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Abstract

The aim of this work was to evaluate the effect of various
production parameters on the formation and particle size of
poly (3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV particles
prepared by the emulsification-diffusion technique. The
increase in homogenization time and speed caused a decrease
in particle size. No particle formation was observed below
2% (w/v) PHBV in the organic phase. Smaller particle size and
narrower size distribution were observed when polyvinyl
alcohol (PVA) was used as a stabilizer, when compared to
didodecyldimethylammonium bromide. Submicron particles of
531 £ 150 nmsize were obtained with 2% (w/v) PVAat 17 500 rpm
and 15 min homogenization conditions with dichloromethane
as the organic solvent.

Keywords: biodegradable polymers, emulsification-diffusion,
PHBV, polymeric particles

Introduction

Polymeric particles play a pivotal role in medical applica-
tions as carrier systems for the delivery of bioactive agents
like drugs and growth factors (Kowalczuk et al. 2014). An
optimal carrier should provide the spatiotemporal release
of bioactive molecules and should also be biocompat-
ible, noncytotoxic and biodegradable (Vo et al. 2012). Poly
(hydroxybutyrate-co-hydroxyvalerate) (PHBV) is a micro-
bial polyester synthesized by various microorganisms. It has
been reported that PHBV shows good biocompatibility and
has been attractive as a biomaterial for tissue engineering
(Zhu et al. 2009) and particle based drug delivery systems
(Vilos et al. 2013, Masood et al. 2013). The chemical struc-
ture and physicochemical properties of PHBV are similar to
the commonly studied polyester poly (lactide-co-glycolide)
(PLGA) (Vroman and Tighzert 2009). On the other hand,
it degrades at a much slower rate than PLGA (Yilgor et al.
2010) and it is a more cost effective alternative due to its
biotechnological production (Vilos et al. 2013). Although
there are plenty of studies on the production of PLGA par-
ticles as carrier systems, few studies have been reported on

the physicochemical properties of PHBV particles prepared
using different process parameters (Pich et al. 2006). Baran
et al. (2002) have used sodium borohydride pretreated
PHBV to prepare enzyme encapsulated PHBV nanoparticles
by the double emulsion solvent evaporation technique. In
another study by Poletto et al. (2008) PHBV nanospheres
and oily nanocapsules were prepared by the emulsification-
diffusion technique by employing binary mixtures of chlo-
roform-ethanol in the organic phase.

The aim of this work was to evaluate the effects of vari-
ous production parameters in the emulsification-diffusion
technique on the formation and properties of PHBV par-
ticles prepared by using a preformed polymer without
further modification. Homogenization conditions and
polymer concentration were varied to evaluate their effects
on particle formation. Didodecyldimethylammoniumbro-
mide (DMAB) was used as a stabilizer for the first time
in the preparation of PHBV particles and compared with
poly (vinyl alcohol) (PVA) as stabilizer. A solvent type
effect was introduced by using chloroform, DCM and
binary mixtures of DCM with ethanol. Finally, submicron
PHBV particles produced under optimized conditions
were loaded with a model protein bovine serum albumin
(BSA) to evaluate the encapsulation efficiency and protein
release kinetics.

Materials and methods

Materials

Poly (3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
(PHBV) with 12 wt% PHYV, polyvinyl alcohol (PVA) (average
molecular wt. 13,000-23,000) and didodecyldimethylammo-
nium bromide (DMAB, 98%, mol wt. 426.93) were obtained
from Sigma-Aldrich (Germany). Chloroform was purchased
from Merck (Germany). Bovine Serum Albumin (BSA, mol
wt. 66 kDa), ethanol, dichloromethane (DCM) and Brilliant
Blue G 250 were obtained from Sigma-Aldrich (Germany).
Phosphate-buffered saline (PBS, pH: 7.4) tablets and Tris
HCI (10 mM, pH: 7.4) were purchased from Sigma-Aldrich
(Germany).
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Determination of molar mass of PHBV

The viscosimetric molar mass (M,) of PHBV was estimated
by using an Ubbelohde type viscosimeter. Solutions of PHBV
were prepared in chloroform with concentrations varied
between 0.4 and 1% (w/v). Flow time of chloroform and
solutions were measured to estimate the relative viscosities.
The intrinsic viscosity was obtained and applied in the Mark-
Houwink equation (Baran et al. 2002).

Preparation of PHBV particles

PHBYV particles were prepared by using the emulsification-
solvent diffusion method (Dinarvand et al. 2011, Palamoor
and Jablonski 2014). PHBV (25, 50 and 100 mg) was dis-
solved in 5 ml of organic solvent at room temperature for
6 h. Chloroform and dichloromethane were used as organic
solvents either individually or in combination with ethanol.
The organic phase was then added to 10 ml aqueous phase
containing either PVA (2, 4, 10% w/v) or DMAB (2, 3, 4%
w/v) as stabilizer. The oil-in-water emulsion was emulsified
by using a high-speed homogenizer (Heidolph, Germany)
at various speeds (10,000, 15,000 and 17,500) and durations
(7,10 and 15 min). Each emulsion was added to either 50 mL
of 3 mg mL~! PVA or 50 mL of 1 mg mL~! DMAB solution
to prevent particle agglomeration. The mixture was stirred
overnight to allow for diffusion of organic solvent into water.
PHBV particles were collected by centrifugation (10,000 rpm
for 10 min), washed twice with Tris HCI (pH: 7.4) and freeze-
dried (Christ, Germany). The experimental parameters are
summarized in Table I.

PHBV particles encapsulating model protein BSA were
prepared by the double emulsion-solvent diffusion method
(Cun etal. 2011). Briefly, 100 ul of an aqueous solution con-
taining 10 mg BSA (w,) was emulsified in PHBV solution
[0,, 2% (w/v) in DCM] by using a high-speed homogenizer
(2,500 rpm, 2 min). The first emulsion was then added
into aqueous PVA solution (w,, 10 ml 4%, w/v) to form
double emulsion (w,/0,/w,) and emulsified at 17,500 rpm
for 15 min (Heidolph, Germany). Subsequently, w,/o/w,
emulsion was added to 50 ml of 3 mg mL~! PVA solution.
After stirring overnight, BSA encapsulated PHBV particles
(PHBV-BSA) were collected by centrifugation (10,000 rpm
for 10 min) and freeze-dried at — 80°C (Christ, Germany).

Table I. Formulations for PHBV particles.

Parameters Composition Amount

Organic phase PHBV Variables?®
DCM 5ml
Chloroform 5ml

Aqueous phase DDI water 10 ml
PVA Variables?
DMAB Variables”

Emulsification step Homogenizer Variables®
Speed Variables®
Homogenizer Time

aPHBV concentrations of 1, 2, 4 % (w/v).

YDMAB concentrations of 2, 3, 4 % (w/v) and PVA concentrations of 2, 4, 10%
(w:v).

‘Homogenized speed of 10 000, 15 000, 17 500 rpm and homogenization time of
7,10, 15 min.

Characterization of PHBV particles

Scanning electron microscopy

The morphology of PHBV particles was characterized
by scanning electron microscopy (SEM). The lyophilized
powder of particles was mounted on aluminum stumps and
sputter coated with gold-palladium prior to examination
under SEM (FEI Quanta 400 F, USA). The average diameter
of the particles was determined by measuring different
points with Image J software (NIH, Bethesda, MD, USA).
The diameters were presented as the average = standard
deviation.

Transmission electron microscopy

The morphology of the PHBV and BSA-loaded PHBV par-
ticles was examined by transmission electron microscopy
(TEM) (FEI Tecnai G? Spirit, Bio TWIN, USA) operated at an
accelerating voltage of 80 kV. Before analysis, the samples
were diluted in ethanol (1:3), placed on copper grids and
covered with carbon films for observation.

Particle size distribution analysis

The particle size distribution was measured at an angle of
90° at 25° by a dynamic light scattering machine (Zeta Sizer
Nano S, Malvern Instruments, UK). L1 measurements were
performed in triplicate with particle suspensions diluted
1:100 in distilled water at room temperature.

BSA encapsulation efficiency and release kinetics

BSA entrapment efficiency and release kinetics were deter-
mined by using the Bradford Assay (Chaudhari et al. 2013).
For encapsulation efficiency, the supernatants collected
after particle synthesis were analyzed for unloaded amount
of protein. The encapsulation efficiency (EE) was then calcu-
lated indirectly by using Eq. (1).

Amount of total BSA — Freeamount

of BSA in supernatant

%EE = X100 (1)

Total amount of BSA

In vitro release measurement was performed using
10 mg BSA-loaded particles. The samples were incubated
in 2 ml PBS (pH: 7.4) containing 0.1% (w/v) sodium azide
at 37°C, 30 rpm shaking medium. At certain time intervals
the supernatant was removed and analyzed with the Brad-
ford Assay to determine the amount of protein released.
The cumulative release profile was determined in triplicate
measurements.

Particle degradation

In situ degradation of BSA-loaded PHBV-BSA par-
ticles was examined by SEM analysis. For this purpose,
5 mg of BSA- loaded particles were placed in 1 ml PBS
(pH: 7.4) containing 0.1% (w/v) sodium azide at 37°C,
30 rpm shaking medium. At each sampling time (3, 10, 15
and 21 days) the supernatant was removed by centrifuga-
tion and the particles were washed twice with distilled
water. Subsequently, the particles were lyophilized, sputter
coated with gold-palladium and then examined under SEM
(FEI, Quanta 400 F, USA).
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Table II. Influence of various parameters on mean diameter of PHBV
particles.

Parameters Mean diameter
PHBV concentration Increase in particle size with increasing
concentration
Stabilizer type Smaller particle size with PVA when compared
to DMAB
Stabilizer Increase in particle size with increasing PVA
concentration concentration
No particle formation in low concentrations of
both DMAB and PVA
Solvent type Decrease in particle size and size distribution
with DCM
Homogenization Decrease in particle size with increasing speed
speed and time and time

Results and discussion

The aim of this study was to investigate the effect of various
process parameters including PHBV concentration, stabi-
lizer type and concentration, solvent type, and homogeni-
zation speed and time, on the production of PHBV particles
from pre-formed PHBV polymer. Particle morphology
and size were evaluated by using the image processing

software, Image J. The effect of process parameters on the
mean diameter of particles is summarized in Table II. The
viscosimetric molar mass, M, of PHBV polymer used in
these studies was calculated as 138.8 kDa.

Effect of process parameters on PHBV particle formation
Effect of homogenization conditions

Higher homogenization speed and time cause stronger
shear stress that leads to formation of smaller emulsion
droplets and smaller particle size (Gasparini et al. 2008). To
investigate the influence of these process parameters on the
formation and size of PHBV particles, homogenizer speed
and time were varied between to 10,000 and 17,500 rpm and
7 and 15 min respectively, while keeping other parameters
constant. No particle formation was observed at a homog-
enization speed of 10,000 rpm, regardless of the homog-
enization time. In addition, at a homogenization time of 7
min at all speeds, particle formation could not be detected.
Figure 1 shows the morphology of PHBV particles obtained
by using different homogenization conditions. When
the speed was 15,000 rpm, agglomerated structures were

Figure 1. Effect of homogenization speed and time on particle formation: (a) 15,000 rpm 10 min, (b) 15,000 rpm 15 min, (c) 17,500 rpm 10 min and

(d) 17,500 rpm 15 min) [2 % (w/v) PHBV in DCM, 4% PVA (w/v)].
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Table III. Effect of homogenization parameters on particle formation.

Homogenization Homogenization

time (min) speed (rpm) Particle formation

7 10 000-15 000-17 500 No particle formation

10 15 000 Agglomerated spheres
17 500 821.4 £50 nm

15 15000 1.57 £0.21um
17500 531 =150 nm

observed at 10 min, indicating that the time was not suffi-
cient for particle formation (Figure 1a). As the homogeniza-
tion time was increased to 15 min, particles of micron size
were obtained at 15,000 rpm (1.57 = 0.21 um) (Figure 1b).
The shear stress produced at 15,000 rpm homogenization
speed was not enough to overcome the viscous forces for
production of submicron PHBV particles. The increase
in homogenization speed and time resulted in a gradual
decrease in particle diameter and submicron PHBV par-
ticles were obtained at 17,500 rpm homogenization speed
at 10 and 15 min of homogenization time (Figure 1c and
d). The results are summarized in Table III. Similar results
have been reported for the production of poly (lactide-co-
glycolide) (PLGA) particles. Kwon et al. (2001) have found a
decrease in particle mean size of PLGA particles correlated
with the increase of homogenizer speed up to 12,000 rpm.
Above this value, no further decrease was observed. Chaisri
et al. (2009) have also showed that decreasing the stirring
rate from 10,000 to 8,000 rpm caused an increase in particle
size of PLGA microspheres.

Effect of polymer concentration

The effect of polymer concentration on particle size has been
widely investigated and higher polymer concentrations
resulted in an increase in the particle size (Kwon et al. 2001,
Budhian et al. 2007). This increase was mostly attributed to
the increase in viscosity of the organic phase, which in turn
causes a resistance to shear forces resulting in larger the size
of particles (Chaisri et al. 2009, Teng et al. 2010). Figure 2
shows the SEM images of PHBV particles obtained from
PHBV-DCM solutions of 4, 2 and 1% (w/v). High polymer
concentrations resist droplet breakdown due to high viscos-
ity (Mainardes and Evangelista 2005). Besides, during the
elimination of organic solvent, dispersion of PHBV solution

into aqueous phase was restricted due to viscous interac-
tions. In addition, surfactant molecules were incapable of
preventing coalescence in the internal phase of the emulsion
with high concentration. As a result, at 4% PHBV concentra-
tion, deformed globular agglomerates were observed. When
the concentration was decreased to 2% PHBY, it was possible
to obtain submicron particles of 531 == 150 nm (Figure 2b).
However, a limiting minimum value of PHBV concentra-
tion was obtained for particle formation. For concentrations
below 2% PHBYV, no particle formation was detected. Coagu-
lated residues of irregular morphology were observed rather
than spherical particles (Figure 2c).

Stabilizer type and concentration

Different types of stabilizers such as gelatin, dextran,
polyethylene glycol, PVA, DMAB and Pluronic F-68 have
been used for particle preparation by the emulsification-
diffusion method using different kinds of polymers (Astete
and Sabliov 2006, Cheow and Hadinoto 2010). In this study,
PVA and DMAB were chosen as stabilizers to investigate
the stabilizer-type effect on PHBV particle formation. These
molecules have been studied widely in the preparation of
polyester based particles like PLGA (Jaklenec et al. 2008,
Sahana et al. 2008). Meanwhile, they have different stabi-
lization characteristics. The ionic stabilizer DMAB has a
cationic character with a lower critical micelle concentra-
tion and prevents the coalescence of emulsion droplets by
electrostatic repulsion (Sahana et al. 2008, Song et al. 2008).
On the other hand, PVA is a non-ionic surfactant and steric
hindrance is the main mechanism for stabilization (Sahana
et al. 2008, Song et al. 2008).

In this study, PHBV particles were successfully synthe-
sized by using DMAB as a stabilizer (Figure 3a-c). At DMAB
concentrations of 2% (w/v), insufficient particle forma-
tion was observed in a disordered coagulated structure
(Figure 3a). Increasing the DMAB concentration to 3% (w/v)
resulted in the formation of spherical and discrete particles
in the micrometer size range (1.17 = 0.22 um) (Figure 3b).
With further increase of DMAB concentration to 4% (w/v),
submicron particles with a size of 724 + 228 nm were syn-
thesized (Figure 3c). When PVA was used as a stabilizer,
no particles were detected at 2% (w/v) PVA concentration
(Figure 3d). The insufficient amount of PVA failed to stabilize

Figure 2. Effect of polymer concentration on particle formation: (a) 4 % (w/v), (b) 2% (w/v), (c) 1% (w/v) [4% PVA (w/v), 17,500 rpm 15 min and

solvent type DCM].
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Figure 3. Effect of stabilizer concentration and type on particle formation: (a) 2 % (w/v), (b) 3% (w/v), (c) 4% (w/v) DMAB, (d) 2 % (w/v), (e) 4%
(w/v) and (f) 10% (w/v) PVA) [2% PHBV (w/v), 17,500 rpm 15 min and solvent type DCM].

the particles, which resulted in the formation of aggregates.
With an increase to 4% (w/v), agglomeration was prevented
and spherically shaped particles were obtained in the submi-
cron range (531 150 nm), as shown in Figure 3e. However,
at a higher concentration of PVA, the increased viscosity of
aqueous phase repressed the net shear stress required for
particle formation. As a result, larger particles were formed
in the form of coalescent globules at 10% (w/v) PVA concen-
tration (Figure 3f).

In a study by Sahana et al. (2008), DMAB and PVA were
investigated as stabilizers in the synthesis of PLGA nanopar-
ticles for oral delivery of hydrophobic drugs. Lower particle
size was obtained when DMAB was used as a stabilizer, when
a combination of DCM and ethyl acetate was used as an
organic solvent (Sahana et al. 2008). Similar results were also
obtained previously by Kwon et al. (2001). They have reported
DMAB as a mild surface active agent. When propylene car-
bonate as a partially water soluble solvent was used, the par-
ticle size of PLGA prepared using DMAB was smaller than that
of PVA. On the other hand, Song et al. (2008) found that when
DCM was the organic phase solvent, the mean particle size of
PLGA nanoparticles increased in case DMAB was used as a
stabilizer, compared to PVA. These different trends in particle
size reveal the importance of the type of the organic solvent
used, as stated by Song et al. (2008). In our study, when DCM
was used as the organic phase solvent, a smaller particle size
was obtained with PVA when compared to DMAB. The sta-
bilizer efficiency in terms of reduced particle size obtained
in this study was in agreement with the result obtained by
Song et al. (2008). PHBV in a polyester structure like PLGA
followed the similar trend in particle formation with DMAB
and PVA when DCM was the organic solvent.

Solvent type

In the emulsification-solvent diffusion method, the organic
phase containing the polymer and the aqueous phase con-
taining the stabilizer are in thermodynamic equilibrium
(Poletto et al. 2008). Addition of water destabilizes this
equilibrium state and causes the organic solvent to diffuse
to the external water phase (Poletto et al. 2008). The trans-
portation of the solvent results in the formation of par-
ticles so the size of the particles is dependent on the type
of organic solvent. Various studies have been reported on
the effect of solvent type for production of the widely stud-
ied PLGA particles (Bilati et al. 2005, Chaisri et al. 2009).
Sahana et al. (2008) have reported that it was not possible
to synthesize stable nano-sized particles when DCM, chlo-
roform, acetone and ethyl acetate were used alone, due
to problems of high viscosity, interfacial tension and lack
of miscibility with water. Instead, different combinations
were used to design an optimum binary solvent. Song et al.
(2008) used organic solvents with different water misci-
bility to study the effect of organic solvent. They showed
that when an ionic stabilizer such as DMAB was used,
partially water soluble organic solvents were effective in
reducing the particle size. In this study, chloroform and
DCM having similar interfacial tension values (32.8 dyn/
cm for chloroform, 28.3 dyn/cm for DCM) but different
water miscibilities (chloroform 1:200, DCM 1:50) were
used as the organic phase solvent (Weast 1974). Ethanol
was added to both DCM and chloroform for the prepara-
tion of solvent combinations, to increase the solubility of
the organic phase in water and decrease the interfacial
tension (Poletto et al. 2008, Esmaeili et al. 2008). Figure 4
shows the SEM micrographs of PHBV particles obtained
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Figure 4. Effect of solvent type on particle formation: (a) chloroform, (b) DCM, (c) DCM:ethanol (50:50) and (d) DCM:ethanol (70:30). [2 % (w/v)

PHBY, 4 % (w/v) PVA, 17,500 rpm, 15 min].

by using different organic solvent systems. When DCM
and chloroform were used alone, spherical particles were
synthesized at a submicron scale. With PVA as a stabilizing
agent, the particle sizes were measured as 531 = 150 nm
and 778.93 %162 nm for DCM and chloroform respec-
tively (Figure 4a and b). The reduced size obtained with
DCM when compared to chloroform is due to the higher
miscibility of DCM with water during the solvent diffusion
phase. Faster diffusion of organic solvent to water leads to
the formation of smaller particles, as reported by Poletto
et al. (2008). Meanwhile, the addition of water-miscible
solvents facilitates fast extraction of the solvent to water
phase which in turn influences the particle diameter.
Poletto et al. (2008) used a binary mixture of organic sol-
vents to prepare nano-sized PHBV particles. To control
the interface instability between the organic and aqueous
phase, ethanol was used in the solvent mixture. Different
ratios of chloroform/ethanol mixtures were used to control
the nanoparticle formation. Increased water miscibility
in ethanol containing organic phase led to the formation
of nanosized particles shown by optical micrographs
of primary emulsions (Poletto et al. 2008). In this study,

ethanol was added in different ratios to DCM to increase
the miscibility of organic solvent with water. When ethanol
was used in 70% (v/v), the polymer precipitated as this is
a non-solvent for PHBV. At volume fractions of 50:50 and
30:70 (ethanol: DCM) it was possible to obtain clear PHBV
solutions. Although faster diffusion profiles were observed
with the ethanol-DCM mixture, SEM studies revealed that
the particle size increased in solvent combination sys-
tems. As can be seen in Figure 4c and d, the particle size
increased to 5.15 % 0.65 um and 4.50 = 0.93 um for 50:50
and 30:70 combinations, respectively. These results do not
correlate with the results obtained by Poletto et al. (2008)
for ethanol: chloroform mixtures. In this study, the pres-
ence of ethanol increased the diffusion rate of organic sol-
vent to water but the solubility of polymer decreased in the
solvent combinations as well. The decreased solubility, or
in other words, the increased polymer concentration in the
DCM part of the organic phase caused the increase in par-
ticle size. The polymer chain entanglement was restricted
in the presence of ethanol. It was the polymer solubility
dominating the formation of submicron size particles
rather than the solvent diffusion rate.
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Characterization of optimal particle formation

Taking into account the smallest particle size and narrow
size distribution, the preparation of PHBV particles from
preformed polymer was realized under the following con-
ditions: 4% (w/v) of PHBV in DCM was used as the organic
phase solvent which was emulsified with 2% (w/v) PVA
solution by a high speed homogenizator at 17 500 rpm for
15 min. The organic solvent was evaporated overnight in
a 50 mL aqueous phase containing 3 mg mL~! PVA at 4°C
under continuous stirring. The SEM micrographs of par-
ticles obtained under these conditions are given in Figure
4b. The image analysis from SEM showed that the particle
size was 531 =150 nm. The particle size distribution was
also analyzed with DLS. Figure 5a shows the distribution of
sub-micron particles in the range of 300-400 nm, indicating
a narrow size distribution.

BSA loaded PHBV characterization
The double emulsion method has been commonly used
for entrapment of proteins and drug molecules in micro or

—_
Q
~——

Intensity (%)

80T crr e ................. .....

BOT rrrr e ................. .....

T T TTIET a2 534 8160 PR 65 23 g

nanoparticles, in which the EE is known to be dependent on
chemical structure, molecular weight and hydrophobicity
of the polymers (Yeo and Park 2004). PHBV nanoparticles
have been recently used for encapsulation of paclitaxel and
the loading capacity was found to be between 35 and 40%
for this hydrophobic drug by Vilos et al. (2013). In another
study by Masood et al. (2013), high encapsulation of ~45%
was obtained for the hydrophobic Ellipticine antican-
cer drug. In this study, BSA was used as a model protein
to determine the actual protein encapsulation of PHBV
particles to investigate their possible use as growth factor
carrier. BSA-loaded particles were prepared by the double
emulsion-solvent evaporation method. The encapsulation
efficiency was determined quantitatively by the Bradford
assay and calculated as 21.14 +2.20%. The low encapsu-
lation efficiency obtained in this study is attributed to the
hydrophobic structure of PHBV which may not be fully
compatible with BSA. In a study by Yilgor et al. (2010),
an encapsulation efficiency of 16.72 = 1.06% for BSA was
obtained with pre-treated low molecular weight PHBV.

Size Distribution by Intensity
Q00T s rrrr e R R EEEEEEE RERR

Figure 5. (a) DLS analysis of PHBV particles, TEM images of (b) PHBV particles, (c) BSA loaded PHBV particles and (d) SEM image of BSA loaded
PHBYV particles, Degradation of BSA loaded PHBV particles: (e) 3rd day, (f) 10th day and (g) 21st day.
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Figure 6. BSA release profile from PHBVparticles.

The increased EE in our study shall be related to the higher
molecular weight of PHBV used.

Particle morphology of BSA loaded PHBV

Figure 5 shows the TEM and SEM images of PHBV and
BSA-loaded PHBV particles. Figure 5b shows the spheri-
cal shape of PHBV particles with a mean diameter of
367 £ 121 nm, consistent with the particle size obtained in
DLS measurements. The TEM micrograph of BSA-loaded
particles (Figure 5¢) with different densities show the homo-
geneous dispersion of BSA inside the spherical particles.
When BSA was loaded, the particle diameter increased to
1.85 *0.30 um (Figure 5d).

Particle degradation

The degradation mechanism of polyester based biodegradable
polymers is based on a bulk degradation mechanism starting
with the absorption of water. The cleavage of ester bonds in the
polymer backbone takes place by hydrolysis followed by sig-
nificant mass loss and mechanical integrity (Lao et al. 2011).
The release of any bioactive molecule encapsulated in a poly-
ester based particle shall take place by the bulk degradation of
the structure. In this study, the bulk degradation of BSA-loaded
PHBYV particles were analyzed by SEM. Figure 5e-g show the
degradation profile of PHBV particles. The particle shape was
still preserved at day 10; meanwhile, loss in integrity and
shape were obvious at the end of day 21 (Figure 5f and g).

In vitro release of BSA

The release profile of the model protein BSA from PHBV par-
ticles is given in Figure 6 as cumulative release percentage.
Release of the entrapped BSA molecules shall occur through a
diffusion-degradation mediated process. A substantial initial
burst of 46.18 = 0.314% was detected and the amount of BSA
reached 73.94 £ 1.578% after 3 days. The subsequent release
was quite slow and reached around 96.08 +0.069% at the
end of 15 days. As to the low compatibility of BSA with PHBY,
most of the encapsulated protein molecules shall be located
near the surface, showing the fast diffusion behavior in the
early phase. The dispersed BSA molecules within the particles
were probably released by both diffusion and degradation
of PHBV at the later phase. The kinetics of BSA release were

investigated by fitting the data to various models (Pulat et al.
2006) and found to follow the Higuchi model (Lao et al. 2011).
The Higuchi rate constant, k, was calculated from the early
phase data prior to substantial degradation as 0.447 s~ 1. Dur-
ing the release studies the pH of the release medium was not
lower than pH: 6 and no peak shift from 285 nm was observed
inUVmeasurements. This shall be interpreted to be so because
BSA kept its structural properties (Estey et al. 2006).

Conclusions

The effects of various emulsification-diffusion production
parameters were evaluated on the formation of PHBV par-
ticles from a preformed polymer without any pretreatment.
The increase in homogenization speed and time caused a
decrease in particle size, as expected. Submicron particles
were synthesized successfully when DMAB was used as
a cationic stabilizer. However, PVA lead the formation of
smaller size particles when DCM was used as a solvent. An
optimum polymer concentration was found for the produc-
tion of submicron sized particle formation. The higher mis-
cibility of organic solvent with water phase was important
for obtaining smaller PHBV particles but the use of solvent
combinations-including non-solvents for PHBV-to increase
miscibility with water resulted in micron-sized particles.
Although BSA encapsulation efficiency was low due to the
hydrophobic nature of PHBY, the slow degradation profile,
low cost and biocompatible structure shall highlight the
naturally synthesized PHBV as an alternative carrier for
growth factor molecules.
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