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Introduction

Cancer which forms a mass or a tumor by reproducing uncontrolled
damaged cells in a particular tissue or an organ is one of the common
causes of death worldwide (M.A. Knowles & P. Selby, 2005). Nanoparticu-
late systems used to deliver drug or biomolecules have been investigated
for the purpose of cancer treatment (S. Feng & S. Chien, 2003). Polymeric
nanoparticles have been frequently used in cancer treatment because of
their advantages of increasing drug encapsulation efficiency, providing
controlled release, reducing toxicity of the drug and being directed to the
target.

Paclitaxel is a major anticancer chemotherapeutic agent, extract-
ed from the bark of the Pacific yew tree (Taxus brevifolia) (S. Feng & G.
Huang, 2001). It is widely used against various types of solid tumors (J.K.
Jackson 2007). Paclitaxel stops cell division in the late mitotic phase
by preventing microtubules destruction and inhibits the proliferation
of the cells (R. Panchagnula, 1998, L. Vicari 2008). Taxol® containing
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Cremophor® EL having an allergic effect is the commercial product of
paclitaxel (A. Sparreboom 2005). The primary goal of formulation devel-
opment for paclitaxel is to eliminate the Cremophor® EL thus reducing
the toxic and allergic side effects, improving the formulation stability,
bioavailability and providing controlled drug release.

Cancer treatment using paclitaxel is relying on the development of
new delivery systems (J.D. Byrne 2008, B. Haley & E. Frenkel, 2008).
Many nanoparticle systems which contain paclitaxel as the active in-
gredient have been investigated for the cancer treatment. The types of
nanoparticles currently used in research for cancer therapeutic applica-
tions include dendrimers (T. Ooya 2003), liposomes (A. Sharma 1996),
polymeric nanoparticles (S.S. Chakravarthi & D.H. Robinson, 2011), mi-
celles (L. Zhang 2012), lipid emulsions (B.B. Lundberg 2003), niosomes
(Z.S. Baymdir & N. Yuksel, 2009), and self-emulsifying drug delivery sys-
tems (SEDDS) (N. Gursoy 2003).

Nanoparticles which are solid colloidal particles ranging in size from
10 nm to 1000 nm have a great influence for targeted drug delivery sys-
tems (K.S. Soppimath 2001). Nanoparticles are made from biocompatible
and biodegradable materials such as polymers, either natural (e.g., gela-
tin, albumin) or synthetic (e.g., polylactides, polyalkylcyanoacrylates), or
solid lipids (D. Peer 2007). Poly(lactic-co-glycolic acid) (PLGA) is a hydro-
phobic copolymer which has many advantages to be used for drug deliv-
ery systems. Indeed, it is biocompatible, non-toxic, biodegradable and it
has been approved by the United States Food and Drug Administration
(FDA) in the use of drug delivery systems (J.M. Lu 2009).

Technological parameters such as polymer concentration and poly-
mer composition have significant influences on characterization of
nanoparticles. These parameters lead to variations in particle size and
surface charge of nanoparticles which are very important parameters
on their transmembranal passage and tissue targeting properties. Main
objective of this study was to optimize the preparation of formulations
by evaluating the influence of technological parameters on the physico-
chemical properties of PLGA nanoparticles.

For our goal, paclitaxel loaded nanoparticles were prepared in differ-
ent concentrations of PLGA and polyvinyl alcohol (PVA) by emulsification-
solvent diffusion method. The effects of PLGA and PVA concentrations
on in vitro characteristics (particle size, zeta potential, encapsulation
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efficiency, drug release) of nanoparticles were investigated. In addition,
cell culture studies were conducted in order to evaluate the cytotoxicity
of prepared paclitaxel loaded PLGA nanoparticles on Caco-2 cells.

Material and Methods

Material

Paclitaxel was purchased from Applichem, Germany. PLGA (50:50;
Resomer® RG502H) was purchased from Boehringer-Ingelheim, Germa-
ny. PVA (M : 30-70 kDa), Dulbecco’s modified Eagle’s medium (DMEM),
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
methanol were purchased from Sigma-Aldrich, USA. Dichloromethane,
acetone and acetonitrile were purchased from Merck, Germany. Caco-2
cell culture was obtained from American Type Tissue Cell Culture Collec-
tion (ATTC), USA.

Methods

Preparation of paclitaxel loaded and blank PLGA nanoparticles

In this work, PLGA nanoparticles were prepared by emulsification-
solvent diffusion method (K. Ozturk 2010). Briefly, PLGA (2%, 3%, 4%:;
w/v) and 1 mg of paclitaxel were dissolved in 10 ml acetone. The organic
phase was emulsified with 20 ml of aqueous PVA solution (1%, 3%, 5%;
w/v) under magnetic stirring. Then, the emulsion was homogenized by
Ultra Turrax® (IKA, Germany) at 11000 rpm for 2 min and under mag-
netic stirring conditions. Then, 30 ml of deionized water was added into
dispersion in 2 min to achieve the diffusion of organic phase to aqueous
phase. Organic phase was, then, evaporated under room temperature by
magnetic stirring for 24 h. The obtained nanosuspension was centrifuged
at 13500 rpm for 30 min to collect nanoparticles. The supernatant con-
taining the free drug was discarded and the pellet was freeze-dried for 48
h (Heto PowerDry PL3000, Denmark). Blank nanoparticles were prepared
by an identical method (Fig. 1).

Effects of variations in polymer and emulsifier concentrations on the
particle size distribution and surface charge of nanoparticles were as-
sessed.
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Figure 1
Schematic representation of the emulsification-solvent diffusion method used in this
study.

Determination of paclitaxel content in the nanoparticles

The amount of entrapped paclitaxel in the nanoparticles was deter-
mined by HPLC. For HPLC analysis, an Agilent Technologies 1200 Series
HPLC system with a quaternary pump, a degasser, an auto-sampler, a
thermostatted column compartment, a variable wavelength detector and
for data processing ChemStation B.02.01 software installed on a PC was
used. The column was a Nucleodur C,, 250x4.6 mm i.d., 5 um (Macherey
Nagel, Germany). The flow rate of mobile phase was 1.0 ml/min at iso-
cratic conditions. The injection volume was 10 ul, the column thermostat
temperature was maintained at 40 °C and the detector wavelength was
set at 227 nm. The mobile phase was comprised of ultrapure water and
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acetonitrile (45:55, v/v) (C. Jin 2009). The calibration curve for the quan-
tification of paclitaxel was linear over the range of standard concentra-
tion of paclitaxel at 1-20 ug/mL with a correlation coefficient of 0.9999.
The developed method was validated with respect to its specificity, ac-
curacy, precision, and linearity (ICH. Validation of Analytical Procedures:
Text and Methodology, 2005).

For the assay of paclitaxel in the prepared nanoparticles a specific
amount of lyophilized nanoparticles was dissolved in methanol. The mix-
ture was then sonicated for 15 min. The solution was filtered through
0.22 pm syringe filter and then analyzed by HPLC. The drug encapsula-
tion efficiency was expressed as the percentage of the drug amount found
in the nanoparticles to the total drug amount added in the process.

Particle size distribution and zeta potential

Average particle, polydispersity index and zeta potential were deter-
mined by photon correlation spectroscopy using a Zetasizer Nanoseries
ZS (Malvern Instruments, UK). The analysis was performed at a scatter-
ing angle of 90 ° at a temperature of 25 °C using samples appropriately
diluted with ultrapure water.

In vitro release studies

For the in vitro release studies, a solution of phosphate-buffered
saline (PBS, pH 7.4) containing 0.05% (w/v) sodium lauryl sulfate was
used for release medium (J.S. Chawla & M.M. Amiji, 2002). 10 mg of
nanoparticles was placed into polypropylene tubes containing 1 ml of
release medium and the tubes were incubated in an orbital shaker water
bath (Memmert, Germany). The water bath was maintained at 37 °C and
shaken horizontally at 50 rpm (B. Mukherjee 2008). At designated time
points, the tubes were taken out from the water bath and were centri-
fuged at 13500 rpm for 15 min. 0.5 ml of supernatant was collected from
each tube for HPLC analysis and 0.5 ml of fresh release medium was
added and particles were resuspended.

Paclitaxel drug loading and association efficiency values were calcu-
lated according to the following equations: % Drug Loading = 100 x (total
paclitaxel amount-free paclitaxel amount)/NP weight and % Encapsula-
tion Efficiency=100 x (total paclitaxel amount-free paclitaxel amount)/
total paclitaxel amount.
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In vitro cytotoxicity

Cytotoxicity of the formulations on Caco-2 cells was assessed using
the MTT method. MTT assay was performed to evaluate cell viability. The
MTT assay is a colorimetric measurement of MTT reduction to a blue
formazan product by mitochondrial dehydrogenases of viable cells (P.R.
Twentyman & M. Luscombe, 1987).

Caco-2 cells were seeded in 96-well plates. For the cytotoxicity exper-
iments the cells were further incubated with paclitaxel solution, a drug
free and a drug loaded formulation (containing 250 nM paclitaxel, 2%
(w/v) PLGA and 3% (w/v) PVA) and the DMEM as a control group for 24
and 48 hours at 37 °C and 5% CO,. After incubation the culture medium
was removed. 20 ul of MTT solution was added to each well, followed by
incubation at 37 °C for 4 h to allow formazan formation. The medium and
MTT were removed and 200 ul of dimethylsulfoxide was added to dissolve
the formazan crystals. Absorbance at 570 nm was measured using an
ELISA plate reader (ASYS-UVM 304, Austria).

Results and Discussion

Nanoparticle preparation and characterization

Aiming at determination of the influences of the technological pa-
rameters on developed nanoparticles, the physicochemical properties of
the nanoparticles, in terms of their particle size distribution and surface
charge were evaluated.

Blank and paclitaxel loaded PLGA nanoparticles were prepared by
emulsion-solvent diffusion method. For this, PLGA was dissolved in ace-
tone or dichloromethane (R. Dinarvand 2011). In our study, we used both
organic solvents for blank nanoparticle preparations. We investigated the
effects of the type of organic phase solvents on the average particle size
and polydispersity index (PDI) of PLGA nanoparticles.

Table I and Table II show effects of the organic solvent on the nanopar-
ticle size and PDI. The smallest nanoparticles (91+0.9 nm) were obtained
with 2% PLGA (w/v) concentration in acetone and 1% PVA (w/v) in aque-
ous phase which were prepared by emulsification-solvent diffusion tech-
nique.
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Acetone is completely miscible with water in all proportions and is
a good solvent for PLGA. Dichloromethane is immiscible with water and
is an excellent solvent for PLGA (K.C. Songa 2006). Small particles were
obtained using partially water-soluble solvents such as acetone while
large particles were obtained using water immiscible solvent such as di-
chloromethane.

Particle size distribution showed that the obtained nanoparticles
were monodisperse systems. PDI of blank PLGA nanoparticles prepared
with dichloromethane was found between 0.22 and 0.35, and PDI of
nanoparticles prepared with acetone was found between 0.02 and 0.07.
It can be seen that particles prepared with acetone have narrower size
distribution than dichloromethane (Table I and II).

Because of immiscibility with water of dichloromethane as the or-
ganic solvent, formulation resulted in aggregation. On the other hand,
as acetone is completely miscible with water, stable emulsions between
organic and aqueous phases were formed.

Zeta potential of nanoparticles was found to be negative and it ranged
from -19.2 mV to -12.7 mV (Table I and II). The presence of the terminal
carboxylic acid groups on the surface of PLGA lead to a negative zeta po-
tential of nanoparticles (M.F. Zambaux 1998).

TABLE |
Particle size distribution and zeta potential of blank PLGA nanoparticles prepared with
dichloromethane (n=3) (mean * standard deviation).

PVA Concentration (%) Average particle size (nm) PDI Zeta potential (mV)

1 140+5 0.22 -12.7+1.4

3 2306 0.35 -17.3+0.7

5 1737 0.23 -19.0+0.7
TABLE II

Particle size distribution and zeta potential of blank PLGA nanoparticles prepared with
acetone (n=3) (mean + standard deviation).

Zeta potential

PVA Concentration (%) Average particle size (nm) PDI (mV)
1 91+0.9 0.07 -14.1x2.0
3 111+2.0 0.06 -19.2+0.7

5 104x1.7 0.02 -18.2+0.2




32 HACETTEPE UNIVERSITY JOURNAL OF THE FACULTY OF PHARMACY

In our study, blank formulations with smaller particle size and PDI
were obtained with acetone. Therefore, paclitaxel loaded PLGA nanopar-
ticle formulations were prepeared by using acetone in organic phase. In
these formulations we used different PLGA and PVA concentrations. The
average particle size and PDI of all paclitaxel loaded nanoparticles were
determined and given in Table III.

According to the results obtained, particle size of paclitaxel loaded
nanoparticles is slightly larger than blank nanoparticles. The size of
nanoparticles was found in the range of 190-235 nm. In order to inves-
tigate the effects of polymer concentration on the formulation properties,
different concentrations of polymer in the oil phase were used to fabri-
cate the nanoparticles. The nanoparticle size increased with increasing
concentration of the polymer. It was shown that the size of nanopar-
ticles was smaller when fabricated with 2% (w/v) PLGA as polymer. When
PLGA concentration was increased, particle size was increased as well.
This was probably caused by the increasing viscosity and hence result-
ing poor dispersibility of the PLGA solution into the aqueous phase (R.M.
Mainardes & R.C. Evangelista, 2005).

PDI of paclitaxel loaded PLGA nanoparticle formulations was found
between 0.06 and 0.20 (Table III). All formulations showed uniform par-
ticle size distribution.

In our study, we also investigated the influence of different PVA con-
centrations in the external aqueous phase. As shown in Table 3, there
was a decrease in particle size when the PVA concentration in the exter-
nal aqueous phase was increased from 1% to 5% (w/v). In the emulsifi-
cation process stabilizer can avoid the coalescence of globules. Therefore,
a high concentration of droplet stabilizer leads to a reduced size of the
nanoparticles produced (H. Murakami 1999).

Nanoparticles had a negative surface charge. Zeta potential is an
important particle characteristic as it is commonly an index of the sta-
bility of the nanoparticles. Zeta potential and physical stability of PLGA
nanoparticles were observed to increase with increasing PVA concen-
tration. Zeta potential values of the prepared paclitaxel loaded PLGA
nanoparticles vary between -13.9 and -21.9 mV (Table III).

Paclitaxel content in the nanoparticles

An HPLC method with UV detection was developed for the assay
of paclitaxel in PLGA nanoparticles and validated according to the ICH
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TABLE III
Particle size and zeta potential of paclitaxel loaded nanoparticle formulations containing
various amounts of PVA in aqueous phase and PLGA in organic phase (n=3) (mean *
standard deviation).

PLGA Concentration PVA Concentration paﬁvi:ll':gs‘;ze PDI pofeel::i al
(%, wiv) (%, wiv) (nm) (mV)

1 219+8 0.20 -13.9+x1.4

2 3 191+1 0.06 -21.9+0.4

5 190+1 0.08 -16.1+x1.6

1 195+10 0.09 -16.4+0.2

3 3 235+6 0.15 -16.5%1.7

5 223+5 0.13 -17.2+0.2

1 214+4 0.12 -14.4+0.4

4 3 234+5 0.14 -15.0+0.3

5 224+3 0.17 -16.6x0.5

recommendations. As no interference was observed between paclitaxel
peak and the peaks from matrix the method was found specific to paclitax-
el. In addition; the coefficient of determination of the regression line was
found to be higher than 0.999, indicating method’s linearity over the work-
ing concentration range (1-20 pug/ml); the intra- and inter-assay coefficient
of variation values were both found to be lower than 2%, showing method’s
repeatability and intermediate precision; and the percent recovery values
were found to be between 98-102% which confirmed method’s accuracy.

Table IV shows encapsulation efficiency of the paclitaxel loaded
PLGA nanoparticle formulations. The measured encapsulation efficiency
ranged from 53% to as much as 89%. The encapsulation efficiency was
highly dependent on the concentration of PLGA since it increased as the
polymer concentration increased in the oil phase and PVA concentration
decreased in the aqueous phase. It was observed that increasing PVA
concentrations resulted in decreased levels of encapsulation. Because
the solubility of paclitaxel in aqueous phase increases with higher
surfactant concentrations the diffusion of paclitaxel from inner phase to
outer phase also increases (Q. Yang, 2000). On the contrary, drug load-
ing values decreased because total nanoparticle weight increased when
polymer concentration increased.
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TABLE IV

Results of paclitaxel entrapment into PLGA nanoparticles (n=3).

PLGA Con- PVA Con-  Encapsulation effi- Drug loading (%)
centration centration  ciency (%)
(%, w/v) (%, w/v)

2 1 82.6 52.5
53.0 41.7

5 62.7 71.8

3 1 86.6 37.9
3 79.6 33.2

5 71.4 19.0

4 1 89.0 28.9
3 854 24.5

5 68.6 23.5

In vitro release of paclitaxel from nanoparticles

The release behavior of paclitaxel from the nanoparticle formula-
tions showed a biphasic pattern: fast release rate in the first day fol-
lowed by a slow uniform release afterwards. The burst release of pacli-
taxel may be due to the dissolution and diffusion of the drug that was
poorly entrapped in the polymer matrix or weakly bound or adsorbed
drug to the surface of nanoparticles, while the slower and continuous
release may be attributed to the diffusion of the drug localized in the
PLGA core of the nanoparticles. The particle size is important for the
release profile of the drug from the particles, as smaller particles have a
larger surface area. This might result in a high burst release of the drug
and a shorter period of sustained release (A. Budhian 2005). Because of
the hydrophobic interactions between paclitaxel and PLGA, the release
profiles published in the literature are relatively slow and the cumula-
tive release is usually between 5% and 35%. Formulations having PLGA
with acid end-groups exhibits faster release profiles. Acid-terminated
PLGA has free carboxyl groups and therefore the polymer can provide
more swelling due to water uptake comparing with ester-terminated
PLGA which is more hydrophobic and thus acid-terminated PLGA de-
grades more rapidly. In addition, using low-molecular-weight PLGA in
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formulations contributes to a faster degradation as it is easier form-
ing of the pores due to less hydrophobicity of the polymer. Moreover,
paclitaxel has low water solubility, thus the diffusion is not the pri-
mary release mechanism. Hence, the release kinetics of paclitaxel from
nanoparticles might not be explained by diffusion but can be linked to
self-erosion of the matrix (F. Yerlikaya, 2013).

Fig. 2 shows paclitaxel release from the nanoparticles. The cumula-
tive percentages of the released paclitaxel from the experimental formu-
lations were plotted against time, it was found that about 80% pacli-
taxel was released in 7 days in case of the formulation 4% PLGA-3% PVA,
whereas, 2% PLGA-%5 PVA had a release of about 36% in the same time
period. As can be observed, nanoparticle formulations with a concentra-
tion 4% PLGA-3% PVA showed the fastest release profile as it had a larger
average particle size.

Cytotoxicity

Blank PLGA nanoparticles and paclitaxel loaded nanoparticles were
tested for their cytotoxic effects on Caco-2 cells. To evaluate cytotoxic-
ity, PLGA nanoparticles were added to Caco-2 cells and cell viability
after 24 and 48 h was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. As expected, in the tested
control group showed no toxicity on Caco-2 cell line. Blank nanopar-
ticles did not cause significant cytotoxicity against cell lines. Results for
blank nanoparticle and control group were showed similar non-toxic
effect. On the other hand, paclitaxel loaded nanoparticles showed cy-
totoxicity against tested cell lines. The comparison between paclitaxel
loaded PLGA nanoparticles and paclitaxel solution showed that pacli-
taxel loaded PLGA nanoparticles significantly reduced cell viability than
paclitaxel solution (Fig. 3).

Conclusion

In this study, it was shown that increasing PVA concentration in
aqueous phase and decreasing PLGA concentration in organic phase
decreased the mean particle size of nanoparticles. PDI of paclitaxel load-
ed nanoparticles were found to be lower than 0.2 indicating narrow size
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Figure 2
In vitro drug release profiles of paclitaxel loaded PLGA nanoparticle formulations (n=3)
and total amount of paclitaxel released from PLGA nanoparticles at the end of the release
study.

distributions. There was no significant difference in surface charges of
nanoparticles which were prepared with different polymer and emulsifier
concentrations. Within a certain range of particle size, encapsulation ef-
ficiency decreased and drug release rate increased with reducing particle
sizes. Cytotoxicity tests showed that the paclitaxel loaded PLGA nanopar-
ticles had higher cell toxicity than the blank nanoparticles. Paclitaxel
loaded PLGA nanoparticles and paclitaxel solution showed similar cell
toxicity effects on Caco-2 cell lines. In addition, a reversed-phase HPLC
method using UV detection for the determination of paclitaxel was devel-
oped. The method was found to be specific, linear, accurate, precise and
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Cytotoxic effects on Caco-2 cells of paclitaxel formulations. (n=3).

sensitive to determine paclitaxel content in as well as released from PLGA
nanoparticles. The method can be used in new drug delivery systems
where paclitaxel is the active substance.

Summary

In this study, paclitaxel loaded PLGA nanoparticles were prepared
using emulsification-solvent diffusion method and the influences of
polymer and emulsifier concentrations on particle size, zeta potential,
encapsulation efficiency and in vitro release rate of the paclitaxel loaded
PLGA nanoparticles were evaluated. It was observed that average particle
size of the prepared nanoparticles were between 190 and 235 nm. The
encapsulation efficiency of paclitaxel into the nanoparticles was between
53-89% and the release profiles of the nanoparticles exhibited an initial
burst effect followed by a controlled release for 7 days. In vitro cytotoxicity
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studies showed that drug loaded nanoparticle formulation was more cy-
totoxic than the blank nanoparticle formulation. According to the results
of the studies performed, it can be concluded that prepared nanoparticle
formulations may be a considerable approach for paclitaxel delivery.

Keywords: Paclitaxel, PLGA, Formulation, Nanoparticles

Ozet

Paklitaksel yiiklii nanopartikiillerin formiilasyonu ve in vitro
incelenmesi

Bu calismada, paklitaksel ytukli PLGA nanopartikilleri emulsifi-
kasyon-solvent diflizyon metodu kullamilarak hazirlanmis ve polimer
ve yltzey aktif madde konsantrasyonunun paklitaksel ytiklenmis PLGA
nanopartikiillerini partikil buiytkltigli, zeta potansiyel, enkapsiilasyon
etkinligi ve in vitro salim orani tizerine etkisi incelenmistir. Hazirlanan
nanopartikiillerin ortalama partiktil buytkligtintin 190 ve 235 nm
arasinda oldugu goézlemlenmistir. Paklitakselin nanopartiktillerin icine
ankapstilasyon etkinligi %53-89 arasinda bulunmus olup nanopartikiil-
lerin salim profillerinde baslangicta patlama etkisini takiben 7 gtinliik
kontrollii salim goézlemlenmistir. In vitro sitotoksisite calismalar ila¢
yuklii nanopartikiil formiilasyonlarinin ytklenmemis olanlara kiyasla
daha sitotoksik oldugunu gostermistir. Yapilan calismalar sonucunda,
hazirlanan formulasyonun paklitaksel tasinmasinda kullanilabilecegi
bulunmustur.

Anahtar kelimeler: Paklitaksel, PLGA, Formilasyon, Nanopartiktller
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