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ABSTRACT: A series of biodegradable PEG-containing
polyanhydrides composed of sebacic acid, 1, 6-bis(p-car-
boxyphenoxy) hexane, and poly (ethylene glycol) (PEG)
were used as matrix material for BSA-loaded micro-
spheres. The effects of polymer composition on the
microsphere size, entrapment efficiency, in vitro degra-
dation, and in vitro protein release were studied. Micro-
spheres in the size range of 0.8-10 pm were fabricated
via a modified double emulsion method and were
characterized using scanning electron microscopy. As
the content or the molecular weight of PEG was
increased in the copolymer, a proportional increase was
found in the particle size and the efficiency of BSA

entrapment. The in vitro degradation rate of particles
could be controlled by varying the polymer composi-
tion, increasing as the PEG proportion increased. In
vitro release studies of BSA from polyanhydride micro-
spheres revealed that the increased amounts of PEG
within microspheres could accelerate the release rate of
protein. These studies indicate that the PEG-containing
polyanhydrides hold potential for protein delivery
applications. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
121: 352-358, 2011
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INTRODUCTION

While small molecule weight drugs form the major-
ity of new therapeutic agents, protein-based thera-
pies are becoming increasingly prevalent. Unlike
small molecules, proteins are complex three-dimen-
sional molecules, whose higher-order structure as
well as function is prone to chemical and physical
alterations." Therefore, the environment of a protein
delivery vehicle is a critical parameter for successful
protein release. As is well known, biodegradable
polymeric microspheres have been used successfully
in protein delivery, which could protect the protein
from the physiological environment.”™* The charac-
teristics of polymers, such as water swelling, hydro-
phobicity, degradation rate, and especially the affi-
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nity with protein, can be manipulated to maintain
protein stability.>®

Polyanhydrides are the common biodegradable
polymers, and they have been investigated as useful
biomaterials for protein carriers.”® Compared to the
most widely used poly (p,L-lactide-co-glycolide)
(PLGA), polyanhydrides exhibit surface erosion,
which may prevent moisture-induced protein aggre-
gation. Besides, the pH of the degrading medium
does not drop severely as that of PLGA,'*"* thus
providing a more suitable microclimate for protein
molecules. Furthermore, polyanhydride particles
could completely degrade ranging from days to
several months by varying their compositions, and
thus a suitable degradation time can be achieved to
meet delivery needs. However, it has been observed
that the increased hydrophobicity of polyanhydrides
can negatively affect the stability of the incor-
porated protein."

A promising alternative for the polymers dis-
cussed above was the use of PEG-containing poly-
mer carriers for protein stabilization, which could
usually be obtained by introducing PEG segments to
the main chain of polymers."*"” As discussed in
detail elsewhere,'®2" the hydrophilic-hydrophobic
block copolymers with PEG segments showed
several advantages in protein delivery systems,
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including improvements in protein entrapment effi-
ciency and protein stability through enhanced affin-
ity between matrix polymer and protein molecules.
In addition, the hydrophilic PEG segments could
promote the water uptake and swelling of micro-
spheres, so as to modulate the diffusion of pro-
teins.”! More recently, molecular mechanism operat-
ing behind the PEG mediated stabilization of BSA
was well investigated, which further confirmed that
PEG could improve the stability of protein.*

In this study, we reported on the entrapment of a
model protein (BSA) using polyanhydrides based on
hydrophilic PEG and hydrophobic P (SA-CPH). The
SA-CPH-PEG copolymers varied in PEG weight
ratio (2.5-30%) and PEG molecular weight (2000,
4000, and 8000), and were indicated as aPEGDb, in
which “a” was the PEG molecular weight, “b” the
wt % PEG. The SA/CPH ratio was kept at 80 : 20.
For example, 2000PEG10 was the polyanhydride
composed of PEG2000 and 80 : 20 SA:CPH (1 : 10,
w/w). Polyanhydrides without PEG segments were
indicated as SA80CPH20. Different kinds of polyan-
hydride microspheres were fabricated via the double
emulsion technique. In wvitro degradation profiles
were characterized by measuring the particle mass
loss, the PBS medium pH decrease and the morpho-
logical change of microspheres. In vitro BSA release
from polyanhydride microspheres were also
described. The overall objective of this study was to
investigate the effects of PEG segments on micro-
sphere characteristics, including the surface mor-
phology, encapsulation efficiency, in vitro degrada-
tion, and in vitro protein release behavior.

MATERIALS AND METHODS
Materials

Sebacic acid, 4-carboxybenzoic acid, succinic an-
hydride, and acetic anhydride were purchased from
Sinopharm Chemical Reagent Company (Shanghai,
China). 1,6-dibromohexane was purchased from
Aladdin Reagent Company (Shanghai, China).
Hydroxyl-terminated poly (ethylene glycol) (PEG,
M, = 2000, 4000, and 8000, respectively), pyridine
and polyvinyl alcohol (PVA, 99 mol % hydrolyzed)
were obtained from Tianjin Kermel Chemical
Reagent Company (Tianjin, China). Bovine serum
albumin (BSA) was obtained from Biosharp. The
BCA assay kit was purchased from Bioteke Corp.
(Beijing, China). All the other chemicals were of ana-
lytical grade without further purification.

Polymer synthesis and characterization

1,6-bis(p-carboxyphenoxy) hexane (CPH) was syn-
thesized according to the method described by

Conix.”® PEG diacid was synthesized by the method
previously described.** The prepolymers of SA,
CPH, and PEG diacid were synthesized by the
method suggested in the literature.”® Subsequently,
the SA-CPH-PEG copolymers of different composi-
tions were synthesized by melt polycondensation
under vacuum. During the polymerization process,
the weight ratio between SA and CPH in polyan-
hydrides was kept at 80 : 20, and the feeding PEG
was varied from 2.5 to 30% with respect to the total
weight amounts of SA and CPH. The reason we
chose this ratio is that the 80 : 20 SA:CPH polyan-
hydrides have no effect on the BSA secondary struc-
ture.”> The chemical structure of polyanhydrides
was analyzed using "H-NMR spectra obtained from
an AVANCF300MHZ NMR spectrometer. The peaks
corresponding to SA (1.32, 1.65, and 2.44 ppm), CPH
(6.95 and 7.97 ppm), and PEG (3.65 ppm) confirmed
the three components in the newly synthesized
polyanhydrides.

Microsphere fabrication

Microspheres were generated using a double emul-
sion solvent evaporation procedure.”® A water-in-oil
emulsion was obtained by sonication (50 s, 90 W) of
3 mL methylene chloride containing 100 mg of poly-
mer with 300 pL of distilled water, or 300 uL of BSA
solution (30 mg/mL). Aqueous 1% PVA (6 mL) was
added, and the solution was stirred with a homoge-
nizer (10,000 rpm for 60 s) to make a (w/0)/w emul-
sion. The mixture was poured into 0.1% PVA (50
mL) and stirred for 2.5 h at 300 rpm to evaporate
the organic solvent. The microspheres were washed
several times with distilled water and then collected
by centrifugation for 10 min at 1500 x g. The super-
natant was collected after the first centrifugation.
Finally, the microspheres were suspended in 1 mL
of distilled water, and freeze-dried.

Determination of microsphere size and zeta
potential

The size (number and volume mean diameter) and
the size distribution of microspheres suspended in
water were determined by laser diffraction particle
sizer (Nano-ZS, Malvern Instrument, UK). The zeta
potential was measured by Malvern Zeta analyzer
(Nano-ZS, Malvern Instrument, UK). The tempera-
ture was kept at 25°C during measuring.

Scanning electron microscopy

The surface morphology of microspheres was
observed by scanning electron microscope (SEM,
FEI, QUANTA 200). Samples were sputter-coated
with a thin gold layer.
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Figure 1 Scanning electron micrographs of the surface of BSA-containing microspheres prepared from 2000PEG2.5 (A),

2000PEG5 (B), and 4000PEG5 (C).

Determination of the BSA content
in the microspheres

The amount of BSA entrapped in microspheres was
determined by measuring the difference between the
total amount of protein incorporated in the particle
preparation medium and the amount of nonen-
trapped protein remaining in aqueous medium after
the encapsulation process.'**® During the fabrication
process, the microspheres were obtained by centri-
fugation, and the supernatant was collected to deter-
mine the amount of protein not encapsulated.
The mass of protein encapsulated in microspheres
could be easily calculated by mass balance, and
then the protein encapsulation efficiency was
determined by dividing the mass of the loaded
protein by the initial mass of protein. The entra-
pment efficiency was slightly overestimated because
the protein that was lost while washing the
microspheres was not accounted for when calculat-
ing the encapsulation.

In vitro degradation

The degradation behavior of microspheres was eva-
luated by the particle mass loss, the pH change of
degradation medium, and the morphological change
at predesigned intervals. Polyanhydride micro-
spheres (10 mg) were placed individually in test
tube containing 5 mL of 0.1M PBS at pH 7.4. The
sample tubes were incubated in 37°C under contin-
uous shaking (100 rpm). At predetermined inter-
vals, microspheres were centrifuged (1500 x g for
5 min), washed three times and dried to constant
weight. The morphological change of microspheres
can be observed by SEM. Mass loss was determined
gravimetrically by comparing the dry weight
remaining at a specific time with the initial weight.
The pH change of degradation medium was
obtained by detecting the pH value of the superna-
tant at 25°C.
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In vitro protein release

BSA-loaded microspheres (20 mg) were immersed in
1 mL PBS (pH 7.4) containing 0.1% (w/w) sodium
dodecyl sulfate (SDS). Tubes were continuously
shaken at 37°C, and samples were taken at various
time points after the suspension was centrifuged.
The concentration of protein in each sample was
measured by the BCA protein assay upon removal.
The amount of protein released was normalized by
the amount of protein initially loaded into the micro-
spheres. The release experiments were done inde-
pendently in triplicate.

RESULTS AND DISCUSSION
Microsphere characterization

Typical methods for microsphere fabrication include
double emulsion (a.k.a., water-in-oil-in-water (w/o/
w)),”” spray drying, *® and cryogenic atomization
(CA).® The last two methods require special equip-
ment while double emulsion methods do not; how-
ever, care must be taken when encapsulating pro-
teins via the double emulsion technique because the
presence of a water/oil interface is potentially detri-
mental for protein stabilization. In this study, P (SA-
CPH-PEG) microspheres containing BSA were pre-
pared by a modified w/o/w method in the same
condition. As seen in Figure 1, different surface
structures of microspheres were observed corre-
sponding to different polymer compositions. Micro-
spheres prepared from 2000PEG2.5 copolymers pre-
sented a smooth surface [Fig. 1(A)], whereas the
2000PEG5 microspheres were much rougher [Fig.
1(B)]. As molecular weight of PEG increased to 4000,
the particle surface got even rougher and more folds
could be observed [Fig. 1(C)].

Results in Table I indicated that the zeta potential
of microspheres prepared from various copolymers
was —(8.9-14.1) mV, the yield 30—65%, and the
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TABLE I
Characteristics of BSA-Loaded Polyanhydride
Microspheres Prepared from Polymers of Different
Copolymer Composition

a,” Zeta potential ~ Yield

Polymer  (um) d,° (um) (mV) (%) PDI
SA80CPH20 1.01  1.07 -89 63+9 0326
2000PEG2.5 1.80  1.82 -132 65+ 6 0.305
2000PEG5 125 127 -94 61 =8 0314
2000PEG10 216  2.32 -10.8 56 =7  0.289
2000PEG20 250  2.65 —14.1 30+9 0351
4000PEG10 146  1.50 -10.6 526 0293
8000PEG10 151 157 -11.9 46 =10 0.347

? Number mean particle size.
" Volume mean particle size.

polydispersion index (PDI) about 0.300. The typical
size distribution of these microspheres was in the
range of 0.8—10 um, with the majority of the popu-
lation in the 1-3 pm range. As an example, the size
distribution of 2000PEG10 microspheres is shown in
Figure 2. There was no significant difference
between number and volume mean particle size,
indicating that the particle size distribution was
unimodal. Particle size was related to the mixing
rate used in the preparation of the inner emulsion.
When the inner emulsion was prepared by probe
sonication, the overall microsphere size was much
smaller.* Seen from these different microspheres, a
clear trend of increasing the size of microspheres as
their PEG contents increased was observed. Also,
the particle size increased with increase in PEG
molecular weight (Table I). As already noticed by
others,”’ microspheres prepared from copolymers
with PEG 4000 were larger than that with PEG 600
and PEG 1000. A possible explanation for this result
is that the particles were in the swollen state during
the process of size determination, when the hydro-
philic PEG segments promoted the water uptake
and swelling of particles. Therefore, larger particles
could be observed with large PEG amounts due to
their high degree of swelling.

Number (%)

1 10 100 1000 10000

Size (d.nm)

Figure 2 Particle-size distribution of BSA-loaded micro-
spheres prepared with 2000PEG10. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3 Effect of copolymer composition on BSA entrap-
ment. The BSA entrapment efficiency of microspheres
prepared from SAS0CPH20 (A), 2000PEG2.5 (B), 2000PEG5
(C), 2000PEG10 (D), 2000PEG20 (E), 2000PEG30 (F),
4000PEG10 (G), and 8000PEG10 (H). (*) indicated statis-
tically significant differences when compared to
SA80CPH20 (P < 0.05).

Effect of copolymer composition
on BSA entrapment

To investigate the protein entrapment efficiency of
polyanhydride microspheres, a series of copolymers,
with different composition, were used as matrix
materials. As shown in Figure 3, the encapsulation
efficiency of P (SA-CPH-PEG) microspheres with
different PEG2000 contents from 2.5 to 10% is higher
than that of P (SA-CPH), indicating that the incorpo-
rated PEG could enhance a slightly increase in pro-
tein entrapment efficiency. However, as the PEG2000
content in the microspheres was increased to 20%
and beyond, the protein encapsulation efficiency
decreased steadily. Compared with 2000PEG10
microspheres (45.1%), 4000PEG10 showed higher
encapsulation efficiency (52.2%). When PEG8000 was
incorporated into copolymers, the entrapment effi-
ciency decreased significantly.

All of the decrease of entrapment efficiency
described earlier may be attributed to the premature
release of BSA during the 2.5-h solvent evaporation
in PBS. The more hydrophilic the copolymer matrix
is, the more easily the protein molecules diffuse out
during microsphere hardening. As for P (SA-CPH-
PEG) with PEG2000 content of below 10%, the
increase in encapsulation efficiency with increase in
PEG content may be a result of the existence of cer-
tain amount of hydrophilic PEG segments in the
copolymer chains, which improved the affinity of co-
polymer with protein. These results are in agreement
with previous publications.”

Effect of copolymer composition on degradation

Degradation experiments of PEG-Containing poly-
anhydrides were conducted by measuring the mass

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Effect of copolymer composition on the degra-
dation of microspheres. The percent residual weight of P
(SA-CPH-PEG) microspheres incubated in PBS at 37°C.

loss of microspheres and the pH value change of
PBS solutions. Figure 4 shows the degradation pro-
files based on mass loss data. After 96 h of degrada-
tion, the cumulative percentage mass loss was over
90% for all cases. The mass of 8000PEG10 micro-
spheres decreased sharply in the initial 24 h, while a
slight mass loss was observed with 2000PEG5 micro-
spheres. The rate of mass loss depended on micro-
sphere composition, increasing when the PEG pro-
portion in the microspheres increased. For example,
the percent mass loss during the period of 24 h was
35% for 2000PEG10 microspheres and 52% for
2000PEG20 microspheres. In addition, the degrada-
tion rate of 8000PEG10 microspheres was faster than
that of 4000PEG10 microspheres.

The final in vitro degradation products of polyan-
hydride microspheres are SA, CPH and PEG. It is
well known that the rates of hydrolysis of SA-SA
and SA-CPP bonds were higher than that of CPP-
CPP bonds,* for higher solubility led to higher dis-
solution rate (The solubility of SA and CPP mono-
mers were about 1 mg/mL and 0.02 mg/mL).H’31
As PEG was more water soluble than SA and CPH,
the PEG-PEG bonds should be more labile than the
other bonds in P (SA-CPH-PEG) copolymer, and
thus the increase in PEG segments of polyan-
hydrides could result in a faster degradation rate of
microspheres. This result appears to be consistent
with the data reported before.'*

Figure 5 displays the decrease of the medium pH
versus incubation time. The pH value of PBS solu-
tions during the degradation was always higher
than 7.10. Unlike PLGA, which caused a dramatic
pH drop in the release medium after incubation,” a
relatively neutral pH was retained in the degrada-
tion medium for all polyanhydride formulations,
thus providing a suitable environment for proteins.
As seen in Figure 5, irrespective of copolymer

Journal of Applied Polymer Science DOI 10.1002/app
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composition, the pH values dropped sharply to the
minimum in 24 h and then gone back up gradually
from 48 h. For different amounts of PEG in the
copolymers, there was some slight difference in pH
changes. Higher the PEG content or the PEG molec-
ular weight, the faster the pH decreased (24 h).
Judging from Figures 4 and 5, it was found that the
pH change was related to the mass loss of micro-
spheres. Specifically, as PEG segments increased, the
mass of microspheres gradually reduced, and the
pH values got lower accordingly. The low pH value
was attributed to the high degradation rate of micro-
spheres, which resulted in more acid monomers.
The PBS solutions were always changed at predeter-
mined intervals during degradation. After 48 h, the
erosion rate of microspheres was getting slower, and
the pH did not drop severely as before. Thus, the
pH values showed a gradually increased tendency.

Figure 6 shows the morphology changes of the
degraded microspheres. The microspheres were
intact spherical structure at 0 h [Fig. 6(A1,B1,C1)].
After 24 h in releasing medium, a number of pores
were seen scattered all over the particles. Most
microspheres prepared from 2000PEG2.5 and
2000PEG5  still retained spherical structure [Fig.
6(A2,B2)]. However, few spherical particles could be
found in 4000PEGS5 [Fig. 6(C2)]. During the follow-
ing 48 h, only porous remnants of particles remained
[Fig. 6(A3,B3,C3)]. These results indicated that the
increased PEG segments could accelerate the hydro-
lysis rate of polyanhydrides.

Effect of copolymer composition on BSA release

Release profiles of BSA from polyanhydride micro-
spheres were investigated in 0.1% (w/w) SDS
(Fig. 7). All of the release patterns consisted of a
burst release followed by a gradual release phase. It

S 7.25

-~ 2000PEGS
7.20- -= 2000PEG10
— 2000PEG20
7.15- —— 4000PEG10
—— 8000PEG10

7-10 T T T T T

0 24 48 72 96 120

Time (h)

Figure 5 Effect of copolymer composition on the degra-
dation of microspheres. The pH change of degradation
medium incubated with P (SA-CPH-PEG) microspheres.
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o~

C224.0)%,

Figure 6 The surface morphology change of microspheres detected by SEM for 2000PEG2.5 (A1-A3), 2000PEG5 (B1-B3),

and 4000PEG5 (C1-C3) at 0, 24, and 48 h.

is believed that the protein burst is due to protein
release from the microsphere surface. The percent
protein release from 2000PEG5, 2000PEG10, and
2000PEG20 microspheres in 24 h was 38.5, 44.9,
and 58.8%, respectively. Release from copolymer
8000PEG10 was the fastest among all formulations
in this study, with 72.2% of the protein release
within 24 h. The majority of the protein encapsu-
lated in 8000PEG10 was released after 48 h, whereas
2000PEG5 could continue for about 120 h. Such
release behaviors were consistent with the in vitro
degradation profiles of microspheres.

The extent of initial burst increased when the PEG
proportion in polyanhydrides increased, which was
supported by the protein release from 2000PEGS5,
2000PEG10, and 2000PEG20 microspheres. The

100+

Cumulative BSA Release (%)
(=)
[—]

- 2000PEGS5
40+ —+ 2000PEG10
,‘ — 2000PEG20
20 -5~ 4000PEG10
; — 8000PEG10
05 12 24 36 48 60 72 84 96 108 120

Time (h)
Figure 7 Effect of copolymer composition on BSA release.
Cumulative release of BSA from P (SA-CPH-PEG) micro-
spheres at 37°C in PBS with constant agitation (100 rpm).

Journal of Applied Polymer Science DOI 10.1002/app



358

comparison of profiles of BSA release from
4000PEG10 microspheres with that from 8000PEG10
microspheres showed that the PEG molecular weight
could accelerate its initial release significantly. Simi-
lar results have also been obtained with other parti-
cle types.* It can be concluded from this part of the
study that the polymer composition is an effective
tool to modulate release of proteins from P (SA-
CPH-PEG) microspheres.

CONCLUSIONS

In this study, PEG-containing polyanhydrides were
successfully applied as matrix materials for protein-
loaded microspheres. The in vitro degradation and in
vitro protein release profiles of polyanhydride micro-
spheres could be precisely tailored by variation of
the PEG amounts within copolymers. Although this
class of polyanhydrides could enhance the affinity
between matrix polymer and protein molecules, not
all polyanhydrides were suitable vehicles for protein
delivery. For example, microspheres with high PEG
content (above 10%) and large PEG molecular
weight (such as PEG 8000) degraded too fast to
delivery protein drugs. In our future research, it is
of great interest to investigate the effect of polyan-
hydrides on the structure and stability of BSA. In
addition, we will use nonaqueous techniques (a.k.a.,
solid-oil-oil (s/o0/0), CA) for fabricating micro-
spheres, which could avoid the water/organic inter-
face and the hydrolysis of copolymers during prepa-
ration process.
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