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ABSTRACT

5-Fluorouracil (5-FU) is one of the most widely used agents in the first-line chemotherapy for colon can-
cer. However, clinical use of 5-FU is limited because of the low efficacy of drug uptake and systemic toxic
effects. Therefore, there is a critical need to find better drug delivery systems in order to improve the effi-
cacy of the drug. In the present study, we have developed a novel combination drug delivery system
based on PHBV/PLGA NPs for delivery of 5-FU to cancer cells. NPs were prepared by the double emulsion
method and their optimization of preparation was evaluated using Box-Behnken design (BBD) of
response surface methodology (RSM). 5-FU loaded NPs were characterized by scanning electron micro-
scope (SEM), differential scanning calorimetry (DSC), thermogravimetry analysis (TGA), and Fourier trans-
formed infra-red spectroscopy (FT-IR). SEM image implied that NPs were spherical in shape and the
results of DSC, TGA, and FT-IR suggest that 5-FU was encapsulated into NPs. The obtained results
revealed that 5-FU loaded PHBV/PLGA NPs induced significant higher cell death at concentration much
lower than free 5-FU. Results of hemolysis assay indicated that the NPs were hemo-compatible. In vivo
anti-tumor studies showed that 5-FU loaded NPs reduced tumor volume significantly in comparison with
free 5-FU. As the first example of using PHBV/PLGA as nano-drug delivery system with enhanced anti-
tumor activities, this study establishes PHBV/PLGA as a novel promising drug delivery platform for treat-
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ment of colon cancer.

1. Introduction

Colon cancer is a major cause of morbidity and mortality all
around the world (Xiao et al. 2015). It is the third most common
cancer and the fourth most common cause of death (Haggar and
Boushey 2009). 5-Fluorouracil (5-FU), an analogue of uracil, is one
of the most popular anticancer drugs which is used in the treat-
ment of colon cancer. The drug interferes with DNA synthesis by
blocking the thymidylate synthetase (Nair et al. 2011). However,
its medical application is limited by short half-life of 10-20 min as
well as toxic side effects on the gastrointestinal tract and bone
marrow (Chaturvedi et al. 2011; Nair et al. 2011). Various novel
drug delivery systems such as liposomes, dendrimers, polymeric
nanoparticles (NPs), carbon nanotubes, and nano-emulsions have
been reported to overcome the limitations (Yadav et al. 2010;
Acharya and Sahoo 2011). Encapsulation of 5-FU in NPs would
not only effectively decrease the side effects, but also provide an
efficient therapy for colon cancer with reducing dose. NPs are
extensively considered as drug delivery system for the diagnosis
and treatment of disease (Gao et al. 2013). Among the nanocar-
riers, polymeric NPs offer exceptional advantages over the other
carrier systems due to higher stability in biological fluids, more
chemical and physical stability, protection of encapsulated drugs
from enzymatic degradation, ability to be freeze-dried for long-
term storage, sustained release, ease of modifying properties and
capability to entrap small and macromolecules (Yadav et al. 2010;

Patel et al. 2014, 2016). Moreover, due to leaky tumor blood ves-
sel around the tumor, NPs can easily penetrate through the vas-
culature and accumulate in the solid tumors (Matsumura and
Maeda 1986; Nair et al. 2011).

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a nat-
ural biodegradable polymer, non-toxic and biocompatible with a
low production cost that obtained from large-scale bacterial or
eukaryotic cells. PHBV has been intensively investigated as a bio-
material for tissue engineering and for drug delivery system (Zhu
et al. 2009; Vilos et al. 2013; Penaloza et al. 2017). R-3-hydroxybu-
tyric acid is the main degraded product of PHBV which is a nor-
mal ingredient of the blood. Besides, the compound is found in
the eukaryotes; therefore, it was supposed that PHBV can be well
tolerated in vivo (Simion et al. 2013). Unlike poly (lactic-co-glycolic
acid) (PLGA), PHBV does not produce acidic degradation products
which may be damaging for human tissues (Li et al. 2016).
However, it has been reported that entrapment of hydrophilic
molecules in PHBV NPs is low (Zhu et al. 2009). On the other
hand, it has been demonstrated that PLGA NPs have ability to
encapsulate drugs with higher encapsulation efficiency (Zhu et al.
2009). PLGA is extensively used as drug delivery system for a
wide range of drugs, including 5-FU due to biocompatibility, bio-
degradability and possess low toxicity (Coimbra et al. 2008;
Gunday Tureli et al. 2016). Some studies have reported that the
use of PLGA NPs lead to improving anti-tumor activity of 5-FU
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against cancer cells. It was observed that 5-FU loaded PLGA NPs
can keep releasing slowly for about 5 days. Cytotoxic studies also
confirmed that inhibition effects of 5-FU NPs were more effective
than 5-FU solution on cancer cells (Tang et al. 2014). Other
researchers have developed 5-FU loaded PLGA NPs in order to
overcome the side effects associated with overdosing. Their
results showed that 5-FU loaded PLGA NPs had more anti-tumor
efficacy with lower dose than free drug (Nair et al. 2011). In
another investigation, it was found that 5-FU loaded PLGA exhib-
ited sustained-release in vitro and in vivo. In addition, 5-FU micro-
sphere could inhibit tumor growth in rabbits more than rabbits
which received 5-FU solution. These researches indicated that the
PLGA microsphere enhanced the drug concentration in the cancer
tissues and also reduced the 5-FU toxicity in normal tissues (Lin
et al. 2014).

The aim of this study is to establish a novel promising drug
delivery platform based on PHBV/PLGA for treatment of colon
cancer. In order to preserve the good biocompatibility of PHBV
and to improve the encapsulation efficiency, in the investigation,
PHBV/PLGA NPs were selected as drug delivery system for 5-FU.
NPs were optimized using design of experiments by employing
response surface methodology (RSM). RSM is a collection of math-
ematical and statistical methods which determine modeling and
analysis interactions between the response and the independent
variables. This is extensively used in the pharmaceutics including
the preparation of NPs carriers (Yu et al. 2014). The Box Behnken
experimental design (BBD) of RSM was employed in order to opti-
mize 5-FU loaded NPs. Furthermore, the efficacy and cytotoxicity
of drug-loaded NPs were evaluated in vitro and in vivo.

2. Material and methods

5-Fluorouracil (5-FU) was purchased from Acros, USA. Poly (3-
hydroxybutyrate-co-3-hydroxyvalerate acid) (PHBV) containing 2-
3% polyhydroxyvalerate (PHV) by weight was obtained from Tianan
Biologic Materials Ltd., Hangzhou, China. Poly (lactic-co-glycolic
acid) (PLGA, 50:50), polyvinyl alcohol (PVA), 4, 6-diamidino-2-phe-
nylindole (DAPI), paraformaldehyde and 5 (6)-carboxyfluorescein
(CF) were acquired from Sigma-Aldrich, Germany.

HT-29 (human colorectal adenocarcinoma) was purchased from
Iranian Biological Resource Center (IBRC). CT26 (murine colon car-
cinoma) was obtained from National Cell Bank of Iran (NCBI),
Pasteur Institute of Iran. Dulbecco’s modified eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco,
USA. Penicillin-streptomycin was provided from Sigma-Aldrich,
Germany. Male BALB/c mice and male Wistar rats were obtained
from the Pasteur Institute of Iran. Other chemicals and solvents
were of analytical grade and purchased from Merck, Germany.

2.1. Experimental design

In the present study, Box-Behnken design (BBD) of RSM was used
to evaluate the effect of independent variables including PHBV/
PLGA ratio (X;), polymers concentration (X5) and PVA concentra-
tion (X3) on the encapsulation efficiency (EE%) of 5-FU (Y;) and
particle size (PZ) (Y5) of NPs (Kudarha et al. 2015). The variables
and their levels are presented in Table 1. Experimental factors and
their levels were determined according to the preliminary studies.
The data of the experiment were assayed by the Design-Expert®
software (version 7.0.0, stat-Ease, Inc, Minneapolis, MN) and the
3D response surfaces were also generated in order to demon-
strate the relationship and interaction between the variables and
responses. According to the BBD, 17 runs were required to reach
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Table 1. Variables and their levels in BBD.

Levels
Independent variables Factors Units Low  High
X PHBV/PLGA ratio 1 3
X2 Polymer concentration % 0.5 25
X3 PVA % 025 2
Dependent variables Units Constrains
Y, % Maximum
Y, nm Minimum

optimize conditions for the preparation of NPs. Significance of the
variables on the responses and the model was found by ANOVA
test (p value < 0.05). The adequacy of the model was evaluated
by the correlation coefficients (R%) and adjusted R% The optimized
predicted formulation was prepared and the actual results were
compared with the predicted values.

2.2, Preparation of 5-FU loaded PHBV/PLGA NPs

5-FU loaded PHBV/PLGA NPs were prepared by the double emul-
sion (W,/0/W,) method. Briefly, 5-FU (3 mg/mL) was added drop
wise into PHBV/PLGA dissolved in chloroform using homogenizer
with 20 000rpm (SilentCrusher M, Heidolph, Germany) to form
the primary emulsion (W;/0). This primary emulsion was then
added to an aqueous phase (W,) containing PVA as emulsifier,
which was homogenized again. This emulsion was stirred to com-
pletely evaporate the solvent and resulting suspension was centri-
fuged at 15 000rpm for 30 min (MPW-350R, Poland). Then NPs
were washed three times with distilled water and subsequently
freeze-dried at —50 °C for 24 h (Operon, Korea) for further experi-
ments. The schematics preparation of NPs is shown in Figure 1.

2.3. Determination of encapsulation efficiency

The suspension obtained after solvent evaporation was centri-
fuged and the amount of free 5-FU in the supernatant was deter-
mined using high-performance liquid chromatography (HPLC,
Waters, USA) at a detection wavelength of 260 nm. C;g column
(250 x 4mm i.d., 5 um) was employed for the measurements. The
mobile phase was composed of 0.02M phosphate buffer (pH 4)
and methanol (70:30, V/V) at a flow rate of 0.8 ml/min. Analysis
temperature was set as 30°C and the sample injection volume
was 50 uL. Encapsulation efficiency (EE%) was calculated using the
Equation (1):

EE% = (D; — D¢/D;) x 100 1

where Dy is the amount of remained free 5-FU in supernatant and
D, is the initial added amount of the drug. Drug loading (DL%)
was also determined according to the following Equation (2):

DL% = (D; — D¢/W) x 100 )

where D is the amount of remained free 5-FU in supernatant, D,
is the initial added amount of the drug, and W is the Weight
of NPs.

2.4. Particle size determination and morphological studies

The particle size of 5-FU loaded PHBV/PLGA NPs was determined
by particle sizer (Qudix, ScatterOScope |, Korea) system at 25°C.
The obtained NPs were diluted in deionised water and sonicated
in ultrasonic bath (Elma, Germany) before the measurement for
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Figure 1. Schematic representation of 5-FU loaded PHBV/PLGA NPs.

preventing particles agglomeration. The morphology of 5-FU
loaded PHBV/PLGA NPs was also examined by field emission scan-
ning electron microscopy (FESEM, S4160, and Hitachi, Japan).

2.5. Differential scanning calorimetry

Thermal behavior of PHBV, PLGA, 5-FU, and 5-FU loaded PHBV/
PLGA NPs was performed using a differential scanning calorimeter
(DSC-1 Mettler Toledo, Switzerland). 5mg of each sample were
sealed in aluminum pans and heated from 0 to 300°C for 30 min
at a rate of 10°C/min.

2.6. Thermogravimetry analysis

Thermogravimetry analysis (TGA) was carried out with simultan-
eous thermal analyzer STA503 (BAHR-Thermoanalyse GmbH,
Germany). The lyophilized PHBV/PLGA NPs and 5-FU loaded
PHBV/PLGA NPs were weighted and heated from 0 to 600°C
under nitrogen pressure.

2.7. Fourier transformed infra-red spectroscopy

Fourier transformed infra-red spectroscopy (FT-IR) spectra of
PHBV, PLGA, 5-FU, and 5-FU loaded PHBV/PLGA NPs were
recorded on a FT-IR spectrometer (Vertey 70, Bruker, Germany).
The lyophilized samples were mixed with KBr and prepared as
pellets. The spectra were obtained from samples in the range of
400-4000cm ™' at room temperature.

2.8. In vitro release study

The in vitro release of 5-FU from NPs was carried out using dialy-
sis bags. 1 ml of the NPs formulation and free drug were placed
in the dialysis bag (MWCO 12kDa) and immersed in 10 ml release
medium at 37 °C with stirring at 100 rpm. At specified time points,
500 puL of release medium was withdrawn and replaced with fresh

W/0 emulsion

PVA solution W/O/W emulsion

Centrifugation
g

medium. The released amount of 5-FU was determined using
HPLC as described above.

2.9. In vitro cellular uptake of NPs

As 5-FU is a non-fluorescent drug, CF loaded PHBV/PLGA NPs
were prepared in order to study the cellular uptake of NPs. HT-29
cells were grown at a density of 1 x 10° cells in 6-well plates and
incubated overnight. The culture medium was replaced with
growth medium containing free CF and CF loaded PHBV/PLGA
NPs and incubated for 4h at 37°C. After 4h, the cells were
washed with PBS for three times to eliminate excess of NPs. Then
cells were fixed in 4% paraformaldehyde for 15min and further
stained with 4, 6-diamidino-2-phenylindole (DAPI) for 10 min. The
intracellular uptake of CF in the cells was observed using fluores-
cent microscope (Olympus IX71, Japan).

2.10. Cytotoxicity assay

The MTT method was used for the assessment of cytotoxic effects.
MTT is a yellow compound that cleavages by mitochondrial
enzymes and produces purple formazan crystals. HT-29 cells were
grown in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin. The cultures were kept in a humidified incubator
with 5% CO, at 37°C for 24 h. HT-29 cells were then seeded at a
density of 1 x 10* cells/well in a 96-well culture plate and allowed
to attach and grow for 24 h. After overnight incubation, cells were
treated with different concentrations of 5-FU and 5-FU loaded
PHBV/PLGA NPs (25, 35, 50, 75 and 100 uM) for 48 h. After 48h,
20uL of MTT solution (5mg/mL) was added to each well
and incubated for 4h at 37°C. Then 100 uL of DMSO was added
per well to solubilize the formazan crystals. The optical density
of each well was analyzed by ELISA reader at 570nm (BioRad,
USA) and the survival rates were calculated by the following
Equation (3):

Cell viability % = (AbSsample /AbScontrol) X 100 (3)



According to the cell viability values, concentration inhibiting
half of the cells (ICso) was also calculated.

2.11. Hemolysis assay

Hemolytic test was employed to evaluate the compatibility of
NPs with the red blood cells (RBC). RBCs of male Wistar rats
were collected by centrifugation at 1500 rpm/min for 10min
and then washed three times using PBS. The empty PHBV/
PLGA NPs and 5-FU loaded PHBV/PLGA NPs (1mg/mL) were
added in RBC suspension and incubated for 3h at 37°C. Then,
the mixtures were centrifuged at 1500rpm for 10min, the
supernatant was collected and the absorbance was read in a
spectrophotometer (Biochrom WPA biowave I, England) at
540 nm. H,O and PBS were used as positive and negative con-
trols, respectively. The percentage of hemolysis was calculated
by the following formula (4):

Hemolysis (%):  (As — Anc/Apc — Anc) x 100 (4)

where A; is the absorbance of sample, A, is the absorbance of
negative control, and A, is the absorbance of positive control.

2.12. In vivo anti-tumor activity

BALB/c mice were employed in the experiments and all animal
procedures were performed according to the Animal Ethics
Committee Jundishapur University of Medical Sciences, Ahvaz,
Iran (ref no. IRAJUMS.REC.1395.643). The mice were subcutane-
ously injected at the right axillary space with 0.1 ml of cell sus-
pension containing 1 x 10° CT26 cells. When the tumor volume
reached to 100mm?> the mice were randomly divided into
three groups (n=>5): control, 5-FU, and 5-FU loaded PHBV/PLGA
NPs. Mice received 6 injections every other day via intraperito-
neally at a 5-FU dose of 20mg/kg for a treatment period of
12days. The dosage of drug administered was accorded to the
literature (Le et al. 2015). The tumor volume and body weight
were measured simultaneously. Tumor size was measured by
caliper and the volume of tumors was calculated using the fol-
lowing formula (5):

V=W?xL)/2 (5)

where L is the longest diameter and W is the shortest diameter.
On day 21 after tumor inoculation, the mice were sacrificed and
the tumors were excised and photographed.

2.13. Statistical analysis

The results were presented as mean = SD. The statistical differen-
ces were performed using one-way analysis of variance (ANOVA).
A p value less than 0.05 was considered as statistically
significant.

3. Results and discussion
3.1. Design experimental

One of the important advantages of applying RSM is a consider-
able reduction of the number of experimental runs (Feczké et al.
2011). In the study, BBD which is one of the common experimen-
tal design method used in RSM was employed to achieve the
exact relationship between variables for finding the optimal
response (Huang et al. 2014). 17 experiments were conducted by
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Table 2. BBD experimental runs and acquired responses.

Run PHBV/PLGA ratio Con.polymer (%) PVA (%) EE (%) PZ (nm)

1 1.00 0.50 113 21.3166+£0.01 169+2.98
2 1.00 2.50 113 39.7612+0.12 673+1.54
3 2.00 2.50 0.25  28.1774+0.24 318+1.08
4 3.00 1.50 2.00 53.8616+0.04 78+2.07
5 2.00 1.50 113 33,6139+£1.23 335+2.65
6 3.00 1.50 0.25  27.3921+0.52 294+1.04
7 2.00 0.50 0.25 9.50734+0.06 181+1.85
8 3.00 0.50 113 14.0105+037 168+2.23
9 2.00 1.50 113 28.8865+0.61 435+2.95
10 3.00 2.50 1.13 39.484+0.76 98.9+1.62
1 2.00 0.50 2.00 32.1505+1.01 66.7+1.93
12 1.00 1.50 0.25 246593+1.21 216+2.01
13 2.00 2.50 2.00 47.925+£0.07 684+261
14 1.00 1.50 2.00 39.8405+0.91 668+1.72
15 2.00 1.50 1.13 30+£0.65 500+1.47
16 2.00 1.50 113 222169+0.84 430+1.12
17 2.00 1.50 1.13 28.7+1.67 437+1.93

Table 3. The analysis of variances for EE% as the response (Y;) (n=3).

Source Sum of squares df Mean squares F-value  p-value*
Model 1882.59 9 209.18 9.56 0.0035
X 10.51 1 10.51 0.48 0.5106
X3 767.59 1 767.59 35.07 0.0006
X3 882.87 1 882.87 4033 0.0004
XiX3 12.35 1 12.35 0.56 0.4770
XiX3 31.86 1 31.86 1.46 0.2669
XoX3 2.10 1 2.10 0.096 0.7660
X 50.96 1 50.96 233 0.1709
Xzz 52.15 1 52.15 238 0.1666
X5 76.98 1 76.98 3.52 0.1029
Residual 153.23 7 21.89

Lack of fit 85.33 3 28.44 1.68 0.3082
Pure error 67.90 4 16.98

Cor. total 2035.82 16

R? 0.9247

Adjusted R 0.8280

“Confidence level at p=0.05.

BBD and the values of independent variables and responses are
shown in Table 2.

According to the results analysis of variance for EE% as a
response (Table 3), a quadratic second-order polynomial Equation
(6) was fitted as below:

Yy =+422.38922—19.03379 (X;) + 17.76962 (X,)
—5.76958 (X3) 4 1.75723 (X1 X3 ) +3.22522 (X1 X3)
—0.82731(X,X3) 4 3.47896 (X;)>—3.51934 (X, )* 4 5.58490 (X3 )
(6)

where Y; is the predicted EE% and X;, X5, and X5 are PHBV/PLGA
ratio, polymers concentration, and PVA concentration, respect-
ively. As shown in Table 3, the lack of fit of the obtained equation
is not significant (F-value = 1.68; p value = 0.3082). The ‘lack of
fit F-value’ of 1.68 implies the lack of fit is not significant relative
to the pure error. There is a 30.82% chance that a ‘lack of fit
F-value’ this large could occur due to noise. Lack of fit should be
non-significant for the model to fit (Zeng et al. 2016). Low p-value
of the model (p<0.05) also confirmed that the model can signifi-
cantly represent the actual relationship between factors and
response. Furthermore, for the good fit of a model, coefficient of
determination (R%) should be 0.80 or higher which indicates the
adequacy of the applied model (Zeng et al. 2016). The value of R?
and adjusted R? of this equation were 0.92 and 0.82, respectively.
The proximity between R? and adjusted R? indicated the good
correlation between the response and the selected variables.
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Table 4. The analysis of variances for NPs size as the response (Y5) (n=3).

Source Sum of squares df Mean squares F-value  p value*
Model 6.652E + 005 9 73913.66 18.99 0.0004
X, 1.477E 4005 1 1.477E+ 005 37.95 0.0005
X, 1.768E + 005 1 1.768E + 005 45.42 0.0003
X3 29731.41 1 29731.41 7.64 0.0279
XiX; 82110.90 1 82110.90 21.10 0.0025
XiX3 1.116E 4 005 1 1.116E + 005 28.66 0.0011
XoX3 57672.02 1 57672.02 14.82 0.0063
X12 2324417 1 2324417 5.97 0.0445
X 22 24240.07 1 24240.07 6.23 0.0413
X32 6437.09 1 6437.09 1.65 0.2393
Residual 27245.76 7 3892.25

Lack of fit 13280.56 3 4426.85 1.27 0.3980
Pure error 13965.20 4 3491.30

Cor. total 6.925E 4 005 16

R 0.9607

Adjusted R 0.9101

“Confidence level at p=0.05.

The results obtained from the analysis of variance for particle
size as the response are shown in Table 4. A quadratic second-
order polynomial model is the best fitted model for particle size
with the following Equation (7):

Y, = —762.41416 + 590.93929(X; ) + 508.44286(X; ) + 360.44898(X;)

—143.27500(X1X,)—190.85714(X,X3) + 137.22857(X,X3)
—74.30000(X; )2 —75.87500(X,)*—51.06939(X; )

7)

where Y, is the particle size and X;, X,, and X5 are PHBV/PLGA
ratio, polymers concentration, and PVA concentration, respect-
ively. The lack of fit of the model was not significant (F-value =
1.27; p value =0.3980). The R? and adjusted R? of this model were
predicted to be 0.96 and 0.91, respectively. This R? illustrates that
96% of variability in the response could be explained by the
model. On the other hand, the similarity between R? and adjusted
R? confirmed the efficiency of the model to predict particle size
by the optimized method.

The 3D response surface plot of EE% and particle size is shown
in Figure 2(A-F). As shown in Figure 2(A,B), EE% and particle size
increased by enhancement the polymers concentration and
PHBV/PLGA ratio. This effect can be explained by the fact that
increasing the total concentration of the polymers leads to an
increase in the viscosity of organic phase, which in turn, prevents
drug diffusion from the organic to the inner aqueous phase.
Higher polymers concentration also increase polymer—polymer
interactions, as a result more polymer chains remain associated
during the solvent’s diffusion into the aqueous medium (Halayqga
and Domanska 2014; Tefas et al. 2015). On the other hand,
increasing the viscosity of organic phase reduces the dispersion
of organic phase into the aqueous phase, which increases the NPs
size (Halayga and Domanska 2014). Increasing EE% and particle
size by increasing polymers ratio can be related to the higher
molecular weight of PHBV in comparison to PLGA. The longer car-
bon chain of PHBV can fabricate larger NPs due to polymer chain
entanglement during emulsification which results increasing the
EE% and particle size of NPs (Zhu et al. 2009). As illustrated in the
Figure 2(C,D), increasing the concentrations of PVA and PHBV/
PLGA ratio led to enhance EE% and size of NPs. Moreover, as can
be seen from Figure 2(E,F), EE% increased by enhancement the
polymers concentration; however, by increasing PVA concentra-
tion, EE% and particle size were increased and reduced, respect-
ively. According to the previous reports, PVA at higher
concentrations leads to increase density of the aqueous phase
and decreases the net shear stress in the emulsification process,
which results increasing the NPs size (Halayga and Domarniska

2014). On the other hand, some studies implied that PVA as an
emulsifier reduces the superficial tension between organic phase
drops and the aqueous phase (Duran et al. 2008), which results in
an increasing of the net shear stress and formation of small size
NPs during the emulsification process (Galindo-Rodriguez et al.
2004). In the current study, with regarded to the result of opti-
mum formulation (below section), it seems that increasing PVA
concentration causes a decrease in size of NPs.

3.2. Optimization and validation of model

The optimized formulation was chosen based on the criteria of
achieving maximum EE% and the smallest particle size. The
observed responses followed by predicated error values were indi-
cated in Table 5. Regarding the results, the observed amounts
were close to the predicted value which confirmed significance
and predictability of models. DL% of the optimum formulation
was also 2.4%.

3.3. Morphological studies

SEM was carried out in order to achieve information about
morphology, aggregation, and size of NPs. As can be seen from
Figure 3, NPs were spherical in shape with no particle aggrega-
tion. In addition, NPs exhibited a size distribution approximately
from 100 to 200 nm which was in close agreement with the value
determined by particle analyzer.

3.4. DSC analysis

DSC is a useful method to evaluate the interaction between the
drug and NPs and the state of the drug after encapsulation pro-
cess (Yadav et al. 2010). Thermogram of 5-FU, PHBV, PLGA, and 5-
FU loaded NPs are shown in Figure 4(A). The DSC curve of 5-FU
displayed an endothermic peak at temperature of 282°C, corre-
sponding to its melting point and giving the verification for crys-
tal structures of the drug (Figure 4(Aa)). The PHBV and PLGA
exhibited endothermic peaks at 177°C and 48°C, respectively
which were in agreement with the reported data in the literatures
(Amjadi et al. 2013; Manoochehri et al. 2013; Kouhi et al. 2015).
According to Figure 4(Ab), endothermic peak corresponding to 5-
FU was not observed, which suggest that drug may be encapsu-
lated into NPs.

3.5. Thermogravimetry analysis

The presence of 5-FU in NPs was further confirmed by TGA ana-
lysis. As shown in Figure 4, three significant events of weight loss
were occurred with increasing temperature. While in the 5-FU
loaded NPs, the thermogram pattern was not changed signifi-
cantly but a shift in the temperature (283, 364.4, and 487°C to
294, 358, and 413°C, respectively) was observed. Weight loss is
also changed from 37.9, 68.2, and 93.1% to 59.3, 79.1, and 83.8%,
respectively. This temperature shift may be due to the interaction
between drug and polymeric NPs. The increase in weight loss of
drug contaning NPs is attributed to the presence of 5-FU in the
NPs. The rate of NPs degradation in the temperature range of
230°C to 490°C was slower than drug containing NPs. In other
words, the loaded drug in the NPs led to decrease the stability of
NPs, which may be due to interaction of drug with NPs.
Difference in weight loss at temperatures about 480 to 600°C
(about 1% for NPs and 7% for 5-FU loaded NPs) are another indi-
cators of 5-FU loading. Our findings are in agreement with Khan
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Table 5. Predicted and observed responses obtained at optimum conditions.

Independent variable Optimized amount Dependent variable Predicted amount Observed amount Prediction error (%)
X; PHBV/PLGA ratio 3 Yi EE% 48.72 43.86 —9.98

X, Polymer Con. 1.7 Y, Pz 144.83 135 —6.77

X3 PVA 2

et al. (2015) results. They observed that weight loss of 55% and
80% for PLGA NPs and 74% and 95% for ormeloxifene loaded
PLGP NPs. They indicated that greater weight loss was related to

the presence of ormeloxifene in the NPs,

which confirm the

loading of the drug in NPs (Khan et al. 2015). Dubey et al. (2016)
also reported that increase in weight loss of PLGA NPs was
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Figure 3. SEM image of 5-FU loaded PHBV/PLGA NPs.
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Figure 4. (A) DSC thermograms of (a) 5-FU, (b) 5-FU loaded PHBV/PLGA NPs (c) PLGA and (d) PHBV and (B) TGA curve of (a) blank NPs and (b) 5-FU loaded PHBV/

PLGA NPs.

attributed to the presence of pentacyclic triterpenediol in the
NPs, confirming the entrapment of the drug in the NPs (Dubey
et al. 2016).

3.6. Fourier transformed Infra-Red spectroscopy (FT-IR)

FT-IR spectra of 5-FU, PHBV, PLGA, and 5-FU loaded PHBV/PLGA
NPs are shown in Figure 5. As depicted in Figure 5(A), a broad
band between the 3000 and 3500cm™' is attributed to —-NH
stretching vibrations in the spectrum of 5-FU. The peak at
1662cm™ " is related to the C5=C6 stretching vibration. A peak
at 1242cm™" is also assigned to C-N stretching. The FT-IR spec-
trum of PHBV (Figure 5(B)) exhibited a C=0 absorption bond of
aliphatic ester in 1730cm ™" region with high intensity. The bonds
observed in 1380 and 1453cm ™' correspond to the CH, group
adjacent to the carbonyl group of ester in structure of PHBV.
Characteristic bands from 829 to 977cm™" are corresponded to
symmetric —-C-O-C- stretching vibration. Similar results were
observed by Oner et al. (2016). They expressed that PHBV dis-
played the band responsible for C=0 stretching at 1720cm ™’

and various aliphatic C-H vibration bands in the regions
1227-1478cm™' (Oner et al. 2016). Vilos et al. (2013) also
reported that PHBV showed bands at 1680-1725cm™' which
were related to carboxyl groups (Vilos et al. 2013). The FT-IR spec-
trum of PLGA displayed a strong peak at 1766 cm™"' (C=0 stretch-
ing) which indicating the surface carboxylic groups of PLGA. The
peaks at 2960cm~' and 2996cm™' are attributed to the C-H
stretch of CH,. A broad band at 3510cm™"' is assigned to OH
stretching and the peak at 1092cm ™" is related to C-O-C stretch-
ing (Figure 5(C)). This finding is in agreement with observation of
Patel et al. (2016) which reported that broad bands
3200-3600cm™" are related to terminal hydroxyl group (Patel
et al. 2016). Amin et al. (2016) indicated that a peak at 1757 cm ™"
is refereed to carbonyl (C=0) stretching of PLGA (Amin et al.
2016). Dubey et al. (2016) also reported that a sharp peak at
1759cm™" is correlated to C=0 stretching (Dubey et al. 2016).
The identical drug peaks were observed in the 5-FU loaded PHBV/
PLGA NPs while these peaks were not present in the blank PLGA
and PHBV (Figure 5(D)). These results confirmed the incorporation
of 5-FU in PHBV/PLGA NPs.
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Figure 5. FT-IR spectra of (A) 5-FU, (B) PHBV, (C) PLGA and (D) 5-FU loaded PHBV/PLGA NPs.
3.7. In vitro release study 100 v
= Free 5-FU
As shown in Figure 6, almost 100% of free 5-FU was released at s0d T
4 h; whereas, about 30% of drug leaked from the NPs. On the :
other word, these results indicated the prolonged and sustained % & |
release of 5-FU from NPs. The findings also confirmed that these § ]
drug-loaded NPs have potential control effect on the rate of B 40 -
drug release. %"
A 20 1:
3.8. In vitro cellular uptake of NPs
0 T T v v
The intracellular uptake of NPs was evaluated by encapsulating 0 10 20 30 40
CF in PHBV/PLGA NPs. In order to contrast to the green color Time (h)

of CF, nuclei were stained with DAPI which appear in blue. The
selection of the fluorescent dye was based on the similarity of
the physicochemical properties with drug. According to Figure
7(A,B), CF-loaded NPs were internalized more effectively com-
pared with the free CF. These findings demonstrated that the
NPs enhance delivery of drugs into cancer cells. CF is hydro-
philic molecule and it is established that hydrophilic molecules
have low intracellular absorption (Eloy et al. 2014). NPs can
release their cargo directly in the cells and can improve the
low cellular uptake of hydrophilic drugs (Sadhukha and Prabha
2014). The present results are in accordance with observation
of Sadhukha and Prabha (2014), which showed that carboplatin
(@ hydrophilic drug) loaded PLGA NPs were taken up by the
cells efficiently more than free drug (Sadhukha and Prabha
2014). The enhanced internalization of CF-loaded PHBV/PLGA

Figure 6. In vitro release profile of free 5-FU and 5-FU loaded PHBV/PLGA NPs.

NPs may confirm the hypothesis that NPs are taken up by
endocytosis. It is believed that endocytosis is one of the princi-
pal mechanisms for the uptake of NPs (Zeng et al. 2014).
Penaloza et al. (2017) indicated that PHBV NPs are taken up by
endocytosis pathway in the Hela cells (Penaloza et al. 2017). It
has also been reported that endocytosis is a major pathway in
the uptake of PLGA NPs (Acharya and Sahoo 2011). Moreover,
our results confirmed the biocompatibility of PHBV/PLGA NPs
because efficient cellular uptake was observed. The proposed
mechanism of endocytosis uptake of NPs is shown schematic-
ally in Figure 7.
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3.9. Cytotoxicity assay

In vitro cytotoxicity of 5-FU and 5-FU loaded NPs was evaluated by
MTT method. As shown in Figure 8, drug-loaded NPs exhibited
higher cytotoxicity than free drug (p < 0.05). In addition, anticancer
activity of free 5-FU and 5-FU loaded NPs were concentration
dependent. The ICsy values for 5-FU and 5-FU loaded NPs were
107.15 and 46.77 uM, respectively. The higher cytotoxicity of drug
loaded NPs may be related to the higher cellular uptake via endo-
cytosis, higher intercellular delivery of drug and greater distribution
into the cells (Dadashzadeh et al. 2008; Sadhukha and Prabha
2014); while, free 5-FU absorbs poorly and washes out rapidly due
to its hydrophilic nature (Mattos et al. 2016). These findings are in
agreement with Joshi et al. (2014) results which reported that the
gemcitabine HCl loaded PLGA NPs had a significantly higher cyto-
toxicity than free drug. Moreover, they indicated that higher cyto-
toxic effect of PLGA NPs is related to higher uptake of NPs through
endocytosis and greater internalization in comparison to free drug
which is not internalize owing to its hydrophilicity (Joshi et al.

100 - *
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<
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E
~
> 40 o
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20 -+
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0 T T T T '
0 20 40 60 80 100
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Figure 8. Cytotoxicity effect of free 5-FU and 5-FU loaded PHBV/PLGA NPs on
the HT-29 cells (*Significant different with 5-FU loaded PHBV/PLGA). Data were
given as mean£SD (n=3).
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2014). expressed that resveratrol containing NPs exhibited better
cytotoxicity than the free resveratrol on the human hepatocarci-
noma cells (Huang et al. 2017). Similar results were observed in the
study of Nair et al. (2011) which reported that 5-FU loaded PLGA
NPs showed higher toxicity than free 5-FU against MCF-7 cells (Nair
et al. 2011). Jain et al. (2011) implied that the cell viability of breast
cancer cells was relatively lower in tamoxifen loaded PLGA NPs
treated cells as compared to free tamoxifen treated cells (Jain et al.
2011). Masood et al. (2013) also found that ellipticine loaded PHBV
NPs inhibited the growth of cancer cells approximately two fold
higher in comparison to free drug. They implied that PHBV NPs
have a great potential to increase the cytotoxic effect of anticancer
drugs and are a promising strategy for cancer therapy (Masood
etal.2013).

3.10. Hemolysis assay

Detection of NPs hemolytic potential is an important step in
evaluation biocompatibility of NPs (Dobrovolskaia and McNeil
2013). Therefore, we performed the hemolysis analysis to investi-
gate the blood compatibility of PHBV/PLGA NPs. The value of
absorbance, hemolysis percentage and image of RBCs treated
with H,O (as positive control), PBS (as negative control), PHBV/
PLGA NPs, and 5-FU loaded PHBV/PLGA NPs are illustrated in
Figure 9(A-C). The results showed that PHBV/PLGA NPs did not
induce hemolysis. The hemolysis percentages of 5-FU loaded
PHBV/PLGA NPs were lower than 5%. Commonly, hemolysis per-
centage of <5% is considered as nontoxic and safe (Yang et al.
2016). As shown in Figure 9(C), PBS and H,O led to no visible and
total hemolysis of RBC, respectively. According to the results,
PHBV/PLGA NPs exhibited good hemo-compatibility. Therefore,
they can be employed as suitable candidates for drug delivery.
Similar observations were reported by Yadav et al. (2010) which
found that 5-FU loaded PLGA NPs were hemo-compatible (Yadav
et al. 2010). Mendes et al. (2012) also observed that PHBV/PCL
microparticles had no cytotoxic effect on RBC which confirms
their potential for pharmaceutical applications (Mendes
et al. 2012).

3.11. In vivo anti-tumor activity

As shown in Figure 10(A), the tumor volumes in mice that
received 5-FU loaded PHBV/PLGA NPs was significantly lower than
control groups and groups treated with the free drug (p <0.05,
except for the first two days of treatment period). Moreover, at
first, the free 5-FU had negligible effect on tumor growth; how-
ever, at the end of the treatment period, a significant difference
was observed between the treatment groups and the control
groups. These results indicate that the in vivo antitumor activity
of 5-FU was remarkably enhanced after encapsulation in the poly-
meric NPs. No significant change in the body weight was
observed between the treated groups and control groups (Figure
10(B)). This result confirms the biocompatibility of NPs. As illus-
trated in Figure 10(C), it can be clearly observed the difference in
the size of tumor among different treatment groups. This finding
proves the efficacy of PHBV/PLGA NPs as a drug delivery system
for treatment of cancer. The enhanced anti-tumor efficacy of 5-FU
loaded in NPs may be related to passive targeting. Size of NPs is
an important factor which plays a key role in the biological fate
of the drug delivery system in vivo. According to the previous
studies, particles with diameters <200nm can readily penetrate
into leaky vessels of tumor tissues based on enhanced permeabil-
ity and retention (EPR) effects (Jin et al. 2011). In addition, due to
low lymphatic drainage around the tumor region, NPs can accu-
mulate selectively to the tumor tissues as compared to the free
drug which is resulting in reduced side effects to others tissues
(Dubey et al. 2016; Mattos et al. 2016). In the current study, size
of NPs was 135 nm which make them appropriate for passive tar-
geting by EPR effect. The present findings are in agreement with
Jin et al. (2016) results which indicated that NPs with size about
100-200nm can target tumor tissues because of EPR effect (Jin
et al. 2016). Zhu et al. (2017) also suggested that nano-scaled size
of doxorubicin and paclitaxel contaning NPs led to efficient pas-
sive accumulation in tumors due to EPR effect. Consequently,
according to the results of previous studies and our findings, it
can be concluded that effective antitumor activity of 5-FU loaded
PHBV/PLGA NPs may be attributed to the EPR effect. The
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Figure 11. Schematic representation of EPR effect of PHBV/PLGA NPs in cancer cells.

proposed mechanism of EPR effect of PHBV/PLGA NPs in cancer
cells is illustrated schematically in Figure 11.

4. Conclusion

In the present study, PHBV/PLGA NPs as drug delivery system
for 5-FU was successfully prepared and optimized formulations
were obtained wusing RSM. Under optimization conditions
(PHBV/PLGA ratio: 3, polymers concentration: 1.7% and PVA:
2%), the EE% and particle size were 43.86% and 135nm,
respectively. NPs were spherical as demonstrated by SEM and
results of DSC, TGA and FTRI also confirmed that drug

successfully encapsulated into NPs. 5-FU loaded PHBV/PLGA NPs
exhibited greater cytotoxicity than free drug on cancer cells.
Hemolysis assay confirmed that NPs were hemo-compatible. In
addition, in vivo anti-tumor studies revealed the higher efficacy
of 5-FU loaded NPs as compared with free drug. According to
the current results, it can be concluded that PHBV/PLGA NPs
can be a promising delivery system for administration of drugs
in cancer therapy.
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