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Abstract

Non-aqueous protocols to encapsulate pharmaceutical proteins into biocompatible polymers
have gained much attention because they allow for the minimization of procedure-induced
protein structural perturbations. The aim of this study was to determine if these advantages
could be extended to a semi-aqueous encapsulation procedure, namely the solid-in-oil-in-
water (s/o/w) technique. The model protein bovine serum albumin (BSA) was encapsulated into
poly(lactide-co-glycolide) (PLG) microspheres by first suspending lyophilized BSA in methylene
chloride containing PLG, followed by emulsification in a 1% aqueous solution of poly(vinyl
alcohol). By variation of critical encapsulation parameters (homogenization intensity, BSA:PLG
ratio, emulsifier concentration, ratio of organic to aqueous phase) an encapsulation efficiency
of > 90 % was achieved. The microspheres obtained showed an initial burst release of < 20 %,
a sustained release over a period of about 19 days, and a cumulative release of at least 90 % of
the encapsulated BSA. Different release profiles were observed when using different
encapsulation protocols. These differences were related to differences in the microsphere
erosion observed using scanning electron microscopy. Release of BSA was mainly due to simple
diffusion or to both diffusion and microsphere erosion. Fourier-transform infrared studies were
conducted to investigate the secondary structure of BSA during the encapsulation. Quanti-
fication of the a-helix and s-sheet content as well as of overall structural changes showed that
the secondary structure of encapsulated BSA was not more perturbed than in the lyophilized
powder used initially. Thus, the encapsulation procedure did not cause detrimental structural
perturbations in BSA. In summary, the results demonstrate that the s/o/w technique is an
excellent alternative to the water-in-oil-in-water technique, which is still mainly used in the
encapsulation of proteins in PLG microspheres.

Introduction

The delivery of protein pharmaceuticals to patients is not an easy task, largely due
to their inherent physical and chemical instability (Schoneich et al 1997). Their
sustained release from biodegradable and biocompatible polymers, such as poly-
(lactide-co-glycolide) (PLG), could circumvent many of the stability problems
(Cleland & Langer 1995). However, it has become increasingly apparent that the
most commonly used protein encapsulation procedure, the formation of micro-
spheres by the water-in-oil-in-water (w/o/w; Figure 1) technique, often leads to
unwanted protein aggregation (Tabata et al 1993; Alonso et al 1994; Lu & Park
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Methods in which proteins are typically not dissolved.

Figure 1
co-glycolide).

1995a, b). In particular, the formation of the first
emulsion where an aqueous protein solution is emulsi-
fied into a PLG solution in methylene chloride leads to
protein aggregation at the aqueous—organic interface
(Sah 1999).

Several research groups have started developing new
encapsulation strategies that avoid the exposure of
hydrated proteins to physical stress factors (Carrasquillo
et al 1998, 1999, 2001; Schwendeman et al 1998;
Griebenow et al 1999a). The hypothesis behind these ap-
proaches is that dehydrated proteins are less susceptible
to denaturation because conformational changes are
kinetically prohibited (Griebenow & Klibanov 1996). It
has been shown that protein structural alterations can
be minimized upon encapsulation in PLG when de-
hydrated protein powders are suspended in organic
solvents (Griebenow et al 1999a; Carrasquillo et al
1998, 1999). Furthermore, protein structural pertur-
bations could be minimized in the production of PLG
microspheres using an oil-in-oil procedure (Carrasquillo
et al 2001). Thus the development and improvement of
alternative encapsulation procedures offers the possi-
bility of avoiding procedure-induced protein denatur-

Schematic representation of the main methodologies used to encapsulate proteins in hydrophobic polymers such as poly(lactide-

ation. However, there are also problems associated with
oil-in-oil encapsulation procedures. Potentially danger-
ous chemicals, such as silicon oil and heptane, are used
and are difficult to remove from the microspheres
(Thomasin et al 1996), and microspheres produced by
an oil-in-oil technique showed a large initial burst release
of approximately 60 % (Carrasquillo et al 2001).

In this work we investigate the potential of the solid-
in-oil-in-water (s/o/w) technique to obtain protein-
loaded microspheres. The dehydrated protein powder is
suspended in an organic solvent containing the dissolved
polymer (Wangetal 1991 ; Cleland & Jones 1996 ; Atkins
1997; Maa & Hsu 1997). This suspension is then emulsi-
fied in an aqueous solution (Figure 1). After microsphere
hardening by dissolving or evaporating the organic
solvent, they are finally washed and lyophilized. Because
the protein should be exposed to little water in the
s/o/w technique (the solubility of water in methylene
chloride is less than 2 %), we hypothesized that it might
be possible to extend the minimization of protein struc-
tural perturbations found in oil-in-oil techniques
(Carrasquillo et al 2001) to this technique. Thus far no
data have been presented on the structural consequences



of encapsulating BSA (or any other protein) by the
s/o/w method in polymer microspheres.

One problem hampering the use of the s/o/w tech-
nique is the frequently low encapsulation efficiency
achieved (Fong et al 1986; Wang et al 1991; Atkins
1997). For example, Atkins (1997) reported an efficiency
of only up to 14.5% when encapsulating BSA into
various polymers using the s/o/w method. In the first
systematic study addressing thisissue, Maa & Hsu (1997)
established that the particle characteristics (size and
shape) of the solid protein powder are important for
achieving higher encapsulation efficiency; the smaller
the particles, the higher the encapsulation efficiency.
However, that work used solid fine-particulate BSA
powders obtained by spray-drying and solvent precipi-
tation methods and any effect of the encapsulation
process itself (formation of s/o suspension and o/w
emulsion) on the protein powder particle size was not
studied. Furthermore, processing conditions were not
related to encapsulation efficiency, microsphere mor-
phology, and no release data were presented for the
microspheres obtained. In addition, very limited data
have been published on the characteristics of PLG
microspheres obtained by the s/o/w method in general,
in particular concerning the erosion characteristics.

The aim of this study was to investigate the influence
of the s/o suspension and the o/w emulsion processing
parameters on encapsulation efficiency and yield, and to
develop reproducible protocols leading to high values
for both. The release profile of the microspheres ob-
tained was characterized and the release mechanism
investigated using scanning electron microscopy (SEM)
in combination with in-vitro release studies. We also
tested the hypothesis of whether the advantages of the
strictly non-aqueous encapsulation protocols in mini-
mizing protein structural perturbations could be ex-
tended to the s/o/w technique.

Materials and Methods

Chemicals

Bovine serum albumin (BSA; > 96 % albumin, essen-
tially fatty acid free) and PLG (50:50 copolymer ratio,
MW 40 000-75 000) were from Sigma. Poly(vinyl al-
cohol) (PVA; 87-89 % hydrolysed, MW 13000-23000)
and dichloromethane (99.9 %, ACS HPLC grade) were
from Aldrich. All other chemicals were from various
commercial suppliers and were of analytical grade or
higher.
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Protein and microsphere lyophilization

An aqueous solution of BSA (10 mgmL™!) at pH 7.3, or
microspheres obtained were rapidly frozen in liquid N,
and then lyophilized using a Labconco FreeZone 6L
lyophilizer at a condenser temperature of —45°C and a
pressure of < 60 ymHg for at least 48 h.

Microsphere preparation

The following protocol was defined as the standard
protocol, and was systematically varied by changing
one parameter at a time. Lyophilized BSA powder
(20 mg protein) was suspended in 1 mL methylene
chloride containing 80 mg of dissolved PLG by homo-
genization with a VirTis Tempest homogenizer
(Gardiner, NY) using a 10-mm shaft equipped with a
micro-fine rotor/stator generator at 5000 rev min™' for
30 s. The resulting s/o suspension was added to 100 mL
ofa 1% (w/v)aqueous PVA solution. The o/w emulsion
was formed by homogenization at 5000 rev min™' for
2 min. Methylene chloride was dissolved /evaporated
for 3h at room temperature under stirring with a
magnetic stirrer. The microspheres formed were col-
lected by filtration through a 0.45-um cellulose acetate
filter, washed with approximately 50 mL distilled water,
and lyophilized for storage.

Determination of the protein loading of
microspheres

Actual protein loading (L,) of the microspheres was
determined as previously reported (Maa & Hsu 1997).
Lyophilized microspheres (15-20 mg) were added to
2 mL methylene chloride and PLG dissolved by agi-
tation for 30 min. The solid protein was pelleted by
centrifugation for 15 min at 5000 rev min~!, the super-
natant discarded, and the pellet dissolved in 5 mL 10 mm
phosphate buffer adjusted to pH 7.4. The BSA con-
centration in the resulting clear solution was determined
from its absorbance at 280 nm using a BSA standard
calibration curve (Tabata et al 1993).

Encapsulation efficiency and yield

The encapsulation efficiency (Ee) of BSA in the PLG
microspheres was defined as:

Ee (%) = (L,/L;) x 100

where L, is the actual loading and L is the theoretical
loading of BSA (%, w/w) in the PLG microspheres
(Atkins & Peacock 1996). BSA encapsulation yield (%)
was calculated from the total BSA content of the micro-
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spheres obtained and the total amount of BSA initially
used. Determination of the encapsulation yield provides
information on the overall loss of protein that will not
necessarily affect the encapsulation efficiency. For
example, because the yield of microsphere formation
typically is not 100 % and some PLG will be lost during
the procedure, the value for the encapsulation yield will
be lower than that for the encapsulation efficiency. The
encapsulation yield is an important parameter for cost
efficient production of microspheres when using ex-
pensive pharmaceutical proteins.

BSA in-vitro release studies

Microspheres (40 mg) were placed in 3 mL 10 mm phos-
phate buffer at pH 7.3 and incubated at 37°C. At
predetermined times (typically every 24 h) the samples
were subjected to centrifugation (500 rev min~' for 1 min
in a Beckman J-21B centrifuge) to pellet the insoluble
components. The supernatant was removed and the
concentration of released protein determined as de-
scribed above. The buffer was completely replaced to
maintain sink conditions in the release experiments and
to avoid protein denaturation by changes in the pH due
to microsphere erosion (Park et al 1995). We noted a
small (but significant) contribution to the absorption at
280 nm due to microsphere erosion. Therefore, blank
microspheres were obtained under identical conditions
and subjected to in-vitro release in parallel with BSA-
loaded microspheres. Blank microspheres were har-
vested as described above, the absorption at 280 nm
determined, and subtracted from those obtained with
BSA-loaded microspheres. The concentration of the
released protein was plotted directly against time and
also used to construct cumulative release profiles
(Tabata et al 1993). The release profiles (Figure 6)
demonstrate that the correction of the absorption was
appropriate because after prolonged release no protein
absorption at 280 nm was evident even though micro-
spheres (and thus absorption at 280 nm due to micro-
sphere components) were still present. Release experi-
ments were at least performed in triplicate, the results
averaged, and the standard deviations calculated.

SEM

SEM of microspheres was performed using a Jeol 5800
LV. The samples were coated with gold (200-500 A)
using a Denton Vacuum DV-502A. The size of the
microspheres was determined from saved images using
the program picture publisher from Micrografx. For
each sample, the dimensions of 10—15 microspheres were

70+

0 T T T T
0 10000 20000 30000
Homogenization speed (rev min')

Figure 2 «-Helix content of BSA lyophilized from buffer (@) or co-
lyophilized with trehalose at a 1:4 ratio (w/w) (O) after suspension in
methylene chloride at various homogenization intensities and sub-
sequent drying.

determined, averaged, and the standard deviations cal-
culated.

Fourier-transform infrared (FTIR) spectroscopy

FTIR studies were performed using a Nicolet Magna-
IR System 560 optical bench (Carrasquillo et al 1998).
The spectra of BSA in aqueous solution (40 mg mL™),
in amorphous dehydrated powders and encapsulated in
PLG microspheres were obtained as described in detail
elsewhere (Carrasquillo et al 1998, 1999, 2001), and
corrected for the background in an interactive manner
using the Nicolet OMNIC 3.1 software (Carrasquillo et
al 1998, 2001). The proper subtraction of the PLG
background from FTIR spectra obtained for BSA in
microspheres was performed as described in detail by
Carrasquillo et al (1998, 1999, 2001) and Fu et al
(1999).

All spectra were analysed for the number and position
of components in the amide I region (1700-1600 cm™)
by calculation of the second derivative spectra
(Prestrelski et al 1993). The secondary structure content
of BSA under various conditions was calculated from
the amide I IR spectra by Gaussian curve-fitting analysis
(Carrasquillo et al 1998, 2001) for at least four in-
dependently obtained spectra. The values were aver-
aged, and the standard deviations calculated. As an
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Table 1 Comparison of the secondary structure of lyophilized BSA samples and those after suspension
in methylene chloride using the spectral correlation coefficient (r).

Sample Homogenization r+s.d. x(i) — x(ii) t(pooled)((n, +n,)/ Null
speed (rev min~") (x(ii)) (n; x nz))%a hypothesis®
BSA lyophilized
from buffer
5000 0.950+0.001  0.001 0.002 Accepted
10000 0.947+0.001  0.002 0.002 Accepted
15000 0.945+0.000 0.004 0.003 Rejected
20000 0.954+0.005 0.005 0.002 Rejected
25000 0.948+0.002 0.001 0.001 Accepted
30000 0.951+0.001  0.002 0.002 Accepted
BSA :trehalose
co-lyophilizate
1:4 (w/w)
5000 0.980+0.001 0.02 0.02 Accepted
10000 0.951+0.008 0.01 0.01 Accepted
15000 0.952+0.005 0.01 0.01 Accepted
20000 0.945+0.002 0.015 0.016 Accepted
25000 0.970+0.004 0.01 0.01 Accepted
30000 0.975+0.001  0.015 0.018 Accepted

If the experimental difference is less than or equal to the computed value, then the null hypothesis is that the
samples are not different and cannot be rejected. The degrees of freedom (DF = 7) for finding zisn, +n,—2,
where n; = 6 (number of samples) and n, = 3 (number of measurements averaged to obtain one data point

with standard deviation). *The ¢ value is at a 95% confidence interval.

®The average correlation

coefficient (x(i)) used to determine the difference of two means is 0.949+40.003 for all the correlation
coeflicients determined individually, in the case of lyophilized BSA, and 0.96 +0.02 in the case of BSA co-

lyophilized with trehalose.

alternative measure of overall protein structural pertur-
bations, we also calculated the spectral correlation coef-
ficient between BSA in aqueous solution and in the
various amorphous states from the amide I second
derivative spectra (Prestrelski et al 1993 ; Griebenow et
al 1999b; Carrasquillo et al 2000). A spectral correlation
coefficient of 1 shows spectral (and thus structural)
identity, lower numbers indicate perturbations in the
secondary structure.

Results and Discussion

Impact of the s/o suspension conditions on BSA
secondary structure

The first step of the s/o/w methodology involves the
suspension of the lyophilized protein powder in an
organic solvent capable of dissolving PLG, typically
methylene chloride (Figure 1). Even though it has been
established that various proteins are not denatured upon
suspension in organic solvents (Griebenow & Klibanov

1996, 1997), including BSA (Carrasquillo et al 1998,
2000), the effect of the homogenization speed on the
structure of proteins has not been systematically ex-
plored. The structure of BSA was assessed by FTIR
spectroscopy before homogenization and after homo-
genization in methylene chloride for 1 min followed by
a 24-h drying period with a vacuum of < 60 ymHg. We
selected the a-helix content as a solid parameter for
structural integrity (Figure 2) and also calculated the
correlation coefficient (Table 1) to characterize overall
secondary structure changes. For the lyophilized BSA
powder the a-helix content did not change significantly,
irrespective of the homogenization speed. For the BSA
powder obtained by co-lyophilization with trehalose,
the «-helix content indicated a slight change in the
secondary structure of the protein at high homo-
genization speeds of 25000 and 30000 rev min~'. The
correlation coefficients (Table 1) were not statistically
different, with the exception of the points using homo-
genization speeds of 15000 and 20000 rev min~' for BSA
without trehalose at the various homogenization inten-
sities from the average of all correlation coefficients
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using the #-test and 95 % confidence interval. For the
two points failing the ¢-test hypothesis the «-helix con-
tent did not reveal any changes (Figure 2). From these
results we conclude that suspension of lyophilized BSA
in methylene chloride at various homogenization speeds
and subsequent drying does not significantly perturb its
secondary structure, regardless of whether trehalose as
an excipient was present or not. However, because we
observed a slight decrease in the «-helix content at
higher homogenization intensities, in the further investi-
gation a maximum homogenization speed of 20000 rev
min~' was used.

Particle size after s/o suspension

It has been reported that the encapsulation efficiency
depends on the particle size of the primarily used protein
powder (Maa & Hsu 1997). To assess this, we suspended
lyophilized BSA in methylene chloride at the minimum
(5000 rev. min™") and maximum (20000 rev min™')
homogenization speeds used later in this work for 30 s,
followed by methylene chloride evaporation under a
stream of nitrogen gas. SEM analysis revealed that the
lyophilized powder was characterized by particles of
various shapes and sizes (Figure 3A). Homogenization
in general reduced the size of the BSA powder particles.
However, irrespective of the homogenization speed,
resulting particles were still very heterogeneous in size
and shape and did not appear different (Figure 3B, C).
When compared with the size of the microspheres ob-
tained finally (Table 2), the size of the powder particles
was quite large. This should have resulted in low en-
capsulation efficiencies (Maa & Hsu 1997), as we indeed
observed under non-optimized conditions.

Optimization of processing parameters in the
encapsulation of BSA into PLG

The microspheres obtained following the standard pro-
tocol had a diameter of approximately 30 um and the
encapsulation efficiency for BSA was approximately
7% (C-1; Table 2). The encapsulation efficiency is in
good agreement with the low encapsulation efficiency
reported elsewhere (Fong et al 1986; Wang et al 1991;
Atkins 1997). We therefore focussed on improving the
encapsulation efficiency by systematically changing the
critical parameters in the encapsulation protocol.
Higher homogenization intensity in the o/w step
results in a reduction in the size of the oil droplets and
thus an increased o/w surface area. The resulting accel-
erated methylene chloride removal should then lead to
increased encapsulation efficiency because of fast BSA

Figure 3 SEM images of BSA lyophilized from buffer (pH 7.3) (A),
the BSA powder after suspension with homogenization in methylene
chloride at 5000 (B) and 20 000 rev min~' (C) followed by subsequent
drying (the width of the images corresponds to 66 xm).

entrapment in the polymer matrix. In addition, higher
homogenization intensities could also lead to a reduction
in size of the protein BSA particles in the s/o or o/w step
and this should improve encapsulation efficiency (Maa
& Hsu 1997). To test this, we systematically varied the
homogenization intensities used in the s/o and o/w
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Table 2 Effect of variation in processing parameters in the solid-in-oil-in-water technique on microsphere properties.
Sample = Homogenization PLG:BSA PVA concn Aqueous phase Microsphere Encapsulation Encapsulation
speed (rev min~") (w/w) (Y%, w/w) volume (mL) diameter (um) efficiency (%) yield (%)
s/o w/o
C-1 5000 5000 4:1 1 100 33+6 7+5 3+2
C-2 20000 5000 4:1 1 100 30+13 10+2 4+2
C-3 20000 10000 4:1 1 100 25+19 15+3 12+4
C-4 20000 15000 4:1 1 100 12+6 17+4 11+5
C-5 20000 20000 4:1 1 100 10+3 22+2 9+2
C-6* N/A N/A 4:1 1 100 14+3 3642 2142
C-7 5000 5000 10:1 1 100 36+6 18+4 8+3
C-8 5000 5000 4:1 10 100 15+6 2143 9+3
C-9 20000 20000 10:1 10 100 12+3 63+3 40+3
C-10 20000 20000 10:1 10 50 9+3 93+2 68+5

Parameters that were kept constant in all experiments: volume of the methylene chloride phase (I mL); total amount of BSA and PLG
(100 mg); stirring for 3 h at approximately 600 rev min~! with a magnetic stirrer for solvent removal; and microsphere collection, washing, and
lyophilization procedure. *Suspension and emulsification performed by probe sonication at 50 W output power.

steps (Table 2). Comparison of C-1 (homogenization
speed 5000 rev min~' in the s/o step) and C-4 (homo-
genization speed 20000 rev min~in the s/o step) showed
that microsphere size and encapsulation efficiency did
not change. This result is in agreement with the SEM
results showing that the particle size in the BSA powder
did not change significantly in the s/o step. In contrast,
changing the homogenization intensity in the w/o emul-
sion step had a profound influence on microsphere size
and encapsulation efficiency (C-2 to C-5; Table 2). The
higher the homogenization intensity, the smaller the
microspheres diameter and the higher the encapsulation
efficiency. Thus, the homogenization intensity in the
w/o emulsion step likely influences the BSA particle size
and thus encapsulation efficiency and microsphere size.

We also tested emulsification by probe sonication
(C-6; Table 2). Again, the smaller microsphere size
(14 um) correlated with higher encapsulation efficiency
(36%). From this experiment it is evident that there
is not a linear relationship between encapsulation
efficiency and microsphere diameter. Even though
microsphere size obtained by sonication or homogeniza-
tion at 20000 rev min~' was comparable, encapsulation
efficiency was significantly higher using probe soni-
cation. This likely indicates a better disruption of the
BSA powder particles by probe sonication. However,
because probe sonication of BSA is reported to cause
procedure-induced structural alterations (Carrasquillo
et al 1998), we focussed on optimizing the emulsification
conditions using homogenization.

Increasing the amount of the polymer under otherwise

constant conditions (in particular the oil-to-water ratio)
should result in an increase in the encapsulation effici-
ency because the entrapment of the protein in the
polymer matrix should be faster. Accordingly, when the
ratio of polymer to BSA was increased from 4:1to 10:1
(w/w), the encapsulation efficiency more than doubled
(compare C-1 and C-7; Table 2). The size of the micro-
spheres obtained was not significantly affected in this
experiment because the total amount of PLG and BSA
was kept at 100 mg mL™' methylene chloride in all
experiments.

The concentration of the emulsifying agent (PVA)
should also influence the encapsulation efficiency be-
cause the emulsifier exerts a distinct influence on the
characteristics of the emulsion formed. An increase in
the emulsifier concentration should lead to smaller
emulsion droplets formed because a larger o/w surface
can be occupied and thus stabilized (Jeffery et al 1993).
The smaller oil droplet size and thus larger surface area
should lead to a faster microsphere hardening and thus
result in less leaching of BSA into the aqueous phase.
Results obtained with 1 and 10% PVA in the aqueous
phase under otherwise identical conditions support this
view: the microspheres formed at the higher PVA con-
centration were 15 ym in diameter (C-8; Table 2) and
thus smaller than those formed with 1% PVA (C-1;
Table 2). The encapsulation efficiency was increased to
21% (Table 2).

The final parameter to be optimized was the volume
of the aqueous phase. To select suitable final encapsu-
lation conditions, this procedure was carried out using
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Figure 4 Dependence of the encapsulation efficiency of BSA into
PLG microspheres on the volume of the aqueous phase in the oil-in-
water emulsification step at otherwise constant parameters.

all optimum parameters identified thus far. Using
100 mL of aqueous phase, the resulting microspheres
had an average diameter of 12 ym and the encapsulation
efficiency increased to 63 % (C-9; Table 2). It is difficult
to predict the optimum volume of the aqueous phase.
However, increasing the volume of the aqueous phase
should result in a decreased emulsion droplet size be-
cause collisions of methylene chloride droplets resulting
in fusion should occur less frequently. Homogenization
intensity should decrease with increasing volume, re-
sulting in larger emulsion droplets. Figure 4 summarizes
the results obtained. Optimum encapsulation results
were achieved when the aqueous phase was adjusted to
50 mL. The microspheres obtained had an average
diameter of 9 ym and the encapsulation efficiency was
93% (C-10; Table 2). The yield of BSA encapsulation
was 68 %, also much higher than for all other conditions,
an important point when encapsulating expensive
pharmaceutical proteins in PLG.

We conclude that the efficiency of BSA encapsulation
into PLG using the s/o/w method can be influenced by
two different strategies. Firstly, the particle size of the
BSA powder used initially can be minimized as described
by Maa & Hsu (1997). Secondly, the follow-up pro-
cedure can be systematically optimized, as outlined in
this work.

Secondary structure of BSA in PLG microspheres

An important factor in the encapsulation of proteins
into biocompatible polymers is to assess the magnitude

Absorbance

\ \ T 1
1700 1680 1620 1600

1660

Wavenumber (cm™)

1640

Figure 5 Amide I FTIR spectra of BSA after resolution-enhance-
ment by Fourier-self-deconvolution (FSD) and Gaussian curve-fitting.
A, aqueous solution at pH 7.3; B, powder obtained by lyophilization
from buffer (pH 7.3); C, powder encapsulated in PLG microspheres
using condition C-10 in Table 2. The solid line represents the spectra
after FSD overlaid with the results of the curve-fitting procedure. The
broken lines are the individual Gaussian bands fitted to the spectra.

of procedure-induced protein structural perturbations
(Schwendeman et al 1996). We assessed the impact of
the encapsulation procedure on the structure of BSA
using FTIR spectroscopy (Carrasquillo et al 1998,
2001).

As previously reported (Carrasquillo et al 1998),
lyophilization drastically altered the structure of BSA.
The FTIR spectrum of the lyophilized powder (Figure
5B) in the structurally-sensitive amide I region is
broadened compared with that of the aqueous solution
(Figure 5A), indicating significant changes in the sec-
ondary structure of BSA (Carrasquillo et al 1998). When



Table 3 Secondary structure of BSA at different stages during the
encapsulation into PLG microspheres by the solid-in-oil-in-water
technique.

Sample/state Secondary structure (%) Spectral
correlation
a-helix f-sheet coefficient
Aqueous solution 54+5 7+2 0.980+0.001*
(pH 7.3)
Lyophilized powder 2943 30+2 0.6174+0.001
In PLG microspheres 36+3 2242 0.839+0.005
(5/0/w)
In PLG microspheres 2142 NR NR
(w/o/w)°

The secondary structure of BSA was determined from the resolution-
enhanced amide I protein vibrational spectra by Gaussian curve-
fitting. *The spectral correlation coefficient given was calculated
using one representative amide I second derivative spectrum of BSA
in aqueous solution vs other spectra of BSA in aqueous solution.
Thus, the value is indicative for the error of the methodology. "Data
from Fu et al (1999); NR, not reported.

the secondary structure content was estimated by
Gaussian-curve fitting, a drastic decrease in the a-helix
content from 54 to 29 %, and increase in the f-sheet
content from 7 to 30 %, was observed upon lyophili-
zation (Table 3). The spectral correlation coefficient also
dropped significantly indicating lyophilization-induced
structural perturbations in BSA (Table 3). We have
already described that the suspension of this powder in
methylene chloride, and subsequent drying, resulted in
no further structural perturbations under the conditions
used. To assess the impact of the follow-up procedure
on the secondary structure of BSA in microspheres,
FTIR spectra were obtained for BSA encapsulated in
PLG using optimized conditions (C-10; Table 2). FTIR
analysis of BSA secondary structure in microspheres
obtained under non-optimum conditions (C-1; Table 2)
could not be performed because of the very low loading
of the microspheres of 1.4% BSA in PLG (w/w). The
resulting FTIR spectra could not be properly corrected
by subtraction of the PLG polymer background.

The FTIR spectrum shown in Figure 5C for BSA
encapsulated in PLG microspheres clearly shows that
the follow-up procedure did not induce further protein
structural perturbations in addition to those caused by
the initial lyophilization procedure. The spectrum even
appeared to be somewhat more similar to that of the
aqueous solution shown in Figure 5A. Quantitative
data support this observation (Table 3). The «-helix
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Figure 6 Absolute (A) and cumulative (B) release profiles of BSA
encapsulated in PLG microspheres using non-optimized conditions
(@) (C-1; Table 2) and optimized conditions (A) (C-10; Table 2).
Error bars represent the s.d. calculated from three release studies.

content was slightly higher, and the f-sheet content
slightly lower, than in the lyophilized BSA powder and
thus closer to the values found for BSA in aqueous
solution. In addition, the spectral correlation coefficient
is significantly higher than for the lyophilized BSA
powder. Because this result was unexpected, FTIR data
were measured for an independently prepared batch of
PLG microspheres obtained under identical conditions.
The secondary structure was within the same error
(34 +2% a-helix, 19+ 1% f-sheet) as reported in Table
3, and the spectra were also strikingly similar. It might
be that the exposure to the aqueous solution in the
emulsification step (somewhat opposed to our initial
expectations) led to some increased structural mobility
of BSA. This in turn might have allowed BSA—polymer
interactions to occur leading to partial refolding of
BSA. In addition PVA might interact with BSA and
influence its structure. Whatever the explanation, BSA
structure s less perturbed in PLG microspheres obtained
by the s/o/w emulsion technique than in those obtained
by the w/o/w technique (Fu et al 1999).
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Figure 7 SEM images of microspheres obtained under optimized conditions (C-10) at various times after in-vitro release. A, BSA-loaded
microspheres immediately after preparation (width of the image corresponds to 14.7 um); B, after 24-h exposure to the release buffer (width
of the image corresponds to 14.7 um); C, after 1 week release (width of the image corresponds to 13.2 um); D, after 2 week release (width of

the image corresponds to 26.4 um).

In-vitro release of BSA from selected
microsphere preparations

The release of BSA from the microspheres obtained
under non-optimized conditions (C-1; Table 2) and
optimized conditions (C-10; Table 2) was also investi-
gated. The initial burst release was approximately 15%
for BSA encapsulated under non-optimized conditions
and only slightly higher (approx. 20 %) for BSA en-
capsulated under optimized conditions (Figure 6B).
Since the actual loading of the microspheres obtained
under optimum conditions was higher (9.2%
BSA:PLG, w/w) than under non-optimized conditions
(1.4% BSA:PLG, w/w), and the diameter was smaller
(9 yum vs 33 ym; Table 2), this result was expected
because of the larger surface exposed BSA. However,
the quite small difference in the values indicates the
better distribution of the BSA powder in the microsphere
matrix resulting in a more efficient encapsulation of the
protein when using optimized conditions (C-10). The
smaller BSA powder particle size required in this in-
stance is in line with the initial smaller microsphere size,

and the small size of the porous cavities left after release
of encapsulated BSA (Figure 7D). Further indication
for this fact can be derived from the release profiles
between days 2 and 8. The release from microspheres
produced under optimized conditions (C-10) signifi-
cantly lagged behind that from microspheres produced
under non-optimized conditions (C-1), indicating more
efficient BSA encapsulation in the former.

Another important feature of the release of BSA from
both preparations is that BSA was released for an ex-
tended period of time at a nearly constant rate (approx.
Days 3 to 14 for microspheres obtained under non-
optimized conditions (C-1) and Days 2 to 21 for those
obtained under optimized conditions (C-10); Figure
6A). Eventually, both microsphere preparations are
depleted of protein as indicated by the high cumulative
BSA release (nearly 90 and 100%; Figure 6B). This
shows that only insignificant amounts of insoluble BSA
aggregates could have been formed during the micro-
sphere preparation preventing complete release of the
protein.



Microsphere morphology after different release
times

To evaluate the differences in the release profiles ob-
served for microspheres prepared using conditions C-1
and C-10, they were characterized by SEM after various
times of in-vitro release. The microspheres obtained
under both conditions were initially characterized by a
smooth surface and were spherical in shape (Figure 7A).
Exposure to release buffer for 24 h led to some charac-
teristic changes in the surface structure. Microspheres
obtained under condition C-1 showed very fine pores on
the surface, probably caused by polymer swelling and
release of surface exposed protein (not shown). The lack
of significant changes in the surface, and the formation
of very fine pores, explains the low amount of initial
burst release. In contrast, microspheres obtained under
condition C-10 also showed some morphological
changes and appeared less regularly shaped (Figure 7B).
This could have been caused by the loss of non-encapsu-
lated protein, and the somewhat more pronounced burst
release when compared with microspheres obtained
under condition C-1 would be in line with this ex-
planation. Pores formed by this preparation were ex-
tremely fine, explaining the lag phase in the cumulative
release profile. Exposure of microspheres obtained
under condition C-1, for 1 and 2 weeks, to the release
buffer led to a significant increase in the pore size.
These results explain the release profile, which is con-
sistent with BSA release mainly due to diffusion
(Gopferich & Langer 1995; Batycky et al 1997). In
contrast, microspheres obtained under condition C-10
showed significant signs of erosion (Alonso et al 1994;
Chen et al 1997) after 1 and 2 weeks of release (Figures
7C and D, respectively). Again, these results relate to
the release profile observed (Figure 6B). Initially, the
release was characterized by a lag phase due to limited
diffusion of BSA from the microspheres (Gopferich &
Langer 1995; Batycky et al 1997). After approximately
200 h of exposure to release buffer (corresponding to
approx. 8 days) microsphere erosion becomes significant
and BSA is released more efficiently (Gopferich &
Langer 1995; Batycky et al 1997). The differences in the
microsphere degradation found for both preparations
are probably related to the different actual loading with
BSA.

Another important observation concerns the shape
and size of the cavities of microspheres obtained under
condition C-10 after prolonged release (Figure 7D). The
small cavities formed by release of BSA (and perhaps
polymer erosion) are typically of sub-micrometer size
and somewhat irregularly shaped. It is evident that the
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size of the encapsulated BSA particles must have been
lesser or equal to the size of the formed cavities. This
result strongly supports the notion that the o/w emul-
sion step is important in breaking down the BSA powder
particles to a size much smaller and more homogeneous
than during formation of the s/o suspension (compare
with the image of particles obtained by homogenization
at 20000 rev min~! shown in Figure 3C).

Conclusions

The model protein BSA was encapsulated into PLG
microspheres by a s/o/w technique. Adjustment of
critical encapsulation parameters, in particular during
the o/w emulsion step, allowed an encapsulation effi-
ciency of > 90% to be achieved, and an encapsulation
yield of approximately 70 %. The secondary structure of
BSA did not show any signs of further structural pertur-
bations caused by the encapsulation procedure in ad-
dition to those caused by the initial lyophilization step.
Release profiles were characterized by a low initial burst
release and a cumulative release of > 90%. Taken
together, the results demonstrate that the s/o/w tech-
nique is an attractive alternative to the commonly used
w/o/w double emulsion technique in protein encapsu-
lation procedures.
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