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a b s t r a c t

Poly(butylene succinate) (PBSu), poly(butylene succinate-co-adipate) (PBSA) and poly(butylene
terephthalate-co-adipate) (PBTA) microcapsules were prepared by the double emulsion/solvent evap-
oration method. The effect of polymer and poly(vinyl alcohol) (PVA) concentration on the microcapsule
morphologies, drug encapsulation efficiency (EE) and drug loading (DL) of bovine serum albumin (BSA)
and all-trans retinoic acid (atRA) were all investigated. As a result, the sizes of PBSu, PBSA and PBTA
microcapsules were increased significantly by varying polymer concentrations from 6 to 9%. atRA was
encapsulated into the microcapsules with an high level of approximately 95% EE. The highest EE and DL
of BSA were observed at 1% polymer concentration in values of 60 and 37%, respectively. 4% PVA was
oly(butylene succinate)
oly(butylene succinate-co-adipate)
oly(butylene terephthalate-co-adipate)

found as the optimum concentration and resulted in 75% EE and 14% DL of BSA. The BSA release from
the capsules of PBSA was the longest, with 10% release in the first day and a steady release of 17% until
the end of day 28. The release of atRA from PBSu microcapsules showed a zero-order profile for 2 weeks,
keeping a steady release rate during 4 weeks with a 9% cumulative release. Similarly, the PBSA micro-
capsules showed a prolonged and a steady release of atRA during 6 weeks with 12% release. In the case

fter a
asing
of PBTA microcapsules, a
atRA during 42 days, rele

. Introduction

The delivery of protein drugs and bioactive agents which pro-
ote cell growth and guide cell differentiation is crucial for tissue

ngineering [1]. Proteins and bioactive agents need a prolonged
elease to show their maximum activity. Therefore, they benefit if
rotected from the immune system and the degrading environment

f body fluids and from being washed away from the target site. In
ddition, the release of bioactive agents like growth factors must
e long enough to obtain maximum biological effect [2]. Delivery
ystems incorporating growth factors, and mainly biodegradable
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burst release of 10% in the first day, showed a parabolic release profile of
36% of atRA.

© 2011 Elsevier B.V. All rights reserved.

particles, could offer distinctive advantages. The ability to regulate
the release rate while protecting the loaded protein during all the
stages of tissue regrowth, enables having consistent signals to be
delivered locally which is very relevant for developing new tissue
engineering strategies [3,4].

The bioactive substance may be released by a diffusion mech-
anism or by degradation of the carrier. However, the kinetics of
dug release is far more complex in the degradation mediated pro-
cess due to the eventual drug interaction with the carrier polymer
and its degradation products [5]. Also, the emulsifying agents used
in its production can affect the release kinetics significantly. Both,
the dosage and the half-life of the drug can be controlled by the
macromolecular chemistry and the degradation rate of the poly-
mer [6]. Based on the polymeric systems used and on the drug
release profiles, the release models may be distinctly categorized

as diffusion-controlled, swelling-controlled, or erosion controlled
systems [7]. There is a synergistic effect between diffusion and ero-
sion that condition the release kinetics. In particular, the rate of
erosion, the effective diffusion coefficient of the drug molecule in
the wet polymer, and the average pore dimensions, are found to

dx.doi.org/10.1016/j.colsurfb.2011.02.005
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12.4 (mg/ml)−1 cm−1.
atRA in filtrates and in washing solutions was deter-

mined by UV–vis absorbance spectrophotometry at 312 nm. The
extinction coefficient (0.1%) from atRA standard concentration

Table 1
Preparation conditions of PBSu, PBSA and PBTA microcapsules for investigation of
influence of emulsifier and polymer concentration on drug (BSA) encapsulation
efficiency and drug loading.
Fig. 1. Chemical formulas of PBSu, PBSA and PBTA polyesters.

e critical parameters affecting the kinetics of release. [8]. In addi-
ion, effects of water-in-oil-in-water process parameters can play
ignificant roles in the release of hydrophilic macromolecules from
icrospheres by the surface porosity and internal morphology [9].
Poly(butylene succinate) (PBSu), poly(butylene succinate-co-

dipate) (PBSA), and poly(butylene terephthalate-co-adipate)
PBTA) (Fig. 1) are all synthetic polyesters produced by polyconden-
ation of butanediol and different dicarboxylic acids: succinic acid
or PBSu, succinic/adipic acid for PBSA. The copolyesters displayed
faster degradation rate than that of PBSu [10]. Poly(butylene suc-
inate) and its copolymers are relatively recent and they have not
een studied in detail as biomaterials for application in drug deliv-
ry as compared with other synthetic biodegradable polyesters
uch as poly(l-lactide) (PLLA), poly(lactide-co-glycolide) (PLGA),
oly(�-caprolactone) (PCL). Recently, the in vitro evaluation of PBSu
s a biomaterial has showed promising results in terms of cytotox-
city as well as proliferation and differentiation of osteoblasts and

esenchymal stem cells seeded on scaffolds produced using those
aterials [11–14].
In this study, we investigated the potential of PBSu and its

opolymers as a microcapsule drug delivery system, indented
or prolonged release of bioactive agents. For that purpose, the
ydrophilic bovine serum albumin (BSA, 66 kDa) and all-trans
etinoic acid (atRA, 300.4 g/mol) as a hydrophobic drug were
ncapsulated into PBSu and copolymer microcapsules. The double
mulsion/solvent evaporation technique was used to prepare the
icrocapsules, which is considered suitable for solvent sensitive

ioactive agents and for protein drugs. In addition, the atRA is an
ffective agent as it has roles in the differentiation of bone, epithelia,
ervous system, immune system and skin [15]. The low solubil-

ty of this hydrophobic of character of atRA in aqueous solutions
s a major barrier to its application and therefore, the microcap-
ules proposed in this study may constitute a solution overall those
imitations.

. Materials and methods

.1. Materials

PBSu (the average molecular weight (Mw) 89 000, the number-
verage molecular weight (Mn) 34 000) and PBSA (Mw 184 000,
n 97 000) were obtained from Showa Highpolymer Ltd. (Tokyo,

apan). PBTA (Mw 78 000, Mn 43 000) was obtained from Eastman
hemical Co. (Kingsport, Tennessee, USA). Poly vinyl alcohol (PVA)

Mw 30 000–70 000), dichloro methane, all-trans retinoic acid and
ovine serum albumin were all obtained from Sigma Aldrich Chem-

cal Co. (St Luis, USA).
All the chemicals used herein were analytical grade.
: Biointerfaces 84 (2011) 498–507 499

2.2. Contact angle measurements

Contact angle measurements were performed to determine the
hydrophilicity of the polyesters. For this test, it is necessary to have
a flat surface, thus membranes were prepared by casting of a solu-
tion of the polyesters in dichloromethane. A drop of 3 �l of HPLC
grade H2O was placed at the surface of the polyester membrane
and the initial contact angle was measured in the Contact Angle
System OCA-dataphysics.

2.3. Preparation of PBSu, PBSA and PBTA microcapsules

A schematic depiction of the preparation procedure of the
polyester microcapsules can be seen in Fig. 2. The preparation con-
ditions including type of polymer, polymer concentration, type of
encapsulated drug, concentration of emulsifier in the second aque-
ous phase as well as in the evaporation solution are all summarized
in Table 1.

The microcapsules were prepared by a modified double
emulsion/solvent evaporation technique as described previously
[16]. Briefly, the polymer pellets were dissolved in 1.8 ml of
dichloromethane. For the encapsulation of atRA, the drug (2 mg)
was dissolved in a polymer solution and 0.3 ml of distilled water
was used as first aqueous phase (w1) while the albumin (18 mg)
was dissolved in 0.3 ml phosphate buffered saline solution (PBS,
pH 7.4). After adding w1, the single emulsion was formed by vortex
mixing for 20 s. Immediately after, the second aqueous phase (w2),
6 ml aqueous PVA solution as emulsifier, was added and the dou-
ble emulsion was formed by subsequent vortex mixing for another
20 s. The resultant emulsion was poured into a 40 ml aqueous PVA
solution (0.5%, w/v) and stirred on a magnetic stirrer for 1.5 h at 200
revolutions per minute (rpm) to evaporate the solvent and harden
the microcapsules.

To collect the microcapsules, they were filtered through a mixed
cellulose ester membrane (Whatman, Dassel-Germany) with a pore
size of 0.45 �m. Then, they were rinsed three times with distilled
water and finally transferred into closed and light protected con-
tainers (for atRA) and stored at 4 ◦C until further use.

In order to calculate encapsulation efficiency and drug loading,
the protein content of the supernatants (not encapsulated) was
measured by the dye binding (Bradford) method, as this protein
determination method does not interfere with PVA in supernatants
[17]. Briefly, the Bradford solution was prepared by dissolving
50 mg Brilliant Blue G (Sigma Chemical Co., St Louis, USA) in 50 ml
ethanol (95%) and 100 ml phosphoric acid (85%) solution and com-
pleted to 1 L with distilled water. Both the protein sample and the
standard BSA solutions (0.5 ml) were mixed with the 5 ml of filtered
Bradford reagent solution and incubated for 5 min at room temper-
ature. Subsequently, the colour intensity developed was measured
at 595 nm by using UV–vis spectrophotometer (Shimadzu 2100).
The percent (0.1%) extinction coefficient of BSA standard concen-
trations (between 5 × 10−3 and 2.5 × 10−2 mg/ml) was detected as
Polyesters Polyester concentration
(%, w/v)

PVA concentration in
w2 (%, w/v)

PBSu, PBSA, PBTA 1; 3; 6; 9 2
5 0.5; 1; 2; 4; 6
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Fig. 2. Schematic representation of the sequence of steps followed on the p

between 3.3 × 10−3 and 2 × 10−2 mg/ml) readings was found as
4.9 (mg/ml)−1.

The encapsulation efficiency (EE) was determined according to
he following equation:

E =
(

md

ml

)
× 100

here EE is the encapsulation efficiency; md is the weight of encap-
ulated drug; ml is the total weight of drug used during preparation.

The drug loading (DL) was determined according to the equation
elow:

L =
(

md

md + mp

)
× 100

here DL is the drug loading; md is the weight of encapsulated
rug; mp is the weight of polymer.

.4. Microcapsule characterization

.4.1. Scanning electron microscopy
For scanning electron microscopy (SEM) analysis of the samples,

queous suspensions of washed microcapsules were dried at room
emperature on carbon coated SEM-stubs and sputter coated with
old. For the morphology characterization, the polyester micro-
apsules were examined using a SEM S360 equipment by Leica
ambridge. The obtained SEM micrographs were examined for the
haracterization of the morphology of the various microcapsules.

.4.2. Size determination of microcapsules
Dilute aqueous suspensions of washed microcapsules were

laced on microscope slides and covered by a cover slide. Those
pecimens were further analyzed by transmission light microscopy
TLM) and representative micrographs were obtained by using a
igital camera. The obtained TLM micrographs were processed with

he ImageJ image analysis software (National Institute of Health,
SA, version 1.38×), for the determination of the average size of the
olyester microcapsules. The high resolution images were trans-
ormed into 8-bit images and a micrograph of scale of calibration
lide, obtained at the same microscope magnification, was used
ation of microcapsules by double emulsion/solvent evaporation technique.

to calibrate the software. Then, the diameters of the microcapsules
were characterized manually by drawing a line across the diameter
of the microcapsules. Aggregates of particles and irregular-shape
particles were excluded from the analysis, even if they were rare. At
least 100 microcapsules were measured for each preparation con-
dition by analyzing random visual fields of the micrographs from
different batches of samples.

2.5. In vitro drug release studies

The drug release kinetics was studied on microcapsules pro-
duced at a polymer and PVA concentration of 5 and 2 wt.%,
respectively. The microcapsules (450 mg dry weight) were
immersed into 40 ml PBS solution in a 50-ml-Falcon tube and incu-
bated in a water bath at 37 ◦C and 100 rpm shaking rate. For each
study, a triplicate of the release batches was tested. The control
preparations were also used in the release studies for providing
blank solutions in photometric measurements. The control batches
were made as described above microcapsule preparation proce-
dures except that no drug was added into respective phases during
encapsulation process. In order to measure the protein release, the
media contents were allowed to settle down and the drawn aliquots
at low volume (1 ml) were replaced with fresh release medium as
this method can provide enough sink conditions for highly water
soluble molecules like BSA as explained by D’Souza SS and DeLuca
[18]. For the BSA release study, a PBS solution containing 0.02%
sodium azide was used to inhibit microbial growth. At defined time
points, 1 ml-aliquots were extracted from the solution and being
replaced by fresh PBS solution. The albumin content of aliquots
was determined by the Lowry assay [19].

For measuring atRA in vitro, the whole release medium was
exchanged with fresh PBS solution periodically to prevent satu-
ration of drug in the release medium and to make a sink condition
as explained by Choi et al. [20]. For atRA release, the light protected

Falcon tubes were utilized during all the study. At predetermined
time points, shaking was stopped for 10 min to allow for the micro-
capsules to settle down. Then, the whole release medium was
decanted and filtered to recover remaining microcapsules. Micro-
capsules on filter membrane were washed into the respective
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Table 2
The contact angle of air and glass-contact surface of polymer.

Air contact (◦) Glass contact (◦)
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1
t
9
s

PBSu 108.22 ± 0.14 111.81 ± 0.32
PBSA 99.26 ± 0.32 108.47 ± 0.73
PBTA 84.65 ± 0.41 100.80 ± 0.96

alcon tube by rinsing with the fresh PBS solution and the volume
as completed to 40 ml to continue the release study. Then, the fil-

rate volume was measured and atRA content was determined by
V–vis absorbance at 312 nm.

.6. Statistical analysis

Unless otherwise indicated, the quantitative results were
cquired from at least triplicate samples. The data were expressed
s means and error bars show standard deviation (S.D.). The sta-
istical analysis for size determination was carried out by using
npaired Student’s t-test using Origin 6.0 software program (Micro-
al Software Inc., Northampton, MA, USA), and a value of *P < 0.05
as considered statistically significant.

. Results and discussions

.1. Contact angle study

Contact angle measurements were performed to ascertain
he wetting nature of each dry polyester film. The polymer

icrostructure and hydrophilic/hydrophobic interactions also play
n important role in determining drug distribution profiles and
elease characteristics. The difference in water contact angle values
f air and glass contact films can be attributed to the differ-
nces in surface roughness. The smooth surfaces of the membrane
asted in contact with the glass result consistently in higher val-
es of the contact angle (Table 2). The PBSu and PBSA polyesters

howed a hydrophobic character with air water contact angle of
08.22◦ ± 0.14◦ and 99.26◦ ± 0.32◦, respectively (Table 2). PBTA was
he only polyester tested exhibiting a contact angle lower than
0◦, the value obtained being 84.65 ± 0.41 (Table 2) and demon-
trated some relatively hydrophilic nature. The hydrophilicity of

Fig. 3. SEM of the microcapsules obtained using differe
: Biointerfaces 84 (2011) 498–507 501

the polyester may facilitate the permeation of water into the micro-
capsule structure and, consequently, it is believed to facilitate the
drug diffusion rate. For the release study it may be expected that
the release rate can be relatively faster in the case of PBTA and
slower in PBSu and PBTA microcapsules when smaller molecules
are embedded at the capsule wall.

3.2. Characterization microcapsules

3.2.1. Effect of polymer concentration on size and morphology
The SEM photographs of microcapsules produced with various

polymer concentrations are shown in Fig. 3. Both PBSA and PBTA
microcapsules show very smooth surface and spherical shape at
1% polymer concentration. In the case of the PBSu microcapsules
however, the microcapsules have a spherical shape with a rough
surface and open pore structure. The rough surface morphology
and open pore structures were also typical the typical morphol-
ogy of PBSu microcapsules at higher polymer concentrations. The
microcapsules prepared with 3% PBSA and PBTA are also spher-
ical in shape and are characterized mostly by a smooth surface.
The microcapsules prepared with 6% PBSA were spherical in shape
and occasionally showed polygonal shape with a rough surface.
At that concentration, the PBTA microcapsules were irregular in
shape with rough surface, although small spherical microcapsules
were also visible. The microcapsules prepared with 9% PBSA were
the roughest and shown some open pore structure with multiple
particles inside the hollow capsules. At the highest polymer con-
centration, the PBTA microcapsules are characterized by a cage-like
open pore structure.

The influence of polymer concentration on the average size of
the microcapsules is summarized in Table 3. In general, the sizes
of the microcapsules were quite variable for all preparations. That
may reflect inhomogeneous mixing by the vortexing. The average
size of the microcapsules depends considerably on the polymer
concentration. The microcapsule size increased directly with the
polymer concentration, reaching a maximum at 9% (either P < 0.05

or P < 0.01). The microcapsules were approximately 11.6, 6.9 and
8.1 �m in diameter at 1% concentrations for the various polymers
studied PBSu, PBSA and PBTA, respectively. The average size of the
microcapsules increased slightly with the increase of the polymer
concentration between 1 and 6%. At 9% concentration, however,

nt polymer concentrations (magnification 300×).
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Table 3
The average size of microcapsules which were prepared with the various polymer concentrations.

Type of polyester Size of microcapsules [�m] according polyester concentration

1% 3% 6% 9%

PBSu 11.6 ± 3.6 17.9 ± 3.1 11.5 ± 2.4 70.2 ± 3.4*
0.2 ±
0.6 ±

± ompa

t
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t

t
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s
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PBSA 6.9 ± 0.8 1
PBTA 8.1 ± 2.0 1

: Standard deviation (100 readings). *Differences are statistically significant when c

he average microcapsule size increased dramatically when com-
ared to the size observed at 6% for PBSu, PBSA and PBTA (Table 3).
he porous morphology of the microcapsules was dominant at that
olymer concentration. The average pore size was 14.5, 18.0 and
5.0 �m for PBSu, PBSA and PBTA, respectively (data not shown in
he tables).

The complex structures are apparent from SEM micropho-
ographs of the microcapsules obtained when using higher polymer
oncentrations. Those results can be explained by the tendency to
ave coalescence of several microcapsules into a single structure,
ventually including smaller capsules inside the larger structures.
n addition, as the polymer solution becomes more viscous by
ncreased polymer concentration, more energy is necessary for
reaking the surface energy to form the droplets. This fact may

ncrease the population of microcapsules with larger size since the
echanical energy was kept constant for all experiments. Similar

ncrease of size and size distribution with increased polymer con-
entrations was already previously reported [16,21,22]. The size of
he microcapsules, prepared by both w/o/w was determined to be
ighly affected by the intrinsic viscosity of the polymer in an expo-
ential order [23]. Similarly, the size PLGA microsphere was shown
o be increased with higher intrinsic viscosity of polymer solution
24,25].

In our studies, the open pore microcapsules and honeycomb
tructured surfaces were both observed in SEM micrographs for
igher polymer concentrations, especially at 9%. Those porous
icrocapsules might have interesting applications in tissue engi-

eering to be used either as cell or drug carrier, since those pores
re sufficiently large to enable cell infiltration. For example, Kim
t al. reported that the highly porous PLGA microspheres with the

urface average pore size (aps) at 20 �m was found to enable the
ell infiltration and seeding [26]. Likewise, the cell carriers with the
urface pores larger than a cell size (i.e. 10 �m), such as the micro-
orous cellulose beads [27], alginate beads [28], ceramic capsules
aps: 20–100 �m) [29] and chitosan microspheres (aps: 35–60 �m)

Fig. 4. SEM of the microcapsules obtained using different e
2.1 20.0 ± 3.5* 72.8 ± 3.4**
2.1 13.6 ± 2.1 64.4 ± 1.2**

red with 1% polymer concentration (unpaired Student’s t-test, *P < 0.05 or **P < 0.01).

[30], were proposed as suitable cell carriers for increasing cell
attachment, proliferation, spreading and protection of cells from
the shear stress.

In multiple emulsions, different morphologies are generated
due to the enhanced probability of the presence of the aqueous-
phase microdroplets inside the emulsion droplets. During the
solvent elimination stage, these microdroplets generally coalesce
under the pressure of the precipitating polymer. Depending on the
polymer concentration and the emulsification energies, the final
microparticles will be a mixture of honeycomb, capsule or solid
structures [31]. In a recent study, the retardation of indomethacin
release kinetics by PCL coating has indicated that the porous mor-
phology can be attributed for fast release kinetics of unmodified
microparticles [32].

3.2.2. Effect of PVA concentration size and morphology
The concentration of emulsifier, PVA, had profound effects over

the surface morphologies and average size of the microcapsules. For
PBSu, spherical and rough-walled microcapsules were observed at
all concentrations except for 1% PVA, where they were smoother
(Fig. 4). Large, rougher microcapsules were dominating the PBSA
microcapsule population at 0.5% PVA concentration. At 1% and
higher concentrations of PVA, on the other hand, smaller and
smooth-walled PBSA microcapsules were obtained. Large, honey
comb-shaped microcapsules mixed with smooth and rough-walled
spherical microcapsules of PBTA were obtained at 0.5 and 1% PVA.
The obtained PBTA microcapsules were smoother and predomi-
nantly spherical between 2 and 6% of PVA.

The size variation of microcapsules was very significant with
high PVA concentrations (P < 0.05 or P < 0.01). Large microcapsules,

in average, were detected at 0.5% PVA (28.2, 39.2 and 26.8 �m diam-
eter for, PBSu, PBSA and PBTA, respectively (Table 4). The average
size of microcapsules dropped to 17.1 �m in the case of PBSu, while
a slight increase was observed for PBSA and PBTA microcapsules at
1% PVA concentration. The microcapsules of PBSA and PBTA pre-

mulsifier (PVA) concentrations (magnification 300×).
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Table 4
The average size of microcapsules which were prepared by various PVA concentrations.

Type of polyester Size of microcapsules [�m] according PVA concentration in w2

0.5% 1% 2% 4% 6%

PBSu 28.2 ± 2.2 17.1 ± 0.8* 18.0 ± 2.8 12.0 ± 0.5** 6.5 ± 1.4**

± compa
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PBSA 39.2 ± 2.2 44.6 ± 2.1*
PBTA 26.8 ± 1.2 37.9 ± 0.2**

: Standard deviation (100 reading). *Differences are statistically significant when

ared at 2% PVA showed an abrupt drop in size to 21.3 and 12.2 �m,
espectively. At 4% PVA, further significant (P < 0.01) reductions in
icrocapsule sizes were detected (12.0, 10.6 and 5.4 �m, respec-

ively). Except for PBSu which showed a reduction from 12.0 to
.5 �m, the average size of microcapsules of PBSA and PBTA did
ot changed significantly from 4 to 6% PVA.

Increasing the PVA concentration provides conditions to obtain
maller emulsion droplets resulting in the formation of smaller
icrocapsules. Thus, PBSu, PBSA and PBTA microcapsules sizes
ere observed to change accordingly. Similarly, a decrease of

he size of PLGA nanoparticles and poly(hydroxybutyrate-co-
alerate) (PHBV) nanocapsules were already shown to result from
he increase of PVA concentration in the emulsification medium
33,34,16]. It has also recently been shown that the PVA concen-
ration in aqueous phases can change the particle morphology
onsiderably, such as the aspect ratio of spheroidal microparticles
f PLGA and poly(hydroxybutyrate) microparticles in a non-linear
ay [35,36].

.3. Influence of preparation conditions on EE and DL

In this study, the optimization of EE and DL was performed for
model protein, since hydrophilic compounds can easily diffuse

nto an external aqueous phase during double emulsion prepa-
ation and precipitation of the polymer [37]. On the other hand,
he EE of atRA in microcapsules of all utilized polyesters is very
igh: 94.0, 95.4 and 95.8% for PBSu, PBSA and PBTA microcap-
ules, respectively. These high encapsulation efficiencies can be
xplained by the poor water solubility of atRA and easier sol-
bility in hydrophobic polymer solutions. The SEM images of
tRA-encapsulated microcapsules showed occasional crystallites
t the surface of microcapsules wall (Fig. 5a). The SEM micro-
raphs also show a hollow structure (Fig. 5b), proving that the
rug was partitioned within the organic polymer phase dur-

ng the microcapsule preparation. Consequently, the dispersion

f atRA within the thin microcapsule wall can provide an effi-
ient strategy for facilitating solubility and extending half-life
f the drug in the body fluids by providing both a protec-
ion and controlled release mediated by the large surface area
38–41].

Fig. 5. Scanning electron microscopy image of a group of atRA encapsula
21.3 ± 4.7* 10.6 ± 1.2** 7.9 ± 0.9**
12.2 ± 0.3** 5.4 ± 1.0** 7.1 ± 1.8**

red with 0.5% PVA concentration (unpaired Student’s t-test, *P < 0.05 or **P < 0.01).

3.3.1. Influence of polymer concentration
The influence of the concentration of the polyester solution dur-

ing microcapsule preparation on the encapsulation efficiency and
drug loading of BSA are both shown in Fig. 6a and b, respectively.
It was found that the EE is relatively higher (ca. 60%) at the low-
est polymer concentration (1%). EE was not strongly affected by
the variation in polymer concentration between 3 and 9%, and the
difference between the various copolymers at each concentration
was not statistically significant. Those results show the efficiency of
the use of polyesters in the encapsulation of proteins at relatively
low polymer concentrations. DL, on the other hand, decreases pro-
foundly with increasing polyester concentration, as it was expected
from predictions based in the respective equation in which DL is
inversely proportional to the polyester concentration. At 1% poly-
mer concentration, the DL of the three polymers was nearly 37%. DL
dropped abruptly for 3, 6 and 9% polymer concentrations, giving DL
values ranging from 5 to 15% (Fig. 6b). Qualitatively, the behavior
of the three polymers was very similar, without significant changes
between the various copolymers.

3.3.2. Influence of PVA concentration
PVA was used as emulsifier with concentration ranges between

0.5 and 6% in the second water phase (w2) and showed having a
strong effect on EE and DL. The PVA concentration at 0.5% (w/w)
produced around 75% EE of BSA for PBSu, PBSA and PBTA polyester
microcapsules (Fig. 6c). At 1% PVA concentration, however, both
PBSu and PBSA were at 50% while PBTA was at 62%. Keeping similar
trends, the EE values of PBSu, PBSA and PBTA were observed to
be close to 60% when it was used a 2% PVA concentration. At 4%
PVA concentration it was observed the highest EE with over 75% EE
for the tested polyester microcapsules. When compared with the
previous PVA concentrations, the 6% condition showed a significant
drop in EE for PBSu, PBSA and PBTA, with values of 63, 70 and 55%,
respectively. When compared the EE of the three polymers for the
same PVA concentration, the 6% PVA group was the most sensitive
to the polymer type.
As a function of EE, the DL profiles of BSA for the three polyester
microcapsules were larger at 4% and then at 0.5% PVA, with values of
12 and 14%, respectively (Fig. 6d). At 1% PVA concentration, where
the DL values were the smallest, the DL of PBSu and PBSA were
approximately 9% while for PBTA was approximately 11%. At the

ted PBSu microcapsules (a) and cross section of a microcapsule (b).
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ig. 6. Influence of polymer concentrations on the encapsulation efficiency (a) and
he drug loading (d). The bars represent the mean value of the data (n = 3) and posit

oncentration of 2% PVA, the DL values were near 11% for all three
ypes of polyester microcapsules developed. At the highest PVA
oncentration, the DL values were similar to the ones obtained for
% PVA concentration.

The effect of PVA on the encapsulation of proteins can be quite
ariable. Benoit et al. reported results of the effect of the PVA
oncentration between 0.5 and 10% in w2 aqueous phase on encap-
ulation of BSA into PCL microparticles [22]. Either lower or higher
oncentrations gave about 1–1.6% encapsulation efficiencies of BSA.
his value increased to 4% by using an intermediate of level of PVA
oncentration (5%). Also, PLGA submicron particles were shown to
ave EE of BSA of 90% by using an external PVA concentration in
ouble emulsion between 0.5 and 2.5% (w/v) [5]. A gradual decrease
f EE was observed with the increase of PVA concentration above
.5%. The EE level was lower when the PVA concentration was
elow 0.5%.
.4. In vitro drug release

.4.1. BSA release
A fast release of BSA was exhibited by PBSu and PBSA micro-

apsules in the first day. After the release of 6% of BSA from PBSu,
ug loading (b). Effect of PVA concentrations on the encapsulation efficiency (c) and
andard deviation of the mean is shown.

a very slow and steady release was observed during three weeks
(Fig. 7a). In the case of PBSA, after a fast release of 10% BSA, the
release was continuous during 4 weeks in a linear rate and leveled
off at 17%. PBTA microcapsules released BSA steadily without any
burst effect during one week and released a maximum of 4% of BSA.
For the studied time periods, the BSA release from PBSu, PBSA and
PBTA were halted nearly after 4, 3 and 1 week, respectively. The
PBSA release profile shows a minor readsorption of BSA after the
4th week. Those results indicate that the majority of the protein was
encapsulated within the microcapsule interior. During the period
under study, the degradation of the polyesters may not contribute
significantly for the release of the encapsulated BSA.

Non-reactive functional group containing aliphatic polyester,
e.g., PCL and the polyesters studied in this work, usually degrade
very slowly comparing to other biodegradable polymers. The
mechanism of drug release, therefore, is often dominated by the
drug diffusion from the microsphere matrix, which makes such

polymers suitable for very long-term release systems [42]. PCL
microspheres, for example, have been shown to release BSA at a rate
of approximately 30% in 1 month [43]. In our study, the microcap-
sules of PBTA and PBSu, containing the aqueous solution of protein,
are believed to release the protein in a similar fashion than the
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nd PBSA release profile of atRA was calculated by plotting log fraction (Mt/Minf) ag

elease from a reservoir. The capsule wall acts as a barrier to pre-
ent a fast release. The PBSA, on the other hand, showed a burst
elease. Although the morphology of those microcapsules is quite
imilar, a possible interaction of BSA with the polymer at the sur-
ace may explain the different behavior. The burst release is usually
aused by the fast desorption of drugs at the surface. This mecha-
ism is also documented in PLGA, poly(lactic acid)-poly(ethylene
lycol)-poly(lactic acid), poly(ethylene oxide)-poly(lactic acid) and
oly(lactic-co-hydroxymethyl glycolic acid) microspheres made by
double emulsion technique [44–47]. Very slow and steady release
f BSA was observed in PBSA microcapsules until 30 days. This
erformance can be attributed to the controlled protein diffusion
hrough water filled micro pores and channels. In addition, the
ransport of proteins in those microstructures can be governed
y protein–polymer interactions, which were reported before with
LGA microspheres and its degradation products [24,48].

.4.2. atRA release
The release of atRA from PBSu and PBSA microcapsules showed

imilar profiles and kinetic behavior. In both preparations, no burst
elease was observed. The release profiles show a steady rate and
hases of faster and slower rates (Fig. 7b). During the first phase of
wo weeks, the PBSu microcapsules released atRA at a steady rate
ntil 7%. Afterwards, the release continued steadily at a slower rate
ntil day 42, with a cumulative release of about 9%. For the PBSA
icrocapsules, except for initial 3 days where the release was fast

nd parabolic, the release of atRA continued linearly until the end
f 24 days with a total of 10% of cumulative release. Later, in the
econd phase a relatively slower rate of release was detected until
ay 42, with a cumulative release of 12%.

The release profile of PBTA microcapsules was quite different
rom PBSu and PBSA, showing no burst phase and having a linear
inetic profile. A rapid burst release of atRA was, however, observed
rom PBTA microcapsules in the first day, releasing about 10% of
rug. Then, the release until 25% has a parabolic profile that devel-
ps during the first week (Fig. 7b). During the next 5 weeks, a slower
ate of release was detectable while still keeping the parabolic
rofile. The lack of phases and higher rate of release from PBTA

icrocapsules may indicate that it is less crystalline relative to PBSu

nd PBSA. It was reported before that PBSu has a higher degree of
rystallinity (62%) than PBSA (53%), as determined by differential
canning calorimetry [49]. As expected from the elastic and rubbery
ature of the polymer, PBTA, it shows the lower crystallinity among
crocapsules in PBS (pH 7.4) and at 37 ◦C. The n constant for each phase from PBSu
log time.

the studied polymers. Previously, the crystallinity of PBTA fibers
prepared at high extrusion speed to increase the level of orienta-
tion and increase the crystallinity reached a value of about 30% [50].
As the contact angle measurements showed in this study, the PBTA
polyesters were relatively more hydrophilic when compared with
PBSu and PBSA. This enables an easier diffusion of aqueous solutions
into the microstructure of PBTA microcapsules and, consequently,
may facilitate atRA transport.

The crystallinity was shown to be a major parameter in
mediating the release pattern and kinetics of release from
synthetic polymers. For example, lidocaine and lidobase fol-
lowed three-phase and biphasic release patterns from amorphous
PLGA microparticles, respectively [51]. The same drugs exhib-
ited a single diffusion phase from semi-crystalline poly(lactic
acid) (PLA) microparticles. Similarly to our results obtained
with PBSu microcapsules, pseudo-zero-order release of atRA was
detected for 5 weeks from PEG and PLLA diblock copolymers
[41]. Conversely, amorphous microspheres of PLGA revealed a
burst release pattern of atRA before a continuous or zero-order
kinetics being established for longer release periods [52,53].
Also, poly(propylene-co-butylene succinate) (PPBSu) nanoparticles
encapsulating hydrophobic nimodipine, performed a constant drug
release without showing a burst profile [54]. In this drug delivery
system, the low crystallinity was found to facilitate the release rate.

The swelling and erosion from PBSu and its copolymers can
be considered negligible for the time scale of the experiments,
and consequently, the diffusion will be the main mechanism of
the drug release. Mathematical modelling of the release profiles
using the Power law (Mt/Minf = Ktn) was performed to verify this
hypothesis [55]. Mt and Minf are the absolute cumulative amount
of drug released at time t and infinite time, respectively; k is a con-
stant incorporating structural and geometric characteristic of the
device, and n is the release exponent, indicative of the mechanism
of drug release. For thin films and spheres, n values of 0.5 and 0.43
are considered indicative of a Fickian release profile. For the same
morphology, values of n of 1 and 0.85, respectively, are considered
indicative of a zero-order release. Intermediate values are consid-
ered a mix of the two mechanisms. The studied microcapsules of

PBSu, PBSA and PBTA had spherical shapes with a thin capsular
wall and hollow capsular space. Therefore, a complex behavior,
intermediate to those of thin films and spheres, could be expected.
The n constant of atRA from PBSu were 0.72–1.15 and the release
was mixed with a near zero-order character for the first and sec-
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nd release phases, respectively (Fig. 7b). The release of atRA from
BSA resulted in n values of 0.60 and 0.22, and those show that the
elease in the first phase must be a Fickian type of transport while
he second phase must be affected and controlled by the matrix
roperties at the microcapsule wall.

The different forms of carriers from biodegradable and synthetic
olymers which were used for encapsulating atRA exhibited vari-
us release profiles. Recently, it was reported that the PLGA films
ould present a sustained release of atRA for 5 weeks with a zero-
rder profile [56]. The PLGA electrospun-fibrous meshes performed
sustained release of retinoic acid for 14 weeks with a parabolic

hape of release profile [57]. Also, a faster release of atRA was
eported from the electrospun-cellulose acetate fiber-mats with a
elease rate of 100% within 6 h when the Twen 80® was used as an
mulsifier in the medium [58]. In a recent study, it was also shown
hat, after a burst release within the first day, the nanospheres of
CL and PLA could release 90% of atRA steadily in 240 h [59].

Slow atRA release rates over prolonged periods were observed
rom microcapsules of PBSu, PBSA and PBTA. The low dosage deliv-
ry of atRA can be necessary for a safe delivery, since high doses
ay be toxic. Subcutaneously administrated atRA loaded PDLLA
icrospheres showed a plasma level range of 3.5–25 ng/ml for 2–3
eeks, which induced severe toxicity in rats when the plasma level

xceeded 10 ng/ml [60]. In this respect, the microcapsules devel-
ped in this study can effectively deliver atRA in a safe, predictable
nd prolonged release rate for optimum drug bioactivity.

. Conclusions

The microcapsules of biodegradable and biocompatible PBSu,
BSA and PBTA polyesters were prepared by double emul-
ion/solvent evaporation for encapsulation of hydrophobic and
ydrophilic drugs. Smooth and spherical microcapsules of PBSA and
BTA were obtained with 1 and 3% polymer concentrations. Multi-
ompartment and polygonal shape microcapsules with rougher
urfaces were observed between 6 and 9% polymer concentrations.
he average size of the microcapsules was increased significantly
etween 1 and 6% polymer concentrations and there was a sharp

ncrease of its size at 9%. The increase of PVA concentration in
he second water phase decreased the size of all type of micro-
apsules and the capsule walls were detected to be smoother and
ore spherical at 2% or higher PVA concentrations. Although the

ariation of polymer or PVA concentration affected DL and EE of
SA significantly, there was a very small difference between the
icrocapsules obtained with the three polyesters at a particular

oncentration. Independently of the polymer type, the optimum EE
as found as 60% with 1% polymer concentration. The highest val-
es of BSA encapsulation efficiency were 75 and 70% using 0.5 and
% PVA concentration, respectively. Protein release rate was highest
nd longest from PBSA microcapsules as it showed 10% of release
n the first day and continued during four weeks until reaching a

aximum value of 17%. The atRA release from all microcapsules
as continuous for prolonged periods. The release of atRA from

BSu and PBSA microcapsules indicated a near zero-order release
ollowed by a Fickian release during six weeks. The release from
BTA microcapsules was four times faster and having a parabolic
hape caused by the more hydrophilic and amorphous nature of this
olymer. The results showed that microcapsules were successfully
roduced having release profiles relevant for a long and sustained
elivery of hydrophilic and hydrophobic drugs.
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