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Abstract

Double emulsion solvent evaporation technique is one of the most attractive methods used to prepare micro
and nanoparticles in pharmaceutical areas of interest, but because of the effects of many formulation factors
on the size and release behavior of the fabricated particles, optimization of the formulation factors is needed.
In this study various parameters including technical and compositional variables were considered to achieve
an optimized formulation with desire characteristics especially size and the release profiles, using high shear
homogenizer. In this regard, bovine serum albumin (BSA) was used as the model protein and double
emulsion was formed with the addition of Tween 80 and Span 80 as surfactants for inner aqueous phase and
oil phase, respectively. Hydroxypropyl beta cyclodextrin was used as protein stabilizer. After optimization
steps, composite nanoparticles (core-shell) were made based on optimized formulation by hyaluronic acid as
shell and poly lactic-co-glycolic acid (PLGA) as core material. Formulation of the BSA loaded PLGA
nanoparticles using core shell strategy improved the release pattern of the BSA and diminished burst release.
The final composite nanoparticles had the particle size of about 160 nm and 70 % of the loaded BSA was
released during 14 days and the release data was better fitted to zero order release kinetics.
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INTRODUCTION

Protein-based therapeutics have changed
the face of the modern medicine and they
continue to provide new and effective
therapies for numerous diseases ranging from
cancers to infertility (1), but short biological
half life of the proteins is a serious limitation
which should be tackled. During the past
decades a significant interests have been
focused on the extended release formulations
of therapeutic proteins (2-3). In addition to
higher safety and efficacy, such formulations
enhance the compliance of the patients due to
reduction in the frequency of administration
(3-4). Various approaches have been examined
to establish effective formulations containing
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proteins to extend frequency of peptide and
protein-administration,  including  protein
engineering, PEGylation, conjugation of fatty
acids and so on; but in many of these strategies
chemical modification of the therapeutic
peptides and proteins is needed and the
efficacy and therapeutic use of the final
modified molecule may be compromised.
Other approaches such as microencapsulation
using biodegradable polymers are very
attractive, because they do not require
chemical modification (3,5-6).

The hydrophobic nature of the interface in
double emulsification solvent evaporation
technique has been identified as a major cause
of protein denaturation and aggregation (7).
Protein aggregation results in incomplete
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release of the protein from the formulation and
not only protein aggregate are therapeutically
inactive, but also might be toxic and
immunogenic (8). Using the stabilizing agents
such as surfactants, sugar, polyols and basic
salts in the inner aqueous phase is a rational
approach to minimize protein exposure to the
organic solvents (7,9-10). Another approach is
the protection of protein conformation in a
cavity created by cyclodextrin derivatives (10-
11). The stabilizing effect of cyclodextrin is
the result of increased hydrophilicity of protein
by shielding of hydrophobic parts of protein
by cyclodextrin molecule (12).

Microencapsulation of proteins into poly
lactic-co-glycolic acid (PLGA) micro or
nanoparticles is a multifactorial method that
requires optimization of many factors which
could affect the characteristics of the final
product. For instance, polymer/protein ratio,
type of PLGA, the aqueous/oil phase ratio and
type and concentration of the surfactants are
some compositional factors which strongly
affect the size and structure of the particles (13).

Although PLGA is a suitable polymer for
microencapsulation of peptides and proteins,
there are some limitations. Generally, protein
loaded PLGA microparticles show a burst
phase in the release study which is then
followed by a non-complete release phase
(8,14). It seems that the protein aggregates
located in the surface of the particles are
responsible for such a behavior (8). In
addition, hydrolysis of PLGA leads to the
formation of acidic by-products which could
result in the denaturation of peptides and
proteins in the acidic microenvironment (15-
16). As an effective approach, composite
particles, namely, core-shell structure plays a
key role in the prevention of these obstacles
(17). Through this method, the entering rate of
the medium into the particles is controlled and
the acidic microenvironment is not a
determinant factor in bulk hydrolysis of the
polymer and consequently the burst release is
suppressed.

Therefore, the purpose of this study was to
evaluate the most influencing factors on the
characteristics of protein loaded PLGA micro
and nanoparticles prepared by double
emulsion solvent evaporation method. To
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avoid limitations associated with PLGA, the
composite strategy was applied to produce
core-shell ~ structure, wusing PLGA and
hyaluronic acid (HA). Bovine serum albumin
(BSA) in this study was used as a model
protein, due to its availability in high purity
and low cost and the effects of several
variables on the release profile of protein from
manufactured particles and the size of particles
were assessed. In addition, the effects of
additives such as cyclodextrin ~ were
investigated to optimize a successful sustained
release formulation for therapeutic proteins.

As mentioned previously, burst release of
protein from the PLGA loaded particles is
another limitation of PLGA-based drug
delivery systems (18). Core-shell strategy was
also used to increase encapsulation efficiency
and to retard and stabilize the loaded drug in
encapsulated particles (18).

MATERIALSAND METHODS

Materials
Bovine serum albumin, PLGA (50:50 and
65:35 of lactide: glycolide), Span 40,

hyaluronic acid were purchased from Sigma-
Aldrich (USA). Tween 20, Tween 80, Span 80
and dichloromethane were purchased from
Merck (Germany). Polyvinyl alcohol (PVA) in
different molecular weights (27000, 72000)
was from Fluka. All other reagents used in this
study were of analytical grade.

Preparation of particles

Micro and nanoparticles were prepared
using double emulsion solvent evaporation
method reported in previous studies (14, 19-
26) with some modifications. Briefly, the inner
aqueous phase (W;) was prepared by
dispersing predetermined amounts of the
model protein BSA in phosphate buffer saline
(PBS) and this aqueous phase was then added
to the organic phase (O) containing PLGA in
dichloromethane.

Hydroxylpropyl beta cyclodextrin was
introduced into W, phase as protein stabilizer.
Mixing of two phases led to the formation of
initial emulsion and then, the mixture
immediately was poured into outer aqueous
phase (W;) consisting of water and PVA as
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stabilizer. Homogenization of this mixture led
to the formation of final double emulsion. To
eliminate the organic solvent, double emulsion
was stirred (IKA RCT basic mixer, Germany)
for 2 h at 800 rpm which resulted in the
solidification of particles after evaporation of
dichloromethane. Micro and nanoparticles
were washed by double distilled water and
were separated by ultracentrifuge (sigma 3-
30K, Germany) at 60,000 g for 15 min.
Finally, trehalose as lyoprotectant was added
and after freezing, the particles were
lyophilized for 48 h.

Optimization of technical variables

In the current study, two types of variables
including  technical and compositional
variables were studied. In the technical
variables, the effects of preliminary emulsion
addition method into the W, phase,
homogenization technique and homogeniz-
ation time were studied.

Two different methods were used to add
preliminary emulsion to W, aqueous phase
including continuous and dropwise addition. In
doing so, preliminary w/o emulsion was added
to the second aqueous phase in 2 different
rates, using a glass syringe. Depending on the
applied pressure to the piston of the syringe,
two different rates were considered. The
mixture was homogenized simultaneously
during the addition.

High shear homogenizer (IKA T25 digital,
ULTRA- TURRAX, Germany) and probe
sonicator (Hielscher, UP400S, Germany) were
used to homogenize the primary and secondary
emulsion. Mixing rate was set to 17500 rpm
for high shear homogenizer. During the use of
probe sonicator, the magnitude of sonication
was adjusted to 80% and 0.5 for amplitude and
cycle, respectively.

Homogenization duration is one of the
crucial parameters which could play a key role
in the characteristics of the final particles,
especially on the size and encapsulation
efficiency (23). The effect of homogenization
time was studied in 3 levels for both
techniques already described. In the probe
sonication technique, settings were 1 and 2, 1
and 3, 1 and 6 min for two steps of
emulsification and for high shear homogenizer
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the durations were adjusted to 1 and 2, 2 and 3,
4 and 6 min.

Optimization of compositional variables

Several compositional parameters including
protein/PLGA  weight ratios, polymer
concentration, lactide/glycolide ratios, phase
ratios and surfactant concentrations in each
phase were evaluated.

Protein concentration

Theoretically, higher protein concentration
can lead to lower encapsulation efficiency. For
a certain volume of inner aqueous phase,
a range of 2.5-10 % protein (w/v for W)
was studied.

Polymer concentration

The concentration of polymer can affect the
characteristics of particles (13). According to
previous studies, a range of 3-8 % w/v PLGA
(in oil phase) was considered and respective
effects on particle properties were evaluated.

Lactide:glycolide ratio of poly lactic-co-
glycolic acid

Based on the previous works, two different
types of PLGA which induce a reliable release
profile contained 50:50 and 65:35 lactide-to-
glycolide ratios (14,21,27). Therefore, the
same types of PLGA were used to produce
micro and nanoparticles.

Phase ratios

Different phase ratios are among the other
factors affecting the particles characteristics.
In this regard, according to previous study two
different ratios were considered in the
preparation of double emulsion including
1:10:35 and 1:10:80 ratios for Wy, O and W,
phases, respectively (13).

Inner aqueous phase for surfactants selection

Many surfactants have been examined to
stabilize the initial W;/O emulsion and also to
protect the protein from deformation and
denaturation at interface. To protect the
protein in aqueous phase, water soluble
surfactant with higher HLB should be
considered. In this study, five surfactants with
different concentrations from 1-10% w/v
were studied individually, including PVA,
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Tween 20, Tween 80, Pluronic F68 and
Pluronic F127.

Qil phase surfactant selection

To stabilize the system and prevent the
merging of droplets, it is essential to utilize
appropriate surfactants in the oil phase. Span
40 and Span 80 were used separately with
concentrations ranging 0.2-7% in the oil phase.

Polyvinyl alcohol concentration and molecular
weight

Stabilizing effect of PVA is strongly
affected by its concentration in outer aqueous
phase (23). Therefore, three concentrations of
PVA including 1, 2.5 and 5 % were assessed.
Also, to clarify the effect of the PVA
molecular weight on stabilization of the double
emulsion, two different molecular weights of
PVA were examined (27000 and 72000
Dalton). Table 1 and 2 demonstrates the

Table 1. Different setting of technical variables.

different formulation factors based
technical and compositional variables.

on

Design of experiment

To evaluate the influence of different
variables on the particle size, a statistical study
was performed using Minitab Ver. 16
software. Although there were many variables
(introduced in the next paragraphs), the
analysis was done considering five
independent variables including homogeniz-
ation time, polymer concentration, W,
surfactant  concentration, O  surfactant
concentration and PVA concentration and
the particle size was taken as the
dependent variable.

The studied ranges of independent variables
were obtained from preliminary experiments.
Having considered these five independent
variables, a 5-factorial 3-level Box-Behnken
experimental design was chosen.

Code of Technical variables

Formulation M ode of addition Homogenization technigue Mixing time (min)
Fl1 Continuous Sonicator 1-2
F2 Continuous High shear 4-6
F3 Continuous Sonicator 1-3
F4 Continuous Sonicator 1-6
F5 Continuous High shear 4-6
Fo6 Dropwise High shear 4-6
F7 Dropwise High shear 4-6
F8 Dropwise High shear 4-6
F9 Dropwise High shear 4-6
F10 Dropwise High shear 4-6
F11 Dropwise High shear 4-6
F12 Dropwise High shear 4-6
F13 Dropwise High shear 4-6
F14 Dropwise High shear 1-2
F15 Dropwise High shear 2-3
F16 Dropwise High shear 1-2
F17 Dropwise High shear 1-2
F18 Dropwise High shear 1-2
F21 Dropwise High shear 1-2
F22 Dropwise High shear 1-2
F23 Dropwise High shear 1-2
F24 Dropwise High shear 1-2
F25 Dropwise High shear 1-2
F26 Dropwise High shear 1-2
F27 Dropwise High shear 1-2
F28 Dropwise High shear 1-2
F29 Dropwise High shear 1-2
F30 Dropwise High shear 1-2
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Table 2. Different setting of compositional variables.

Compositional variables

Code of Protein  Polymer Pha_se L/(_B W, (e} W, (e} PVA PVA
formulation (%) (%) ratio ratio surfactant surfactant surfactants surfactant (%) MW
(%) (%) (Da)

F1 2.5 8 1:10:80  50/50 - - - - 1 72000
F2 2.5 8 1:10:80  50/50 - - - - 1 72000
F3 2.5 8 1:10:80  50/50 PVA - 1 - 1 72000
F4 2.5 8 1:10:80  65/35 - - - - 1 72000
F5 2.5 4 1:10:80  65/35 - - - - 1 72000
Fé6 2.5 4 1:10:80  65/35 - Span 40 - 0.2 1 72000
F7 2.5 4 1:10:80  65/35 Tween 20 - 2 - 1 72000
F8 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 1 72000
F9 2.5 3 1:10:80  65/35 - - - - 1 72000
F10 2.5 3 1:10:80  65/35 Tween 20 Span 40 2 0.2 1 72000
F11 10 3 1:10:80  65/35 Tween 20 Span 40 2 0.2 1 72000
F12 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 2.5 72000
F13 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 5 72000
F14 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 1 72000
F15 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 1 72000
Fl6 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 2.5 72000
F17 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 1 27000
F18 2.5 4 1:10:80  65/35 Tween 20 Span 40 2 0.2 2.5 27000
F21 2.5 4 1:10:80  65/35 Tween 20 Span 40 10 1 1 72000
F22 2.5 4 1:10:80  65/35  Pluronic F68 Span 40 10 1 1 72000
F23 2.5 4 1:10:80  65/35  Pluronic F127  Span 40 10 1 1 72000
F24 2.5 4 1:10:80  65/35 Tween 80 Span 80 7 7 1 72000
F25 3.7 4 1:10:35  65/35 Tween 80 Span 80 - - 1 72000
F26 3.7 4 1:10:35  65/35 Tween 80 Span 80 7 7 1 72000
F27 3.7 4 1:10:35  65/35 Tween 80 Span 80 35 35 2.5 72000
F28 3.7 4 1:10:35  65/35 Tween 80 Span 80 7 7 2.5 72000
F29 3.7 4 1:10:35  65/35 Tween 80 Span 80 7 7 1 72000
F30 3.7 4 1:10:35  65/35 Tween 80 Span 80 2 2 1 72000

O; Oil, W; Inner aqueous phase.

It is noticeable that although 46
experiments were suggested by the statistics
software, during the study some of the
obtained results indicated that it was not
necessary to perform some of the suggested
experiments and instead, other settings were
studied as described in the following sections.

Core-shell structure

Hyaluronic acid (HA) was selected as the
second polymer to fabricate core-shell
structure. Two different approaches were
considered, at first HA was used as core
forming polymer and PLGA as shell former
and in the second approach, PLGA was
selected as core former polymer and HA as
shell forming polymer.

As for the first approach, a certain amount
of HA was added to inner aqueous phase (W)
of the double emulsion during preparation of
the optimized formulation. In the second
approach, the optimized formulation was used
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as the core and the HA was used to coat the
previously fabricated PLGA nanoparticles. To
do so, a certain amount of lyophilized particles
were suspended in a viscous solution of HA
(with or without Pluronic F127 0.02 %w/v)
and after mixing, the formulation was
lyophilized.

Characterization of the particles
Particle size and zeta potential determination
Particle size analysis was carried out using
a Malvern zetasizer (ZS90, United Kingdom).
Five ml of sample (after ultracentrifugation
and washing) was used to determine the
particle size. The effects of lyophilization and
lyoprotectant on the size and the zeta potential
were also assessed.

Encapsulation efficiency

The amount of encapsulated BSA was
determined in triplicate by dissolving 10 mg of
lyophilized particles in 3 ml of 0.1 N NaOH
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solution containing 0.5% sodium dodecyl
sulfate. Samples were incubated at 37 °C for
48 h (7). Then, the samples were centrifuged at
60,000 g and 4 °C for 10 min and finally
the concentration of BSA in the supernatant
was determined by Bradford protein
assay method (28).

Release study

The release profile of BSA from PLGA
micro and nanoparticles, was studied in
triplicate by adding 2 ml of PBS containing
0.01% sodium azide to 5 mg of lyophilized
particles. The samples were placed in bath
shaker at 37 °C and were gently shaken.
Sampling was considered at 24 h intervals and
in each sampling time (every 24 h) a triplicate
set of samples was assigned; therefore, buffer
replacement was not required. The release
study continued for 7-14 days, and finally the
samples were ultracentrifuged at 60,000 g for
10 min and the supernatants were analyzed by
Bradford protein assay method at 595 nm.

In order to characterize the release kinetics,
the in vitro release data were fitted to the
following models (29); Zero order kinetic (1),
First order kinetic (2),Higuchi equation (3),
and Korsmeyer-Peppas equation was used to
elucidate the release mechanism (4).

Q =kt (1)

In{100 — @) = In100 — kt Q)
0= kt: 3)
Q = kt" “)

where, Q is the percent of released drug at
time t, and K is the release constant. In
equation (4) n is release exponent and
indicates the type of release mechanism. When
n approaches to 0.5 the release mechanism is
Fickian and if n approaches to 1 the release
mechanism approaches to zero order and when
0.5<n<1, non Fickean transport could be
expected (30).

RESULTS

The effects of several formulation factors
including the phase ratios, type of surfactants,
mixing rates, mixing techniques, protein
/polymer ratios and type of PLGA were
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considered in this study. Because of the
importance of the particle size and zeta
potential on the fate of particles, at first the
optimization was performed based on the size
and zeta potential and then, the optimized
formulations from this step were used to
optimize other characteristics related to the
particles.

Optimization of technical variables

The results showed that continuous addition
of W, into oil phase, produced larger particles
with a wide range of distributions and with
sizes bigger than 2 um. On the other hand,
dropwise addition of inner aqueous phase to
the organic phase resulted in considerable
reduction in the particle size. In the dropwise
addition method, the particles had a Z-average
of about 1700 nm.

Essentially, during the first and second
emulsification processes by probe sonicator, it
was observed that the mixing did not
performed efficiently. In spite of several
settings for power and operation cycle of
probe sonication technique, no significant
differences were observed by these variables.
In different experiences, the power was
adjusted at 50-75% of maximum power and
also the operation cycle (the duration of on/off
process) was changed within 0.5-0.7 sec.
However, the manufactured particles were too
large to be determined by zeta sizer.

Because  of  different natures  of
homogenization techniques (probe sonicator
and high shear homogenizer), two series of
settings were applied. For probe sonicator, the
primary mixing time was set on 1 min and
duration of mixing in second step was 2, 3 and
6 min; however, this process could not reduce
the size of produced particles. Nevertheless, at
the high shear homogenization technique
considerable differences among different
settings have been reported. Previous studies
confirmed that decreasing the duration of
homogenization to lower than 3 min, produced
small and more stable particles (31). Similarly,
the results of the present study confirmed the
same outcomes.

As mentioned, a Box-Behnken 5-factorial
3-level design was chosen for statistical study
here. Effects of different variables were
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evaluated using Minitab Ver.16 software. Fig.
1 shows the effect of homogenization time and
polymer concentration on the particle size. The
numbers 1, 2 and 3 in the homogenization axis
shows the duration of 1-2, 2-3 and 4-6 min for
primary and secondary homogenization time.
It was observed that increasing the homogeniz-
ation time strongly affected the particle size
and led to the production of larger particles.

Optimization of compositional variables
Protein concentration

The effects of protein content on the size
and zeta potential of the particles were
evaluated. In this study, different protein
concentrations were considered including 2.5
to 10% (w/v) protein to W;. The results
confirmed that increasing the protein
concentration up to 4 times, did not change the
particle size significantly.

Polymer concentration

The results revealed that at higher
concentrations of polymer (8%), the size of
particle increases significantly (Fig. 1).
Theoretically, increasing the  polymer
concentration leads to a profound increase in
viscosity in continuous phase (oil phase) of
preliminary emulsion and consequently with
the same power, the process of breaking down
of droplets is not carried out satisfactorily in
comparison to the formulation possess lower
polymer concentration.

Lactide-to-glycolide ratio of poly lactic-co-
glycolic acid

According to the results, change in the
lactide:glycolide ratio from 50:50 to 65:35 did
not affect the average size of the particles
significantly. Due to the effect of
lactide/glycolide ratios on particle hydrolysis
and then on the release profiles, it seems that
formulator can manipulate the release rate
without fear of significant change in particle
size and size distribution.

Phase ratios

Comparison of the results of different
ratios, showed that although there was not a
significant difference between particle size of
formulations produced by 1:10:35 ratio of
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Wi/0/W, (W;,0 and W, containing PBS
buffer solution/BSA/PVA, dichloromethane-
span 80-PLGA and water-PVA respectively)
and 1:10:80, ratio of W;/O/W, the lower ratio
(1:10:35), produced more homogenous
dispersion than the 1:10:80 ratio. In fact, the
particle size distribution in 1:10:35 ratio was
more uniform. Yeo and coworkers have
reviewed some factors affecting the
characteristics of particles produced by double
emulsion method. It has been reported that the
particle size increased with the increase of
continuous phase volume (13). In the
formulation  with  higher phase ratio
(1:10:80) after 24 day refrigeration at 2-8 °C,
the larger particles precipitated; however,
this phenomenon was not observed in the
lower ratios.

Type and concentration of W, phase surfactant

The main evaluations in this study were
focused on the application of Tweens as W,
surfactant. There are several studies indicating
the successful application of Tweens as
surfactant in the double emulsion technique.
However, other surfactants such as Pluronic or
PVA were also assessed. Results showed that
Tweens, especially Tween 80, can produce
smaller particles by stabilizing the system
more efficiently and, therefore, there was a
significant difference between Tween 80 and
other surfactants. In addition, different
concentrations of Tween 80 showed various
effects. It appears that the higher the
concentration of Tween 80 (7% w/v in W),
the greater the reduction of particle size of the
final particles. Fig. 2 shows the effect
of surfactant concentrations of inner
aqueous (W) and organic (O) phases on the
particle size.

Type and concentration of oil phase surfactant

Although Span 40 was used in some
formulations, acceptable results were obtained
during the addition of the span 80 (19). Span
80 was introduced into these formulations in
two different concentrations of 3.5 and 7% w/v
of the oil phase. Results showed that Span 80
can reduce the particle size efficiently when
the Tween 80 was applied in the inner aqueous
phase (Fig. 2).



B. Taghipour et al. / RPS 2014; 9(6): 407-420

:

Size {nm)

1] 1
Polyomer concentration (owv)

Fig. 1. The effect of polymer concentration and homogenization time on the particle size.
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Fig. 2. The effect of surfactants concentration on the particle size.
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Fig. 3. The effect of polymer concentration and polyvinyl alcohol concentration on the particle size.
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Polyvinyl alcohol concentration and molecular
weight

There are several reports challenging the
optimum concentration of PVA in the outer
aqueous phase as stabilizer (23). In the present
study, three different concentrations of PVA
(1, 2.5 and 5% w/v in W,) were evaluated. Fig.
3 shows the effect of PVA concentration on
the particle size. The results showed that
increasing the PVA concentration led to the
smaller particles. But this behavior was not
linear and further increase of PVA diminished
this phenomenon. This effect was parallel to
the viscosity increments. It seems that higher
viscosity of W, phase limits the dispersing of
the inner phase and prevents the breaking
down during the second emulsification step.

The results showed that the formulations
prepared by PVA with higher molecular
weight (72000) produced smaller particles, in
comparison to the formulations containing low
molecular weight PVA (27000). It seems that
higher molecular weight PVA is more efficient
than low molecular weight PVA in prevention
of the particles association prior to evaporation
of organic solvent. This effect can be
attributed to higher viscosity of high molecular
weight PVA  solution at the same
concentration.

Optimized formulations

In order to obtain the submicron sizes and
the desired characteristics, the formulation
variables were set as follows: High shear
homogenizer was used at the rate of 17500
rpm and duration of 1 and 2 min for primary
and secondary  emulsification steps,
respectively. In addition, dropwise addition of
the primary emulsion into outer aqueous phase
also reduced the particle size more efficiently.
Although in this study the different
concentrations of BSA did not affect the
particle size, this parameter was set on 3.7%
(w/v) as in a similar study by Feczko’ and
coworkers.(25). Polymer concentration was
adjusted at 4% (w/v) and manufacturing of
particles was performed by the most common
L/G ratio of PLGA, namely, as 50/50. The
phase ratios were set to 1:10:35 according to
the results of the present study and the
previously published reports (25). The PVA
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concentration was fixed on 1% (w/v) and high
molecular weight PVA (72000) was used. All
of these parameters were applied to produce a
pre-optimized formulation coded, F25.

To produce more stable emulsions and also
to achieve smaller particles, the optimized
surfactants were used in inner aqueous phase
and oil phase. For W;, Tween 80 and for
organic phase (O), Span 80 were used with the
same concentration (7% w/v). All other
formulation conditions were the same as F25.
The new formulation was considered to be F26.

Given the proper particle size and size
distribution resulted from formulation F26,
some modifications were performed to
improve the protein stability. As mentioned
earlier, hydroxypropyl beta cyclodextrin is a
suitable excipient which protects protein from
aggregation (11-12). In order to evaluate its
effect, a subtype of F26 formulation was
generated and coded as F29.

Particles characterization
Particlesize

Depending on the settings of multiple
variables  chosen  during  optimization
processes, the particle size was set between
160 2000 nm. As mentioned above,
surfactants play a key role in reducing the
particle size. The only difference between
formulations F25 and F26 was in surfactant
type, but their sizes were completely different.
The particle size of F25 was large to the extent
that could not be determined by zeta sizer
(approximately larger than 2000 nm).
Certainly, surfactants stabilize the double
emulsion and prevent merging of droplets
which lead to the smaller droplets and smaller
particles (32). This effect resulted in the
production of nanoparticles with the size of
about 200 nm in F26.

Further optimization during this study led
to the application of HPBCD as an aggregation
inhibitor. This formulation (F29) showed a
smaller particle size about 160 nm. Arun and
coworkers also have reported that co-
encapsulation of HPBCD with PLGA reduced
the particle size of the microspheres (12).As
described, the optimized formulation (F29)
was used for the production of composite
nanoparticles which were coded as F30-F32
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(depending on application order of PLGA and
HA as core or shell former). The F30
formulation consisted of HA as the core which
was coated by PLGA as shell. F30 was
produced based on F29 with the exception of
adding HA into W,. This formulation had a
particle size of 138 £ 7 nm. On the other hand,
using the PLGA nanoparticles (F29) as core
and HA as the shell, led to the formation of
F31 and F32. The differences of these
formulations were in the presence of Pluronic
F127 (as porogen) in HA solution in F32. The
F31 and F32 had the particle size of 157 and
167 nm, respectively. Fig. 4 displays the SEM
images of F30, F32.

Zeta potential
During the optimization steps, the zeta
potential was also monitored. Theoretically,
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Fig. 4. SEM images of nanoparticles; (a) F30 and (b) F32.
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highly positive or highly negative values of
zeta potential indicate the higher stability,
according to the DLVO theory (33), but from
biological standpoint, particles having high
positive or negative zeta potential are prone to
fast clearance from the body.

Here, the results showed that the increase
in polymer concentration or changing the
mixing mechanism did not change the zeta
potential value (~ +17mv); however, changing
the type and concentration of surfactants
strongly affected the zeta potential. When
Pluronic F68 or Pluronic F127 was used, a
considerable change in the zeta potential (-30
to -32 mv) was reported, as in previous
research (33), however, in this study, replacing
the Pluronic with Tween 80 (as W surfactant),
had no significant effect on the zeta potential.
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Fig. 5. The release profile of bovine serum albumin from different formulations. (a) F26, (b) F29, (¢) F32
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Table 3. Particle size and zeta potential of some of selected formulations.

Code of formulation

Particle size (nm)

Zeta potential (mv)

F26 2233
F27 209.1
F28 129.5
F29 155.1
F30 138.1
F31 156.9
F32 167.4

-8.31
-11.7
-15.2
-30.5
-32.2
-46.6
-58.3

Table 4. The release kinetics of optimized formulation (F32).

. Zeroorder First order Higuchi Korsmeyer -Peppas
Formulation = > = 5 2 > >
K (%.day™) R K (day™) R K (%.cm“day™) R n R
F32 4.781 0.988 0.17 0.894 19.51 0.923 0.9676 0.968

Comparison of F29 and F32 formulations
indicates that addition of shell layer (HA) on
the PLGA nanoparticles, shifted the zeta
potential from -30 mv (F29) towards -58 mv
(F32) which was more desired according to
DLVO theory, and consequently could
suppress the merging of the particles. Table 3
shows the particle size and zeta potential of
different formulations.

Encapsulation efficiency
According to the results of loading studies,

the encapsulation efficiency (EE) was
calculated using equation (5) (34) .
EE = actual loaded drug « 100 (5)

theoritical addsd drug

As mentioned in the method section, a
proper dilution was prepared and was assayed
by Bradford method. The EE values for F26
and F29 were 89% and 76%, respectively.

Release and kinetic study

The release profile of BSA from selected
formulations including F26, F29 and F32 was
assessed. According to the results presented in
Fig. 5, the initial burst and subsequent non-
complete release profile which led to
the plateau (in formulation F26), strongly
indicated that the absence of a suitable
stabilizer in formulation led to the aggregation
of BSA.

The BSA release from aggregates located
in the surface of nanoparticles, has led to the
burst effect. Aggregation of protein
also resulted in insufficient release after
initial release (8).As indicated previously,
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addition of stabilizers (HPBCD) can enhance
the release profile of BSA from nanospheres.
As shown in Fig. 5, the release profile of BSA
was significantly enhanced in F29, compared
to F26. It is evident that the presence of
HPBCD stabilized the BSA molecules and
prevented extensive aggregation, as the
limiting factor in continuous and uniform
release profile in formulation F29.

In part (c¢) of Fig. 5, also, the effect of
composite (core-shell) structure on the release
profile was presented. Formulation F32 shows
more linear release profile than F29 and as it is
clear from this figure, release rate is slower
than PLGA base nanoparticles. Kinetic
analysis of the release profiles also showed
that formulation F32 better fitted to zero order
kinetics with coefficient of correlation about
0.994 and during the 14 days release study,
70% of protein released uniformly without
significant burst effect.

Fitting the release data on four kinetic
models (zero, first, Higuchi and Korsmeyer-
Peppas) showed that the zero order kinetic had
the highest value of R”in comparison to the
others. On the other hand, the “n” constant of
Korsmeyer-Peppas which was near 1, shows
that a case 2 transport (zero order) exists
within the release profile of F32 (Table 4).

DISCUSSION

Based on the results of this study, mixing
techniques can affect the mean size of the
particles. Dropwise addition of the first
aqueous phase to the oil phase produces
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smaller particles than continuous addition
technique. It seems that dropwise addition of
the W, phase provide sufficient time for
effective breakdown of the inner phase within
the continuous phase. The same results also
were reported by Adams and coworkers, when
they used a jet device to induce higher flow
rates than dropwise addition procedures (35).
On the other hand, probe sonication of the
mixture was not sufficiently effective in
reducing the average particle size although
different magnitude and duration of probe
sonication was examined. Burapapadh and
colleagues studied the effect of
homogenization technique on the droplet size
of the pectin-based emulsion.

They reported that applying the probe
sonicator led to the generation of droplet with
the size of approximately 2 micron, but in the
present study, no supporting data were found
to show the effect of sonication on particle size
and size distribution (36).

Mixing of phases using high shear
homogenizer resulted in more uniform and
smaller particles which were due to more
efficient breaking down of the droplets. Under
the same conditions, the high shear technique
produced particles with narrow particle size
distribution. The results showed that duration
of homogenization also are important and
prolong homogenization time using high shear
homogenizer produced larger particles. In this
regard it seems that an appropriate
homogenization time is needed and prolonging
the time increases the chance of the inner
phase droplet collision and increase of the
average particle size could be possible.

Protein content of the aqueous phase at
different concentration from 2.5 -10 % were
examined and at these concentration ranges its
effect on average size was less important than
the other formulation parameters. This finding
indicates that drug content of this type of
formulations have minimum effect on
formulation characteristics. Increase in protein
concentration mainly affects the encapsulation
efficiency and variation in drug content has
minimal impact on size of the particles.

Polymer concentration had profound effect
on average particle size. This effect can be
attributed to the effect of polymer
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concentration on the viscosity of the polymeric
solution and need more energy to disperse the
system. This trend was also reported by Yeo
and  coworkers  during  concentration
modification from 4 % to 8 %, the particle size
increased linearly with increase in polymer
concentration (11). However, differences
between particle sizes of formulations
containing 3% and 4% polymer (PLGA) were
not very significant. The results also showed
that change in lactide/glycolide ratios did not
significantly affect the average particle size of
the different formulations having various
ratios of lactide/glycolide.

Although phase ratios didn’t change the
average particle size significantly but
according to the results, particle size
distribution is a function of the phase ratios,
the phases ratio can affect the efficacy of the
mixing and homogenization pattern of the
emulsion and an optimum ratios would be
necessary.

Different surfactants were examined to
stabilize the emulsified systems. Evaluation of
the particle size in the presence of the different
surfactant revealed that Tweens (especially
Tween 80) in aqueous phase and span 80 in
organic phase are better than the others
(ploxamers or span 40) and surfactant
concentrations greatly affect the particle size.
The effect of surfactant on stability of
dispersed phase and also surfactant effect on
viscosity of the emulsified system can affect
the average size and particle size distribution
of the particles.

PVA also was used as stabilizer in outer
aqueous phase and its concentration and also
molecular weight of PVA plays an important
role on average particle diameter. Increase in
PVA molecular weight has increasing effect
on viscosity of the outer aqueous phase and
then can prevent coalescence of the emulsified
droplet during the mixing and possible
collision between them.

In order to clarify the role of stabilizers, the
F29 formulation was designed in the presence
of HPBCD as stabilizer. According to earlier
reports (26), hydroxypropyl beta cyclodextrin
(8% w/v) when added to inner aqueous phase
(W), was able to stabilize the protein
containing delivery systems and can prevent
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extensive aggregation. The same results were
also obtained during this study (11,37).
HPBCD also has significant effect on the
release pattern of proteins from the PLGA
loaded particles. This effect is directly from
the deaggregation effect of HPBCD which
facilitate the freely diffusion and movement of
the individual protein molecules.The release
studies revealed that composite formation
(core-shell coating) are able to limit the release
rate of the BSA from the nanoparticles as
model protein and also diminished the burst
effect in PLGA based formulations.

CONCLUSION

In this study, several factors were
investigated for their corresponding effects on
the characteristics of micro and nanoparticles.
According to the results, although
compositional variables can affect properties
of fabricated particles, the effects of technical
variables are more significant. For example,
changing the method of W, phase addition to
organic phase in primary emulsion formation,
or the selection of homogenization technique,
could reduce the particle size significantly. On
the other hand, among the compositional
variables, the type of surfactant for both
aqueous and oil phases were among the most
important variables. Finally, application of a
suitable stabilizer such as HPBCD could
enhance the release profile by reducing the
aggregation. Therefore, applying the optimized
conditions for technical and compositional
variables, leads to the fabrication of particles
with desired characteristics such as particle
size, zeta potential and release profile. Using
core-shell strategy also led to the formation of
composite nanoparticles with excellent release
characteristic which met the requirements of a
zero order kinetics.
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