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1. Introduction

Globally, cancer is the leading cause of death among 
people under the age of 70 (Palacios-Moreno  et  al., 
2019). Chemotherapy is one of the most conventional 
cancer treatments. However, the severe side effects, the 
requirement of multiple drug dosing, and the development 
of drug resistance are the main drawbacks of chemotherapy 
(Masood, 2016).

Paclitaxel (PTX) is a broad-spectrum anticancer agent. 
PTX inhibits the G2/M phase in rapidly growing mitotic 
cells and promotes apoptosis. However, PTX exhibits poor 
bioavailability due to its hydrophobic nature and lack of 
capability to target tumor cells specifically. Moreover, the 
efficiency of PTX is reported to decline due to its rapid 

breakdown after intravenous administration. The side 
effects of PTX include hair loss, diarrhoea, numbness, and 
joint pain (Thomas et al., 2015). Therefore, it is currently 
used in the form of Taxol, which contains 6 mg/mL 
PTX dispersed in Cremophor EL and anhydrous alcohol 
(1:1 v/v) (Monteiro et al., 2018). Cremophor EL has also 
been linked to hypersensitivity reactions (Picard, 2017), 
peripheral neuropathy, bronchospasms, and fatal responses 
(Song et al., 2016). As a result, there is a compelling need 
to find a suitable carrier to increase the solubility and 
therapeutic efficacy of PTX.

Nanotechnology has opened a new avenue for the 
delivery of drugs, vaccines, and genes (Rai et al., 2019). 
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efficacy of PHBV and PTX/PHBV nanoparticles was tested 
by (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide) (MTT) and apoptotic assays.

2. Materials and Methods

2.1. Materials

The PHBV, PEG, PVA, PTX, acetone, ethanol, and dimethyl 
thiazol-(2yl-2,5)-diphenyl tetrazolium bromide (MTT) 
were acquired from Sigma-Aldrich (Germany).

2.2. Synthesis of nanoparticles

The PTX-containing PHBV (PTX/PHBV) nanoparticles 
were synthesized via the nanoprecipitation technique 
(Fessi et al., 1989). Briefly, the organic phase containing 
PHBV (50 mg) and PEG (50 mg) was made in acetone 
(3 mL) using an ultrasonic bath cleaner, followed by the 
addition of PTX (2 mg). Tween-80 (0.01% v/v) was mixed 
in the organic phase. The organic phase was added to an 
aqueous phase containing PVA (0.05%, w/v). The mechanical 
mixing continued for 5 h at 50°C. The nanoparticles were 
collected by centrifugation (Shimadzu) at 10,000 rpm for 
10 min and dried in a vacuum oven after being washed 
two times with milli-Q water. Blank PHBV nanoparticles 
were synthesized using the same protocol without the 
addition of a drug to the organic phase.

2.3. Characterization studies

2.3.1. Particle size analysis

The dispersions of PHBV and PTX/PHBV nanoparticles 
(1 mg/mL) were prepared in deionized water to analyze 
their average particle diameter, polydispersity index (PDI), 
and zeta potential using the Nano ZS 90 instrument.

2.3.2. SEM analysis

The dispersions (1 mg/mL) of PHBV and PTX/PHBV 
nanoparticles were dried separately on coverslips, coated 
with gold, and observed under SEM (JEOL, Japan).

2.4. Drug encapsulation efficiency

The PTX/PHBV nanoparticles (10 mg) were dissolved in 
1 mL DMSO and subjected to centrifugation (10,000 rpm 
for 10 min) to collect the supernatant. The absorbance 
of the supernatant was taken at 260 nm using a UV-vis 
spectrophotometer (Shimadzu). A calibration curve 
(R2=0.99) of different concentrations (5 to 50 µg/mL) of 
free PTX was also made. The drug encapsulation efficiency 
(DEE) and drug loading content (DLC) of PTX/PHBV 
nanoparticles were quantified using Equation 1 and 
Equation 2, respectively.

( ) ( )
( )

Weight of PTX in nanoparticles mg
DEE %  1 00 

Initial weight of PTX mg
= × 	 (1)

( ) ( )
( )

Weight of PTX in nanoparticles mg
DLC % 100 

Weight of dried PTX loaded  nanoparticles mg
= × 	 (2)

The pre-requisites of an ideal delivery system include 
competence to enhance the chemotherapeutic efficacy of 
hydrophobic anticancer drugs by improving their solubility 
within the polymeric matrix via controlled release, higher 
circulation time inside the human body, and a minimum 
dose requirement to kill the cancer cells (Geraili et al., 
2021; Pan et al., 2019).

Poly-3-hydroxyalkanoates (PHA) are natural hydrophobic 
polyesters (Anjum et al., 2016). PHA-based microspheres, 
microparticles, and nanoparticles are widely used as drug 
carriers (Lu et al., 2010; Mendes et al., 2012). The microbes 
manufacture PHA as inclusion bodies, which function as 
carbon and energy reserves (Sabapathy et al., 2020). In 
recent years, the biomedical applications of PHA have 
been extensively explored due to their biocompatibility, 
biodegradability, and non-toxicity (Rodriguez-Contreras, 
2019). According to chain length, the PHA family is divided 
into three subgroups: short-chain length, medium-chain 
length, and long-chain length. The representatives of short-
chain length PHA include PHB (homopolymer) and PHBV 
(copolymer) (Tarrahi et al., 2020). According to ISO 10993, 
the use of PHB nanoparticles in animals is permitted due 
to their biodegradable and non-toxic features (Masood, 
2016). Previously, poly-ε-caprolactone (PCL) (Abriata et al., 
2019), poly(L-lactide) (PLA) (Thu et al., 2015), poly (lactide-
co-glycolide) (PLGA) (Shah et al., 2009; Wang et al., 2015), 
and zein (Gagliardi et al., 2019) nanoparticles were used 
for delivery of PTX. The encapsulation efficiency of PTX 
in zein nanoparticles was ≈ 29% (Gagliardi et al., 2019). In 
another study, only 30% of PTX was successfully loaded in 
transferrin-coated PLGA nanoparticles (Shah et al., 2009). 
There are success reports with the use of members of the 
PHA family such as PHB, PHBV, and poly(3-hydroxybutyrate-
co-3-hydroxyoctanoate) nanoparticles for controlled release 
of drug molecules (Masood et al., 2013; Perveen et al., 2020; 
Zhang et al., 2010). Recently, Lee et al. (2022) developed 
hybrid nanoparticles based on PHA and PLGA for the 
delivery of PTX. However, only 43% cumulative release 
of PTX was found from PHA/PLGA nanoparticles after 7 h 
under in-vitro conditions (Lee et al., 2022).

Surface modification of delivery systems is done 
by coating a layer of non-toxic and biocompatible 
polyethylene glycol (PEG) on the surface of drug-loaded 
nanoparticles. Subsequently, the cells (monocytes, 
granulocytes, and macrophages) of the mononuclear 
immune system cannot enter the PEG corona. As a result, 
the drug-loaded nanoparticles are not easily recognized by 
the immune system as a foreign substance, and therefore, 
their circulation inside the human body has increased 
(Prabhakaran et al., 2013; Xu et al., 2016).

The goal of the present study is to develop a PEG coated 
pH-sensitive delivery system with higher encapsulation 
efficiency for controlled release of PTX for cancer treatment. 
In this study, PHBV nanoparticles were synthesized as 
carriers of PTX. Morphological analysis of the PHBV (blank) 
and PTX/PHBV (drug-loaded) nanoparticles was carried out 
via scanning electron microscopy. A particle size analyzer 
was used to evaluate the particle size, zeta potential, and 
polydispersity index of PHBV and PTX/PHBV nanoparticles. 
The release profile of PTX from PHBV nanoparticles was 
evaluated at pH 4 and 7.4. Moreover, the in-vitro cytotoxic 
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2.5. In-vitro release studies

The PTX release profile from PTX/PHBV nanoparticles 
was studied at PBS (pH 7.4 and 4) in a shaking incubator 
at 37 °C and 150 rpm. Briefly, the PTX/PHBV nanoparticle 
dispersion enclosed in a dialysis bag was suspended in 9 
mL of PBS followed by the removal of 1 mL of the release 
medium at different time intervals and replaced with an 
equivalent volume of fresh release medium. The release of 
PTX from nanoparticles was determined at 260 nm using 
a UV-visible spectrophotometer.

2.6. MTT assay

The cytotoxic potential of PHBV and PTX/PHBV 
nanoparticles in Caco-2 cells (using the RPMI medium) 
and MCF-7 cells (using the DMEM medium) was examined 
by MTT assay (Pervaiz et al., 2016). In brief, the MCF-7 
(6×103) and Caco-2 (3×103) cells were seeded separately 
in 96 well plates. The cells were treated with 2-fold serial 
dilutions of PTX and PTX/PHBV nanoparticles for 24 and 
72 h, respectively. Approximately, 20 µL of MTT solution 
(10 mg/mL) was added to all treated wells and incubated 
for 3 h. The optical density was determined at 540 nm 
(reference wavelength 690 nm) using a microplate plate 
reader (Anthos, Krefeld, Germany). The cells in culture 
media with no treatment were considered 100% viable. 
The cell viability (%) was calculated using Equation 3.

( ) absorbance of treated cellsCell viability % = × 100 
absorbance of untreated cells (media+ cells)

	 (3)

2.7. Apoptotic assay

The FTIC annexin-V apoptosis detection kit was used for 
the apoptotic assay (Monteiro et al., 2016). Approximately, 
2×105 cells of the MCF-7 cell line were seeded in a six well 
plate. The cells were then incubated with IC50 (µg/mL) 

either of free PTX or drug-loaded nanoparticles, followed 
by detachment with Trypsin EDTA. The detached cells 
were washed with PBS (pH = 7.4) followed by the addition 
of a binding buffer. Annexin V-FITC staining was done to 
determine the proportion of apoptotic cells and analyzed 
using FACS.

3. Results and Discussion

3.1. Characterization studies

3.1.1. Particle size analysis

The diameters of PHBV and PTX/PHBV nanoparticles 
were 140.5 and 152.3 nm, respectively. The PDI values of 
PHBV-5 and PTX/PHBV nanoparticles were 0.7 and 0.8, 
respectively, thus demonstrating their monodisperse 
distribution. These results are in line with previous 
findings by Masood  et  al. (2013). According to them, 
the diameter and PDI of ellipticine-loaded PHBV-12 
nanoparticles were larger than PHBV-12 (blank) 
nanoparticles (Masood et al., 2013).

The zeta potential values of PHBV and PTX/PHBV 
nanoparticles were -21 and -23 mV, respectively. The 
negative zeta potential of these formulations was due 
to the presence of a terminal carboxylic group of PHA 
as reported earlier in the case of epirubicin-loaded PHB 
nanoparticles (Perveen et al., 2020).

3.1.2. SEM analysis

Both the PHBV (blank) and PTX/PHBV (drug-loaded) 
nanoparticles exhibited spherical morphology in scanning 
electron micrographs (Figure 1a, b). Similarly, in another study, 
the doxorubicin-loaded folic acid/polyethylene glycol/poly-
3-hydroxybutyrate-co-3-hydroxyoctanoate nanoparticles 
had a spherical morphology (Zhang et al., 2010).

Figure 1. SEM analysis of PHBV (left) and PTX/PHBV (right) nanoparticles.
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3.2. DEE and DLC

DEE and DLC of the delivery system are dependent 
upon several parameters such as drug profile (solubility, 
hydrophobicity/hydrophilicity, stability, and solubility), 
nature of the polymer, the ratio of polymer to the drug, 
type of solvent used for solubilizing the drug, and method 
adopted for nanoparticle synthesis (Mitchell et al., 2021). 
PTX is a hydrophobic drug. Therefore, PHBV is considered 
a suitable carrier for the encapsulation of PTX due to its 
hydrophobic nature via the nanoprecipitation method. 
The addition of the organic phase to the aqueous phase 
caused the formation of nanoparticles via interfacial 
turbulence. The DEE of PTX/PHBV nanoparticles was 
45±0.4%. The DLC of PTX/PHBV nanoparticles was 2.16±1.5%. 
The encapsulation of PTX in the PHBV matrix occurred via 
hydrophobic interactions. Previously, in another study, 
the EE of PTX in PHBV nanoparticles was 37% (Vilos et al., 
2013). The higher molecular weight of PHBV (Mw =17.98 
kDa) in this study was responsible for obtaining better 
encapsulation efficiency and loading content of PTX in 
PTX/PHBV nanoparticles.

3.3. In-vitro release studies

The release pattern of the drug from PTX/PHBV 
nanoparticles was checked at pH 4 and 7.4 and 
compared with the release profile of free PTX (Figure 2). 
The free PTX demonstrated poor release profiles at 
pH 7.4 and 4, respectively. The release of PTX from PTX/
PHBV nanoparticles was significantly lower at pH 7.4 than 
at pH 4. Moreover, the release of PTX from PTX/PHBV 
nanoparticles followed a biphasic pattern, with initial 
burst release (31.31±1.5%) followed by slow and sustained 
release (60.8±6.5%) at pH 7.4 (Figure 2). On the contrary, high 
release (37.3±2.5%) of PTX followed by sustained release 
(70.2±1.5%) was observed from PTX/PHBV nanoparticles 
at pH 4 due to higher degradation of the polymer matrix 
at acidic pH (Figure 2). Previously, Jains et al., reported a 
higher release (60-69%) of docetaxel from poly lactide-
co-glycolide/polyethylene glycol nanoparticles at pH 4 
than the release (53-61%) of docetaxel found at pH 7.4 
(Jain et al., 2015).

The PTX release profiles from PHBV nanoparticles were 
fitted in different kinetic models. The Higuchi model was 
the best one to predict the release pattern of PTX from 
PHBV nanoparticles (Table 1). The value of the slope (n) in 
the Korsmeyer–Peppas equation defines the drug release 
mechanism. These mechanisms include quasi-Fickian 
diffusion (n<0.5), non-Fickian diffusion (n˃0.5<1), Fickian 
diffusion (n=0.5, n=1), and case II diffusion super case II 
diffusion (n>1). The observed values of n for PTX/PHBV 

nanoparticles were <0.5 attesting to the quasi-Fickian 
release mechanism. Therefore, it is suggested that the 
release of PTX from nanoparticles is controlled by a 
combination of diffusion and surface erosion mechanisms.

3.4. MTT assay

The cytotoxic studies of free PTX and PTX/PHBV 
nanoparticles were carried out in Caco-2 (Figure 3a, b) 
and MCF-7 (Figure 4a, b) cell lines. The viability of both 
cell lines was compared at different time intervals 
(24 and 72 h). Both MCF-7 and Caco-2 cell lines remained 
125±2.9 and 150±3.9% viable in the presence of blank 
PHBV nanoparticles at a concentration of IC50 (µg/mL) 
equivalent to the quantity of PTX/PHBV nanoparticles, thus 
demonstrating their non-toxicity and biocompatibility.

The viability of the Caco-2 cell line was 53.43±3.43% 
in the presence of the 0.4 µg/mL concentration of 
PTX/PHBV nanoparticles as compared to the percent cell 
viability observed in the case of free PTX (60.9±0.75%) 
(Figure 3a, b). While the percent viability of the MCF-7 
cell line was 41±5.25% in the presence of the treatment 
that contained 0.4 µg/mL of the PTX/PHBV nanoparticles 
in comparison to free PTX (65.3±2.9%) (Figure  4a,  b). 
The values of IC50 (µg/mL) of PTX/PHBV nanoparticles were 
0.64 and 1.03-fold enhanced against Caco-2 and MCF-7 cell 
lines, respectively, in comparison to free PTX. Similarly, 
in another study, ellipticine-loaded PHBV nanoparticles 
depicted higher cytotoxicity in lung cancer (A-549) cells 
versus free ellipticine (Masood et al., 2013).

Figure 2. The cumulative release of PTX from PHBV nanoparticles 
at different pH (mean± SE, n=2).

Table 1. The application of kinetic models to the release of PTX from PHBV nanoparticles.

pH
Zero-order Higuchi First- order Hixon- Crowell Korsmeyer Pappas

R2 R2 R2 R2 R2 n

7.4 0.75 0.90 0.80 0.72 0.37 0.32

4 0.87 0.95 0.90 0.84 0.42 0.39
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3.5. Apoptotic assay

The ability of cancer cells to evade apoptosis is their 
crucial characteristic. The apoptotic assay is used to 
examine the modulation of the cell death mechanism 
in MCF-7 cells following treatment with PTX/PHBV 
nanoparticles (Figure 5a-f). The MCF-7 cells treated with 
free PTX depicted 14.2% late apoptosis, 11.30% necrosis, 
70.40% live cells, and 4.04% apoptosis (Figure  5c,  d). 
On the contrary, the MCF-7 cells exposed to PTX/
PHBV nanoparticles showed 19.30% necrosis, 21.05% 
late apoptosis, 53.12% live cells, and 6.54% apoptotic 
cells (Figure  5e,  f). Thus, the PTX/PHBV nanoparticles 
demonstrated 1.61-fold enhanced apoptosis in MCF-7 cells 
versus free PTX. Similarly, in another study, PTX-loaded 
PHBV nanoparticles induced the death of ovarian cancer 
cells (SKVO3) after 48 h of incubation via the induction 
of enhanced apoptosis (Vilos et al., 2013).

4. Conclusions

PHBV was used to encapsulate the PTX to produce 
PTX/PHBV nanoparticles. Both PHBV and PTX/PHBV 
nanoparticles exhibited a spherical morphology. The 
drug-loading efficiency of PTX/PHBV nanoparticles was 
49.46%. The PTX/PHBV nanoparticles exhibited pH-sensitive 
drug release with initial burst release followed by controlled 
drug release up to 72 h. In addition, the PTX/PHBV 
nanoparticles showed enhanced cytotoxic and apoptotic 

Figure 3. The percent cell viability of Caco-2 cells at different time 
intervals after treatment with free PTX and PTX/PHBV nanoparticles 
(a-b) (mean±SE, ***p<0.001).

Figure 4. The percent cell viability of MCF-7 cells at different time 
intervals after treatment with free PTX and PTX/PHBV nanoparticles 
(a-b) (mean±SE, ***p<0.001).

Figure 5. The influence of free PTX and PTX/PHBV nanoparticles 
on the apoptotic behavior of MCF-7 cells stained with PI and 
FITC-Annexin V (a-f).
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effects in MCF-7 cells, thus making them suitable for 
passive tumor targeting. However, future studies would 
be focused on the functionalization of this system with 
various ligands for active tumor targeting (selective killing 
of cancer cells only).
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