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ABSTRACT

ARTICLE HISTORY

Objective: In this study, we aimed to develop a candidate modifited polymeric nanoparticle (NP) system
that will kill cancer cells by facilitated to apoptosis and also reduce pain.

Significance: The primary goal of treatment, especially for metastatic cancers, is to control the growth of
the cancer and to alleviate the symptoms. Pain is one of the commonest symptoms of cancer. In cancer
treatment, directing cancer cells to death while simultaneously relieving pain will be a new approach.
Methods: Chitosan-modified PLGA NPs were prepared using an nanoprecipitation technique. The NPs
were loaded with flurbiprofen and decorated with folic acid. STAT3-siRNA was adsorbed to these poly-
meric NPs using antisense technology.

Results: The NPs were small in size (176.9-220.3 nm) with positive zeta potential (+14.1 mV to +27.2mV).
They had high loading capacity and prolonged release properties over 144 hours. Cytotoxicity studies per-
formed with siRNA showed effective electrostatic interaction due to the positively charged NPs. Folic acid
facilitated entry into cancer cells and helped to kill them.

Conclusion: The formulation we developed is a potential carrier system for both treatment of cancer and
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prevention of pain, especially for metastatic cancers.

Introduction

Cancer is characterized by the uncontrolled and irregular division
of cells in tissue or an organ. These cells multiply to form the
tumor. Over time, cancer cells can spread to other parts of the
body through blood and lymph circulation, and continue to grow.
This phenomenon is called metastasis, and it is a process that
changes the clinical course and treatment methods [1].

Pain is one of the commonest symptoms in cancer patients,
especially in bone metastases. Cancer pain presents a challenge
for the patient during the disease, and its treatment requires a
comprehensive strategy [2].

Studies show that 50% of early-stage and 75% of advanced-
stage cancer patients suffer from moderate to severe pain [3].
Although the methods and medications used in the treatment of
pain can be seen as adequate from the point of view of physi-
cians, unfortunately one of the two cancer patients has not yet
benefited from this treatment. The cause of pain is a verifiable
lesion or disorder that is likely to sustain the pain through a
related process, such as direct tissue injury or inflammation [4].

Flurbiprofen, derived from phenyl alkanoic acid, is a powerful
nonsteroidal anti-inflammatory drug, with analgesic, antipyretic,
and anti-inflammatory effects, used to treat acute and chronic
pain [5]. The analgesic effect is due to inhibition of prostaglandin
synthesis by blocking the cyclooxygenase enzyme [6].

RNA interference (RNAI) is a newly discovered biological pro-
cess in which RNA molecules inhibit gene expression. It has
recently attracted attention in biomedical research. RNAi mole-
cules transported to cells initiate the disruption of complementary
messenger RNA (mRNA) molecules through intracellular

mechanisms. This halts the production of proteins encoded by
mRNAs and decreases gene expression. RNAi molecules include
microRNA (miRNA), small interfering RNA (siRNA), and short hair-
pin RNA (shRNA) [7].

Expression and functionality of siRNAs and miRNAs vary in can-
cer cells. Since these molecules have been found to significantly
inhibit cancer cells, RNAi is an attractive target for the develop-
ment of innovative therapeutics. However, in clinical practice,
there are many obstacles, such as access to appropriate tissue and
cell types at safe and effective dosages, long-term stability during
circulation and delivery, increased cellular uptake, and monitoring
of therapeutic efficacy [8-10].

Therefore, in the development of these therapies, nanoparticles
(NPs) that can mediate the transport of effective RNAi molecules
with targeting potential are of great interest. These NPs have dif-
ferent dimensions and strategies for surface modification and
functionalization. They can be categorized mainly into polymeric,
lipid-based or inorganic NPs, dendrimers, metal ions, or exosome
mimetics [11,12].

Although many NPs have been designed for RNAi treatments
to date, there are no products available on the market, except for
Patisiran which received US Food and Drug Administration (FDA)
approval in 2018 [13].

In light of this, the aim of our study is to develop a formulation
to reduce the most frequently complained types of cancer pain.
The formulation contains flurbiprofen, a painkiller, and an siRNA
molecule that can cause cancer cells to die. Flurbiprofen, has pro-
ven efficacy for pain relief, has been studied previously and was
selected as a model drug. The STAT3 gene was selected as the
genetic material for regulation of genes related to cell growth and
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division, cell movement, and cell self-destruction (apoptosis). Folic
acid was added to the polymeric NPs in the formulation to facili-
tate targeting of the cancer cells.

Materials and methods
Materials

Flurbiprofen was provided by Sanovel (Istanbul, Turkey).
Resomer®RG504H (poly(p,L-lactide-co-glycolide), acid terminated,
lactide:glycolide 50:50, My: 38,000-54,000) and Span®60 were pur-
chased from Sigma-Aldrich (St. Louis, MO). Low-My, chitosan
(deacetylated chitin/poly(p-glucosamine), My: 50,000-190,000 Da,
viscosity 20-300 cP) was purchased from Sigma-Aldrich
(Darmstadt, Germany). Pluronic®F-68 (poloxamer-188) was pur-
chased from Alfa Aesar (Kandel, Germany). All other chemicals
used were of analytical grade. Folic acid, spectrophotometry-grade
dimethyl sulfoxide (DMSO), Dulbecco’s Modified Eagle’s Medium
(DMEM), and MTT dye were purchased from Sigma-Aldrich
(Darmstadt, Germany). STAT3-siRNA (sc-29493) was purchased
from Santa Cruz Biotechnology (Heidelberg, Germany).

Methods

Preparation of polymeric nanoparticles

Chitosan-modified PLGA (poly-(lactic-co-glycolic acid)) NPs were
prepared by following the nanoprecipitation technique with some
modification [14,15]. Formulation ingredients are shown in
Table 1. In brief, PLGA (45mg) was dissolved in 3ml of acetone
together with Span®0 (15mg), and 3ml of this solution was
added dropwise at a rate of 5ml/h into 10ml of aqueous-phase
solution under magnetic stirring. The aqueous-phase solution was
a 1% (v/v) acetic acid solution containing chitosan (0.25% w/v)
and/or Pluronic®F-68 (0.5% w/v) and/or folic acid (0.5% wA). In
preparing the folic acid formulations, folic acid was first dissolved
in 2 M NaOH and added dropwise to the chitosan solution under
magnetic stirring (750 rpm, 5min). Some turbidity was seen at
first. When the pH was adjusted to 5.5 with 2 M NaOH, a clear
yellowish solution was formed. In the preparation of formulations
containing Pluronic®F-68 and folic acid, Pluronic®F-68 and chito-
san solution were mixed first, and then folic acid dissolved in
NaOH was added dropwise to this solution. A transparent solution
was obtained by the addition of NaOH. Acetone was then allowed
to evaporate at room temperature under magnetic stirring for 4 h.
The resulting aqueous dispersion was centrifuged to collect the
NPs (10,000 rpm, 45 min, 4°C). The pellet of NPs was washed three
times with distilled water. For the preparation of flurbiprofen-
loaded chitosan-modified PLGA NPs, in brief, the procedure began
with adding 4.5 mg of flurbiprofen to the organic phase. Then, the
same procedure above was performed.

Table 1. Formulation ingredients.

Binding of STAT3 siRNA to polymeric nanopatrticles

To prepare the siRNA-loaded polymeric formulation, STAT3-siRNA
was mixed with all the polymeric dispersions at ratios of 1:1, 2.5:1,
5:1, and 10:1 (N/P, w/v). The dispersions were then incubated at
37°C for 20min to form electrostatic interactions between the
genetic material and NPs [16].

Characterization studies

Particle size, polydispersity index, and zeta potential. Average par-
ticle size, size distribution, and zeta potential values of the formu-
lations were characterized by a Zetasizer NanoZS Instrument
(Malvern Instruments, Worcestershire, UK). For each parameter, the
average of three repeated measurements was taken [16].

Entrapment efficiency. The flurbiprofen content of NPs was
assessed directly by extracting flurbiprofen from the nanoparticles
(NPs) [17]. Lyophilized NPs (about 5mg) were weighed and 2 ml
of ethyl acetate was added, and the mixture was vortexed to dis-
solve the particles in the organic phase. All solutions were filtered
through a 0.22 um polyamide filter prior to analysis with a UV-vis-
ible spectrophotometer (Shimadzu UV-vis 160, Kyoto, Japan) at
246 nm [18,19]. The entrapment efficiency (EE%) of NPs was calcu-
lated by Equation (1) [17,20].

actual amount of flurbiprofen in NPs

EE% =
0 theoretical amount of flurbiprofen in NPs

x 100 (1)

Dissolution. In vitro release of flurbiprofen from NPs was investi-
gated over 144h, using a dialysis membrane. The release study
was carried out in phosphate buffered saline (pH 7.4) in order to
simulate physiological conditions. Nanoparticles containing 1 mg
of flurbiprofen were placed in a cellulose acetate dialysis bag (My
cutoff 14,000). After the addition of 1ml of phosphate buffered
saline (dissolution medium), the bag was sealed at both ends. It
was then placed in a glass beaker containing 100 ml of phosphate
buffered saline at 37+1°C under continuous stirring at 100 rpm
(IKA®Labortechnik RT 15 S000, Staufen, Germany). The receptor
compartment was closed to prevent evaporation of the dissol-
ution medium. A sample (2.5ml) was withdrawn periodically,
diluted with an appropriate volume of phosphate buffered saline,
and measured at 246 nm [17,20].

Thermal, Fourier-transform infrared spectroscopy, and 'H NMR
analyses. The physical state of NPs was characterized by DSC (dif-
ferential scanning calorimetry; DSC-60 differential scanning calor-
imeter, Shimadzu Scientific Instruments, Columbia, MI). Samples
weighing 3mg each were analyzed in aluminum crucibles
under nitrogen gas (flow rate 50 ml/min), with a heating rate of
10°C/min and a temperature range between 50 and 350°C.

Code PLGA Span 60 Acetone Flurbiprofen CS solution-1 CS solution-2 CS solution-3 CS solution-4
F1-Blank 45mg 15mg 3ml - 10ml - - -
F2-Blank 45mg 15mg 3ml - - 10ml - -
F3-Blank 45mg 15mg 3ml - - - 10ml -
F4-Blank 45mg 15mg 3ml - - - - 10ml

F1 45mg 15mg 3ml 45mg 10ml - - -

F2 45mg 15mg 3ml 45mg - 10ml - -

F3 45mg 15mg 3ml 45mg - - 10ml -

F4 45mg 15mg 3ml 45mg - - - 10 ml

CS: chitosan; CS solution-1: 0.25% w/v chitosan solutions; CS solution-2: 0.25% w/v chitosan solutions including Pluronic®F-68 (0.5%); CS solution-3: 0.25% w/v chito-
san solutions including folic acid (0.5% w/v); CS solution-4: 0.25% w/v chitosan solutions including Pluronic®F-68 (0.5%) and folic acid (0.5% w/v).



Fourier-transform infrared (FTIR) spectra of NPs were recorded
using a spectrometer (Perkin Elmer BX Il, Waltham, MA) with KBr
discs, and were reported at a spectral range from 4000
to 500cm ™.

'H NMR analyses were performed using a JEOL NMR-400 spec-
trometer (Peabody, MA). Samples were prepared by dissolving for-
mulations in deuterated chloroform (CDCls).

Pure flurbiprofen, pure folic acid, and blank formulations were
also analyzed for use as references for all analyses.

Cell culture studies

Cell viability. The colorimetric MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay was used to examine the
effects of the prepared formulations on the cancer cell lines 3T3,
A549, MDA-MB-231, and MCF-7. The tests were performed accord-
ing to our previous study [16], and involved a 24-48 h incubation
period and 2.5, 5, 10, and 20 pl volumes of the formulations. The
experiment was repeated three times, and the results were plot-
ted with standard deviations.

Gel retardation studies and serum degradation protection. Gel
retardation studies were performed to determine whether there is
electrostatic interaction between siRNA and the prepared disper-
sions or whether polymeric NPs protect siRNA against enzymatic
degradation in the presence of serum. For this purpose, disper-
sions prepared for electrostatic interaction at NPs(ul)/:siRNA (ug)
ratios of 1:0.5, 2.5:0.5, 5:0.5, and 10:0.5 were loaded on to gel. In
the presence of serum, the 5:1 ratio of dispersion was kept in a
DMEM medium containing 20% fetal bovine serum for 30 min, 1,
4, 6, 12, 24, 48, and 72h. Before being loaded on to a TBE-buf-
fered 1.5% agarose gel, the samples were incubated in a bath
incubator at 60°C for 3 min to terminate serum activity. The ana-
lysis was run for 45 min at 50 mV. The images were analyzed by a
gel documentation system (Uvitec Alliance 4.7, Cambridge, UK).

Transfection studies. To analyze the internalizing properties of
genetic material and NPs to cells, transfection assays were per-
formed that were similar to those previously carried out in our
laboratory [16]. FITC-labeled siRNA (Santa Cruz Biotechnology,
Heidelberg, Germany, cat. no.: sc-36869) was used as the genetic
material. After 24 h, images were evaluated under a fluorescence
microscope with 20x magnification.

Statistical analysis. The MTT and transfection assay data are pre-
sented as mean * standard deviation. In the MTT assay, the stand-
ard deviation was given on the graphic. The differences between
treatment and control groups were analyzed using linear regres-
sion for concentration-effect-time curves in Minitab 18. The differ-
ences between treatment and control groups for other
parameters were analyzed using analysis of variance or Student’s
t-test. A p value less than .05 was considered to be statistically
significant.

Results and discussion
Preparation of nanoparticles

Nanoparticles have recently attracted great attention as vectors
for gene delivery [21]. One of the major advantages of using NPs
for transport of genetic material is the enhanced permeability and
retention (EPR) effect, which allows NPs to accumulate in tumors
at much higher concentrations than in normal tissue [22]. If carrier
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size and surface coating are appropriate, they can prevent secre-
tion in the bloodstream before reaching the target cell [23,24].

There are specific formulations based on PLGA and its related
homopolymers, e.g. poly(lactic acid) and poly(glycolic acid), which
have been approved by the FDA for medical applications. PLGA
NPs have proven potential as drug delivery systems for many
therapeutic agents (e.g. chemotherapeutic or anti-inflammatory
agents) and can be favorable for tumor- and/or DNA-targeting
[25,26]. Due to these good properties of PLGA, we preferred to
use Resomer®RG 504 H in our study.

Cell surfaces, especially cancer cell surfaces, are usually charged
negatively due to the translocation of negatively charged constitu-
ents of the inner layer of the cell membrane (e.g. anionic phos-
pholipids, phosphatidylserine, proteoglycans, and glycoproteins)
to the cell surface [27]. PLGA in neutral medium has negative sur-
face potential, attributed to the terminal carboxyl groups. It can
often be difficult for PLGA NPs to target and interact with cells
[28]. For this reason, we performed surface modification with chi-
tosan to enable the NPs to interact with negatively charged can-
cer cells and to convert the negative zeta potential of PLGA
to positive.

Specific ligands can be added to the NP surface to actively tar-
get the target site. Ligands functionalize NPs to increase specificity
and cell uptake, and bind to receptors or antigens in tumor cells,
tumor microenvironment or tumor vasculature [29]. Folic acid, bio-
tin, aptamers, antibodies, and peptides are ligands frequently
used in NP preparation [26]. For this reason, we prepared the NPs
with a chitosan solution without folic acid (formulations coded F1-
Blank/F1 and F2-Blank/F2) and a chitosan solution containing folic
acid (formulations coded F3-Blank/F3 and F4-Blank/F4). We used
cytotoxicity studies to assess whether or not targeting
was achieved.

In this study, we aimed to treat cancer cells with active target-
ing, while effectively relieving pain and inflammation in the
tumor-forming regions. The World Health Organization has pub-
lished a treatment template aimed at controlling cancer pain. The
template uses adjuvant drugs and non-opioids or weak or strong
opioids as analgesics in three steps, according to the severity of
the pain. In general, non-opioid drugs, such as paracetamol and
nonsteroidal anti-inflammatory drugs, are used alone or in com-
bination, and if the pain becomes more severe, weak or powerful
opioids are used [30,31].

In this study, we have successfully prepared flurbiprofen-loaded
chitosan-modified PLGA NPs by the nanoprecipitation technique
for effective relief of pain and inflammation in tumor-induced
regions. The nanoprecipitation technique is a straightforward sin-
gle-step process with high reproducibility, and was initially applied
for hydrophobic drugs, such as flurbiprofen [26]. When preparing
the NP, the surfactant present in the aqueous phase can have a
direct effect on NP properties, such as particle size, distribution,
and release rates of the prepared NP [32]. In order to determine
the effect of the surfactant on the prepared NPs, the formulations
were prepared with and without Pluronic®F-68.

Particle size, polydispersity index, and zeta potential

Characterizations of NPs are primarily evaluated with particle size,
particle size distribution (PDI), and zeta potential. The relevant
information is presented in Table 2. Particle size obtained in the
blank formulation was 176.9-217.3 nm while particle size in the
flurbiprofen-loaded NPs was 194.2-220.3 nm. In particle size ana-
lysis, it is important to note that particle size increases with active
substance loading.
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Table 2. Particle size, polydispersity index, and zeta potential.

Code PS PDI zP

F1-Blank 197.3+25 0.278£0.169 26222
F2-Blank 176.9+3.7 0.218+£0.011 2133+0.8
F3-Blank 217.3£9.0 0.369+0.014 1411+0.7
F4-Blank 2013+35 0.264+0.012 18.26+0.2
F1 204.8+3.2 0.302+0.032 272+1.1
F2 194.2+4.6 0.261+0.008 26.6+0.2
F3 2203+9.3 0.363 +0.002 16.0+0.5
F4 213335 0.284+0.019 174+0.6

PS: particle size (nm); PDI: polydispersity index; ZP: zeta potential (mV).

This effect has also been reported for NPs — their particle size
increased with the loading of the active substance [14,20,33,34].
Our results are also consistent with this finding. In the compari-
sons between formulations coded F1, F2 also, F3, and F4 (also F1-
Blank, F2-Blank, F3-Blank, and F4-Blank), F2 and F4, prepared with
a surfactant (Pluronic®F-68) added to the chitosan solution, were
found to have smaller particle sizes. The presence of a surfactant
in the aqueous phase during preparation reduces surface tension
and stabilizes newly developed surfaces during nanoprecipitation
and the production of smaller particles [35-37]. An increase in
particle size was also detected in formulations F3 and F4 prepared
with a chitosan solution containing folic acid. In this case, due to
the strong electrostatic interaction between the cationic amino
group of chitosan and the anionic carboxyl group of folic acid,
natural conjugation was achieved, and, therefore, an increase in
particle size was observed [38]. The NPs loaded with the active
agent must efficiently release the drug at the targeted site in vivo
without aggregation. Therefore, it is important that the NPs have
an optimum particle size that prevents them from being excreted
by the reticuloendothelial system. It is known that a particle size
around 200nm is optimum to prevent the removal of NPs by
body fluids, the kidneys, and phagocytes in the immune system
[39]. Although particle size is affected by the presence of surfac-
tant and folic acid, results of previous studies confirm that we pro-
duced NPs with appropriate particle size in our study.

The average PDI of blank NPs varied between 0.218 and 0.369,
whereas the average PDI of flurbiprofen-loaded NPs was between
0.261 and 0.363. The PDI, which is a ratio that gives information
about the homogeneity of the PDI in a given system, reflects the
quality of the NP dispersion within the range 0.0-1.0. PDI values
<0.1 indicate the highest quality of dispersion. Most authors rec-
ognize PDI values <0.3 as optimum; however, values <0.5 are
also acceptable [40]. In this study, the PDI values of the F2 and F4
formulations were lower than those of F1 and F3. It is thought
that the presence of a surfactant in the aqueous phase during NP
preparation reduces PDI values of NPs [41,42]. PDI values obtained
in our study support this hypothesis.

Physicochemical properties of NPs, such as particle size and
zeta potential, play a key role in the cellular uptake of the NP sys-
tem. The uptake of NPs by cells is a two-step process-binding to
the cell membrane followed by internalization. Binding of NPs to
the cell membrane is affected mostly by the zeta potential of the
NPs [27]. Cancer cell surfaces are usually negatively charged due
to the translocation of negatively charged components of the
inner layer of the cell membrane to the cell surface [43]. In our
study, positive values for zeta potential are observed in all NPs
(Table 2). Zeta potential was in the range from +14.1 to +26.2mV
and from +16.0 to +27.2mV in blank NPs and flurbiprofen-loaded
NPs, respectively. The positive values for zeta potential are a result
of the amino groups present in the chitosan and suggest that the
NPs are sufficiently modified by the chitosan [28]. A decrease in
zeta potential was observed in the formulations F3-Blank and F3

and F4-Blank and F4 prepared with chitosan solution containing
folic acid. This may be because folic acid molecules have modified
the surface of the chitosan-modified particles and the number of
protonated amino groups in chitosan decreased, leading to the
drop in zeta potential [38]. Therefore, NPs with positive zeta
potential may be effective for cancer treatment.

Entrapment efficiency

Drug EE of NPs is an important factor in formulations because
higher loading leads to a lower number of NPs for a given dose
of treatment [44,45]. EE% for flurbiprofen were 74.26+3.24%,
72.60+4.80%, 77.24+1.76%, and 76.30+1.84% for F1, F2, F3, and
F4NP formulations, respectively. These results suggest that the
range of EE% values obtained is acceptable. Due to poor solubility
of flurbiprofen in the external aqueous phase, transition of flurbi-
profen to the aqueous phase is relatively small; therefore, a high
EE% is obtained in this study [46]. The common ingredients in all
formulations are chitosan and PLGA, but folic acid was added to
the chitosan solution when preparing the F3 and F4 formulations.
EE% of the folic acid-containing chitosan-formulated NPs does not
differ from the folic acid-free NP formulations. A similar finding
has been reported by previous studies [47].

Dissolution study

A dissolution profile over 24-h is also presented in Figure 1(b).
The release of flurbiprofen from NPs continued over 144-h while
pure flurbiprofen exhibited a rapid release of 97.28+1.8%
(mean£SD) in 3-h. The dissolution rates for F1, F2, F3, and F4 NP
formulations after 144 h were 53.4+6.2%, 40.7 £1.2%, 63.2 + 3.8%,
and 59.6+3.9%, respectively, demonstrating extended release
from all formulations relative to pure flurbiprofen.

The two main release mechanisms associated with drug release
from PLGA NP systems are diffusion and degradation/erosion. The
drug release rate is initially controlled by diffusion followed by
degradation/erosion [48,49]. There seems to be an inverse rela-
tionship between the amount of drug released and particle size.
Large microspheres degrade faster than small microspheres
[48,50]. This is probably due to the increased accumulation of
acidic products during polymer hydrolysis in large microspheres
where hydrolysis starts immediately in PLGA systems. Further
catalysis of hydrolysis by the acids produced during initial hydroly-
sis, i.e. the autocatalytic process, leads to more rapid degradation
at the center than at the surface of the PLGA matrix. This effect
becomes more pronounced as the size of the NP system increases
[46]. The F1 formulation with a larger particle size probably
degraded relatively faster than F2, F3, and F4, leading to higher
release. This hypothesis is further supported by the fact that the
F2 formulation had the smallest particle size and the lowest
release rate. In addition, slow release rates may be due to both
the natural structure of PLGA and the modification of NPs with
chitosan [51]. Figure 1(a,b) shows rapid release up to 24h.
Cumulative release rates with burst release at the 24th hour for
formulations F1, F2, F3, and F4 were 29.3+2.4%, 26.0+2.8%,
37.5+1.6%, and 30.2+2.6%, respectively. The rapid release of
these formulations stopped at the end of the 24th hour and
passed to the second phase-slow release. Figure 1(a) clearly shows
biphasic release in the NP formulations [52].

As a result, they agree with previous studies, and show that
release rates change in relation to particle size. Formulations con-
taining folic acid have not been observed to change release rates,
confirming results of previous studies [47].
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Figure 1. Dissolution profile of pure flurbiprofen and prepared nanoparticles. (a) 144 hours’ profile and (b) 24 hours’ profile.

Thermal (DSC) analysis

The results are given in Figure 2. The DSC curve for flurbiprofen
showed a sharp endothermic peak at 124.82°C, consistent with
previous findings [17,53,54].

When folic acid is heated, the Glu moiety breaks away first at
~180°C, after which degradation of pterin and aminobenzoic acid
takes place at the same time. Moreover, on further heating, amide
and acid functionalities of folic acid are lost at ~195°C, and heat-
ing above 200°C degrades the crystalline form of folic acid to an
amorphous form [55]. The DSC curve for NP formulations showed
that the sharp endothermic peak for flurbiprofen and folic acid
disappeared at 124.82°C and 196.05°C, respectively. Complete
disappearance of the peaks for flurbiprofen and folic acid may be
due either to the formation of a homogeneous polymeric matrix
or to the dilution effect of the polymer [14]. The disappearance of
the endothermic peaks of flurbiprofen and folic acid NP formula-
tions indicate incorporation of flurbiprofen and folic acid, homo-
genous matrix formation, and formation of an amorphous
structure due to the loss of crystallinity of the drug [17].

Fourier-transform infrared analysis

The FTIR spectra for flurbiprofen and folic acid are similar to those
in other studies [56]. PLGA consists of two monomers, lactide and
glycolide. Intense bands observed in the region between 1770
and 1750cm™" are attributed to the stretching vibration of the
carbonyl groups present in the two monomers. Medium intensity

bands between 1300 and 1150cm ™" are attributed to asymmetric
and symmetric C-C(=0)-O stretches. Bands at around 3500 cm™’
and 3450cm ' in the FTIR spectra for lactide and glycolide are
attributed to stretching vibrations of the OH group [57]. The
absorption bands for chitosan at around 2900cm ™' can be attrib-
uted to symmetric and asymmetric stretching of C-H (Figure 3).
Chitosan, a polysaccharide derivative, shows bands typical for
these compounds. The presence of residual N-acetyl groups was
confirmed by the bands at around 1600cm ™' (C=O0 stretching of
amide) and 1385cm™' (C-N stretching of amide 1) [58]. Figure 3
shows FTIR peaks specific to PLGA and chitosan in all formula-
tions. However, the intensity of the peaks specific to flurbiprofen
and folic acid is reduced in the FTIR spectra. Distinctive peaks for
flurbiprofen and folic acid were not seen in the spectra, indicating
molecular dispersion of flurbiprofen and folic acid in the poly-
meric matrix, a finding also supported by the DSC analysis. The
absence of distinctive peaks for flurbiprofen and folic acid con-
firmed encapsulation of the drug within the polymeric structure

"H NMR analysis

The results are shown in Figure 4. The spectrum for flurbiprofen
exhibits dense bands at Jd=1-2ppm, at approximately
0=35ppm, and at 6=7-8ppm (Figure 4(a)). Peaks in the
0=7-8ppm interval indicate aromatic C-H and peaks at
0 =3-4ppm represent CH3 in the spectrum for flurbiprofen.

The appearance of the characteristic resonance peak signals at
0=6.5ppm indicates a phenyl ring, which corresponds to the
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Figure 2. DCS curves of flurbiprofen, folic acid, and prepared nanoparticles. (a) Flurbiprofen, (b) folic acid, (c) F1-Blank, (d) F1, (e) F2-Blank, (f) F2, (g) F3-Blank, (h) F3,

(i) F4-Blank, and (j) F4.

aromatic protons of folic acid (Figure 4(b)). The peak signal at
0=4.5ppm also assigns a C-H functional group to folic acid. In
addition, the peak signal at 6 =2.3 ppm, which corresponds to the
CH functional group, is close to the y-carboxylic group in folic
acid [59]. PLGA contains two types of structural unit, the most
intense signals for CH (6 =5.1 ppm) and CH; (6 =1.4ppm) from
lactic acid, and CH, (6 =4.8 ppm) from glycolic acid. Higher CH,,
CHs, and CH signals in the copolymer caused the corresponding
peaks to expand. The 'H NMR spectra for both blank and flurbi-
profen-loaded NPs show specific peaks for the PLGA polymer
(Figure 4(c-j)). The peak at around 3.5 ppm was assigned as H,
glucosamine and the peak at 2.5 ppm corresponded to the hydro-
gens of the methyl group of N-acetyl-glucosamine in chitosan
[58]. The spectra for both blank and flurbiprofen-loaded NPs also
show specific peaks for chitosan (Figure 4(c-j)). Figure 4(d,fh,)
shows specific '"H NMR signals for flurbiprofen in NPs, indicating
that flurbiprofen has been successfully loaded into the NP
formulations. Specific 'H NMR signals for folic acid were
also observed in folic acid-containing formulations (Figure 4(g-j)),
confirming that folic acid is physically entrapped within NP
formulations [59].

Cell viability test

Folic acid-conjugated formulations are most probably internalized
through receptor-mediated endocytosis. Uptake of NPs into cells

can increase in the presence of the folic acid receptor in cells,
and, thus, NPs may show cytotoxic effects [60,61].

To date, NP systems containing folic acid have been developed
in different studies; these NPs have been loaded with anticancer
agents and biological molecules (DNA, RNA, etc.) and show to be
effective in vitro [62-64].

In this study, the presence of the folic acid receptor was
investigated with the western blot method before analyzing cyto-
toxicity (data not shown). The results showed that the cell lines
MCF-7 and MDA-MB-231 contained high levels of folic acid, but
A549 and NIH-3T3 were not adequately expressed. We then com-
pleted a cell viability test. As shown in Figures 5 and 6, the cyto-
toxicity profiles of the folic acid-free and folic acid-conjugated
formulations are relatively similar, and the difference between
them is not statistically significant (p>.05). Moreover, cell viability
did not decrease below 80%, even at the highest dose used.
However, folic acid-conjugated formulations began to show more
cytotoxic effects when STAT3-siRNA (200 ng/well) was added to
the formulations. When all cells were evaluated, folic acid-free
STAT3-siRNA-loaded formulations caused 25% cell death only at
the highest dose applied, while in folic acid-conjugated and
STAT3-siRNA-loaded formulations, the highest dose caused cell
deaths at a rate of 25%, 16%, 20%, and 38% for A549, NIH-3T3,
MDA-MB-231, and MCF-7, respectively. MCF-7 cell lines carrying
the folic acid receptor were observed to be affected more because
they internalized the NPs better. These results support the
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statistically significant cytotoxic increase in the folic acid receptor-
containing MCF-7 cells compared to folic acid receptor-free A549
and NIH-3T3 cells (p<.001) [65-68].

On the other hand, although MDA-MB-231 cells contained the
folic acid receptor, STAT3 inhibition did not have a sufficient effect
on cell death. Previous studies have shown that STAT3 inhibition
of MDA-MB-231 did not cause any apoptotic cell death in vitro;
this finding supports our results [69].

Since cell viability was more than 90% with flurbiprofen even
at the highest dose, no effect of the drug on cell viability
was found.

Naked-STAT3 was applied to cells at 100, 200, and 300 ng con-
centrations, and based on previous studies [40], it was found to
be effective on cells at a concentration >125ng; 200 ng per well
was the preferred genetic material concentration in this study
(data not shown). When naked-STAT3 (200ng) was applied to
cells, cell viability (%) after 48/72h was 94/90, 93/90, 90/85, and
85/80% for A549, NIH-3T3, MDA-MB-231, and MCF-7, respectively.
This is also due to the difficulty of effective internalization of

naked siRNA on its own into the cell, as confirmed by other stud-
ies [70,71].

Gel retardation assay

A major obstacle for siRNA reaching the target site is the sensitiv-
ity of genetic material to circulation and intracellular compartment
nucleases. One of the most important strategies for developing a
successful genetic material delivery system is to ensure its ability
to bind to genetic material and protect it against serum nucle-
ase [72-74].

Therefore, in order to evaluate the siRNA binding capacities of
the formulations, we prepared 1:1, 1:2.5, 1:5, and 1:10 ratio of
STAT3-siRNA:formulation mixtures. Before loading onto the gel,
the mixtures were incubated for 20 min at 37°C and electrostatic
interaction was performed. While siRNA binding studies were per-
formed in all formulations (blank and flurbiprofen loaded formula-
tions), serum studies were performed only in flurbiprofen loaded
formulations. The analysis results are shown in Figures 7 and 8.
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Particle size, zeta and polydispersity index of siRNA loaded for-
mulations prepared before gene retardation studies were meas-
ured and the results are given in Table 3.

As shown in Figure 7(a,b), F1-Blank, F2-Blank, and F3-Blank are
observed to release the STAT3-siRNA in 1/1 ratio over time.
However, F1, F2, F3, F4-Blank, and F4 formulations appear to
strongly bind to siRNA at all ratios used.

To evaluate the siRNA protection capacities of the formulations
we prepared, 1:5 STAT3-siRNA: formulation mixtures were added

to a cell culture medium containing 20% fetal bovine serum and
incubated for specific time intervals. At the end of each time inter-
val, samples were taken and loaded on to the gel. Results of this
analysis are shown in Figure 8(a,b). While the F1 and F2 formula-
tions released genetic material after 24-h, and the released gen-
etic material started to degrade after 48-h, the F3 and F4
formulations started to release genetic material only after 72-h.
The addition of Pluronic®F-68 to the formula had no effect on
protection or release of genetic material because there was no



DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY 1843

STAT3-/FA -

STAT3-/FA+

#25puL m5pl = 10pL ®20pL

225l w5pl #10pL =20 uL

120,00 120,00
100,00 100,00
80,00 80,00
6000 60,00 A549
40,00 40,00
20,00 20,00
0,00 0,00
8 7 8 T2 L T LN 8N NN HLN
FLB F-1-B F1 F-2-B F2 FLB FA F3B F3 F4B F4
120,00 120,00
100,00 100,00
80,00 80,00
¢ 40,00 40,00
)
L, 2000 20,00
= 0,00 0,00
‘é 8 2 B8N 7 8 N 8 T2 8T8 BN BN n
s FLB F-1-B F1 F-2-B F2 FLB FA F3B F3 F4B F4
E
O 120000 120,00
100,00 100,00
80,00 80,00
60,00 60,00 MDA-MB-231
40,00 40,00
20,00 20,00
0,00 0,00
8 T8N o8 n BN /BTN B8N HBN LN
FLB F-1-B F1 F-2-B F2 FLB FA F3B F3 F4B F4
120,00 120,00
100,00 100,00
80,00 80,00
60,00 60,00 MCF-7
40,00 40,00
20,00 20,00
0,00 0,00
8 28 T BN B8 M A ) T B8N n
FLB F-1-B F1 F-2-B F2 FLB FA F3B F3 F4B F4

Figure 5. The cytotoxicity results of non-STAT3-siRNA loaded formulations.

difference between F1 and F2 and between F3 and F4. However,
no aggregation of polymeric NPs in serum was observed during
48 h of the analysis.

Transfection assay

Transfection efficiency is one of the most important parameters
used to determine the efficiency of NPs in carrying genetic mater-
ial because it is clearly the case that prepared NPs will not be
effective unless they pass into the cell. Aithough minimally distrib-
uted in normal tissues, overexpression of the folate receptor in a
wide range of human tumors is a subject of considerable atten-
tion in targeting NPs to the tumor [75].

Therefore, folic acid, a high-affinity ligand of this receptor,
exhibits receptor binding and endocytosis properties very well
when covalently or non-covalently bound to nanoparticulate car-
rier systems [65,66,70,76,77].

Transfection assays were used for all cells undergoing cytotox-
icity analysis. In this study, folic acid-free F2 and folic acid-conju-
gated F4 formulations containing flurbiprofen were used in the
transfection study because Pluronic®F-68 used as surfactant only
reduced particle size but had no effect on siRNA binding or serum
degradation. A formulation sample of 5 pl and 200ng of FITC
siRNA were used for transfection. At the end of the 24-h incuba-
tion period, cells with and without transfection in 10 sites were
visually counted at fluorescence + brightfield microscope under
20x magnification (Figure 9). A transfection index (Tl) was
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Figure 7. The gel retardation results of the formulations. Lanes 1-4, 6-9, 11-14, and 16-19; 0.5:1, 0.5:2.5, 0.5:5, and 0.5:10 siRNA (ug)/formulations (ul) ratios, respect-
ively. Lane 5-(a): only 5 pl F1-Blank formulations, lane 10-(a): only 5 pl F1 formulations; lane 15-(a): only 5 pl F2-Blank formulations, lane 20-(a): only 5 pl F2 formulations.
F1 formulations, lane 5-(b): only F3-Blank formulations, lane 10(b): only F3 formulations; lane 15-(b): only F4-Blank formulations; lane 20-(b): only F4 formulations.
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Figure 8. The results of serum protection properties of formulations at eight time intervals (lanes 1-8 and 10-17; 30 min, 1, 4, 6, 12, 24, 48, and 72 h, respectively) for
05.5/5 (ng/pl) (ratios of siRNA/formulation).

Table 3. Particle size, polydispersity index, and zeta potential results of STAT3-siRNA loaded formulations.

Code PS PDI P

F1-Blank/STAT3 2205+1.7 0.245+0.123 18.14x16
F2-Blank/STAT3 1825+2.2 0.256 +0.01 17.22+06
F3-Blank/STAT3 222.2+3.2 0.333+0.012 10.71+£0.5
F4-Blank/STAT3 2355+3.7 0.278£0.001 14.95+0.5
F1/STAT3 2215+4.1 0.365+0.012 225+23
F2/STAT3 205327 0.277 +0.005 225+14
F3/STAT3 232.8+4.3 0.388+0.23 129+29
F4/STAT3 2316+26 0.301+0.024 13.6+4.2

NIH-3T3

A549

MDA-
MB-231

MCF-7

Figure 9. Transfection images at 20x magnification. On the left are the fluorescence images of the formulation and on the right are the brightfield images.
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calculated using Equation (2).

number of transfected cells

number of transfected cells +
number of non — transfected cells

Tl = x 100 2

While the transfection rate did not differ significantly between
A549 and 3t3 cells (p>.05) in the F2 (65%) and F4 (67%) formula-
tions, the MDA-MB231 and MCF-7 cells showed significantly
greater rates of transfection (p<.001) in the F4 (88%) formulations
than in the F2 (78%) formulations.

Conclusion

The number of people who will develop cancer will increase expo-
nentially in the near future if precautions are not taken. However,
despite all the advances in medicine and related fields promising
treatment methods have not been developed yet for some types
of cancer. To achieve successful results in these areas, research
efforts need to be interdisciplinary and sustainable to create a
long-term roadmap. Our study shows that folic acid receptor-con-
taining MCF-7 cells was affected more by STAT3 siRNA. This indi-
cates that we have developed an innovative chitosan/PLGA folate
nano-carrier system which can carry or distribute genetic material
and selectively target cancer cells. The addition of a drug with
analgesic and anti-inflammatory properties, such as flurbiprofen,
to NPs suggests that there may be a different, more efficient,
approach to cancer treatment. Thus, the potential for reducing
the number of doses of drugs administered to the patient, or
reducing the number of drugs to be taken, would increase the
patient’s compliance and reduce side effects. The prolonged
release of drugs from drug-loaded prepared NPs and the long-
term preservation of genetic material in the presence of serum
may be sufficient for both the drugs and genetic material to
remain in circulation until reaching the target region. Therefore,
prepared NPs are a promising system for gene and
drug transport.
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