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ABSTRACT: A mathematical model was developed to relate the degradation trend of
bioresorbable polymers to different underlying hydrolysis mechanisms including noncatalytic
random scission, autocatalytic random scission, noncatalytic end scission or autocatalytic end
scission. The effect of each mechanism on molecular weight degradation and potential mass
loss was analysed. A simple scheme was developed to identify the most likely hydrolysis
mechanism based on experimental data. The scheme was firstly demonstrated using case
studies and then used to evaluate data collected from 31 publications in the literature to
identify the dominant hydrolysis mechanisms for typical biodegradable polymers. The
analysis showed that most of the experimental data indicates autocatalytic hydrolysis as
expected. However the study shows that the existing understanding on whether random or
end scission controls degradation is inappropriate. It was revealed that pure end scission
cannot explain the observed trend in molecular weight reduction because it would be too slow
for end scission to reduce the average molecular weight. On the other hand pure random
scission cannot explain the observed trend in mass loss because too few oligomers would be

available to diffuse out of a device. It is concluded that the chain ends are more susceptible to



cleavage which produces most of the oligomers leading to mass loss. However it is random

scission that dominates the reduction in molecular weight.
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1. Introduction

A large number of experiments have been conducted to understand the degradation of
bioresorbable polymers such as polylactic acid (PLA), polyglycolic acid (PGA) and
polycaprolactone (PCL) [1-31] which are used for various medical applications. A
phenomenological mathematical model has been developed by Pan and his co-workers to
predict the degradation rate of the biodegradable polymers [32-35]. It was demonstrated that
the model is able to fit a wide range of experimental data for changes in molecular weight,
mass and crystallinity as functions of degradation time. The purpose of this paper is to
present a more detailed model that can be used to relate degradation behaviour to the
underlying hydrolysis mechanisms. The mathematical model is used in order to understand
how the different hydrolysis mechanisms affect the degradation behaviour while the model
published in our previous work [32-35] is more suitable for device design because they

contain fewer parameters that may be difficult to measure experimentally.

The hydrolysis mechanisms being considered include random scission, end scission,
noncatalytic hydrolysis and autocatalytic hydrolysis. In noncatalytic degradation, the ester
bonds are cleaved in the presence of water whereas for autocatalytic degradation the
hydrolysis reaction are catalysed by the carboxylic acid chain ends of water-soluble

oligomers and monomers [1]. In random scission it is assumed that each ester bond in the



polymer has an equal chance of chain cleavage whereas end scission assumes that only ester
bonds at the end of polymer chains are cleaved. Experimental evidence for which hydrolysis
mechanisms are dominant is conflicting due to the number of factors that affect degradation
and inconsistency between experiments. Shih [36] suggested that end scission is dominant
with approximately 10 times the rate of random scission. However for a high molecular
weight sample, a single random scission has a greater impact on molecular weight than 1000
end scissions so their experiment actually indicates that random scission controls the
molecular weight reduction. The experiment by Schliecker et al. [13] supports the theory of
noncatalytic hydrolysis because it was found that the addition of oligomers does not
accelerate degradation. Other experiments support the theory of autocatalytic hydrolysis [2,
37]. It has been widely observed that degradation occurs faster at the core of large samples
compared to the surface because oligomers and monomers, which act as catalysts, diffuse out

of the polymer near the surface [22].

It has been suggested that a linear relationship between (1/M,) and time indicates noncatalytic
hydrolysis [38] and a linear relationship between (1/M,)"*> and time indicates autocatalytic
hydrolysis [1, 37]. However, there is considerable experimental data in the literature that
demonstrates a delay before the reduction of molecular weight [10, 22-29], and therefore
does not fit either trend. The experiments of Antheunis et al. [27] demonstrate a delay trend
when initial polymer chains do not possess carboxylic acid end groups but no delay when
they do. The model here considers hydrolysis to only be catalysed by the acid chain ends of
water soluble oligomers and monomers, not the chain ends of long chains which may be
unable to catalyse hydrolysis due to lack of mobility or may initially not possess carboxylic
acid end groups. It is not fully understood which hydrolysis mechanisms are generally most

prevalent in degradation experiments. In this paper, an analysis scheme is developed that can



quickly identify which hydrolysis mechanisms are likely to be dominant based on
experimental data for molecular weight and/or mass loss. The trends of molecular weight
degradation and mass loss predicted by the mathematical model for various combinations of
noncatalytic/autocatalytic hydrolysis and random/end scission are analysed and translated
into the simple analysis scheme. Case studies demonstrate the use of the scheme and a large
set of experimental data from the literature is evaluated to identify the dominant hydrolysis
mechanisms. The particular focus of this study is predominantly on poly(lactide) and
poly(glycolide) polymers in order to draw unambiguous conclusions regarding their
degradation. The effects of initial molecular weight and residual monomer in relation to the

hydrolysis mechanism are the subject of a separate paper [39].

2. The mathematical model

The phenomenological model developed by Pan and co-workers [32-34] is modified to
separate the different hydrolysis mechanisms including noncatalytic random scission,
autocatalytic random scission, noncatalytic end scission and autocatalytic end scission. The
polymer is assumed to consist of amorphous polymer chains, oligomers, monomers and a
crystalline phase. It is assumed that the crystalline phase, characterised by the degree of
crystallinity X. (no units) strongly resists hydrolysis such that only the amorphous polymer
chains suffer from hydrolysis chain scission. The rate of chain scission is determined by the
concentrations of the reactants and catalyst. For random scission, the reactant is the ester
bonds in amorphous chains which are characterised by the concentration C, (mol m™). For
end scission the reactant is the amorphous chain ends characterised by Cens (mol m™). It is
assumed that water is always abundant [40] and its concentration does not affect the
hydrolysis rate. The hydrolysis reaction can be catalysed by H" disassociated from the

carboxylic acid end groups. Using Cacis (mol m™) to represent the concentration of the



carboxylic end groups, the concentration of H* can be calculated as C, = (K C )" [34]

a“acid
where K, is the acid disassociation constant and 7 (no units) is usually taken to be 0.5 as
suggested by Siparsky et al. [37]. We use R,s (mol m™) and R.s (mol m™) to represent the
molar concentrations for random and end scissions respectively. Following Han et al. [34] the

rate of random scission is given by

dR C.. )
;S = krlce + erCe[ﬁJ (1)

c

and the rate of end scission is given by
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Here ks and ks (day™!) are the noncatalytic reaction constants and k> and k> ([mol
'm31%°day!) are the autocatalytic reaction constants where subscripts 7 and e indicate random
and end scission respectively. The acid disassociation constant K, has been merged into £
and k.>. The single rate equation for chain scission proposed by Han et al. [34] has been split
into two equations so that the random and end scissions can be evaluated separately. The total
scission concentration R, (mol m™) is then given by

R =R _+R,. 3)

In end scission a monomer is produced by each scission and the production of monomers per
unit volume R,, (mol m™) is simply given by

R = Res. “4)

In random scission an oligomer may be produced by chance if an ester bond near a chain end
is cleaved. Following the statistical analysis by Flory [41] the production of ester units of
oligomers per unit volume, R,; (mol m™), can be related to the concentration of random

scissions R through
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in which C.o (mol m™) is the concentration of ester bonds in all phases at time ¢ = 0. The

values a = 28 (no units) and £ = 2 (no units) apply if the oligomers are defined as short chains

of less than 8 units [38] as assumed in this work.

Assuming Fick’s law of diffusion, the oligomer and monomer concentrations, Co; and Cy,

(mol m?), are governed by

L =—< +div
X
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in which the nomenclature of vector analysis is used and the subscript a is either m to
represent monomer diffusion or ol to represent oligomer diffusion. The terms R,; and R,
represent the concentrations of oligomers and monomers that have been produced due to
chain scission whereas C,; and Cy, (mol m™) represent the current concentrations due to both
production and diffusion. A finite difference scheme is implemented for the spatial
discretisation of the second term on the right hand side in Eq. (6). The diffusion coefficient D
(m’ day™") depends on the porosity and crystallinity of the polymer. It is calculated based on
the diffusion coefficient of the polymer Dy (m? day™) and of pores Dpore (m’ day™) as

discussed in the work of Han and Pan [33].

Pan and co-workers [32-34] further assumed that only the oligomers and monomers can
catalyse the hydrolysis reaction because the carboxylic end groups of the long chains could
be initially capped and the chains are not mobile. Cacis in Egs. (1) and (2) can then be

calculated as

C

acid

= Cm + (Col/m) (7)



in which m (no units) is the average degree of polymerisation of the oligomers. In this study
we have set m = 4 because oligomers are assumed to have less than 8 units of degree of

polymerisation. The molar concentration of polymer chains Neaain (mol m™) is given by

Nchain = NchainO + (Rrs - (Rol/m)) (8)
in which Nenaino (mol m™) is the initial molar concentration of chains and Cens = 2Nehain in Eq.

).

According to Avrami [42-44], the degree of crystallinity X. can be calculated through the

extended degree of crystallinity Xe.s (no units) by

dx
e x —X 9
% — ©)

ext
in which Xyax (no units) has been introduced to set a limit for the maximum degree of
crystallinity. Gleadall et al. [35] showed that the extended degree of crystallinity can be

related to the concentration of chain scission R; using

Xext :panRsI/c (10)

in which px (no units) is the probability of crystallisation of a cleaved chain, 7. is Avogadro’s
constant (mol™), V. (m?) is the volume of a single polymer crystallite. During biodegradation
amorphous polymer chains are consumed by oligomer production, monomer production and

crystallisation which leads to
Ce:CeO_(Rol-l_Rm-l_a)Xc) (11)
where @ (no units) is the inverse molar volume of crystalline phase. The number-averaged

molecular weight, M, (g mol'), can be calculated as

M = (Ce +ch)MO
! N

chain

(12)



in which My (g mol™) is the molar mass of each polymer repeat unit. In the molecular weight
calculation, oligomers and monomers are excluded because they are too small to be detected
by typical measuring techniques such as gel permeation chromatography. Each random
scission increases the chain number by one but has a probability to produce Ro; / m number of
oligomers. For end scission, Nenain remains constant and M, reduces due to the reduction of
amorphous ester units Ce. In contrast, for random scission, the main factor for M, reduction is

the increase in the number of chains.

Egs. (1 — 12) are numerically integrated using the direct Euler scheme giving the molecular
weight, degree of crystallinity, and concentrations of oligomers and monomers as functions
of degradation time. Although there are a large number of parameters in the model, only the
kinetic parameters change from polymer to polymer for the type of polyesters studied in this
paper and hence are the focus of our parametric study. The kinetic parameters include 4, k.2,
ker and ke> which are determined by the rate of molecular weight reduction, Xu..x and px which
are determined by the rate of crystallisation and Dy and Dy which are determined by the
mass loss. Other parameters in the model cannot be arbitrarily varied. For example, the acid
disassociation exponent # is usually taken as 0.5 which is determined by the charge balance
of the acid disassociation reaction. The average number of ester units, m, of the short chains
is determined by the widely accepted assumption that at this level the short chains becomes
water soluble. The values for of a and f for random scission are then directly calculated from
m according to Flory’s theory [34]. px and V. for crystallisation always appear as a single
parameter in the model and are only kept separate to preserve their physical meanings. Ceo
and w are set as the same value of 17300 mol/m? representing an assumption that the
densities of poly lactic acid amorphous and crystalline phases are both 1250 kg/m>. The

parameters that have the greatest effect on the degradation are 4,4, k2, ke1, ke2, and n. They



affect the rate of chain scission which in turn affects molecular weight, crystallinity, and mass
loss. Increasing the reaction rates increases the rate of chain scission for each hydrolysis
mechanism. The values of Xyax, px, and V. control crystallinity and do not significantly affect
other aspects of degradation. The values of m, Dy and D, affect the size and diffusion of

small chains and therefore affect mass loss and the rate of autocatalytic hydrolysis.

3. Degradation trends by different hydrolysis mechanisms

The change in molecular weight and accumulation of oligomers and monomers as functions
of time are computed using the mathematical model for different combinations of random or
end scission with autocatalytic or noncatalytic hydrolysis. For simplicity we focused on
amorphous polymer in this section and use a typical set of data for PLA of My =72 g mol,
Nehaino = 4.35 mol m™ and Cep = 17300 mol m™ which represents an initial molecular weight
of M, = 286,000 g mol™!. When presenting the data, the molecular weight is normalised by its
initial value and the degradation time is normalised by a characteristic time 7. which is the
time taken for the molecular weight to reduce to 10% of its initial value. Consequently the
absolute values of the reaction constants do not have an effect on the presented results and
only their relative values are important. It is worthwhile to point out that the degradation rate
of a polymer is not necessarily related to whether the hydrolysis is noncatalytic or
autocatalytic. The rate of degradation in the figures in this section simply reflects the chosen
method of scaling on the time axis and should not be related to any particular hydrolysis
reaction under discussion. In each case study in this section the ratio between the two reaction
rate constants is varied from zero to infinity while other parameters do not change. The
oligomers and monomers are water soluble and may diffuse out of a device. The diffusion of
these water soluble chains is not considered in this section because its effect on degradation

was fully studied by Wang et al. [32]. The accumulation of oligomers and monomers together



is referred to as small chains and used as an indication for potential mass loss. This reflects an
assumption that mass loss is due to the bulk diffusion of water soluble small chains as
opposed to other mechanisms such as surface erosion or loss of residual monomer. It has
been recognised that there can be a significant amount of residual monomers after polymer
processing. The effect of residual monomers on degradation is the topic of the accompanying
paper [39]. In the current paper the initial concentration of the short chains is set as zero (10
10.C,p or 10" weight percentage for numerical reasons). This allows us to focus the parametric
studies on the transition from autocatalytic to noncatalytic hydrolysis. To demonstrate that
the general conclusions are not affected by residual monomers, a case study with a significant

amount of residual monomers is also included.

3.1. Random scission and the effect of autocatalytic strength

Fig. 1 shows the transition from noncatalytic to autocatalytic hydrolysis assuming only
random scission occurs (by setting k.;/=ke.>=0 in the model). The ratio of &>/k:;, which reflects
the relative strength of autocatalysis to non-autocatalysis, is set at 0, 5, 20, 100, 500 and
infinity. It can be observed from the figure that a strong autocatalytic hydrolysis is
characterised by a delay in the reduction of the molecular weight while a weak autocatalytic
hydrolysis is characterised by an initially sharp reduction in the molecular weight. This is
because for a strong autocatalytic hydrolysis, the rate of chain scission accelerates greatly as
small chains build up while noncatalytic chain scission does not accelerate during
degradation. The pure noncatalytic random scission curve (A) is the only curve which gives a
linear line on a plot of (1/M,) versus time. A high residual monomer content can shift the
curves towards the appearance of the noncatalytic curve (A), which is discussed in detail in
the accompanying paper [39]. Therefore the characteristic shape of curve shown by case F is

a sufficient condition to indicate autocatalysis, but not necessary.
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Another important observation from the figure is that the accumulation of oligomers and
monomers as a percentage of total ester units is insignificant until the molecular weight
reaches a very small value. The short chains do however affect the degradation rate. The
number of carboxylic end groups of these small and water soluble chains are sufficient
enough to significantly alter the behaviour in the molecular weight reduction. However any
measurable mass loss would not be expected before the polymer breaks apart if its
degradation occurs entirely by random scission. This is because random scission is very
inefficient to produce oligomers but quite efficient to reduce the molecular weight.
Autocatalytic hydrolysis is associated with relatively early oligomer production (measurable
at normalised time = 1.5) while very few oligomers are produced in noncatalytic hydrolysis
(negligible even at normalised time = 10). This simply reflects the fact that molecular weight
reduces at a greater rate in the latter stages of degradation for autocatalytic hydrolysis. For
random scission, the small chain fraction depends mainly on the absolute value of molecular
weight. For a purely random scission model setup (ke/=ke2=0), oligomers account for 1% of
the total polymer when M, has reduced to approximately 5000 g mol™'. A simple Monte Carlo

random chain scission simulation also gives similar results.

3.2  End scission and the effect of autocatalytic strength

Fig. 2 shows the transition from noncatalytic to autocatalytic degradation assuming only end
scission occurs (k-/=k->=0). The ratio of k.2/k.; is set as 0, 0.02 and infinity. Similar to random
scission, strong autocatalytic hydrolysis is characterised by an initial delay in the molecular
weight reduction. However no sharp initial reduction in molecular weight can be observed in

any of the cases. This is because each end scissions has the same effect on molecular weight
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throughout degradation whereas the effect of each random scission reduces as the number of

chains increases, which is discussed in detail in part 2 [39].

In strong contrast to random scission, the accumulation of oligomers and monomers occurs
very early. This means significant mass loss could be expected if the degradation is
controlled by end scission. It can also be observed that stronger autocatalytic hydrolysis
delays the production of small chains. Both the reduction in molecular weight and production
of short chains are delayed in strong autocatalytic hydrolysis due to lack of the catalyst (short
chains) at the start of degradation. Noncatalytic hydrolysis does not require the short chains

as a catalyst so does not demonstrate a delay.

3.3.  Autocatalytic hydrolysis and the transition from random to end scission

Fig. 3 shows the transition from random to end scission assuming autocatalytic hydrolysis
(kr1=ke=0). The ratio of k.2/k:>, which reflects relative strength of end scission to random
scission, is set as 10%, 103, 10%, 5x10° and infinity. The case for pure random scission is
already shown in Fig. 1 and omitted here for clarity. It can be observed from Fig. 3 that
random scission is characterised by a deceleration (the concave section on the curve) in the
reduction rate of molecular weight at some stage of the degradation, which can also be clearly
observed in Fig. 1. No such deceleration can be observed for the end scission cases (Figs. 2
and 3). It is also interesting to focus on cases 4, B and C in Fig. 3. A difference of two orders
of magnitude in the ratio of k.2/k,> has very little effect on the molecular weight behaviour but
greatly affects the production of oligomers and monomers and hence potential mass loss. This
once again highlights that the effect of the underlying hydrolysis mechanisms may be
significant on one aspect of the degradation behaviour but undetectable on a different aspect.

The type of buffer solution used in degradation experiments, along with the frequency of its

12



replacement and volume relative to the polymer sample, is an important factor in degradation.
The pH of the solution for example is known to strongly affect the rate of degradation. In our
current study it is assumed that the buffer solution is replaced frequently enough that there is
no pH change caused by the monomer release from the samples. It is likely that the individual
hydrolysis mechanisms are affected in different ways by the polymer solution so the trends
identified in this study may be useful in identifying the effect of the solution. The fraction of
acidic chain ends present in oligomers as opposed to monomers is negligible even for low
levels of end scission. An interesting observation is therefore that the rate of autocatalytic
random scission is most likely determined by monomers so although molecular weight

reduction is due to random scissions, the rate of reduction is controlled by end scission.

3.4. Noncatalytic hydrolysis and the transition from random to end scission

Fig. 4 shows the transition from random to end scission assuming noncatalytic hydrolysis
(kr2=keo2=0). The ratio of kei/k-1, which reflects the relative strength of end scission to random
scission, is set as 0, 1x10%, 5x10%, 1x10°, 5x10° and infinity. A threshold for the end scission
rate can also be observed from cases A and B for the molecular weight behaviour but not for
the accumulation of the small chains. Examining the small chain accumulation as a function
of time and comparing Figs. 3 and 4, it can be observed that autocatalytic hydrolysis is
characterised by a delay in the accumulation of the small chains hence a delay in mass loss
while noncatalytic hydrolysis is characterised by almost linear increase in the amount of

oligomers and monomers.

4. A qualitative scheme to identify dominant hydrolysis mechanisms and case studies
When analysing experimental data, a set of values for parameters in the mathematical model

can be found that provide the best fit between the model prediction and the data. This set of
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parameters can then be used to identify the underlying hydrolysis mechanism, for example, a
large ratio of k.2/k.> would indicate end scission dominates. However the analysis presented
in section 3 provides a quick and qualitative analysis to identify the dominant hydrolysis
mechanism. In this section both approaches are used to analyse two sets of experimental data
obtained from the literature. This serves two purposes: (a) validation of the mathematical
model and (b) a demonstration of the analysis scheme. The two case studies were chosen
because they require different combinations of hydrolysis mechanisms to achieve the best
fitting. Hence they suitably exemplify how to use the qualitative analysis scheme. The level
of fitting accuracy shown in this section is representative for the capacity of our model to fit

all the experimental data that are available to us.

The analysis in section 3 can be briefly summarised as
1. A deceleration (concave section) on the molecular weight - time curve indicates
random scission. Lack of the deceleration indicates end scission.

il. A nonlinear relationship between (1/M,) and time indicates autocatalytic random
scission. This condition is sufficient but not necessary. An initial delay in the reduction
of the molecular weight indicates a greater contribution from autocatalytic hydrolysis.

iii.  Significant mass loss while M, > 5000 g mol™! indicates end scission.

iv. A linear increase in mass loss with time indicates noncatalytic end scission.

Because mass loss also requires the small chains to diffuse out of the specimen, a lack of
mass loss does not necessarily indicate that end scissions do not occur. Similarly, a delay in
mass loss does not prove autocatalysis. Points (i)-(iv) can be used as a simple and quick
scheme to identify the underlying hydrolysis mechanisms. Fig. 5 shows schematically the

typical regimes of the molecular weight behaviour. Only curve A would be linear on a plot of
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(1/M,) versus time. It is important to note that although curves A and B may initially appear

quite similar in appearance, they differ greatly and cannot fit the same experimental data.

4.1. Case study A

Beslikas et al. [25] carried out a set of degradation experiments using thin films of semi-
crystalline poly(lactide) in phosphate buffer solution (PBS) pH 7.2 at 50°C. The samples had
an initial M, of 120000 g mol™! and an initial crystallinity of 56.5%. The thickness of the
films is not given in the publication so is set as 50 um in the model, although the thickness
does not affect our conclusions. Their experimental results are re-produced using discrete
symbols in Fig. 6 showing normalised number averaged molecular weight, degree of
crystallinity and mass loss as functions of time. Significant mass loss while A, > 5000 g mol
!indicates that end scission must have happened. However a gentle deceleration can be
observed on the molecular weight - time curve which indicates random scission also
occurred. A plot of (1/M,) versus time is not linear and an initial delay on the molecular
weight - time curve can be observed which indicate that strong autocatalytic hydrolysis was
in operation. It can therefore be concluded that the degradation is by a combination of

autocatalytic random and autocatalytic end scission.

The best fitting between the mathematical model and the data is shown in Fig. 6 using solid
lines. The fitting parameters are provided in Table 1. It is not possible to achieve an equally
good fitting with a different set of hydrolysis mechanisms. Both crystallisation and diffusion
of small chains are included in the numerical model. Crystallite size V. is estimated from the
literature [45]. It can be observed that the mathematical model can fit the data very well for
the average molecular weight and degree of crystallinity and quite well for mass loss. The

best fit is achieved by k.; = k.; = 0, which indicates that the hydrolysis is fully autocatalytic,
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and supports the qualitative analysis. The reaction rate ratio of k.2 k.. = 7500 indicates that
end scission occurs much faster than random scission. The high rate of end scission is
necessary to produce the level of mass loss observed in the experiment. However it is very
important to point out that the relatively small but finite random scission rate has a major
effect on the molecular weight reduction. The dashed line in Fig. 6 shows the model
prediction using identical set of parameters except that k.. was set as zero. It can be observed
that the small amount of random scission has a large effect on both molecular weight
reduction and mass loss. A fitting to mass loss may be achieved without random scission by
increasing k.>, but a fitting of molecular weight is not possible. Similarly, a fitting to mass
loss is only possible if end scission is included. Both random and end scission are required to
fit the data. It can be observed that agreement between the model prediction and experimental
data for the mass loss curve is relatively poor. The agreement can be improved by modifying

the expression for the diffusion coefficient.

Residual monomer can have a significant effect on the degradation trends as discussed in the
accompanying paper [39]. However most of the early experimental studies did not report the
amount of residual monomers in their samples. In order to demonstrate that the model and
qualitative analysis scheme are still valid if the samples contain residual monomers, the
fitting is repeated with an assumed initial monomer concentration of 1%. The repeated best
fitting is shown in Fig. 7 and compared with the original fitting assuming zero monomer
content. The same combination of hydrolysis mechanisms (k; = ke; = 0) 1s required in order
to get the best fitting which is of similar quality to the original. Several parameters needed to
be modified due to the initial catalyst and their values are given in Table 1. The hydrolysis
reaction rate is reduced due to the extra initial catalyst, the ratio of end:random scission is

increased, the diffusion coefficient is reduced, and a value of n = 0.75 is required. A more
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comprehensive discussion is presented in the accompanying paper [39]. The ability of the
qualitative scheme was not affected by the uncertainty that exists due to residual monomer

not being measured.

The qualitative analysis scheme was able to identify the hydrolysis mechanisms which were

required in order to achieve a good fitting of the model to the experimental data.

4.2 Case study B

Batycky et al. [26] carried out degradation experiments of drug-encapsulating microspheres
made of poly(DL-lactide-co-glycolide) 50:50.The samples are amorphous throughout, had an
initial M, of 20500, and were of radius 10 um. Their data are reproduced in Fig. 8 showing
normalised number averaged molecular weight and mass loss as functions of time. From the
figure it can be observed that there is clear deceleration on the molecular weight - time curve
indicating random scission. There is an initial delay in the molecular weight reduction and
therefore a plot of (1/M,) versus time is not linear which indicates autocatalytic random
scission. However, the delay is less significant compared to case A, perhaps suggesting a
noncatalytic hydrolysis contribution. The mass loss is significant while M, > 5000 g mol!
indicating a large end scission rate. The degradation is therefore through a combination of
autocatalytic random and noncatalytic end scission. Batycky et al. [26] also used a
mathematical model to determine whether end or random scission was dominant and

concluded that a combination of both mechanisms was required to fit their data.

The solid lines in Fig. 8 show the best fitting of the model. All the parameters used in the
fitting are provided in Table 1. Again it can be observed that the model is able to fit the

experimental data very well. The best fit was obtained by setting k.; = k.. = 0 which indicates
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noncatalytic hydrolysis and k., / k.- = 1.26 x10° which indicates end scission occurs much
faster than random scission. Similar to Case A, the large end scission rate is necessary for the
observed mass loss and a similar fitting cannot be achieved by using a different combination
of hydrolysis mechanisms. However the small but finite rate of random scission is critical to
the molecular weight reduction. The dashed lines in Fig. 8 show the model prediction using
an identical set of parameters except that k., was set to zero. As with Case A, it can be
observed that the small amount of random scission effects both molecular weight reduction
and mass loss. Random scission is again required to achieve a fitting to the experimental data
for molecular weight and end scission is required for mass loss. The values of diffusion
coefficients Dy and Dpore are chosen to give the best model fitting. They give an indication of
the polymer diffusion coefficients. Significant variation is to be expected between different
setups since many factors affect diffusion. For example, the experiments of Yoon et al. [46]
found diffusion coefficients to be 3 orders of magnitude greater for water molecules in
poly(lactide) than poly(glycolide). Again the qualitative analysis scheme has been shown to
successfully identify which hydrolysis mechanisms played a critical role during the

degradation experiments.

5. Review of hydrolysis mechanisms for experimental data available in the literature
The qualitative analysis was applied to experimental data in 31 publications that we could
obtain from the literature [1-31]. Table 2 lists the identified hydrolysis mechanisms for each
individual paper. Actual fittings with the mathematical model were also performed for half of
the cases as identified in the table. A similar level of fitting accuracy as shown in section 4
was obtained for all these cases. Experimental details such as polymer type, initial molecular
weight and minimum dimension of the samples are also provided. The following conclusions

can be drawn from the analysis:
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e A combination of random and end scission is identified for almost all the data.
e Significant molecular weight reduction is always due to random scission.
e Mass loss is due to end scission.
e Autocatalytic random scission is required for molecular weight reduction in almost all
publications.
Table 2 identifies the hydrolysis mechanisms that are required in order for a fitting to be
achieved. Naturally, the best fitting will be achieved by allowing the model the flexibility to

include all hydrolysis mechanisms to a greater or lesser extent.

An important finding is that a good fitting cannot be achieved without autocatalytic random
scission in most cases. Since the analysis found a mixture of autocatalytic and noncatalytic
hydrolysis, it is likely that both types of hydrolysis mechanism occur depending of the setup
of a particular experiment. However because high residual monomers make the degradation
appears as noncatalytic, it cannot be ruled out that the cases our analysis identified as
noncatalytic are in fact also autocatalytic if residual monomers were present. There have been
several experimental publications that suggest autocatalytic hydrolysis plays a significant role
in degradation under specific conditions. In particular, heterogeneous degradation of large
samples has been attributed to autocatalysis [14, 15, 22, 27, 47, 48], as has the accelerated
degradation of samples with high residual monomer [18, 23], along with the accelerated
degradation of polymers with carboxylic acid end groups versus benzyl alcohol end groups
[27]. However, the findings of the analysis in Table 2 suggest that autocatalytic hydrolysis
has a more important role than noncatalytic hydrolysis over a very broad range of conditions.
The experiments considered in the analysis vary greatly in factors such as sample size and
shape, initial molecular weight, polymer or copolymer type, buffer solution type and

temperature, crystallinity, and the rate of degradation. But the model almost always suggests
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that autocatalytic hydrolysis occurs. It is important to note that since end scission is expected,
the monomers that result from end scission control the rate of autocatalytic random scission,
and therefore the rate of M, reduction. This is due to the fact that the number of monomers is
significantly greater than oligomers, as discussed in Section 3. Since end scission has little or
no effect on molecular weight, models that derive the acid catalyst concentration from the
value of molecular weight do not consider the expected situation that end scission controls
the concentration of acid catalyst. Also, an alternative interpretation of the findings of
Antheunis et al. [27] that carboxylic acid end groups accelerate degradation versus benzyl
alcohol end groups could be that the benzyl alcohol end groups are more resistant to end
scission so the initial production of monomers, and therefore catalyst, is retarded.

Another important finding is that end scission is required in order to achieve a good fitting in

most cases.

In the most practical polymers, the initial molecular weight is too large for random scission
to produce enough oligomers by chance in order to give the observed mass loss. However
random scission is crucial in order to give the observed molecular weight reduction.
Considering the experimental data for mass loss presented in Figs. 6 and 8 [25, 26], for the
molecular weight to reduce by 67% only two random scissions per chain are required. It is
impossible for this number of random scissions to produce 3% and 15% mass of oligomers
by chance to give the observed mass loss given that the initial chains contain 1667 and 315
polymer units respectively. If there is no end scission, the observed mass loss would require
that the polymer chains become water soluble at M,~14000 and M,~2600 g mol!
respectively. These values are much larger than those typically found in the literature which
may be in the region of <1000 g mol™! [27, 49, 50]. It can be generally concluded that ester

bonds towards the end of polymer chains are more susceptible to hydrolysis than those in the
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middle. If end scission is due to the acidic chain end folding back on itself, it may be the case
that a number of bonds near the chain end can be cleaved. Experimental measurements of
lactic acid monomers would not identify oligomers produced by this type of end scission so

may falsely be interpreted as evidence for random scission.

6. Conclusions

The mathematical model was presented to consider degradation by the individual hydrolysis
mechanisms noncatalytic random scission, autocatalytic random scission, noncatalytic end
scission and autocatalytic end scission. The model was able to fit all experimental
degradation data at hand. Simple qualitative trends in the degradation of molecular weight
and mass loss were found to relate to the underlying hydrolysis mechanisms. These trends are
that: 1) a deceleration of molecular weight reduction versus time indicates random scission
whereas a lack of the deceleration indicates end scission; 2) autocatalytic hydrolysis is
indicated by a nonlinear relationship between (1/M,) and time; 3) mass loss while the
polymer is still medium to high molecular weight indicates end scission; and 4) a linear
increase in mass loss with time indicates noncatalytic end scission. The experimental
degradation data from 31 publications was analysed to identify the most likely hydrolysis
mechanisms using either the qualitative analysis mentioned above or detailed model fittings.
The analysis found that: 1) a combination of random and end scission is almost always
predicted to occur; 2) molecular weight reduction is always due to random scission; 3) mass
loss is due to end scission; and 4) autocatalytic hydrolysis is expected more often than
noncatalytic hydrolysis. The effects of initial molecular weight and residual monomer are
important but are not investigated in this paper to maintain simplicity. They are analysed in

detail in part 2 [39] of this series of publications.
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Fig. 1. Random scission simulations with variable degrees of autocatalysis. Normalised M,
(solid lines) and the sum weight fraction of oligomers plus monomers (dashed lines) are
shown versus normalised time. The autocatalytic:noncatalytic rate ratios (k-2/k.1) are 0 (A), 5
(B), 20 (C), 100 (D), 500 (E), and infinity (F).

Fig. 2. End scission simulations with variable degrees of autocatalysis. Normalised M, (solid
lines) and the sum weight fraction of oligomers plus monomers (dashed lines) are shown
versus normalised time. The autocatalytic:noncatalytic rate ratios (ke2/ker) are 0 (A), 0.02 (B),
and infinity (C).

Fig. 3. Autocatalytic hydrolysis simulations with variable ratios of end scission to random
scission reaction rates. Normalised M, (solid lines) and the sum weight fraction of oligomers
plus monomers (dashed lines) are shown versus normalised time. The end:random scission
rate ratios (ke2/ki2) are 10% (A), 10° (B), 10* (C), 5x10° (D), and infinity (E).

Fig. 4. Noncatalytic hydrolysis simulations with variable ratios of end scission to random
scission reaction rates. Normalised M, (solid lines) and sum weight fraction of oligomers plus
monomers (dashed lines) are shown versus normalised time. The end:random scission rate
ratios (kei/kr1) are 0 (A), 1x10% (B), 5x10* (C), 1x10° (D), 5x10° (E), and infinity (F).

Fig. 5. Typical curves for normalised M, versus normalised time for various theories of

hydrolysis: (A) noncatalytic random scission, (B) autocatalytic random scission, (C)
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noncatalytic end scission, (D) highly autocatalytic random scission, and (E) autocatalytic end
scission.

Fig. 6. A model fitting of molecular weight, crystallinity, and mass loss for combined
autocatalytic random scission and autocatalytic end scission as suggested by the qualitative
analysis (solid black lines). For comparison, a fitting without random scission also included
(dashed grey lines). Discrete symbols indicate experimental data [25].

Fig. 7. A re-fitting of the experimental data of Beslikas et al. [25] for an assumption of 1%
initial monomer (dashed grey lines). The original fitting from Fig. 6. with effectively zero
initial monomer (solid black lines) is included for reference.

Fig. 8. A model fitting using a combination of autocatalytic random scission and noncatalytic
end scission (solid black lines) as suggested by the qualitative analysis. A fitting without
random scission is included for reference (dashed grey lines). Experimental data [26] for

molecular weight and mass loss are discrete symbols.

29



Table 1. Values of the model parameters used in the fittings

Model units Case study A Case study A Case study B
parameters (zero monomer) | (1% monomer)

My g mol’! 72 72 65 @

kri day! 0 0 0

k2 [mol'm?]®day™! | 3.0 x107° 0.13 x10® 8.5x10°

ke day’! 0 0 1.26 x10°%k;;
ke2 [mol'm®]%day™! | 7500%k;. 40000%*k;> 0

Nehainso mol m™ 10.4 10.4 55

Dy m? day! 2.5x10™M! 4.0x10" 1.6 x107
Dpore m? day’! 2.5x107 4.0 x10° 1.6 x10!!
Initial porosity no units 0 0 0

Ceo mol'm’ 17300 17300 17,300

) mol'm’ 17300 17300 17,300

Xnax no units 0.655 0.655 0

Dx no units 0.004 0.0006 0

Ve m? 4.19 x10 4.19 x10** 0

(a) Molar mass is taken as the average of poly(lactide) and poly(glycolide)
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Table 2. The qualitative analysis scheme and model are used on a number of degradation

experiments to determine the dominant hydrolysis mechanisms

Scission type

Random scission

End scission

Initial M, Minimum Auto- Non- Auto- Non- Fitting carried
Ref Polymer type (kg mol ™) size (mm) catalytic | catalytic catalytic catalytic out?
[1] PLA 70L:30L,D 290 1 YES ONE OF THESE TWO YES
[2] PLA-L,D,orL/D | 500 0.1 YES MAYBE | MAYBE YES
[3] PLGA 50DL:50G 10.5 N/A YES ONE OF THESE TWO YES
[4] PLGA 33 0.05 YES ONE OF THESE TWO | NO ATTEMPT
[5] PLLA 550 0.05 YES ONE OF THESE TWO | NO ATTEMPT
[6] PLLA 155 0.8 YES ONE OF THESE TWO YES
[7] PLLA 166 0.8 YES MAYBE | ONE OF THESE TWO YES
[8] PLLA 27-177 1.5-3 YES ONE OF THESE TWO YES
[9] PLA-L,D,orL/D | 90 0.05 YES YES YES
[10] PLA-L,D,orL/D | 450 0.05 YES YES NO ATTEMPT
[11] PLLA 45 0.033 MAYBE | LIKELY YES YES
[12] PLA 50L:50D 450 0.05 YES ONE OF THESE TWO YES
[13] PLGA - 50DL:50G | 14 0.2 YES MAYBE YES NO ATTEMPT
[14] PDLLA 85 1.5 YES YES NO ATTEMPT
[15] PLLA 72 2 MAYBE | LIKELY YES NO ATTEMPT
[16] PLGA 53 0.2 YES ONE OF THESE TWO | NO ATTEMPT
[17] PLLA 550 0.05 YES YES NO ATTEMPT
[18] PLGA 85:15 IV =1.4dl/g 1.6-3.4 YES YES YES
[19] PLA 96L:4D 37 2.6 YES ONE OF THESE TWO | NO ATTEMPT
[20] PLA 70L:30DL ~20 2 YES ONE OF THESE TWO | NO ATTEMPT
[21] 90PLA:10PCL 28 0.4 YES MAYBE | YES NO ATTEMPT
[22] PDLLA 20-34 2 YES ONE OF THESE TWO YES
[23] PDLLA 10 0.5 YES YES | NO ATTEMPT
[24] PLGA 50:50 28 0.0005-0.022 | MAYBE | LIKELY | ONE OF THESE TWO | NO ATTEMPT
[25] PLLA 120 thin film YES YES YES
[26] PLGA 50:50 20 microsphere YES YES YES
[27,28] | PLA, PLGA, PCL 10 14-23 YES MAYBE MAYBE MAYBE YES
[29] PLGA 40 0.05 YES MAYBE MAYBE MAYBE YES
[30] PDLA 100 0.1 YES YES YES
[31] PLLA 160 2 MAYBE | LIKELY | MAYBE MAYBE | NO ATTEMPT
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Fig. 1. Random scission simulations with variable degrees of autocatalysis. Normalised M,
(solid lines) and the sum weight fraction of oligomers plus monomers (dashed lines) are
shown versus normalised time. The autocatalytic:noncatalytic rate ratios (k-2/k.1) are 0 (A), 5

(B), 20 (C), 100 (D), 500 (E), and infinity (F).
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Fig. 2. End scission simulations with variable degrees of autocatalysis. Normalised M, (solid
lines) and the sum weight fraction of oligomers plus monomers (dashed lines) are shown
versus normalised time. The autocatalytic:noncatalytic rate ratios (ke2/ker) are 0 (A), 0.02 (B),

and infinity (C).

32



' MORE END 7 / 7’

0.9 - SCISSION
0.8 c
o
s 0.7 | MORE B
S 06 | RANDOM S
@ ~" | SCISSION pa
5 051 AB.C 3
£ K=
5 04 1 o
S MOLECULAR =
03 {~ WEIGHT . £
0.2 | = = SMALL CHAINS _, ®n

©
-
.

o
.

Normalised time

Fig. 3. Autocatalytic hydrolysis simulations with variable ratios of end scission to random
scission reaction rates. Normalised M, (solid lines) and the sum weight fraction of oligomers
plus monomers (dashed lines) are shown versus normalised time. The end:random scission

rate ratios (ke2/k:2) are 10% (A), 10° (B), 10* (C), 5x10° (D), and infinity (E).

—— MOLECULAR WEIGHT
— — SMALL CHAINS F, , -,

- E - . - 09
MORE END s s s 0.8
SCISSION

- C-" o6

- - 0.5
- - 0.4
- 0.3

Normalised M,
\
Small chain fraction

——__B—
—_—

- MORE RANDOM SCISSION A

0.8 1 1.2 14 1.6 1.8 2
Normalised Time

- 0.1

Fig. 4. Noncatalytic hydrolysis simulations with variable ratios of end scission to random
scission reaction rates. Normalised M, (solid lines) and sum weight fraction of oligomers plus
monomers (dashed lines) are shown versus normalised time. The end:random scission rate

ratios (kei/kr1) are 0 (A), 1x10% (B), 5x10* (C), 1x10° (D), 5x10° (E), and infinity (F).

33



A) Noncatalytic random

B) Autocatalytic random

C) Noncatalytic end
*, E D) Highly autocatalytic random
E) Autocatalytic end

\
\
E:
2 054
s \
E
S
z
0.1
0
0

Fig. 5. Typical curves for normalised M, versus normalised time for various theories of

hydrolysis: (A) noncatalytic random scission, (B) autocatalytic random scission, (C)

Normalised time

noncatalytic end scission, (D) highly autocatalytic random scission, and (E) autocatalytic end

scission.

14 - 20
> 0.9 - Molecular weight - 18
E 0.8 - . - 16
% 0.7 - Crystallinity 14 =
5 2
S 0.6 A——— - 12 "
§= 0.5 - - 10 ©
B 04 - Best fitting -8 8
203 - No random scission 5 =
€02 - - 4
Z01 - Mas.s loss m 5

0O —u—5-u-a . . 0

Fig. 6. A model fitting of molecular weight, crystallinity, and mass loss for combined

autocatalytic random scission and autocatalytic end scission as suggested by the qualitative

10 20 30 40 50 60 70
Time (days)

34



analysis (solid black lines). For comparison, a fitting without random scission also included

(dashed grey lines). Discrete symbols indicate experimental data [25].
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Fig. 7. A re-fitting of the experimental data of Beslikas et al. [25] for an assumption of 1%
initial monomer (dashed grey lines). The original fitting from Fig. 6. with effectively zero

initial monomer (solid black lines) is included for reference.
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random scission is included for reference (dashed grey lines). Experimental data [26] for

molecular weight and mass loss are discrete symbols.
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