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Background and objective
In a previous study, the authors produced, optimized, characterized, and purified
the poly3-hydroxybutyric acid (PHB) using the locally isolated Bacillus flexus
bacterial strain. The development of a biodegradable drug carrier as an efficient
delivery system has received great interest over the past few decades. The
objective of this study was to produce a nano-PHB carrier for curcumin to be
more effective in tumor fighting.
Materials and methods
PHB was produced on the optimized medium by B. flexus strain. The nano-PHB
form was produced using the nanoprecipitation technique. The size, shape, and
characteristics of loaded curcumin nano-PHB particles were performed using zeta-
potential, scanning electron microscopy, and Fourier transform infrared
spectroscopy techniques. The antitumor effect of the nano-PHB loaded
curcumin was performed using human breast adenocarcinoma MCF-7 cell line.
Results and conclusion
In this study, a naturally developed, biodegradable, and biocompatible nanosized
carrier for curcumin-targeted delivery in breast-cancer cells with higher
encapsulation efficiency (95.5%) was formulated. The size range of both free
PHB and curcumin-loaded PHB was 237 and 260nm respectively. The
nanoparticles exhibited a spherical shape with no aggregation which is
confirmed by electron microscopy, indicating a higher colloidal stability. The
curcumin-loaded PHB nanocarrier showed a sustained drug release behavior.
In-vitro anticancer assays showed the superiority of curcumin-loaded PHB
nanocarrier over free curcumin for fighting breast cancer. These results show
that the PHB biopolymer acts as an efficient carrier vehicle for the curcumin.
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Introduction
Breast cancer is one of themost commonand lethal types
of cancer in women worldwide, so it is considered to be
the primary threat to women’s health [1]. However,
there is almost control for the disease by emergence of
novel and new therapeutic products; the probability of
relapse during disease progression is observed [2,3].
Multidrug resistance is the most common obstacle
which leads to failure of many forms of breast cancer
treatment [4]. Besides, cancer patients treated with
available chemotherapeutic drugs usually suffer from
sever adverse effects including vomiting, dysphoria,
nausea, and sever toxicity [5]. So, there is an urgent
need to discover new, safe, effective, evergreen, and
appropriate strategies for delivering anticancer drugs
with restricted side effects and management in the
treatment of breast cancer [6]. Nanomedicine is
considered one of these hopeful new therapeutic
strategies. Nanomedicine refers to the biomedical
application of materials having a size of between 1
and 1000 nm, which modulate both the selectivity and
Wolters Kluwer - Medknow
bioavailability of chemotherapeutic drugs [7]. The
application of biodegradable polymers for
administration and delivery of therapeutic agents has
dramatically increased in recent years especially in the
field of sustained drug delivery system [8]. They can be
classified to either natural or synthetic polymers.
Synthetic polymers displayed better advantages than
the natural one as they can be easily designed to give a
broad range of desirable features, but their toxicity
limited their application. Natural polymers are
considered safer and less toxic than synthetic ones; so,
they recorded great advantages as drug carriers [9]. In
thisdirection, anaturalpolyhydroxyalkanoate (apolymer
of ester group), namely poly3-hydroxybutyrate (PHB),
synthesized from renewable sources by various
microorganisms in response to excess carbon and
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Figure 1

Curcumin-loaded nanopoly3-hydroxybutyric acid formation using the
nanoprecipitation technique.
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nutrient limiting conditions displays considerable
interest [10]. Numerous medical studies have reported
the use of PHB as implants for tissue engineering or
organswithno rejection as it is highly biocompatible and
biodegradable [11,12]. Moreover, no secondary
reactions lead to tissue necrosis or acute inflammation
have been reported in tissue adjusted to PHB implants
[13]. So, PHB has massive applications in medicine
especially in the field of drug delivery for obtaining
biomedically micro-carriers and nanocarriers as it did
not induce immunogenic response in vivo [14].

The main disadvantage in cancer treatment is the lack
of selectivity to tumor cells which leads to harmful side
effects to noncancerous or normal cells. So,
encouraging the uptake selectivity in the tumor site
by targeted drug delivery is critical [15].
Overexpression of certain receptors on the surface of
cancer cells (e.g. hydroxycarboxylic acid receptors) can
be exploited for this purpose. Hydroxycarboxylic acid
receptors on the cell surface is a good target for PHB
nanocarriers which induce a highly cellular uptake for
drugs loaded with PHB [16].

In many cases, cancer cells have been found to develop
resistance over time toward chemotherapy, which led
scientists to search for another treatments [17]. Natural
products such as curcumin is considered as alternative to
chemotherapy due to its potent anticancer activity and
minimal side effects even at high doses[18]. Previous
researches have reported that curcumin has various
therapeutic activity including anti-inflammatory,
anticancer, antibacterial, antioxidant, antiangiogenesis,
and wound-healing properties [19,20]. Despite all
these advantages, the clinical use of curcumin is very
limited due to its poor solubility that leads to poor
absorption, rapid metabolism by the liver, and fast
elimination from the systemic circulation which
restricted its administration as a chemotherapeutic
drug. Therefore, a novel curcumin-targeted
nanoformulation is critical to improve its delivery and
to overcome the low curative effects [21].

In this study, we reported for the first time the
fabrication of PHB nanocarrier loaded with
curcumin anticancer drug for the treatment of breast
cancer by targeting hydroxycarboxylic acid receptors
expressed on the surface of breast cancer cells. PHB
was first isolated from Bacillus flexus and then
characterized. PHB nanocarrier was fabricated by an
emulsification method with encapsulated curcumin
and its antitumor efficacy was assessed in vitro. The
size, morphology, release profile, and curcumin
encapsulation were explored.
Materials and methods
Isolation, purification, and characterization of PHB
from Bacillus flexus bacteria
These were done according to the methods mentioned
by Zaghary et al. [22] and Singh and Avupati [23].
Briefly, PHB was isolated from the local strain B. flexus
using viable colony-staining method using Nile red
stain. Characterization of PHBwas done using H+ and
C13 NMR, GC, and Fourier transform infrared
spectroscopy techniques. The experimental research
that is reported in this manuscript has been
performed with the approval of an appropriate ethics
committee. No experiments had done on humans.
Preparation of curcumin-loaded PHB nanocarrier and
its characterization
Ultraviolet spectrophotometric assay of curcumin

A stock standard solution of curcumin (Sigma
Scientific Services Co., St. Louis, Missouri, USA)
was prepared over the range of 0.1–0.6 mg% (w/v)
in ethanol for λmax detection by subsequent dilutions
[22,23].
Preparation and optimization of curcumin-loaded PHB
nanocarriers

PHB-curcumin nanoparticles were prepared by the
nanoprecipitation technique (Fig. 1) according to the
method of Shakeri et al. [14] with some modifications.
Briefly, PHB was dissolved in 1% PVA, mixed with
curcumin and injected in a dropwise manner to distilled
water along with Tween-80, and then the mixture was
subjected to stirring for 5 h and then lyophilized.
Physicochemical characterization of nano-formulations
Process yield

The collected lyophilized powder was weighted and the
yield was calculated by dividing these quantities by the
total mass introduced in the preparation of nano-
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formulation submitted to drying [24].

Lyopholizationyield ¼ Theweightof thefree

Thetotalinitialmassof solidsinthe

Encapsulation efficiency and loading capacity

An aliquot of accurately weighed 25mg of each batch of
the freeze-dried nanoparticles was completely dissolved
in 25ml of ethanol and subjected to vigorous sonication
to liberate any bound drugs. This solution was filtered
through a 0.22 μm membrane filter and the amount of
curcumin was assayed by UV at 424 nm depending on
the previously constructed calibration curve. An equal
weightofunloadedPHBnanoparticleswas treated in the
same manner to be used as a blank solution. The
percentage loading capacity (%LC) and incorporation
efficiency (%IE) for each formula were calculated using
the equations of Li et al. [25] as follows:

%LC ¼ Massofdruginnanoparticles

Massofnanoparticlesrecovered
× 100

%IE ¼ Massofdruginnanoparticles

Massofdrugusedinformulation
× 100

Fourier transform infrared spectroscopy

The PHB nanoparticle functional groups were identified
using thedifferentmodes of vibrations encounteredwith a
spectrum ranging from 4000 to 400 cm−1 IR Affinity
(Shimadzu, 3 Kanda-Nishikicho 1-chome, Chiyoda-ku,
Tokyo, Japan) in transmissionmode[26].Then, thegraph
was plotted against wavelength and transmission rate.
Scanning electron microscopy

Morphological analysis of the prepared PHB
nanoparticles was evaluated using a scanning electron
microscope (SEM) (JSM-6700F; JEOL, 11 Dearborn
Road Peabody, MA, USA). The dried powder samples
were fixed on aluminum stubs using a double-sided
adhesive tape and coated with gold at 2mA for 3min
through sputter coating under an air atmosphere, which
made the specimen electrically conductive. A SEMwith
a secondary electron detector was used to obtain digital
images of the samples at an accelerating voltage of 10 kV.
The geometric diameter (dG) was determined by size
analysis of the SEM image of the powders using ImageJ
software (NIH; 11DearbornRoad Peabody,USA)with
a minimum of 300 particle counts.
Particle size and zeta potential

The mean particle size and the particle distribution
were determined using light scattering equipment
(Zetasizer 3000 HSA, Malvern, and ALV-5000E,
ALV). The lyophilized samples were diluted with
double-distilled water without filtration.
In-vitro drug release

The dialysis membrane method was used to investigate
the in-vitro release of drugs from the drug-loaded
nanocarriers as compared with in-vitro release of free
drug solution. A certain weight from the lyophilized
formulation containing certain milligrams of curcumin
was transferred into the dialysis bag with a molecular
size cutoff of 12–14 kDa. The bags were suspended in
50ml of pH 7.4 phosphate-buffered solution
containing 0.5% (w/v) Tween-80 to maintain sink
conditions and maintained at 37±0.5°C in a shaking
water bath at 100 rpm. At designated time intervals,
1ml samples of the dialysis mediumwas taken followed
by compensation with the same volume of fresh release
medium. All samples were run in triplicates and filtered
through a 0.45 μm membrane filter, and the amount
of curcumin released was analyzed by a UV
spectrophotometer at 424 nm [27].
Cytotoxic effects on human cell lines

Cell viability was assessed by mitochondrial-dependent
reduction of yellow MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide] to purple
formazan [28].

Cells were suspended in DMEMmedium for MCF-7,
1% antibiotic–antimycotic mixture (10 000U/ml
Potassium Penicillin, 10 000 μg/ml streptomycin
sulfate and 25 μg/ml Amphotericin B), and 1% l-
glutamine at 37°C under 5% CO2.

Cells were batch cultured for 10 days, then seeded at a
concentration of 10×103 cells/well in fresh complete
growth medium in 96-well microtiter plastic plates at
37°C for 24 h under 5% CO2 using a water jacketed
carbon dioxide incubator (TC2323; Sheldon,
Cornelius, Oregon, USA). Media was aspirated;
fresh medium (without serum) was added; and cells
were incubated either alone (negative control) or with
different concentrations of sample to give a final
concentration of (100-50-25-12.5-6.25-3.125-0.78
and 1.56 μg/ml). After 48 h of incubation, medium
was aspirated, 40ul MTT salt (2.5 μg/ml) was added
to each well, and incubated for further 4 h at 37°C
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under 5%CO2. To stop the reaction and to dissolve the
formed crystals, 200 μl of 10% SDS in deionized water
was added to each well and incubated overnight at
37°C. A positive control which composed of 100 μg/ml
was used as a known cytotoxic natural agent who gives
100% lethality under the same conditions [29].

The anticancer activities of the prepared curcumin-
loaded PHB nanocarrier, free curcumin, and blank
PHB nanocarrier were carried out on human breast
adenocarcinoma MCF-7 cell line purchased from the
American Type Culture Collection (USA).

The absorbance was then measured using a microplate
multiwell reader (model 3350; Bio-Rad Laboratories
Inc., Hercules, California, USA) at 595 nm and a
reference wavelength of 620 nm.
Results and discussion
Spectrophotometric assay of curcumin
The principal peak obtained with the standard solution
was at 424 nm which was selected as the λmax of the
drug. A good linearity was shown by the calibration
curve obtained from 0.1 to 0.6 mg% curcumin
concentration as shown in Fig. 2. A coefficient of
determination (r2) of 0.9987 was obtained from the
linear regression analysis of data (absorbance vs
concentration).
Physicochemical characterization of nano-formulations
Process yield

Freeze-drying (lyophilization) is a drying method that
applied for the long-term preservation of heat-sensitive
biological materials such as DNA, enzymes, and
proteins and pharmaceutical products (antibiotics) to
improve the stability of formulations [30]. Freeze-
dried nanoparticles should have particular desirable
Figure 2

Ultraviolet calibration of curcumin at λmax424 nm.
features, which includes easy reconstitution by water
addition, long-term stability of the sample at room
temperature, low particle size distribution of
nanoparticle suspensions, reduction in weight,
unchanged efficiency of the encapsulated drug, and
the possibility of easy sterile handling [31].

Pleasant observation of PHB during the freeze-drying
process was its capability to perform as a stabilizing
agent, which evades the need of drying adjuvants or it
may be minimal, so leading to a higher drug loading
efficacy of drug-loaded nanocarriers.

In this study, the freeze-drying technique was used for
the conversion of nanoparticle suspension into
redispersible solid nanoparticles. The process enabled
the collection of high-yield powders (96.5%).
Furthermore, easily reconstituted freeze-dried
nanoparticles were obtained that exhibit a nano-
range particle size with no coagula observed in
solution after reconstitution.
Fourier transform infrared spectroscopy

Strong peak at 1627 cm−1 shows the presence of C<td:
glyph name=}dbnd}/>Owhich is the characteristic of
PHB and peak at 2925 cm−1 shows the presence of
alkyl C-H bond. The presence of curcumin in loaded
samples was confirmed by the presence of a peak at
3435 cm−1 for the presence of OH bond, whereas 963
cm–1 was indicating the=C-H bond. 1508–1426 cm−1

shows the C-C bond and 1026 cm−1 shows the
presence of C-O bond. The C–O–H bond of
curcumin was found at 1275 cm−1. C–O of
curcumin was found between 1153 cm−1 (Fig. 3)
[32–35].
Particle size and zeta potential

The particle size, size distribution of PHB nanocarrier,
and PHB nanocarrier loaded with curcumin were 200
and 230 nm, respectively, and are presented in Figs 4
and 5. These results agreed with other previous
findings showing that the size of PHB nanospheres
varied from 128 to 320 nm [36]. Other results showed
that the size of PHB nanocarrier loaded with
Doxorubicin was in the range between 250 and
300 nm [37].
Morphological analysis by SEM

Figure 6 shows the morphology of the loaded curcumin
on PHB which appear to be rounded to oval in shape
with smooth and regular surface.This result is
consistent with what has already been published
which showed that the SEM analysis of the



Figure 3

Fourier transform infrared spectroscopy of curcumin-loaded nanopoly3-hydroxybutyric acid.

Figure 4

Particle size and zeta potential of nanopoly3-hydroxybutyric acid using a zetasizer.
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prepared PHB nanocarriers showed a spherical and
smooth surface [10,11,36–38].
Encapsulation efficiency and loading capacity

In this study, the analysis of the curcumin content of
the lyophilized PHB nanocarrier loaded with curcumin
indicated that the drug incorporation efficiency (%IE)
was 95.5% and the drug loading capacity (%LC) was
18.75%. Vidal et al. [39] showed a high incorporation
efficiency for quercetin loaded polyhydroxybutyrate-co-
hydroxyvalerate (51%). The higher encapsulation
efficiency (61%) was also recorded for Silymarin-
loaded PHB nanoparticles [38].
In-vitro drug release

In-vitro curcumin release pattern from lyophilized
PHB nanocarriers loaded with curcumin showed a
sustain and biphasic release profile, which is
characterized by an initial relatively fast release
during the first 8 h (55%), followed by continuous
sustained release of up to 48 h (65%) compared with
free drug 100% after 3 h as shown in Fig. 7. A sustained
release behavior was previously recorded for PHB-
loaded quercetin [39] and doxorubicin [37]. Also,
the release behavior of Silymarin-loaded PHB
nanoparticles in PBS showed a sustained release
behavior during 48 h [38].



Figure 5

Particle size and zeta potential of curcumin-loaded nanopoly3-hydroxybutyric acid using a zetasizer.

Figure 6

Scanning electron microscopy of curcumin-loaded nanopoly3-hydroxybutyric acid.
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In-vitro antitumor activity

Cytotoxic studies were conducted to examine the
potential effects of the fabricated nanocarrier for
enhancing the activity of curcumin. Cytotoxic
potency of free curcumin, PHB nanocarrier, and
PHB nanocarrier loaded with curcumin were
investigated against human breast cancer (MCF-7)
cells after 48 h incubation. The IC50 of both free
curcumin and PHB nanocarrier loaded with
curcumin at 48 h were found to be 83.3±5.9 and
44.8±3.4 μg/ml, respectively. On the other hand, no
anticancer activity was recorded for free PHB
nanocarrier. The authors attributed the higher
anticancer activity for PHB nanocarrier loaded with
curcumin than free curcumin to the higher solubility of
the prepared nanocarrier compared with the free drug



Figure 7

In-vitro curcumin release profile from poly3-hydroxybutyric acid nano-
particles.
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solution which results in higher concentrations around
the cells and subsequent higher cytotoxicity [40]. Also,
the PVA-PHB core-shell particles were developed as
suitable carriers to protect drug by degradation to
increase the required therapeutic concentration.
Thus, nanoparticles are expected to reach,
accumulate into the tumor cells, and release the
entrapped curcumin [10].
Conclusion
In this study, curcumin was successfully loaded on
PHB nanoparticles with an encapsulation efficiency
of 95.5%. The size of curcumin-loaded PHB was
260 nm. The curcumin-loaded PHB showed a
sustained release profile. The PHB nanocarrier
loaded with curcumin was found to be more
effective in breast cancer. Further studies have to be
conducted for other tumor types where both PHB and
curcumin are natural products without the harmful side
effects of the chemotherapy in tumor fighting.
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