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In the present study, a novel 5FU and OXA co-loaded PHBV/PLGA NPs was developed which induced apoptosis in
cancer cells. NPs were prepared by the double emulsion method and their preparation was optimized using D-
optimal design of response surface methodology (RSM). 5FU-OXA loaded NPs were evaluated by SEM, DSC
and DLS. NPs were spherical as shown by SEM and the results of DSC indicated that both drugs successfully
entrapped into NPs. 5FU-OXA loaded NPs exhibited higher cytotoxicity effect than free drugs on cancer cells.
For the first time to our knowledge, these results showed that more ROS generation and stronger activation of
the ROS-dependent apoptotic pathway were induced by 5FU and OXA delivered by NPs. Furthermore, it was ob-
served that NPs were hemocompatible. Co-loaded NPs exhibited significantly higher antitumor efficiency com-
pared to free drugs combination, indicating this co-delivery system provides great potential in cancer therapy.
The results of present study also confirmed that PHBV/PLGA NPs can be served as a promising platform for the
co-delivery of antitumor drugs and present a new view for treatment of cancer with reducing side effect of drugs.

Poly(lactic-co-glycolic acid)
ROS
Apoptosis
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1. Introduction

5-Fluorouracil (5FU) is a first-line chemotherapeutic agent for treat-
ment of colon cancer. It is a pyrimidine analog which interferes with
thymidylate synthesis [1,2]. However, its medical application is limited
due to poor membrane permeability, short half-life (5-20 min), wide
distribution to healthy tissues and severe side effects including gastroin-
testinal, hematological, cardiac toxicities, hair loss, liver disease, birth
defects, mouth sores and ulcers [1,3-6]. Moreover, it has been reported
that the lower cytotoxicity of 5FU may be associated to the drug resis-
tance due to efflux of 5FU by P-glycoprotein (P-gp) pumps [7]. 5FU is

Abbreviations: 5FU, 5-Fluorouracil; OXA, Oxaliplatin; PHBV, Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate); PLGA, Poly(lactic-co-glycolic acid); ROS, Reactive Oxygen
Species; DAPI, Paraformaldehyde and 4,6-diamidino-2-phenylindole; MTT,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide; DMEM, Dulbecco's
modified eagle's medium; DCF, Dichlorodihydrofluorescein; DCFDA, 2’,7’-dichlorofluorescin
diacetate; FBS, Fetal bovine serum; DSC, Differential scanning calorimeter; SEM, Scanning
electron microscopy.
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usually administrated in combination with some other drugs to achieve
more effectiveness [8].

At present oxaliplatin (OXA) is extensively used along with 5FU for
the treatment of colon cancer [9]. OXA is a third generation platinum
drug which inhibits DNA replication. Nevertheless, it still exhibit great ad-
verse effects such as acute dysthesias, myelosupression, peripheral distal
neurotoxicity, hematological and gastrointestinal toxicity [10-13].

Employing of nanoparticle (NPs) as drug delivery systems provide a
platform for co-delivering of drugs with enhancing the anticancer effi-
cacy, reducing side effects, increasing the circulation half-life of drugs,
improving the distribution of drugs and overcoming drug resistance
[13,14]. Moreover, NPs can deliver the high doses of drugs into cancer
cells while bypass normal cells [14]. A number of NPs have been studied
as drug delivery systems for improving the treatment of cancer includ-
ing nanostructure lipid carrier (NLC), liposomes, polymeric NPs,
dendrimers, cyclodextrin, gold nanoshells, carbon nanotubes and solid
lipid nanoparticle (SLN) [15-19]. Recently, polymeric NPs have gained
more consideration due to their biodegradability, biocompatibility,
physical and chemical stability, protection of drugs against enzymatic
degradation, ability to entrapment a variety of therapeutic agents and
capability to conjugate [20-22]. For example polyhydroxyalkanoates
(PHA) exhibit sufficient mechanical strength to make them suitable
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for treatment of muscle-fascial wounds. Also, due to high biocompatibil-
ity, PHA is an ideal candidate for production of scaffolds, which can be
used to repair damage in various types of tissue [23,24].

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) is a natural polymer
that is synthesized by bacteria. It has been studied extensively as a poly-
mer for tissue engineering and as drug delivery systems. The polymer is
biocompatible, biodegradable, and nontoxic [25,26]. PHBV unlike poly
(lactic-co-glycolic acid) (PLGA), does not produce acidic degradation
products which may be damaging for human tissues [27,28]. In addition,
in comparison with PLGA, PHBV is economical with a low production
cost [20]. However, low entrapment of hydrophilic molecules is one of
the main disadvantages using of PHBV. On the other hand, it has been
reported that PLGA NPs have high ability for entrapment of drugs [29].
PLGA is a synthetic copolymer which is widely employed as drug deliv-
ery system for improving anticancer activity of drugs owing to its biode-
gradable, biocompatible, non-immunogenic and non-toxic [30]. Nair
et al. found that 5FU loaded PLGA NPs exhibited more antitumor activity
with lower dose than free 5FU [1]. Lin et al. reported that 5FU loaded
PLGA microsphere enhanced the drug concentration in the cancer
cells more than free drug and decreased the toxicity of 5FU in the
healthy cells [31]. Moreover, JQ et al. showed that OXA encapsulated
PLGA microspheres significantly inhibited tumor growth and no signif-
icant adverse effects were observed on the mice during treatment [32].

In the present study for protecting the good biocompatibility of
PHBV and improving the encapsulation efficiency, a novel PHBV/PLGA
NPs is introduced as a platform for co-delivery of 5FU and OXA.

2. Materials and method

5-Fluorouracil (5FU) and oxaliplatin (OXA) were purchased
from Acros, USA and Afine Chemical, China, respectively. Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV (molecular
weight 4117.8 Da), containing 2-3% 3-hydroxyvalerate (3HV) by
weight was acquired from Tianan Biologic Materials Ltd., Hangzhou,
China. Poly(lactic-co-glycolic acid) (PLGA, 50:50, molecular weight
30,000-60,000), polyvinyl alcohol (PVA, average molecular weight
30,000-70,000), 5 (6)-carboxyfluorescein (CF), paraformaldehyde
and 4,6-diamidino-2-phenylindole (DAPI) were obtained from
Sigma-Aldrich, Germany.

HT-29 (human colorectal adenocarcinoma) and CT26 (murine colon
carcinoma) were acquired from Iranian Biological Resource Center
(IBRC) and National Cell Bank of Iran (NCBI), Pastor Institute of Iran, re-
spectively. 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl tetrazolium bro-
mide (MTT) and 2’,7’-dichlorofluorescin diacetate (DCFDA) were
acquired from Sigma-Aldrich, Germany. Dulbecco's modified eagle's
medium (DMEM) and fetal bovine serum (FBS) were obtained from
Gibco, USA. Penicillin-streptomycin was purchased from Sigma-
Aldrich, Germany. Male BALB/c mice and male Wistar rats were ob-
tained 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 current study, 16 formulations with 2 independent variables
including PHBV/PLGA ratio (X;) and PVA concentration (X,) were
assessed using D-optimal design of response surface methodology
(RSM). D-optimal design, as a technique is a design for 1 to 30 factors
that minimizes the variance associated with the coefficient estimates
for model. This technique assists the selection of the model which can
precisely and accurately define parameter-response relationship. D-
optimal design is suitable to investigate the least number of experi-
ments to perform, analyze the effects that changes in mixture composi-
tion produce and help in the selection of the optimal composition for
achieving the optimized formulation [33].

The dependent variables included the encapsulation efficiency (EE%)
of 5FU (Y1), EE% of OXA (Y>) and particle size (PZ) (Y3) of NPs.

Table 1

Variables and their levels used in D-optimal design.
Independent variables Factors Units Levels

Low High

X PHBV/PLGA ratio - 1 3
Xz PVA % 0.25 2
Dependent variables Units Constrains
Y,: EE% (5FU) % Maximum
Y,: EE% (OXA) % Maximum
Y3: Particle size nm Minimum

Experimental factors and their levels were determined in preliminary
studies. The variables and their levels are shown in Table 1. Design-
Expert® software (version 7.0.0, stat-Ease, Inc., Minneapolis, MN) was
employed for assessment of the data of the experiment. In order to de-
termine the relationship and interaction between the variables and re-
sponses, the 3D response surfaces were also generated. Significance of
the variables on the responses and the model was evaluated by
ANOVA test (p-value < 0.05). The adequacy of the model was assessed
by the correlation coefficients (R?) and adjusted R2. The optimized pre-
dicted formulation was prepared and the responses were compared
with the predicted values.

2.2. Preparation of 5FU-OXA loaded PHBV/PLGA NPs

5FU-OXA loaded PHBV/PLGA NPs were prepared by the double emul-
sion (W;/0/W,) method. Briefly, 5FU (3 mg/mL) and OXA (2 mg/mL)
were added drop wise into polymers solution dissolved in chloroform
that consisted of PHBV and PLGA in different ratios as described in the
Table 1 (polymer concentration: 2.5% w/v) followed by homogenizer at
20,000 rpm (Heidolph, Germany) for 5 min leading to the preparation
of primary emulsion (W;/0). In the next step, the resulting solution was
drop wise added to an aqueous phase (W) containing PVA as an emulsi-
fier (in different concentrations), which was homogenized again. The
emulsion was stirred at room temperature to evaporate the organic sol-
vent. Then, resulting suspension was centrifuged at 15,000 rpm for
30 min (MPW-350R, Poland) and the pellet was washed with distilled
water and finally lyophilized at —50 °C (2 Pa) for 24 h (Operon, Korea)
for further studies. The schematics preparation of NPs is shown in Fig. 1.

2.3. Determination of encapsulation efficacy

After centrifugation the concentration of free drugs in the superna-
tant was determined by high performance liquid chromatography
(HPLC, Waters, USA) with the following conditions: C;g column (250
x 4 mm i.d., 5 um); mobile phase: 0.02 M phosphate buffer (pH 4)
and methanol (90:10, V/V); flow rate of 0.8 mL/min; detection wave-
length: 260 nm; column temperature: 30 °C and injection volume: 50
HL. The drugs EE% was calculated using Eq. (1):

EE% = (A—B/A) x 100 (1)

where A is the initial amount of drug added and B is the amount of
remained free 5FU in supernatant after centrifugation determined by
HPLC [34].

2.4. Morphological study and particle size determination

The morphology of NPs was examined by field emission scanning
electron microscopy (FESEM, S4160, and Hitachi, Japan). The samples
were prepared by evaporating a drop of NPs solution on carbon coated
copper grid. The particle size of NPs was also determined by particle
sizer (Qudix, ScatterOScope I, Korea) system at 25 °C. Before the mea-
surement, the NPs suspension were diluted in deionised water and
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Fig. 1. Schematic preparation of 5FU-OXA loaded PHBV/PLGA NPs.

sonicated in ultrasonic bath (Elma, Germany) for preventing particles
agglomeration.

2.5. DSC analysis

DSC studies were performed to evaluate physical state of 5FU and
OXA in the NPs [35]. Thermal behavior of PHBV, PLGA, 5FU, OXA and
5FU-OXA loaded PHBV/PLGA NPs were performed using a differential
scanning calorimeter (DSC-1 Mettler Toledo, Switzerland). 5 mg of
each sample were sealed in aluminum pans and a heating rate of 10
°C/min was employed in the 0 to 300 °C temperature range.

2.6. In vitro release

In vitro release of drugs from the NPs was determined by the dialysis
bag method. Briefly, about 1 mL of the NPs formulation and free drugs
were tightly sealed in a dialysis bag (MW cut off 12 kDa) and immersed
in dialysis medium. At predetermined time intervals, 500 L of the me-
dium was taken for analysis and fresh medium of an equal volume was
replaced. The amount of drugs in the receptor phase was assayed using
HPLC method.

2.7. In vitro cellular uptake of NPs

Because 5FU and OXA are non-fluorescent drugs, CF loaded PHBV/
PLGA NPs were prepared for evaluation of the cellular uptake of NPs.
HT-29 cells were seeded on 6-well plates at a density of 1 x 10° cells/
well. After 24 h, the culture medium was replaced with growth medium
containing free CF and CF loaded PHBV/PLGA NPs and incubated for 4
and 24 h at 37 °C. Then, the cells were washed with PBS and fixed in
4% paraformaldehyde for 15 min at room temperature. Then, the cells
were stained with 4,6-diamidino-2-phenylindole (DAPI) for 10 min.
The internalized CF was observed using fluorescent microscope (Olym-
pus IX71, Japan).

2.8. Cell viability assay

The in vitro cytotoxicity of free 5FU and OXA and 5FU-OXA loaded

PHBV/PLGA NPs were evaluated by MTT assay. HT-29 and CT26 cells
were cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin and incubated overnight at 37 °C. The cells
were seeded in a 96-well plate at density of 1 x 10* cells/well and
allowed to attach and grow for 24 h. Then, the cells were treated with
different concentrations of free 5FU and OXA and 5FU-OXA loaded
PHBV/PLGA NPs for 48 h. 20 pL of MTT (5 mg/mL) was added in each
well and incubated for 4 h. Afterward, 100 pL of DMSO was added to
each well in order to dissolve the formazan crystals and the plates
were gently shaken for 20 min. The absorbance was recorded at
570 nm using ELISA plate reader (BioRad, USA) and survival rates
were calculated by following equation:
Cell viability% = (AbSgympie/AbScontrol) x 100 (2)
where ADs s;mple is related to the absorbance of cells treated with mix-
ture of free 5FU and OXA or the drugs loaded NPs and Abs ool iS attrib-
uted to the absorbance of cells without any drug treatment. According
to the cell viability values, ICsq (inhibitory concentration to produce
50% cell death) was also calculated.

2.9. Reactive oxygen species (ROS) detection

2/, 7"-Dichlorofluorescin diacetate (DCFDA) was used for determina-
tion of ROS generation in cells. DCFDA, a non-fluorescent probe can pen-
etrate into the cells and then oxidize by intracellular ROS to fluorescent
dichlorodihydrofluorescein (DCF) [36]. Briefly, the cells were seeded
into 6-well plates at a density of 2 x 10° cells/well and incubated for
24 h. After incubation, the cells were treated with ICsy dose of free
5FU and OXA and 5FU-OXA loaded PHBV/PLGA NPs for 2, 24 and 48 h.
After treatment, the medium was removed and 10 uM of DCFDA was
added to the cells. The cells were then kept in the incubator for
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45 min. Fluorescence was monitored at excitation wavelength of
485 nm and emission wavelength of 530 nm using spectrofluorimeter
(PerkinElmer, USA).

2.10. Apoptosis study

DAPI forms fluorescent complexes with natural double-stranded
DNA and is helpful to detect the apoptotic nuclei [37]. Therefore, in
the study, DAPI staining was used to determine apoptosis by fluores-
cence microscopy. Briefly, HT-29 cells were cultured in 6-well plates
and treated with ICsy dose of free 5FU and OXA and 5FU-OXA loaded
NPs for 48 h. After treatment, the grown medium was removed and
cells were washed with PBS and permeabilized in 0.1% Triton X-100
for 10 min. Then, the cells were fixed with 4% paraformaldehyde,
washed again with PBS and stained with DAPI (2 mg/mL) for 10 min
atroom temperature. Medium without formulation was also considered
as control. Apoptotic cells were evaluated using fluorescent microscope
(Olympus IX71, Japan). Apoptotic cells were recognized by nuclear con-
densation and fragmentation [4].

2.11. Hemolysis assay

The hemolytic potentials of NPs were evaluated in vitro using the red
blood cells (RBCs). Fresh blood of Wistar rats was collected and RBCs
were separated by centrifugation at 1500 rpm/min for 10 min. Then,
the RBCs were washed three times using PBS. 900 pL of PHBV/PLGA
NPs at different concentrations (0.01, 0.05, 0.1, 0.25, 0.5 and 1 mg/mL)
were added to 900 L of RBCs suspension and incubated for 3 h at 37
°C. Then, unlysed erythrocytes were separated by centrifugation at
1500 rpm for 10 min, the supernatant was collected and the optical den-
sity (OD) of the supernatant was read in a spectrophotometer
(Biochrom WPA biowave II, England) at 540 nm. Triton X-100 (10%)
and PBS were used as positive and negative controls, respectively. The
hemolysis (%) was determined by following formula:

Hemolysis (%) : (As—Anc/Apc—Anc) x 100 (3)

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 antitumor activity and histopathological study

All animal experiments were carried out following the protocol ap-
proved by the Animal Ethics Committee Jundishapur University of Med-
ical Sciences, Ahvaz, Iran (ref no. IR.AJUMS.REC.1395.643). The mice
were subcutaneously injected with 0.1 mL of cell suspension containing
1 x 10° CT26 cells. When the average volume of the tumors reached to

Table 2

D-optimal design in various runs and correspondent responses.
Run PHBV/PLGA ratio PVA (%) EE% (5FU) EE% (OXA) PZ (nm)
1 1.88 2.00 51.2347 35.299 245
2 3.00 2.00 55.9507 38.43 329
3 3.00 113 56.0529 29.8671 110
4 2.13 1.24 55.823 32.78 79.8
5 3.00 0.25 35.831 26.0769 159
6 1.00 0.25 39.542 1.043 80.2
7 1.00 0.25 39.4694 12.87 86.9
8 3.00 0.25 36.3204 25.54 155
9 3.00 2.00 55.5679 38.521 320
10 2.31 0.39 37.0749 19.01 61.8
11 1.00 2.00 52.3274 25.2587 148
12 1.60 0.25 41.0999 4.098 64.8
13 1.00 0.78 16.23 12.09 75.2
14 1.00 2.00 52.841 16.6923 146
15 1.16 1.40 46.0168 12.65 78.1
16 3.00 113 56.3985 30.8304 116

Table 3

The analysis of variances for EE% of 5FU as the response (Y7).
Source Sum of squares df Mean square Fvalue p-Value”
Model 1877.09 9 208.57 2290.55 <0.0001
X1 108.97 1 108.97 1196.71 <0.0001
X5 420.01 1 420.01 4612.76 <0.0001
X1Xa 23.00 1 23.00 252.57 <0.0001
X3 20.48 1 20.48 224.92 <0.0001
X3 16.62 1 16.62 182.52 <0.0001
X3X, 29.74 1 29.74 326.65 <0.0001
X1X3 34497 1 34497 3788.60 <0.0001
X3 20.27 1 20.27 222.61 <0.0001
X3 324.81 1 324.81 3567.15 <0.0001
Residual 0.55 6 0.091
Lack of fit 0.16 1 0.16 2.05 0.2112
Pure error 0.39 5 0.077
Cor total 1877.64 15
R? 0.9897
Adjusted R 0.9993

* Significant at 0.05 level.

100 mm?, the mice were randomly divided into the following three
groups: 1) control, 2) 5FU and OXA and 3) 5FU-OXA loaded PHBV/
PLGA NPs. Formulations were injected via intraperitoneally on days 6,
9, 12 after inoculation. The dosage of 5FU and OXA were selected as
25 and 5 mg/kg, respectively according to the literature [38,39]. The av-
erage volume of tumors was calculated using following formula:

V= (w2 x L) /2 (4)

where W is the shortest diameter and L is the longest diameter.

At the end of treatment, the mice were sacrificed and tumors were
excised, fixed with 10% paraformaldehyde. Then, the tumors were em-
bedded in paraffin, sectioned and stained with hematoxylin and eosin
(H&E) and observed using optical microscope (Olympus BX53P, Japan).

2.13. Statistical analysis

All the data were presented as mean + SD and statistical analysis
was performed using one-way ANOVA. Differences were considered
statistically significant at a p value < 0.05.

3. Results and discussion
3.1. Experimental design

RSM is less time-consuming than other approaches due to small
number of experimental runs are requirement for monitoring the inter-
action between independent and dependent variables [40]. In this
study, D-optimal design was employed for the optimization of NPs.
This design provides an experimental model to determine the effect of
formulation components on the loading of drugs and particle size of

Table 4

The analysis of variances for EE% of OXA as the response (Y>).
Source Sum of squares df Mean square Fvalue p-Value®
Model 1781.20 2 890.60 39.24 <0.0001
X, 1041.08 1 1041.08 45.87 <0.0001
X5 714.22 714.22 31.47 <0.0001
Residual 295.05 13 22.70
Lack of fit 187.80 8 23.48 1.09 0.4824
Pure error 107.24 5 2145
Cor total 2076.25 15
R? 0.8579
Adjusted R>  0.8360

* Significant at 0.05 level.
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Table 5

The analysis of variances for NPs size as the response (Y3).
Source Sum of squares df Mean square Fvalue p-Value”
Model 1.110E+005 9 12,334.14 687.45 <0.0001
X1 8.43 1 8.43 0.47 0.5186
X5 645.60 1 645.60 35.98 0.0010
X1Xa 5653.56 1 5653.56 315.10 <0.0001
X3 1194.22 1 1194.22 66.56 0.0002
X3 21,954.21 1 21,954.21 1223.63 <0.0001
X3X, 2549.93 1 244993 142.12 <0.0001
X1X3 3223.52 1 322352 179.66 <0.0001
X3 165.50 1 165.50 9.22 0.0229
X3 254.97 1 25497 14.21 0.0093
Residual 107.65 6 17.94
Lack of fit 16.71 1 16.71 0.92 0.3819
Pure error 90.95 5 18.19
Cor total 1.111E4-005 15
R? 0.9990
Adjusted R 0.9976

NPs [41]. The values of independent variables and responses in 16 sug-

gested formulations based on D-optimal design are presented in Table 2.
The analysis of variance for EE% of 5FU as a response is displayed in

Table 3. According to the results a cubic model was fitted as follows:

Y; = +132.57783—92.56640 (X;)—258.93824 (X)
+19.92998 (X1X3) + 54.62049 (X;)? + 255.74289 (X5)?
+4.89564 (X1)? (X2)—16.71095 (X1) (X2)*—10.49962 (X;)* (5)
—64.93626 (X,)*

where Y; is the predicted EE% of 5FU and X; and X, are PHBV/PLGA ratio
and PVA concentration, respectively. As depicted in the Table 3, the lack
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of fit of the model was found to be not significant (F = 2.05; p value =
0.2112). Non-significant lack of fit is good for a model to fit [42]. Also,
the p-value of the model is below 0.05 which indicated that the model
can significantly exhibit the real association between variables and re-
sponse. The value of R? and adjusted R? of this model were 0.98 and
0.99, respectively, indicating a good fit between the response model
and the experimental values.

Based on the results of Table 4, the liner model (Eq. (6)) is the best
fitted model for EE% of OXA in NPs with F-value of 1.09 (p value =
0.4824).

Y, = —6.10333 + 9.31746 (X;) + 9.23534 (X>) (6)

where Y, is the predicted EE% of OXA and X; and X, are PHBV/PLGA ratio
and PVA concentration, respectively. The R? and adjusted R? of this
model were predicted to be 0.85 and 0.83, respectively. The proximity
between R? and adjusted R? indicated the efficiency of the model to pre-
dict EE% of OXA.

According to the results of Table 5, the cubic model is the best model
proposed for particle size of NPs with the following equation:

Y3 = +58.61970 + 92.84012 (X;) + 15.67278 (X3)
+96.37405 (X1X2)—107.10309 (X;)* —181.45001 (X,)?
—45.32958 (X1)(X3) + 51.08284 (X;) (X5)?
+30.00195 (X;)® + 57.53382 (X,)? 7)

where Y3 is the particle size and X; and X5 are PHBV/PLGA ratio and PVA
concentration, respectively. Insignificant lack of fit (F = 0.92; p value =
0.3819) further confirms that the selected models adequately fit the
data. The coefficient of determination (R?) and adjusted R? of this
model were predicted to be 0.99. The determination coefficient (R?)

=

EE% (OXA)

Fig. 2. Response surface plots for A) EE% of 5FU, B) EE% of OXA and C) particle size of NPs.
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Table 6
Predicted and observed responses obtained at optimum conditions.

Independent Optimized Dependent Predicted Observed Prediction
variable amount variable amount amount error (%)
X; PHBV/PLGA  2.75 Y, EE% 59.83 50.95 14.84
ratio
X, PVA 1.16 Y, EE% 3024 26.31 12.99
Y; PZ 90.62 92.8 2.40

demonstrated that 99.00% of the variability in the response could be ex-
plained by the model.

The 3D response surfaces plot was used to show the effect of interac-
tion between variables on the EE% and size of NPs (Fig. 2). As displayed
in Fig. 2A and C, EE% (5FU) and particle size do not show linear relation-
ship with PHBV/PLGA ratio or PVA concentrations since they show cubic
model (for example, EE% (5FU) increases with the increase of PVA%
within certain range of the PVA% that show linear relationship, how-
ever, the EE% (5FU) drops at the higher end range of PVA% (~1.56 to 2).

According to Fig. 2B, EE% of OXA was enhanced by increasing the
PHBV/PLGA ratio and PVA concentration.

3.2. Optimization and validation of the model

The optimized formulation was developed and characterized for
maximum EE% of both drugs and the smallest particle size. Predicted
and actual values of responses are shown in Table 6. As seen in
Table 6, the observed amounts were in good agreement with the pre-
dicted values generated by the RSM which indicated significance and

Evaporation

predictability of models. These findings also confirmed that the D-
optimal design method can be successfully used for designing NPs.

3.3. Morphological study and particle size determination

The optimized NPs formulation was found to be spherical in shape
with no particle aggregation (Fig. 3). Moreover, particle size analysis re-
sults showed that 5FU-OXA loaded PHBA/PLGA NPs were approxi-
mately 92.8 nm in size and exhibited a monodisperse distribution
(Fig. 4). The nano-size of drug delivery systems is considered as an im-
portant feature that significantly affects the biodistribution of NPs as
well as provides higher surface area and more accessibility inside the
blood vessels of tumor tissue to reach better permeation [14,20]. Ac-
cording to the literature, NPs larger than 220 nm are generally taken
up from the circulation by phagocytic cells; moreover, NPs smaller
than 10 nm are fall down into renal filtration and urinary excretion
[43]. Therefore, in order to internalize NPs into cells, their size should
be small enough to get away from macrophages and large enough to
avoid rapid renal filtration. According to previous studies, it seems
that the mean size of NPs in the range of 10-220 nm is ideal. In our
study, the resulted optimized NPs had particle sizes approximately
92.8 nm which has the mentioned advantaged simultaneously.

3.4. DSC analysis

DSC curves of 5FU, OXA, PHBV, PLGA and 5FU-OXA loaded PHBV/
PLGA NPs are shown in Fig. 5. Free 5FU and OXA displayed sharp endo-
thermic peaks at temperature of 282 °C and 300 °C, respectively which
are in accordance with the literature values [44-47]. PHBV and PLGA

PHBV/PLGA

5-Fluorouracil

Oxaliplatin

20.8kV XS5.80K 6.08@sm

Fig. 3. SEM image of 5FU-OXA loaded PHBV/PLGA NPs.
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Fig. 4. Particle size distribution of 5FU-OXA loaded PHBV/PLGA NPs.
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Fig. 5. DSC thermograms of A) 5FU, B) OXA, C) 5FU-OXA loaded PHBV/PLGA NPs, D) PHBV and E) PLGA.

polymer showed endothermic peaks at 177 °C and 48 °C, respectively,
confirming previously reported data [48-50]. The typical melting
peaks of 5FU and OXA were not observed in DSC curves of PHBV/PLGA
NPs which indicates that conversion of both drugs from the crystalline
state to the amorphous state. In addition, the absence of 5FU and OXA
peaks can be associated to the entrapment of drugs in the NPs.

3.5. In vitro release

The release profile of free drugs and the optimized NPs formulation
co-encapsulating 5FU and OXA are shown in Fig. 6. According to the re-
sults, free drugs were rapidly released within 4; however, the release
rate of both drugs in the NPs was obviously slower than their solutions.
Therefore, it can be concluded that encapsulated of the drugs in NPs can
better control the release of the drugs.

3.6. In vitro cellular uptake of NPs

In this research, fluorescence imaging method was employed to ob-
serve the intracellular uptake of NPs. For this purpose, CF was used as a
fluorescence probe which accumulates in the cytoplasm of the cells and
DAPI was employed as a nuclear staining agent. According to Fig. 7A, a
very slight fluorescence was observed at 4 and 24 h after incubation
with free CF in the cancer cells. By contrast, CF loaded NPs were quickly
accumulated in the cytoplasmic of cancer cells after 4 h incubation

100 1
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9
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g
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=]
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Fig. 6. In vitro release profile of free 5FU and OXA and 5FU-OXA loaded NPs.

which can be visualized by the bright green fluorescence (Fig. 7B). Fur-
thermore, CF loaded PHBV/PLGA NPs exhibited remarkably higher fluo-
rescence intensity in cancer cells after 24 h. These findings indicated the
faster internalization of CF loaded NPs in the cancer cells. In addition,
these results displayed that the cellular uptake of the NPs became
more significant with increasing the cell culture time. The selection of
CF as the stain was due to its hydrophilicity which is similar to the na-
ture of 5FU and OXA. Low intracellular uptake of hydrophilic drugs re-
mains as a problem. NPs as drug delivery systems can improve the
cellular uptake of hydrophilic drugs [51]. Our findings are consistent
with earlier findings by Sadhukha and Prabha that indicated internaliza-
tion of carboplatin (a hydrophilic drug with poor uptake) entrapment in
PLGA NPs was more than free carboplatin [51]. A significant factor that
contributes to the anticancer drugs in the treatment of cancer is cellular
uptake [52]. It is established that cellular uptake of NPs by the cancer
cells is more via endocytosis rather than passive diffusion [34,53]. The
change in the uptake pathway from diffusion to endocytosis (particu-
larly for hydrophilic drugs) may be an important characteristic of the
NPs which increases their cytotoxicity [34]. According to the results of
previous studies, PHBV and PLGA NPs are taken up by endocytosis path-
way in the cancer cells [17,54]. The proposed mechanism of endocytosis
uptake of NPs is shown schematically in Fig. 8.

3.7. Cytotoxicity assay

In vitro cytotoxic effect of free 5FU and OXA and 5FU-OXA loaded
NPs on HT-29 and CT26 cells are shown in Fig. 9. All formulations
showed dose-dependent cell proliferation inhibition behavior. ICsq
values of free 5FU and OXA and 5FU-OXA loaded NPs on cancer cells
are presented in Table 7. As illustrated in Fig. 8, in HT-29 and CT26
cells, a remarkable difference was observed between free 5FU and
OXA and 5FU-OXA loaded NPs. Co-loaded NPs exhibited lower cell via-
bilities than mixture of the free drugs, suggesting the superiority of co-
loaded NPs (p < 0.05). These results might be attributed to the different
cell uptake pathways of free drugs and drug-loaded NPs [55]. As previ-
ously mentioned, endocytosis has been widely considered as main cel-
lular uptake pathway for NPs in cancer cells [52]. Therefore, the more
effectiveness of drugs loaded NPs is related to effective endocytosis of
the NPs in the cells and more internalization of drugs in the cancer
cells [51,56]. However, free 5FU and OXA absorb weakly and wash out
rapidly owing to their hydrophilic nature [57]. In addition, the increase
in the uptake of the drugs using PHBV/PLGA NPs led to reducing of ICsq
value in comparison with that of free drugs. Similar results were
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Fig. 7. Intracellular localization of A) free CF and B) CF loaded PHBV/PLGA NPs after 4 and 24 h.

reported by El-Hammadi et al. and Nair et al. that indicated 5FU loaded
PLGA NPs exhibited anti-proliferative effect more than free 5FU in can-
cer cells and significantly reduced the ICs of the drug [1,7]. Moreover,
our findings are in-line with Vardhan et al. results which reported that
cytotoxic effect of docetaxel containing PHBV NPs was much higher
than the free docetaxel [20]. Masood et al. observed that ellipticine
loaded PHBV NPs showed better cytotoxicity than the free drug.
They also indicated that the delivery of the drug to cancer cells was
mediated by water penetration and formation of pores in the PHBV
polymeric core [58,59]. In the cancer therapy, the aim of employing
drug delivery systems is to decrease the dose of drugs and as a result
reducing side effects [59]. In addition, co-delivery of chemotherapy
agents by NPs overcomes multi-drug resistance (MDR) and en-
hances drug concentration at tumor cells through improving their
permeability [28]. The obtained results confirm that PHBV/PLGA
NPs can present a novel prospect for colon cancer therapy with re-
ducing adverse effect.

3.8. ROS generation assay

Previous studies have reported that 5FU and OXA exhibit their cyto-
toxic activity by generating of intracellular ROS [8,60]. ROS is an impor-
tant regulator of cell apoptosis in cancer cells [61]. In order to
investigate whether 5FU-OXA loaded PHBV/PLGA NPs could trigger
ROS-mediated apoptosis, DCF was employed to determine intracellular
ROS level. As shown in Fig. 10A, the co-delivery of 5FU and OXA in the
NPs triggered significantly more ROS production compared to the free
drugs in the cancer cells (p < 0.05). A significant increase of ROS levels
was also observed in cancer cells after 48 h incubation, confirming that
more drugs were internalized into the cells and induced higher ROS gen-
eration. The higher ROS production of 5FU-OXA loaded NPs displayed
their efficiency towards anticancer potential. The present findings con-
firm the results of Jin et al. who reported that NPs induced ROS production
and resulted apoptosis pathway in cancer cells. In order to examine the
role of ROS contribution with NPs in inducing apoptosis, these researches
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Fig. 8. Schematic illustration for endocytosis uptake of NPs.

co-cultured cancer cells with NPs and N-acetyl-L-cysteine (as a ROS inhib-
itor). They found that N-acetyl-1-cysteine considerably reduced the ability
of NPs to inhibit cancer cells [62]. Our findings also agree with the results
of Li et al. which found that co-delivery of paclitaxel and tetrandrine in
NPs induced more ROS production in the cells compared to free drugs
(p < 0.05) [63]. According to these findings, it seems that the production
of ROS is an important mechanism that might contribute to the cytotox-
icity of 5FU-OXA loaded NPs in the cancer cells.

3.9. Apoptosis study

Since generations of ROS by cells is considered as a signal of apopto-
tic, we have performed DAPI staining in HT-29 cells treated with the free
5FU and OXA, 5FU-OXA loaded NPs and compared to that of control
group (untreated cells). As shown in Fig. 10B, 5FU-OXA loaded NPs in-
duced significantly more apoptosis than free drugs; while, no apoptosis
was observed in the control group. Nuclear morphology analysis
showed characteristic apoptotic changes including nuclear fragmenta-
tion, chromatin condensation and formation of apoptotic bodies in the
cancer cells. However, the untreated cells exhibited normal nuclei.
These results clearly indicate that 5FU-OXA loaded NPs could induce
cell death in cancer cells through ROS-mediated apoptotic. It is worth
noting that in comparison with free 5FU and OXA, 5FU-OXA loaded
NPs represented more apoptosis with lower ICsq (35.48 uM compared
to 72.44 pM). The better efficacy of 5FU-OXA loaded NPs in comparison
to free drugs may be due to differential cellular uptake which increases
their efficacy to induce apoptosis in cancer cells. As mentioned in
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Table 7
ICs0 values (uM) for free 5FU and OXA and 5FU-OXA loaded PHBV/PLGA NPs on cancer
cells.

Formulation HT-29 CT26
Free 5FU and OXA 72.44 45.71
5FU-OXA loaded PHBV/PLGA NPs 35.48 26.91

Section 3.5, the alteration in the uptake pathway of NPs from diffusion
to endocytosis may lead to an increase in their cytotoxicity [34]. Apo-
ptosis is considered as an ideal way to induce cell death in cancer cells
[64]. In cancer, the therapeutic goal is to trigger apoptotic pathway
rather than necrosis pathway. Because necrosis induces inflammation
which results in further tissue damaging [65]. The mechanisms of apo-
ptosis are highly complex. It has been reported that ROS overproduction
leads to collapse of mitochondrial membrane potential [52]. This dis-
ruption results to the release of cytochrome c from mitochondria to cy-
tosol which is a main initiator for triggering apoptosis pathway [66]. In
cytoplasm the cytochrome c activates caspases which are an important
regulator of apoptosis [37,67]. Our finding is similar with Zhang et al. re-
sults which reported that co-delivery of paclitaxel and tetrandrine in
NPs triggered significantly more ROS production and promoted apopto-
sis in cancer cells [68]. In addition, Li et al. expressed that paclitaxel
loaded NPs enhanced cytotoxic effects on cancer cells through ROS-
mediated apoptotic [67].

3.10. Hemolysis assay

In vitro hemolysis assay was performed to evaluate whether PHBV/
PLGA NPs are safe for intravenous injection. As shown in Fig. 11A, NPs ex-
hibited no significant hemolytic activity at different concentrations
(below 5.0%), which is confirming excellent safety for intravenous injec-
tion. Usually, a hemolysis of <5% is considered as safe [69]. The RBCs ex-
posed to PBS (as negative control) and Triton X-100 (as positive
control) exhibited a non-significant and significant hemolysis, respec-
tively (Fig. 11B). These data confirm previous researches which reported
that PHBV polymer is hemocompatible. Mendes et al. indicated that PHPV
microparticles were hemocompatibile with RBCs [70]. Vardhan et al. ob-
served that PHBV NPs had no cytotoxic effect on RBCs, suggesting their
high hemocompatibility [20]. Moreover, Yadav et al. found that PLGA
NPs did not exhibit hemolytic properties on RBCs [18].

3.11. In vivo anticancer activity and histopathological study

The experimental design for evaluation of anticancer activity of free
5FU and OXA and co-loaded in NPs in mice is schematically represented
in Fig. 12A. According to Fig. 12B, compared with the rapid tumor
growth of control groups, all formulations exhibited high efficacy in
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Fig. 9. In vitro cytotoxicity of free 5FU and OXA and 5FU-OXA loaded PHBV/PLGA NPs on A) HT-29 and B) CT26 cancer cells.
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Fig. 10. A) Effect of free 5FU and OXA and 5FU-OXA loaded PHBV/PLGA NPs on generation of ROS in HT-29 cells and B) nuclear morphologic changes of HT-29 cells after 48 h treatment:
(a) untreated cells (as control), (b) free 5FU and OXA and (c¢) 5FU-OXA loaded PHBV/PLGA NPs.

inhibiting the tumor growth. However, 5FU-OXA loaded NPs showed
better antitumor effect compared with the free drugs (p <0.05). As illus-
trated in Fig. 12C, it can be obviously observed that tumor size of treated
group with co-loaded NPs is smallest among treatment groups which
confirm the potential of NPs system in the effective therapy of cancer.
These findings support our in vitro cytotoxicity study, indicating that
5FU-0XA loaded NPs induced higher antitumor activity both in vitro
and in vivo. As can be seen in Fig. 12D, the 5FU-OXA loaded NPs treated
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group exhibited lowest tumor cell density in tumor tissue between the
groups; confirming tumor cell proliferation had been inhibited effec-
tively in the 5FU-OXA loaded NPs treated group. In addition, no signifi-
cant change was observed in the feeding, body weight and movement
between the treated and the control groups (data not shown). The ob-
tained results further confirmed our hypothesis that co-loaded NPs
can be successfully employed for treatment of colon cancer with great
clinical application prospects. The superior antitumor activity of 5FU-
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Fig. 11. Hemolysis assay: A) hemolysis (%) and B) image of RBCs treated with Triton X-100 (+), PBS (—) and different concentrations of PHBV/PLGA NPs.
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OXA loaded NPs may be attributed to coinstantaneous delivery of two
drugs to the cancer cells and the efficient cellular uptake in the tumor
tissues. NPs can be accumulated in the tumor tissues owing to impaired
lymphatic drainage and leaky vasculature of tumors which is recog-
nized as enhanced permeation and retention (EPR) effect. EPR effect fa-
cilitates permeation of NPs with size of 10-220 nm in the tumor tissues
[14,43]. In the present research, NPs revealed size about 92.8 nm, which
may effectively target cancer cells due to the EPR effect. These results
are consistent with earlier findings by Zhu et al. They reported that
doxorubicin and paclitaxel co-loaded NPs with nano-scaled size more
effectively internalized into cancer cells due to EPR effect [71]. Zhang
et al. also indicated that the superior antitumor effect of doxorubicin
and curcumin co-loaded NPs might be associated to the sufficient cellu-
lar uptake and EPR effect [72]. On the other hand, according to the re-
sults of in vitro cytotoxic study that 5FU-OXA loaded NPs could induce
apoptosis through production of ROS in cancer cells, it can be concluded
that 5FU-OXA loaded NPs may induce apoptosis pathway in vivo and
improve the antitumor efficacy of 5FU and OXA. Considering these re-
sults, it seems that better anticancer activity of 5SFU-OXA loaded NPs
may be related to the EPR effect and induction apoptosis pathway. The
proposed mechanism of antitumor activity of 5FU-OXA loaded PHBV/
PLGA NPs in cancer cells is presented schematically in Fig. 13.

4. Conclusion

In the study, PHBV/PLGA NPs were developed for delivery of 5FU and
OXA in order to enhance anticancer efficacy. 5FU-OXA loaded PHBV/
PLGA NPs showed higher cytotoxicity than free drugs and significantly
induced ROS-dependent apoptotic pathway in cancer cells. Hemolysis
assay indicated that NPs had good hemocompatibility, confirming
they are suitable for [V administration. Moreover, co-loaded NPs pre-
sented superior antitumor activity. The present findings revealed that
the co-delivery of PHBV/PLGA NPs provide a promising platform as a
combination therapy in colon cancer treatment.
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