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Abstract: Double-walled microspheres based on poly(lactide-co-glycolide) (PLGA) are potential
delivery systems for reducing a very high initial burst release of encapsulated protein and peptide
drugs. In this study, double-walled microspheres made of glucose core, hydroxyl-terminated
poly(lactide-co-glycolide) (Glu-PLGA), and carboxyl-terminated PLGA were fabricated using
a modified water-in-oil-in-oil-in-water (w1/0/0/wjy) emulsion solvent evaporation technique for
the controlled release of a model protein, lysozyme. Microspheres size, morphology, encapsulation
efficiency, lysozyme in vitro release profiles, bioactivity, and structural integrity, were evaluated.
Scanning electron microscopy (SEM) images revealed that double-walled microspheres comprising
of Glu-PLGA and PLGA with a mass ratio of 1:1 have a spherical shape and smooth surfaces.
A statistically significant increase in the encapsulation efficiency (82.52 + 3.28%) was achieved when
1% (w/v) polyvinyl alcohol (PVA) and 2.5% (w/v) trehalose were incorporated in the internal and
external aqueous phase, respectively, during emulsification. Double-walled microspheres prepared
together with excipients (PVA and trehalose) showed a better control release of lysozyme. The released
lysozyme was fully bioactive, and its structural integrity was slightly affected during microspheres
fabrication and in vitro release studies. Therefore, double-walled microspheres made of Glu-PLGA
and PLGA together with excipients (PVA and trehalose) provide a controlled and sustained release
for lysozyme.

Keywords: drug delivery; controlled release; double-walled microspheres; poly(lactide-co-glycolide);
therapeutic proteins

1. Introduction

In recent years, controlled-release formulations of the therapeutic protein and peptide drugs
using biodegradable polymeric devices have attracted much attention in research community around
the world [1-4]. Microspheres and nanoparticles based biodegradable polymeric drug delivery
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systems offer an easy administration of therapeutic protein and peptide drugs, including oral,
pulmonary, and parenteral injection [5-7]. The polymeric devices guard the encapsulated drug
against degradation and control its site-specific release. Among the different classes of biodegradable
polymers, poly(D,L-lactide-co-glycolide) (PLGA) and poly(D,L-lactide) (PLA) are the first synthetic
polymers that have been approved by the Food and Drug Administration (FDA) for drug delivery [8].
PLGA and PLA undergo hydrolysis in the body to produce biodegradable metabolite monomers, lactic
acid, and glycolic acid, which are readily eliminated from the body through the Krebs cycle [9]. Due to
their biodegradable characteristics, these polymers have the advantage of not requiring surgery for
removal from the body upon the completion of drug release. However, monolithic or single-walled
PLGA microspheres and nanoparticles have several intrinsic limitations in a controlled and sustained
release of high water-soluble protein and peptide drugs along with their inherent stability problem.
They include the high initial burst followed by the prolonged and incomplete release that results in
difficulty in achieving zero-order release and a low encapsulation efficiency [10-12]. In double-walled
microspheres, drug encapsulated in the interior cover is surrounded by a drug-free outer layer that
overcomes most of the problems stated above [13-15]. In this case, the drug-free outer layer acts
as an additional diffusion barrier inhibiting the drug from leaking out during the microspheres
fabrication process. Moreover, an appropriate selection of the inner and outer polymer materials,
and the layer thickness control the drug release rates [16,17]. Many researchers have developed
methods to fabricate microspheres with a double or multi-layered structure from polymer blends,
including dip- or pan-coating process [18], fluidized bed technology [19], spray drying [20], a precision
particle fabrication technology [21,22], and emulsion solvent evaporation [23-25]. Based on the
core/shell phenomenon, a one-step water-in-oil-in-oil-in-water (w;/0/0/w3) technique has been
currently developed for the fabrication of double-walled microspheres loaded with hydrophilic protein
and peptide drugs [23,24]. In this study, a modified water-in-oil-in-oil-in-water (w1 /0/0/w;) solvent
evaporation technique was used to produce a model protein-lysozyme encapsulated double-walled
microspheres from a polymer blend of fast degrading glucose core, hydroxyl-terminated PLGA
(Glu-PLGA), and other commonly used moderate degrading carboxyl-terminated PLGA polymers.
Single-walled microspheres comprising of Glu-PLGA and PLGA were also prepared to show the
effectiveness of blending of two different PLGAs in reducing the high initial burst. Moreover,
double-walled microspheres were prepared together with excipients (PVA and trehalose) to investigate
the phenomena of lysozyme denaturation during microspheres fabrication.

2. Materials and Methods

2.1. Materials

Poly(lactide-co-glycolide) (PLGA star, glucose core, hydroxyl terminated, with a ratio LA:GA
as 1:1) (Glu-PLGA) average My 15,000 and 50,000, polyvinyl alcohol (PVA; M,, 30,000-70,000;
87-90% hydrolyzed), chicken egg-white lysozyme, bicinchoninic acid kit (BCA1-1KT), micrococcus
lysodeikticus (ATCC 4698), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Ethyl acetate (EA) and dichloromethane (DCM) were purchased from Fisher
Scientific (Leicestershire, UK). PLGA (50:50 with an intrinsic viscosity 0.4 dL/g) were obtained from
Purac (Gorinchem, The Netherlands). All of the other chemicals and solvents used in this study were
of analytical grade.

2.2. Methods

2.2.1. Preparation of Microspheres

A previously developed water-in-oil-in-oil-in-water (w1 /0/0/w3) emulsion solvent evaporation
method was modified and employed to fabricate lysozyme encapsulated in double-walled
microspheres [23]. A detailed method of preparation can be found in our previous publications [26,27].
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Briefly, PLGA was dissolved in ethyl acetate (EA) and emulsified with an aqueous solution of lysozyme
using a basic homogenizer of IKA® T 10 (Werke GmbH and Co., Staufen, Germany). The obtained
water-in-oil (wy/0) emulsion was then poured into dichloromethane (DCM) solution of Glu-PLGA.
The resulting two phases were homogenized using the same homogenizer. The water-in-oil-in-oil
(w1/0/0) emulsion was formed which was subsequently transferred to an external aqueous phase
containing 1% (w/v) PVA solution. In this step, water-in-oil-in-oil-in-water (w; /0/0/w3) emulsion
was formed after homogenization using the same homogenizer. The resultant wy/0/0/w; emulsion
was then added to an aqueous 0.5% (w/v) PVA solution and stirred magnetically at room temperature
and pressure was reduced to evaporate dichloromethane and ethyl acetate. The hardened microspheres
in suspension were then centrifuged and washed with double distilled water to remove the excess
PVA. Finally, the microspheres were freeze-dried overnight using a freeze-dryer (Alpha 1-4 LD
model, Christ Co., Berlin, Germany) and stored at —20 °C until further characterization. In addition,
conventional water-in-oil-in-water (w;/0/w;) emulsion solvent evaporation technique was used to
fabricate single-walled microspheres of Glu-PLGA and PLGA for comparison. Table 1 shows the
details of polymers and solvents that were used for microspheres fabricated in different formulations.

Table 1. Polymer and solvent used for the preparation of lysozyme loaded microspheres in
different formulations.

Formulation  pethod (fo‘l\?v‘v?ﬁn o = (H(i;‘; I;;Vf)“(mg) PLGA (ng) DCM(mL)  EA (mL)
LF1 wi/0/0/wy 50 - 50 1 1
LE2 wi/0/0/wy 100 - 50 1 1
LF3 wi/0/0/wy - 50 50 1 1
LF4 wi/0/0/wy - 100 50 1 1
LF5 W1 / 0o / Wo 50 - - 1 -
LF6 wi/0/wy 100 - - 1 -
LF7 W1 / o / Wo - 50 - 1 -
LF8 W1 / o / Wo - - 50 1 -

* Number average molecular weight, M, = 15,000; ** Number average molecular weight, M, = 50,000.

2.2.2. Characterization of Lysozyme Loaded Microspheres

Particle Size Analysis

The particle size of the hardened microspheres was determined by laser diffraction using
a Laser Particle Size Analyzer BT-9300H (Dandong Bettersize Instruments, Dandong, China). Prior to
freeze-drying, an aliquot of the wet microspheres was employed to measure the particle size, which is
used to estimatethe volume median diameter (D 50%). Particle size distribution (polydispersity) was
expressed by the span value, which is calculated as follows:

Dgge,— D109

Span = , 1)

D509
where, D1g9,, D5go,, and Dgge, are the particle diameters at 10%, 50%, and 90% cumulative volume,
respectively, and the cumulative percentage (%) is computed by summing the percentages of particles
smaller than their equivalent diameter.

Microspheres Surface Morphology

A Scanning Electron Microscope (SEM) (Carl Zeiss Evo® 50, Oberkochen, Germany) was used to
observe the shape and surface morphologies of the microspheres. Freeze-dried microspheres were first
mounted onto metal stubs using double-sided adhesive tape. The stubs were then coated with a thin
layer of gold under vacuum using a sputter coater. The microspheres were imaged using SEM with
an accelerating voltage set to 5-20 KV.
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Determining Microspheres Polymer Orientation

The selective dissolution technique developed by Lee et al. (2002) was employed to explore the
core and shell polymer layer of double-walled microspheres comprising Glu-PLGA and PLGA [13].
In this study, different solubilities of Glu-PLGA and PLGA in ethyl acetate were used to recognize the
core and shell polymer layer. A detailed method can be found in the previous articles [26,27].

Lysozyme Encapsulation Efficiency

In this study, micro-BCA protein assay method developed by Sah (1997) was used to quantify
lysozyme in the microspheres [28]. Freeze-dried microspheres of approximately 10 mg were dissolved
in 1 mL DMSO and incubated for 1 h at room temperature. After complete digestion, the solution
was mixed with 5 mL of 0.05 M NaOH solution containing 0.5% (w/v) SDS (sodium dodecyl sulfate).
A micro-BCA protein assay kit was used to quantify lysozyme in the clear solution. In this method,
empty microspheres (lysozyme free) were also used as a control. The following equations were used
to estimate lysozyme loading and encapsulation efficiency.

_ Encapsulated amount of lysozyme

Actual drug loading (%) = Total dry weight of microspheres x 100% @

Encapsulated amount of lysozyme

100% (3
Total amount of lysozyme used for encapsulation % ° G

Encapsulation efficiency (%) =

Microspheres Yield

At the end of microspheres fabrication, lyophilized microspheres were weighed and the yield
was measured by:

Microspheres yield (%) — Amount of recovered mlcrospherejs _ < 100% @
Total amount of polymer and drug used initially

In Vitro Release Studies

To study the in vitro release profiles, approximately 10 mg lyophilized microspheres were
suspended in 1.5 mL phosphate buffer saline (pH 7.4) containing Eppendorf tubes. Sodium azide
(NaN3) aqueous solution (0.01%, w/v) was added in the tubes as a bacteriostatic agent. The tubes
were placed in an incubator shaker and agitated horizontally at 100 rpm with 37 °C. At specific time
intervals, the tubes were centrifuged and the supernatant was withdrawn completely. A constant pH
sink condition was maintained throughout the release studies as an equal volume of fresh buffer was
poured after each sampling. A micro-BCA protein assay kit was used to quantify the lysozyme level in
the supernatant. Each of the samples was analyzed in triplicate.

Lysozyme Bioactivity Measurements

Since lysozyme hydrolyses the bacterial cell walls, Micrococcus lysodeikticus was used as
the substrate to determine the enzymatic activity of lysozyme released from the microspheres.
The bioactivity of lysozyme was calculated by determining the rate of the decrease in turbidity
of the cell suspension. To accomplish this, a 0.2 mg/mL suspension of Micrococcus lysodeikticuswas
prepared in 66 mM phosphate buffer with a pH 6.2 (7.59 g NaH,PO4-H;0O, 1.96 g Na,HPO,4-2H,0).
For measuring the turbimetric rate, 10 puL aliquot of the day 1 released lysozyme sample (concentration
adjusted to 50 pg/mL) was taken in a cuvette and mixed with 1.3 mL substrate suspension. The cuvette
was immediately placed in a spectrophotometer (Shimadzu UV-1800, Shimadzu Corporation, Kyoto,
Japan). The decrease in the turbidity of the suspension was measured for 3 min at 450 nm.
The following equation was used to calculate the bioactivity of released lysozyme [29,30].
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. .. A Abs3min (Actual)
B %) = 100%
ioactivity (%) A Abszmin (Theoretical) x 100% ®)

2.2.3. Polyacrylamide Gel Electrophoresis (SDS-PAGE)

A non-reducing SDS-PAGE was performed to determine the possible degradation or aggregation
of lysozyme during microspheres fabrication and in vitro release studies. In this case, lysozyme
encapsulated microspheres as prepared in presence of 1% PVA (w/v) in internal aqueous phase
and 2.5% trehalose (w/v) in the external aqueous phase was examined. The extracted and released
lysozyme was mixed with a sample buffer (0.5 M Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 0.01%
Bromophenol blue). The buffer to sample ratio of mixing was maintained as 1:4 (v/v). The samples
were warmed for 5 min at 95 °C prior to loading. The process of electrophoresis was performed
at a constant voltage of 200 V in a running buffer (0.3% (w/v) Tris base, 1.4% (w/v) glycine, 0.1%
(w/v) SDS, pH 8.3) using a Bio-Red Mini-Protean electrophoresis system. The gels were stained with
Coomassie blue to visualize the protein bands. The molecular weights of the visualized bands were
compared to a protein molecular weight marker (3.5-260 kDa, Novex® Sharp Pre-Stained). Native
lysozyme treated under the same condition was used as a control.

2.3. Statistical Analysis

The results were expressed as the mean value + standard deviation for three separate
measurements. One-way analysis of variance (ANOVA), followed by post hoc Tukey multiple
comparison tests (SPSS Inc., Chicago, IL, USA) were used to assess the statistical difference.
A statistically significant difference was considered when the p value was less than 0.05.

3. Results and Discussion

3.1. Particle Size and Size Distribution of Microspheres

Microspheres mean particle size and size distributions (span value) are shown in Table 2.
Double-walled microspheres made of Glu-PLGA and PLGA (1:1) in formulations LF1 and LF3 exhibited
the mean particle size of 1.64 £ 0.58 um and 2.65 & 0.45 um, respectively. In contrast, a larger mean
particle size of 7.79 £ 1.03 um and 8.04 £ 1.21 pm was observed in the formulation of LF2 and
LF4 when the mass ratio of Glu-PLGA to PLGA was increased to 2:1. This statistically significant
increase in mean particle size (p < 0.05) is consistent with the previous results [26,27]. Moreover,
a statistically significant decrease in span value (p < 0.05) was observed in formulations LF1 and LF3
as compared to other double-walled and single-walled formulations. Polymer viscosity has a great
influence on the mean size and span value of microspheres. The viscosity of polymer solution increases
with increasing mass ratio of a polymer mixture, which resists emulsion droplets to be broken down
into smaller droplets using the same shear stress [26,27]. Therefore, the larger emulsion droplets
produce microspheres with slightly larger size. In addition, with an increasing polymer concentration,
microspheres are produced at a faster rate with slightly larger size and size distribution.

Table 2. Characteristics of lysozyme loaded microspheres prepared in different formulations.

Formulation =~ Mean Particle Size Span - SD Actual Drug Encapsulation Microspheres
Code (um + SD) pa Loading (% =+ SD)  Efficiency (% = SD) Yield (%)
LF1 1.64 £+ 0.58 1.01 £ 0.08 213 +£0.10 71.04 £+ 3.08 58.85 + 4.15
LF2 7.79 +1.03 1.34 £0.12 249 +£0.12 82.84 £+ 3.89 63.54 4+ 3.28
LF3 2.65 + 0.45 1.14 £+ 0.05 217 +£0.11 72.15 4+ 3.54 61.28 +3.72
LF4 8.04 +1.21 1.31 £+ 0.07 2.52+0.14 83.92 & 4.66 67.36 + 3.86
LF5 6.32 +1.07 1.27 £0.13 1.59 £0.11 51.67 + 3.56 64.18 - 4.32
LFe6 7.18 £ 1.38 1.38 £ 0.10 1.85£0.13 62.03 £ 4.15 66.45 £ 3.55
LF7 573 £1.21 1.22 £0.12 1.65 £ 0.09 53.88 +2.97 62.40 - 4.14
LF8 520+ 1.10 1.16 £0.11 1.62 £0.12 52.23 +3.90 63.12 4+ 3.37

SD = Standard deviation, n = 3.
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3.2. Surface Morphology of Lysozyme Loaded Microspheres

The surface morphologies (shape and size) of lysozyme loaded double-walled and single-walled
microspheres were studied by SEM. The SEM analysis demonstrated that the double-walled
microspheres made of Glu-PLGA and PLGA in a mass ratio of 1:1 were spherical in shape, smooth,
and non-porous surfaces (Figure 1a,c). In contrast, increasing the mass ratio of Glu-PLGA to PLGA from
1:1 to 2:1 in formulations LF2 and LF4 resulted in microspheres with a deformed shape, non-porous
surfaces. Moreover, some extent of roughness was observed on the surfaces of the microspheres
(Figure 1b,d). The increased viscosity of the disperse phase with an increasing polymer concentration
leads to fast polymer precipitation that results in microspheres with a deformed shape and uneven
surfaces. On the other hand, single-walled microspheres of formulations LF5, LF7, and LF8 were
highly porous, as illustrated in Figure 2a,c,d. The surface porosity of single-walled microspheres
prepared in formulation LF6 was reduced (Figure 2b), as the polymer concentration of this formulation
was doubled when compared to other single-walled formulations. Although the same amount
of polymer (100 mg) corresponding to LF1 and LF3 was used in single-walled formulation LF6,
the SEM analysis demonstrated that the surface morphologies of the microspheres prepared in
double-walled formulations (LF1 and LF3) were significantly different from single-walled formulation
LF6. The increased viscosity of the polymer solution might contribute to form coarse emulsion droplets
that could be destabilized due to coalescence of the droplets resulting in the formation of larger size
emulsion droplets. Therefore, the size and shape of the microspheres were beyond control due to the
faster precipitation of the embryonic microspheres.

Figure 1. Scanning electron microscope (SEM) images of lysozyme loaded double-walled microspheres
prepared in different formulations. (a) LF1; (b) LF2; (c) LF3; and, (d) LF4.
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Figure 2. Scanning electron microscope (SEM) images of lysozyme loaded single-walled microspheres
prepared in different formulations. (a) LF5; (b) LF6; (c) LF7; (d) LFS8.

3.3. Microspheres Polymer Orientation Studies

The polymer (Glu-PLGA and PLGA) orientation in prepared microspheres was evaluated using
a selective dissolution technique, as described in the previous publications, and found Glu-PLGA and
PLGA as the core and shell layer, respectively [26,27].

3.4. Lysozyme Encapsulation Efficiency

The encapsulation efficiency and actual loading of lysozyme in double-walled and single-walled
microspheres are shown in Table 2. The encapsulation efficiencies of double-walled microspheres
prepared from Glu-PLGA and PLGA polymer in a mass ratio of 1:1 in formulations LF1 and LF3
were 71.04 & 3.08% and 72.15 &£ 3.54%, respectively. Increasing the mass ratio of Glu-PLGA to PLGA
from 1:1 to 2:1 in formulations LF2 and LF4 enhanced the encapsulation efficiency to 82.84 & 3.89%
and 83.92 £ 4.66%, respectively. This statistically significant increase (p < 0.05) in the encapsulation
efficiency of formulations LF2 and LF4 is assumed to be due to the increase in polymer viscosity
with an increasing polymer mass. High viscous polymer-solution reduces the mobility of proteins
in the emulsion droplets. Thus, the diffusion of hydrophilic lysozyme into the continuous aqueous
phase might be reduced, which results in a higher encapsulation efficiency. Moreover, the polymer
precipitation rate is faster at a higher polymer concentration, which in turn could slow down the
diffusion rate of lysozyme from the emulsion droplets to the continuous phase, as the diffusion time is
very short. Therefore, the increasing of polymer mass is considered to be the reason of slightly higher
encapsulation efficiencies of formulations LF2 and LF4.

The encapsulation efficiencies of single-walled microspheres prepared in formulations LF5, LF6,
LF7, and LF8 were calculated as 51.67 + 3.56%, 62.03 & 4.15%, 53.88 + 2.97%, and 52.23 £ 3.90%,
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respectively. These single-walled formulations showed a statistically significant decrease (p < 0.05) in
encapsulation efficiency when compared to double-walled formulations. SEM images of single-walled
and double-walled formulations revealed that single-walled formulations were highly porous, whereas
double-walled formulations were non-porous. The rapid diffusion of hydrophilic lysozyme from
the disperse phase to the continuous phase is accounted for the formation of these pores. Therefore,
single-walled formulations could not retard the rapid diffusion of lysozyme into the continuous phase,
which resulted in low encapsulation efficiency. Although the same amount of polymer corresponding
to formulations LF1 and LF3 was used in formulation LF6 (single-walled), the encapsulation efficiency
of LF6 was not as high as LF1 and LF3. Lysozyme molecules encapsulated in the core of double-walled
microspheres might be shielded from the rapid diffusion to the surrounding continuous phase due to
the presence of another outer polymer layer. Single-walled microspheres cannot suppress the rapid
diffusion of hydrophilic lysozyme to the external aqueous phase during emulsification and hardening,
as they do not have any core/shell layer. Hence, lysozyme loaded double-walled microspheres showed
a higher encapsulation efficiency as compared to single-walled microspheres.

3.5. In Vitro Lysozyme Release

The in vitro release profiles of lysozyme from double-walled and single-walled microspheres are
shown in Figure 3. The release was examined in phosphate buffer saline (PBS) solution (pH =7.4).
A significant reduction in the initial burst release of lysozyme was achieved for double-walled
microspheres prepared in different formulations when compared to single-walled formulations. It can
be observed that double-walled microspheres of formulations LF1 and LF3 released 15.43 £ 1.86% and
14.43 + 2.56% of encapsulated lysozyme, respectively, within the first 6 h (Figure 3a). Increasing the
mass ratio of Glu-PLGA to PLGA from 1:1 to 2:1 in formulations LF2 and LF4 showed further reduction
of lysozyme released to 11.14 £ 2.78% and 10.14 =+ 1.97%, respectively (Figure 3a). A decrease in the
initial burst release of hydrophilic drugs with an increasing mass ratio of the component polymers was
observed for double-walled microspheres prepared by other researchers [23,24]. In a study of Zheng
(2009), the initial burst release of 5-FU from double-walled microspheres made of PLGA 80/20 and
PLGA 75/25 polymers in a mass ratio of 1:1 was 16.7 & 2.1%, whereas increasing the mass ratio of the
component polymers up to 2:1 made a further reduction in the initial burst release to 4.2 & 0.9% [23].
The drug-free outer layer of double-walled microspheres acts as a barrier, which inhibits the rapid
diffusion of hydrophilic lysozyme localized in the core of the microspheres. With the increasing mass
ratio, as the microspheres size increases, the distance between the core of the microspheres and the
release medium also increased, which resulted in a low initial burst. Moreover, as our prepared
double-walled microspheres were non-porous and had smooth surfaces as compared to single-walled
microspheres, the water penetration rate inside the microspheres through the pre-existing pores or
channels was probably reduced, which resulted in a low initial burst.

Single-walled microspheres prepared in different formulations showed a high initial burst
release. It can be noticed in Figure 3b that about 55% of the loaded lysozyme was released from
the single-walled formulations of LF5, LF7, and LF8 within the first 6 h of incubation. Similar results
of very high initial burst release of lysozyme were observed in previous studies [31,32]. In a study of
Diwan and Park (2001), about 50% of lysozyme was released from PLGA microspheres after 1 h of
incubation [31]. In the present study, with the increasing polymer concentration, a slightly reduced
initial burst of 35.32 & 3.15% (released within 6 h) was observed in another single-walled formulation
(LF6). The very high initial burst release of single-walled formulations observed is due to the rapid
diffusion of lysozyme through the pores to the incubation medium. Single-walled microspheres
prepared in the formulations LF5, LF7, and LF8 were highly porous and lysozyme molecules placed
at these pores could easily diffuse out due to water penetration after incubation, which resulted in
a higher initial burst [33]. The reduced surface porosity of formulation LF6 controlled the high initial
burst release only scarcely.
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Figure 3. In vitro release profiles of lysozyme for (a) 24 h double-walled; (b) 24 h single-walled;
and (c) 70 days double-walled and single-walled microspheres prepared in different formulations.
The data are presented as mean + SD (n = 3).

Figure 3c shows 70 days invitro release profiles of lysozyme from double-walled and
single-walled microspheres formulations. Double-walled microspheres exhibited 21.98 + 3.42% and
18.65 &£ 2.52% of lysozyme released after day 1 from formulations LF1 and LF3, respectively. This was
followed by a very slow release and subsequent incomplete release until day 70. At this point, only
42,97 £ 2.48% and 41.74 & 2.03% of lysozyme was released from formulations LF1 and LF3, respectively.
With increasing the mass ratio of Glu-PLGA to PLGA in formulations LF2 and LF4 showed similar
results of a very slow release of lysozyme after day 1, and subsequently an incomplete release until
day 70. During this period, only 32.13 & 3.41% and 30.97 £ 2.38% of lysozyme was released from
formulations LF2 and LF4, respectively. Single-walled microspheres prepared in formulation LF6
showed 43.20 £ 3.29% of lysozyme released after day 1 which was followed by slow release, reaching
69.21 & 2.69% of the encapsulated lysozyme at day 70. Importantly, the release profiles of single-walled
and double-walled microspheres formulations showed approximately 4-8% of lysozyme released
between day 35 and 70. Therefore, it can be summarized that there was no significant release of
lysozyme after day 35 from all of the formulations as indicated by a plateau. Similar results of the
initial burst release, followed by very slow and incomplete releases of encapsulated lysozyme from
PLGA microspheres have been observed in previous studies [12,31]. It has been reported by Jiang et al.
(2002) that only 27% of the encapsulated lysozyme was released from PLGA microspheres within
70 days [12]. In another study, about 40% of the encapsulated lysozyme was released after 1 h of
incubation and the release reached to about 70% of the loaded amount at day 83 [31]. Several reasons
for the incomplete release of encapsulated proteins from PLGA microspheres have been described in
the literature. Particularly, the covalent or non-covalent aggregation of the entrapped protein during
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microspheres fabrication and in vitro release studies, protein adsorption on the surface of PLGA matrix,
interactions between encapsulated proteins and PLGA, and chemical degradation of encapsulated
proteins are the most common issues that affect protein release kinetics [31,34-36].

To investigate the incomplete release above, the remaining insoluble residues present in the
micro centrifuge tubes after 70 days in vitro release studies were centrifuged, washed three times with
distilled water, and freeze-dried over night. The freeze-dried residues were then dissolved in DMSO
and 0.5% (w/v) SDS containing 0.05 M NaOH solutions. The protein content in the DMSO digested
solution was then quantified by a micro BCA protein assay kit. At the same time, the enzymatic activity
of the released lysozyme was determined.

Table 3 shows that about 12-21% of the encapsulated lysozyme was extracted from the 70 days
remaining residue of different formulations. A large portion of the encapsulated lysozyme (40-60%)
was not recovered from the double-walled formulations. The incomplete recovery might be due to
further aggregation or denaturation of protein during the in vitro release experiments where protein
was exposed to an acidic environment due to polymer erosion [32,34]. It has been reported that the
aggregated or denatured protein molecules remain in the microspheres as insoluble residue, which
cannot be quantified by the BCA method [29]. As can be seen in Table 3, lysozyme released from
the double-walled and single-walled microspheres was fully bioactive. Therefore, it can be said that
microencapsulation and in vitro release process preserved the bioactivity of the released lysozyme.

Table 3. Lysozyme specific bioactivity and recovery from double-walled and single-walled
microspheres prepared in different formulations.

Lysozyme Released from the Lysozyme Extracted from Specific Bioactivity of

Formulation Code =~ Microspheres after 70 Days the Insoluble Residues (I:/:c:zvse]r)}; the Released Lysozyme
(% £ SD) (% % SD) (% £ SD)
LF1 4297 £2.48 18.54 + 3.65 61.51 +3.73 100.78 + 4.90
LF2 3213 £3.41 13.98 + 4.38 46.11 £1.16 101.43 + 4.60
LF3 41.74 +2.02 19.75 £3.21 61.48 +4.37 99.54 + 3.25
LF4 30.97 £ 2.38 12.14 + 3.53 4310 +1.21 99.14 + 5.56
LF6 69.21 + 2.69 21.02 £3.11 90.23 + 4.92 101.15 £ 4.08

SD = Standard deviation, n = 3.

3.6. Stabilization of Lysozyme during Emulsification

The in vitro release studies of double-walled and single-walled microspheres showed an incomplete
release of the encapsulated lysozyme after a particular time period of microspheres degradation,
either due to lysozyme aggregation or adsorption on to the strong hydrophobic surfaces of the
PLGA matrix. It has already been mentioned that the primary emulsification step of making wy/o
emulsion is the most detrimental for protein stability. Maximum protein deactivation takes place at
the aqueous/organic interface, resulting in protein aggregation and adsorption. In order to protect
lysozyme from the aqueous/organic interface-induced adsorption, aggregation, and denaturation,
several protein stabilizing excipients such as sucrose, trehalose, glycerol, cyclodextrins, Tween 20,
Tween 80, bovine serum albumin, rat serum albumin, and partially hydrolysed PVA have been
co-dissolved with proteins prior to the primary emulsification step of microspheres fabrication in the
previous studies [29,35-38]. It has been reported that most of the excipients lower the aqueous/organic
interfacial tension during primary emulsification and occupy the available sites of the interface.
As a result, protein molecules are shielded from the contact of water/organic solvent interface,
which inhibits protein adsorption [36]. Moreover, the incorporation of sugars (sucrose, trehalose)
in the emulsification step not only protects proteins from surface induced aggregation, but also
stabilizes proteins from dehydration-induced structural changes during lyophilization. In a study,
co-encapsulation of serum albumin during emulsification improved the release kinetics of lysozyme
from PLGA microspheres [37]. But, the quantification of lysozyme in the in vitro released sample
might be more complicated in presence of an additional protein as reported [37]. In another study; it
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has been found that the addition of non-ionic surfactants (Tween 20 and Tween 80) had no effect on
improving the release kinetics of lysozyme from PLGA microspheres; whereas, the incorporation of
PVA had a significant effect on improving lysozyme recovery from PLGA microspheres [36].

In these circumstances, attempts were made to improve the in vitro release profiles of lysozyme
from double-walled microspheres by the incorporation of PVA in the internal aqueous phase and
trehalose in the external aqueous phase. Lysozyme dissolved in 1% aqueous PVA (w/v) solution was
used as an internal aqueous phase (w1), whereas 2.5% aqueous trehalose (w/v) solution was used for
the preparation of an external aqueous phase (w). The formulation and process variables were the
same as double-walled microspheres were prepared in formulation LF1.

3.6.1. Excipients Effect on Microspheres Size

Table 4 shows that the mean particle size of double-walled microspheres varied slightly from
1.64 £ 0.58 to 4.34 & 1.20 pm with the addition of excipients in the internal and external aqueous phase.
The addition of 1% PVA (w/v) in the internal aqueous phase did not show a marked difference in the
mean particle size as compared to microspheres prepared free from PVA in the internal aqueous phase.
In contrast, a statistically significant increase (p < 0.05) in the mean particle size was observed when
microspheres were prepared with the incorporation of 2.5% trehalose (w/v) in the internal aqueous
phase. With the addition of trehalose in the internal aqueous phase, the w; /0 emulsion droplets
might be destabilized due to the inward diffusion of water molecules from the external to the internal
aqueous phase because of high osmotic pressure. This phenomenon leads to swelling and disrupting
of the internal emulsion droplets, which favors coalescence of the micro droplets, and results in the
formation of microspheres with a slightly larger size. It has been reported that the presence of highly
water soluble excipients (e.g., sugar, salt) in the internal aqueous phase at higher concentrations forms
highly porous and even ruptured microspheres [39]. It was observed that the addition of 1% PVA (w/v)
in the internal aqueous phase and 2.5% trehalose (w/v) in the external aqueous phase interestingly
reduced the microspheres size to 2.61 + 0.50 um as compared to the addition of trehalose in the internal
aqueous phase alone. This might be due to the increase in viscosity of the external aqueous phase as
trehalose was incorporated in the external continuous phase. The increased viscosity of the external
aqueous phase might inhibit the diffusion of the external aqueous phase to internal aqueous phase
and resulting in a balancing of osmotic pressure between the two phases. This balancing of osmotic
pressure could stabilize the emulsion droplets against coalescence and result in reduced microspheres
size. In a study, the addition of glucose in the external aqueous phase showed a remarkable decrease in
the microspheres size from 200 pm to 45 um [40]. The average particle size of microspheres prepared
without glucose in the external aqueous phase was 200 um, whereas the addition of 2.5% glucose
(w/v) in the external aqueous phase reduced the particle size to 85 um and a gradual decrease in the
microspheres size was observed with increasing the concentration of glucose solution. In the above
studies, the increased viscosity of the external aqueous phase due to the addition of glucose was
considered to be a reason of producing microspheres with a reduced particle size.

Table 4. Effect of excipients in internal aqueous phase and external aqueous phase on particle size,
span value and encapsulation efficiency for lysozyme loaded double-walled microspheres.

Excipients Present in Excipients Present in

Internal Aqueous Phase  External Aqueous Phase Mean Particle Size Span + SD E.n cap sulation
o o (um £ SD) Efficiency (£ SD)
(wlv)% (wlv)%
- - 1.64 +0.58 1.01 + 0.08 71.04 £ 3.08
1% PVA - 1.73 £ 0.53 1.12 £ 0.05 75.65 + 4.62
2.5% trehalose - 4.34+1.20 1.20 £0.12 54.15 £ 3.80
1% PVA 2.5% trehalose 2.61 £ 0.50 1.09 £ 0.07 82.52 +3.28

SD = Standard deviation, n = 3.
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3.6.2. Excipients Effect on Surface Morphology

Figure 4 demonstrated the excipients effect on the morphologies of lysozyme loaded
double-walled microspheres. FE-SEM images revealed in Figure 4a,b that porous and squeezed shape
double-walled microspheres were formed with the addition of 2.5% trehalose (w/v) in the internal
aqueous phase. In contrast, the external morphologies of double-walled microspheres prepared
with 1% PVA (w/v) in internal aqueous phase and 2.5% (w/v) trehalose in the external aqueous
were spherical in shape and had smooth and nonporous surfaces (Figure 4c,d). As discussed earlier,
the incorporation of 2.5% (w/v) trehalose in the internal aqueous phase leads to an inward diffusion of
the external aqueous phase to internal aqueous phase for balancing of the osmotic pressure between
the two phases, which resulted in swelling and disrupting of the internal droplets and a loss of drug
molecules being encapsulated. The water diffusion channels might appear as pores after solidification
of the microspheres. Therefore, the porous and squeezed surfaces of the microspheres prepared with
2.5% trehalose (w/v) in the internal aqueous phase might be a result of the inward diffusion of water
molecules from the external to the internal aqueous phase. The water diffusion might be inhibited
due to the incorporation of 1% PVA (w/v) in the internal aqueous phase and 2.5% trehalose (w/v) in
the external aqueous because of the balancing of osmotic pressure, which resulted in spherical, dense,
and nonporous microspheres.

Figure 4. Field-emission scanning electron microscope (FE-SEM) images of lysozyme loaded
double-walled microspheres prepared with 2.5% trehalose (w/v) in internal aqueous phase at different
resolution: (a) 2000x mag; (b) 6000x mag and double-walled microspheres prepared with 1% PVA
(w/v) in internal aqueous phase; and, 2.5% trehalose (w/v) in external aqueous phase at different
resolution: (c) 2000 x mag; (d) 6000 x mag.

3.6.3. Excipients Effect on Lysozyme Encapsulation Efficiency

The incorporation of 2.5% trehalose (w/v) solution alone in the internal aqueous phase showed
a statistically significant decrease (p < 0.05) in encapsulation efficiency when compared to other
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excipients containing formulations (Table 4). During emulsification and microspheres hardening,
the inward diffusion of water molecules from external to the internal aqueous phase could destabilize
the wi/0/0/w; emulsion droplets, which could trigger the partitioning of lysozyme molecules from
internal to the external aqueous phase, and result in a low encapsulation efficiency. With the addition
of 1% PVA (w/v) in the internal aqueous phase and 2.5% trehalose (w/7v) in the external aqueous phase,
no water molecules might diffuse from the external to the internal phase, which contributes to the
formation of spherical, dense, and absolutely nonporous and compact shape microspheres, and result
in a high encapsulation efficiency.

3.6.4. Excipients Effect on In Vitro Lysozyme Release Profiles

The in vitro release profiles of lysozyme from double-walled microspheres prepared with
excipients (trehalose, PVA) in the internal and external aqueous phase are shown in Figure 5. It has been
observed that the release profiles of microspheres prepared with excipients were significantly different
from the release profile of microspheres prepared without excipients. The microspheres prepared
without trehalose or PVA either in the internal or external aqueous phase showed 21.99 & 3.41% of
lysozyme released after day 1, and subsequently slow and incomplete release until day 70. During this
time period, the cumulative release of lysozyme was only 42.97 &+ 2.48%. In contrast, microspheres
prepared with the addition of trehalose in the internal aqueous phase showed as high as 54.54 & 3.84%
of lysozyme released for the first day and the release was reached to 81.21 £ 4.22% after day 70.
This statistically significant increase in lysozyme released might be due to the formation of pores
or channels during the microspheres preparation caused inward diffusion of water molecules from
external to the internal aqueous phase of the emulsion droplets.

The incorporation of 1% PVA (w/v) in the internal aqueous phase slightly reduced the day 1
release to 17.32 £ 3.84%, whereas the cumulative release was increased to 55.97 £ 4.15% after day 70.
Among the excipients-containing formulations, a more sustained release of lysozyme was achieved
with the incorporation of 1% PVA (w/v) in the internal aqueous phase and 2.5% trehalose (w/v) in the
outer aqueous phase during microspheres preparation. In this case, a tri-phasic release profile was
observed. Initially, 24.32 &+ 3.57% of lysozyme was released within the first 24 h, then the release was
continued very slowly until day 14, and subsequently a faster and sustained release was observed
until day 70. Between day 1 and 70, the highest amount of 39% lysozyme was released from the
microspheres prepared with 1% PVA (w/v) in the internal aqueous phase and 2.5% trehalose (w/v) in
the external aqueous phase. This might be due to the presence of PVA in the internal aqueous phase
that could stabilize lysozyme against aqueous/organic interface induced denaturation and aggregation.
The incorporation of PVA in the internal aqueous phase improves lysozyme stability probably by
competing with lysozyme adsorption at large water/organic interface [35,36]. Moreover, the addition
of trehalose in the external aqueous phase might stabilize lysozyme against dehydration-induced
denaturation and aggregation during freeze-drying [41]. Therefore, the presence of these two excipients
in the fabrication process might increase the total percentage of stabilized lysozyme in the microspheres,
which is assumed to be a reason of improved lysozyme release. Although the in vitro release
profiles showed an improved lysozyme release (~64%) within 70 days, the complete release was
not achieved during this time frame. This might be due to the inherent stability problem of proteins
including shear stress denaturation during homogenization [31], moisture induced denaturation
during incubation [37,38,42], and pH induced denaturation during polymer erosion [43]. Therefore,
the above issues need to be solved for the complete release of lysozyme.
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Figure 5. In vitro release profiles of lysozyme from double-walled microspheres prepared together
with excipients and without excipients in the internal and external aqueous phase during preparation.
The data are presented as mean + SD (1 = 3).

3.7. Lysozyme Stability during Encapsulation and In Vitro Release

SDS-PAGE of extracted and released lysozyme was performed under non-reducing condition and
the results are shown in Figure 6. Fresh, extracted, and released supernatants exhibited strong bands of
lysozyme monomer (around 15 kDa) along with weak dimeric (around 30 kDa) and multimeric (around
60 kDa) bands of aggregated species. Due to a low lysozyme concentration, the released sample on
day 42 exhibited a low intense band when compared to released sample on day 1. The presence of
weak dimeric and a multimeric band of all samples proves that a small fraction of fresh, extracted,
and released lysozyme underwent aggregation. Similar results of protein aggregation have been
observed in previous studies [26,44]. Since, the SDS-PAGE was performed under non-reducing
conditions, the aggregated bands might be a result of intramolecular disulfide-coupled protein
aggregates [45]. Moreover, it is clear from the gel that fresh, as well as extracted and released,
lysozyme molecules underwent fragmentation to some extent in addition to aggregation. The presence
of hydrolyzed fragments of fresh lysozyme in the gel implies that the stability problem of lysozyme in
solution is an inherent problem.

260 kDa =—T> Y”
—
——
60 kDa =1 =%
——
-
30kDa = s
——
Gl | &
35kDa —p

Figure 6. Polyacrylamide Gel Electrophoresis (SDS-PAGE) of lysozyme extracted and released from
double-walled microspheres. Lane 1: standard molecular weight marker (M, range: 3.5-260 kDa);
Lane 2: fresh lysozyme standard; Lane 3: lysozyme extracted from microspheres prepared without
excipients; Lane 4: day 1 released lysozyme from microspheres prepared without excipients; Lanes 5-6:
day 1 and day 42 released lysozyme from microspheres prepared with 1% PVA (w/v) in internal
aqueous phase and 2.5% trehalose (w/v) in external aqueous phase, respectively.
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4. Conclusions

In this study, a model protein-lysozyme encapsulated in double-walled microspheres comprising
of Glu-PLGA and PLGA has been fabricated successfully using a modified wj/0/0/w;, emulsion
solvent evaporation technique. The prepared microspheres were dense, spherical in shape, and had
smooth surfaces when Glu-PLGA and PLGA mass ratio was 1:1. In contrast, single-walled
microspheres were irregular in shape and highly porous. A significant reduction in initial burst was
achieved by the production of double-walled microspheres as compared to single-walled microspheres.
Double-walled microspheres exhibited approximately 20% of lysozyme released after day 1, which
was followed by a very slow release and subsequent incomplete release until day 70. During this time
frame about 40% of lysozyme was released. Moisture induced aggregation and denaturation of protein
during microspheres fabrication, and in vitro release studies are considered as a reason of incomplete
lysozyme release. An improved lysozyme release was observed when double-walled microspheres
were fabricated together with excipients (PVA and trehalose). The incorporation of 1% PVA (w/v) in the
internal aqueous phase and 2.5% (w/v) trehalose in the external aqueous phase showed approximately
24% of lysozyme release from double-walled microspheres after day 1. The release continued in
a sustained manner that reached up to approximately 64% after day 70. Therefore, double-walled
microspheres comprising of Glu-PLGA and PLGA provided an improved lysozyme release profiles
when excipients (PVA and trehalose) were co-encapsulated during microspheres fabrication.

Acknowledgments: This work was supported by the research grant received from International Islamic
University Malaysia and Universiti Sultan Zainal Abidin through the project No.: EDW B 14-217-1102 and
NRGS/PR057-1, respectively.

Author Contributions: Rezaul H. Ansary performed the experiments, analyzed the data, and prepared the
manuscript. Mokhlesur M. Rahman, Haliza Katas, and Mohamed B. Awang designed, supervised, and edited the
manuscript. Tengku M. Ariff, Nasir Mohamad, Ahmad Zubaidi and Wan Sani B. Wan Nik provided financial
support, edited the manuscript and critical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zimmer, A.; Kreuter, . Microspheres and nanoparticles used in ocular delivery systems. Adv. Drug Deliv. Rev.
1995, 16, 61-73. [CrossRef]

2. Bala, I; Hariharan, S.; Ravi Kumar, M.N.V. PLGA nanoparticles in drug delivery: The state of the art. Crit.
Rev. Ther. Drug Carr. Syst. 2004, 21, 387-422. [CrossRef]

3. Anderson, ].M.; Shive, M.S. Biodegradation and biocompatibility of PLA and PLGA microspheres. Adv. Drug
Deliv. Rev. 2012, 64, 72-82. [CrossRef]

4.  Samadi, N.; Abbadessa, A.; Di Stefano, A.; van Nostrum, C.E; Vermonden, T.; Rahimian, S.; Teunissen, E.A.;
van Steenbergen, M.].; Amidi, M.; Hennink, W.E. The effect of lauryl capping group on protein release and
degradation of poly(D,L-lactic-co-glycolic acid) particles. . Control. Release 2013, 172, 436—443. [CrossRef]
[PubMed]

5. Renukuntla, J.; Vadlapudi, A.D.; Patel, A.; Boddu, S.H.; Mitra, A.K. Approaches for enhancing oral
bioavailability of peptides and proteins. Int. J. Pharm. 2013, 477, 75-93. [CrossRef] [PubMed]

6. Sharma, G.; van der Walle, C.F.,; Ravi Kumar, M.N. Antacid co-encapsulated polyester nanoparticles for
peroral delivery of insulin: Development, pharmacokinetics, biodistribution and pharmacodynamics.
Int. ]. Pharm. 2013, 440, 99-110. [CrossRef] [PubMed]

7. Devrim, B.; Bozkir, A. Preparation and in vitro evaluation of surface-modified poly(lactide-co-glycolide)
microparticles as biodegradable drug carriers for pulmonary peptide and protein delivery. . Microencapsul.
2014, 31, 355-362. [CrossRef] [PubMed]

8. Athanasiou, K.A.; Niederauer, G.G.; Agrawal, C.M. Sterilization, toxicity, biocompatibility and clinical
applications of polylactic acid /polyglycolic acid copolymers. Biomaterials 1996, 17, 93-102. [CrossRef]

9.  Gopferich, A. Mechanisms of polymer degradation and erosion. Biomaterials 1996, 17, 103-114. [CrossRef]

10. Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug
delivery systems. J. Control. Release 2001, 73, 121-136. [CrossRef]


http://dx.doi.org/10.1016/0169-409X(95)00017-2
http://dx.doi.org/10.1615/CritRevTherDrugCarrierSyst.v21.i5.20
http://dx.doi.org/10.1016/j.addr.2012.09.004
http://dx.doi.org/10.1016/j.jconrel.2013.05.034
http://www.ncbi.nlm.nih.gov/pubmed/23751568
http://dx.doi.org/10.1016/j.ijpharm.2013.02.030
http://www.ncbi.nlm.nih.gov/pubmed/23428883
http://dx.doi.org/10.1016/j.ijpharm.2011.12.038
http://www.ncbi.nlm.nih.gov/pubmed/22227604
http://dx.doi.org/10.3109/02652048.2013.858791
http://www.ncbi.nlm.nih.gov/pubmed/24697171
http://dx.doi.org/10.1016/0142-9612(96)85754-1
http://dx.doi.org/10.1016/0142-9612(96)85755-3
http://dx.doi.org/10.1016/S0168-3659(01)00248-6

Polymers 2017, 9, 485 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kim, HK,; Park, T.G. Microencapsulation of human growth hormone within biodegradable polyester
microspheres: Protein aggregation stability and incomplete release mechanism. Biotechnol. Bioeng. 1999, 65,
659-667. [CrossRef]

Jiang, G.; Woo, B.H.; Kang, F,; Singh, J.; Deluca, PP. Assessment of protein release kinetics, stability
and protein polymer interaction of lysozyme encapsulated poly(D,L-lactide-co-glycolide) microspheres.
J. Control. Release 2002, 79, 137-145. [CrossRef]

Lee, TH.; Wang, J.; Wang, C. Double-walled microspheres for the sustained release of a highly water soluble
drug: Characterization and irradiation studies. ]. Control. Release. 2002, 83, 437-452. [CrossRef]

Rahman, N.A.; Mathiowitz, E. Localization of bovine serum albumin in double-walled microspheres.
J. Control. Release 2004, 94, 163-175. [CrossRef] [PubMed]

Lee, W.L,; She, Y.C.; Widjaja, E.; Chong, H.C.; Tan, N.S.; Loo, S.C.J. Fabrication and drug release study of
double-layered microparticles of various sizes. J. Pharm. Sci. 2012, 101, 2787-2797. [CrossRef] [PubMed]
Tan, E.C.; Lin, R; Wang, C. Fabrication of double-walled microspheres for the sustained release of
doxorubicin. J. Colloid Interface Sci. 2005, 291, 135-143. [CrossRef] [PubMed]

Navaei, A.; Rasoolian, M.; Momeni, A.; Emami, S.; Rafienia, M. Double-walled microspheres loaded with
meglumineantimoniate: Preparation, characterization and in vitro release study. Drug Dev. Ind. Pharm.
2014, 40, 701-710. [CrossRef] [PubMed]

Gopferich, A.; Alonso, M.].; Langer, R. Development and characterization of microencapsulated microspheres.
Pharm. Res. 1994, 11, 1568-1574. [CrossRef] [PubMed]

Watano, S.; Nakamura, H.; Hamada, K.; Wakamatsu, Y.; Tanabe, Y.; Dave, R.N.; Pfeffer, R. Fine particle
coating by a novel rotating fluidized bed coater. Powder Technol. 2004, 141, 172-176. [CrossRef]

Lee, HK.; Park, ].H.; Kwon, K.C. Double-walled microparticles for single shot vaccine. J. Control. Release
1997, 44, 283-293. [CrossRef]

Berkland, C.; Pollauf, E.; Pack, D.W.; Kim, K. Uniform double-walled polymer microspheres of controllable
shell thickness. J. Control. Release 2004, 96, 101-111. [CrossRef] [PubMed]

Xia, Y.; Ribeiro, P.F; Pack, D.W. Controlled protein release from monodisperse biodegradable double-wall
microspheres of controllable shell thickness. J. Control. Release 2013, 172, 707-714. [CrossRef] [PubMed]
Zheng, W. A water-in-oil-in-oil-in-water (W/O/O/W) method for producing drug-releasing, double-walled
microspheres. Int. ]. Pharm. 2009, 374, 90-95. [CrossRef] [PubMed]

Devrim, B.; Bozkir, A. Preparation and evaluation of double-walled microparticles prepared with a modified
water-in-oil-in-oil-in-water (wy /0/0/ws3) method. J. Microencapsul. 2013, 30, 741-754. [CrossRef] [PubMed]
Xiao, C.D.; Shen, X.C.; Tao, L. Modified emulsion solvent evaporation method for fabricating core—Shell
microspheres. Int. |. Pharm. 2013, 452, 227-232. [CrossRef] [PubMed]

Ansary, RH.; Rahman, M.M.; Awang, M.B.; Katas, H.; Hadi, H.;, Mohamed, F; Doolaanea, A.A;
Kamaruzzaman, Y.B. Preparation, characterization and in vitro release study of BSA-loaded double-walled
glucose-poly(lactide-co-glycolide) microspheres. Arch. Pharm. Res. 2016, 39, 1242-1256. [CrossRef] [PubMed]
Ansary, RH.; Rahman, M.M.; Awang, M.B.; Katas, H.; Hadi, H.; Doolaanea, A.A. Preparation,
characterization and in vitro release studies of insulin-loaded double-walled poly(lactide-co-glycolide)
microspheres. Drug Deliv. Transl. Res. 2016, 6, 308-318. [CrossRef] [PubMed]

Sah, H. A new strategy to determine the actual protein content of poly(lactide-co-glycolide) microspheres.
J. Pharm. Sci. 1997, 86, 1315-1318. [CrossRef] [PubMed]

Ghassemi, A.H.; van Steenbergen, M.].; Talsma, H. Preparation and characterization of protein loaded
microspheres based on a hydroxylated aliphatic polyester, poly(lactic-co-hydroxymethyl glycolic acid).
J. Control. Release 2009, 138, 57-63. [CrossRef] [PubMed]

Kokai, L.E.; Tan, H.; Jhunjhunwala, S.; Little, S.R; Frank, ].W.; Marra, K.G. Protein bioactivity and polymer
orientation is affected by stabilizer incorporation for double-walled microspheres. ]. Control. Release
2010, 141, 168-176. [CrossRef] [PubMed]

Diwan, M.; Park, T.G. Pegylation enhances protein stability during encapsulation in PLGA microspheres.
J. Control. Release 2001, 73, 233-244. [CrossRef]

Milacic, V.; Schwendeman, S.P. Lysozyme release and polymer erosion behavior of injectable implants
prepared from PLGA-PEG block copolymers and PLGA /PLGA-PEG blends. Pharm. Res. 2014, 31, 436-448.
[CrossRef] [PubMed]


http://dx.doi.org/10.1002/(SICI)1097-0290(19991220)65:6&lt;659::AID-BIT6&gt;3.0.CO;2-9
http://dx.doi.org/10.1016/S0168-3659(01)00533-8
http://dx.doi.org/10.1016/S0168-3659(02)00235-3
http://dx.doi.org/10.1016/j.jconrel.2003.10.010
http://www.ncbi.nlm.nih.gov/pubmed/14684280
http://dx.doi.org/10.1002/jps.23191
http://www.ncbi.nlm.nih.gov/pubmed/22573569
http://dx.doi.org/10.1016/j.jcis.2005.04.089
http://www.ncbi.nlm.nih.gov/pubmed/15964579
http://dx.doi.org/10.3109/03639045.2013.777734
http://www.ncbi.nlm.nih.gov/pubmed/23594302
http://dx.doi.org/10.1023/A:1018901619230
http://www.ncbi.nlm.nih.gov/pubmed/7870673
http://dx.doi.org/10.1016/j.powtec.2003.03.001
http://dx.doi.org/10.1016/S0168-3659(96)01534-9
http://dx.doi.org/10.1016/j.jconrel.2004.01.018
http://www.ncbi.nlm.nih.gov/pubmed/15063033
http://dx.doi.org/10.1016/j.jconrel.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23954731
http://dx.doi.org/10.1016/j.ijpharm.2009.03.015
http://www.ncbi.nlm.nih.gov/pubmed/19446764
http://dx.doi.org/10.3109/02652048.2013.788082
http://www.ncbi.nlm.nih.gov/pubmed/23631379
http://dx.doi.org/10.1016/j.ijpharm.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/23694803
http://dx.doi.org/10.1007/s12272-016-0710-3
http://www.ncbi.nlm.nih.gov/pubmed/26818028
http://dx.doi.org/10.1007/s13346-016-0278-y
http://www.ncbi.nlm.nih.gov/pubmed/26817478
http://dx.doi.org/10.1021/js960363q
http://www.ncbi.nlm.nih.gov/pubmed/9383747
http://dx.doi.org/10.1016/j.jconrel.2009.04.025
http://www.ncbi.nlm.nih.gov/pubmed/19409427
http://dx.doi.org/10.1016/j.jconrel.2009.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19751780
http://dx.doi.org/10.1016/S0168-3659(01)00292-9
http://dx.doi.org/10.1007/s11095-013-1173-6
http://www.ncbi.nlm.nih.gov/pubmed/23959854

Polymers 2017, 9, 485 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Igartua, M.; Hernandez, R.M.; Esquisabel, A.; Gascon, A.R.; Calvo, M.B.; Pedraz, J.L. Influence of formulation
variables on the in vitro release of albumin from biodegradable microparticulate systems. |. Microencapsul.
1997, 14, 349-356. [CrossRef] [PubMed]

Crotts, G.; Park, T.G. Protein delivery from poly(lactic-co-glycolic acid) biodegradable microspheres: Release
kinetics and stability issues. J. Microencapsul. 1998, 15, 699-713. [CrossRef] [PubMed]

Sah, H. Protein instability toward organic solvent/water emulsification: Implications for protein
microencapsulation into microspheres. PDA |. Pharm. Sci. Technol. 1999, 53, 3-10. [PubMed]

van de Weert, M.; Hoechstetter, J.; Hennink, W.E.; Crommelin, D.]. The effect of a water/organic solvent
interface on the structural stability of lysozyme. . Control Release 2000, 68, 351-359. [CrossRef]

Srinivasan, C.; Katare, YK.; Muthukumaran, T.; Panda, A K. Effect of additives on encapsutation efficiency,
stability and bioactivity of entrapped lysozyme from biodegradable polymer particles. |. Microencapsul.
2005, 22, 127-138. [CrossRef] [PubMed]

Paillard-Giteau, A.; Tran, V.T.; Thomas, O.; Garric, X.; Coudane, J.; Marchal, S.; Chourpa, I.; Benoit, J.P;
Montero-Menei, C.N.; Venier-Julienne, M.C. Effect of various additives and polymers on lysozyme release
from PLGA microspheres prepared by an s/o/w emulsion technique. Eur. |. Pharm. Biopharm. 2010, 75,
128-136. [CrossRef] [PubMed]

Pistel, K.F,; Kissel, T. Effects of salt addition on the microencapsulation of proteins using W/O/W double
emulsion technique. J. Microencapsul. 2000, 17, 467-483. [PubMed]

Zhang, ].X.; Zhu, K.J. An improvement of double emulsion technique for preparing bovine serum
albumin-loaded PLGA microspheres. J. Microencapsul. 2004, 21, 775-785. [CrossRef] [PubMed]

Lee, J.C.; Timasheff, S.N. The stabilization of proteins by sucrose. J. Biol. Chem. 1981, 256, 7193-7201.
[PubMed]

Fu, K,; Pack, D.W,; Klibanov, A.M.; Langer, R. Visual evidence of acidic environment within degrading
Poly(lactic-co-glycolic acid) (PLGA) microspheres. Pharm. Res. 2000, 17, 100-106. [CrossRef] [PubMed]
Kang, J.; Schwendeman, S.P. Comparison of the effects of Mg(OH), and sucrose on the stability of bovine
serum albumin encapsulated in injectable poly (D,L-lactide-co-glycolide) implants. Biomaterials 2002, 23,
239-245. [CrossRef]

Xia, Y.; Xu, Q.; Wang, C.; Pack, D.W. Protein encapsulation in and release from monodisperse double-wall
polymer microspheres. J. Pharm. Sci. 2013, 102, 1601-1609. [CrossRef] [PubMed]

Yang, M.; Dutta, C.; Tiwari, A. Disulfide-bond scrambling promotes amorphous aggregates in lysozyme and
bovine serum albumin. J. Phys. Chem. B 2015, 119, 3969-3981. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3109/02652049709051138
http://www.ncbi.nlm.nih.gov/pubmed/9147284
http://dx.doi.org/10.3109/02652049809008253
http://www.ncbi.nlm.nih.gov/pubmed/9818948
http://www.ncbi.nlm.nih.gov/pubmed/10343502
http://dx.doi.org/10.1016/S0168-3659(00)00277-7
http://dx.doi.org/10.1080/02652040400026400
http://www.ncbi.nlm.nih.gov/pubmed/16019899
http://dx.doi.org/10.1016/j.ejpb.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20226857
http://www.ncbi.nlm.nih.gov/pubmed/10898087
http://dx.doi.org/10.1080/02652040400008465
http://www.ncbi.nlm.nih.gov/pubmed/15799227
http://www.ncbi.nlm.nih.gov/pubmed/7251592
http://dx.doi.org/10.1023/A:1007582911958
http://www.ncbi.nlm.nih.gov/pubmed/10714616
http://dx.doi.org/10.1016/S0142-9612(01)00101-6
http://dx.doi.org/10.1002/jps.23511
http://www.ncbi.nlm.nih.gov/pubmed/23529836
http://dx.doi.org/10.1021/acs.jpcb.5b00144
http://www.ncbi.nlm.nih.gov/pubmed/25689578
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Microspheres 
	Characterization of Lysozyme Loaded Microspheres 
	Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

	Statistical Analysis 

	Results and Discussion 
	Particle Size and Size Distribution of Microspheres 
	Surface Morphology of Lysozyme Loaded Microspheres 
	Microspheres Polymer Orientation Studies 
	Lysozyme Encapsulation Efficiency 
	In Vitro Lysozyme Release 
	Stabilization of Lysozyme during Emulsification 
	Excipients Effect on Microspheres Size 
	Excipients Effect on Surface Morphology 
	Excipients Effect on Lysozyme Encapsulation Efficiency 
	Excipients Effect on In Vitro Lysozyme Release Profiles 

	Lysozyme Stability during Encapsulation and In Vitro Release 

	Conclusions 

