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Abstract

Background Platinum-based chemotherapy in non-small cell lung cancer (NSCLC) has been demonstrated as a promising
approach by many researchers. However, due to low bioavailability and several side effects, drug targeting to lungs by intrave-
nous administration is not a common route of administration.

Objective In this study, oxaliplatin loaded polycaprolactone (PCL) nanoparticles were prepared to overcome the limitations of
the drug. 3* factorial design was used to evaluate the combined effect of the selected variables on the nanoparticle characteristics
and to optimize oxaliplatin loaded PCL nanoparticles.

Methods The factorial design was used to study the influence of three different independent variables on the response of
nanoparticle particle size, polydispersity index (PDI), zeta potential, and encapsulation efficiency. The cellular uptakes of
oxaliplatin loaded nanoparticles with different molecular weights of PCL were evaluated. Moreover, optimized nanoparticles
were evaluated for their efficacy in non-small lung cancer using the SK-MES-1 cell line.

Results In factorial design, it is found that the homogenization speed and surfactant ratio represented the main factors influencing
particle size and PDI and did not seem to depend on the PCL ratio. While the cytotoxicity of free oxaliplatin and oxaliplatin
loaded nanoparticles were similar in low drug doses (2.5 and 25 pug/mL), the cytotoxicity of oxaliplatin loaded nanoparticles on
SK-MES-1 cell was found higher in higher doses (p <0.05). Moreover, oxaliplatin nanoparticles formulated with different
molecular weights of PCL did not show significant differences in cellular uptake in 1 h and 2 h. However, the uptake of
PCLggo0o NPs was found significantly greater than free oxaliplatin at 4 h (p < 0.05).

Conclusion Hence, the development of oxaliplatin loaded PCL nanoparticles can be a useful approach for effective NSCLC therapy.

Keywords Factorial design - Polycaprolactone - Nanoparticles - Oxaliplatin - Non-small cell lung cancer - In vitro

Introduction including non-small cell lung cancer (NSCLC), as it is shown
that cisplatin-based chemotherapy may increase survival and

Many researchers have demonstrated the widespread use of  improve quality of life [1]. However, the treatment of cancer
platinum-based chemotherapy in several forms of cancer, by cisplatin and carboplatin is limited due to their side effects,
such as cumulative nephrotoxicity, neurotoxicity, and
emetogenesis [2]. For this reason, several less toxic platinum
54 Ozgur Esim analogs have been synthesized and tested for anticancer activ-
ozgur.esim@sbu.edu.tr ity. Oxaliplatin is a diaminocycloexane platinum which shows
more significant activity against various types of tumor. It is
shown that oxaliplatin has dose-limiting neurological toxicity,
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The use of controlled drug release systems has many benefits
compared to conventional dosage forms. Mainly, the effect of the
drug is related to its binding constant and its local concentration
on the site of action [5]. Moreover, the efficacy of drugs is
inhibited by the efflux of the drug from the target cell, driven
by the multidrug drug resistance (MDR), especially in cancer
cells. With controlled release systems, the side effect of drugs
can be minimized and controlled, and prolonged efficacy can be
maintained. Also, permeability and retention of drugs to tumoral
tissues are enhanced by nanoparticle administration [6, 7].

Polycaprolactone (PCL) is a biodegradable and biocompat-
ible polymer that is used for the formulation of controlled and
targeted delivery systems. PCL controls the release of drugs
by extending mean residence time, thus enhancing anti-tumor
activity. When PCL nanoparticles are ingested or injected,
they can be tailored for desired release profiles and, in some
cases, can even provide organ-targeted release [8].

The shape, size range, and drug loading of nanoparticles are
essential factors in drug targeting, and these parameters are af-
fected by several factors, including the amount of polymer,
preparation method of nanoparticles, percentage of surfactant,
applied energy amount, and volume of organic and aqueous
phases. It is not easy to show the effect of all parameters and
optimize the formulations. Hence, the design of experiments is
used for the establishment of a quantitative relationship between
the formulation variables and their interactions [9]. Formulations
can be optimized with minimum experiments, and the effects
can be mathematically modeled by factorial design [10].

In this study, 3° full factorial design was used to evaluate
the combined effect of the selected variables on the nanopar-
ticle characteristics and to optimize oxaliplatin loaded
polycaprolactone (PCL) nanoparticles. Moreover, optimized
nanoparticles were evaluated for their efficacy in non-small
lung cancer using the SK-MES-1 cell line. Among the nano-
particle characteristics, particle size controls the residence
time in the reticuloendothelial system. Also, it affects the cel-
lular uptake of the drug, zeta potential of the particle, which is
an essential parameter for stability and encapsulation efficien-
cy, which should be maximum to carry higher drug content to
the desired organ. The factors were homogenization speed, the
stabilizer (polyvinyl alcohol (PVA)), and polymer (PCL) con-
centration. Also, in this study, PCL was selected for the prep-
aration of the nanoparticles due to its biocompatible and bio-
degradable properties, higher cellular uptake by mucosal sur-
faces, and sustained release properties [10, 11].

Materials and methods
Materials

Oxaliplatin was a gift from Kocak Farma (Istanbul, Turkey).
PCL (average Mn ~10,000), (average Mn ~45,000), and the
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(average Mn ~80,000), dichloromethane, and PVA (Mowiol
4-88) were purchased from Sigma (Taufkirchen, Germany).
The tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) was obtained from Sigma
(St. Louis, MO, USA). All other chemicals were of analytical
grade.

Preparation of oxaliplatin loaded nanoparticles

Oxaliplatin loaded nanoparticles were prepared by the emul-
sification solvent evaporation method with minor modifica-
tions using a previously described protocol [12]. Different
amounts of PCL (average Mn ~10,000) were dissolved in
3 mL of dichloromethane under magnetic stirring until a clear
solution was observed. The inner aqueous phase was prepared
by mixing 3 mg oxaliplatin with distilled water. The PCL
solution was then slowly added to the inner aqueous phase.
The solution was then homogenized using a high shear mixer
with a suitable probe (Ultraturrax T18, IKA, Staufen,
Germany) at different speeds for 8 min. The obtained first
emulsion was slowly added to a 10 mL PVA solution and
homogenized again for 8§ min. The organic solvent was evap-
orated under vacuum using a rotary evaporator (R 215, Buchi,
Essen, Germany). The nanoparticles were purified by centri-
fugation at 10,000 RPM for 15 min at 4 °C (MP4R, IEC
Centra, Columbus, OH, USA) triplicate and lyophilized
(Gamma 2-20, Crist, Osterode am Harz, Germany).

Experimental design

In this study, a 3° factorial design was used to formulate
oxaliplatin loaded PCL nanoparticles and to determine the
effect of three independent variables (homogenization speed
(X), the concentration of surfactant (X,) and concentration of
polymer (X3)) on particle size (Y), polydispersity index (Y>),
zeta potential (Y3) and encapsulation efficiency (%EE) (Y,).
Each factor was tried at three levels, selected as—1, 0, and + 1.
Investigational conditions of the three factors at each level in
our study were given in Table 1. “Design Expert” software
was used to create the combinations of these factors at three
levels, and the whole design consisted of 27 runs of trials with
three replicates of each set of conditions.

Characterization of nanoparticles
Particle size and zeta potential

Mean particle size, size distribution, and zeta potential of
nanoparticles were determined by photon correlation spectros-
copy after nanoparticle suspensions were diluted with water
(23000, Nicomp, Port Richey, FL, USA). The mean particle
size was calculated as the z-average diameter and the size
distribution of the nanoparticles as the polydispersity index
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Table 1 The 3° factorial design
Homogenization PVA Concentration (%) PCL Concentration (%) Particle Size (nm)  PDI Zeta Potential (mV) EE (%)
Speed (rpm)

1 6400 2 3 1772.13 £ 102.28  0.572 £ 0.023 —14.84 £ 2.11 3591 + 1.44
2 13,400 0.3 2 1107.56 + 8.32 0.007 £ 0.003 —19.27 +2.78 30.10 £ 1.18
3 13,400 0.3 1 1225.10 + 59.62 0.362 £ 0.054 —19.66 + 0.44 46.50 + 2.11
4 20,400 2 3 545.01 = 4.90 0.259 £ 0.020 —17.53 £ 1.38 24.90 + 0.87
5 6400 1 2 1813.03 + 141.22  0.656 + 0.088 —12.32 +3.74 29.14 £ 1.04
6 6400 1 3 2542.84 +121.68  0.933 £0.172 —4.45+3.81 29.88 + 1.36
7 13,400 2 3 849.19 + 7.30 0.150 £ 0.014 —13.10 +2.51 26.20 £ 1.13
8 20,400 1 2 548.44 + 391 0383 £0.017 —9.47 £0.79 31.18 £ 0.99
9 20,400 0.3 1 500.03 + 8.17 0.400 £ 0.013 —11.21 +0.86 27.69 = 1.14
10 20,400 0.3 3 662.39 = 10.92 0.268 £ 0.030 —8.98 +2.30 2539 £ 1.04
11 13,400 2 2 620.88 + 3.61 0.339 £ 0.021 —20.34 + 1.10 29.17 £ 0.96
12 20,400 2 1 462.42 +5.76 0257 £0.039 —12.04 +2.98 18.52 +£ 0.83
13 20,400 0.3 2 585.60 + 1.21 0376 £ 0.018 —17.48 + 1.50 25.80 + 1.03
14 6400 0.3 3 4177.24 + 215.19 0.992 £0.211 -11.81 £3.17 19.26 + 0.96
15 6400 1 1 3033.50 £ 270.13 0925 £ 0.184 —16.20 + 0.96 19.78 + 0.84
16 13,400 2 1 699.38 + 10.24 0.306 + 0.023 —12.59 + 0.96 22.45 £ 1.02
17 6400 2 1 1526.87 + 107.30  0.642 + 0.063 —14.27 + 2.61 15.21 £ 0.65
18 13,400 1 2 662.71 + 5.66 0278 £ 0.009 —20.40 + 0.48 19.66 = 0.93
19 13,400 1 3 1081.40 + 130.39  0.126 £ 0.013 —17.42 +4.31 2328 £ 1.15
20 6400 0.3 2 829391 +£226.72  1.186 +£0.237 —19.04 +0.70 18.37 £ 0.95
21 13,400 0.3 3 1591.30 + 88.39 0234 +£0.012 —9.51 £2.17 18.88 + 0.82
22 13,400 1 1 732.76 £ 11.94 0.440 +£ 0.024 —-1691 +2.14 2517 £1.12
23 20,400 1 1 453.81 + 6.90 0314 £0.011 —-16.23 +3.03 17.37 £ 0.88
24 20,400 2 2 417.18 £ 10.32 0.303 £ 0.010 —8.053 +0.17 30.10 = 0.74
25 6400 0.3 1 14,961.73 + 533.69 1.575 +0.183 —12.67 +3.17 57.00 = 1.39
26 20,400 1 3 379.68 + 8.81 0293 £ 0.009 —21.41 +4.07 3415+ 1.24
27 6400 2 2 2289.24 + 12.36 0.653 £0.013 —15.77 = 1.70 23.53 £ 1.02

(PDI). For scanning electron microscope (SEM) studies, ly-
ophilized nanoparticles were attached on a surface and cov-
ered with gold. Surface morphologies of nanoparticles were
observed through a SEM (Zeiss, Jena, Germany) at 20 kV.

Determination of encapsulation efficiency

Encapsulation of oxaliplatin in PCL nanoparticles was deter-
mined by previously described high-performance liquid chro-
matography (HPLC) method [13]. The method was further
partially validated after minor changes. 5 mg of lyophilized
nanoparticles were dissolved in acetonitrile (10 ml), 10 puL of
nanoparticle solution was injected into HPLC with a C18 col-
umn (4.6 X 150 mm), and the amount of oxaliplatin was de-
termined by DAD detector at 240 nm (Agilent 1100). The
mobile phase was prepared with 5 mM 1-octanesulfonic acid
(pH 3.4): methanol (95:5). The HPLC method was validated,
and the calibration curve for the quantification of oxaliplatin
was linear over the range of standard concentration of
oxaliplatin at 0.03—-300 pg/mL with a determination

coefficient of R? = 0.9998. Limit of detection (LOD) and limit
of quantification (LOQ) were 0.008 pg/mL and 0.023 pg/mL,
respectively.

The percent of oxaliplatin encapsulation and drug loading
was calculated with the following formula:

Encapsulation Efficiency (%)

lculat ti rticl
_ Calculated drug amount in nanoparticles < 100

Total drug amount

Mass of drug determined

Drug Loading (%) = 100

Mass of drug produced X

The calculated values for three replicate determinations,
and their mean values + SD were reported.

In vitro oxaliplatin release

Drug release studies were performed in vitro in phosphate-
buffered saline (PBS) (pH 7.4). A known mass of oxaliplatin
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loaded nanoparticles was suspended in the PBS (pH 7.4) with
sonication in centrifuge tubes. 2 mL of the nanoparticle sus-
pension was sealed in a dialysis tube (12-14 kDa,
SpectrumLabs, New Brunswick, NJ, USA) and incubated in
30 mL PBS with stirring by magnetic stirrer at 100 rpm at
37 °C. At predetermined time intervals, 1 mL of the sample
was collected from the released media and replaced with fresh
PBS. The released oxaliplatin was analyzed by HPLC at
240 nm.

For evaluation of release kinetics, the obtained release data
were fitted into first order, zero-order, and Higuchi equations.
The selection of the best model was based on the comparisons
of the relevant correlation coefficients.

Stability of nanoparticles

The stability of prepared nanoparticles was evaluated by mea-
surement nanoparticle size, size distribution, and zeta poten-
tial as a function of storage period (30 days) at room
temperature.

Cytotoxicity assay

Cytotoxicity of free oxaliplatin and oxaliplatin loaded nano-
particles were measured by calculation of cell growth inhibi-
tion using a tetrazolium dye (MTT) assay. Dulbecco’s
Modified Eagle’s Medium (DMEM) was used as a cell growth
medium, and a humidified atmosphere (5% CO,) was main-
tained for cell culture. SK-MES-1 cells were obtained (ATCC
HTB-58, Manassas, VA, USA) and seeded on 96 wells. The
MTT assay was performed, and the percentage of cell viability
was determined after incubating the cells with various concen-
trations of free oxaliplatin and oxaliplatin loaded nanoparti-
cles for 24 and 48 h.

Cellular uptake of nanoparticles

SK-MES-1 cells were used for studying the cellular uptake of
formulations. In this study, 12-well plates were seeded with
cells at a density of 5x 10* per well, and the cells were
allowed to attach for 24 h. The medium in each well was
exchanged with 1 ml of freshly prepared nanoparticle suspen-
sion in the medium, and the plates were incubated for 1, 2, and
4 h. Cells were then washed thrice with ice-cold PBS to re-
move the nanoparticles, which were not internalized. Cells
were then trypsinized. A 100 uL of each cell lysate aliquot
was withdrawn and extracted by shaking each sample with
1 ml methanol. The solution was analyzed for oxaliplatin by
a HPLC method described previously.
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Apoptosis induced by oxaliplatin nanoparticles

Annexin V binding assay was performed to examine if
the encapsulation of oxaliplatin in nanoparticles mod-
ifies apoptosis. Briefly, SK-MES-1 cells were seeded
in flasks, and flasks were co-incubated with free
oxaliplatin or oxaliplatin loaded nanoparticle formula-
tions at 37 °C for 24 h. Then the cells floating in the
supernatant were combined with the adherent fraction
and washed with PBS three times. Cells were incubated
with Annexin V-FITC for another 15 min at room tem-
perature in the darkness and immediately analyzed in a
flow cytometer (CytoFLEX, Indianapolis, IN, USA).

Statistical analysis

The results of in vitro data were analyzed by statistical soft-
ware GraphPad Prism using Student’s t test and ANOVA to
demonstrate statistical differences (p <0.05). All results are
expressed as mean =+ standard deviation.

Results and discussion
Factorial design

The emulsification solvent evaporation method involves
the formation of stable droplets of the drug-containing
polymer solution (inner phase), emulsification of this
phase with another aqueous phase (outer phase), and
the subsequent removal of organic solvent from the
droplets [14]. Essential factors for drug-loaded nanopar-
ticles are high encapsulation efficiency, suitable zeta
potential, particle size, and size distribution. However,
there are many factors which can affect the nanoparticle
characteristics. Previous studies showed that the nano-
particle preparation by emulsification solvent evapora-
tion method is influenced by the polymer concentration,
emulsifier concentration, and applied energy [15].
Hence, 3> factorial design was used for the calculation
of the effect of design parameters on the preparation
and optimization of nanoparticles. In this study, the ef-
fect of homogenization speed (X;), surfactant concentra-
tion (X,), and polymer concentration (X3) on particle
size (Y;), polydispersity index (Y,), zeta potential
(Y3), and encapsulation efficiency (%) (Y4) were inves-
tigated. The identification of significant variables was
obtained by the elimination of variables having p value
>0.05 in the model, and the model was calculated for
independent variables [16, 17].
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Effect of the independent variables on oxaliplatin
loaded nanoparticles

Particle size

The mean particle size of all the 27 batches of oxaliplatin
loaded nanoparticles was shown in Table 1. The mean particle
sizes of all formulations were found in the range of 379.68 +
8.81 to 14,961.73 + 533.69 nm based on the variables of PCL
concentration, PVA concentration, and homogenization
speed. The response (Y;) obtained at various levels of two
independent variables were subjected to multiple regression
to give a quadratic polynomial equation. The effects of each
factor and their interactions were statistically significant in the
size of nanoparticles prepared with a p <0.05.

Table 2 shows that changes in process variables dramatically
changed the particle size. Previous studies have shown that se-
lection of PVA as an emulsifier generally resulted in uniform
small-sized particles, but in our study, it is found that micropar-
ticles (>1000 nm) are formed when 0.3% concentration of PVA
is used. Also, a decrease in mean particle size is observed with
the higher PVA concentrations. The stabilizing effect of emulsi-
fiers can explain this phenomenon. The stabilizer ratio plays a
critical role in the emulsification process and stabilization of
nanoparticles in the emulsification solvent evaporation method.
In low concentrations, an insufficient amount of emulsifier could
not stabilize the nanoparticles and some of the aggregate. So
larger particle sizes occur [18]. Generally, the higher concentra-
tions of PVA decrease the particle size of nanoparticles, but also
adding PVA to the formulation causes an increase in the viscosity
of the outer phase in the emulsification process, which causes
larger particles. Hence, the change in concentration of PVA from
1% to 2% did not affect the particles as much as the increase from
0.3% to 1% [19].

The influence of PCL on mean particle size was also inves-
tigated. In the range of 1% and 3% ratio of PCL content, the
effect of PCL concentration on particle size was not found
significant (p > 0.05). Moreover, it was observed that the par-
ticle size was increased with the increasing amount of PCL.
This phenomenon was also observed in several studies
[20-22]. The higher polymer concentration in the first emul-
sion increases the viscosity of the dispersed phase, which
causes a poor dispersibility of polymer solution into the aque-
ous phase. The high viscosity shows resistance to shear forces
in the emulsification process results in bigger droplet sizes and
particles [20].

As the effect of emulsifier concentration, homogenization
speed also caused a negative effect on the mean particle size
of the nanoparticles. Increasing the application energy results
in greater disruption of the emulsion and, consequently, a ten-
dency to particle size decrease [23] (Fig. 1c). By contrast, the
interaction of PCL or PVA concentration with homogenization
speed produced a positive effect on the nanoparticle size at high
concentrations of PCL or PVA in the quadratic model (Fig. 1a).
The data obtained from the experiments were subjected to mul-
tiple regression analysis, and results were fitted in the equation:

Particle Size
= —225.55-1892.67 X;—1329.02 X,—505.84 X3
+ 1688.49 X; X5 + 933.41X; X5 + 839.93 X, X3

+ 1545.79 X7 + 1376.90 X5 + 251.11 X3

The model coefficients of analysis are shown in Table 2.
The effect of terms X, X5, and X;*X, were found significant
due to having p value <0.05 of these parameters in the selected
model [24].

Table 2  Parameters of the response surfaces obtained from a 3° factorial design

Particle size PDI Zeta potential Encapsulation efficiency

F p value F p value F p value F p value
Source Value Prob > F Value Prob > F Value Prob > F Value Prob > F
Model 5.739 0.0010%* 12.99 <0.001* 0.90 0.5407 1.50 0.2249
X;-Homogenization Speed 17.976 0.0006* 58.47 <0.001* 0.001 0.9747 0.11 0.7433
X,-PVA 8.909 0.0083* 8.19 0.0108* 0.004 0.9478 1.47 0.2422
X;3-PCL 1.284 0.2729 3.99 0.0621 0.35 0.5609 0.01 0.9189
XiX5 9.686 0.0063* 8.66 0.0091%* 0.06 0.7989 0.20 0.6566
Xi1X;3 2.930 0.1051 0.81 0.3794 1.83 0.1937 0.92 0.3505
X5X;3 2.397 0.1400 1.17 0.2949 1.72 0.2066 10.28 0.0052%*
X, 4.017 0.0612 31.36 <0.001%* 2.86 0.1086 0.00 0.9961
X,5? 2.961 0.1034 0.20 0.6594 0.11 0.7374 0.49 0.4918
X532 0.106 0.7487 0.35 0.5625 1.07 0.3148 0.05 0.8299

*Significant differences (p < 0.05)
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Polydispersity index

PDI is an essential parameter that gives information about the
physical stability of nanoparticles. For an ideal nanoparticle
formulation, The PDI must be very low. The threshold PDI
value of homogeneity is generally accepted as 0.5 [25].
However, lower PDI (<0.2) shows the homogeneity. The
PDI value of all formulations was found in the range of
0.007 £0.003 to 1.186 +0.237, which was variable to indicate
the homogeneity of all formulations (Table 1).

When the effect of variables on PDI was investigat-
ed, it was found that X, X5, and X;*X, and X,> were
significant effects (p <0.05) (Table 2). It was observed
that higher PDI values were formed at low homogeni-
zation speeds (Fig. 1b). Moreover, PDI was affected by
PVA concentration inversely. The negative effect could
be attributed to the effect of stabilizers, which prevent
the emulsion droplets form coalescing to each other and
form uniform particles. Batches with higher PVA as
stabilizer provided better PDI values. The polymer
chains of the stabilizer might have provided relatively
better coverage and, thus, stabilization to the emulsion
droplets permitting a homogeneous nanoparticle distri-
bution [26]. The equation after fitting the data subjected
to multiple-regression analysis is:

PDI = +0.20-0.29 X;—0.11 X,—0.075 X3 + 0.13 X; X,
+0.041 X; X3 + 0.049 X, X3 + 0.36 X}

+0.030 X3 +0.038 X3

Zeta potential

Zeta potential gives information about the stability of
colloidal dispersions. Generally, the higher zeta potential
nanoparticles show the better colloidal stability of the
system owing to the repulsion effect between the parti-
cles. The zeta potential values of all formulations
ranged from —4.45+3.81 to —21.41+4.07 (Table 1). It
was observed that none of the variables have a signifi-
cant effect on the zeta potential of formulations
(»p>0.05) (Table 2). It was seen that as the PCL con-
centration was increased from 1% to 3%, there was an
increase in the zeta potential value (Fig. 1c¢). This is
because the polymer is anionic, and increasing its con-
centration increases the total charge on the particle [11].
The calculated equation can be written as:

Zeta Potential = —18.25-0.034 X; + 0.069 X, + 0.62 X3
+0.33 X1 X,—1.72 X1 X3—1.66 X, X3

+3.04 X7 +0.64 X5+ 1.86 X3
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Fig. 1 Response surface plots for oxaliplatin loaded PCL NPs: effect of >
homogenization speed, PVA concentration, and PCL concentrations on
(a) particle size, b PDI, ¢ zeta potential and d encapsulation efficiency
(%)

Encapsulation efficiency

The model coefficients estimated by multiple linear regression
for encapsulation efficiency were shown in Table 2. All of the
terms, including model having p value >0.05, were insignifi-
cant in contributing to the prediction of encapsulation efficien-
cy. In formulations with high amounts of PCL, the encapsu-
lation efficiency was increased with the increasing amount of
surfactant and homogenization speed. Unless in low PCL con-
centrations, encapsulation efficiency was decreased with the
increasing amount of surfactant and homogenization speed. A
similar trend of encapsulation efficiency was observed in the
effect of the surfactant ratio. An increase in encapsulation
efficiency (Fig. 1d) was observed on increasing the amount
of surfactant from 0.3% to 2. The model equation can be
written as:

EncapsulationE f ficiency%
= +24.5-0.66X,-2.39X,—0.2X3 4+ 1.09X, X,
+2.32X, X3 + 7.73%:X;5 + 0.02 X2 +2.49X3

+0.75X3

Determination of optimal formulation

The optimal formulation of oxaliplatin loaded PCL nanopar-
ticles was analyzed using ANOVA, and each parameter was
evaluated using the F test. As optimum nanoparticles must
have desired particle size and zeta potential with a low PDI
and high encapsulation values, the design was optimized in
accordance with these criteria. The results of the Design
Expert analysis of oxaliplatin nanoparticles was shown in
Table 3.

Characterization of formulations

After the optimization, the selected formulation was prepared
using three types of PCL ((average Mn ~10,000) (PCLq000
NPs) (average Mn ~45,000) (PCL45009 NPs) and the (average
Mn ~80,000) (PCLggp9o NPs)) to obtain the polymer molecu-
lar weight effect on in vitro characteristics of oxaliplatin load-
ed nanoparticles.

As shown in Table 4, the molecular weight of the polymer
was only affected the particle size of oxaliplatin loaded PCL
nanoparticles. It was found that particle size was increased
with the increase in the molecular weight of PCL from
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Table 3 The experimental and

predicted values of the optimum XX X5

Response variable

Experimental value Predicted value Prediction error (%)

formulation
20,400: 0.3: 3

Yl (Particle Size)
Y 2 (PDD

Y 3 (Zeta Potential)

Y. 4 (Encapsulation Efficiency)

558.30 577.00 3.24
0.364 0.340 —2.40
—-15.70 —13.78 —-13.93
28.08 21.55 —-30.30

10,000 to 45,000. It was mentioned that higher molecular
weighted polymers form higher viscous polymer solutions,
which limits the effect of homogenization energy and causes
bigger emulsion droplets. Otherwise, polymers with low mo-
lecular weight tend to form smaller emulsion droplets
resulting in smaller particles [27]. On the contrary, the particle
size of nanoparticles was decreased with the increase in the
molecular weight of PCL from 45,000 to 80,000 (p <0.05).
This result was also observed in similar studies. For instance,
Budhian et al. were also prepared nanoparticles with the emul-
sification solvent evaporation method using different prepara-
tion procedures. When they used homogenizer, they observed
the particle size of nanoparticles was increased with the
change of molecular weight of nanoparticles from 14 kDa to
63 kDa, but the effect was not continued after 63 kDa [28].

The effect of polymer molecular weight on the polydisper-
sity index, zeta potential, and encapsulation efficiency was not
found significant and also did not follow a regular pattern. The
encapsulation efficiency of nanoparticles was increased from
28.08 £0.67% to 32.81 +0.33%, as the molecular weight was
increased from about 10,000 to 45,000 Da; then, a decrease (p
<0.05) was observed to 29.17+£0.74% as the molecular
weight was increased to 80,000 Da (Table 4). The physico-
chemical properties of the drug and polymer are key factors
affecting the encapsulation efficiency of nanoparticles. When
the molecular weight of polymer increases, interactions be-
tween hydrophobic molecular chains of polymer and drug
increases. An increase in the encapsulation efficiency was
observed. Nevertheless, in higher polymer molecular weight,
an increase in the viscosity might have decreased the diffusion
rate of solvent into the external aqueous phase resulting in
lower encapsulation of drugs [27].

The particle size measurements were confirmed by SEM
that allowed both the determination of the particle size and the
shape of the particles (Fig. 2). These average diameters were

similar to those that were observed with particles reported in
the particle size measurement section and previous studies
with the same preparation method [29].

In vitro drug release studies

One of the main factors affecting the drug release from poly-
meric nanoparticles is the molecular weight of the polymer.
The term molecular weight expresses the chain length of the
polymer and gives information about the hydrophilicity/
lipophilicity of the polymer. Longer chain lengths increase
the lipophilicity of the polymer, which results in a decrease
in the degradation rate [27]. Both the drug release rate and
release kinetics of drugs can be modified by the use of the
same polymer with different molecular weights.

In all the formulations, initial burst release occurred in
120 min, which is caused by the presence of the drug in the
surface of nanoparticles (Fig. 3). Similar release profiles of
drugs from PCL nanoparticles were observed in several stud-
ies. For example, Chawla et al. found that about 68% of ta-
moxifen was released from PCL nanoparticles in the first hour
[30]. Moreover, different release patterns in different time
intervals can be explained by the drug release phenomenon
from polymeric nanoparticles. In this phenomenon, it was
explained that the early phase of drug release is controlled
by the diffusion in the polymer matrix, while during the later
phases, the release is mediated through both diffusion of the
therapeutic agent and degradation of the polymer matrix itself
[31].

An increase in molecular weight from 10,000 to 80,000 Da
significantly decreased the release rate of oxaliplatin.
PCL1p00 NPs released 74.48 +19.09% of total drug in
1440 min. On the other hand, PCL45090 NPs and PCLgg0o
NPs showed only 66.69 +10.24% and 66.86 + 6.54% release
of the total drug in 1440 mins, respectively, at a nearly

Table 4  Oxaliplatin loaded nanoparticles prepared with different Mn of PCL

Particle size (nm) PDI Zeta potential (mV) Drug loading (%) Encapsulation efficiency (%)
PCLpg00 NPs 558.30 + 7.44* 0.364 + 0.140 -157+1.35 1.32+£0.18 28.08 + 0.67
PCLy45000 NPs 714.51 + 10.73* 0.315 £ 0.104 —16.6 + 0.49 1.56 £ 0.22 32.81 +£0.33
PCLggoo0 NPs 617.81 = 11.68* 0.332 + 0.079 -17.7 £ 1.41 1.45+0.13 29.17 £ 0.74

*Significant difference from other formulations (p < 0.05)
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Fig. 2 SEM images of PCL]OOOO NPs, PCL45000 NPs and PCLSOOOO NPs

constant rate (Fig. 3). Degradation of polymers plays an im-
portant role in drug release from polymeric matrices. The deg-
radation rate is a time-dependent process and constantly in-
creases with time. Commonly, degradation of polymers de-
pends on the molecular weight, and polymers with low mo-
lecular weight have faster degradation rates [27].

Moreover, an increase in the molecular weight increases
the lipophilicity, which limits the drug release [32]. In addition
to molecular weight, the particle size of the nanoparticles af-
fects the drug release. Larger particle sizes limit the penetra-
tion of buffer due to the surface area/volume ratio, thus slower
the drug release [27].

Release kinetics was evaluated by fitting obtained data into
first order, zero-order, and Higuchi equations. Based on the
results, oxaliplatin release from nanoparticles followed the
Higuchi equation and related correlation coefficients were bet-
ter than both zero-order and first-order kinetics (Table 5).

Stability of nanoparticles

Poor stability of nanoparticles would lead to changing the
characteristics of the drug delivery system, resulting in large
side effects and small therapeutic effects, which is a major
obstacle for nanoparticles need to overcome [33]. Particle size
and PDI of nanoparticles were 563.24 +5.83 nm and 0.387 +

Fig. 3 The released oxaliplatin 190

from of PCL]OOOO NPS, PCL45000
NPs and PCLg()()()() NPs

90
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40

Released Oxaliplatin (%)

30 ‘
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0.041 for PCL ;o999 NPs, 740.22 £37.50 nm and 0.308 +
0.096 for PCL4s000 NPs and 637.81 +34.84 nm and 0.386 +
0.115 for PCLggooo NPs. As expected, it was found that the
results were not different from prepared nanoparticles
(p > 0.05). These results suggested that prepared nanoparticles
remained their stability for at least 30 days.

Cytotoxicity assay

MTT assay was performed on SK-MES-1 cells to evaluate the
effect of the oxaliplatin on cell viability for 24 h and 48 h. It
was shown a concentration-dependent effect on the cell via-
bility of cells. Especially, only a slight change in the viability
of cells was observed when drug concentration ranged from
0.025 to 25 pug/mL for 24 h and 48 h (Fig. 4a) (p > 0.05).
However, with the concentrations higher than 25 pug/mL, a
significant (p < 0.05) decrease in cell viability was observed.
The results were in accordance with the literature [7].

The cytotoxicity effect of oxaliplatin loaded nanoparticles
on the SK-MES-1 cell line also evaluated for 24 h and 48 h
(Fig. 4b and c). At the end of 24 h, it was observed that the
effect of all formulations was increased with the increase of
drug doses. However, the effect of all formulations was sim-
ilar in all drug doses (p > 0.05) (Fig. 4b).

—e—PCL10000 NPs

=& PCL45000 NPs

---®.- PCL80000 NPs

400 600 800

Time (min)

1000 1200 1400 1600
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Table 5 Correlation coefficients of different mathematical models and
release rate constant (k) for oxaliplatin from nanoparticles

Formulation Correlation coefficients (12 )

First order ~ Second order ~ Higuchi ~ *k (mg/min)
pCLIOOOO NPs 0.87 0.94 0.97 2.18
PCL4s000 NPs  0.92 0.94 0.97 1.79
PCLgogoo NPs ~ 0.95 0.96 0.98 1.68

*k denotes release rate constant according to Higuchi model

At the end of 48 h, the decrease in cell viability with
oxaliplatin and oxaliplatin loaded PCL nanoparticles in the
studied concentration range was found to be between 56.88—
63.87% and 59.64-99.49%, respectively. Conversely, the ef-
fect of all formulations was similar in high drug doses (2.5 and
25 nug/mL). In lower doses, the effect of free oxaliplatin on the
SK-MES-1 cell line was found more cytotoxic (p <0.05).
Also, the effect of nanoparticles prepared by the different mo-
lecular weight of PCL was not found significant at any time
point (p>0.05) (Fig. 4c).

In vitro cytotoxicity profiles demonstrated that PCLgp00
NPs, PCLy4s000 NPs, and PCLgggoo NPs, which contains the
same oxaliplatin concentration exhibited similar cytotoxicity
with oxaliplatin solution (Fig. 4b and c). As the drug is se-
questered inside the nanoparticles, the release of oxaliplatin
from nanoparticles takes a while, and low drug concentrations
in wells show less cytotoxic effect. However, it was shown in
preclinical studies that particulate oxaliplatin systems have
higher anticancer activity than oxaliplatin solutions. The clear-
ance of drug-loaded nanoparticles was mediated by the retic-
uloendothelial system (RES), which changes the systemic cir-
culation half-life and pharmacokinetics of drugs. The applica-
tion of the same concentration of drug and drug-loaded nano-
particles in wells creates artificial cytotoxicity results strongly
favoring drug solution [34].

Cellular uptake

The mechanisms of cellular uptake and efflux of platin deriv-
atives are still not fully understood. Nevertheless, it is thought

2
a 120 b 120
—e—24h .
100 100 2
g 80 $ 30
= >
:.z:; 60 —‘; 60
> =
3 40 3
O 8 4 —e—Oxaliplatin Solution 24 h
20 2 ©—PCL10000 NPs 24 h

PCL45000 NPs_24 h

0 0 —8—PCL80000 NPs_24 h
0 0.025 0.5 25 25 250 2500

ug/mL

0 0.025 0.25

that passive diffusion is the main pathway of drug uptake due
to the uptake proceeded linearly with time [2]. In this study,
Cellular uptake of oxaliplatin for both NPs and the free drug
was also linear with time for up to 4 h (p <0.05) (Fig. Sa).
Moreover, SK-MES-1 cell uptake of oxaliplatin was depen-
dent on the administration type as nanoparticle administration
enhanced the cellular uptake of drugs. The 1 h and 4 h uptake
of PCLggpp NPs and PCLggg00 NPs were found significantly
higher than that of free oxaliplatin (p < 0.05) (Fig. 5a).

In previous studies, it was observed that the cellular uptake
of the drug-loaded nanoparticles might be related to the size
and zeta potential of the nanoparticles [35]. However,
oxaliplatin loaded nanoparticles formulated with a different
molecular weight of PCL did not show differences in cellular
uptake in 1 h and 2 h. Only the uptake of PCLggg09 NPs was
found greater than PCL,g990 NPs and PCLy4s099 NPs at 4 h
(» <0.05). Although the decrease in the mean size of the
oxaliplatin loaded nanoparticles with decreasing polymer mo-
lecular weight was also observed in our study, the cellular
uptake of oxaliplatin did not show correlated results as in
previous studies. The reason may be the high polydispersity
index of formulations. As the formulations differ in mean
particle size, they contained a considerable number of parti-
cles in the same size range.

Cell death analysis

The results in Fig. 5b demonstrate that incubation of SK-
MES-1 cells with oxaliplatin causes PS translocation from
the inner plasma membrane to the outer cell surface detectable
by the Annexin V, which could be attributed to events in the
apoptotic cycle [36]. The apoptotic cells were observed in
cells treated with all the three nanoparticle formulations and
free oxaliplatin, but the percentage of apoptotic cells varied
with each formulation. As shown in Fig. 5b, the apoptotic
cells incubated with free oxaliplatin was 21.73 +1.20%.
Likewise, the number of apoptotic cells distribution increased
to 27.04+1.39%, 33.62+1.24%, and 27.10£0.95% when
the SK-MES-1 cells were incubated with PCL ;909 NPs,
PCL4s5000 NPs, and PCLggo0o NPs respectively. Therefore,
oxaliplatin loaded PCL nanoparticles induced more cancer

c 120
100
g s0
2
E 60
£
B 40
© —e—Oxaliplatin Solution 48 h
- —PCL10000 NPs_48 h
- PCL45000 NPs_48 h
3 —8—PCL80000 NPs_48 h
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Fig. 4 Cytotoxicity profiles of (a) free Oxaliplatin and PCL 0o NPs, PCL4s000 NPs and PCLggggo NPs in (b) 24 h and ¢ 48 h
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cell apoptosis when compared with the free oxaliplatin (p <
0.05). The apoptotic signaling pathway is regulated by com-
plex molecules in the network, which involves the expression
changes of distinct pro-apoptotic and anti-apoptotic proteins.
The oxaliplatin is a potent inhibitor of survivin and induced
apoptosis in cancer cells. However, Vivek et al. demonstrated
that oxaliplatin loaded nanoparticles induced apoptosis not
only by inhibiting survivin but also through intrinsic apoptotic
signaling pathway [7].

Conclusion

In the present study, the preparation and characterization of
PCL nanoparticles of oxaliplatin as an anticancer drug was
carried out. For simultaneous analysis of the influence of dif-
ferent factors on the properties of the nanoparticles and to find
optimum formulations, the formulation was optimized using a
33 factorial design. Homogenization speed and surfactant ratio
represented the main factors influencing particle size and PDI
and did not seem to depend on the PCL ratio. It was found that
particle size was increased with the increase in the molecular
weight of PCL from 10,000 to 45,000. In all the oxaliplatin
loaded nanoparticle formulations, initial burst release occurred
in 120 min, which is caused by the surface presence of the
drug. An increase in molecular weight from 10,000 to
80,000 Da significantly decreased the release rate of
oxaliplatin. The effect of oxaliplatin loaded nanoparticles on
cytotoxicity of the SK-MES-1 cell line also evaluated for 24 h.
It was found that the cytotoxicity of oxaliplatin on the SK-
MES-1 cells was enhanced when loaded on PCL nanocarrier.
Moreover, PCL nanoparticles enhanced the cellular uptake
and apoptosis of oxaliplatin. In general, the results show that
the PCL nanoparticles may be considered as a promising car-
rier system for controlled release and targeted delivery of
oxaliplatin with possible clinical application in NSCLC
therapy.
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