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ABSTRACT

Purpose To study the release of a model protein, bovine
serum albumin (BSA), from microspheres of an hydroxylated
aliphatic polyester, poly(lactic-co-hydroxymethyl glycolic acid)
(PLHMGA).

Methods BSA-loaded microspheres were prepared by a
double emulsion solvent evaporation method. The effect of
copolymer composition and the molecular weight of the
copolymer on in vitro release and degradation were studied.
The integrity of the released BSA was studied by fluorescence
spectroscopy and size exclusion chromatography (SEC).
Results Microspheres prepared from PLHMGA with 50%
hydroxymethyl glycolic acid (HMG) showed a burst release
followed by a sustained release in 5-10 days. PLHMGA
microspheres prepared from a copolymer with 35% and 25%
HMG showed a sustained release of BSA up to 80% for 30
and 60 days, respectively. The release of BSA was hardly
affected by the molecular weight of the polymer. Fluorescence
spectroscopy and SEC showed that the released BSA
preserved its structural integrity. Microspheres were fully
degradable, and the degradation time increased from ~20 days
to 60 days when the HMG content decreased from 50% to
25%.

Conclusions Taking the degradation and release data together,
it can be concluded that the release of BSA from PLHMGA
microspheres is governed by degradation of the microspheres.

A. H. Ghassemi * M. ]. van Steenbergen + H. Talsma *

C. F van Nostrum - D. J. A. Crommelin - W. E. Hennink (b))
Department of Pharmaceutics, Utrecht Institute

for Pharmaceutical Sciences (UIPS), Utrecht University

PO. Box 80082, Sorbonnelaan 16

3508 TB Utrecht, The Netherlands

e-mail: w.e.hennink@uu.nl

@ Springer

KEY WORDS hydroxylated aliphatic polyester -
microspheres - PLGA - protein stability - release

INTRODUCTION

Poly(lactic-co-glycolic acid) (PLGA) has been extensively
investigated for the delivery of hormones, antigens, anti-
bodies and enzymes (1,2). Lactic acid/glycolic acid copoly-
mers degrade via hydrolysis of the ester bounds connecting
the monomer units, and the degradation products are lactic
and glycolic acid, which can be metabolized and/or
excreted by the kidneys (3). However, due to the instability
of proteins during preparation, storage and release, PLGA
systems have drawbacks for protein delivery. One major
concern of PLGA microspheres for the controlled release of
proteins is the acidic pH that is generated in the degrading
polymer matrix (4-7), which leads to denaturation and
aggregation of encapsulated proteins and results in incom-
plete release (8). Furthermore, PLGA is rather hydropho-
bic, and proteins might adsorb onto surfaces of this
polymer, which can be associated with protein unfolding
and aggregation (9—-11). Finally, it has been reported that
acylation and deamidation of proteins might occur in
degrading PLGA matrices (12—16). In our previous study
(17), we investigated the suitability of microspheres of a
hydrophilic polyester, poly(L-lactic-co-hydroxymethyl gly-
colic acid) (PLHMGA), based on L-lactide and glycolide
with pendant hydroxyl groups for the release of macromo-
lecular compounds (18). We showed that the release of a
water-soluble polysaccharide (dextran blue) and a model
protein (lysozyme) was governed by degradation of the
microspheres. However, the release of lysozyme, depending
on the copolymer concentration used for microspheres
formulation, varied from 50% to 70% of the loaded
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amount, and some insoluble residues composed of aggre-
gated protein and insoluble crystalline L-lactic acid
oligomers remained after 30 days. In order to circumvent
the formation of these crystalline oligomers during
degradation and to obtain complete degradation of the
microspheres, in the present study, we used D,L-lactide
instead of L-lactide for synthesis of copolymers with
HMG. Microspheres were prepared using a double
emulsion solvent evaporation method. The degradation
of the microspheres made from copolymers of D,L-
lactide and HMG with different copolymer composition
and molecular weight was studied. The release of a model
protein, bovine serum albumin (BSA), from PLHMGA
microspheres was investigated. Furthermore, the structural
integrity of the released protein was studied.

MATERIALS AND METHODS
Materials

O-Benzyl-L-serine was purchased from Senn Chemicals AG
(Dielsdorf, Switzerland). Bovine serum albumin (BSA) was
obtained from Sigma Chemical Company (St Louis, USA).
D,L-lactide was obtained from Purac, The Netherlands.
NN -Dimethylformamide and methyl-ter&-butyl ether
(MTBE), peptide grade dichloromethane (DCM), metha-
nol, chloroform and tetrahydrofurane (THI) were pur-
chased from Biosolve (Valkenswaard, The Netherlands).
Benzyl alcohol was obtained from Merck (Darmstadt,
Germany). Toluene (Acros, Geel, Belgium) was distilled
from P,Os and stored over 3A molecular sieves under
argon. N,V -Dimethylaminopyridine (DMAP) and sodium
azide (NaN3, 99%) were obtained from Fluka (Zwijndrecht,
The Netherlands). Disodium hydrogen phosphate dihy-
drate (NayHPO,4.2H,0) and sodium dihydrogen phosphate
monohydrate (NaH,PO4.H,0O) were purchased from
Merck (Darmstadt, Germany). Polyvinyl alcohol (PVA;
Mw 30,000-70,000; 88% hydrolyzed) and tin (II)
2-ethylhexanoate (SnOcty) were from Sigma-Aldrich, Inc.,
USA. BCA reagent was from Interchim, USA. Pd/C
(Palladium, 10 wt % on activated carbon, Degussa type
E101 NE/W) was purchased from Aldrich, Zwijndrecht,

Jﬁﬁ

R-OH

catalyst

CH; ©

l)\’

The Netherlands.
were used as received.

Unless otherwise stated, all chemicals

Synthesis of Copolymers of 3S-(benzyloxymethyl)-6S-
methyl-1, 4-dioxane-2, 5-dione with D, L-lactide

3S-(benzyloxymethyl)-6S-methyl-1, 4-dioxane-2, 5-dione
(BMMG) was synthesized according to Leemhuis e al.
(18). The synthesized monomer BMMG was copolymerized
with D,L-lactide at different monomer molar ratios (25/75,
35/65 and 50/50% mol/mol) by melt copolymerization
(Fig. 1) (18).

Briefly, for the synthesis of the 25/75 copolymer,
BMMG (726 mg, 2.87 mmol) and D,L-lactide (1253 mg,
8.66 mmol) were transferred into a dried Schlenk tube
under a dry nitrogen atmosphere. Benzyl alcohol
(12.54 mg; 37 pl from a 352 mg/ml toluene stock solution)
and SnOcty (23.5 mg; 71 pl from 330 mg/ml toluene stock
solution) were added. After evaporation of toluene under
vacuum, the tube was sealed and immersed into a 130°C
oil bath for 16 h while stirring. After cooling to room
temperature, the obtained copolymer, poly(D, L-lactic acid-
ran-benzyloxymethyl glycolic acid) (PLBMGA), was dissolved
in chloroform and subsequently precipitated in cold metha-
nol. After filtration, the polymer was vacuum dried to yield a
1.86 g white solid material, which was dissolved in 300 ml
distilled THF, followed by the addition of 10% w/w Pd/C
catalyst to remove the benzyl protecting groups. The solution
was stirred under hydrogen atmosphere for 16 h, and then the
catalyst was removed by Hyflo filter. Evaporation of THF
yielded 1.5 g of poly(D,L-lacitde-co-hydroxymethyl glycolide)
(PLHMGA). Copolymers of 35/65 and 50/50 BMMG and
D,L-lactide were synthesized using the same method by
adjusting the amounts of BMMG and D,L-lactide. Two
copolymers of BMMG and D,L-lactide (35/65) with different
molecular weights were synthesized at monomers to initiator

(M/I) of 100 and 10.
Polymer Characterization
"H NMR analysis of PLBMGA and PLHMGA was

performed using a Gemini-300 MHz spectrometer at
298 K. Samples were dissolved in CDCls.

cat.nl}sl

Fig. | Synthesis of hydrophilic aliphatic polyesters based on lactic acid and glycolic acid with pendant hydroxyl groups, poly(lactic-co-hydroxymethyl

glycolic acid).
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The molecular weights of the obtained polymers were
determined using GPC (Waters Alliance system), with a
Waters 2695 separating module and a Waters 2414
refractive index detector. Two PL-gel 5 pm Mixed-D
columns fitted with a guard column (Polymer Labs, A,
range 0.2—400 kDa) were used, and calibration was done
using polystyrene standards with narrow molecular-
weight distributions. THF was used as the mobile phase
(1 ml/min) (17).

The thermal properties of the protected (PLBMGA) and
deprotected copolymers (PLHMGA) were measured using
differential scanning calorimetry (T'A instrument, 2000).
Approximately 5 mg of either PLBMGA or PLHMGA was
loaded into aluminum pans, and after heating from room
temperature to 120°C, with a heating rate of 5°C/min,
samples were cooled down to—50°C. Thereafter, they were
heated to 120°C with temperature modulation at £1°C
and a ramping rate of 1°C/min. The second cycle was used
to determine the glass transition temperature (T,) of
synthesized polymers.

Preparation of Microspheres

BSA-loaded microspheres were prepared using a solvent
evaporation technique (17,19,20). Briefly, 125 pl of a BSA
solution in water (50 mg/ml) was emulsified with 500 pl of
a solution of 20% (w/w) PLHMGA solution in DCM by
using an IKA homogenizer (IKA Labortechnik Staufen,
Germany) for 30 s at the highest speed to get an w/o
primary emulsion. An emulsion stabilizer (500 pl 1% PVA
solution) was then added, and the mixture was vortexed for
30 s at maximum speed. The formed emulsion was
subsequently transferred into a 5 ml 0.5% PVA aqueous
solution and stirred for 1 h at room temperature to
evaporate DCM. Microspheres were collected by centrifu-
gation (Laboratory centrifuge, 4 K 15 Germany) at 3000 g
for 3 min and washed 3 times with 100 ml reversed osmosis
(RO) water and freeze dried overnight. The dried micro-
spheres were stored at—25°C.

Microspheres Characterization

The microspheres’ size distributions were analyzed by an
Accusizer™ 780 (Optical particle sizer, Santa Barbara,
California, USA). Results are reported as volumetric mean
diameter.

The morphology of microspheres was analyzed using a
Phenom™ SEM (FEI Company, The Netherlands). The
samples were mounted onto 12 mm diameter aluminum
specimen stubs (Agar Scientific Ltd., England) using
double-sided adhesive tape. The samples were sputter
coated with a platinum coating prior to analysis.

@ Springer

Protein Loading of the Microspheres

Protein loading of the microspheres was determined by
dissolving about 10 mg of freeze-dried microspheres in 1 ml
DMSO. After 1 h incubation at room temperature, 5> ml of
a 0.05 M NaOH solution containing 0.5% (w/v) SDS
(sodium dodecyl sulfate) was added, essentially as described
by Hongkee et al. (21). The resulting solution was then
analyzed for the total protein content by a BCA-microplate
assay. BSA loading efficiency (LE) is reported as the
amount of protein entrapped in the microspheres divided
by the amount of protein added during the preparation of
microspheres times 100%. Loading capacity (LC) 1s
expressed as encapsulated amount of BSA divided by the
total dry weight of the microspheres.

In Vitro Release Studies

BSA-loaded microspheres (20 mg) were suspended in a
1.5 ml PBS (pH 7.4, 0.033 M NaH,PO,, 0.066 M
Na,HPO,, 0.056 M NaCl and 0.05% (w/w) NaNj3) and
incubated at 37°C under mild agitation. Samples were
collected at different time points after centrifugation of the
microspheres’ dispersion, followed by removing 1 ml of
the supernatant and replacing it with 1 ml of fresh buffer.
The samples were analyzed for their protein concentra-
tion by UPLC (Acquity UPLC®) equipped with a BEH
300 C18 1.7 pm column. A gradient elution method was
used with mobile phase A (95% H,O, 5% ACN and
0.1% TFA) and mobile phase B (100% ACN and 0.1%
TFA). The eluent linearly changed from 80:20 (A: B) to
40:60 (A: B) over 2 min and set back to 80:20 (A: B) in
3.5 min, with a flow rate of 0.250 ml/min. The injection
volume was 5 pl, and UV absorbance was measured at
210 nm. BSA standards (10-200 pg/ml) were used for
calibration.

In Vitro Degradation of PLHMGA Microspheres

The n vitro degradation was studied by transferring 20 mg
of the microspheres into eppendorf tubes (10 tubes
per microspheres batch) to which 1.5 ml of PBS buffer
(pH 7.4, 0.033 M NaH,PO,, 0.066 M Nay,HPO,,
0.056 M NaCl and 0.05% (w/w) NaN3) was added. The
samples were incubated at 37°C while gently shaken. In
order to keep the pH constant, at regular time points 1 ml
of the buffer was replaced by fresh buffer. Samples of the
microspheres were removed at different time points, and
after washing them twice with 1 ml RO water, they were
freeze dried, and the weight of samples was measured.
The remaining insoluble residues were characterized using

NMR, DSC and GPC.
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Table | Characteristics of the ] R
PLBMGA and PLHMGA Polymer Feed ratio M/D,L Copolymer Mn (kg/mol) Mw (kg/mol)
Composition (NMR)
PLBMGA P 25/75 21779 14 22
Py* 25/75 22/78 16 35
Ps 35/65 30/70 [ 16
P* 35/65 35/65 2| 41
o Ps* 35/65 32/68 10 16
{ Pe* 35/65 31/69 18 42
P; 50/50 44/56 10 I5
Pg* 50/50 46/54 20 51
PLHMGA Po 25/75 20/80 [ 19
Pio* 25/75 20/80 13 30
9 Copolymers used to study the Pii 35/65 31/69 8 I3
effect of M,, on BSA release Py 35/65 33/67 20 37
M monomer BMMG, G{ Pi3* 35/65 33/67 10 I5
D. L = D L-lactide Pia* 35/65 30/70 19 40
“MA=10 Ps 50/50 47/53 4 7
*synthesized by using Pie* 50/50 46/54 19 45

recrystallized monomer

Protein Stability

Fluorescence spectroscopy was used following the proce-
dure described earlier (17) to investigate possible changes in
the tertiary structure of the released protein. Excitation was
at 295 nm, and fluorescence emission spectra of the
released samples (300450 nm) were measured in l-cm
quartz cuvettes on a Fluorolog®-spectrofluorometer (Hor-
riba Jobin Yvon, Edison, NJ, USA), and average of 3 scans
was taken.

A GPC system comprised a Waters 2475 Multi A
Fluorescence Detector (excitation at 295/emission at 348)
and a Superdex 200 10/300 GL column (GE Healtcare,
Piscataway, USA) was used to investigate the presence of
possible soluble protein aggregates in the released samples.
The mobile phase was a phosphate buffer (pH 6.8, 0.1 M),
the flow rate was 0.5 ml/min and the injection volume was
50 pl. The run time was 70 min, and the area under the
curve (AUC) was measured to calculate the percentage of

monomer, dimer and aggregates in standard (50 pug/ml)
and released samples (ca. 50 pg/ml).

RESULTS AND DISCUSSION

Synthesis and Characterization of PLHMGA Differing
in Copolymer Composition and Molecular Weight

Random copolymers of benzyl protected hydroxyl methyl
glycolide (BHMG) and D, L-lactide with different mono-
mer molar ratios (25/75, 35/65 and 50/50) were synthe-
sized in the melt at 130°C by ring opening polymerization
using BnOH and SnOct, as initiator and catalyst, respec-
tively. The obtained copolymers (PLBMGA) were obtained
in high yields (>90%), and the copolymer composition, as
determined by NMR analysis, closely matched that of the
feed (Table I). The DSC thermograms showed that
PLBMGAs were completely amorphous with a T, of 38,

Table Il Characteristics of

BSA-Loaded PLHMGA Micro- Polymer (Table ) Formulation Folymer concentration Volume weight LE? (%) LC® (%)

spheres (n=3) Prepared Using in DCM % (w/w) mean (um)

PLHMGA Copolymers with

Different Copolymer Ps F 20 10.3+0.9 84.1 1.2 3.6=0.1

Composition and Molecular Pio Fy 25 [50x1.7 82.9+3.2 2.6=0.1

Weights P, F 20 9.6+1.1 85.0+1.4  3.6=0.l
Pia F4 25 10.8x3.1 81.6+3.5 2.7+0.1
Pis C{FS 20 54+03 89.1 £4.8 3.8=0.1

? LE loading efficiency, ° LC loading Pis Fe 20 7.0x24 93348 4.0+0.2

capacity Pis F7 20 10.6x£0.5 49.0x£2.8 22=x02

 Microspheres used to study the Pie Fg 25 13.8+0.5 86.5+2.2 3.0+0.1

effect of M,, on BSA release
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37 and 34°C for the 25/75, 35/65 and 50/50 copolymer,
respectively, in agreement with our previous findings
(17,18). Complete removal of the protecting benzyl group
was confirmed by NMR analysis. The deprotected
PLHMGA copolymers were obtained in a high yield
(>80%) with a T, of 36, 40 and 37°C for 25/75, 35/65
and 50/50 copolymer, respectively.

Table I shows that the molecular weights of the
synthesized polymers with different copolymer composition
(Pg, P11 and P;5) were rather low, which might be ascribed
to the presence of, e.g., hydroxyl-containing impurities in
the monomer that might act as initiator of the ring-opening
polymerization. In order to obtain copolymers with higher
molecular weight, BMMG was therefore recrystallized from
MTBE to reduce the impurities. It was shown that this
recrystallized monomer had a higher melting point (T',=
94°C, AH=99 ]J/g) in comparison to the crystallized
monomer (T,,=83°C, AH=78 ]J/g), demonstrating that
the recrystallization resulted in a monomer batch with less
impurities. The results showed an increase in M,, and M,,
for the copolymer 35/65 (M,, from 8 to 20 kg/mol, M,,
from 13 to 37 kg/mol, compare P}, and P;9) and 50/50
(M,, from 4 tol9 kg/mol, M,, from 7 to 45 kg/mol,
compare Pj5 and Pg) using the recrystallized monomer,
demonstrating that a reduction of the impurities resulted in
polymers with higher molecular weights.

PLHMGA with 35 mol% BHMG and 65 mol% D,L-
lactide of different molecular weights (M, =10 and
19 kg/mol) were synthesized using recrystallized BMMG
with M/I ratio of 10 and 100, respectively (Table I, P;3
and Pyy).

Preparation and Characterization of Microspheres
BSA-loaded PLHMGA microspheres were prepared using

a double emulsion evaporation method. The characteristics
of the microspheres prepared using copolymers with

125
[
(7]
3 100
[
.023 75
s
3 50
£
=1
O 25
R
0 L) L) L) L) L) L) L) L]
0 10 20 30 40 50 60 70
Time (Day)

Fig. 2 BSA release from PLHMGA microspheres prepared from
copolymers with different copolymer composition (Table II; Fy, F3 and F7);
(V) 50/50, (A) 35/65 and (m) 25/75.
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Fig. 3 BSA release from microspheres prepared from copolymers
synthesized from recrystallized BMMG (Table II; F,, F4 and Fg) with the
copolymer concentration of 25% (w/w); (¥) 50/50, (A) 35/65 and (m)
25/75.

different copolymer composition (25/75, 35/65 and 50/50)
and molecular weights are shown in Table IL

Table II shows that the size of the particles ranged from
5 to 15 pm. The loading efficiency was high (>80%) and
independent of the polymer concentration and polymer
molecular weight, except for microspheres prepared using
the copolymer 50/50 at a low polymer concentration and
low M,, (F;, LE ~49%). The high LE is probably caused by
a fast precipitation of the polymer during evaporation of
the solvent, which in turn hampers the drug diffusion into
the continuous phase (22). Table II also shows that the
particle size and LE were not dependent on the molecular
weight of the copolymer used for preparation of the
microspheres (I's and Fg).

In Vitro Release of BSA from PLHMGA Microspheres;
Effect of Copolymer Composition and Molecular
Weight

Fig. 2 shows the BSA release from microspheres of
PLHMGA with different copolymer composition.

iy ry
a ~ o N
o o o o
I I I ]

% Cumulative release
N
(3]
Il

o

10 20 30 40 50 60 70
Time (day)

o

Fig. 4 Calculated release profile of BSA from a cocktail of microspheres
(Fo, F4, Fg, ratio 1/1/1). The straight line gives the zero-order release
profile after a burst of 10%.
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o

Fig. 5 BSA release from PLHMGA microspheres prepared from 35/65
copolymers (Table II; Fs and Fg) with different M,; (V) 10 kg/mol
(P3, Table 1) and (m) 19 kg/mol (P4, Table ).

Microspheres made from PLHMGA 50/50 showed a
burst release of BSA (~40% of the loaded amount), and
thereafter more than 90% of the protein was released
within 2 weeks. The burst release from PLHMGA micro-
spheres decreased to 30% when the molar ratio of the
hydrophilic monomer decreased to 35%. After the burst,
for these microspheres, a sustained release for 30 days was
observed. PLHMGA 25/75 microspheres showed a low
burst (<10%), and after a non-phase release (~20 days), as
polymer degradation progressed, BSA was released for the
next 35 days. However, the release from microspheres of
copolymer 35/65 and 25/75 reached ~80% of the loaded
amount. Likely, the possible deleterious conditions for the
protein during degradation of the microspheres might have
led to denaturation and/or aggregation of BSA. Excipients
can be used to counteract these adverse effects (23,24).

BSA-loaded microspheres were also prepared from
copolymers with higher molecular weight (Table I; Py,
Py5 and Pj¢), and the copolymer concentration of the DCM
solution used to prepare the microspheres was increased
from 20% (w/w) to 25% (w/w). The BSA release profiles
from the prepared microspheres are shown in Fig. 3.

This figure shows that the microspheres prepared with
higher copolymer concentration and molecular weight
showed a substantially lower burst release (~10%) than

Fig. 6 (a) Relative mass decrease

those of Fig. 2 (10-40%). A possible explanation for this
decrease in burst release is that an increasing polymer
concentration and molecular weight resulted in a decrease
of the porosity of the microspheres (25,26). Indeed, micro-
spheres of formulation F; were highly porous, whereas
those of I'g were non-porous (SEM analysis). A quantitative
release of BSA from microspheres of 50/50 copolymer in
20 days was observed. BSA was released in a sustained
manner for 35 days from microspheres of copolymer 35/65
(acceleration of release around day 25, due to degradation of
the particles; see Fig. 6 and its discussion in the text), while
microspheres based on copolymer 25/75 showed a slow
release for 40 days. Thereafter, a faster release was observed
between day 50 and 70, which is caused by degradation of
the microspheres.

The degradation controlled release of BSA from
PLHMGA microspheres opens the possibility to have
release for a prolonged time (not feasible with only one
type of microspheres) using cocktails of microspheres. As an
example, the calculated release of BSA from a 1/1/1
mixture of 50/50, 35/65 and 25/75 is shown in Fig. 4.
This figure shows that after a small burst, the protein is
released with almost zero order kinetics for 65 days..

Fig. 5 shows the release of BSA from PLHMGA
microspheres prepared with copolymers with different
molecular weight.

The microspheres prepared from copolymers with a
rather low M,, (10 kg/mol) showed a burst around 30%
followed by a sustained release for 30 days. Moreover, a
quantitative release of BSA was observed in 35 days.
Increasing the M, to 19 kg/mol decreased the burst to
10%, and thereafter a sustained release of BSA up to 80%
was observed for 40 days. The decrease in burst release
with increasing molecular weight of the copolymer used for
the preparation of the microspheres has also been reported
by other researchers (25,27) and is most likely caused by the
decrease in porosity of the microspheres. However, differ-
ences in porosity using SEM could not be seen; likely, the
pores are smaller than detectable by SEM. The results also

of the PLHMGA microspheres a 125 b
T 125
and (b) number average molecu-
lar welght (Mn) of PLHMGA as a 1004 100
function of time; the copolymer »
I 1)
R £ e ™
. = s
G 50- ® 50
R
251 25
0 L) L) L) L) L) L} 0 T T T T T T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (day) Time (day)
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showed that there is hardly any effect of the polymer
molecular weight on the duration of the release.

In Vitro Degradation of PLHMGA Microspheres

It is generally accepted that the degradation of PLGA and
related polymers proceeds via chemical hydrolysis of the
ester bond (3,28,29); enzyme catalysis hardly contributes to
the degradation of implants (30) and microspheres (31). It

Fig. 7 Scanning electron
micrographs of the PLHMGA
microspheres during in vitro
degradation.

50/50

@ Springer

can therefore be expected that the degradation of
PLHMGA microspheres 1s mainly controlled by hydrolytic
degradation, given the resemblance in structure between
this polymer and PLGA.

Microspheres of PLHMGA with different copolymer
composition incubated in a phosphate buffer (155 mM, pH
7.4) at 37°C showed a continuous weight loss in time
(Fig. 6a). Microspheres of 50/50 copolymer completely
degraded in less than 20 days, in agreement with Leemhuis
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et al. (32). Decreasing the BMMG ratio to 35% and 25%
prolonged the complete degradation process to 30 and
55 days, respectively, again in line with previous findings
(32). Fig. 6b shows that the M, of the non-dissolved
polymer decreased in time, which indicates that micro-
spheres degrade via bulk erosion (17,32).

In contrast to our previous study (17), where insoluble
residues composed of crystalline oligomers of lactic acid
remained, the PLHMGA microspheres degraded completely.
Because in the present study D,L- lactide instead of L-lactide
was used to synthesize the copolymers, upon degradation
amorphous D,L-lactic acid fragments are formed (DSC
analysis), which in contrast to their crystalline counterparts
are susceptible to further hydrolytic degradation (28,33).

Scanning electron micrographs of the PLHMGA micro-
spheres revealed changes in microspheres’ morphology
during degradation. Fig. 7 shows that the microspheres of
the rapidly degrading 50/50 copolymer lost their spherical
shape and became porous after 2 days of degradation; after
7 days, mainly particle aggregates remained. SEM analysis
at day 14 showed the presence of particle residues, whereas
no residues were found at day 20. SEM pictures of
microspheres composed of the 35/65 copolymer were
partly fused at day 7, but they remained essentially non-
porous. As the degradation proceeded, they lost their
spherical shape and were porous at day 14. The particles
were fully degraded at day 30. The microspheres based on
the 25/75 copolymer slowly degraded. At day 14, the
particles showed some porosity, and they were completely
degraded at day 60.

The degradation of the PLHMGA microspheres pre-
pared from copolymers with different M,, was studied. The
microspheres showed a continuous weight loss in time
(Fig. 8a), and they were completely degraded in 30 days.
The mass loss was accompanied by a gradual decrease in
molecular weight (Fig. 8b). The initial molecular weight of
the copolymer had no effect on ecither the kinetics of mass
decrease or on molecular weight decrease. It can be
expected that particles prepared of a higher molecular

Fig. 8 (a) Relative weight

weight polymer degraded slower, because more ester bonds
have to be hydrolyzed before soluble products are formed.
Obviously, the molecular weight of our copolymers differs
not sufficiently to result in clearly different degradation
kinetics.

Combining the release (Figs. 2, 3 and 5) and the i vitro
degradation data (Figs. 6 and 8), it can be concluded that
the release of BSA is to a large extent governed by the
degradation of the microparticles. Obviously, once the
protein molecules present in the pores of the particles are
released (burst release), protein entrapped in the micro-
sphere matrix has a very low mobility and is only released
in the environment once the matrix has undergone
substantial degradation.

Protein Stability

The fluorescence emission spectrum of released BSA showed
no difference in intensity and almost completely overlapped
with that of native BSA. This means that no changes in the
tertiary structure of the protein had occurred. Size exclusion
chromatography analysis showed that the monomer/dimer
ratio in released samples was the same as in freshly dissolved
BSA. Further, extra peaks, e.g., with retention times shorter
than BSA dimer (corresponding to soluble aggregates),
were not observed. This means that, although some insoluble
BSA aggregates were likely formed during release from
the slowly degrading microspheres (Figs. 3 and 5), the
structural integrity of the released/soluble protein was fully
preserved.

CONCLUSIONS

Microspheres prepared from PLHMGA showed, depend-
ing on the copolymer composition, a sustained release of
BSA for 15 to 60 days. The microspheres are fully
degradable, and the degradation kinetics can be tailored
by the copolymer composition. Increasing the BMMG
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microspheres prepared from 1254
copolymers with different 100
molecular weights and (b) » 1004
number average molecular weight o 75 -
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o
19 (V) kg/mol. 25 o5
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0 10 20 30 0 10 20 30
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content of the copolymer caused a faster degradation of
the copolymer, which in turn resulted in a faster release
of the encapsulated BSA. A quantitative release of BSA
was observed from fast degrading microspheres (50/50
copolymer). However, 80% of BSA was recovered from
microspheres composed of copolymer 35/65 and 25/75,
which is possibly due to the formation of insoluble protein
aggregates. Fluorescence spectroscopy and size exclusion
chromatography showed that the released soluble BSA
retained its structural integrity. These findings show that
microspheres of PLHMGA are promising systems for the
delivery of pharmaceutical proteins. In our future studies, we
are focusing on suitable excipients for the stabilization of
encapsulated proteins in order to achieve a complete release of
proteins, particularly from the slowly degrading microspheres.
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