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Degradation of porous poly(anhydride-co-imide) microspheres
and implications for controlled macromolecule delivery
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Abstract

The degradation properties of porous microspheres made using a new family of polyanhydride copolymers, the poly(anhydride-co-
imides), were studied. Poly[trimellitylimido-L-tyrosine-co-sebacic acid-co-1,3-bis(carboxyphenoxy)propane] microspheres, with and
without entrapped bovine serum albumin (BSA) as a model protein, were made using the double emulsion solvent evaporation
process. Water penetration and anhydride bond cleavage (polymer degradation) occurred rapidly ( <35 days) compared to the time
scale of overall microsphere erosion (weeks to months) with most polymer compositions. Subsequent to bond cleavage, the ultimate
erosion of the microsphere and release of entrapped BSA was due mainly to the slow dissolution of the individual hydrophobic
monomers (TMA-Tyr, SA and CPP) from the microsphere surface. BSA was released at approximately the same rate as the polymer
eroded. Due to the fast degradation of anhydride bonds relative to microsphere erosion, initial polymer molecular weight did not have
a significant effect on macromolecule release rates. Instead, monomer solubility correlated well with polymer erosion and BSA release
rates. This erosion mechanism leads to predictable drug release rates which may be appropriate for the delivery of many protein
therapeutics, including vaccine antigens. The anhydride-imide copolymers were well tolerated in acute toxicity studies in rats and
therefore show promise as biomaterials. € 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Polymers have been used for years in medicine as
materials in the artificial heart, dialysis membranes, pros-
thetic limbs and hips and other applications [1]. For use
in the body, degradable polymers have the advantage
that they perform their function and then degrade, thus
obviating the need for surgical removal. A degradable
system also minimizes the risk of long-term toxicity or
immuno-rejection of the polymeric device compared with
non-degradable systems. Applications of degradable
polymers include resorbable surgical sutures [2], matrices
for the controlled time-release of drugs [3], scaffolds for
tissue engineering [4] and resorbable orthopedic devices
such as bone pins [5].
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Over the past 20 years there has been an explosion in
the field of controlled/targeted drug delivery using
biodegradable polymeric vehicles [6]. The lactide/glycol-
ide homo- and copolymers (PLA/GA) have been used in
the majority of studies as relatively few new biodegrad-
able polymers have progressed to clinical trials for drug
delivery applications. For new biodegradable polymers
to be considered for medical use, it is necessary to have
a thorough understanding of their degradation mecha-
nism, ways in which their degradation times can be
manipulated and their biocompatibility. For example,
there is a large body of literature on the degradation
properties and safety of PLA/GA and polyanhydrides
(for example, see reviews by Lewis [7] and Gopferich
etal. [8]) and these are the only two degradable polymers
with FDA-approved implantable controlled drug release
products. However, relatively few studies have examined
the degradation of porous, drug-containing micro-
spheres, especially those made using polyanhydrides.

Previously, we reported on the synthesis and charac-
terization of novel biodegradable anhydride-imide
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Scheme |. TMA-Tyr:SA:CPP anhydride-imide terpolymer.

copolymers for the delivery of drugs, especially vaccine
antigens [9]. These polymers are comprised of three
monomers:  trimellitylimido-L-tyrosine  (TMA-Tyr),
sebacic acid (SA) and 1,3-bis(carboxyphenoxy)propane
(CPP) (Scheme 1). The use of three monomers allowed
the preparation of a family of degradable materials with
good processability which were capable of a wide range
of degradation and macromolecule release properties. In
addition, the tyrosine-containing monomer (TMA-Tyr)
was mcorporated into the polymer due to the ability of
tyrosine and its derivatives to enhance the immune re-
sponse to absorbed antigens (for review, see Kline et al.
[10], thus providing a polymer engineered specifically for
vaccine delivery. Subsequently, we used this family of
polymers to entrap a model protein antigen, bovine
serum albumin (BSA), into micrometer-sized injectable
spheres (microspheres) which were capable of releasing
the protein for days to weeks at 37°C in vitro [11].
Protein release times depended on polymer composition,
protein load and release buffer pH.

In this article, we report on the mechanism of polymer
microsphere erosion with this family of anhydride—imide
copolymers and discuss its effect on protein release. The
erosion process for microspheres made with a variety of
TMA-Tyr:SA:CPP compositions has been character-
ized by gel permeation chromatography. infrared spec-
troscopy, monomer erosion rates, overall microsphere
weight loss rates, scanning electron microscopy and the
effect of pH on monomer solubility and microsphere
erosion. The erosion process of porous microspheres
made with the copolymers is shown to occur in two
phases: (1) water uptake accompanied by hydrolysis of
the anhydride bonds (defined as polymer degradation)
and (2) slow dissolution and diffusion from the micro-
sphere surface of sparingly soluble monomers (defined as
dissolution). Step 2 was found to be the rate-limiting step
in microsphere erosion for most of the TMA-
Tyr:SA:CPP copolymers studied. The slow polymer
erosion results in the prolonged delivery of encapsulated
protein antigens. Long-term antigen delivery is thought
necessary to the induction of immunity in a single immu-
nization [12]. The acute toxicity of poly(TMA-Tyr:

SA:CPP) after subcutaneous implantation in rats is also
examined.

2. Materials

Poly[ trimellitylimido-L-tyrosine-co-sebacic acid-co-1,3-
bis(carboxyphenoxy)propane] anhydride [abbreviated
poly(TMA-Tyr:SA:CPP)] with different monomer ratios
were synthesized as described previously [9]. Poly(vinyl
alcohol) (PVA; M, = 77,000-79,000; 88 mol% hydro-
lyzed) and '*C-labeled bovine serum albumin (BSA) were
purchased from Aldrich Chemical Company, Inc.,
Milwaukee, W1, and Sigma Chemical Company, St. Louis,
MO. respectively. All solvents were analytical grade.

3. Methods
3.1. Polymer characterization

The molecular weight and polydispersity of the
poly(anhydride-co-imides) were determined using a gel
permeation chromatography (GPC) system equipped
with a series 10 pump, 3600 data station and an LC-25
refractive index detector (Perkin Elmer, Norwalk, CT).
Samples were filtered and eluted in chloroform through
a Phenogel 15 pm column (Phenomenex, Torrance, CA)
at a flow rate of 0.90 ml/min. Polymer molecular weights
were determined relative to polystyrene standards (Poly-
sciences Inc., Warrington, PA).

Polymer thermal transition temperatures (T, and T,,)
and heat of fusion were determined using a Perkin Elmer
DSC-2 differential scanning calorimeter (DSC) consisting
of TGA7 and DSC7 analyzers, with TAC7/7 instrument
controllers. UNIX software was used on a DECpc 433
data station. An average sample weight of 5-10 mg was
heated at rates ranging from 5 to 10°C/min under a flow
of N, (30 psi). The extent of copolymer crystallinity was
estimated using DSC and X-ray powder diffraction as
previously described [13].
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3.2. Microsphere preparation

Poly(anhydride-co-imide) microspheres were prepared
by the solvent evaporation method using a double emul-
sion. 100 pL of an aqueous BSA solution was emulsified
into 1 ml methylene chloride containing 100 mg dis-
solved poly(TMA-Tyr:SA:CPP) by probe sonication
(Model VC-250, Sonics & Materials Inc., Danbury, CT)
at output 4 (S0 W) for 30 s on ice. To this primary emul-
sion, 2 ml of aqueous 1% PVA solution saturated with
methylene chloride was added, followed by vigorous mix-
ing with a vortex mixer for 20 s to form a double emul-
sion. The resulting double emulsion was poured into
100 ml 0.1% PVA solution and stirred for 2 h at room
temperature to allow the methylene chloride to com-
pletely evaporate. The polymer precipitated as the
methylene chloride evaporated, thereby trapping the in-
ternal water droplets containing the protein. The
hardened microspheres were subsequently collected by
centrifugation, washed several times with double-distilled
water and freeze-dried (Freeze Dryer 8, Labconco Corp.,
Kansas City, MO) into a free-flowing powder consisting
of antigen dispersed in small drug pockets throughout
the polymer microspheres.

3.3. Microsphere degradation studies

The rate at which the anhydride bonds were cleaved
(defined as polymer degradation) was characterized by
infrared (IR) spectroscopy and GPC analysis. Micro-
spheres incubated in release buffer (0.1 M phosphate-buf-
fered solution, pH 7.4) at 37°C were collected periodically
by centrifugation, washed with double-distilled water
and freeze-dried prior to IR and GPC analysis. IR spec-
troscopy was performed on degrading samples using
a Nicolet Magna-IR 550 Spectrometer and Nicolet data
station with OMNIC 1.20 software (Nicolet, Madison,
WI). The samples were either film cast in chloroform
onto an NaCl plate or ground and pressed into KBr
pellets. In addition, the molecular weight distribution of
degrading microspheres was followed by GPC.

3.4. Monomer solubility determination

The water solubilities of TMA-Tyr, SA and CPP at
37°C were determined by incubating excess monomer in
water with stirring. The pH was adjusted using 0.1 m
NaOH or 0.1 M HCI as necessary. After 96 h the tubes
were centrifuged and the supernatant was collected and
filtered with a 0.45 um filter (Millipore Corp.. Bedford,
MA). The concentrations of the monomers were deter-
mined by HPLC as described [14].

3.5, In vitro microsphere weight loss studies

Overall microsphere erosion was quantified gravimet-
rically by following polymer weight loss with time. 30 mg

of poly(anhydride-co-imide) microspheres were sus-
pended in 5.0ml 0.1 m phosphate-buffered solution, pH
74 and incubated at 37°C on an orbital shaker. At
various times microspheres were collected by centrifu-
gation, washed three times with double-distilled water,
freeze-dried and weighed. Polymer weight loss from
poly(TMA-Tyr:SA:CPP) microspheres was determined
as a function of pH according to the same procedure. The
microspheres were placed in 0.1 M phosphate-buffered
solution from pH 7.4 to pH 11.0 or 0.1 m KCI/HC! buffer
solution (pH 2.0).

3.6. Investigation of microsphere erosion by scanning
electron microscopy (SEM)

Microsphere morphology before and at specific times
during, degradation in release buffer at 37°C was ob-
served by scanning electron microscopy (SEM) using
a Stereoscan 250 MK 3 microscope from Cambridge In-
struments (Cambridge, MA) at 15-27 kV. Microspheres
were {reeze-dried, mounted on metal stubs with double-
sided tape and coated with gold prior to observation.

3.7. Determination of monomer release by HPLC

The concentrations of TMA-Tyr, SA and CPP in re-
lease media were determined using an isocratic HPLC
method [14]. The mobile phase was composed of
1200 m! acetonitrile, 1500 ml water and 100ml | m HCl
solution. The stationary phase consisted of a PRP-1
Hamilton 4.1 x 150 mm column with 5 pum particles
(Rainin Instruments, Woburn, MA). SA was detected at
210 nm, CPP at 246 nm and TMA-Tyr at 280 nm. The
run time was 10 min at a flow rate of 0.8 ml/min on
a Waters HPLC consisting of a M510 pump, M490 UV
detector, and a Wisp 712 autosampler (Millipore).

3.8. Protein recovery from microspheres

The amount of '*C-labeled protein encapsulated in
polymer microspheres (protein loading) was determined
by completely digesting a known weight of microspheres
in 1 ~ NaOH and counting the '*C activity using a liquid
scintillation analyzer (Tri-carb 2000CA, Packard Instru-
ments, Downers Grove, IL).

3.9 In vitro BSA release studies

Poly(anhydride-co-imide) microspheres (5--10 mg)
were suspended in 5.0 ml release buffer and incubated at
37°C on an orbital shaker. At various times the tubes
were removed from the incubator, centrifuged and the
buffer collected and replaced with fresh medium. Samples
were filtered using a low protein-binding, 0.22 um filter
unit (Millipore) and their radioactivity quantified using
a liquid scintillation analyzer to determine the amount of
BSA released.
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3.10. Animals and animal care

Preliminary biocompatibility studies of poly(TMA-
Tyr:SA:CPP) were performed using male Sprague-
Dawley rats (Charles River Laboratories, Cambridge,
MA). Animals were given laboratory rodent chow
(Purina) and tap water ad libitum.

3.11. In vivo toxicity study

For acute toxicity studies, 200 mg of poly(TMA-
Tyr:SA :CPP) was compression-molded at 10,000 psi for
Smin at room temperature (Carver Laboratory Press,
Fred S. Carver, Inc., Menomonee Falls, WI) into 13 mm
1.d. disks and implanted subcutaneously into Sprague-
Dawley rats (n = 4). The ratio of TMA-Tyr:SA:CPP
was 40:30:30 in order to study a polymer with high
percentages of all three monomers. Compression-molded
polymer disks were used in this study to determine the
toxicity of the polymer itself, eliminating the possibility
that an adverse effect could be due to incomplete removal
of other molecules involved in the preparation of micro-
spheres (e.g. polyvinyl alcohol and methylene chloride).
Animals were anesthetized prior to surgery by an in-
traperitoneal injection of 87 mg/kg ketamine (Fort
Dodge Labs, Inc, Fort Dodge, IA) and 13 mg/kg
xylazine (Miles, Inc., Shawnee, KS). An area on the dor-
sum of the rat was shaved, swabbed with the antiseptics
Betadine and isopropyl alcohol and draped with a sterile
cloth. An incision in the dorsal flank region approxim-
ately 2.5 cm long was made using a No. 10 surgical blade
and a subcutaneous pouch was opened medial to the
incision using blunt-end scissors. A single polymer disk
was implanted into the subcutaneous space and the
wound closed with sterile wound clips (Autoclip, Clay
Adams, NJ). Control rats underwent the same surgical
procedure but were given no implant. Four days follow-
ing implantation, the animals were sacrificed and the
implant and surrounding tissue (skin, subcutis and un-
derlying muscle) were harvested. This polymer/tissue
sample was fixed in 10% neutral buffered formalin (Mal-
linckrodt Specialty Chemicals). The samples were then
embedded in paraffin, sectioned and stained with hema-
toxylin and eosin using standard histological techniques.
Histological evaluation was performed independently by
pathologists at Biodevelopment Laboratories, Inc.. Cam-
bridge, MA.

4. Results
4.1. Poly(TMA-Tyr:SA: CPP) microsphere erosion
Scanning electron microscopy (SEM) showed that

poly(TMA-Tyr:SA:CPP) microspheres made by the
double emulsion procedure were spherical and had

Fig. 1. Scanning electron microscopy photograph showing a close-up
view of a single poly(TMA-Tyr:SA:CPP) microsphere made by the
double emulsion solvent evaporation procedure. Microspheres made
by this process have a smooth outer shell without visible surface pores.
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Fig. 2. Poly(TMA-Tyr:SA:CPP) microsphere degradation profiles
in vitro (0.1 M PB, pH 7.4, 37 C) for a variety of polymer compositions
as measured by gel permeation chromatography (GPC). Polymer com-
positions and initial M,, are given in the figure legend.

smooth external surfaces without visible pores (Fig. 1).
However, the microspheres had a high degree of internal
porosity owing to large drug-containing pockets as de-
termined by SEM of microsphere cross-sections [11].
The large drug pockets formed corresponded to the first
emulsion (drug/water-in-polymer/organic solvent) of the
microsphere preparation process. Size distribution analysis
using a Coulter Multisizer 1I showed that more than 85%
of the microspheres had diameters between 3 and 50 pm.

Unlike many polymers, such as the lactide/glycolide
polyesters, which degrade slowly over long periods of
time, polymers containing anhydride bonds are very
water-labile causing porous poly(anhydride-co-imide)
microspheres to degrade (defined as anhydride bond
hydrolysis) quickly. Fig. 2 shows the weight average
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Table 1
Physical Properties of TMA-Tyr:SA:CPP Polymers
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TMA-Tyr:SA:CPP (mol%) M, PDI T (:C) T, (°C) AH (cal/g) Crystallinity (%)
0:50:50 30,700 343 185.0 59 35 7.5
20:80:0 49.800 5.38 65.4 40.8 10.3 28.5
20:50:30 33,000 6.64 i 17.3 0 0
40:30:30 12,800 3.70 B 434 0 0
*Not detected by DSC.
molecular weight (M) as a function of time for a family 100
of TMA-Tyr:SA: CPP pol icrospheres of various iy o
-Tyr:SA: polymer microspheres of various TMA-Tyr:SA-CPP
compositions when placed in aqueous release media 80.] 0 5050

(0.1 m phosphate buffer, pH 7.4) at 37°C. Polymers with
a variety of TMA-Tyr:SA:CPP ratios were studied in
order to determine the effect of polymer composition on
degradation rates. The physical properties of the poly-
mers are summarized in Table 1. The microspheres, re-
gardless of polymer composition and initial molecular
weight, degraded within a matter of days (Fig. 2). Degra-
dation rates depended somewhat on polymer composi-
tion and degree of crystallinity. In general, degradation
occurred more rapidly in polymers with low percentages
of CPP. the most hydrophobic monomer. However,
microspheres made of amorphous TMA-Tyr:SA:CPP
40:30:30 copolymer (0% crystalline, 30% CPP in poly-
mer backbone) degraded more rapidly than the highly
crystalline TMA-Tyr:SA 20:80 copolymer (28.5% cry-
stalline, 0% CPP) microspheres (Fig. 2). This finding may
be explained by the fact that crystalline regions of poly-
mers degrade much more slowly than non-crystalline
regions [13]. As expected, degradation occurred most
slowly with microspheres made of the partially crystal-
line TMA-Tyr:SA:CPP 0:50:50 copolymer containing
the highest percentage of CPP in its backbone (7.5%
crystalline, 50% CPP, Fig. 2). The degradation rates of
poly(anhydride-co-imide) microspheres were also con-
firmed by infrared (IR) spectroscopy: complete disap-
pearance of a characteristic anhydride IR peak [9] at
1810 cm ™! was observed after approximately 122 h in
release media at 37°C (data not shown).

Although anhydride bond hydrolysis occurred within
several days of incubation in release media at 37°C
(Fig. 2). the microspheres did not always completely
erode (defined as microsphere weight-loss) in this time.
Fig. 3a shows the rates at which microspheres lost weight
over time in release buffer for a variety of polymer com-
positions. As the percentage of CPP in the polymer
backbone was increased from 0O to 50%, the time for
complete microsphere erosion increased from a few days
to greater than one month. This finding suggests that,
once the microspheres are completely degraded, the rate-
limiting step for microsphere erosion becomes the slow
dissolution of hydrophobic polymer degradation prod-
ucts (i.e. the original monomers) from the spheres into the

L —e—20:50:30
) —A— 40 : 30 : 30
—e—20:80: 0

Microsphere Weight Loss, %

(a) Time (days)
10 Pol Compaosition
TMA-Tyr:SA:CPP
MY —&— 0:50:50
80~

—&-— 20 : 50 : 30
1N —a— 40 :30:30
1 —e—20:80: 0

% BSA Remaining in Microspheres

(b}

Time (Days)

Fig. 3. (a) Poly(TMA-Tyr:SA:CPP) microsphere erosion rates in vitro
(0.1m PB, pH 7.4, 37 C) as measured by microsphere weight loss. (b}
Corresponding BSA release rates. Microspheres contained 7 wt% BSA
initially.

external release media. BSA was released from the poly-
mer microspheres at approximately the same rate as the
polymer eroded (Fig. 3).

Further evidence that monomer dissolution from the
sphere surface is the rate-limiting step in poly(TMA-
Tyr:SA:CPP) microsphere erosion was gained by
scanning electron microscopy (SEM) observation of
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(b}

Fig. 4. Scanning electron microscopy photographs of poly(TMA-
Tyr:SA:CPP) 20:50:30 microspheres during degradation in vitro
(0.1 M PB, pH 7.4, 37°C) after: (a) four days; and (b) seven days.

microspheres during their degradation in buffer at 37°C
(Fig. 4). Fig. 4a and b show typical poly(TMA-Tyr:SA:
CPP) 20:50:30 microspheres after 4 and 7 days of in
vitro degradation, respectively. After 4 days in buffer the
microsphere had degraded significantly, however, it still
maintained some structural integrity indicating that the
polymer had not been completely hydrolyzed. However,
after 7 days in buffer the microsphere appeared to have
lost all structural integrity. indicating that the polymer
was completely degraded at this point (i.e. complete hy-
drolysis of all anhydride bonds, as confirmed in Fig. 2).
However, a large proportion of the very poorly water-
soluble monomers remained at day 7 and appeared to
have collapsed into the interior structure of the micro-
sphere (Fig. 4b) which was very porous initially. This
collapse may be caused by vacuum drying which preced-
es SEM observation.

Owing to the fact that the various monomers have
differing solubilities in water at pH 7.4 and 37°C (Fig. 5),

100§
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2 — 88— TMA-Tyr
B . —o—SA
2 ] —&— CPP
%)
0.1 T T T T T ]
¢} 2 4 6 8 10 12
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Fig. 5. Solubilities of the monomers (TMA-Tyr, SA and CPP) in water
as a function of pH as determined by high-pressure liquid chromatogra-
phy (HPLC).

it was suspected that they would dissolve and diffuse
from the surface of degraded microspheres at different
rates. To understand the contribution of each monomer
to the overall erosion of microspheres, we followed the
appearance of each monomer in the release buffer with
time by HPLC. The release curves of each monomer from
poly(TMA-Tyr:SA: CPP) microspheres of various com-
positions are shown in Fig. 6. The relatively hydrophilic
monomers, TMA-Tyr and SA, were released at similar
rates within a few days regardless of initial polymer
composition. Their fast release coincides with, and may
at least partially explain, the relatively fast macro-
molecule (BSA) release in the first few days (i.e. the initjal
release phase, Fig. 3b). On the other hand. the CPP
monomer was slowly released for greater than 30 days in
each case (Fig. 6b-d), corresponding to the sustained
slow BSA release (following the initial release phase) seen
in Fig. 3b. This result may be explained in terms of the
higher hydrophobicity and the lower water solubility of
CPP compared with TMA-Tyr and SA. It is also possible
that the more hydrophobic nature of polymers contain-
ing CPP slows microsphere hydration and, therefore,
polymer hydrolysis. This is complicated, however, as is
evident in Fig. 2, by the existence of slow-degrading
crystallites in polymers which do not contain high per-
centages of all three monomers.

To determine whether polymer molecular weight
could have an effect on macromolecule release rates with
poly(TMA-Tyr:SA:CPP) microspheres, we synthesized
poly(TMA-Tyr:SA:CPP) 20:50:30 with weight-average
molecular weights ranging from 33,000 to 83,000 Da and
used these polymers to encapsulate and release BSA
(Fig. 7). The microspheres initially had a BSA loading of
7 wt%. Very little dependence of protein release rates on
initial polymer molecular weight (i.e. MW preceding en-
capsulation) was found (Fig. 7). This finding confirms






