international
journal of
pharmaceutics

International Journal of Pharmaceutics 248 (2002) 193-206

www.elsevier.com/locate/ijpharm

Preservation of lysozyme structure and function upon
encapsulation and release from poly(lactic-co-glycolic) acid
microspheres prepared by the water-in-oil-in-water method

Caroline Pérez, Patricia De Jesus, Kai Griebenow *
Department of Chemistry, University of Puerto Rico, Rio Piedras Campus, PO Box 23346, 00931-3346 San Juan, Puerto Rico

Received 29 January 2002; received in revised form 6 June 2002; accepted 6 August 2002

Abstract

When proteins are encapsulated in bioerodible polymers by water-in-oil-in-water (w/o/w) encapsulation techniques,
inactivation and aggregation are serious drawbacks hampering their sustained delivery. Hen egg-white lysozyme was
employed to investigate whether stabilizing it towards the major stress factors in the w/o/w encapsulation procedure
would allow for the encapsulation and release of structurally unperturbed, non-aggregated, and active protein. When it
was encapsulated in poly(lactic-co-glycolic) acid (PLGA) microspheres without stabilizing additives, lysozyme showed
substantial loss in activity and aggregation. It has been shown that by co-dissolving various sugars and polyhydric
alcohols with lysozyme in the first aqueous buffer, interface-induced lysozyme aggregation and inactivation can be
minimized in the first emulsification step [J. Pharm. Pharmacol. 53 (2001) 1217]. Herein, it was found that those
excipients, which were efficient in preventing interface-induced structural perturbations, were also efficient in
minimizing lyophilization-induced structural perturbations (e.g. lactulose). The efficient excipients identified also
reduced structural perturbations upon lysozyme encapsulation in PLGA microspheres and this led to reduced lysozyme
inactivation and aggregation. However, the data obtained also show that later steps in the encapsulation procedure are
detrimental to lysozyme activity. Lysozyme inactivation was completely prevented only by employing the efficient
excipients in the second aqueous phase also. In summary, protein aggregation and inactivation were minimized by
rationally selecting excipients efficient in stabilizing lysozyme against the major stress factors of w/o/w encapsulation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Delivery of protein and peptide drugs from

bioerodible polymers, such as poly(lactic-co-gly-
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mers presents a major problem because of the
physical and chemical instabilities inherent in
protein molecules (Manning et al., 1989; Wang,
1999; Van de Weert et al., 2000a). Most methods
employed in creating protein-loaded polymer mi-
crospheres involve the exposure of protein to
aqueous—organic interfaces, organic solvents, me-
chanical stress, and dehydration. This frequently
causes protein aggregation and inactivation (Sah,
1999a,b,c; Van de Weert et al., 2000b; Wang, 2000;
Pérez and Griebenow, 2001; Meinel et al., 2001;
Pérez et al., 2002). This is pharmaceutically
unacceptable because it poses danger to patients
due to increased immunogenicity of aggregated
protein.

The most commonly employed method to
achieve protein encapsulation into the matrix of
bioerodible polymers is the so-called water-in-oil-
in-water (w/o/w) technique. Amongst a variety of
other processing steps, the formation of the first
water-in-oil (w/0) emulsion exposing protein to a
water—organic solvent (typically methylene chlo-
ride) interface is particularly considered a cause for
protein inactivation and aggregation (Crotts and
Park, 1998; Kim and Park, 1999; Morlock et al.,
1997; Sah, 1999a,b,c; Van de Weert et al., 2000a,b;
Pérez and Griebenow, 2001; Pérez et al., 2002).
For lysozyme, the model protein chosen in this
study, the aggregates formed were non-covalent in
nature (Van de Weert et al., 2000b; Pérez and
Griebenow, 2001). In addition, activity loss oc-
curred for non-aggregated lysozyme (Pérez and
Griebenow, 2001). The principal cause for the
deleterious events is protein adsorption to the
CH,Cl, interface. It is believed that proteins first
move into the interfacial area. Once in this area,
interaction with the oil phase is energetically
favorable with sometimes no apparent activation
energy reported (Middelberg et al., 2000). Protein
adsorption to the oil interface likely occurs via
exposed hydrophobic areas on the protein surface
(Middelberg et al., 2000). This adsorption causes
substantial protein structural perturbations (Sah,
1999b), presumably due to the reduction in
thermodynamic protein stability due to a reduc-
tion in the strength of the hydrophobic effect
stabilizing the protein core. This leads to what is
commonly referred to as a protein turning inside-

out, e.g. as observed when proteins are exposed to
aqueous—organic mixtures (Griebenow and Kli-
banov, 1996). In addition, the mechanical forces
employed in the creation of the w/o emulsion
might also cause irreversible aggregation (Meinel
et al., 2001). Lastly, microspheres are dehydrated
to prolong storage stability, a process causing
protein structural perturbations (Prestrelski et al.,
1993; Griebenow and Klibanov, 1995), which
often cause irreversible aggregation upon exposure
of proteins to moisture (Costantino et al., 1994,
1995; Wang, 2000). The stress factors outlined
above have been reported to cause perturbations
in the secondary structure (Fu et al., 1999) and loss
in activity (Ghaderi and Carlfors, 1997) of lyso-
zyme after encapsulation in PLGA microspheres
by w/o/w methodologies. For many other proteins
aggregation and loss in biological activity have
also been reported upon encapsulation in PLGA
microspheres by the w/o/w method or upon release
from the devices (Alonso et al., 1994; Nihant et al.,
1994; Lu and Park, 1995; Morlock et al., 1997,
Kim and Park, 1999; Pérez et al., 2002). Only a few
pharmaceutical proteins have been delivered in an
unaltered state using the w/o/w encapsulation
method (for recent reviews see Van de Weert et
al., 2000a; Pérez et al., 2002). Because of this
situation, alternative encapsulation procedures
avoiding formation of an aqueous—organic solvent
interface, such as solid-in-oil-in-oil encapsulation
(Thomasin et al., 1998; Carrasquillo et al.,
2001a,b), have gained much attention (Pérez et
al., 2002). However, these procedures also have
drawbacks. For example, it is technically complex
to assure the homogeneous distribution of protein
powder particles in the microspheres, and in many
protocols protein powder particles have to be
micronized prior to encapsulation (Maa and
Hsu, 1997; Costantino et al., 2000). Because
many of these problems are avoided in w/o/w
encapsulation procedures, development of rational
strategies to stabilize proteins upon w/o/w encap-
sulation is still urgently required.

There is excellent evidence that the first emulsi-
fication step in the w/o/w technique is a principal
cause for protein denaturation and aggregation
(see e.g. Sah, 1997, 1999a,b,c; Van de Weert et al.,
2000b; Pérez and Griebenow, 2001). However, no
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work has been reported showing that sustained
release of protein from microspheres created by
the w/o/w method can be substantially improved
by structurally stabilizing the protein in the o/w
emulsion step (see Van de Weert et al., 2000a and
references therein). This is because data are still
largely missing on protein instability upon release
as the result of protein structural perturbations
during encapsulation (Pérez et al., 2002). In
addition, protein structural and activity data thus
far have not been collected in a systematic manner
at various stages of the encapsulation process.
Even though many studies have employed lyso-
zyme as model protein in w/o/w encapsulation (see
e.g. Ghaderi and Carlfors, 1997; Fu et al., 1999;
Van de Weert et al., 2000c), thus far no study has
been reported to completely prevent lysozyme
inactivation and aggregation in this process.
Only the chemical modification of lysozyme with
PEG afforded excellent stability upon encapsula-
tion in PLGA microspheres (Diwan and Park,
2001).

In a recent publication, we investigated strate-
gies ameliorating the unfolding and aggregation of
the model protein lysozyme at the o/w interface by
employing various polyhydric alcohols and sugars
as excipients (Pérez and Griebenow, 2001). In this
work, we investigated whether the strategies devel-
oped could be used to rationally design a process
assuring lysozyme stabilization upon encapsula-
tion and release from PLGA microspheres pre-
pared by the w/o/w methodology. The effects of
excipients on the structural stabilization, activity
retention, and prevention of aggregation of lyso-
zyme during microencapsulation and subsequent
release were assessed. Based on these results,
efficient excipients were selected and were utilized
to assure encapsulation and release of largely
intact lysozyme from PLGA microspheres.

2. Materials and methods
2.1. Materials
Lysozyme from hen egg-white (crystallized and

lyophilized, EC 3.2.1.17), fructose, lactose, lactu-
lose, maltose, sorbitol, sucrose, trehalose, anhy-

drous CH,Cl, (purity 99.8%), and poly (vinyl
alcohol) (PVA, 87-89% hydrolyzed) were from
Sigma—Aldrich Chemical Co. (St. Louis, MO).
Poly(p,L-lactic-co-glycolic) acid (50:50, Mw 10
kDa) was kindly supplied by Alkermes, Inc.,
Cambridge, MA. All other chemicals were of
analytical grade and from various commercial
suppliers.

2.2. Microsphere preparation

Protein loaded microspheres were prepared by a
w/o/w technique as described by Sah (1997)
because the procedure has been reported to result
in high encapsulation efficiencies, essential for
allowing the investigation of the structure of
encapsulated protein by FTIR spectroscopy.
Briefly, a sample of 15 mg of lysozyme was
dissolved in 0.3 ml of phosphate buffer (pH 5.10)
and 0.9 g of PLGA was dissolved in 7 ml of
methylene chloride. The two solutions were emul-
sified with a VirTis Tempest homogenizer (Gardi-
ner, NY) using a 10-mm shaft equipped with a
micro-fine rotor/stator type generator at approxi-
mately 12000 rpm for 1.5 min to form the first w/o
emulsion. Excipients were co-dissolved with lyso-
zyme at a 1:37 molar ratio of lysozyme-to-additive,
when desired. The primary emulsion was then
poured into a solution of 4% polyvinyl alcohol
(PVA) in distilled water (300 ml) under stirring at
470 rpm to obtain the second emulsion. After 30
min, an additional 700 ml of 10 mM phosphate
buffer was added slowly over a period of 30 min
and the emulsion stirred for 1 h at room tempera-
ture to afford microsphere hardening. In some
cases excipients were added to the second aqueous
phase at a concentration of 10 mg ml~'. Micro-
spheres were then collected by filtration using a
0.22 pm Nylon filter, washed with nanopure water
(18 MQ resistance), and dried for 48 h at a vacuum
of <60 pm of Hg at room temperature.

2.3. Lyophilization

Lysozyme was dissolved in 10 mM potassium
phosphate buffer at pH 5.10 to obtain a concen-
tration of 10 mg ml~'. When needed, excipients
were added to this solution to achieve a 1:37 molar
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ratio of lysozyme-to-excipient. These samples 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 um of Hg for at least 48 h.

2.4. Lysozyme activity assay

Lysozyme activity was determined using freeze-
dried cells of Micrococcus lysodeikticus as the
substrate as described (Pérez and Griebenow,
2001).

2.5. Protein loading of microspheres

Fifteen milligrams of dry microspheres were
dissolved in 2 ml of methylene chloride and
agitated for 30 min followed by centrifugation at
5000 rpm for 20 min. The supernatant was
discarded and the protein was dissolved in 1 ml
of 10 mM phosphate buffer at pH 5.1. Insoluble
lysozyme aggregates and lysozyme adsorbed to
PLGA were taken into account in the calculation
of the actual protein loading of the microspheres
(see Section 2.6 for details). The protein concen-
tration was determined by measuring the absor-
bance at 280 nm using an UV—-Vis spectrometer
(Shimadzu 1601 PC) and by the method of Lowry
et al. (1951). The encapsulation efficiency was
determined as described (Castellanos et al., 2001a).

2.6. Isolation of insoluble lysozyme aggregates

During determination of the protein loading, a
white precipitate was observed at the bottom of
the centrifugation tube. This precipitate was dried
under vacuum ( < 60 pm of Hg) for 24 h and used
directly in FTIR experiments as a KBr pellet
preparation. Aggregated lysozyme was completely
dissolved in buffer containing 6 M urea and the
concentration determined from the absorbance at
280 nm. Remaining insoluble components showed
no detectable protein when measured by FTIR
spectroscopy after the urea treatment and solely
consisted of some residual PLGA (for details see
Section 3). A control experiment has been per-
formed using lyophilized lysozyme and it was
found that the procedure induced < 1% lysozyme

aggregation, less than the standard deviations
(S.D.) given for the amounts of aggregated lyso-
zyme determined in this work.

2.7. Protein release studies

Microspheres (20 mg) were placed in 2 ml of a
10 mM phosphate buffer at pH 7.3 at 37 °C.
Typically every 24 h the samples were subjected to
centrifugation (500 rpm for 1 min in a Beckman J-
21B centrifuge). The supernatant was removed and
the concentration of released protein determined.
The buffer was completely replaced to maintain
sink conditions. The concentration of the released
protein was plotted directly versus time and also
used to construct cumulative release profiles.
Release experiments were performed at least in
triplicate, the results averaged, and the S.D.
calculated.

2.8. Size-exclusion (SEC) HPLC

SEC-HPLC was conducted using a G2000SW-
XLl TSK Gel Column (TosoHaas, PA) and
followed by measuring the UV absorbance at 280
nm. Typically, 50 pl of a filtered lysozyme sample
was loaded onto the column, which was developed
at a flow rate of 0.5 ml min~'. The mobile phase
consisted of 0.3 M sodium chloride, and 50 mM
sodium phosphate at pH 7.0.

2.9. Surface electron microscopy

Scanning electron microscopy of microspheres
was performed using a JEOL 5800 LV scanning
electron microscope. The samples were coated
with gold (200-500 A) using a Denton Vacuum
DV-502A. The size of microspheres was deter-
mined from saved images using the program
picture publisher from Micrografx. For each
sample, the dimensions of at least 25 microspheres
were determined, averaged, and the S.D. calcu-
lated.
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2.10. FTIR measurements of lysozyme after
encapsulation

FTIR studies were conducted using a Nicolet
Magna-IR 560 optical bench. A total of 256 scans
at 2 cm~ ! resolution using Happ—Ganzel apodi-
zation were averaged to obtain each spectrum. The
spectra of lysozyme in aqueous solution (50 mg
ml '), in amorphous dehydrated powders, and
encapsulated in PLGA microspheres were ac-
quired as described (Carrasquillo et al., 1998,
1999, 2001a,b). Protein powders and proteins
encapsulated in microspheres were measured as
KBr pellets (1 mg protein per 200 mg KBr)
(Prestrelski et al., 1993; Griebenow and Klibanov,
1995). Each sample was measured at least four
times. All spectra were corrected for the back-
ground in an interactive manner using the Nico-
LET OMNIC 3.1 software to obtain the protein
vibrational spectra (Carrasquillo et al., 1999).
Subtraction of the PLGA spectrum from spectra
of protein encapsulated in PLGA was performed
as described (Carrasquillo et al.,, 1998, 1999,
2001a,b; Fu et al., 1999; Yang et al., 1999; Van
de Weert et al., 2000c; Castellanos et al., 2001a,b).
Although the polymer band with a maximum at
approximately 1760 cm ! is well separated from
the amide I band (1700-1600 cm '), we were
careful in excluding spectral artifacts caused by the
polymer subtraction procedure. The PLGA back-
ground was subtracted from various lysozyme
samples encapsulated in PLGA employing differ-
ent subtraction factors (e.g. 0.5025, 0.4631, 0.4208
and 0.3692 for lysozyme encapsulated in PLGA
and 0.3191, 0.3870, 0.4141 and 0.5473 for lyso-
zyme with sucrose as excipient and encapsulated in
PLGA). For each of the spectra obtained, we
calculated the secondary structure by performing
Gaussian curve-fitting analysis. For the case of the
lyophilized lysozyme encapsulated in PLGA, the
o-helix contents determined were 27, 25, 26 and
26% for the four situations tested. For the case of
the lysozyme/sucrose formulation encapsulated in
PLGA, the a-helix contents determined were 25,
26, 26 and 24%, respectively. The values were the
same within the error of the method, excluding a
significant influence of the PLGA background

subtraction procedure on the amide I protein
spectrum in our case.

The corrected protein vibrational spectra were
analyzed in the amide I region (1700—1600 cm ~ )
by calculation of the second derivative spectra for
their component composition (Griebenow and
Klibanov, 1995). Second derivative spectra were
smoothed with an 11-point smoothing function
(10.6 cm~'). Fourier self-deconvolution (FSD)
was applied to the corrected spectra to enable the
quantification of the secondary structure in the
amide I region by Gaussian curve fitting (Pérez
and Griebenow, 2000; Griebenow and Klibanov,
1996) using the program omnic 3.1. The para-
meters chosen for FSD were 27 for the full-width
at half-maximum (FWHM) and K=2.4 for the
enhancement factor (Pérez and Griebenow, 2001).
The frequencies and numbers of the bands identi-
fied by in the second derivative spectra were used
as starting parameters for the Gaussian curve-
fitting (performed using the program GRAMS 386
from Galactic Industries, Inc.). The secondary
structure contents were calculated from the areas
of the individual assigned bands and their fraction
to the total area in the amide I region for at least
four spectra, the values were averaged, and the
S.D. were calculated. The assignment of the
individual secondary structural elements was car-
ried out for the amide I region according to Fu et
al. (1999). Spectral correlation coefficients (SCC)
were calculated between the amide I second
derivative spectrum of lysozyme in aqueous solu-
tion and that of lysozyme at various stages of
processing as described by Prestrelski et al. (1993).
SCC values are a measure for overall perturba-
tions in the protein structure. Identical spectra
(and thus structures) result in a value of 1. SCC
values <1 show the magnitude of overall pertur-
bations in the protein’s secondary structure.

3. Results and discussion

3.1. Preservation of lysozyme structure upon
lyophilization and emulsification by excipients

As introduced, two steps in the encapsulation of
proteins in PLGA microspheres by the w/o/w
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method are reported to cause protein structural
perturbations: the initial emulsification step (Mor-
lock et al., 1997; Crotts and Park, 1998; Kim and
Park, 1999; Sah, 1999a,b,c; Van de Weert et al.,
2000b; Pérez and Griebenow, 2001) and the final
dehydration step (Prestrelski et al., 1993; Griebe-
now and Klibanov, 1995; Dong et al., 1995;
Griebenow et al., 1999a,b). In a previous work,
Pérez and Griebenow (2001) tested various poly-
hydric alcohols and sugars for their ability to
prevent lysozyme inactivation and aggregation at
the water—CH,Cl, interface. Such excipients have
the advantage that, in addition to being potentially
efficient in preventing interface-induced protein
denaturation (Cleland and Jones, 1996), they also
have potential in preventing dehydration-induced
protein structural changes (Prestrelski et al., 1993;
Griebenow and Klibanov, 1995; Griebenow et al.,
1999a). We recently hypothesized that those ad-
ditives efficient in preventing lysozyme inactiva-
tion and aggregation at the w/o interface in the
first emulsification step might also be efficient
lyoprotectants (Pérez et al., 2002). To test this,
eight excipients (polyhydric alcohols and sugars)
employed by us to study their effect on lysozyme
stability in the first w/o emulsification step (Pérez
and Griebenow, 2001) were co-dissolved with
lysozyme at the same molar ratio employed
previously (1:37, lysozyme-to-additive) and lyo-
philized. Lysozyme secondary structure in the co-
lyophilizates was determined from the FTIR-
spectra collected (Table 1). As repeatedly found
in the past (Prestrelski et al., 1993; Carrasquillo et
al., 1998; Costantino et al., 1998), some excipients
were efficient in minimizing lyophilization-induced
structural changes, while others were not. For
example, co-lyophilization of lysozyme with su-
crose caused an even more substantial drop in the
a-helix content to 20% than in the absence of the
additive (25%) and also the SCC showed a more
pronounced drop. On the contrary, co-lyophiliza-
tion with lactulose substantially reduced the mag-
nitude of lyophilization-induced  structural
perturbations. The initial hypothesis was tested
by plotting the a-helix contents (Fig. 1A) and SCC
values (Fig. 1B) determined for the lyophilized
lysozyme samples (Table 1) versus the amount of
soluble lysozyme after w/o emulsification (taken

from Table 2 of the paper by Pérez and Griebe-
now, 2001). The statistical analysis by performing
a linear regression resulted in correlation coeffi-
cients of 0.95 (Fig. 1A) and 0.93 (Fig. 1B). An F-
test was performed to test whether the association
between the variables is statistically significant.
The P-values calculated were 0.0008 and 0.0026
and thus there is a statistically significant associa-
tion between the variables for a confidence level of
95%. This suggests that the mechanism of preven-
tion of lyophilization-induced structural changes
and the amelioration of interface-induced aggrega-
tion are indeed related for lysozyme. However, the
generality of this concept still has to be established
for other proteins. Important in the context of this
work is that excipients have been identified that
were efficient in both, prevention of interface-
induced lysozyme aggregation and inactivation as
well as dehydration-induced structural perturba-
tions.

3.2. Preservation of structure and activity of
lysozyme upon encapsulation in PLGA microspheres
by a wlolw method

Next, we investigated whether lysozyme stabili-
zation at the w/o interface and upon lyophilization
could be utilized to afford lysozyme stabilization
upon encapsulation in PLGA microspheres by the
w/o/w methodology and subsequent in vitro re-
lease. Thus, lysozyme was encapsulated in PLGA
microspheres in the absence and presence of
various excipients. In this context, additives effi-
cient (lactulose and lactose) and inefficient (su-
crose and trehalose) in minimizing interface-
induced lysozyme inactivation and aggregation
were employed (Table 1). FTIR spectroscopy
was used to non-invasively probe the structure of
encapsulated lysozyme (Carrasquillo et al., 1998,
1999, 2001a,b; Fu et al., 1999; Yang et al., 1999;
Van de Weert et al., 2000c; Castellanos et al.,
2001a,b). For lysozyme encapsulated into PLGA
microspheres by the w/o/w technique in the
absence of any stabilizing excipients FTIR data
indicated severe structural perturbations (Fig. 2A).
The low SCC-value of 0.6 calculated for the
spectrum of lysozyme in aqueous solution (Fig.
2A, broken line) and that of encapsulated lyso-
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Table 1
Secondary structure of lysozyme in aqueous solution and in the dried state after lyophilization with or without various excipients
Sample/excipient Secondary structure content (%0)* scc
a-Helix f-Sheet Unordered®
Aqueous solution, pH 5.10 36+1 1442 50+1 1
Lyophilized powder, none? 2542 2441°¢ S51+6 0.724+0.02
Lysozyme co-lyophilized with®
Sorbitol 2741 18+1° 55+1 0.79+0.08
Trehalose 23+4 18+1° 58+4 0.68+0.03
Lactose 28+4 17+1° 55+1 0.81+0.05
Fructose 2944 17 +4¢ 5442 0.81+0.04
Lactulose 3143 16 +4° 5148 0.8740.01
Maltose 30+2 10+1° 60+1 0.76 +0.05
Sucrose 20+2 18+3° 61+3 0.64+0.04

# The secondary structure of hen egg white lysozyme was calculated by Gaussian curve-fitting of the Fourier self-deconvoluted

amide I spectra.

® Spectral correlation coefficient (SCC) values were determined using the inverted second derivative spectra of lysozyme in aqueous
solution at pH 5.1 (e.g. see Fig. 2) and the lyophilized lysozyme samples.

¢ Unordered structures include random coil, extended chains, and turns.

9 Lysozyme was lyophilized from an aqueous solution adjusted to pH 5.1 at a concentration of 25 mg ml~ .

¢ Additives were added to a solution of lysozyme prior to lyophilization at a 1:37 molar ratio.

zyme (Fig. 2A, full line) demonstrated substantial
overall structural perturbations. Analysis of the
spectra by Gaussian curve-fitting revealed a de-
crease in the a-helix content from 36 to 26% (Table
2) in agreement with data of Fu et al. (1999). When
lysozyme was encapsulated with the two excipients
that were inefficient in stabilizing lysozyme at the
w/o interface and upon lyophilization, structural
perturbations were even more pronounced. Speci-
fically, when trehalose and sucrose were employed,
the a-helix contents (19+3 and 24+2, respec-
tively) and the SCC-values were the same or less
(0.44 and 0.52, respectively) than for lysozyme
encapsulated without excipients (Table 2 and Fig.
2). Trehalose has been found to be an inefficient
excipient before upon encapsulation of lysozyme
in PLGA microspheres by a w/o/w procedure (Fu
et al., 1999).

The opposite was observed when lysozyme was
encapsulated with lactulose and lactose (Table 1).
In the case of lactulose, the secondary structure
(Table 2) was much more similar to that of native
lysozyme. The inverted second derivative spectra
(Fig. 2C) were also similar and the SCC-value
increased to 0.81. Using lactose during the en-
capsulation procedure also led to improvements in

the structure of encapsulated lysozyme (Table 2).
Thus, those excipients efficient in stabilizing lyso-
zyme at the w/o interface and upon dehydration
were efficient stabilizers upon encapsulation of
lysozyme in PLGA microspheres by the w/o/w
method. Excipients inefficient in stabilizing lyso-
zyme at the w/o interface and upon lyophilization
did not prevent structural perturbations upon
encapsulation. These results are consistent with
the idea that the main events destabilizing lyso-
zyme structure upon encapsulation are indeed the
formation of the first emulsion and the final
dehydration step. For the first time it has been
demonstrated that protein structural changes can
be minimized by using efficient excipients during
encapsulation in PLGA microspheres following a
w/o/w methodology.

3.3. Lysozyme activity

Once structural preservation of the protein upon
encapsulation was achieved, the hypothesis was
tested that the minimization of lysozyme structural
perturbations upon encapsulation would also
cause the release of functionally improved protein.
It has been suggested that data obtained for
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Fig. 1. Relationship between recovery of soluble (non-aggre-
gated) lysozyme (%) after o/w emulsification and the o-helix
content (A) and SCC (B) of lysozyme after lyophilization. The
error bars are the S.D.s calculated for experiments performed at
least in triplicate. The linear regression was calculated for the
data shown as @. One sample (that for the additive maltose, )
clearly did not follow the trend and when it was included in the
calculation of the linear regression in (A) the R-value dropped
to 0.61.

initially released protein are a good measure for
encapsulation-induced protein inactivation (Cle-
land and Jones, 1996). Thus, the specific activity of
lysozyme after 24 h of in vitro release was assessed.
The specific activity of dissolved lysozyme
dropped substantially to 43% when it was encap-
sulated in PLGA microspheres without excipient
(Table 2). This drop in activity was likely due to
the formation of permanently unfolded lysozyme
(Pérez and Griebenow, 2001) because formation of
soluble protein aggregates was excluded. When we
employed SEC-HPLC, a sensitive method to
monitor the formation of such aggregates (Car-
rasquillo et al., 2001b; Castellanos et al., 2001a,b),
we found no peaks other than that of the lysozyme

monomer. Employing the excipients inefficient in
stabilizing lysozyme against interface-induced in-
activation (trehalose and sucrose) during the
encapsulation gave only marginal improvements
in the specific enzyme activity (Table 2). In
contrast, when co-dissolving lactose and lactulose
with lysozyme prior to encapsulation, the released
lysozyme had an increased specific activity of 78
and 81%, respectively (Table 2). Thus, preserva-
tion of lysozyme structure during encapsulation
improved its specific activity; but it was still lower
than prior to encapsulation. To further improve
the functionality of released lysozyme, a strategy
introduced by Fu et al. (1999) was employed and
the excipients were also added to the second
aqueous phase. As the result, lysozyme activity
improved to 90% for the excipient lactose and to
99% for lactulose. Thus, employment of the
excipients in the second aqueous phase completely
prevented loss in activity during encapsulation and
24 h of in vitro release. To shed some light into the
possible mechanism, the activity for the soluble
lysozyme fraction prior to any release directly after
the microsphere preparation was also determined.
For lysozyme co-encapsulated with the respective
excipient, the specific activity was 82% for treha-
lose, 88% for lactose, and 98% for lactulose (note
that no excipients were employed in the second
aqueous phase in these instances). Thus, loss in
activity indeed occurred for these samples after the
exposure to release conditions (Table 2). For the
three excipients the specific activity dropped by
about 13% as the result of exposure to 24 h of in
vitro release conditions. This was prevented when
excipient-loss during the second emulsification
step was prevented by dissolving the excipients in
the second aqueous phase. It is possible that the
drop in lysozyme activity upon release was related
to reversible polymer adsorption leading to irre-
versible lysozyme unfolding. Such irreversible
unfolding has been observed when lysozyme was
exposed to the water—methylene chloride interface
(Pérez and Griebenow, 2001). Lysozyme contact
with the hydrophobic polymer matrix might lead
to similar inactivation processes once encapsulated
lysozyme becomes exposed to the aqueous release
medium.
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Table 2
Secondary structure and stability parameters for various lysozyme formulations

Sample/excipient Secondary structure content (%)* Stability parameters
a-Helix B-Sheet Others® Activity (%)° Aggregates (%o)*
Aqueous solution, pH 5.10 36+1 14+2 5041 95+1°¢ 0
Lyzozyme encapsulated, none’ 2542 24+1 50+4 43+1 48+10
Lysozyme encapsulated with®
Trehalose 19+3 18+2 63+4 69+1" 37+13
Sucrose 2442 17+1 59+1 4247 n.d.
Lactulose 34+1 15+1 51+4 81+7" 21+1
Lactose 3041 1241 5843 787" 1742
Lactulqse‘ J J J 99411 16+12
Lactose' J J J 90+1 13410

# The secondary structure of hen egg white lysozyme was obtained by Gaussian curve-fitting of the Fourier self-deconvoluted amide

I spectra.

® Other secondary structures include random coil, extended chains, and turns.

¢ Activity (%) values refer to the specific activity for lysozyme encapsulated into PLGA microspheres under various conditions after
24 h of in vitro release with respect to that of lysozyme as supplied by the commercial supplier freshly dissolved in the same buffer.

4 Aggregates refer to the percentage of lysozyme after encapsulation in PLGA microspheres that could not be dissolved in buffer
with respect to the total amount of lysozyme encapsulated in the microspheres. The values do not distinguish between aggregated and

PLGA-adsorbed lysozyme.

¢ Incubation of lysozyme in release buffer under release conditions for 24 h did not cause a substantial decrease in the specific

activity.

T Lysozyme was lyophilized from an aqueous solution adjusted to pH 5.1 at a concentration of 25 mg ml~".
€ The additives were co-dissolved with lysozyme at a 1:37 molar ratio (lysozyme-to-excipient) prior to the formation of the first (w/o)

emulsion in the encapsulation procedure.

b When the activity was determined directly after encapsulation, the values were 82 +2% for trehalose, 88 +7% for lactose, and 98 +
10% for lactulose. Thus, 13 +3% of activity was lost when the microspheres were exposed to in vitro release conditions.
! For the preparation of these samples the excipients were dissolved in the second aqueous solution at a concentration of 10 mgml ~"

to prevent excipient loss.

I We repeatedly prepared protein loaded PLGA microspheres using the excipients in the second aqueous phase to obtain FTIR
spectra. Unfortunately, the spectra were characterized by a very low signal-to-noise ratio disabling to obtain protein structural

information.

Even though we did not find a statistically
significant correlation between structural and
activity data (e.g. o-helix content vs. specific
activity), qualitatively it is apparent that when
lysozyme structure was preserved in the PLGA
microspheres (Table 2), a better retention of the
specific activity was found.

3.4. Insoluble lysozyme aggregates

As another stability parameter the amount of
insoluble lysozyme aggregates formed as the result
of the encapsulation procedure was determined.
The procedure used herein to determine aggre-
gated protein employed dehydrated microspheres.
The PLGA was dissolved using methylene chlo-

ride, followed by centrifugation (to harvest all
encapsulated protein), drying of the protein pow-
der pellet thus obtained, and re-dissolving of this
powder in aqueous buffer. The pellet after the final
centrifugation step is associated with aggregated
protein, but might contain residual amounts of
polymer. However, the procedure has the advan-
tage over extraction methods (see e.g. Atkins and
Peacock, 1996) that exposure of protein to a
methylene chloride—water interface, which might
produce protein aggregation itself, is avoided.
FTIR spectroscopy was necessary and useful in
investigating the chemical composition of the
pellets obtained during isolation of aggregated
protein. It is important to note that the above
and other procedures do not allow to distinguish
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A SCC = 0.61+0.01
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Fig. 2. Inverted second derivative amide I infrared spectra of
lysozyme in PLGA microspheres under various conditions (full
lines) compared with that of lysozyme in aqueous solution at
pH 5.10 (broken line). (A) Lysozyme encapsulated in PLGA
microspheres without additives; (B) lysozyme encapsulated with
sucrose as excipient; (C) lysozyme encapsulated with lactulose

as excipient.

between aggregated lysozyme and lysozyme that is
adsorbed to the PLGA polymer. Both are referred
to in the following as aggregated lysozyme.

The FTIR spectra of the pellet obtained after
performing the above procedure revealed the
presence of lysozyme (amide I band visible at
1600—1700 cm ~ ') and PLGA (sharp band with a
maximum at ca. 1760 cm ~'). When this pellet was
treated with a 6 M urea solution, FTIR spectra
revealed the complete removal of protein from the
polymer. The FTIR measurements allowed for the
precise quantitative determination of aggregated
lysozyme by assuring that remaining insoluble
components in the pellets were solely due to

PLGA. Furthermore, the data demonstrate that
lysozyme aggregation and the possible interaction
between lysozyme and the PLGA polymer were
non-covalent in nature and mainly due to hydro-
phobic interactions, in agreement with data pub-
lished by various groups (Kim and Park, 1999;
Nam and Park, 1999; Van de Weert et al., 2000c;
Pérez and Griebenow, 2001; Pérez et al., 2002).

3.4.1. Structure of aggregated lysozyme

The FTIR spectra of the pellets also revealed
some information on the secondary structure of
aggregated lysozyme (Fig. 3). The second deriva-
tive IR spectrum of lysozyme in aqueous solution
is dominated by a strong peak at 1658 cm ',
which is due to a-helix secondary structure. The
spectrum of aggregated lysozyme is quite different
from that of native lysozyme. In particular, new
IR bands at approximately 1627 and 1695 cm ™!
are significant in amplitude. Such bands are
typically associated with the formation of inter-
molecular B-sheets (Dong et al., 1995; Van de
Weert et al., 2000b,c; Pérez and Griebenow, 2000,
2001). When compared with intermolecular B-
sheets created using poly-L-lysine at pH 12 after
heating, a classical example for such a structure
(Prestrelski et al., 1993), it is obvious that the
frequency of the 1627 cm ' component is too high
to allow to assign it to typical intermolecular B-

1695 cm'* -
\ 1650 cm” 1627 cm’!
o / - o / 1616 cm™
O |
= |
8 |
= . |
o 0 / :
N P | :
2 P | :
< | ,
o X i~ \ r’ «
AT ) A2y
AV U L

T T

1700 1680 1660 1640 1620 1600
Wavenumber (cm™)

Fig. 3. Inverted second derivative amide I infrared spectra of
‘insoluble’ lysozyme after extraction from PLGA microspheres
(full line) in comparison to lysozyme in aqueous solution at pH
5.1 (broken line) and aggregated poly-L-lysine (dotted line).
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sheet structure and resembles more that of regular
antiparallel B-sheet structure (Griebenow et al.,
1999a). Thus, the structural organization of the
protein-protein contacts in lysozyme aggregates
likely resembles more that of regular P-sheet
structure than that of extended (‘aggregation’) -
sheets formed when homopolypeptides are used.
However, more importantly, contributions in the
spectrum of aggregated lysozyme between the two
IR bands at 1695 and 1627 cm™' are not
associated with intermolecular protein aggregates.
These bands likely arise from structurally per-
turbed, but non-aggregated lysozyme. It is inter-
esting that a band at 1650 cm ~ ' is clearly visible.
Bands at such frequencies are due to non-repetitive
(‘random coil’) secondary structure (Griebenow et
al., 1999a). An intensity increase in this band
frequently is interpreted as an unfolding event and
thus the structure of a fraction of the insoluble
lysozyme in the pellet is more unfolded than that
of native lysozyme. This makes sense as it is
expected that adsorption of lysozyme to the
hydrophobic PLGA polymer should cause unfold-
ing of the protein.

In conclusion, the insoluble lysozyme fraction
isolated from PLGA microspheres seems to be
heterogeneous in nature consisting of aggregated
lysozyme and structurally severely perturbed and
partially unfolded lysozyme.

3.4.2. Amount of aggregated lysozyme

Since all aggregated lysozyme was completely
dissolved when exposed to 6 M urea solution, the
amount could be determined (Table 2). Lysozyme
encapsulated in PLGA microspheres in the ab-
sence of a stabilizing excipient showed severe
aggregation (48%). In contrast, co-dissolving of
lactulose in the lysozyme solution prior to encap-
sulation resulted in substantial reduction of lyso-
zyme aggregation. Thus, the additive that was
most efficient in reducing encapsulation-induced
structural perturbations in lysozyme, was the most
efficient one in preventing the detrimental loss of
protein due to aggregation. As expected, formula-
tion with lactose, an excipient also efficient in
minimizing dehydration-induced structural pertur-
bations and interface-induced unfolding and ag-
gregation, was also efficient in reducing lysozyme

aggregation upon encapsulation (Table 2). On the
contrary, trehalose was inefficient in this context.
The employment of the excipients lactose and
lactulose also in the second aqueous phase did
not reduce the amount of lysozyme aggregates
substantially. Thus, most of the aggregation of
lysozyme seems to occur during the formation of
the first w/o emulsion. This is in contrast to the
activity, which was also significantly affected by
later steps in the encapsulation.

3.5. In vitro release

Even though the main focus of this work is a
systematic dissection of events causing lysozyme
inactivation and aggregation, the release profiles
for selected preparations were also determined.
The properties of the microspheres obtained are
summarized in Table 3. Lysozyme release from
PLGA microspheres was governed by an asymp-
totic profile in which up to 80% of the protein was
released rapidly within only 150 h (Fig. 4).
Incomplete release after this time was due to the
formation of lysozyme aggregates during the
encapsulation procedure because the amount of
non-released protein (Fig. 4) equalled that of
aggregated lysozyme after encapsulation (Table
2). Thus, no aggregation was caused by the in vitro
release conditions. Procedure-induced aggregation
has been implicated in incomplete delivery of
proteins from polymeric delivery systems pre-
viously (Morlock et al., 1997, 1998; Crotts and
Park, 1998; Kim and Park, 1999; Van de Weert et
al., 2000b). The release profile showed a substan-
tial burst release of 60—70% within the first 24 h. It
is obvious that this was undesirable for practical
applications. However, it is important in the
context of this work that most of the protein was
released within 24 h, assuring that the stability
related studies were performed with a significant
fraction of the encapsulated protein. Future efforts
will be directed to improve the release profiles by
employing PLGA polymers of higher molecular
weights and also by employing blends of PLGA
and the nonionic surfactant poloxamer (Carras-
quillo et al., 2001b). This will then allow studying
the long-term stability of lysozyme in PLGA
microspheres for cases where encapsulation-in-
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Table 3

Microspheres properties of lysozyme encapsulated with various excipients

Sample/excipient Encapsulation efficiency (%)

Microsphere diameter (um)?*

Soluble lysozyme (%0)°

None 65+1
Lysozyme encapsulated with

Trehalose 4941
Sucrose 72+2
Lactulose 58+3
Lactose 47+1
Lactulose® 65+1
Lactose® 47+4

86+16 52410
122425 63+13
107417 n.d.
102424 79+1
94417 83+2
n.d. 83+12
n.d. 87+11

# Data have been obtained from scanning electron micrographs, see Section 2 for details.
® Fraction (%) of the encapsulated lysozyme that could be dissolved in buffer in the procedure used to determine the actual protein

loading.
¢ See footnote i in Section 2.
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Fig. 4. Cumulative release profiles of lysozyme from PLGA
microspheres for different formulations. Additives co-dissolved
with lysozyme in the aqueous solution used in the first w/o
emulsification step: v, lactulose; O, none; O, lactose; and ),
trehalose. The error bars were omitted in cases where they were
smaller than the symbols shown.

duced structural perturbations and aggregation
have been reduced.

4. Conclusions

The major disadvantage of protein encapsula-
tion in PLGA microspheres for their sustained
release by w/o/w methods is the exposure of
protein in aqueous solution to an organic solvent

interface. The stabilization of lysozyme in the first
emulsification step by excipients (in particular
lactulose) resulted in the reduction in encapsula-
tion-induced structural perturbations. This in turn
led to a reduction in encapsulation-induced lyso-
zyme aggregation and inactivation. However, also
later stages in the procedure can give rise to
detrimental events. Some activity loss occurred
after exposure of lysozyme to in vitro release
conditions. This loss in activity was prevented
when excipients were also dissolved in the aqueous
PVA solution used in the second emulsification
step. There was a relationship between structural
preservation and prevention of lysozyme aggrega-
tion as well as between structural preservation and
prevention of loss in activity. In general, the better
the structure of lysozyme was preserved during the
encapsulation procedure, the better the structural
and functional properties of lysozyme were during
release.
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