and R-flurbiprofen exhibited
significantly higher therapeutic activity against glioma. In conclusion, PLGA NPs can efficiently carry their
payloads to glioma tissue and the combined use of anticancer and anti-inflammatory drugs may exert additional
anti-tumor activity.

1. Introduction have a poor prognosis (Behin et al., 2003). Surgery is preferred if the

tumor is operable and, is combined with radiotherapy and che-
Brain tumors are highly lethal (Tzeng and Green, 2013). Among motherapy afterwards (Vredenburgh et al., 2009). However, operable

several subtypes of brain tumors, gliomas constitute the majority of gliomas are limited, because the boundaries of tumor tissue cannot
primary malignant tumors in the central nervous system. They are easily be identified during surgery due to their infiltrative and invasive
highly aggressive and difficult to treat, hence, patients with glioma nature and, the risk of neurological dysfunction after resection could be
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substantial (Claes et al., 2007). Chemotherapy is instrumental in
slowing down tumor progression and increasing the survival. Although
several treatment strategies have been developed, more effective che-
motherapy approaches are still needed in this field to improve the
unfavorable prognosis.

Paclitaxel is an anticancer drug known to have an inhibitory effect
against malignant gliomas in vitro (Fitzgerald et al., 2008). However,
paclitaxel has low solubility, limiting its penetration to the brain. De-
signing a suitable pharmaceutical carrier can solve this limitation. Such
a design should consider the technological parameters that can affect
the size, loading capacity and the release of the chemotherapeutic drug
in a controlled manner. The nanoparticles (NPs) prepared from the
poly-lactic-co-glycolic acid (PLGA) polymer are highly suitable for this
purpose because their technological characteristics and clinical relia-
bility have been extensively investigated. On the other hand, chitosan
(CS) is a linear polysaccharide with biodegradable and biocompatible
properties. CS is preferred as a positively charged coating to facilitate
the transport of payload by promoting interaction of NPs with nega-
tively charged cell membrane. Cationic surface modification by CS can
be achieved via electrostatic interactions with the negatively charged
PLGA NPs. (Wang et al., 2013b).

Non-steroidal anti-inflammatory drugs (NSAIDs) are effective mo-
lecules frequently used in reducing pain and inflammation.
Interestingly, aspirin and other NSAIDs have recently been found ef-
fective against colon cancer in in vitro and in vivo models (Rao et al.,
1995; Reddy et al., 1996). R-flurbiprofen reduced tumor formation and
progression in colon and prostate cancers in mice (Wechter et al., 1997;
Wechter et al., 2000a). R-flurbiprofen also showed promising results in
glioma cell cultures (King and Khalili, 2001; Wechter et al., 2000a;
Wechter et al., 2000b). The anti-carcinogenic effects of R-flurbiprofen
have been associated in part with regulation of signaling pathways
converging on c-Jun N-terminal kinase (JNK) (Grosch et al., 2003),
nuclear factor kappa B (NF-kB) (Tegeder et al., 2001) or p53 (Grosch
et al., 2005). Moreover, R-flurbiprofen can suppress the reactive in-
flammation around gliomas, which may positively contribute to its anti-
tumoral effect. However, like paclitaxel, R-flurbiprofen cannot effec-
tively penetrate the brain when given systemically (Parepally et al.,
2006).

Combination of paclitaxel with R-flurbiprofen and encapsulating
them with NPs to overcome their physicochemical disadvantages may
allow them to reach brain parenchyma in sufficient amounts to exert
their potential anti-cancer activity. Since R-flurbiprofen and paclitaxel
produce their anti-cancer activity through different pathways sum-
marized above, their combination may offer an additive effect.
Increasing evidence also suggests that inhibiting inflammation in
cancer therapy plays a decisive role in tumor regression (Todoric et al.,
2016). Additionally, p53 inactivation is reported to be correlated with a
more invasive phenotype of glioblastoma (Djuzenova et al., 2015).
Therefore, combining a potential activator of p53 like R-flurbiprofen
may further promote the antigliomal activity of paclitaxel. To our
knowledge this is the first preclinical study targeting the clinical use of
this combination that may have additive antineoplastic effects. For this
purpose, paclitaxel and R-flurbiprofen were separately loaded into NPs
that were prepared with polymers of different characteristics. The
characterization and cell culture studies were performed to select the
most suitable formulation and in vivo efficacy assays were carried out
in brain-tumorized rats.

2. Materials and methods

3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium Bromide
(MTT), Dimethyl sulfoxide (DMSO), Acetone, acetonitrile, Phosphate
buffered saline (PBS) tablets, Poly-lactic-co-glycolic Acid (PLGA),
polysorbate 80, R-flurbiprofen , propidium iodide and polyvinyl alcohol
(PVA), alpha-tocopherol-PEG-1000 succinate (TPGS) were purchased
from Sigma-Aldrich Co., USA. DMEM/Ham’s F-12 liquid medium with
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stable glutamine, Penicillin/Streptomycin (liquid), (10x) Trypsin
(1:250)/EDTA (0.5/0.2%) and fetal bovine serum (FBS) were received
from BioChrom AG, Germany. DRAQ7™ was purchased from
BioLegend, USA. Poly-lactic-co-glycolic acid-polyethylene glycol
(PLGA-PEG) copolymer (RGP d 10105, Mw = 5000 g/mol, PEG 10%;
5000 Da) was puchased from Boehringer-Ingelheim, Germany.
Ketamine (alfasan) and xylazine (alfamine) was purchased from Alfasan
Int., Holland. Cyclosporin (Sandimmun) was purchased from Novartis,
Switzerland. Highly pure chitosan salt (PROTASAN UP CL 113) was
obtained from NovaMatrix, Norway.

2.1. Preparation of R-flurbiprofen and paclitaxel loaded and CS-coated NPs

NPs were formed according to nanoprecipitation method. TPGS and
PVA concentration were determined through the preliminary studies.
First, PVA (1%) or TPGS (0.02%) was dissolved in water. Then, the
solution was filtered through 0.45 um cellulose acetate membrane.
Polymer (100 mg PLGA or PLGA-PEG) was dissolved in 5 ml acetone
and added dropwise onto 10 ml of aqueous phase at 1100 rpm on
magnetic stirrer to form NPs. Paclitaxel or R-flurbiprofen loaded NPs
were prepared separately. Therefore, 5 mg of paclitaxel or R-flurbi-
profen (active pharmaceutical ingredients: API) was dissolved in or-
ganic phase just before NP formation to prepare loaded PLGA NPs,
whereas 3 mg of API was added into acetone to form PLGA-PEG NPs
which was the maximum API concentration allowed formation of NPs
without aggregation. CS was added into aqueous phase (TPGS or PVA
solution) and dissolved to make a concentration of 1 mg/ml while
preparing CS-coated NPs. After NPs were formed, the suspension was
stirred overnight at 700 rpm on magnetic stirrer to evaporate the
acetone. NPs were washed with 10 ml of water (twice for PVA emul-
sified NPs and once for the other formulations) and collected through
centrifugation at 13500 rpm for 60 min. Supernatants were discarded
after centrifugation and NPs were resuspended in 7 ml of water. NP
were frozen at —20 °C overnight and freeze-dried at —80 °C with Heto
Power Dry PL 3000 (Denmark) for 24 hr.

2.2. Characterization of NPs

2.2.1. Determination of particle size and surface charge of NPs

Particle size and polydispersity index values of NPs were de-
termined from NP suspension diluted 1/20 with water, on the other
hand the zeta potential values were determined from lyophilized NPs
suspended in water by using Zetasizer Nano ZS (Malvern Instruments,
UK). The measurement angle was set 173° and measurements were
performed in triplicate. Scanning electron microscopy (SEM) was used
to evaluate the morphological structure of NPs. Briefly, NP suspension
prepared from lyophilized NPs was added onto carbon grid and let dry
in room temperature. Samples were coated with gold (Quorum
Technologies, SC7640 Auto/Manual High Resolution Sputter Coater,
USA) and photographs were captured with SEM (FEI, NovaNanoSEM
430, USA).

2.2.2. Quantitative analysis of paclitaxel and R-flurbiprofen, evaluation of
encapsulation efficiency and in vitro release studies

Quantification of paclitaxel and R-flurbiprofen was performed by
high performance liquid chromatography (HPLC) (Agilent 1200 Series,
USA) with a reversed-phase column (Inertsil® ODS-3, Particle size 5 pm,
4.6 x 250 mm, GL Sciences, China). Separate methods were carried out
to determine the concentration of paclitaxel and R-flurbiprofen. The
conditions were given in Table 1.

The encapsulation efficiency determined directly from lyophilized
NPs. Briefly, NP powder was dissolved in DMSO to make a clear solu-
tion with a concentration of 1 mg/ml NP. Total encapsulated amount
was acquired by comparing the concentration obtained from HPLC with
NP batch yield. Encapsulation efficiency values were calculated ac-
cording to the equation (Zhang and Feng, 2006):
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Table 1
The chromatographic conditions of quantifying APIs.

Conditions Paclitaxel R-flurbiprofen

Mobile phase Water:Acetonitrile Acetonitrile:0.1 M Acetate buffer

(48:52) (40:60)
Temperature 25°C 25°C
pH - 6.8 (o-phosphoric acid)
Flow rate 1 ml/min 1 ml/min
Wavelength 227 nm 247 nm
Injection volume 20 ul 25 ul
Run time 20 min 12 min

% Encapsulation efficiency = (Actual amount of drug loaded in NPs/Total drug added) * 100

In vitro release studies was performed with dialysis membrane
method (Yang et al., 2007). Due to the difference of the solubilities of
the APIs, release mediums were selected separately to provide the sink
condition. The release medium for paclitaxel-loaded NPs was PBS
containing 0.5% polysorbate 80 (15 ml/1 mg NP), whereas for R-flur-
biprofen-loaded NPs was PBS (10 ml/1 mg NP) only. NP suspension in
release medium was transferred into the dialysis bags and placed into
sample tubes. Tubes were fixed into horizontal shaking water bath at
37 °C and samples were taken at predetermined time intervals.

2.2.3. Differential scanning calorimetry

Paclitaxel, R-flurbiprofen, physical mixture of polymer + API
(drug/polymer ratio: 1/3) and API loaded particles were analyzed with
DSC to investigate the possible interactions and incompatibilities be-
tween the polymer and active substances. Samples were transferred into
aluminium pans and thermograms were obtained with DSC Q 2000 (TA
Instruments with refrigerated cooling system T-90, USA). Paclitaxel
samples were heated from 20 °C to 250 °C whereas temperature range
changed for R-flurbiprofen samples to 20-140 °C at a heating constant
rate 20 °C/min.

2.2.4. Fourier-Transform infrared spectroscopy (FTIR) analysis

FTIR analyses were performed to detect possible chemical interac-
tions between the APIs and polymer during NP formation. The samples
were prepared likewise with the DSC analysis. Paclitaxel, R-flurbi-
profen, polymer (PLGA) and API loaded particles were analyzed with
FTIR to investigate the possible interactions between the polymer and
active substances. Samples were analyzed directly by inserting between
the clips of the device (Bruker Alpha FTIR spectrophotometer,
Germany). The spectra were recorded at 400-4000 cm-1 wavelength.

2.3. Cell culture studies

Cell culture studies were carried out to evaluate cytotoxicity and
uptake characteristics of NPs. Rat glioma (RG2) cell line (ATCC, LGC
Promochem, Rockville, MD, USA) was used for cytotoxicity studies. D-
glucose (3151 mg/L), fetal bovine serum (FBS, 10%), L-glutamine
(365.3 mg/L), penicillin-streptomycin (50 U/mL-50 pg/mL) containing
(1:1) (DMEM/Ham’s F-12; Dulbecco's Modified Eagle's Medium/Ham's
Nutrient Mixture F-12) was used as cell culture medium.

For cell viability assays, RG2 cells (5 x 10%/well) cells were seeded
into 96-well flat-bottom plates and cultured for 24 h for initial at-
tachment. Then, the cells were treated with the formulations and in-
cubated for 48 h. NPs were added onto RG2 cells to make a con-
centration approximately 30 uM for both paclitaxel and R-flurbiprofen.
Methyl thiazolyl tetrazolium (MTT, 5 mg/ml in PBS) was added into the
wells, and incubated for 4 h. Then, the cells and formazan crystals were
dissolved with a lysis buffer containing DMSO for 16 h. The optical
density at 570 nm was recorded and the amount of viable cells was
calculated as a percentage in comparison to that of the control cells
cultured in culture medium alone.

Propidium iodide (PI)-loaded NPs were used to evaluate the cellular
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uptake. PI was preferred because it is a membrane impermeable dye
and its signaling properties enhanced after interaction with DNA/RNA.
Therefore, leakage from the NPs would not modify the results because
the extracellular PI will not be fluorescent. PI loaded NPs were prepared
with the same method, but the added amount into the NP formation
medium was reduced because of aggregation. Therefore, 1 mg of PI was
added to the organic phase before NP formation. For cellular uptake
studies, RG2 cells (10%/well) were seeded into 6-well plates and in-
cubated for 24 h. Then, the culture media were removed and the NPs
were added into the wells and the uptake was monitored at 3 h and 6 h.
The cells were harvested and DRAQ-7 viability dye which emits a red
fluorescence distinguishable from that of PI, was added to discriminate
dead and viable cells. Analyses were performed on a flow cytometer
(FACSAria II, Becton Dickinson, San Jose, CA, USA).

2.4. In vivo studies

2.4.1. Animals

The in vivo study protocol was approved by Hacettepe University
Animal Experiments Local Ethics Committee (No. 2014/42-02). Sixty-
six adult female Wistar rats (250-300 g) were housed in a standard
animal facility under controlled temperature, humidity with a regular
lighting schedule of 12 h light and 12 h dark, and fasted overnight,
however were permitted free access to water before the experiment. All
experiments were carried out in accordance with institutional guide-
lines.

Rats were anesthetized with intraperitoneal 40 mg/kg ketamine
(100 mg/mL) and xylazin (16 mg/mL) mixture (with 2:1 ratio). Body
temperature was continuously monitored by a rectal probe and main-
tained at 37.0 * 1 °C with a thermal pat. Before the implantation of
tumor cells, rats were administered with single dose/day cyclosporine
in saline (1 mg/mL) for five days to depress the immune system, pro-
moting the growth of tumor cells.

2.4.2. Implantation of RG2 cells

Tumor cell implantation was conducted according to the previous
method (Sekerdag et al., 2017; Yemisci et al., 2006). Cells were in-
cubated with 0.002% trypsin-0.005% EDTA solution for 2 min and fresh
medium was added to stop the trypsin activity. Cell suspension was
centrifuged at 2000 rpm for 2 min and supernatants were discarded.
Then, cells were resuspended with 5 ul of medium without FBS for each
rat. Rats were placed in stereotaxic instrument (Lab Standard Stereo-
taxic, Stoelting, IL, USA). One centimeter incision was performed onto
scalp to visualize the injection area. Cell suspension was injected slowly
with a Hamilton syringe unilaterally into the right striatum through a
burr hole with coordinates from bregma; lateral 2 mm and posterior
4 mm with a 6 mm depth. After implementation, scalps were suturated
and rats were followed up for daily activities. The schematic illustration
of the procedure was shown in Fig. 1.

2.4.3. Magnetic resonance imaging (MRI)

To determine the presence and size of tumor, magnetic resonance
imaging was performed with 3 Tesla MR unit (Magnetom Trio, Siemens
Healthcare, Erlangen, Germany; slew rate, 200 mT/m/ms; maximum
amplitude, 45 mT/m) in National Magnetic Resonance Research Center
(UMRAM). Rats were investigated with MRI 10 days after the im-
plantation of tumor cells to check if the solid tumor tissue present. Only
the animals developing brain tumors at 10th day were included in the
study. For this purpose, a handmade coil was developed by UMRAM
and placed on a semi-cylinder body to support the rat body. The area of
tumor was calculated by multiplication of the width and length ob-
tained from MRI images. Then, rats were divided into the following
experimental groups. All groups were administered with a single dose
treatment containing 300 pg/kg for paclitaxel and 1.5 mg/kg for R-
flurbiprofen via i.p. route. Five days after administration, MRI studies
repeated to investigate the difference of the tumor area. T2-weighted
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turbo spin-echo imaging was obtained parallel to the long-axis of the rat

in prone position (coronal plane) using the following parameters: re-

petition time/echo time: 4420/94; field of view: 78 X 78 mm; slice

thickness: 2 mm; interslice gap: 0; number of excitations: 5.
Ilustrative abbreviations of experimental groups were;

e Control (Sham, n = 7)

e Paclitaxel solution (n = 8) (PTX Sol.)

e Paclitaxel and R-flurbiprofen solution (n = 7) (PTX&FLUR Sol.)

o TPGS emulsified NPs (blank) (n = 7) (Blank NPs (TPGS))

o PVA emulsified NPs (blank) (n = 8) (Blank NPs (PVA))

e TPGS emulsified NPs (paclitaxel-loaded) (n = 8) (PTX loaded NPs
(TPGS))

e PVA emulsified NPs (paclitaxel-loaded) (n = 6) (PTX loaded NPs
(PVA))

e TPGS emulsified NPs (paclitaxel & R-flurbiprofen-loaded) (n = 8)
(PTX&FLUR loaded NPs (TPGS))

e PVA emulsified NPs (paclitaxel & R-flurbiprofen-loaded) (n
(PTX&FLUR loaded NPs (PVA))

7)

2.5. Histopathological analysis

After the second MRI experiment, rats were sacrified to perform
histopathological analysis. The brains of rats were removed carefully
and fixed in 10% formalin. Coronally sectioned 2 mm thick brain slides
were embedded in paraffin. Serial 6 um thick sections were stained with
hematoxylin and eosin. The diameters of tumors (largest transverse and
longitudinal) were determined at 4x magnification with a light micro-
scope (LEICA, DM 3000 LED, Wetzlar, Germany).

2.6. Statistical methods

Statistical analysis were performed to compare the experimental
groups. Kolmogorov-Smirnov normality tests were performed to iden-
tify the groups in which the data showed non-normal distribution and
select the suitable test for the comparison. Normal distribution groups
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. Fig. 1. Implantation of tumor cells. A,
Incision was performed onto scalp to visua-
lize the injection area. B, Fresh RG2 cell
suspension was centrifuged in medium
without FBS. C, Rats were placed in a ste-
reotaxic instrument and the syringe was
adjusted for the target coordinates. RG2 cell
suspension was injected slowly with a
Hamilton syringe unilaterally into the right
striatum. Implantation was confirmed with
MRI 10 days after the operation.

were compared with paired samples t-test, on the other hand, the re-
maining groups were compared with Wilcoxon test for paired samples
with SPSS (IBM SPSS Statistics Ver. 20). Values of p < 0.05 were
considered statistically significant.

3. Results
3.1. Particle size, morphology and zeta potential values of NPs

NPs were formed according to nanoprecipitation method and all
particle size values were between 150 and 190 nm. The particle size
values were given in Table 2. The polymer molecular weight and NP
loading with paclitaxel or R-flurbiprofen did not cause any significant
effect on the particle size. On the other hand, the particle size of the NPs
emulsified with TPGS was smaller than NPs emulsified with PVA
(p < 0.05). PEGylated NPs were significantly smaller than unmodified
NPs and CS coating induced approximately 70 nm increase on the
particle size (p < 0.05). All polydispersity index values were similar
and lower than 0.2.

The SEM micrographs were given in Fig. 2 to show the morphology
of NPs. All NPs were spherical and particle size values of NPs were
consistent with the DLS measurements.

The zeta potential of NPs were shown in Table 3. All PLGA and
PEGylated PLGA NPs possessed negative surface potential. NPs emul-
sified with TPGS had significantly denser negative potential than PVA
emulsified NPs (p < 0.05). On the other hand, PEGylation or mole-
cular weight of the polymer did not affect the zeta potential. The major
alteration of the surface charge occurred when the NPs were coated
with CS, which changed the surface charge of NPs from negative to
positive.

3.2. Encapsulation efficiency of NPs
The encapsulation efficiency was investigated to determine the NP

dosage given to the animals. Only the encapsulation efficiency values of
the PEGylated NPs were determined because PEGylated NPs were used
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Table 2
Particle size values of NPs prepared according to nanoprecipitation method.
Polymer

Formulation PLGA (502H) NPs PLGA (503H) NPs PLGA (504H) NPs PPG* NPs CSP* NPs
Blank NPs (PVA) 187 + 47 167 += 2 177 += 4 102 = 3 172 = 12
Blank NPs (TPGS) 145 = 6 151 = 2 157 = 2 8 + 3 158 *= 16
PTX loaded NPs (PVA) 185 = 15 172 = 6 184 = 6 127 = 15 188 = 19
PTX loaded NPs (TPGS) 147 += 2 155 = 3 163 = 7 118 = 16 188 + 29
FLUR loaded NPs (PVA) 173 = 13 171 = 7 174 += 4 110 = 4 186 = 13
FLUR loaded NPs (TPGS) 144 = 3 147 = 5 150 = 3 92 + 4 166 = 13

*PPG indicated NPs prepared with PLGA-PEG, on the other hand CSP was the NPs was prepared with PLGA-PEG and coated with CS. The values were given in

nanometer (nm) and as mean =+ standard deviation.

in vivo studies. As seen in Table 4, the amount of paclitaxel en-
capsulated into the NPs were higher than R-flurbiprofen. On the other
hand, emulsification with TPGS resulted in slight increase in en-
capsulation. The yield after lyophilization for PLGA NPs varied between
80 and 95 %, on the other hand, the yield values decreased to 55-80%
for PLGA-PEG NPs.

3.3. In vitro release studies

The release profiles of R-flurbiprofen or paclitaxel loaded PLGA-PEG
NPs were shown in Fig. 3. Paclitaxel release from PLGA-PEG NPs con-
tinued to 5 days and reached a plateau. Approximately 60% of the
paclitaxel was released from NPs. On the other hand, R-flurbiprofen
was released relatively quickly and the release was finished at 6th hour.
Release of APIs from CS-coated PLGA-PEG NPs demonstrated similar
profiles with un-coated NPs. Surface coating with CS prolonged R-
flurbiprofen release for 2 h more.

3.4. Differential scanning calorimetry (DSC)

DSC analysis was performed to determine possible chemical inter-
actions after preparing the nanoparticular carrier system between the
APIs and NP matrix. DSC analysis of the APIs and formulations were
performed separately. According to the DSC thermograms, R-flurbi-
profen possess an endothermic melting peak at 110 °C. This peak, also
seen in the physical mixture, was not observed in R-flurbiprofen-loaded
NPs (Fig. 4). Similarly, the DSC thermogram of paclitaxel demonstrated
a melting peak at 220 °C. The subsequent peaks indicated that the
sample was degraded immediately after melting.

3.5. Fourier-Transform infrared spectroscopy (FTIR) analysis

As seen in the spectrum of R-flurbiprofen (Fig. 5A), the wide peak
observed between 2500 and 3300 cm ™! attributed to hydrogen bonds,

[— T pu— mag HY | HFW
VETE-METU m [ 150 000 x| 10.0 kV |1.99 pm

peak from 1690 cm to 1 for carbonyl group and peaks near 1400 cm ™!

for C—F streching. Similarly for paclitaxel (Fig. 5B), peaks around
3400-3250 cm ! attributed to N—H strech, peak at 1750 cm ™! for C=
0O, peaks around 1250 cm ™' C—N strech and peaks at 690 cm ™! for
aromatic ring. PLGA exhibited the peak indicating C—H stretching
(3000-2850 cm ™ 1), and strong peaks from C=0 (1750 cm~ Yand C-O
stretching (1500-1000 cm ™ 1) related to the presence of the poly(lactic-
co-glycolic acid) chains. Spectral analysis for API loaded NPs indicates
that the functional groups of NPs and the chemical charactheristics
were similar with API and polymer indicating that there was no che-
mical reaction between APIs and polymer matrix.

3.6. Cytotoxicity and uptake of NPs

In vitro cytotoxicity of API-loaded PLGA-PEG or CS-coated PLGA-
PEG NPs were investigated on the RG2 cell line (Fig. 6). Blank NPs,
TPGS or PVA coating did not show any significant difference, which
indicated the absence of cytotoxic effects of NPs or CS coating on the
cells. Expectedly, paclitaxel-loaded NPs displayed substantial cytotoxic
effect when compared with the blank NPs (comparison was made se-
parately for PLGA-PEG NPs and CS-coated PLGA-PEG NPs). R-flurbi-
profen-loaded NPs exhibited cytotoxicity but the difference was not
significant for all formulations.

Uptake of NPs were evaluated with PI-loaded NPs. In healthy cells,
PI solution alone cannot breach the cell membrane therefore the only
way for a cell to become fluorescent with PI is to allow the uptake of the
NPs through the membrane. Simultaneously, DRAQ7 dye was also used
to monitor the membrane integrity of the cells. PI-loaded NPs did not
affect the viability of cells (Fig. 7A). The uptake occurred rapidly
therefore difference between 3 h and 6 h was not substantial. TPGS
coating enabled higher uptake compared with the PVA emulsified
particles for both CS-coated and uncoated formulations (p < 0.05,
Fig. 7B).

mag HV | HFW
0 000 x| 10.0 kV|1.49 um

500 nm ————

Fig. 2. The SEM micrographs of NPs. A, API loaded PLGA NPs. B, API loaded PEGylated PLGA NPs. C, API loaded CS-coated, PEGylated PLGA NPs.
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Table 3
Zeta Potential Values of NPs.
Polymer

Formulation PLGA (502H) NPs PLGA (503H) NPs PLGA (504H) NPs PPG* NPs CSP* NPs
Blank NPs (PVA) —-6.4 + 25 -123 + 4.6 -9.4 + 5.6 -146 + 1.1 327 £ 43
Blank NPs (TPGS) —-19.8 = 3.5 —-19.7 = 4.6 —-225 = 3.7 -17.3 = 1.8 314 = 13.5
PTX loaded NPs (PVA) —-54 + 2.2 -10.1 + 5.4 -10.8 + 3.7 -11.3 + 25 36.5 + 6.8
PTX loaded NPs (TPGS) -20.5 + 2.1 -16.4 + 1.6 -17.3 + 45 -18.2 + 2.7 34.1 = 21.7
FLUR loaded NPs (PVA) -57 = 1.3 —-10.7 * 5.6 —-10.5 = 5.5 —-153 = 1.3 47.8 + 125
FLUR loaded NPs (TPGS) —-23.3 = 3.1 -21.1 + 6.1 —-20.8 =+ 1.8 —-15.0 £ 0.9 38.2 = 19.9

*PPG indicated NPs prepared with PLGA-PEG, on the other hand CSP was the NPs was prepared with PLGA-PEG and coated with CS. The values were given in

millivolt (mV) as mean =+ standard deviation.

Table 4
Encapsulation efficiency values of PLGA-PEG and CS-coated PLGA-PEG NPs.

Formulation PPG* NPs (%) CSP* NPs (%)
PTX loaded NPs (PVA) 49.1 = 14.1 62.8 + 11.3
PTX loaded NPs (TPGS) 61.9 + 195 78.5 * 10.8
FLUR loaded NPs (PVA) 35.7 + 8.2 395 * 86
FLUR loaded NPs (TPGS) 46.8 = 4.8 449 + 53

*PPG indicated NPs prepared with PLGA-PEG, on the other hand CSP was the
NPs was prepared with PLGA-PEG and coated with CS. The values were given as
mean = standard deviation.

3.7. In vivo experiments

The difference between the tumor occupied areas of the rats were
investigated with MRI to evaluate the efficacy of the formulations and
the combination of paclitaxel and flurbiprofen. The pre-treatment and
post-treatment MRI images of the samples from the experimental
groups are given in Fig. 8. The control group (sham) and animals ad-
ministered with paclitaxel solution, R-flurbiprofen solution and blank

80 1

NPs showed dramatic increase of the tumor area over 5 days as seen in
Fig. 9. On the other hand CS-coated PLGA NPs allowed the APIs to
reach to the tumor and reduce the tumor area. According to the plain
area values illustrated in Fig. 10; paclitaxel-loaded NPs reduced of the
tumor size but the difference was not significant compared with the
control group. Combination of paclitaxel-loaded NPs with R-flurbi-
profen-loaded NPs resulted significantly higher reduction of the area
and also total recovery in some animals (the final area of the tumor was
0 for four out of eight animals for the combined and TPGS emulsified
NPs administered group, and two out of seven animals for combined
and PVA emulsified NPs administered group). Additionally, R-flurbi-
profen and paclitaxel loaded NPs, which were prepared with TPGS in-
duced a significant decrease of the tumor area after post-administration
compared with the control group. The pre-treatment tumor area values
were statistically not different when all treatment and control groups
compared (All p values were higher than 0.05). The post-treatment area
values of the combination groups were compared with the post-im-
plantation MRI of the control group and the difference was significant
(p values were 0.028 and 0.037 for the combined NPs emulsified with
TPGS and combined NPs emulsified with PVA respectively).
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Fig. 3. Release profiles of APIs from NPs. R-Flurbiprofen was released with an initial burst and the release reached a plateau at 100% of the content near the 4th hour.
On the other hand, paclitaxel release slowly continued through 5 days and the released content reached to 60-70%.
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Fig. 4. The DSC thermograms of APIs and API loaded NPs. R-flurbiprofen alone and the physical mixture displayed an endothermic melting peak at 110 °C, whereas
paclitaxel demonstrated a melting peak at 220 °C. The thermograms of API loaded NPs did not exhibit any other peaks, which indicated that the cargo (APIs) was

loaded into the NPs through physical interactions without chemical bondings.

3.8. Histopathological analysis

Following the second MRI which was performed 5 days after
treatment, the isolated brains were prepared for Hematoxylin-Eosin
staining. Increased necrosis, hemorrhage, inflammation, reactive his-
tiocytes and reactive glial cells were detected in the tumoral and peri-
tumoral area (Fig. 11e and f). However, in the brains obtained from the
combination group and the group that received only the paclitaxel NPs,
the inflammatory response was further reduced. In combination groups,
the tumor size as well as the associated pathological changes were all
regressed (Fig. 11a and b). However, both paclitaxel-loaded NPs and
paclitaxel and R-flurbiprofen solution administered animals demon-
strated reactive cells along with the associated necrosis and hemor-
rhage.

4. Discussion

Glioma is an aggressive form of brain tumor and comprises of ap-
proximately 80% of primary malignancies in the central nervous
system. Limitations in the treatment of these tumors and poor prognosis
adversely affect the quality of life of glioma patients. The conventional
method of glioma treatment involves chemotherapy and radiotherapy
following surgery but there is a high risk of relapse after surgical op-
erations. Although the probability of survival in high-grade glioma
patients is improved by chemotherapy, the success rate is insufficient
even in the best-responding cases. Therefore, new drug delivery stra-
tegies are needed.

The main purpose of this study was to design an effective biode-
gradable polymeric carrier system, which can be prepared by a rela-
tively simple method and has high loading capacity for treatment of
glioma. To ensure antiglioma activity, paclitaxel, which is used ex-
tensively in the treatment of several cancers, was selected as the main
active drug and combined with anti-inflammatory R-flurbiprofen to
enhance its antitumoral activity.

NP formulations were prepared by nanoprecipitation. For this, the
biodegradable polymer and hydrophobic drug molecule were dissolved
in an organic solvent, which is miscible with water, and this phase was
added to the aqueous phase. By diffusion of the organic solvent into the
aqueous solution, solid particles were formed and the organic solvent
was subsequently evaporated. Polymeric drops quickly solidify and
form particles due to the low solubility of the polymer in water (Wang
et al.,, 2013a). Preparing NPs with nanoprecipitation was relatively
simple because the formation occurred in one step (high speed homo-
genization was not needed). The particle size could be adjusted by
changing the miscibility of organic solvent, concentration of polymer
and ratio of the organic and aqueous phases (Cheng et al., 2007). The
polymer concentration was selected as 20 mg/mL and, the organic
phase: aqueous phase volume ratio was 1: 2 in order to keep the particle
size within the intended range and to ensure adequate encapsulation.

Surfactants such as PVA and TPGS were used as emulsifiers and
stabilizers while preparing PLGA NPs (Feng and Huang, 2001; Wang
et al., 2013a). In particular, PVA is a surfactant used in different studies
to provide a relatively small and uniform particle size (Mu and Feng,
2003b). TPGS is preferred for its high hydrophilicity, emulsifying
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Fig. 5. The FTIR spectra of paclitaxel and R-flurbiprofen, API loaded PLGA NPs and polymer (PLGA).
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Fig. 6. In vitro cytotoxicity studies of NPs on RG2 cell line. Blank NPs did not cause any cytotoxic effect, whereas all paclitaxel-loaded NPs showed cytotoxicity (p
values for *: 0.004, **: 0.341, ***: 0.063, ****: 0.0002 and #: 0.210, +}: 0.217, +4: 0.026, ++++: 0.022).

activity and membrane penetration enhancing capability (Mu and Feng,
2002, 2003a,b). Accordingly, anti-neoplastic carrier systems prepared
with TPGS increased the in vivo therapeutic activity (Shieh et al.,
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2011).

In our study, PVA was used at a concentration of 1% while

preparing NPs. In the literature, different concentrations of PVA were
used during PLGA NP preparation (Cruz et al., 2010; Feng and Huang,
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Fig. 7. The viability of RG2 cells and uptake of CS-coated and uncoated NPs. A, The graph shows that the propidium iodide (PI)-loaded NPs and free PI solution did
not possess any significant effect on the viability of RG2 cells. B, Uptake of NPs occurred quickly thus there was no significant difference of internalizing of NPs into
cells between 3rd and 6th hours. Additionally, NPs emulsified with TPGS were rapidly internalized and exhibited higher uptake (p values for *: 0.001, **: 0.006 and

4 0.0003, 4 0.0002).
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Fig. 8. The MR images from the experimental groups. The tumor size of
treatment groups, which were administered with the API-loaded particles were
decreased, whereas animals from the control groups (rats receiving blank NPs
or API solutions) all exhibited tumor expansion. Figures were cut down to si-
milar sizes for illustrative purposes, the image was rearranged and the
boundaries of the glioma was emphasized with yellow marks. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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2001; Kirby et al., 2013; Pamujula et al., 2012), ranging between 1%
and 4%. NPs prepared with 1% PVA were generally preferred in the
literature because the high concentration of PVA caused the bridging
effect and resulted in increased NP size (Mainardes and Evangelista,
2005; Yang and Owusu-Ababio, 2000; Yerlikaya et al., 2013). TPGS is a
more active surfactant than PVA (Mu and Feng, 2003a), and the con-
centration at which the highest encapsulation efficiency was obtained
with TPGS was found to be 0.2% (Mu and Feng, 2003a; Shi et al.,
2013). Therefore, we chose the concentration of TPGS as 0.2% . Ad-
ditionally, the quantity of polymer and API added to the NP formation
medium was adjusted in preliminary studies and the optimum NP for-
mation was achieved with addition of maximum 3 mg of API and 5 mg
of polymer.

BBB is known to be partially leaky in glioma. The increased BBB
permeability may allow passage of drug-loaded NPs through the en-
dothelium due to the enhanced permeability and retention effect (EPR).
PEG-coated NPs have previously been reported to accumulate in the
brain more than uncoated particles (Brigger et al., 2002; Calvo et al.,
2001). Nance et al. showed that PEG-coated NPs had better penetration
and distribution capacity to the brain after systemic injection and dis-
played improved efficiency. This effect was achieved only by the in-
tensive coating of NPs with PEG (Nance et al., 2014; Nance et al.,
2012). Encouraged by these reports, we carried out our experiments
with PEGylated NPs. Additionally, PEGylation reduces PVA interaction
with the NP surface, hence, facilitates the removal of PVA from NPs
(Essa et al., 2010). Thus, it was possible to remove the PVA from the
NPs without multiple washing.

In order to facilitate the transport of payloads of NPs, the surface of
PLGA NPs are coated with surfactants or polymers (Guo and
Gemeinhart, 2008). Cationic surface modification can be achieved by
electrostatic interactions through the negative surface charge of PLGA
NPs. The cell surface is negatively charged; therefore, the cationic
particles are advantageous in terms of facilitating the interaction with
the cell membrane and improving subsequent bioactivity (Guo and
Gemeinhart, 2008; Mao et al., 2001). CS, a positively charged polymer,
has been shown to increase permeability in addition to its mucoadhe-
sive and controlled release properties (Artursson et al., 1994; Illum
et al., 1994). Besides, positive and relatively high zeta potential of CS
nanospheres are reported to cause cytotoxic effects on many tumor cell
lines (Chan et al., 2007; Han et al., 2008; Ta et al., 2008; Yang et al.,
2009). These features altogether make CS a preferred polymer for
surface coating. Indeed, in BBB models, CS NPs were found to increase
the penetration, which was associated with particle size and molecular
weight; the permeability was higher with smaller particle size and
lower CS molecular weight as expected (Hombach and Bernkop-
Schnurch, 2009).

The reduction of particle size with PEGylation in our study can be
explained by the hydrophilic nature of PEG molecules, which enabled
the interaction with the aqueous phase during NP formation (Cruz
et al., 2010; Nakano et al., 2007). However, when the surface was later
coated with CS, the particle size of the PEGylated NPs significantly
increased (approximately 70 nm). Chen et al. (Chen et al., 2009) re-
ported that mitoxantron-loaded PLGA NPs modified with CS by both
adsorption and covalent binding methods resulted in an increase in
particle size of the NPs obtained depending on the CS concentration in
the medium. The particle size increased due to adsorption of CS mo-
lecules, forming a layer on the surface. Similar to our findings, the in-
crease of the particle size was close to 70 nm and this alteration was
thought to be due to the interaction of surface PEG molecules and CS
with hydrogen bonding (He et al., 2009).

We separately evaluated different molecular-weighted PLGA (RG
502 H, RG 503 H, RG 504 H) NPs for their surface charge. The absolute
zeta potential values of the NPs prepared by TPGS were found to be
significantly higher. Although TPGS is a neutral compound, NPs
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Fig. 9. The percentage change in the tumor size before and 5 days after single dose administration of NPs or their controls. The tumor growth in the rats administered
with drug-loaded NPs were significantly decreased when compared with the untreated control group and rats administered API solutions (error bars = mean = SE).
Note that tumor size increased within 5 days in all control groups (five bars on the left side), whereas its growth was consistently decreased in all four treatment
groups (four bars on the right side) * p < 0.05 compared to the untreated control group, ¥ p < 0.05 paclitaxel-loaded NPs compared to the paclitaxel solution group
(p values were 0.026 and 0.018 for TPGS and PVA emulsified NPs, respectively) and , $+ p < 0.05 paclitaxel and R-flurbiprofen-loaded NPs compared to the paclitaxel
and R-flurbiprofen solution group (p values were 0.007 and 0.014 for TPGS and PVA emulsified NPs, respectively).
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prepared by TPGS may possess lower surface charge than the others
because TPGS protects some of the negative charge on the surface of the
NPs (Zhu et al., 2014). In the PLGA-PEG NPs coated with CS, the zeta
potential values were converted from negative to positive. This finding
also confirms an efficient CS coating (Chen et al., 2009). Guo et al,
clarified the mechanisms of CS coating on the PLGA NPs by showing

the NPs were successfully coated with CS (Guo and Gemeinhart, 2008).
Loading of the APIs did not cause a significant change in the surface
charge of the NPs because the active substances did not provide any
additional surface load owing to the absence of an ionizable structure or
net charge.

PLGA NPs prepared without surface modification (RG 502 H, RG

that the conversion of zeta potential to positive values indicated that 503 H, RG 504 H) were spherical. When the surface of the NPs was
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Fig. 10. The comparison of plain size of tumors on a coronal brain section before and 5 days after single dose NP administration. Both paclitaxel-loaded NPs and NP
combinations reduced the tumor area. However, only the reduction in the area in combination groups (paclitaxel and R-flurbiprofen loaded NPs) reached statistical
significance compared with the untreated control group. When the areas of pre-treatment and post-treatment groups were compared, only the combination group
administered with the NPs emulsified with TPGS showed statistically significant change. (error bars = mean *+ SE) * The groups were compared with each other in
pairs, p < 0.05.
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Fig. 11. Hematoxylin-Eosin stained brain sections of the post-treatment groups. The brain slices of animals treated with both paclitaxel and R-flurbiprofen NPs are
shown in A and B. The inflammatory response in the peri-tumoral area was reduced when compared with the animals treated with the paclitaxel NPs only (C and D) or
the animals administered with paclitaxel and R-flurbiprofen solution (E and F). Inflammatory cells extravasating from vascular compartment to the brain tissue and
some swollen cells are visible (D). In the paclitaxel and R-flurbiprofen solution combination group, a partial hemorrhage (extravasated red blood cells) (E) and
inflammatory cells around a vessel are displayed (F). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

modified with PEG, the smooth and spherical structure of the surface
slightly changed, resulting in irregularities on the surface. This finding
is in line with those of Pisani et al., in which the microspheres were
prepared by emulsification method using PLGA and PLGA-PEG and, the
images of microspheres taken with light microscope, SEM and confocal
microscope showed that the surface turned from smooth to rough when
the PEGylation ratio increased (Pisani et al., 2009). Also, SEM images
showed that the particles preserved their spherical shape and were
physically intact, confirming that the lyophilisation did not effect the
physical integrity of the NPs because the images were taken with lyo-
philized particles. Also, in vivo studies proved that the lyophilized
particles were functionally active. Therefore, we did not further in-
vestigate the effect of lyophilization on NPs.

The encapsulation efficiency of the NPs prepared by TPGS was
slightly higher than NPs prepared with PVA. In terms of encapsulation

11

efficiency, no significant difference was observed between CS-coated
formulations; only the mean of the encapsulation efficiency of the CS-
coated formulations was slightly higher for paclitaxel-loaded NPs. The
slower NP formation due to higher aqueous phase viscosity of CS may
have resulted in a slight size increase. The encapsulation efficiency of
paclitaxel was higher than R-flurbiprofen. The solubility of paclitaxel in
water has been reported to be very little (estimated to be 0.00556 mg/
mL) (Wishart et al., 2006). Likewise, for flurbiprofen too, the solubility
in water was low and estimated to be 0.0249 mg/mL (Wishart et al.,
2006). Although both molecules have low solubility, the solubility of
flurbiprofen in water is about 5 times that of paclitaxel, which may
have caused the molecule to move away from the hydrophobic polymer
core and reduce the encapsulation efficiency. Regarding the en-
capsulation efficiency calculation, we separated the loaded drug from
free drug by ultracentrifugation. Encouraged by similar methods used
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to calculate the encapsulation efficiency in literature (Mu and Feng,
2003a; Wang et al., 2011; Xu et al., 2012; Zhang and Feng, 2006), we
calculated the loaded amount directly from the lyophilized NPs. Since
we did not perform further NP purification (Barichello et al., 1999),
filtration (Danhier et al., 2009) or ultra-high speed centrifugation
(Dalwadi and Sunderland, 2008), we might have slightly under-
estimated the amount loaded to NPs with particle size below 100 nm,
which may not be precipitated, or overestimated it because of of APIs
that may have been precipitated or adsorbed and, hence, contaminated
the NP sediment due to the low aqueous solubility. Of note, we showed
that chitosan coating increased the particle size of the NPs that were
administered to rats during in-vivo studies. Accordingly, the NP frac-
tion with particle size below 100 nm that could pose a risk of in-
complete separation was very small. Importantly, these minor draw-
backs did not lead to suboptimal dosing, as we observed a clear anti-
tumorigenic effect with our drug-loaded NPs.

The cytotoxicity and uptake of paclitaxel or R-flurbiprofen-loaded,
PLGA-PEG and CS-coated PLGA-PEG NPs were evaluated in RG2 cell
culture. PLGA-PEG and CS-coated PLGA-PEG NPs containing paclitaxel
showed similar cytotoxic activity compared to the control group.
Similarly, Grover et al. (Grover et al., 2014) reported that docetaxel-
loaded PLGA-PEG NPs were cytotoxic on RG2 cells. Janardhanan et al.
tested the combination of paclitaxel and N- (4-hydroxyphenyl) re-
tinamide on RG2 and C6 cells (Janardhanan et al., 2009). Paclitaxel at a
concentration of 100 nM added to the medium resulted in death of
approximately 50% of the cells. In our study, PLGA-PEG NPs with and
without CS coating were added to the RG2 cell media in an amount of
5 ug (approximately 30 uM). This led to a reduction of about 40% in
RG2 cell viability. Similarly, when R-flurbiprofen-loaded NPs were
applied to cells at the same concentration, there was a decrease of
20-25% in RG2 cell viability. In the cellular uptake studies, we pre-
ferred PI as a marker of NP uptake because it is a membrane im-
permeable dye whose fluorescence is dramatically enhanced after in-
teraction with DNA/RNA. Therefore, non-specific leakage from the NPs
not taken up cannot modify the results because the extracellular PI will
not emit fluorescence (Miiller et al., 1991; Neumeyer et al., 2011). Also,
DRAQ-7 viability dye was used to test the cellular toxicity. Upon in-
cubation with PI-loaded NPs, the cells were harvested and DRAQ-7 dye,
which emits a red fluorescence distinguishable from that of PI, was
added. Then the viable cells (DRAQ-7-negative cells) were gated and
analyzed for NP uptake identified by PI-positivity. Therefore we do not
expect that PI staining in “control + PI” condition would be due to the
cell death or loss of membrane integrity at 6 h as we monitored by
DRAQ-7. On the other hand, long-term (6 h) incubation with “free PI”
may have led to non-specific internalization of this dye through the
intact cell membrane (Neumeyer et al., 2011). Nevertheless, unlike PI-
loaded TPGS NPs, since the PI-loaded PVA NPs did not lead to an in-
crease in the fluorescence, we may presume that the increase in con-
trol + PI condition at 6 h reflects non-specific entry of “free PI” into the
cells.

When the RG2 viability values were examined, the difference be-
tween the control groups and the NPs loaded with PI (but not APIs)
after 3 and 6 h was not significant. The highest level of cellular uptake
was observed with NPs prepared by TPGS after 3 and 6 h incubation. In
a study by Feng et al., paclitaxel was loaded to PLGA NPs and PVA or
TPGS was used as a surfactant. Similarly, uptake of NPs prepared by
TPGS was found to be higher in cell culture (Feng et al., 2007).

To test the functionality of two types of NPs, we used a rat model of
RG2, an aggressive type of glioma, which was also used in previous
studies to assess anti-tumoral activity (Sekerdag et al., 2017; Yemisci
et al., 2006). Combination groups showed significant reduction in
glioma growth, which indicated that the API-loaded NPs sufficiently
reached to the tumor after systemic administration. Reduction in the
peritumoral inflammation further supports this conclusion. In 5 control
groups, tumor size significantly increased within 5 days, whereas in all
treatment groups, tumor progress was halted and showed some
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regression. Although both NP formulations appeared to reach their
target as suggested by reduced tumor sizes, the overall effect on tumor
size was statistically significant only with their combined administra-
tion. This suggests that, with the dosage used, paclitaxel concentration
achieved was effective but partly sufficient. However, this partial effect
allowed us to see the additive effect caused by R-flurbiprofen. Such
that, the combination therapy enabled not only a statistically significant
decrease in tumor size but also a reduction in peri-tumoral inflamma-
tion.

The concomitant use of paclitaxel with TPGS may have been ad-
vantageous because of the P-glycoprotein inhibitory effect of TPGS
(Bogman et al., 2003). Studies have shown that paclitaxel is an effective
P-glycoprotein substrate and resistance to paclitaxel has been shown to
depend on it (Sarisozen et al., 2012a,b). In this context, it is thought
that P-glycoprotein inhibitory activity of TPGS can lead to more ef-
fective results in glioma treatment. Another advantage of our NP for-
mulations was the reduced application dose compared to the previously
used doses. In previous studies, paclitaxel was administered at a dose of
3 mg/kg for 7 consecutive days (Guo et al., 2011) or 5 mg/kg for
3 weeks, every 3 days for 1, total of 7 injections (Hu et al., 2013).
Whereas in our study, 300 pg/kg of paclitaxel and 1.5 mg/kg of R-
flurbiprofen were administered as a single dose. The type of cell used in
our study, RG2 is a highly aggressive type of glioma and recognized in
the literature as more aggressive than the C6 derivative cells used in
several studies (He et al., 2013). Nevertheless, we successfully sup-
pressed the tumor growth with our NP formulations. We administered
the nanoparticular formulations via i.p. route because i.v. and i.p. ad-
ministration of polymeric NPs provide similar blood concentrations. For
instance, Geldenhuys et al., injected glutathione-coated and paclitaxel-
loaded PLGA-PEG NPs intraperitoneally to male rats and recorded sa-
tisfactory biodistribution in the brain tissue 1 h after the intraperitoneal
injection (Geldenhuys et al., 2011). Therefore, we conclude that in-
traperitoneal injection does not hamper passage of NPs into circulation
as also reported by several previous studies (Jung et al., 2014; Yemisci
et al., 2015).

Although we have shown a promising anti-glioma effect of our
formulations, one of the limitations of our study is that we did not study
the biodistribution of NPs, hence, their accumulation in organs like
liver and spleen, where drugs used might exhibit toxicity. Future stu-
dies must investigate this point to better characterize the translational
potential of our approach. Also, long-term survival studies are needed
to determine if repeated dosing is required to prevent tumor recurrence.
We adjusted NP dosage for rats weighing around 300 g, therefore, scale
up and manufacturing process validation are needed to produce larger
batches of NPs for large animal studies and eventually clinical trials.

5. Conclusion

Anti-neoplastic paclitaxel or anti-inflammatory R-flurbiprofen can
efficiently be loaded to PEGylated, chitosan-modified PLGA NPs and
targeted to RG2 glioma in vivo. Combination therapy with paclitaxel
and R-flurbiprofen NPs exhibited enhanced anti-tumoral activity
against glioma. This combination has also reduced inflammation in the
peri-tumoral area. We conclude that PLGA NPs can efficiently carry
their payloads to glioma tissue and the combined use of anticancer
drugs with anti-inflammatory drugs exerts additional anti-tumor ac-
tivity.
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