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A new model was de®eloped to understand the mechanism of erosion in bioerodible
polymers, which is essential to accurately predict drug release and precisely design con-
trolled release de®ices. This model takes into account the phenomenon of microphase
separation obser®ed for polyanhydrides of certain copolymer compositions, and assumes
that erosion is dominated by degradation and, thus, in a system with a fast eroding and
a slow eroding species, two rate constants� one for each species� essentially control
the e®olution of the polymer microstructure. Expressions were deri®ed for the fraction of
each monomer released, as well as for the porosity in the system. A partition coefficient
accounts for thermodynamic partitioning of a drug into the microdomains. The solu-
tions of the model equations were fitted to experimental data on monomer release kinet-
ics from two polyanhydride systems to obtain the erosion rate constants. Drug release
kinetics experiments are compared to the model solution for drug release, and the parti-
tion coefficient of the drug is obtained from the fits. The comparisons to the data are
promising, while pointing out the limitations of the model. The model does not account
for oligomer formation prior to monomer release or for the dependence of the rate
constants on parameters such as the degree of crystallinity, the local pH, and the poly-
mer molecular weight.

Introduction
The use of biodegradable polymers as carriers for con-

trolled release systems has been the object of research over
the past two decades due to their advantages over other com-
peting systems. The biodegradable structure of the polymer
obviates the need to surgically remove the device. Biocom-
patibility of the degradation products has also been estab-
lished. For example, the FDA has approved the use of the

w Ž .copolymer, poly 1,3-bis p-carboxyphenoxy propane-co-
x Ž .sebacic anhydride , p CPP-SA 20:80, for human use, and the

Ždelivery of anti-cancer proteins has been reported Dang et
.al., 1996 .

For clarity, it is important to distinguish between the terms
‘‘degradation’’ and ‘‘erosion’’. The term ‘‘degradation’’ refers
to the chain scission process by which polymer chains are
cleaved into oligomer or monomer units. The term ‘‘erosion’’
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refers to mass loss from the bulk polymer. In other words,
erosion could be considered as the sum of several elementary
processes, one of which is degradation.

The pioneering work of Langer, Mathiowitz, and co-
Žworkers Chasin et al., 1988; Domb and Langer, 1987;

Goepferich et al., 1995; Leong et al., 1986, 1985; Mathiowitz
et al., 1990a,b, 1988; Mathiowitz and Langer, 1987; Shieh et

.al., 1994; Tamada and Langer, 1992 has established the po-
tential of biodegradable polyanhydrides based on aromatic
and aliphatic dicarboxylic acids as carriers for therapeutic
compounds. This class of polyanhydrides consists of a back-
bone of monomeric carboxylic diacids joined by anhydride
linkages; these bonds are hydrolyzed upon exposure to an
aqueous environment, forming water-soluble monomeric
degradation products. In spite of the hydrophilicity of the
characteristic anhydride functional group, the presence of
aromatic and aliphatic groups in the monomer confers a high
hydrophobicity to the polymer. As a consequence, water is
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prevented from penetrating into the bulk of the polymeric
device causing the erosion process to occur on the surface of

Ž .the device Goepferich, 1996a,b . This is in contrast to
Ž . Ž‘‘bulk-erodible’’ polymers such as poly lactic acid , poly glyco-

.lic acid , and their copolymers, in which water penetrates into
Žthe bulk of the polymer Langer, 1990; Peppas and Langer,

.1994 . The polyanhydride system is extremely versatile due to
the differences in the homopolymer erosion rates; in fact, by
simply employing different comonomer ratios, the erosion

Žtimes can be varied from a few weeks to a few years Leong
.et al., 1985 .

Several studies report in ®itro erosion of copolymeric
polyanhydrides. Some of the earlier work with this system

Žreported only total mass loss Chasin et al., 1988; Leong et
al., 1985; Mathiowitz et al., 1990a, 1988; Mathiowitz and

.Langer, 1987; Shieh et al., 1994; Tamada and Langer, 1992 ;
but, more recently, individual monomer release has been re-
ported because this information provides a more detailed view

Žof the mechanism of degradation Shen et al., 2002; Tamada
.and Langer, 1990 . Recent studies conducted by our group

have shown that depending on the copolymer composition,
Ž . Žthe system based on sebacic anhydride SA and 1,6-bis p-

. Ž . Ž .carboxyphenoxy hexane CPH see Figure 1 undergoes mi-
Ž .crophase separation Shen et al., 2001 . For compositions that

contain one component in excess of �80 mol%, we have
shown earlier, using a combination of nuclear magnetic reso-

Ž . Ž .nance NMR , atomic force microscopy AFM , differential
Ž .scanning calorimetry DSC , and wide angle X-ray diffraction

Ž .WAXD , that the polymer microstructure exhibits mi-
crophase separation. The presence of microphase separation
in such systems is due to a combination of two factors. First,
the reactivity ratio of the co-monomers, SA and CPH, are

Ž .both close to unity Ron et al., 1991; Shen et al., 2002 , and,
hence, if there is an excess of the SA component, SA-SA
bonds are more abundant than SA-CPH or CPH-CPH bonds.
Second, the relative hydrophobicity of the two co-monomers

Žis different manifested by their vastly differing degradation
.rates , and, thus, in situations where, for example, SA-SA

bonds are numerous, the fewer CPH moieties thermodynami-
cally prefer to form ‘‘microdomains’’ within a matrix of SA.
Thus, on a microscopic scale, two equilibrium phases are

( )Figure 1. Chemical structures of CPH top and SA
( )bottom repeat units.

Figure 2. Microphase separation in polyanhydrides.

formed with each phase containing predominantly one con-
stituent. This structure is represented in Figure 2.

Furthermore, it can be argued that if there is microphase
separation in polyanhydrides of a certain copolymer composi-
tion, drugs loaded into such polymers may thermodynami-
cally partition into one phase or the other, depending on the
compatibility of the drug with the constituent monomers.
Careful examination of the literature on in ®itro drug release
from polyanhydrides of specific compositions reveals that drug

Žrelease profiles Chasin et al., 1988; Mathiowitz and Langer,
.1987 do not match polymer erosion profiles over the entire

duration of release. In fact, drug release profiles match indi-
vidual monomer release profiles depending on their compati-
bility to the monomer phase. Thus, for example, the release

Ž .of p-nitroaniline PNA , which is mainly dissolved in the
Ž .slowly eroding phase CPP or CPH , mimics the erosion pro-

Ž .file of that phase once the fast eroding phase SA is dis-
Ž .solved Shen et al., 2002 . Qualitatively similar inferences can

be drawn by observation of release data of other compounds
Žloaded into copolymers of the same family Chasin et al., 1988;

Chickering et al., 1996; Kuntz and Saltzman, 1997; Leong et
al., 1985; Mathiowitz et al., 1988, 1990a, 1992; Mathiowitz
and Langer, 1987; Olivi et al., 1996; Park et al., 1997, 1998;

.Shieh et al., 1994 .
A fundamental understanding of the mechanism of degra-

dation is essential to accurately predict drug release and pre-
cisely design controlled release devices. The development of
a preliminary model that accounts for both microphase sepa-
ration and drug partitioning is the main subject of this arti-
cle. The next section provides a brief summary of current
models that describe polymer degradation and drug release.
The following two sections present the assumptions and the
salient features of the new model, and discuss the estimation
of key model parameters from comparisons to experimental
data, limitations of the model, and suggestions for improve-
ments. The last section highlights the main conclusions of this
work.

Previous Models
One of the first mathematical models describing the diffu-

sive release of a drug from a polymeric device undergoing
surface erosion was developed by Thombre and Himmelstein
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Ž .1984 . They assumed that the erosion front moves with a
zero-order velocity and that Fickian diffusion occurs in the
noneroded zone under pseudo-steady-state conditions. Con-
sequently, two boundaries simultaneously move from the sur-
face of the device to its center. This analysis, which was also
extended to similar devices with a secondary membrane, fun-
damentally aimed to characterize the concentration profile of
the drug inside the device and was able to predict fractional
mass loss based on the drug concentration profile within the

Ž .polymer. The same authors Thombre and Himmelstein, 1985
have developed another model, which accounts for diffusion
of all the species involved in the process. In addition, auto-
catalytic reaction of the polymer during degradation is taken

Žinto account. The system studied was made of a poly orthoes-
.ter matrix in which an acid anhydride and a bioactive agent

are uniformly distributed. The presence of the acid anhy-
dride catalyzed degradation of the polymer matrix according
to an elementary three-step reaction, which ultimately hydro-
lyzed the polymer.

A different approach to understand the mechanism of
Ždegradation was proposed by Zygourakis Zygourakis, 1990;

.Zygourakis and Markenscoff, 1996 . He used the cellular au-
tomata method, first discretizing the system into cells, each
one defined as either a polymer or a drug. Furthermore, each
type of cell was characterized by a time constant for dissolu-
tion upon exposure to solvent. Dissolution time steps were
then iterated to compute the temporal evolution of the ero-
sion front and drug release. The resulting profiles showed
almost linear fractional mass release profiles in contrast with
the sigmoidal release that many experimental data show
ŽChasin et al., 1988; Mathiowitz et al., 1988; Park et al., 1998;

.Shen et al., 2002; Shieh et al., 1994 .
Ž .Goepferich and Langer 1993 developed a stochastic

model using Monte Carlo methods that consider the pres-
ence of multiple phases in the polymer matrix, which was
otherwise similar to the cellular automata approach of Zy-
gourakis. An important similarity between the models of Zy-
gourakis and Goepferich and Langer is that erosion is con-
sidered an elementary process. The models differ in that
Goepferich and Langer assumed finite probabilities for each
erosion event, instead of assigning a constant velocity for ero-
sion, and did not consider drug loading. Their model was ap-
plied to polyanhydrides using two types of polymer cells with
different characteristic erosion times corresponding to crys-
talline and amorphous zones. The time constants were evalu-
ated by fitting to experimental in ®itro erosion data, and not
explicitly correlated to physical processes such as hydrolysis,
dissolution, and subsequent diffusion. Goepferich and Langer
Ž .1995 further developed this model to include monomer dif-
fusion through the resulting porous network.

More recently, a quantitative model was developed by
Ž .Batycky et al. 1997 to predict mass loss, molecular weight

change, and macromolecular drug release as a function of
time for the case of bulk eroding microspheres. In this model,
the two mechanisms of chemical degradation, that is, random
chain scission and end scission, were combined to obtain a
more accurate prediction of the observed mass and molecu-

Ž .lar weight evolution. Two coupled drug release processes
are accounted for: desorption from the surface in contact with
the buffer solution, and Fickian diffusion through mesopores.
The desorption leads to a burst release from the initially ex-

posed surface in contact with the buffer solution. A subse-
quent lag time in the drug release is attributed to the induc-
tion time associated with the growth of micropores and their
coalescence to form mesopores sufficiently large for release
of additional macromolecular drug.

It is worthwhile to note that all the models described above
were developed for polymers with homogenous composition;
thus, the drug is uniformly distributed throughout the poly-
mer matrix and there is no thermodynamic partitioning. One
model that does account for partitioning was developed by

Ž .Varelas et al. 1995a,b . In this model, the drug is encapsu-
lated in a polymeric dispersed phase and diffuses through a
continuous phase. The continuous phase is a hydrogel in
which the drug is only slightly soluble. Thus, the dispersed
phase acts as a reservoir, a pseudo-steady state is obtained
during release, and release is zero-order. The device is not
bioerodible.

The existence of microphase separation in polymers and
consequent partitioning of drugs into the microdomains ne-
cessitates the development of new models that incorporate
these phenomena into the analysis. This is the main goal of
the current work. In addition, physical significance will be
assigned to model parameters by linking them to elementary
physical processes. Furthermore, the parameters will be com-
pared to independent experiments to verify the validity of the
assumptions intrinsic to the model.

Model Development
In general, polymer erosion is a complex phenomenon that

depends on many factors such as: polymer degradation, poly-
mer chemistry and composition, crystallinity, hydrophobicity,
polymer molecular weight, and diffusivity of monomers and
oligomers. Each of these factors plays a different role in de-
termining the rate of erosion. Schematically, the erosion pro-
cess is composed of the following elementary steps:
Ž .1 Water Ingress. Initially, the polymeric device is exposed

to an aqueous buffer solution, which leads to water ingress.
Two kinds of degradation mechanisms can be distinguished:
bulk and surface, depending on the polymer hydrophobicity.
Ž .2 Chemical Degradation. The water randomly breaks the

chemical bonds in the polymer and produces the constituent
monomers and oligomers.
Ž .3 Dissolution. Finally, the monomers dissolve in the

buffer and diffuse through the device into the bulk.
Thus, the erosion process could be viewed as the sum of

different elementary processes, each characterized by a time
constant. The analysis of these processes with the associated
time constants allows us to discern which ones might be rate
limiting and, consequently, which could be ignored in order
to achieve a simplified model.

A new model has been developed that describes the sur-
face erosion of biodegradable polymers, which are comprised
of microphase-separated domains. We have chosen the

Žcopolymeric polyanhydride system based on SA and CPP or
.CPH as a starting point. In this system, microphase separa-

tion occurs when one component of the copolymer is present
Ž . Ž .in excess that is, �80 mol% Shen et al., 2001 .

Ž .We have recently performed experiments Shen et al., 2002
in which we analyzed the release of each of the constituent
monomers of the CPH-SA system, in addition to the overall
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Figure 3. Polyanhydride tablet of half-thickness L , the0
noneroded core, and the progression of the
eroding zone, represented by the broken line
( )L t .

polymer erosion. The system consisted of a tablet whose
Žthickness was small compared to the diameter aspect ratio

. Ž .�10 , so that one-dimensional 1-D transport could be as-
sumed. The coordinate system of choice has its origin at the
center of the tablet of total thickness 2 L . Symmetry enables0
the development of model equations for 0F xFL . From0
these experiments, we know that:
Ž .1 The thickness of the matrices prepared from these

copolymers does not change for several days during erosion;
Ž .2 The erosion front that separates the eroding and the

noneroded zones always moves parallel to the polymer sur-
Ž .face that is exposed to the buffer solution see Figure 3 .

Ž .3 The hydrophobic nature of the copolymers does not al-
low water to penetrate into the core of the tablet; thus,
degradation occurs on the surface.

Additionally, the rate of scission of the bonds for the
Ž .copolymer p SA-CPP was recently evaluated using NMR
Ž .spectroscopy Heatley et al., 1998; McCann et al., 1999 . The

results showed that the degradation rate of the SA-SA bond
is of the same order of magnitude as that of the SA-CPP
bond and two orders of magnitude less than that of the CPP-
CPP bond.

Starting from these considerations, it is clear that the reac-
tionrtransport process that takes place within the copolymer
is essentially governed by two different time constants, one

Ž .associated with SA erosion ‘‘fast’’erosion zone and the other
Ž .with CPP or CPH erosion ‘‘slow’’ erosion zone . For the sake

Žof simplicity, we will refer to the fast eroding species SA
. Žmonomer as A and the slowly eroding species CPH or CPP
.monomer as B.

ŽAs reported previously Goepferich, 1996a,b; Goepferich
.et al., 1995 , after a short period of time referred to as the

‘‘induction period’’, which is attributed to several phenomena
Žthe most important of which is the initial appearance of the

.monomer , the erosion of A proceeds at constant velocity,
independent of the A concentration outside the tablet. This

indicates that the diffusion rate of A through and the dissolu-
tion rate of A within the eroding zone of the tablet may play
a minor role in determining the overall erosion kinetics. From
these observations, we assume as a first approximation
that the erosion process of each constituent of the copolymer
is controlled by the degradation of the corresponding
monomer-monomer bond. We note, however, that Goepferich
and Langer also showed considerable buildup of monomer
crystals near the surface of the polymer during erosion, indi-
cating that polymer degradation and monomer dissolution

Ž .may not occur simultaneously Goepferich and Langer, 1993 .
If the drug release kinetics can be well correlated to monomer
release, the need to treat monomer crystallization and disso-
lution in the foregoing model is obviated. Thus, these effects
can be essentially lumped into an erosion rate constant. The
erosion of species A can be described by a surface zero-order
reaction

dmA � �sM S� 1y p k 1Ž . Ž .A A0 Adt

In Eq. 1, m is the mass of species A lost from the tablet;A
M is the molecular weight of species A; S� is the effectiveA
surface area in contact with the buffer solution; � is theA0
surface fraction of A domains; k� is the molar average sur-A
face erosion rate; and p is the mole fraction of B present in
the A domains. The erosion rate constant k� is assumed toA
be constant, although slow diffusion of polymer degradation
products may have a considerable effect on the local pH as

Ž .reported by Mader et al. 1997 , accelerating erosion.
ŽPrevious studies using atomic force microscopy Shen et

. Ž .al., 2001 AFM are in agreement with the result predicted
from theoretical calculations of the phase diagram that a small
fraction of the constituent of the dispersed phase may be pre-
sent within the matrix phase. In the absence of experimental
data, the parameter � can be estimated as the volume frac-A0
tion of the A domains and p can be estimated by considering
the probability of finding an A-B bond in a randomly dis-
tributed medium of A-A, A-B, and B-B bonds.

In order to model the polymer surface, we hypothesize that
S� is the product of the cross-sectional area S and a constant
term r that accounts for the roughness of the surface. In gen-
eral, the surface roughness changes continuously during ero-
sion so the assumption is only valid in the limit of short in-
duction periods and for pseudo-steady-state conditions. Since
S� is written as Sr and the term r is independent of the geo-
metrical configuration of the tablet, it can be combined with
the k� constant, leading to a single constant k that containsA A

Žall the information about the erosion process that is, k sA
� .k r . Thus, we can define the molar average surface erosionA

rate k as the rate at which the erosion front L is movingA
inside the tablet. Hence, we have

� � dL dLA B
k s 1y p q p s � 2Ž . Ž .A M M dt dtA B

Here, � is the average molar density of the A domains, and
� and � are the mass densities of A and B, respectively.A B
Ž .The units of k are moles per area per time. By integrationA
of Eq. 2 with the condition that at ts0, LsL , the position0
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Ž .of the erosion front as function of time for constant k isA

kA
LsL y t 3Ž .0 �

This equation is valid for 0F tF t , where t is the time re-A A
Ž .quired for all of the A phase the fast-eroding phase to erode.

This is the time at which the erosion front reaches the center
of the tablet. This time constant t can be calculated by set-A
ting Ls0 in Eq. 3

L �0
t � 4Ž .A kA

Integrating Eq. 1, the mass of A lost during erosion of the A
domains is

m sM S� 1y p k t 5Ž . Ž .A A A0 A

The corresponding transport equation that describes the re-
lease of species B from the A domains is

m sM S� pk t 6Ž .B B A0 A

Analogous to the model equations for the fast eroding zone,
transport equations can be written for the slowly eroding
zone, considering a zero-order reaction for the degradation
of B. In this case, the disappearance of the A domains and
the shrinking of the B domains induces a change in the B
surface area exposed to the buffer; therefore, the porosity of

Ž .the tablet � x,t continuously varies with both time and posi-
Ž .tion that is, along the tablet thickness . To model the poros-

ity, a mass balance for species B in a differential element dx
positioned at distance x from the center of the tablet is writ-
ten

Ž .L y x � �0
ty k MB Bk � �A� x , t s� q � x , t � dt 7Ž . Ž . Ž .HA0 Ž .L y x � �o �B

K A

Here, k is the surface erosion rate associated with the scis-B
sion of B-B bonds and dissolution of the B monomer and
Ž .� x,t represents the surface area of B in contact with the

Ž .buffer per unit volume. To find an expression for � x,t , the
B phase is modeled as spheres with an average diameter d0
Ž .note that this is a surface-area average for each infinitesi-
mal volume Sdx. It is important to recognize that these
spheres could be interconnected or disconnected. If they are
interconnected, the device retains its mechanical integrity; if
not, the spheres erode away into the surrounding buffer,

Ž .which acts as an infinite medium and degrade. Then, � x,t
becomes a function of time through the cube root of the

Žporosity and is given by for spherical domains � s6rd and
ŽŽ . .1r3drd s 1y � r� , where subscript 0 indicates initial0 B 0
.condition .

6 y1r3 1r3� x , t � 1y� � 8Ž . Ž . Ž .B0d0

Applying the Leibniz rule to integrate Eq. 7 and imposing
the condition that, at time ts0q, the porosity in the in-
finitesimal volume Sdx is equal to the volume fraction of A
domains, we obtain an analytical expression for the porosity
Ž .� x,t

3
L y x �Ž .0

� x , t s1y� 1y� ty 9Ž . Ž .B0 ž /kA

It is important to note that the functionality for � with re-
spect to the spatial dimension x is obtained considering that
A domains between xsL and the surface at x must com-0
pletely degrade for the surface at x to be exposed to the
water. Here, � is defined as

2k MB B
� � 10Ž .

d �0 B

The term � represents a time constant for the degradation
of phase B with dimensions of reciprocal time. As a conse-
quence, Eq. 9 is valid for values of x and t such that � is
always greater than zero. In other words, the B domains pre-
sent in each of the infinitesimal volumes of the tablet erode
after being in contact with water for a time equal to t . Addi-B
tionally, t can be viewed as the time at which the tabletB
starts to shrink, that is, when xsL , the time at which � s0
1 is t and is given by t s1r� . Thus, the total time requiredB B
for the complete erosion of the tablet is the sum of the two
time constants, t and t .A B

It is instructive to recognize that the condition t � t couldA B
also occur in the systems under consideration. For this condi-
tion to occur, d must be decreased or L must be increased.0 0
Decreasing d causes the spherical domains to be uncon-0
nected, thus compromising the mechanical integrity of the
device; increasing L may violate the assumptions of no dif-0
fusion control and 1-D transport; hence, this case is not con-
sidered here. Thus, t is always less than t in this work.A B

Results and Discussion
w x w x wWhen t � t , three different regimes 0, t t , t t ,A B A A B B

xt q t may be distinguished. For each of these regimes, theA B
mass of B eroded can be calculated by integration with re-

Ž w x. Ž w x.spect to position xg 0, L and time tg 0,t of the mass0
balance of B species in B domains

� t � 4m s y 1y 1y� t tF t 11Ž . Ž .B A23� 12�

� t �A 4 4m s y 1y� ty t y 1y� tŽ .Ž .Ž .B A23� 12�

t F tF t 12Ž .A B

� t �A 4m s y 1y� ty t t F tF t q tŽ .Ž .B A B B A23� 12�

13Ž .

6k � M SkB B0 B A
�s 14Ž .

d �0
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Adding the mass of B lost from the A domains and normaliz-
ing with respect to the initial mass of B in the tablet, the
mass fraction of B eroded can be obtained. Finally, the mass

Ž . Ž .fractions of A x and B monomer x released from theA B
tablet during the three regimes are

m tA
x s s tF t 15Ž .A Am tA0 A

m tB 4x s s y� � 1y 1y� t tF t 16Ž . Ž .B Am tB0 A

mB 4 4x s s1y� � 1y� ty t y 1y� tŽ .Ž .Ž .B AmB0

t F tF t 17Ž .A B

mB 4x s s1y� � 1y� ty t t F tF t q t 18Ž .Ž .Ž .B A B B AmB0

�
�s 19Ž .212�

From the above equations, it is clear that in the first regime,
the erosion rate of B increases with the exposed surface and
reaches a maximum by the time all of the A is eroded. In the
second regime, the erosion rate of B decreases as conse-
quence of the decreasing exposed surface; and, at the end, in
the third regime the mass fraction of B eroded approaches
unity with zero slope.

( ) ( )p CPP-SA and p CPH-SA 20:80 erosion
Equations 15	18 can be used to fit monomer release data

Ž . Ž Ž . .from p CPP-SA 20:80 or p CPH-SA 20:80 copolymers.
From the fit of Eq. 15 to SA release data, the SA erosion
rate k can be obtained. Once k is obtained, t can beA A A
calculated using Eq. 4. Knowing t , the fit of Eq. 16 to CPPA
Ž . Ž .or CPH release data in the first regime tF t can be usedA

Ž .to obtain the CPP or CPH erosion rate k . Once both kB A
and k are known, the CPH release profiles in regimes 2 andB
3 can be predicted by the model using Eqs. 17 and 18. The
parameters that are known in this analysis are L , d , p, � ,0 0 A
� , M , M , and the copolymer composition. From AFM ex-B A B

Ž .periments Shen et al., 2001 , the value of d is estimated to0
be of the order of 25 nm. The value of p has been chosen to
be 0.07 based on image analysis of the surface fraction of SA
and CPH domains in the AFM experiments of Shen et al.
Ž .2001b . The density values have been taken from Mathiowitz

Ž .et al. 1990b . The values of these parameters for the two
experimental systems considered below are shown in Table 1.

A combination of UV-Vis spectrophotometry and high-
Ž .pressure liquid chromatography Tamada and Langer, 1990

can be used to measure the release of the individual
Ž .monomers, SA and CPP or CPH . Using these methods,

Ž .Tamada and Langer 1992, 1990 have obtained release data
Ž .for SA and CPP release from p CPP-SA 20:80 copolymer

Žtablets degrading in phosphate buffered saline solution pH
. Ž .s7.4 at 37
C. The SA release data open circles is fit with

Eq. 15 and is shown in Figure 4. The value of k obtainedA
from this fit is 1.1�10y4 molrcm2 day. Using this value of
k , t for this system is calculated from Eq. 4 as 3.3 days.A A

Table 1. Model Parameters Determined by Experiments

Parameter Value

L 0.075 cm0
d 25 nm0
p 0.07

3� 1.1 grcmA
3� 1.1 grcmB

M 182A
M 342B , CPH
M 300B , CPP

Ž .The CPP release data open squares for tF3.3 days is fit
with Eq. 16, and is also shown in Figure 4. The value of kB
obtained from this fit is 2.2�10y9 molrcm2 day. As ex-

Žpected, the SA erosion rate is much higher �5 orders of
.magnitude than the CPP erosion rate. It is instructive to note

here that k represents the erosion rate of both SA-SA andA
SA-CPP bonds. Using the values of k just obtained, theB
value of t can be calculated using t s1r� , and for thisB B
system, t s8.4 days. Thus, the total time required for ero-B
sion of the CPP domains should be t q t s11.7 days. InA B
addition, the CPP release for regimes 2 and 3 can be pre-
dicted using Eqs. 17 and 18. These predictions are compared
to the experimental release data in Figure 4 and, as shown,
the agreement is excellent. It is important to note that the
theoretical CPP release profiles in regimes 2 and 3 and the
total CPP release time are predicted from the model once kA
and k are known.B

We have extended the method developed by Tamada and
Langer to monitor individual release of SA and CPH

Ž . Žmonomer from tablets of p CPH-SA 20:80 copolymers Shen
.et al., 2002 . The details of the experimental techniques are

Ž .described elsewhere Shen et al., 2002 . The theoretical fits
of individual monomer release from the current model and
the experimental data are shown in Figure 5. The value of kA

Ž . y4 2obtained from this fit using Eq. 15 is 2.2�10 molrcm
day. Using this value of k , t for this system is calculatedA A

Figure 4. Experimental results vs. model for the erosion
( ) (of p CPP-SA 20:80 tablets Tamada and

)Langer, 1990 .
CPPs �, SAs`. The solid lines represent model fits to

Ž .monomer release Eqs. 15	18 .
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Figure 5. Experimental results vs. model for the erosion
( ) (of p CPH-SA 20:80 tablets Shen et al.,
)2001a .

CPHs �, SAs`. The solid lines represent model fits to
Ž .monomer release Eqs. 15	18 .

from Eq. 3 as 2.0 days. It is instructive to note that the value
of k obtained from this fit is of the same order of magni-A

Ž .tude as that obtained from the SA released in the p CPP-SA
Ž20:80 system see Table 2 for a summary of the calculated

Ž . Ž .parameters of the p CPP-SA 20:80 and p CPH-SA 20:80
. Ž .systems . The CPH release data open squares for tF2.0

days is fit with Eq. 16 and is also shown in Figure 5. The
value of k obtained from this fit is 5.2�10y10 molrcm2 day.B

ŽOnce again, the SA erosion rate is much higher �5 orders
.of magnitude than the CPP erosion rate. In addition, the

ŽCPH erosion rate is slower than the CPP erosion rate see
.Table 2 . This is expected since CPH is more hydrophobic

Ž .than CPP see Figure 1 . Using the value of k just obtained,B
the value of t can be calculated using t s1r� , and for theB B
CPH-SA system, t s7.7 days. Thus, the total time requiredB
for erosion of the CPH domains should be t q t s9.7 days.A B
In addition, the CPH release for regimes 2 and 3 can be pre-
dicted using Eqs. 17 and 18. These predictions are compared
to the experimental release data in Figure 5 and, as shown,
the model correctly predicts the shape of the release profile.
However, the model overpredicts the CPH release in the sec-
ond and third regimes. The reasons for this discrepancy are
discussed later.

Using the values of k and k , the porosity � in the CPH-A B
SA system can be plotted as a function of both position and
time using Eq. 9. This porosity profile is shown in Figure 6.

Ž .As expected, � approaches 1 at the surface xsL at ts t .0 A

( )Drug release from p CPH-SA 20:80
Based on experimental data of drug release from polyanhy-

Ž Ž . .drides with microphase separation such as p CPH-SA 20:80 ,
we have proposed that the compatibility of the polymer and
drug drives the thermodynamic partitioning of the drug within

Ž .the microdomains of the polymer Shen et al., 2001a . Het-
Ž .erogeneous polymers such as p CPH-SA 20:80 and 80:20

provide a microphase-separated environment in which the
drug can preferentially partition itself. Drug molecules loaded
into such polymers will attempt to distribute themselves into

Table 2. Model Parameters from Fits to Experimental
Monomer Release Data

Ž . Ž .Parameter p CPP-SA 20:80 p CPH-SA 20:80
y4 2 y4 2k 1.1�10 molrcm day 2.2�10 molrcm dayA

t 3.3 days 2.0 daysA y9 2 y10 2k 2.2�10 molrcm day 5.2�10 molrcm dayB
t 8.4 days 7.7 daysB

compatible regions until saturation is reached. If very few
compatible domains are present, the excess drug will be
forced to distribute itself into less compatible regions, result-
ing in a pronounced burst effect. Drug solubility also plays a
key role in determining the release profile characteristics from
bioerodible polymers. In heterogeneous systems, the drug
preferentially partitions itself into compatible domains. Once
these domains become saturated, the drug attempts to solubi-
lize within the less compatible regions. Any excess drug pre-
cipitates out, resulting in an initial burst.

An example of a solute exhibiting this partitioning behav-
Ž .ior is p-nitroaniline PNA , for which experimental evidence

points to the preferential partitioning within the aromatic-rich
Ž . Ž . Ž .CPP- or CPH-rich domains in p CPP-SA or p CPH-SA

Ž20:80 copolymers Mathiowitz and Langer, 1987; Shen et al.,
.2002 . Thus, we define a partition coefficient P as the ratio

Ž .of drug concentration in the B CPP or CPH phase to that in
Ž .the A SA phase. The excess drug in the system is released

in the form of a burst. It is important to understand that the
amount of drug released in the burst is the sum of the
amounts released from both phases. However, the model in
its current form does not distinguish between the drug re-
leased during the burst from either phase. Thus, the drug
released during the burst is treated only as a consequence of
the supersaturation in the polymer. It can be proved that the
fraction of drug released x is given byD

x s 1yb x qb 20Ž . Ž .D D , p

( )Figure 6. Porosity distribution within p CPH-SA 20:80
(tablet as a function of position and time Eq.

)9 .
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Here, b is the fraction of drug released in the burst and xD,p
is the fraction of drug released that is partitioned within the
polymer. The total mass of drug released that is partitioned
within the microdomains of the polymer is given by

m s x � SL C q x� � SL C 21Ž .D , p A A0 0 D , A0 B B 0 0 D , B 0

Ž .Here x is the mass fraction of A released given by Eq. 15 ,A
� Žx is the mass fraction of B released from the B phase givenB

by subtracting Eq. 6 from Eq. 11 and normalizing with re-
.spect to the total mass of the B phase , C is the initialD, A0

concentration of drug in the A phase, and C is the initialD, B 0
concentration of drug in the B phase. The initial mass of drug
that is partitioned within the two phases is

m s � C q� C SL 22Ž .Ž .D0 A0 D , A0 B 0 D , B 0 0

Using the definition of the partition coefficient, dividing
Eq. 21 by Eq. 22, and using Eq. 20, the fractional drug re-

Ž .leased from the p CPH-SA 20:80 polymer can be derived as

x � q x� � PŽ .A A0 B B 0
x s 1yb qb 23Ž . Ž .D � q� PA0 B 0

The burst is modeled as the fraction of drug released in the
early stages of release by comparison with the experimental
data. Then, the drug release data can be fit to Eq. 23 in each
regime of release and P, the partition coefficient, can be es-
timated by fitting Eq. 23 to the first regime. In addition, since
experimental data for monomer release from drug-loaded
polyanhydrides is available, the monomer release rate con-
stants k and k can also be estimated using the methodA B
described earlier.

Figure 7 shows the release of SA, CPH, and PNA from a
Ž .p CPH-SA 20:80 copolymer containing 10% wrw of PNA.

The drug-containing copolymer is in the form of a 110 mg
tablet with a diameter of 10 mm and a thickness of 1.5 mm.
The SA release is fitted to Eq. 15 and the value of k that isA
obtained from the fit is 1.9�10y4 molrcm2 day. This value is
relatively unchanged from the value of k obtained when noA

Ž .PNA is present see Table 2 . This suggests that the presence
of PNA does not affect the release of SA or, in other words,

Ž .PNA does not interact strongly with SA in p CPH-SA 20:80.
Ž .The CPH release during the first regime tF2.3 days is fit-

ted to Eq. 16, and the value of k obtained from the fit isB
1.1�10y9 molrcm2 day. This value is about five times the

Ž .value of k when no PNA is present see Table 2 . This sug-B
gests that the presence of PNA affects the release of CPH; it
accelerates the rate of release of CPH. As before, the CPH
release in regimes 2 and 3 is predicted using the value of kB
obtained from the fit of the data in the first regime to the
model.

Ž .By observation of the PNA release data filled circles in
Figure 7, the value of b is estimated as 0.41. Using Eq. 23,
the value of P is estimated from the PNA release data in the

Ž .first regime tF2.3 days as 2.55. This value of P indicates
that the PNA is 2.55 times more soluble in the CPH phase as
it is in the SA phase; thus, the model shows that the PNA

Ž .partitions into the CPH phase in the p CPH-SA 20:80
copolymer. This result from the model is in agreement with

Figure 7. Experimental results vs. model for the individ-
( ) ( )ual monomer CPHs�, SAs` and PNA �

( )release from p CPH-SA 20:80 tablets.
The solid lines represent model fits to monomer release
Ž .Eqs. 15	18 and the dotted line represents the model fit to

Ž .PNA release Eq. 23 .

Žseveral experimental studies Mathiowitz and Langer, 1987;
. Ž .Shen et al., 2001a of PNA release from p CPP-SA 20:80

copolymers that suggest PNA affinity to CPH.

( )p CPH-SA 80:20 erosion
Ž . Ž .As stated earlier, the p CPH-SA and p CPP-SA systems

exhibit microphase separation when one component is pre-
sent in excess of 80 mol %. The preceding discussion was
concerned with the case for which the fast eroding compo-
nent A was present in excess of 80 mol %. Now, the analysis
is extended to the situation when the slowly eroding compo-
nent B is present in excess of 80 mol %. In the former case, it
was assumed that the fraction of A within the B domains is
negligible; here, we assume that there is no B within the A
domains, that is, ps0. Once again, the basis of this assump-

Ž .tion is the AFM data in Shen et al. 2001b .
In this case, the disappearance of the A domains and the

growth of the B domains induces a change in the B surface
area exposed to the buffer; therefore, the porosity of the

Ž .tablet � x,t continuously varies with both time and position
Ž .that is, along the tablet thickness . As before, a mass balance
for species B in a differential element dx, positioned at dis-

Žtance x from the center of the tablet, is written see Eq. 7 for
. Ž .the integral form . To find an expression for � x,t , the sur-

face area of B in contact with the buffer per unit volume, the
Ž .A phase is modeled as spheres with a surface-area average

Ž .diameter d , for each infinitesimal volume Sdx. Then, � x,t0
becomes a function of the porosity � and is given by

6�1r3
A0 2r3� s � 1y� 24Ž . Ž .

d0

Ž .The factor 1y� accounts for the decrease in surface area
as the microdomains coalesce. Substituting Eq. 24 in Eq. 7,
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Figure 8. Experimental results vs. model for the erosion
( ) (of p CPH-SA 80:20 tablets Shen et al.,
)2001a .

CPHs �, SAs`. The solid lines represent model fits to
Ž .monomer release Eqs. 15 and 26 .

we obtain an ordinary differential equation for the porosity
Ž .� x,t given by

d� 6k M � 2r3
B B A0 2r3sy � 1y� 25Ž . Ž .

dt d �0 B

The porosity can be obtained via numerical integration of Eq.
25 once k and k are known. The expression for the massA B
of A released is given by Eq. 11. This release of A induces

Ž .porosity in the p CPH-SA 80:20 polymer and, thus, the mass
of B released as a function of time is given by

t �m s M 1y p �y� Sk dt 26Ž . Ž .Ž .HB B A0 A
0

The total mass of B released is normalized with respect to
the initial mass of B in the system to obtain the fraction of B
released as a function of time. We have obtained experimen-

Ž .tal data for SA and CPH release from p CPH-SA 80:20
Ž .tablets Shen et al., 2002 . This data and the model fits are

shown in Figure 8. From the fit of the SA release data, the
value of k is obtained as 1.4�10y4 molrcm2 day. This valueA
is of the same order of magnitude as the value obtained for

Ž .the p CPH-SA 20:80 copolymer, which is expected since kA
describes the rate of scission of SA-SA bonds and subsequent
dissolution of the SA monomer. Also shown in Figure 8 is the
fit of the CPH release data for a period of 60 days. During
this period, about 30% of the CPH was released. The value
of k obtained from the fit is 8.0 � 10y11 molrcm2 day. ThisB
value is about six times slower than the value of k obtainedB

Ž .for CPH release from p CPH-SA 20:80, suggesting that there
are attributes of the microstructure in the 80:20 case that are
different from that of the 20:80 case. This discrepancy is dis-
cussed in the next section.

Using the values of k and k , the porosity � in theA B
Ž .p CPH-SA system can be plotted as a function of both posi-

tion and time. This porosity profile for the first 60 days of
release is shown in Figure 9. It is instructive to note that �

( )Figure 9. Porosity distribution within CPH-SA 80:20
(tablet as a function of position and time ob-

)tained from integration of Eq. 25 .

approaches �0.33 after about 60 days of release in reason-
able agreement with �30% of CPH released after the same
time.

Limitations of the model
The model assumes that k and k are the rates at whichA B

monomers are produced as reaction products when the poly-
mer is exposed to buffer. In reality, when the polymer is ex-
posed to buffer solution, the degradation process that takes
place is probabilistic and leads to products with a distribution
of chain lengths. In other words, oligomeric species are first
produced before monomer is released. This explains the
overprediction observed in Figures 5 and 7. On the other
hand, the model appears to work well for the CPP release

Ž .from p CPP-SA 20:80. This indicates that apart from the dis-
tribution of chain lengths, k and k must depend on otherA B
factors. This is discussed next.

Ž .It is well known Mathiowitz et al., 1990b that both the
Ž . Ž .p CPP-SA and the p CPH-SA systems are semicrystalline.

It has also been shown that monomer crystals form during
Ž .erosion Goepferich and Langer, 1993 . The model does not

explicitly treat the effects of crystallinity on erosion. This may
also explain the differences between the value of k ob-B

Ž .tained for p CPH-SA 20:80 and 80:20. It has been shown by
Ž .Mader et al. 1997 that the local pH during erosion of

Ž .p CPP-SA decreases, leading to increased solubility of the
degradation products, and, thus, accelerated erosion. We ar-
gue that this increase in solubility is compensated for by the
formation of monomer crystals during degradation, thus can-
celing the effect of both phenomena. This effect may be less

Ž .pronounced in the p CPH-SA case since CPH is less crys-
Žtalline than CPP and degrades much more slowly Mathio-

.witz et al., 1990b; McCann et al., 1999 .
Another factor that limits the model is the absence of any

molecular weight andror polydispersity dependence of the
rate constants. The number average molecular weights for the
Ž .p CPH-SA 20:80 and 80:20 used in the experiments that the

Žmodel is fitted to are 8,800 and 5,500, respectively Shen et
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.al., 2001 . New expressions for k and k need to be devel-A B
oped that account for the statistical distribution of chain
lengths, degree of crystallinity, the local pH, and polymer
molecular weight.

Other aspects that currently limit the model include the
lack of reliable data for the parameters d and p and the0
absence of polymer-drug interactions. These parameters have
been estimated by comparison to AFM data obtained on the
CPH-SA system, but more detail on the solid-state mi-
crostructure of the copolymers is needed to correctly esti-
mate these parameters. As seen in the data of Figure 7, the
presence of the drug influences the degradation rate, suggest-
ing the presence of polymer-drug interactions. The model
‘‘lumps’’ these interactions within the partition coefficient P,
but a more thorough understanding of the nature of the in-
teractions and their effect on the monomer release is needed.
Further, a more detailed argument for the burst effect needs
to be developed. Refinements of the current model based on
these considerations are underway.

Conclusions
A new model was developed to understand the mechanism

of degradation and drug release kinetics of surface-erodible
polymers. This model takes into account the phenomenon of
microphase separation that has been observed for polyanhy-
drides of certain copolymer compositions. The model as-
sumes that erosion is dominated by degradation and, thus, in
a system with a fast eroding and a slow eroding species, two
rate constants, one for each species, essentially control the
evolution of the polymer microstructure. Expressions were
derived for the fraction of each monomer released, as well as
for the porosity in the system. When drugs are loaded into
such heterogeneous polymers, they undergo thermodynamic
partitioning depending upon their compatibility with each
phase of the copolymer. This aspect has been modeled via a
partition coefficient. The solutions of the model equations
were fitted to experimental data on monomer release kinetics
from two polyanhydride systems to obtain the erosion rate
constants. Drug release kinetics experiments were compared
to the model solution for drug release and the partition coef-
ficient of the drug is obtained from the fits. The comparisons
to the data are promising, while pointing out the limitations
of the model. The model does not account for oligomer for-
mation prior to monomer release or for the dependence of
the rate constants on parameters such as the degree of crys-
tallinity, the local pH, and the polymer molecular weight.
These limitations will be addressed in a future publication.
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