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Abstract

The determination of the safe working life of polymer materials is important for their successful use in
engineering, medicine and consumer-goods applications. An understanding of the physical and
chemical changes to the structure of widely-used polymers such as the polyolefins, when exposed to
aggressive environments, has provided a framework for controlling their ultimate service lifetime by
either stabilizing the polymer or chemically accelerating the degradation reactions. The recent focus on
biodegradable polymers as replacements for more bio-inert materials such as the polyolefins in areas as
diverse as packaging and as scaffolds for tissue engineering has highlighted the need for a review of the
approaches to being able to predict the lifetime of these materials. In many studies the focus has not
been on the embrittlement and fracture of the material (as it would be for a polyolefin) but rather the
products of degradation, their toxicity and ultimate fate when in the environment, which may be the
human body. These differences are primarily due to time-scale. Different approaches to the problem
have arisen in biomedicine, such as the kinetic control of drug delivery by the bio-erosion of polymers,
but the similarities in mechanism provide real prospects for the prediction of the safe service lifetime of
a biodegradable polymer as a structural material. Common mechanistic themes that emerge include the
diffusion-controlled process of water sorption and conditions for surface versus bulk degradation, the
role of hydrolysis versus oxidative degradation in controlling the rate of polymer chain scission and

strength loss and the specificity of enzyme-mediated reactions.

Keywords: biodegradable polymers, lifetime, biodegradation, hydrolysis, erosion.
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1. Introduction

Plastics are ubiquitous in our modern culture, having excellent and tailorable material
properties, with controllable flexibility and strength and the ability to be moulded into shape.
They are also cheap, durable, relatively impermeable, sterilizable, and with a high strength to
weight ratio. The application of plastic film as packaging and other disposable items is
particularly important, with approximately 40 million tonnes of plastic film and sheet

produced from polyethylene alone [1-3].

There has been considerable interest in the use and optimization of biodegradable polymers
as an alternative to polyolefins such as polyethylene for such applications. Much of this has
been driven by increasing concerns about land, water and, in particular, marine pollution that

arise from the inherent resistance of polyolefins to environmental degradation [4].

Biodegradable plastics can originate from renewable sources (e.g., starch and
polyhydroxyalkanoates) or biodegradable synthetic polymers (e.g., petroleum derived
polyesters). The most widely studied biodegradable polymers have been either
polysaccharides (cellulose and its derivatives, particularly starch) or aliphatic and mixed
aliphatic/aromatic polyesters. Fig. 1 summarises the stages in degradation for biodegradable
polymers, where the primary mode of degradation is chain cleavage through hydrolysis
(either through abiotic (non-enzymatic) hydrolysis or enzyme-promoted hydrolysis), unlike
oxo-degradable systems which are very resistant to hydrolysis [5]. There are four key
variables and the relationship between them, which are critical to the mechanism of polymer

erosion (covered in detail in section 4.4 ):

e The rate of water diffusion into the polymer (D) and the pseudo first order rate of
hydrolysis (1)

e The thickness of the specimen (L) and the critical thickness (Lcrit)



Under a surface erosion mechanism (1’ > D; L > Lcrit), polymer is eroded from the surface and
the core polymeric material remains intact (average molecular weight My and mechanical
properties), until the load bearing capability decreases steadily as the thickness of the
polymer is less than the critical thickness. At this point the mechanism of erosion shifts to
bulk erosion (1’ < D; L < Lerit), Where the time to failure becomes dominated by the rate of
auto-acceleration of hydrolysis where My reaches a critical value Me. From this point, the
polymer depolymerises into water-soluble products oligomer and monomers, which are then
assimilated by micro-organisms into biomass or mineralised to CO,, H2O, CH4 and other

metabolic products.

However, the use of biodegradable plastics has been limited by their higher cost, moisture
sensitivity, narrow processing windows, low heat deflection temperatures, and/or poor barrier
and conductivity properties [5]. In addition, thorough life cycle assessments (cradle to grave)

need to be carried out to assess the relative environmental impact of each polymer type.

While technological solutions are being developed for many of the property limitations
described above, the core challenge remains: to understand the factors that will ultimately
control the time over which biodegradable polymers will maintain their integrity and material
properties when exposed to different environments. The environmental stresses usually
considered in association with the deterioration of performance outdoors are elevated
temperatures and solar radiation as well as mechanical stresses and rainfall/moisture.
However, other factors such as chemical conditions and, particularly for soil burial,
biological activities including enzymatic and other microbial and biological processes (such

as impacts of roots and fungal hyphae) are also factors.

Figure 1



In parallel with the use of polymers in the external environment, there is the increasing use of
controlled-lifetime polymers in biomedical applications of drug delivery, tissue engineering,
scaffolds and prosthetics. In this case the environment of concern is a particular part of a
human or animal body. In these applications, “lifetime” has a different meaning depending on
the function the polymer is performing in the body. The medical applications of a

biodegradable polymer are the most challenging of all due to:

e The need for compatibility with body tissue of both the original polymer and its
degradation products;

e The requirement for properties to continually change as the medical function is
progressively met, e.g., a scaffold for tissue regeneration must progressively weaken so
the new tissue can assume the biological function and replace the implant;

e In the case of polymer-controlled drug delivery, the kinetics of release will depend on
whether the degradation of the carrier polymer is controlling release or whether this
occurs through migration following water uptake and swelling. The rate of
biodegradation may be less important if the polymer is orally administered compared to

subcutaneous or pulmonary delivery.

If one is able to focus on the physical and chemical property changes in the polymer when
exposed to different environments, then results in one application may be translatable to
others. The key principle is the extent of degradation of the polymer that constitutes end-of-
life when in that particular application. If the rate of change of the property is known for this

environment then the lifetime can, in principle, be predicted.

Lifetime prediction therefore requires the measurement of the kinetics of the chemical,
physical and/or biological reactions that result in bond scission and subsequent chemical

transformations that constitute the degradation process under the combined environmental



stresses (shown in Fig. 1), together with knowledge of the extent of degradation that

constitutes the end of the safe service life [7-9].

In this paper, the fundamental principles that underlie the biodegradation of biodegradable
polymers are summarised and then recent literature on the environmental performance and

prediction of the lifetime of these polymers is reviewed.
2. Definitions

The literature associated with biodegradable polymer degradation and biodegradation is
inconsistent with respect to the terms used to describe different stages and aspects of

degradation. In this review, we have adopted the definitions as listed in the Standards, PD

CEN/TR 15351:2006 and ASTM D883 [10, 11]:

Aerobic
biodegradation

Anaerobic
biodegradation

Bioassimilation
Bioavailability

Bioavailable
Biodegradable

Biodegradable
plastic

Biodegradation
Biodisintegration
Bioerosion

Biofragmentation
Biomass

Biomineralization
Bulk degradation

Biodegradation under aerobic conditions (oxygen present)
Biodegradation under anaerobic conditions (oxygen absent)

Conversion of a polymeric item to biomass

Property of being physically and chemically accessible to the action
of cells and enzymes released by them

Status of a plastic item that can be processed by cells
Status of a polymeric item that can be biodegraded

A degradable plastic in which the degradation results from the action
of naturally-occurring micro-organisms such as bacteria, fungi and
algae

Degradation of a polymeric item due to cell-mediated phenomena
Disintegration resulting from the action of cells

Faster degradation at the surface than inside resulting from
biodegradation

Fragmentation of a polymeric item due to the action of cells

Material of biological origin excluding material embedded in
geological formation or transformed to fossil

Mineralization caused by cell-mediated phenomena
Faster degradation inside than at the surface of a polymeric item



Compostable plastic

Degradable
Degradable plastic

Degradation

Disintegration
Dissolution

Enzymatic
degradation

Erosion
Fragmentation

Heterogeneous
degradation or
biodegradation

Homogeneous
degradation or
biodegradation

Hydrolytic
degradation

Hydrolytically
degradable plastic

Maximum degree of
biodegradation

Mineralization

Oxobiodegradation

A plastic that undergoes biological degradation during composting to
yield carbon dioxide, water, inorganic compounds, and biomass at a
rate consistent with other known compostable materials and leaves
no visually distinguishable or toxic residues

Status of a polymeric item that can undergo degradation

A plastic designed to undergo a significant change in its chemical
structure under specific environmental conditions resulting in a loss
of some properties that may vary as measured by standard test
methods appropriate to the plastic and the application in a period of
time that determines its classification

A deleterious change in the chemical structure, physical properties,
or appearance of a polymer, which may result from chemical
cleavage of the macromolecules forming a polymeric item, regardless
of the mechanism of chain cleavage

Fragmentation to particles of an acceptable size (depending on the
application)

Solution of macromolecules constituting a polymeric item in a liquid
medium

Degradation caused by the catalytic action of enzymes under abiotic
experimental conditions

Faster alteration at the surface than inside

Breakdown of a polymeric item to particles regardless of the
mechanism

Degradation or biodegradation occurring at different rates depending
on the location within a matrix

Degradation or biodegradation that occurs at the same rate regardless
of the location within a polymeric item

Degradation identified as resulting from hydrolytic cleavage of
macromolecules

A degradable plastic in which the degradation results from hydrolysis

Maximum value of the degree of biodegradation that can be reached
under selected experimental conditions

Conversion of an organic compound to methane or carbon dioxide
and water and other minerals

Degradation identified as resulting from oxidative and cell-mediated
phenomena, either simultaneously or successively

NOTE: Similarly, prefixes like thermo (for the action of heat), photo
(for the action of light) are to be used separately or in combination
whenever one wants to indicate the involvement of various identified
mechanisms of degradation

8



Oxodegradation (or Degradation identified as resulting from oxidative cleavage of
oxidative macromolecules

degradation) NOTE: Similarly, prefixes like thermo (for the action of heat), photo

(for the action of light) are to be used whenever one wants to indicate
an identified mechanism of degradation

Theoretical degree ~ Theoretical value of the degree of biodegradation corresponding to
of biodegradation total conversion of the organic matter present in an original polymer-
based item to minerals and biomass

3.0 Polymer degradation — an overview

The short overview of the principles of polymer degradation as a whole that is covered in this
section is not a comprehensive review of the field but rather summarises the core concepts
and formulae that need to be understood in order to undertake lifetime prediction in

biodegradable polymers.

Polymer degradation can be defined as “a deleterious change in the chemical structure,
physical properties, or appearance of a polymer, which may result from chemical cleavage of
the macromolecules forming a polymeric item, regardless of the mechanism of chain
cleavage” [12], see Section 3.0. Such degradation produces changes in: mechanical, optical or
electrical characteristics, through crazing, cracking, erosion, discolouration and phase
separation [13]. Polymer degradation can be classified as photo-oxidative, thermo-oxidative,
ozone-induced, mechanochemical, hydrolytic, catalytic and/or biodegradation, depending on
the mechanism [13]. However, for practical use, one critical parameter that needs to be

determined is the useful lifetime of the polymer in the service environment.
3.1 Mechanical criteria for failure

Polymers are deemed to have met the mechanical criteria for failure when their fracture
energy, which is a measure of toughness, has fallen to a pre-determined fraction of the
starting value. In the literature on service lifetimes of polymers, this predetermined set-point

varies. For polyolefins such as polypropylene, for example, mechanical failure is frequently



taken as the point at which fracture energy has reached 50% of the initial value [14], although
in practice this may be beyond the point at which the polymer is still serviceable. Another
approach for assessing failure in thermoplastic polymers is to measure elongation to break.
When this has fallen to 5% of the initial ultimate elongation when measured under tension,
this indicates that the polymer can no longer yield and as such will fail in a brittle mode on
the application of force. The direct measurement of the actual fracture toughness is also
useful, if it is possible, since this enables the tracking of the dissipation of energy at the crack
tip [15]. In practice, however, the total loss of toughness is most commonly indicated by the

polymer fracturing when tapped or otherwise handled.

Overall, and at the simplest level, it is the underlying changes in the length of the polymer
chain (and the associated dissolution of degradation products), the forces between the chains,

and the extent and type of crystallinity that cause this mechanical failure [7].
3.1.1 The length of the polymer chain

The ideal length of a polymer chain (i.e. its degree of polymerization) for a given application
is typically optimised to provide a balance between processability, strength and toughness.
The latter properties require a high degree of chain entanglement (achieved by increasing the
Mn while if the molecular weight is too high, then the material becomes difficult to process.
The relationship between polymer strength, o, and molecular weight is given by:

o=A—B/M, 1)

where A and B are constants for a particular polymer. When o is zero, i.e., when the polymer
no longer has any strength and thus is at the end of its useful lifetime for a material
application, then Mn becomes Me, the critical molecular weight for chain entanglement, which

for poly(lactic acid) (PLA) is ~8 to 10 kg/mol [16] and for polyhydroxyalkanoate (PHA) is

10



~13 kg/mol [17]. The constant, A, has been equated [18] to the strength at a theoretical,

infinite Mn (0w).

The hydrolytic degradation of a polymer results in polymer chain scission events (whether
random or otherwise) that cause a reduction in molecular weight. The number of scissions per

number average chain, s, is described by equation (2):

s :(*"'_fnu E) 1 0

where Mnpo is the initial number average molecular weight and My the value after
environmental exposure for time, t.

These chain scission events will rapidly reduce entanglements and thus strength and, as Mnt
approaches M., the strength as given by equation (1) reduces to zero. A more detailed
discussion of the type of chain scission events associated with different polymer types and

their effect on polymer material properties is given in Sections 4.3 and 4.7.
3.1.2 Forces between polymer chains

Intermolecular forces between polymer chains play a critical role in determining polymer
strength and toughness and depend on the functional groups in the repeat unit. These forces
are measured through the Cohesive Energy Density 52 of the polymer, as described in
equation (3). This is the sum of the components from disperse &:2, polar &2 and hydrogen
bonding 832 forces, each of which may be determined from the solubility parameters for the

polymer in appropriate solvents [19].
52 (MPa) = 812+ 82° + 83° 3)

The Young’s Modulus E of the polymer increases with 52.

11



In hetero-atom systems such as polyamides and polyesters, the polar 8,2 and hydrogen
bonding 832 forces make a major contribution, so that these polymers are typically stiffer than
aliphatic polymers such as polyolefins, although the effect of crystallinity will also play a

role.
3.1.3 Polymer crystallinity

Many of the biodegradable polymers in use are semi-crystalline, with the crystalline regions
being effectively impermeable to water, hence slowing the hydrolysis reaction rates of such
polymers (see Section 4.1). The crystalline blocks also reduce other transport processes such
as gas and solvent diffusion and increase the stiffness and density of the polymer. It is also
possible that inhomogeneity can increase following biodegradation, with localised regions of
higher crystallinity and hence density. This can in turn result in a localised stress that exceeds
the local tensile strength of the matrix, resulting in micro-crack formation [20, 21]. If the
polymer film is thin enough, then this crack can cause embrittlement. In thicker films, crack
propagation under load can result in loss of mechanical properties. Chain recrystallization
following chain scission (through hydrolysis) may also play a role in changing the local

crystalline environment, although this is not well-studied in biodegradable polymers.
3.2 Polymer lifetime estimation

An estimation of polymer lifetime is made, in most cases, through the use of accelerated
ageing using increased temperature and/or higher radiation intensity. This approach measures
the rate of degradation under controlled conditions, such that the time taken to reach an extent
of degradation corresponding to failure under these conditions can be determined [22].
Extrapolation back to service conditions is then made through the use of a reciprocity
relationship (whereby it is assumed, for example, that there is an equal radiation dose to

failure regardless of the dose rate). This is coupled with estimation of the effect of

12



temperature on the reaction rate constant through the exponential dependency described by
the Arrhenius relationship. However, the extent to which an Arrhenius relationship may be
used is debatable, as curvature is frequently seen, invalidating the extrapolation [23].
Likewise, changes in activation energy for the hydrolytic degradation of biodegradable
polymers, particularly above and below their glass transition temperature (Tg), make it
necessary to identify an upper limit for the testing temperature under which the Arrhenius
relation is valid for different polymers [24]. There are also, in many cases, additional,
polymer-specific factors that affect the extent to which the environmental parameters couple
to accelerate the loss of properties over time. For this reason, it is important to characterise
the degradability under a range of conditions for all new polymers, blends of existing

polymers and even established formulations where the additives are changed.

This process has been studied in detail for oxidative degradation [7] and the methodology is
well developed. In the case of polymers defined as “biodegradable”, it is the ultimate fate that
frequently dominates considerations rather than the precise kinetics of the processes leading
to the loss of mechanical properties [25, 26]. Thus, attention has very often been focussed on
the total amount of carbon dioxide evolved or mass loss on soil burial [26] rather than the
extent of degradation at which embrittlement occurs and the kinetics of the reactions leading

to this embrittlement [27].
3.3 Interconnection of macroscopic, microscopic and chemical changes on degradation

The first key measurable stage of polymer degradation is loss of physical properties,
particularly toughness, such that the polymer material becomes mechanically embrittled (Fig.
1). As already described, it is the changes to the polymer molecular weight, intermolecular
forces and crystallinity that underpin loss of physical properties for both oxodegradable and
biodegradable polymers. These changes are frequently very non-uniform due in large part to
the surface sensitivity of environmental degradation. These three factors are also

13



interdependent and hence a change in one produces changes to the others. As outlined in
Nikoli¢ et al. [15], one or more of the following measures can be used to track environmental
degradation or polymer stabilization, depending on the type of polymer and the available

techniques:

e Engineering measurements of fracture toughness and fracture energy under either
slow strain rate or impact. Degradation often corresponds to a transition from a ductile
to brittle mode of failure.

e Optical and electron microscope analysis of surface cracking responsible for the
change in engineering properties.

e Measurement of macromolecular properties such as chain length (by Size Exclusion
Chromatography (SEC)) and the degree of crystallinity (by X-Ray Diffraction and
Differential Scanning Calorimetry) that produce the shrinkage forces leading to
surface cracking. A common parameter determined by SEC is the number average
chain scissions per polymer molecule, s, as defined by equation (2).

e Measurement of chemical changes (oxidation; hydrolysis; chemical reactions) that
result in the physical changes due to scission or crosslinking of polymer chains as
well as changes in intermolecular forces. Spectroscopic methods are often employed
as well as oxygen uptake, wet-chemical analysis and gravimetry.

e Identification and quantification of volatile organic compounds and gases, particularly
carbon dioxide, that indicates the ultimate end product of the degradation process in
the environment.

e Measurement of weight changes of the sample during service. This may be a weight
increase due to oxygen uptake at short times of exposure followed by weight loss due
to dissolution of volatile organic compounds and gases (previous point) as well as

ultimate mineralization to carbon dioxide and water. This is a very restricted measure

14



since leaching of additives etc. can be responsible for weight change rather than loss

of degradation products due to hydrolysis or oxidation.

The monitoring of degradation can be undertaken at different levels, from averaged
engineering measurements of the bulk polymer through to micromechanical and finally
molecular level measures of degradation. Overall, however, the core underlying process
controlling degradation and loss of mechanical properties in biodegradable polymers is
hydrolysis, with a more detailed analysis of lifetime modelling of mechanical properties of

biopolymers being given in Section 4.7.
4.0 Hydrolytic biodegradation

The processes involved in hydrolytic biodegradation are complex, in that the interactions of
living organisms with susceptible (biodegradable) polymers such as polysaccharides,
polyesters and their aliphatic and aromatic copolymers, and polyamides play a large role.
Such polymers can be degraded through a variety of mechanisms (via photo, thermal,
mechanical and chemical degradation), which can act alone or in combination, often
synergistically [28]. It has, for example, been observed that the molecular weight of a custom
made poly(L-lactic acid) (PLLA), with higher metal catalyst residue content than normal,
decreased by more than half (from 431,000 to 202,000 g/mol) just upon storage in a
desiccator at ambient temperature for an unspecified time [29]. However, as previously
stated, the most important reaction that is associated with loss of mechanical properties in
these polymers is hydrolysis of susceptible chemical bonds leading to chain scission and

molecular weight decrease [8, 9, 30, 31].

The rate of this process is low when in air or water at neutral pH, and either acid, base or
enzyme catalysis is required to achieve the rapid degradation in mechanical properties

necessary for the first stage of degradation of biodegradable polymers (Fig. 1). Ester
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hydrolysis, for example, can be either acid or base catalysed while poly(ortho esters) are
resistant to basic pH but are hydrolysed more rapidly in the presence of acids [32]. The rate
of hydrolytic degradation also depends on many other factors including the polymer chain
length, crystallinity, molecular weight distribution, swellability, size, shape and geometry of
polymer matrix, surface pretreatment, porosity, pore size and distribution, pore geometry,
overall device dimensions, processing conditions, and water diffusivity in the polymer matrix

[5, 26, 33, 34].

In making use of these biopolymers for tailored lifetime applications, and for understanding
post-use degradation, it is important to understand the kinetics and mechanisms of polymer
failure via hydrolytic degradation. In most studies of biodegradable polymers the primary
focus has been on the time taken for mineralization, as indicated by evolution of carbon
dioxide [25], rather than the time taken for the embrittlement of the polymers and the end of
their useful lifetime as materials. Determination of this time to loss of mechanical integrity is
of vital importance in biomedical polymers where the degradation must take place in the
human body and the loss of mechanical strength may have to be synchronized with the
growth of load-bearing tissue such as bone [9, 35]. The kinetic models developed for this

process may also be applied to wider environmental degradation.
4.1 Failure mechanisms in biodegradable materials

The random scission of natural polymers and the determination of their scission rate
constants werre first described in 1930 by Kuhn [36]. Over recent years, there have been a
number of more advanced models developed to predict the rate of hydrolytic degradation in
biodegradable polymers, with a specific view to modelling the fate of materials intended for
in vivo applications. The types of models range from empirical to phenomenological and
deterministic to computational, with different computational models exploring different
aspects of the chemistry utilizing molecular dynamics, cellular automata or Monte Carlo
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modelling methods [37, 38]. Empirical models are those that build a relationship between
degradation outcomes and experimental data (e.g., crosslink density, pH, temperature, etc.)
through approaches such as regression or similar, such as in the discussion above. They
provide little insight into the mechanisms of the process. By contrast, both the
phenomenological and computational/probabilistic  approaches are  mechanistic.
Phenomenological models are based on the transport models that govern reaction, diffusion,
and dissolution and use deterministic equations. They are specific to a given system.
Probabilistic models describe modifications to the polymer matrix (such as local polymer
concentration or crystallinity) on a stochastic/probabilistic basis, typically using Monte Carlo
simulations and cellular automata. There have been several reviews of the mathematical
modelling of bio-erodible systems from the perspective of drug delivery [38-46]. Sackett and
Narasimhan in particular [38] provided an excellent summary. The primary focus has been
modelling changes in molecular weight on degradation, as opposed to modelling changes in
mechanical properties and associated lifetime prediction (which will be dealt with in Section

4.7).

Central to an understanding of these hydrolytic degradation processes is an understanding of
water fluxes in these systems. A common feature of both oxidative and hydrolytic
degradation processes is that an increase in the degree of crystallinity lowers the rate of
degradation. In hydrolytic degradation, this is because water is unable to penetrate readily
into the highly ordered crystalline regions of polymers [47], and the sensitivity of mechanical
properties to hydrolytic degradation thus depends on the structure and reactivity of the
amorphous regions. The other factor that is important to retained mechanical properties is
whether degradation occurs as a surface or a bulk process, which is controlled by the relative
rates of the diffusion and hydrolysis in a given polymer (see Section 4.4). For both of these

processes, an understanding of water flux in polymers is important.
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4.2  Modelling water flux

According to Fick’s law, the one-dimensional flux of water in a solid bounded by two parallel

planes can be expressed as:

where [H20]: is the concentration of the diffusing species (water) at time t, D1, D2 and Ds are
the diffusion coefficients of water in the polymer in the different directions, and x, y and z are
the distances of the diffusion in the x, y and z directions. In the case of isotropic polymers,

diffusion has no preferential direction and D1 = D2 = D3 = D. Thus, for plane sheet geometry:

(2n+1) %t
g - Sy exp|-D ] 5)

M, fre

where M, is the mass of water absorption at infinite time, M is the mass of water absorption
at time t, and L is the thickness of the specimen [48]. When M¢/M.. is small enough (< 0.6),
i.e., in the early stages of the degradation process, equation (5) can be reduced to the Stefan’s

approximation:

My _ E(E)m 6
My L\m (6)

Restating equation (6) the time for water to diffuse (Tair) @ mean distance <x> can be

estimated by applying random walk theory to the motion of water in a polymer [49]:

xEFTm

Taipr = $Dorr (7)

where Dest is the effective diffusion coefficient of water inside a polymer.
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Other approaches to modelling water diffusion have also been taken, including the use of
Finite Element Analysis [41]. However, all of these models ignore some of the factors that
control uptake in typically complex matrix environments, such as the polymer’s free volume,
the physical state of the polymer, and the glass transition temperature (all of which can be
influenced by the fabrication technique, as well as by polymer mobility and relaxation) [50].
The effect of molecular weight on water uptake is also unpredictable, based on the limited
studies to date. Valenzuela et al. [50], for example, showed that annealing is necessary to
obtain reproducible water uptake rates, which has implications for the prediction of polymer
degradation rates more generally. Albertsson [51] showed that the first stage of degradation
of poly(lactic acid) (PLA), as a typical hydrolytically degradable polymer, occurs in the
amorphous regions. As discussed, this is because water penetrates through the disordered
regions more readily, resulting in more rapid hydrolysis in the amorphous regions and thus
more space between polymer chains, allowing the non-degraded chains to more readily
reorient and to pack into more crystalline structures. And further, the increase in pore volume
following degradation, as well as the increase in polymer mobility and the decrease in glass
transition temperature (Tg), all allow increased water uptake. Gautieri et al. [52] provided a
detailed, atomistic molecular model of water diffusion for individual molecules during PLA

degradation and showed that diffusivity is highly influenced by swelling, not degradation.

However, despite all this, hydrolytic degradation can be successfully modelled by assuming
that the water concentration remains constant (see Section 4.5). It has been proposed that this
is due to the existence of different water environments internally, with only a portion of the
water, called the “bound water”, being reactive [53]. It should be noted that the models at
present do not take into account the water vapour to liquid transformation and associated
calculations with respect to number of molecules required to coalesce before hydrolysis can

begin.

19



4.3 Rate of hydrolysis — effect of chemical bond type

The kinetics of bond cleavage in the main polymer chain is dependent on the type of bond
present. There have been many reviews on biodegradable polymers [25, 33, 34, 54-61],
which describe the main classes of polymers and main chain bond types that fall into this
category, whether bio-derived, synthetic or modified (Table 1). The relative rate of hydrolysis
under non-catalysed conditions has been determined for a range of polymer types as well as
for model compounds of low molecular weight. A summary of these main classes of
hydrolysable bonds and the approximate half-lives in water at pH 7 and 25°C for the low
molecular weight (methyl, ethyl) model compounds is given in Table 2 (adapted from [32,
62, 63]). However, the kinetics of these reactions can change vastly in the presence of
catalysts or through the influence of neighbouring groups, such as through steric and
electronic effects. For example, the hydrolysis rate of PLA is slower than that of other
poly(a-hydroxy esters), at least in part due to the methyl group hindering the attack by water
[32].

4.4 Bulk versus surface degradation

As noted previously, the relationship between the rate of water diffusion in a polymer and the
kinetics of bond cleavage (hydrolysis) plays a critical role in the mechanism of degradation of
biodegradable polymers (Table 2). Vieira [28] has summarised the three most common
situations for erosion following hydrolysis as shown in Fig. 2 [9]. It should be noted that the
term “degradation” in this case specifically refers to the polymer chain scission reaction,

whereas “erosion” refers to the loss of polymer material as oligomers and monomers leave

the polymer [40].
Table 1

Table2
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The complete erosion of a polymer takes substantially longer than the loss of tensile strength
due to polymer chain scission, since, as outlined in Section 3.1, the loss of polymer strength
occurs at Me, at which point the polymer chain is still of significant molecular weight, well

above that of oligomers and monomers.

Surface eroding polymers (Fig. 2) will decrease in thickness with a loss of material from the
surface when the rate of hydrolysis exceeds the rate of diffusion of water into the bulk, or
where the catalyst is unable to penetrate the bulk polymer (as with enzymes). In the former
case, a higher rate of hydrolysis than diffusion can be due to hydrophobicity of the bulk
polymer, a slow rate of water diffusion due to a high glass transition temperature or high
crystallinity, and/or a very rapid hydrolysis rate [101]. The local water concentration can be
determined from the diffusion coefficient and solubility of water in the polymer. In bulk
eroding polymers, by contrast, the rate of diffusion of water exceeds the rate of the hydrolysis
reaction. The simplest case of bulk erosion (Fig. 2) occurs when the rate of diffusion of the
hydrolysis catalyst, particularly catalytic degradation products such as acidic oligomers, is
also faster than the reaction rate. In this case, the degradation will occur uniformly through
the thickness, with hydrolytic chain scissions (equation (2)) lowering My and thus the strength
(equation (1), Section 3.1.1). The more complex situation, where bulk erosion occurs with
autocatalysis leading to the formation of pores due to loss of the degraded material (Fig. 2),
typically occurs only after extensive degradation, so will not control the loss of mechanical
properties unless the pore reaches a critical size for the brittle cracking of material under a
stress (which may be mechanically applied or result from swelling stresses). In this case, the
accumulation of oligomers with acidic end groups that diffuse more slowly out of the
polymer than water leads to higher local acidity internally, resulting in heterogeneous
degradation [102, 103]. However, if the thickness of the polymer is sufficiently small and the

degradation products diffuse rapidly, then autocatalysis is largely suppressed [104].
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The polymers that tend to degrade through surface erosion include some polyanhydrides,
some poly(ortho esters), and some polycarbonates [101], although fiber-forming
polyanhydrides formed from aliphatic acids are susceptible to hydrolysis and thus bulk
erosion. The erosion of poly(bis-(p-carboxyphenoxy)-methane) for instance is mostly via
heterogeneous surface erosion. For such surface eroding polymers, the core of the polymeric
article tends to retain its high molecular weight. Consequently, some material properties, such
as modulus, remain relatively unchanged until late in the degradation process and other
properties, such as load bearing capability, tend to decrease steadily as the thickness

decreases.
Figure 2

By contrast, bulk degradation is the dominant mechanism for polyesters such as PLA,
poly(glycolic acid) (PGA), poly(e-caprolactone) (PCL) and poly(butylene succinate) (PBS),
as well as for polyamides, proteins, and cellulose and cellulose-derivatives such as starch and
cellulose acetate [101]. The hydrolytic degradation of polyhydroxyalkanoates (PHAS) in
water is also a bulk process, albeit a very slow one — although it tends to be regarded as a
surface eroding polymer since that is its dominant mode of degradation under enzymatic

hydrolysis [17].

Typically, during bulk erosion, a decrease in molecular weight of the polymer occurs before
any mass-loss is observed. Most of the kinetic data and models, to date, relate to bulk eroding
polymers. However, the situation even in relatively simple biodegradable polymers is often
more complex than is typically modelled. In studies of poly(a-hydroxy acids) in aqueous
media, for example, Li et al. [105-107] showed that the degradation of PLA was not only
inhomogeneous, with a greater rate of degradation internally, but initially amorphous samples

crystallised as degradation proceeded. It was also shown that amorphous samples retained
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mechanical integrity for longer than semicrystalline samples, which was attributed to the

sensitivity of the latter to stress and solvent micro-cracking.

Overall, it should also be noted that surface or bulk erosion modes are two extremes of the
degradation process and the erosion of a polymer usually shows characteristics of both. The

mathematical modelling of the transition between the two states is given in Section 4.6.
4.5 Kinetics of hydrolysis in bulk eroding polymers

Hydrolysis is a very intricate process since a variety of different scission pathways can occur
simultaneously [108]. Even though the reactivity of each bond might be equal, the effect of
molecular weight and the inherent steric and crystalline environment, as well as chain
branches and other factors such as local pH, may influence the rate of reaction at specific

locations. Despite this complexity, some generalizations can still be made.

For instance, Lyu [16] has examined the kinetics of poly(lactic acid) (PLA) degradation and
noted that there are four broad stages in the degradation of PLA copolymers implanted in the

body. The first three of these stages are relevant for the total loss of mechanical properties

(i.e., decrease of M, to Me), these being:

(a) Water uptake controlled by the diffusion coefficient of water at the test temperature

(which may be accompanied by polymer swelling);
(b) Steady rate of hydrolysis controlled by the amount of water present;

(c) Auto-acceleration of hydrolysis rate due to catalysis by increased number of acid

chain ends, which could be identified with a critical value of My; and

(d) Evolution of water-soluble breakdown products with significant weight loss and

eventual total dissolution.
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These stages are characteristic of bulk eroding polymers, in general, both in vivo and in the
broader environment. A schematic (Fig. 3) illustrates the general hydrolytic degradation

processes in these polymers.

It has been shown that since the rate of water uptake is much faster than that of hydrolysis in
bulk eroding polymers, such as PLA, then the kinetics of degradation are under chemical
control [49, 107, 109] and the mechanisms of polyester hydrolysis in different media are

relatively well understood [18].
Figure 3
4.5.1 Kinetics of Ester Hydrolysis

The simplest representation of the overall chemical reaction for ester hydrolysis in the

presence of acid or base is:

HY or OH

-RCOOR’- + H20 ———— -RCOOH + HOR'- (8)

The reverse esterification reaction is negligible. The detailed mechanisms for hydrolysis of
aliphatic polyesters have been described [18] and aim to rationalise the empirical
relationships for the rate of loss of ester groups, where the concentration of these ester groups
is given by [E]. In the absence of diffusion control (i.e., in thin samples), the rate of in-chain

hydrolysis giving random chain scissions, s, is given by:

d[E] _ .l[ dlcooH]

dt

H*[E][H,0] =

= ds/dt 9)

where each chain scission to lose an ester results in a carboxylic acid end group, -RCOOH
[110], and 4 is the rate constant for the hydrolysis reaction. In the early stage of hydrolysis

where [E] and [H20] are constant and in the absence of added acid, the catalyst is provided
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by the carboxylic acid chain ends so the system is self-catalysing and the rate of growth of

chain end groups is:

dlcoom]
dt

= A'[COOH] (10)

Solving this first order equation and noting the initial carboxyl end group concentration:

[COOH], = 1/Mpy (11)

then the value Mno after hydrolysis for time t is:

M_ = Myp.e ™ (12)

It should be noted that:

s=Tnm_ g =Nt (13)

Lyu et al. [16] suggested a modification of these kinetic equations to account for the slower
rates of early stage degradation. They suggested that there was a transition from a reaction
without autocatalysis to one made much faster by the presence of acidic end groups following
chain cleavage. In addition, rather than being dependent on the concentration of COOH end

groups, the hydrolysis rate may be proportional to the dissociated hydrogen ion:
[H]= (Kcooﬂ[":":"':H"’:|j1"rz (14)
where Kcoon is the dissociation constant for the acid end groups. Combining equations (9)

and (14) gives:

22 = A[H,0][E]([CO0H]K) (15)
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Siparsky et al. [111] found, from studies of PLA, PLA-co-PCL and PLA-poly(ethylene
glycol) blends, that this equation matched the data well, although the analysis was carried out
in solution rather than solid state, making it more likely that the acid groups could dissociate.
PCL was not found to be self-catalysed under these conditions. Using the relationship in

equation (12), an alternative kinetic equation was derived by Lyu et al. [16, 101]:

(ﬁﬂﬂzz( 1)H{+?HJKWD”W%U] (16)

Moy

where A2 is the reaction rate constant, where the subscript 2.5 reflects the kinetic order for
this mechanism. Expressing this in terms of s, the number of scissions per number average

chain, given that s +1 = Mno/Mn (rewriting equation (13)):

s = (1422, (AEIM,0): [H,018)* - 1 (17)

Again assuming that [E] and [H2O] are constant in the early stage of hydrolysis and in the

absence of added acid, this equation collapses to:

s=2A"t+(A")? (18)

where 1" = (1/2)A25(A[E]Mno)"’[H20]; this implies an exponential increase in number of
chain scissions over time through the early stages of the hydrolysis reaction. However,
neither equations (12) nor (15) alone were adequately able to replicate the observed

experimental results.

Martens et al. [112] also took this approach recently in modelling the degradation of the

glucosaminoglycan, hyaluronan, assuming a random chain scission process, as follows:

1 1

=E_ (19)

anr ann T
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where 1 is the rate constant and m is the molecular mass of a repeat unit. Unlike equations 9
to 16 above, the underlying rate equation ignores water and acid concentration effects. Rate
constants were determined from experimental data and there was good agreement between
experimental and simulated results, indicating that acid hydrolysis of hyaluronan can be

considered a random scission process.

Equation (19) can be rewritten, taking equation (2) into account, as:

s = 75 jt = DP, At (20)

In a related approach, Charlier et al. [113] investigated drug release from thin poly(D,L-
lactide-co-glycolide) (PLGA) films, adopting an empirical approach by assuming a first order
degradation kinetic but modifying the equations to include a time dependent term for the
diffusion coefficients (to take into account polymer degradation and erosion). While there
was a good fit to the experimental data, this model was only applicable for thin films, not

other geometries.

However, the broad applicability of these solutions for lifetime prediction is very limited due
to the fact that many simplifying assumptions are necessary for the analytical treatment of the

problem.

More recently, much more complex models have been developed, taking a range of
approaches to try to develop a robust fit that can have predictive capability. Overall, the
approaches to modelling of the degradation of biodegradable polymers can be broadly classed

as empirical, probabilistic or phenomenological [38].
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One of the earliest approaches to the modelling of polymer hydrolysis employed
combinatorial statistics to derive analytical solutions to the evolution of molecular weight
distribution. This approach assumed that bond scission could be described with a known
probability density function (e.g., equiprobable random scission, central Gaussian, or

parabolic) [36].

Another approach that has been adopted is to develop a system of differential equations that
describe the depolymerization rates of individual bonds and then to integrate them to give the
time evolution of the molecular weight distribution [114]. However, this requires a
substantial set of equations to completely describe even a simple polymeric system, so

approximations need to be made.

To this effect, Chen et al. [115] developed a hybrid mathematical model that combined
stochastic (probabilistic) hydrolysis and diffusion-controlled autocatalysis to simulate
polymer degradation and erosion. They considered three states — hydrolysable, hydrolysed
and void. Equation (9) was used for ester hydrolysis, with the degradation process modelled
as a stochastic event using a first order Erlang process in which the probability density
function p that defines the probability of hydrolysis of a single hydrolysable element can be

calculated as:

p(At) = de ¥ (21)

where 4 is the degradation rate constant, which can be determined from experimental data by
linear regression. A hysteretic delay was imposed to account for the gradual transition from
solid polymer to porous degraded material. This led to the following hybrid degradation
model:

..A.DE —).Df[1+'E|:E I:'m—‘_jl}
¥

Py = PptPc=Pp+f(em—1)Pr = (22)
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where Pa is the accelerated probability density function; Pe and Pc are the contributions due
to fundamental hydrolysis and autocatalysis, respectively; £ is a constant introduced to
regulate the contribution of autocatalysis; Cm is the time dependent concentration of
hydrolysed monomers; Ao is the degradation rate constant at time zero; Vi is the volume
fraction of polymer matrix at time t; and Vo is the initial volume fraction of the polymer
matrix. An illustration of the effect of matrix thickness on the degradation process (both
matrix morphology and acid catalyst concentrations) based on this model is given in Fig. 4.
Overall, it was found that the architecture and thickness of the sample played a significant
role in the degradation kinetics. The thicker the film, the higher the internal acid
concentration and thus the higher the rate of pore formation and molecular weight loss.
However, this modelling approach did not consider variability in the kinetics of the
hydrolysis reactions and chain scission and did not allow for a prediction of molecular weight
distribution. Also, the diffusive parameters were estimated and could not be readily measured

experimentally for verification.
4.5.2 Mechanistic (numerical) modelling

The use of molecular modelling, where polymer chains are modelled atom by atom, is also
limited in its applicability. Such simulations can assess disrupted bonds and the influence of
thermodynamic enthalpy on product formation, but give less insight into kinetic processes.
Most simulations deal with bond breakage as a sub-nanosecond event occurring at the
molecular level. The correlation to polymer degradation that occurs over weeks or months
may therefore not be clear-cut. However, Karst and Yang [116] used this approach to rank
relative degradation rates in PLLA/poly(D-lactic acid) (PDLA) polymer blends by comparing
the states of polymer chains before and after an artificially introduced cleavage event and

calculating the change in potential energy. The 50/50 blend was found to have the greatest
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resistance to hydrolysis, due to its having stronger hydrogen-bonding and dipole—dipole

interactions than pure PLLA or PDLA.
Figure 4

Perale et al. [117] adopted a mechanistic approach to the modelling of polymer degradation
through hydrolysis, using a population balance model that provided a detailed description of
hydrolysis Kkinetics, as opposed to some of the more lumped models previously described. In
this case, it was assumed that water molecules could break an (m unit)-long polymer chain at
various sites, leading to an (n unit)-long and an (m-n unit)-long polymer chain, where the n-
long oligomer could in principle diffuse out of the polymer matrix, according to the following

equation:

a(lp, 1)

sl = R, +D,V[B)] (23)

where Pn is the n-long polymer chain, [Pn] is the molar concentration, Ry is the molar rate of
formation by the collection of degradation chemical reactions, and Dy is its effective diffusion

coefficient through the polymer matrix. The degradation kinetics can then be written as:

R, = ky (322 [B] [Po)] - 2(BIZ[B ]} + 22 (2[H:01 22 s [B] - (0] (-

1) [P.]}

(24)

where kp and Keq are the depolymerization rate constant and the thermodynamic equilibrium
constant for the polymer chain hydrolysis respectively. For polyesters, the second term is the
dominant one. To make the calculations tractable, a moments model describing the evolution

in time and space of its first three statistical moments, representing the number of polymer
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chains, their overall length and their dispersion, was adopted. A reasonable comparison
between predicted and actual molecular weight over time for the degradation of PCL
filaments was obtained. However, this model ignored many of the inhomogeneities in the

material structure, in particular the effect of the crystalline phase in the matrix.

A mixed modelling approach was employed by Soares and Zunino [118] for a stent coating,
i.e., effectively a one-sided film. In this multiscale study, the hydrolytic degradation of
polymer chains was modelled at the molecular level and the diffusion of water and also
reaction products was modelled at the bulk level according to Fick’s laws. The numerical
solution was, in this case, made tractable by the use of a finite element approach, where a
limited number of polymer constituents were defined, each accounting for chains of an
average size. The Thiele modulus, A, a non-dimensional number that relates time scales of

reaction and diffusion, was defined as follows:

o™
A

(25)

where p; is water density, 4 is the hydrolysis rate constant, L is the coating thickness and D*

is the diffusivity of water into an intact, dry polymer. A is the dominant parameter controlling
the mode of erosion in this system, with a high A associated with bulk erosion and a low A

with surface erosion. In effect this is a restatement of the condition summarised in Fig. 2: fodr

D™ >> k, the polymer degrades via bulk erosion, and for D is << k, the polymer degrades

via surface erosion. A limitation is that the model does require as inputs the diffusion
coefficients of water and each polymer subfraction. These authors noted that mass loss occurs

earlier in samples with higher polydispersity.
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Antheunis et al. used a diffusion-reaction model similar to that of Thombre et al. ([119], see
Section 4.6) to characterise autocatalytic behavior in a range of aliphatic polyesters [120,
121], assuming constant mass and volume and a uniform molecular weight. The model was
calculated using the number average, as opposed to the weight average molecular weight,

with the following expression being derived for amorphous polymers:

7. = ([EGGH]D g1t —1 + 2 )_1 (26)

it
o 1+e,e® .- .

where [COOH]o is the initial acid concentration, p is the polymer density, c1 is a constant of
integration that accounts for the hydrolysis rate and crystallinity, and c2 is a constant of
integration that is a ratio c, between the initial concentrations of acids and ester bonds (c2 =
[COOH]0o/[E]o). This model was expanded for semi-crystalline polymers and copolymers by
making a number of assumptions, including that the ratio between the different specific types
of ester bonds remains constant through the reaction (since each has its own hydrolysis rate)
and that only the ester bonds in the amorphous phase can be hydrolysed (due to the inability
of water to penetrate the crystalline region), to give the following expression for ci1 in
Equation (26):

c; = ([E]lo + [COOH])@a (X1 % k. ) (27)

where ga is the concentration of the ester bonds in the amorphous fraction, X, is the molar

fraction of each corresponding type of ester bond (Ei) and 4, is the rate constant for

hydrolysis of that ester bond. This model accurately predicted an initial sigmoidal decrease in

M, for PLA and PLGA in the initial period before mass loss. One limitation of this approach

is that it does not take into account partial dissociation of the acid groups and that the
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assumptions, particularly that of constant ratio of ester bond types, are unlikely to hold for

extended periods.

Pan and coworkers, in a series of studies, have developed increasingly sophisticated
derivations of models of polyester cleavage using classical theory, starting with an initial
phenomenological model [122] in which biodegradation was modelled using a set of
simplified reaction-diffusion equations in order to predict the effect of size and shape of a
device on its degradation rate. This model took into account autocatalysed or non-catalysed
hydrolysis or a combination of hydrolysis and monomer diffusion. It was extended to take
into account the effect of polymer recrystallization following chain scission [123] by
including modified equations based on Avrami’s theory of crystallization. This was
undertaken because the changing crystallinity that occurs during degradation affects both the
degradation rate and mechanical properties of the material or device. The initial equations
which were developed were then simplified [31, 124] and adjusted in order to relate the
observed degradation trend in experimental data to different underlying mechanisms,
including non-catalytic and auto-catalytic end-chain scission (in which only ester bonds at the
end of polymer chains are cleaved) and non-catalytic and auto-catalytic random cleavage,
where any ester bond can be cleaved. In summary, these authors developed an equation that

allows the number average molecular weight M, to be calculated as:

= (e +c..|.5:’,_-]lm

M” B irn:ha[n (28)
where

Nchﬂin = Nchﬂinl} + (Rs - [Co:/}i'{')) (29)
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and ¢a is the concentration of ester bonds in the amorphous chains (mol/L), w is the inverse
molar volume of the crystalline phase, set at 17,300 mol/L, X. is the degree of crystallinity, m
(g mol?) is the molar mass of each repeat unit, Mcnain (Mol/L) is the molar concentration of
polymer chains, with Mchaino being the initial molar concentration of polymer chains, Rs
(mol/L) the molar number of scissions per unit volume, and co (mol/L) the molar
concentration of ester bonds in the oligomers, respectively, and x is the average number of
repeating units of the oligomers (set at 4). The term at the top of Equation (28) is the total
weight of the crystalline and amorphous phases excluding oligomers (on the assumption that
oligomers are too small to be measured experimentally). In this model, the rate of polymer
chain scission due to hydrolysis is given by:

dR,
dt

= A, + A0 () (30)

c

where A1 (day™) and A2 ([moltm?3]®°day™) are the reaction constants for the non-catalytic and

auto-catalytic hydrolysis reactions respectively.

In an extension/simplification of this work, Heljak et al. [125] developed a model to simulate
the degradation of bulk-erosive polymers under different conditions of static medium as
opposed to a medium that is flowing through the scaffold pores. This model assumed that the
polymer bulk was instantly saturated with water, thus eliminating a water diffusion term from

the equation, and assumed an autocatalytic mechanism, giving:

— DPmedium (31)

medium ~ [E]"le..L:
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where Duedim is the nondimensional form of D medium, Which is the diffusion coefficient of
the monomers produced following hydrolysis in the hydrolysis medium; [E]o is the initial
ester bond concentration; the power n accounts for the dissociation of the acidic end groups;
ki and ko are phenomenological rate constants; L is the characteristic length of the object
being subjected to degradation; cm is the time dependent concentration of hydrolysed
monomers, which could also be treated as the concentration of the degradation products and

Em :C_m, Rl = kln ’
[El, [Elo

t=k,[E]}; Xi :il_i’ where x; is the monomer concentration at a

given location; diwv and grad are divergence and gradient respectively; and

& o

N _ DO _ Cm +[E]
P ek T, ) )

Overall, then, the degradation process was modelled using the non-dimensional form of a
series of reaction-diffusion equations, that were solved using a standard Euler scheme, with
the equations being integrated using a finite element method at each time step. This gave a
good fit to the degradation data presented by Agrawal et al. [126], who used both static and
flow conditions. The model had a number of explicit limitations: it did not take into account
the changing sample porosity with degradation, and changes of geometry could not be
accommodated. It was also not possible to calculate the molecular weight distribution at

successive stages.

Zhao et al. [127] adopted a mechanistic approach to modelling of degradation, accounting at
the same time for changes in the effective diffusivity by modelling hindered diffusion and
pore formation and growth over time. It was proposed that the rate at which soluble
monomers and oligomers were formed was proportional to the rate of growth of average pore

size. This model was an improved version of the earlier empirical relationships between
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erosion rate and pore growth proposed by Batycky et al. [128] and Lemaire et al. [129].
Arosio and co-workers also developed mechanistic models based on a shrinking core (with
polymer eroding from the centre out) and pseudo-first order degradation to describe a bulk
eroding polymer in cylinder form. The production of oligomers and monomers was modelled
and an equilibrium between hydrolysis and condensation (polymerization) reactions was
included, although autocatalysis was not [130]. The model did not fit well to published data,

presumably because of the oversimplicity of the assumptions.

Nishida et al. [131] used a statistical moments approach to solve for:

gLP]

= = A&z nlfB] - X0, [FR.][H,0][COOH] (34)

dt

where fPy, is a fraction with degree of polymerization n, [P]= i[ fP 1, assuming that [H20] »

n=1
[COOH] throughout the hydrolysis reaction, and An is the rate constant of hydrolysis of each
step. Approximations for the polymer polydispersity, the average degree of polymerization,
and the weight-average molecular weight were determined as a function of time, with

reasonable fit.

Casalini et al. [132] also used a mass conservation and statistical moment-based approach to
the derivation of equations for polymer degradation from first principles, in the modelling of
the degradation of PLGA microparticles. The assumption was that only water and oligomers
up to nonamers can diffuse inside the polymer. Autocatalysis was taken into account, as was
the change in diffusivity over time as the hydrolysis proceeded. However, a limitation is that
a single rate constant for polymer degradation (which was fitted from experimental data) was

used for each system modelled.
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4.5.3 Stochastic modelling

A number of studies have taken a Monte Carlo propagation approach to the modelling of
random chain scission processes in bulk eroding polymers. In this approach, a virtual grid for
the polymer matrix is established and a lifetime is assigned to each element (or pixel) within
that grid. The probability of erosion of each element is then calculated using Monte Carlo
methods. Guaita et al. [133] adopted this approach to investigate the key parameters that
would help with elucidating differences in degradation mechanisms when volatilization was
excluded. It was assumed that polymer fragments would interact with each other, but chain
branching was not taken into consideration. These authors found that for completely random
chain scission, the polydispersity index should trend to 2, regardless of any chain
recombinations, which is in line with a typical Kuhn distribution [36]. The same was
observed by Nishida et al. [131]. In non-random scissions, a different trend would be
observed. In other early work, Emsley and Heywood [134] also took a Monte Carlo
approach, in this case comparing the effect of bond cleavage at randomly determined points
as opposed to specific systematic bond cleavage, such as by breaking the molecule in half or
slicing off a fixed number or percentage of units. They found that non-random processes

were needed in order to see a shift in molecular weight distribution.

Siepmann and coworkers in turn coupled a Monte Carlo approach for simulating polymer
erosion to classic equations for mass transport for a sphere. As an example of how this
approach was used to simulate monomer release from a poly(anhydride) matrix, their initial
model assigned pixels within a 2-D matrix to be either crystalline or amorphous regions (Fig.
5) [39]. The crystalline polymer pixels were assigned a longer average lifetimes compared to
amorphous pixels. As the solvent front moves from right to left within the grid, the resultant

porosity, €, of the matrix can be calculated. As the number of eroded pixels increases across a
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row, so does the overall porosity in that part of the device, which also then decreases the time

to overall mechanical failure.
Figure 5

In an expansion of this initial work, a 3-D model was developed [39, 135-137] in which each
pixel had the same volume in the total sphere, although with varying widths in the two-
dimensional cross-sections, and was assigned to be either polymer or drug. Each of these
pixel rings that represents non-degraded polymer was assumed to have an equal probability
of eroding on coming into contact with incoming water, with a lifetime expectancy (t.t)

being given by:

tir = tay + L (1- ) (35)

where tav is the average lifetime of the pixel rings, A IS a constant specific to the polymer,

and z is a random integer between 0 and 99.

Overall, the concept is that the erosion of any given pixel is a random event, which can be
described by a Poisson first order process, with amorphous pixels having shorter lifetimes
than crystalline ones. This model was successfully fitted to experimental data regarding drug
release in buffer, but was still an oversimplification, failing to take into account variability in

polymer crystallinity, for example, as well as autocatalysis.

Other authors have similarly used a Monte Carlo approach to simulate the effect of pH on
porosity [103] and molecular weight distributions [138]. Of note is that of Mohammadi and
Jabbari [103] who found that, in line with expectation, the higher the porosity of the scaffold
(in this case, PLA), the higher was the modelled rate of mass loss in the bulk; all porosities

showed a lag time of at least 7 weeks for both surface and bulk elements. Bose et al. [138]
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also employed a semi-iterative algebraic exact statistical formulation method that gave a

reasonable approximation of experimental data.

By contrast, Gleadall and Pan used a Monte Carlo approach to simulate molecular weight
distributions for a PDLA at different times of degradation. They adjusted the kinetics by
applying a scission rate, with the model results being successfully compared with
experimental data from an earlier publication [139]. Random scissions were found to have
over 1000 times greater impact on molecular weight reduction than end scissions, which were
able to produce a significant fraction of water-soluble chains with little or no effect on M.
For the degradation of poly(lactic acid) by random scission, it was found that M, must reduce
to < 5,000 g/mol in order for a polymer to exhibit significant mass loss due to the diffusion of
water-soluble short chains. Other authors have set this critical M, value for PLA at around
10,000 g/mol [140], or 4,000 g/mol [141] — the latter value being at, or lower than, the
molecular entanglement value M for PLA, hence the mechanical properties would be lost by

this stage.

Lin et al. [142] simulated the effect of PLA molecular weight on chain scission, comparing
random, central and chain-end scission. They compared amorphous and crystalline PLLA and
introduced a parameter called the molecular weight reaction index, Ring, Which was used to
define the reaction rate to be proportional to the molecular weight to the R-th power. They
found that the molecular weight reaction index was equal to 0.4 in amorphous polymer, and
remained constant, while for the crystalline material it changed through time, decreasing from

1.0 (at the highest molecular weight) to 0.7.

Another method that has been adopted for the modelling of bulk polymer degradation is a
cellular automaton approach, which is a discrete dynamic modelling approach, similar to and
extended from the Monte Carlo process, based on a virtual matrix defined in a cubic space,

with a number of states being modelled (such as polymer, solvent, porosity, solid drug or

39



drug in its solubilised form) [143-145]. The life expectancy of a polymer cell (its probability
of being eroded) changes as the number of direct neighbour cells containing solvent changes.
This approach has been found to be a reasonable match to experimental data except when

degradation is associated with surface erosion and bulk detachment.
4.5.4 Experimental studies

Of note experimentally is the slow deacetylation of cellulose acetate film through hydrolysis
of the ester chains to produce acetic acid. Film conservators have previously developed the
concept of a critical or autocatalytic point for the concentration of this by-product acid that
accumulates in archived materials over time. When the [H3O*] reaches 5 x 10 mol/L, the
apparent rate of deterioration of film increases dramatically. While providing a practical limit
for conservators, Knight [146] recently reviewed the evidence for such an autocatalytic point
and found that the reaction is, in fact, autocatalytic at all values of hydrogen ion

concentration, in line with the discussion above.

It should also be noted that more sophisticated approaches to the prediction of micro-
environment pH in biodegradable films have also been published [147] that can be adapted
for future models. Overall, therefore, there are a number of sophisticated stochastic and other
models in the literature describing the hydrolysis of biodegradable polymers. However,
erosion modelling is still not an ideal process given the need to choose the mode of
degradation up front, the need to model different rates for different phases, the complexity of
taking product fluxes into account in an environment of changing pore sizes and
crystallinities, and the changes in microstructure and morphology with time and increased
erosion. Some studies are seeking to address these issues by monitoring degradation progress

in much more detail.

40



Schusser et al. [148], for example, presented a new method for characterizing the degradation
of thin PLA films, based on a capacitance-voltage approach, measuring the polymer-covered
electrolyte-insulator-semiconductor (EIS) sensors, enabling in situ monitoring of the process
through monitoring increases in the accumulation capacitance as a result of both increases in
the water content within the polymer matrix but more significantly due to thinning and/or
decomposition of the polymer layer. Likewise Keller et al. [149] presented a microcantilever-
based sensor for monitoring enzymatic degradation. Measurements of the resonance
frequency allowed the calculation of the Young’s modulus of both the uncoated cantilever
and the coating material, with erosion of the biopolymer coating on the cantilever resulting in
a shift of the resonance frequency towards the reference value measured for the uncoated
device. Both of these techniques, while requiring specialised equipment, do give immediate

feedback on the progress of degradation.
4.6 Kinetics of hydrolysis in surface eroding polymers

As for the bulk erodible polymers, the rate of degradation of surface eroding polymers
depends on many factors, both environmental and material related. Regarding the polymeric
matrix, factors such as polymer chain length, swellability, the reactivity of functional groups,
polymer morphology and chain structure/composition, crystallinity and water diffusivity all
play a role. In modelling the kinetics of degradation, there have again been a number of
approaches, which were reviewed from the perspective of drug release by Gopferich and
coworkers [39, 91]. The chemistry of ester hydrolysis will be the same as described in

Section 4.5.1.

Empirical models of erosion take an approach of describing simply the observed kinetics of a
system, without relating these to underlying mechanisms. In the case of surface eroding

polymers, it is assumed that the degradation rates are related to the surface area and that there
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is a shape factor to be taken into account [39]. Hopfenburg [150] derived a general equation

for surface erosion of biodegradable polymers, assuming a linear moving erosion front:

Mizl_(l_ﬁjn (36)

Maszsg, BT

where Masst and Mass.. are the polymer mass at time t and at infinite time, respectively, co is
a polymer concentration, A is a rate constant, r is the radius of a cylinder or sphere or the half-
thickness of a slab and n is in this case a “shape factor”, where n is 1, 2, or 3 for slabs,
cylinders or spheres, respectively. This approach only considered heterogeneous erosion.
Cooney extended this model [151] by assuming that there was an additional stage of release
of the degradation products through an adjacent stationary solvent phase and applied the
dissolution model to a number of different geometries. This led to the following equation for
cylindrical polymer matrices, for example, with an initial length Lo and an initial diameter

Diao:

f= (Diay—24r)?+2(Dia,—24¢) (Ly—24t)
Diaj+2Diag Ly

(37)

where f is the fractional dissolution at time t and A is a rate constant. Again, however, this is

an over-simplistic model for a complex process [152].

Thombre and Himmelstein [119] proposed a diffusion-reaction model for poly(ortho ester)
erosion based on a series of partial differential equations. This model was applied to surface
erosion, using the concept of an erosion front that follows the water diffusion front through
the polymer matrix. In this case, the polymer was treated as a slab, with simultaneous
modelling of the reactions within the polymer as well as diffusive transport using an
unsteady-state mass equilibrium. This approach was also applied by Larobina et al. [153] and

Kipper and Narasimhan [154] to some surface eroding poly(anhydride) copolymers. This
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latter work took into account the microstructure and phase behavior of such copolymer
systems by modelling four fractions: the crystalline and amorphous regions of either a fast
degrading or slow degrading phase of the polymer matrix. In doing this, the underlying
assumption was that the amorphous regions would degrade more rapidly than the crystalline.
Polymer degradation was assumed to be a first-order process dependent on the polymer type
but not chain length. The changes in polymer pore size and porosity were also accounted for.
However, while such models provide a description of the likely events and kinetics at a
microscopic scale, model validation is difficult since molecular level measurements are not
available, and overall such frameworks by necessity represent a much-simplified version of a

complex matrix.

In another approach, mechanistic mathematical models have been used. Such models are
based on the description of the real physical processes and include non-Monte Carlo-based
and Monte Carlo-based models. Zygourakis developed a Monte Carlo approach to the
modelling of degradation in surface eroding polymers [155, 156]. In this approach, a
rectangular grid with nx by ny grid points was established, with each square or pixel in the
grid being randomly assigned as drug, polymer or filler initially. The lifetime of a specific
solid could be constant for all pixels of this type, or distributed according to some distribution
(e.g., Poisson distribution). Degradation on any grid point was only initiated after contact
with an eroded neighbour. The degree of degradation could then be estimated by the relative
mass of non-eroded polymer pixels. These simulations helped explain the lack of significant
mass loss in the early stages and the significance of percolation in the degradation and

erosion of these polymers.

Gopferich et al. [157, 158] also took a similar Monte Carlo approach to modelling of
polyanhydride degradation, assigning grid points as amorphous or crystalline (Fig. 6). The

life expectation was a random variable, distributed according to a first order Erlang
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distribution and being slower for crystalline regions. Other factors such as the diffusion of
monomers, the crystallization of polymer degradation products, and microclimate pH effects

were taken into account. These approaches matched moderately well with experimental data.

Yu et al. [144] proposed a three-dimensional extension of these probabilistic models to fit
with more complex geometries. In this case, the cells (pixels) were considered to either be
drug, solvent, or polymer, based on probability. Those pixels assigned as polymer cells were
also assigned to be either in the crystalline or amorphous state, again based on probability,

with the model thus taking account of the slower degradation of the crystalline phase.
Figure 6

Rothstein et al. [141] developed a model that accounted for both surface and bulk erosion in a
single model, taking into account the critical length, i.e., the polymer thickness at the point
where the process makes the transition from surface to bulk degradation (Table 3). A
diffusion-reaction relationship was established, based on the time-dependent water
concentration profile, calculated using the diffusivity of water in the polymer matrix (taken as
1012 m?/s for a broad array of polymers). A degradation rate constant for the polymer bond
hydrolysis was fixed, using a second order form of Equation (12), with water concentration
explicitly included as opposed to being assumed constant (see Equation (50) in section 4.7).
These time-dependent hydration kinetics were coupled with time- and space-dependent
descriptions of matrix porosity, which explicitly took variation in matrix crystallinity into
account. Overall, this lumped model fitted well to previously published experimental data for

a range of bulk- and surface-eroding polymeric systems.

More recently, investigators have begun to model the hydrolysis of cross-linked
biodegradable polymers, such as cross-linked polyanhydrides, which were also predicted to

degrade via a surface eroding mechanism [159]. These molecules have a long induction
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period of water uptake relative to their degradation rate. It was proposed that the most likely
explanation for this effect was that since the network is eroded by hydrolysis, then only a

fraction of the water in the voids can react with the surface of the surrounding matrix.

In a more general approach, von Burkersroda et al. [49] developed a theoretical
(phenomenological) model to predict the erosion mechanism of surface eroding
biodegradable polymer matrices and the critical thickness at which the transition from surface

to bulk degradation occurs, deriving a measure for the velocity of degradation E(t,) (which is

equivalent to %), as given by:

1 3 My
E(tn] = —(lﬂ <x>=>—In "qllm (38)

A

=

where A is a rate constant that accounts for the differences in the reactivity of polymer
functional groups; it is equivalent to a first-order rate constant and is directly related to the
half-life of a polymer bond. DP is the average degree of polymerization, Na is Avogadro’s
number, <x> is a mean distance, and p is the density of the polymer. An erosion number &

may be defined as follows, based on Equation (7):

e = x> An
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(39)

where & is the ratio of both processes and indicates the mode of erosion, such that if &t < 1
then the process of degradation is occurring in the bulk, and Des is the effective diffusion
coefficient of water inside a polymer. However, if € > 1 then the mechanism of degradation is
limited to the surface. When & = 1, then the degradation mechanism is undefined and a

critical device dimension Lcrit can be calculated by substituting L for <X> in Equation (39). If
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the matrix dimension for a particular polymer is larger than L .., it will degrade through a

surface erosion mechanism. Otherwise it will be occurring throughout the bulk. The
estimated ¢ and Lcrit Values for a range of polymers are given in Table 3, assuming that for a 1
cm-thick device, D = 10® cm? s and In{Mn/[Na(N — 1] o}*® = —16.5, where D is the water

diffusion coefficient in the polymer.
Table 3

These authors further developed this relationship to investigate the effect of temperature on
the critical thickness, fitting an Arrhenius equation to both the diffusion coefficient and the

rate constant to give:

_(:lEp—En); )

L_.=L_0e = T. (40)

crit

where Lerito IS the initial critical thickness and Ep and En are the activation energies for the
diffusion and hydrolysis reactions, respectively, R is the gas constant and T is the
temperature. For poly(carbonate) LEXAN 141 [161] for example, based on experimental data

Lerit = 11 mm at 20°C and Lerit = 2 mm at 70°C [161].

This approach was extended by Lyu et al. [101], who correlated the erosion behavior with

kinetic constants for hydrolysis along with thermodynamic and transport properties for the

degrading polymer, to derive a different expression for critical thickness W (similar to L ,..),

below which the sample degrades via a bulk degradation process and above which surface

degradation is the primary mode of degradation. This was given by:

= () (1) @
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where 1 is the degradation rate constant and C’' = Ws/Wr where Ws and W, are the solubility
of water in the polymer and the total amount of water consumed in the hydrolysis region

when mass loss starts, respectively.
4.7 Modelling the effect of hydrolytic degradation on mechanical properties

As outlined in the previous sections, there are a large number of approaches to modelling the
fundamental kinetics of polymer hydrolysis and understanding the transitions between
surface and bulk hydrolysis. However, while it is important to have a fundamental
understanding of these processes, these studies need to be related to the macroscopic scale of
material performance. A great number of studies have measured the changes in molecular
weight and/or dispersity as a function of time in the hydrolysis of biodegradable polymers.
However, there have been very few attempts to link these changes to impacts on the
mechanical properties, and particularly to modelling these changes to enable lifetime

prediction.

It is accepted that hydrolysis (catalysed either enzymatically or chemically) may occur either
at random along the polymer backbone or specifically from the end of the chain [31, 162].
The loss of the mechanical properties will be greatest if the molecular weight is decreased by
random scission (Sections 3.1.1, 4.5 and 4.6) even though the end-group attack will produce
low molecular weight reaction products that may be a proxy for the degradation process. In
order to determine the fundamental hydrolysis kinetics of polyesters and their relationship to
mechanical properties, studies were made of the water-soluble oligomers of PLA [163] with
between 2 and 9 repeat units, hydrolysed at pH 2. This enabled the rate coefficients for
hydrolysis of ester groups adjacent to carboxylic or hydroxyl end-groups (a-esters) to be
determined. When compared to the in-chain fS-esters these were found to be greater by a
factor of ~2.5. From the measured activation energy and pre-exponential factors, this
difference was attributed to steric effects of in-chain versus end groups, as well as the more
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hydrophobic environment of p-esters. Since a typical commercial PLA has a degree of
polymerization > 1000, there will be > 500 p-esters for every a-ester so this difference
becomes significant only at large extents of hydrolysis. Thus, random chain scission should
control the early stage of hydrolysis and, as discussed previously, lead to rapid loss of

strength.

Characterization of the M. values for biodegradable polymers, and more generally of the
relationship between molecular weight and material properties following degradation, is an
area of study that is not as well developed as for oxidative degradation. However, as noted
above, there have been recent advances due to the need to model the degradation of

mechanical properties of biomedical polymers in tissue engineering.

Taking Equation (1) for the general strength dependence on molecular weight from Section

3.1.1, and substituting for Me in Equation (12) (Section 4.3), then the strength, o, is given by:

o= 0, _G—B—?c"? (42)

where o is the fracture strength at infinite molecular weight, and B is a material constant (see
Equation (1)). This relationship is plotted in Fig. 7 for different initial molecular weights and
has been tested for hydrolysis of PLA, poly(glyconate) (a copolymer of glycolic acid and
trimethylene carbonate) and PLGA [18, 164-166]. This relationship was determined to be of
limited value in describing the loss of strength, which was attributed [18] to the unsuitability
of Equation (1) (Section 3.1.1) when applied to amorphous polymers below their Tg. It may
also be that it is inappropriate to apply the Flory equation to tensile strength data other than in

the brittle failure regime where it has been shown to successfully model failure [30].

Instead, an empirical equation was developed by Deng et al. [165] to relate strength and M , :

BSR=a+ b InMW (43)
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where BSR is the tensile breaking strength retention (given by BSR = (oo — 6)/c0), MW is the
molecular weight (either My or My), and a and b are polymer specific constants to be defined
for each new system. Unique relations between M, and both the modulus and and strain
retention were also observed. By contrast, Weir et al. [164, 167] found that there was a linear
relationship, while Farrar and Gillson [18] and Tsuji [166] used empirical curve fitting to
characterise the relationship, as did Lewitus et al. [168] for the degradation of tyrosine-

derived terpolymers.
Figure 7

In the case of the bulk eroding PLA-co-PCL, Vieira et al. also found that a simple first order

strength loss relationship was satisfactory for describing the retained strength, o, during the

first eight weeks of immersion [9], with the tensile strength and 3, decreasing at the same

relative rate:

o= g, g ~MEI[H 0]t (44)

where [E] is the concentration of ester groups, [H20] is the water concentration in the bulk

and 4 is the rate coefficient for hydrolysis.

The damage due to hydrolysis (dn) was then defined as:

d, = 1—2=1— ¢ AENH0l (45)

Oy

In the specific case studied, the bulk eroding polymer PLA-PCL copolymer fiber lost only
10% of its mass but 80% of its initial strength after 16 weeks of immersion in phosphate

buffered saline solution at pH 8.
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In cases where the degradation is homogeneous with instant diffusion, the hydrolysis rate is
constant and material property loss depends only on time. However, there are many cases
where these underlying assumptions do not apply. These results indicate that the strength-
property relationship for the hydrolytic degradation of polyesters is not yet sufficiently well
developed to have any predictive capability. It may also mean that the initial kinetic equation,
which again is based on assumptions of hydrolysis more appropriate to solution kinetics, may

not be applicable.

With regard to defining material lifetimes, there have been a number of approaches.
Bellenger et al. [161] developed a relationship for predicting lifetime (or time to fail) tai in
linear polymers based on a given molecular weight as a criterion for end-of-life, selected as
Me (the critical molecular weight for chain entanglement), assuming that the scission number
per mass unit relative to initial ester concentration is much less than 0.1 (since these materials
typically become brittle at very low conversions) and that the hydrolysis rate is much slower

than the water diffusion rate. This is given as:

— =1 (Fno _

where ne is the number of esters in a monomer unit, DPy is the initial number average degree
of polymerization, Mno is the initial number average molecular weight and K (the apparent
rate constant) = A[Eo][H20], with A the rate constant for the hydrolysis reaction, [Eo] the

initial ester concentration, [H2O] the water concentration,.
If we define s¢ as the critical number of chain scissions at the end of polymer lifetime, as
given by:

MnO
S. =(—-1
e (M )

(47)
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then

i

tran n K [H,0]1DF, (48)

which is similar to Equation (20) (Section 4.5.1).

Pickett [8], in a study of the time to fail of mechanically stressed hydrolysable engineering
thermoplastics (poly(carbonate), poly(ethylene terephthalate) and resorcinol poly(arylate)) at

different moisture contents (controlled by the relative humidity), noted the following:

(a) the polymers lost ductility when the My decreased by 20 to 50% (i.e. sc is ~ 0.25 to 1,

based on Equation (47))

(b) the time to fail (tril) for these polymer films under a strain of 4% to 9.6% (depending on

thickness) followed a relation:

SEn/RT

train = AR (49)

where En is the polymer-dependent activation energy for hydrolysis, RH is the relative
humidity, and for bulk eroding polymers such as polysaccharides, polyesters and their
aliphatic and aromatic copolymers, and polyamides, A is a pre-exponential factor for the
hydrolysis reaction rate coefficient. In the case of strength loss of hydrolysable engineering
thermoplastics on exposure to moist air [8], the term for [H2QO] is now the variable so the
simplification of Equation (9) (Section 4.3) becomes, by incorporating [E] into the pseudo-

first order rate coefficient, A"

-d[E}/dt = N'[H20] = A" RH (50)
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where RH is the relative humidity, since the solubility of water in a polymer is constant.
However, comparison of Equation (50) with the experimental data, Equation (49) shows that
there should be a second-order dependence of polyester hydrolysis on RH. Pickett has noted
that for most reports in the literature, ester hydrolysis in the absence of acid or base has been
determined as being second order in [H20]. This indicates that the reaction mechanism
involves two molecules of water in the transition state [8]. This both rationalises and provides
a mechanistic basis for the empirical Equation (49) for predicting the lifetime of the polyester

in the neutral pH, moist atmosphere environment.

Chemical reaction kinetics in solid polymers may be affected by reagent or product diffusion
effects [169]. Different monomers in copolymers can also hydrolyse at different rates [153]
and micro phase separation is also common, which affects the rate of water diffusion in the
different domains [170]. Solubility, diffusivity and reaction rates can also be dependent on
pH and temperature. In a drawn fiber, er-oriented chain will have a different effect on

mechanical properties than scission of the non-oriented fiber.

It has been widely observed that there is typically a sharp reduction in molecular weight
during the first few weeks of hydrolysis of bulk degradable polymers, such as PLA and PGA.
However, the material properties typically do not follow this pattern. In a number of studies,
it was observed that at physiological temperatures the Young’s modulus initially decreased
very slowly on hydrolysis before then sharply dropping [171-175]. In some cases, there was
even an increase in Young’s modulus in the early stages, which was attributed to “stabilised
chain packing in the amorphous regions in the presence of water molecules” [166].
Karjalainen et al. [176] found that for copolymers of e-caprolactone and lactic acid the tensile
modulus increased during hydrolysis, whereas that of PLLA decreased from the start. The

yield stress response to hydrolysis was likewise either increased or decreased slightly for the
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copolymers while for PLLA it again dropped consistently over time. By contrast, there was

no change in molecular weight or mechanical properties in PCL after 70 days.

Wang et al. [177] suggested that for amorphous polymers, an entropy-driven model could
explain this, in that the entropic elasticity of an amorphous polymer is not significantly
affected by isolated chain scissions — it is the removal of entire chains from the system that
has a strong effect. From entropy theory, the Young’s modulus, E, of a polymer can be
related to the number of polymer chains per unit volume, N, according to:

E = 3Nk,T (51)

with k, Boltzmann’s constant and T the absolute temperature. One understanding of this
equation is that, as chain scissions occur, the number of chains per unit volume, N, should
increase, resulting in an increase in E. However, Wang et al. argued that when individual
polymer chains are highly constrained, an isolated scission may have little effect on the
overall chain configuration. Once a molecular weight threshold M, is reached (at which point
the polymer is divided into many small chains) then it no longer contributes to the entropy
increase during deformation, and hence N is reduced by 1, reducing E in turn. Through the
use of Monte Carlo simulations, a relationship was developed, based on the empirical curve
fitting of Tsuji [166], which fitted the experimental data well. The assumption was that the
effective Young’s modulus could be determined using a composite theory, such as that of de

Oca and Ward [178], based on the contributions from the crystalline and amorphous regions.

Expanding on this and earlier work by Wang et al. [122], Shirazi et al. coupled a
phenomenological (reaction-diffusion) model that captures changes in molecular weight
during bulk eroding polymer, PLGA, degradation (as per Wang’s approach, including
Equation (51)) with a polymer chain model that captures the relationship between the

molecular weight distribution and the mechanical properties [179] (Fig. 8). In this case, the
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model was calibrated using experimental data. Again, it was concluded that the autocatalytic
effect was very significant, with a prediction that Young’s modulus would decrease faster for

thicker films because of the increased concentration of acidic groups.
Figure 8

Ding et al. used a molecular dynamics approach to study the atomic effects of polymer chain
scission, with a focus on the effect on Young’s modulus [174]. This study also took into
account the tie chains that pass through several crystalline and amorphous regions and
transmit the tensile loads in semicrystalline polymers. In this case, the generic model was
based on a united atom model of polyethylene, where the methylene groups are treated as a
single entity since the structures of polyethylene and PGA are very similar. It was found that
below the Ty, the elasticity of the interlamellar amorphous phase is controlled by the van der
Waals interactions between the polymer chains. Hence, chain cleavages lead to an immediate
reduction in the Young’s modulus. However, above the Ty, the elasticity is instead controlled
by the entropy change during deformation. Therefore, isolated cleavages do not lead to an
immediate reduction in Young’s modulus. It should be noted that in one study it was found
that PLA films with higher initial crystallinity underwent faster hydrolysis, in contrast to
expectation [172]. This result was explained as being due to the decreased density of
effective tie chains in the more crystalline material as well as to a larger number of defects in
the amorphous region, which could promote hydrolysis by enhancing water diffusion.
Gleadall [180, 181] has recently developed a model to explore the effect of chain scission and
increasing crystallinity due to recrystallization of polymer fragments during the initial phases
of PLA degradation on mechanical properties. Atomic scale simulations were used to
determine a value of Young’s modulus by calculating the force required for a vertically
applied strain. The effect of polymer chain scission was analysed by studying the forces that

individual atoms transfer vertically through the structure. It was found that there are regions
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above and below the polymer that do not transfer as much vertical force after chain scission.
It was proposed that chain cleavage be represented by effective cavities around the scission.
The volume fraction and crystallinity were determined experimentally from Duek’s results

[182].

Chen et al. [183] used the empirical modified Flory-Fox Equation (1) to model PGA strength
with degradation time, coupling this to a molecular dynamics simulation approach for
estimation of the parameters, to systematically model the PGA degradation mechanism at
different temperatures, external loads and molecular weights (Fig. 9). A density functional
theory calculation was used to derive the degradation rate constants under the different
conditions. The ultimate strength of PGA of an infinite chain length was estimated by
extrapolating the ultimate strength of three different PGAs of different molecular weights.
Although this approach can only give a qualitative estimate of degradation and, being
empirical, is specific for individual polymeric systems, it does provide another option for

estimating comparative degradation rates.

Vieira and coworkers have also published a series of papers on studying and modelling the
effect of degradation on mechanical properties of biodegradable materials [28, 184-186].
They proposed a novel 4D approach to prediction of the mechanical behavior over time,
based on the relationship between fracture strength and molecular weight for thermoplastic
polymers. A relationship similar to Equation (44) was defined:

g = gye ¥t (52)

where us is the strength decrease rate of a material, and seems to be directly related to the

molecular weight, although this equation is not dimensionally stable. Several constitutive

equations for incompressible hyperelastic materials were used to model mechanical behavior,
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with the axial nominal stress for the three models, Neo-Hookean ("), Mooney-Rivlin (¢"%)

and a reduced second-order equation (¢°" "), being given by:
NH _ 1
o™ =y (v ~ %) (53)
MR _ _ 1 _*
o= Hy (T },:} + pg {1 },5) (54)

oot = (a5 (v = ) + (=) (1-2) 415 (2 - 1) 69)

where y is the axial stretch ( y = 1+&) (where ¢ is the nominal strain), that satisfies y > 1, and
M1, M2 and ps are material properties (usually called the shear modulus for pi), where the

values for pyare > 0.
Figure 9

Only p1 was modelled to vary linearly with hydrolytic damage, as proposed by Soares et al.
[187]. These equations were implemented in a Finite Element Method approach, changing the
material parameter as a function of hydrolytic damage or degradation time. The Neo-
Hookean equation gave the least best fit to the degradation of PLA-PCL fibers, but still gave
a reasonable approximation of the experimental tensile test results (Fig. 10). However, the
limitation with Equations (54) and (55) is that they can violate the second law of
thermodynamics by allowing negative values for the material parameters p2 and ps. For this
reason, the neo-Hookean material model was further developed and implemented in
ABAQUS standard, which is a finite element software package [188]. However, this model is
based on an empirical equation, so that the model parameters need to be determined
experimentally for each material and during degradation. In addition, it is assumed that the
hydrolytic degradation rate is constant. In such heterogeneous systems, this is a significant

oversimplification.
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Tang et al. [189] also used ABAQUS to model damage to biodegradable polymers under bulk
erosion. In this case, the heat transfer function was used to simulate Fickian diffusion, given
its ready availability and the analogous mathematical relationships. The rate of decrease in
molecular weight was assumed to be related to the local water concentration [H2O], with 0 <
[H20] < 1, as given by:

d M W _
dt

—B[H,0] = —AM,, (56)
where £ was assumed to be 4000 day? [140]. A first-order Kinetic for the rate of molecular
weight loss for hydrolytic scission of ester bonds in polyesters such as PLA was assumed,

with the degradation rate constant fixed at 0.0117 day?, a value taken from [190].
Figure 10

It was determined that the critical concentration of water at which autoacceleration begins (at
a critical My, of 10,000 g/mol) is 0.0293 g cm™. On that basis, the predicted change in
mechanical properties for three different polymer morphologies is given in Fig. 11, including
the damage variable, d = 1 — E/E,, where E is the Young’s modulus and Eo is the initial
Young’s modulus. While this approach was developed, in this case, for porous scaffold
materials of around 86% starting porosity and is again limited by fixed rate constants, it does

offer another approach to mechanical property modelling.
Figure 11

According to a study by Deroiné et al. [191], hydrolytic degradation for poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is not uniform because hydrolysis is faster
than diffusion, i.e., it is a surface erosion phenomenon. The rate of water absorption in PHAs
is temperature dependent and the activation energy for the diffusion coefficient was found to

be 70 kJ.mol, which is high because PHAs are hydrophobic and highly crystalline. Similar
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reports in the literature place the value at 43.7 k.mol ™ in deionised water and 56.5 kJ.mol? in
distilled water [191]. Differences can be explained by a number of factors (PHA type,

thermal processing, aqueous environment, etc.).

While Deroiné et al. found that molecular weight decreased from the beginning of each
hydrolysis experiment at all temperatures, the relationship between mechanical properties and
molecular weight showed what was described as a two-phase relationship (Fig. 12), but what
could be interpreted as the variation of strength with Mn as given by Equation (1). On plotting
the curves of the stress-at-break and the strain-at-break, it can be seen that both changed slope
below 110,000 g/mol. Above this threshold, most mechanical properties were not altered with
molecular weight loss. Below the threshold, however, PHBV degradation occurs faster and
the material loses its mechanical integrity, corresponding to an “end of use” criterion. The
strain-at-break was therefore used as an indicator of aging since it is governed by surface
properties, whereas some of the other mechanical property parameters relate to the bulk. It
was possible to fit an Arrhenius curve to the strain at break result to give an activation energy
of 93 kJ/mol for the hydrolytic degradation, as well as to undertake a lifetime estimation at
different temperatures; in this case, the authors assumed that a 20% or 30% loss in strain at

break was equivalent to end of use, less than otherwise quoted herein.
Figure 12
5  Enzyme promoted degradation — effect on kinetics and mechanism

So far, this review has focussed on abiotic processes and their modelling. However,
biodegradation is in large part driven by enzymatic processes. Enzymes work through
lowering of the activation energy of a reaction such that the reaction rate can be increased
under conditions that are otherwise unfavourable, e.g., at room temperature in water at

neutral pH. In the presence of enzymes, an increase in reaction rates by 10 to 10%° can
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commonly be observed [192]. Enzymes are proteins that have a complex three-dimensional
structure, with enzyme activity being closely related to the specific conformational structure
adopted. Specific regions on the protein structure related to enzyme activity are associated
with characteristic primary sequences (active sites), and these are where the interaction with
the substrate takes place [193]. Different enzymes can operate through different mechanisms,
depending on the specific reagents available and the environment in which the reaction is
occurring. Endozymes, for example, induce random chain scission of the main chain polymer
bonds, leading to a rapid decrease in molecular weight, while exoenzymes cleave terminal
monomer units sequentially. Some enzymes need specific cofactors such as metal ions
(sodium, potassium, magnesium, calcium or zinc) or organic cofactors (or coenzymes).
Chemical modification (crosslinking, removal or introduction of chemical groups in the
polymer chain) can potentially affect the rate of reaction, as it may affect the ability of the
enzyme to recognise the substrate. The adsorption and rate of reaction can also be influenced
by the inherent characteristics of the specific enzymes involved (activity, stability,
composition and conformation) as well as by external factors such as pH and temperature.
Enzymes such as lipases are only activated after binding to the substrate and changing
conformation. As previously described, enzymes are too bulky to penetrate into the polymer
matrix, hence enzymatic hydrolysis is a surface erosion process. It is possible to reach a
point with enzyme attack on solid polymers where additional enzyme does not increase the

rate of degradation further, which is attributed to saturation of the surface.

The enzymes that are typically involved in biodegradation include amylolytic enzymes such
as a-amylase (which attacks starches) and lysozyme (which attacks chitin). Lipase is another
important enzyme as it can catalyse the hydrolysis of y ~ ® ester bonds in aqueous media as
well as hydrolyse aliphatic and aromatic polyesters such as PHAs, PCL, PLA and a PET-

based degradable polyester [194]. As well as these key enzymes, there are also extracellular
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PHA depolymerases that hydrolyse PHAs, and the enzymes pronase, proteinase K, and
bromelain, all of which can attack a-ester bonds such as in PLA [195]. The enzymatic
degradation of cellulose-based materials is carried out by endo-1,4-f-gluconases, which
cleave the chains randomly. These include exo-1,4-f-gluconases, which act on the polymer

chain ends, and S-glucosidases, which catalyse the cellobiose to glucose conversion.

Synthetic polymers are able to be degraded by enzymes, but must be able to fit into the
enzyme’s active site [34], which is at least in part why rigid aromatic polyesters are non-

degradable while flexible aliphatic polyesters do degrade.

The kinetics of abiotic hydrolysis do not apply for the full life cycle when considering the
case of enzyme-promoted hydrolytic degradation, and lifetime prediction in the presence of
bacteria or fungi that can secrete the appropriate enzymes becomes even more challenging.
Most of the enzyme-promoted degradation studies reported in the literature are conducted in

phosphate buffered saline solution, which is a simple model system.

The active promotion of hydrolysis by enzymes is a very significant process for naturally
occurring biopolymers such as polysaccharides, proteins (gelatin and collagen), and
poly(hydroxyalkanoic acids) (PHASs), where organisms capable of secreting the appropriate
enzymes are commonly present in the environment [32]. Shah et al. have listed different
microorganisms known to be capable of degrading different groups of polymers [60]. Only a
few PLA-degrading microorganisms have been found and are not thought to be widely
distributed in the environment, which is in part why PLA is slow to degrade in the soil at

ambient temperatures [196], although the high T4 of these polymers also plays a large role.

The use of microorganisms in establishing ultimate biodegradation (to carbon dioxide and
water) is well known and used commonly in standardized tests with known organisms (e.qg.,

ISO 14852, ASTM D6691 — 09). However, these tests focus on carbon dioxide evolution and
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mass loss, which, particularly in the presence of enzymatic degradation (which proceeds via a
surface eroding mechanism), can have little relationship to the material properties and
practical lifetime of the polymer in question. So, while there are a great many studies on the
enzymatic degradation of biodegradable polymers, particularly PHAs, there are a limited
number that relate enzymatic degradation to the change in molecular weight and in particular

to changes in mechanical properties of the matrix.

Typically, biodegradation occurs via a multistep process with different mechanisms [197].
For example, for PLA, the initial degradation occurs after exposure to moisture via an abiotic
hydrolytic process (non-living chemical and physical factors) as previously described,
leading to random chain scission and molecular weight reduction with consequent
embrittlement of the polymer. Subsequent to this, PLA oligomers can diffuse out of the bulk
polymer and be degraded by microorganisms. In parallel with this, an enzymatic process of
biodegradation can be promoted at the surface of the polymer, but cannot proceed in the bulk
due to the size of the enzymes, which limits their diffusion into the matrix. Thus, the
enzymatic degradation of the polymer interior can only occur once there are sufficient voids

and pathways for the large biomolecule to enter.

Azevedo and Reis reviewed the enzymatic degradation of biodegradable polymers [198] and
summarised the typical stages in solution as:

e Diffusion of the enzyme from the bulk solution to the solid surface

¢ Adsorption of the enzyme onto the substrate, resulting in the formation of the enzyme-

substrate complex
e Catalysis of the hydrolysis reaction at the surface

e Diffusion of the soluble products into the solution
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From a morphological perspective, it has been shown across a number of different polymers,
particularly PHA, that there is preferential erosion of an amorphous interlamellar phase in
these spherulitic semicrystalline polymers, which are subjected to substantial hydrolysis
degradation processes by enzymes such as poly(3-hydroxybutyrate) (PHB) depolymerase

[199].

The use of static or agitated conditions for testing can also influence the kinetics. Agrawal et
al., for example, found that fluid flow actually decreased the degradation rate of poly(D,L-
lactide-co-glycolide), which was attributed to the lack of an autocatalytic effect with reaction

products being dispersed [200].

Other factors that affect the rate of enzymatic degradation include pH, oxygen levels,
microbial population, and available nutrients for supporting the microbial population. In

general:

¢ A higher hydrophilic/hydrophobic ratio promotes enzymatic degradation

e Carbon-chain polymers are not susceptible to enzymatic degradation

e Chain branching inhibits biodegradation

e Lower molecular weight polymers are more susceptible to enzymatic degradation
e Crystallinity reduces biodegradability

e Crosslinking reduces biodegradability

It is also necessary to take into account the processing additives used in polymer production,
such as plasticizers, lubricants, antioxidants, salts and stabilizers, which may leach out after

immersion to enhance or inhibit the degradation process.
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5.1 General models for enzymatic degradation of biodegradable polymers

There have been a number of models developed for the interaction of solid substrates with
enzymes, which could potentially serve as the basis for more complex modelling of

biodegradable polymer degradation through enzyme-promoted hydrolysis.

In an early study, McLaren used a heterogeneous approach to the kinetics, recognising that
only the surface of the insoluble substrate was accessible in the digestion of such substrates
by hydrolytic enzymes [201]. It was also assumed that the adsorption of the enzyme onto the
substrate obeyed a Freundlich adsorption isotherm of the form given in Equation (57):

[zs]=K[z]" (57)

where [ZS] is the concentration of the enzyme-substrate complex, K and n are constants for a
given adsorbate and adsorbent at a particular temperature, and [Z] is the concentration of the
unbound enzyme. n was predicted to be between 2 and 3 for adsorption of enzyme from a

solution phase onto a two-dimensional insoluble surface.

Duguay et al. [202] developed a much more detailed mathematical model of the degradation
of biomedical poly(urethanes), in which they incorporated elements of polyurethane surface
chemistry, surface dynamics, non-enzymatic hydrolysis, enzyme adsorption and inactivation,
and enzyme-mediated hydrolysis. They modelled enzyme adsorption using a Langmuir
model to describe the concentration of free and adsorbed enzyme as well a loss of activity in
the adsorbed enzyme, using a set of thirty-one kinetic equations to describe transformation
rates. The reaction of an enzyme with a solid surface was assumed to operate via the well-
known Michaelis-Menten equation. However, for the purposes of this review, the model was
limited in that it was not validated with experimental observations and also only considered
the production of surface and free products and did not consider the relationship of these

processes to mechanical properties.
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Mukai et al. [203] also recognised that with an insoluble substrate, the Michaelis-Menten
approach does not describe the data adequately and modelled the kinetics of PHA
degradation by PHB depolymerase to reflect this. Likewise, Timmins et al. [204] developed
the model by Mukai et al. further by including both enzyme and substrate concentrations in
the rate equations, as well as taking into account the fractional concentration of free substrate
sites as opposed to the absolute concentration of such sites. The adsorption reaction was
assumed to obey a Langmuir isotherm:

_AlZ] [5]/ B -4 ) P o
Yo = ARG GAE (58)

where Vo is the rate of the reaction, A is the hydrolysis rate constant, [S] and [Z] are the
substrate and enzyme concentrations, respectively, while [S]o and [Z]o are the initial substrate
and enzyme concentrations, respectively, and K is the adsorption equilibrium constant. Based
on this model, a value for A was calculated at 10 pg, min™ pg,* (where pgp is polymer weight
loss in pg and pg; is mass of enzyme present in pg) for a 55 kDa PHB polymer in 20 ug mL™*
enzyme, where the enzyme was the PHB depolymerase from Pseudomonas lemoignei. A

fungal enzyme had a smaller rate constant, but the overall relationship still applied.

Scandola et al. [205] in turn developed a simpler two-step kinetic model analogous to the
Michaelis-Menten approach while still taking into account the solid nature of the substrate,

whereby:

KlZ
1, = A4¥ where = [ ]/(1+K[Z]] (59)

which in a linear form can be represented as:

ATy = (lfffij(lf[z])Jr g0 (60)
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where Area is the substrate surface area, 4 is the fraction of the substrate surface occupied by
the Enzyme-Substrate complex, ZS, wvo is the rate of reaction, K and 4 are the adsorption
equilibrium and hydrolysis rate constants, respectively, and [Z] is the initial enzyme
concentration. The model as developed predicts that a plateau will be attained at high enzyme
concentration, at which point the surface will be saturated. It was noted that this simple
model ignores the development of increased surface roughness as degradation proceeds and
the amorphous regions are eroded. It was further noted that in reconciling all the
experimental and modelling data to date for enzymatic degradation, it is important to
correctly quantify the area changes associated with selective enzymatic degradation of the
substrate surface. In addition, the relative rates of degradation of the amorphous versus

crystalline states of the substrate need to be characterized.

Tayal et al. [206] modelled the enzymatic hydrolysis of the water-soluble polysaccharide,
guar galactomannan, as a model for the solid polymer. In this case, where the polymer was in
solution rather than in a solid state and hence the water diffusion kinetics did not come into
play, it was found that there was an inverse relationship between molecular weight and time
1/Mw o« At, with A varying inversely with polymer concentration. The true order of the
reaction could be determined from the dependence of reaction rate on polymer concentration

and the solution viscosity was found to be very sensitive to the extent of guar hydrolysis.

Overall, there is no general model developed to date that adequately describes in full the
progress of enzymatic degradation of biodegradable polymers, taking into account the
heterogeneity of the systems and so on. This is an area that requires further development.
However, many studies have been conducted on enzyme reactions with specific
biodegradable polymer substrates and these are described in the following sections. Since
enzymatic degradation occurs via a surface erosion process, the general principles for lifetime

prediction as outlined in Sections 4.4 and 4.7 can be applied, including: rate of thickness
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decrease, which can be used to predict a reduction in load-bearing capacity over time, and the
formation of surface defects leading to a decrease in surface morphology dependent

properties such as elongation-at-break.
5.2 Enzymatic hydrolysis reactions with specific biodegradable polymer substrates
5.2.1 Enzymatic hydrolysis of PLA

Zeng et al. [207, 208] found that the enzymatic degradation of PLA by proteinase K followed
nearly zero-order kinetics. The effect of number, and molecular weight, of chain branches in
PLA has also been explored through the synthesis and degradation of branched and star-
shaped PLA molecules [209-211]. In particular, Numata et al. [212] used Atomic Force
Microscopy (AFM) to monitor the effect of number of chain ends of branched PLAs on the
enzymatic hydrolysis of PLA monolayers produced using Langmuir-Blodgett techniques. It
was found that degradation was accelerated by an increase in the number and a decrease in
the molecular weight of the branches.

Vasanthan and Gezer [213] also showed in a study of PLA films annealed at different
temperatures, with different initial crystallinities, that the higher the crystallinity, the slower
the enzymatic degradation rate. It has also been observed that for aliphatic polyesters more
generally, the enzymatic hydrolysis rate is accelerated as the temperature increases, with
quite rapid hydrolysis rates when the temperatures were 10 to 20°C lower than the melting
temperature [214], although no activation energy for PLA was given — only for PCL (see

Section 5.2.2).

In trying to understand and model the mechanism of this degradation process in more detail,
novel techniques are being developed to monitor polymer degradation in situ. As an example,
Yamashita et al. [215] used a combination of quartz crystal microbalance and AFM

measurements to study the effect of proteinase K on an amorphous PLLA film. It was found
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that the degradation rate reached a steady state when the concentration of proteinase K was
greater than 100 pg/mL, with the erosion rate being determined by the amount of adsorbed
enzyme. Nanometre-scale surface patterning was seen, with the observed “footprint” of the
hollow associated with an enzyme being larger than the estimated size of a given enzyme,

indicating that the adsorbed enzyme may migrate at the surface.
5.2.2 Enzymatic hydrolysis of poly(e-caprolactone) (PCL)

PCL-degrading bacteria are widely distributed in the environment, although little is known
about these PCL depolymerases [216]. PCL is degraded by lipases and esterases [217] and it

has also been shown [218] that cutinases in fungal pathogens can degrade this polymer.

Three kinds of lipase isolated from microorganisms have been found to accelerate the
degradation of PCL: Rhizopus delemer, Rhizopus arrhizus and Pseudomonas cepacia [219].
Ozsagiroglu et al. [220] tested different enzymes (an esterase, a lipolase and savinase) on
PCL films and found that while the lipolase was able to erode the PCL, the esterase was only
able to undertake chain scission, and the savinase had a much slower rate of reaction overall.

Hydrolase type enzymes such as protease can also in theory degrade PCL.

In one study, which analysed the hydrolysis of model ester compounds as well as PCL at
different temperatures, the activation energy for PCL under enzyme catalysis was estimated
at 200 kJ/mol compared to 31 kJ/mol for the model dibutyladipate [221], although this was a
poor model for PCL since there are significant structural dissimilarities. The high value in

PCL was attributed to chain mobility being limited in the crystallites of the polyester.

In a study analysing the effect of enzymatic and hydrolytic cleavage of a PCL network (as
opposed to linear PCL), hydrolysis was associated with swelling and degradation of the bulk
matrix whereas the enzyme driven degradation was a surface related phenomenon, affecting

the amorphous phase [222]. For all samples, the Young’s modulus initially increased to week
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5 of the experiment then decreased slightly. This is believed to be due to two competing
effects where degradation occurs more rapidly in the amorphous phase and, therefore, the
crystallinity initially increases, however, mass loss and increasing porosity results in a
decrease in modulus. The former effect was found to dominate initially. Under enzyme
treatment, the total crystallinity increased less and the change in material properties was also

smaller.

Sekosan and Vasanthan [223] also showed that the enzymatic degradation rate of PCL
depends strongly on the crystallinity of the matrix, decreasing as crystallinity increases. In
films of lower crystallinity, the degradation occurs preferentially in the amorphous phase.
However, there was evidence that at a higher crystallinity, both phases are attacked. Hayashi
et al. [224] confirmed that for PCL fibers, enzymatic degradation using lipase proceeds via a
surface degradation mechanism, with the rate of degradation being dependent on the draw
ratio and crystallinity of the PCL fibers. The rate of loss of strength in these fibers was faster
than the rate of weight loss, with the rate of loss being higher than could be explained by a
decrease in fiber diameter due to erosion. This failure was tentatively attributed to the

presence of cracks or stress concentration points in the samples.

In single crystal studies, Jiang et al. [225] has shown that for block copolymers of PCL with
PEO and methoxy and amino terminal functional groups, the PEO phase is located in an
amorphous surface layer. This alters the mode of degradation in that, for PCL single crystals,
the enzymatic degradation predominantly occurs on the edges where the chain packing is
loose. However, for the block copolymers, the crystal surfaces are also significantly affected.

Increases in roughness and layer-by-layer loss of material were observed.
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5.2.3 Enzymatic hydrolysis of poly(butylene succinate)

Lee et al. [226] reported that the enzymatic (lipase) degradation of poly(butylene succinate)
(PBS) was slower than that of its copolymers poly(butylene succinate-co-L-lactate) and
poly(butylene succinate-co-6-hydroxycaproate), which was attributed to fewer surface
adsorption points on PBS. The preferred mode of attack was found to be exo-type scission

from the chain ends, with a surface-etching mechanism proposed.
5.2.4 Enzymatic hydrolysis of PHAs

The ability to degrade short-chain-length PHASs is widely distributed among bacteria and
filamentous fungi and a large number of depolymerases have been purified and characterized
[227]. These PHA depolymerases are carboxylesterases and belong to the a/f-hydrolase fold
family [228-231]. Their protein sequences contain four regions: a catalytic domain containing
the lipase box (a catalytic triad of serine, aspartate and histidine residues); a substrate-binding
domain that acts as an adsorption site for polymer substrates; a signal sequence; and a domain
that links the catalytic and substrate-binding domains. The substrate binding domain is
responsible for the initial adsorption of the enzyme to the substrate surface. Once attached,
the catalytic domain can interact with the polymer chains to hydrolyse the ester linkages. It
has been shown that the adsorption depends not only on hydrogen bonding between hydroxyl
groups of serine in the enzyme and carbonyl groups in the poly(3-hydroxybutyrate) (PHB)
polymer but also on the hydrophobic interaction between non-polar residues in the enzyme

and alkyl groups in the PHA polymer [232].

Various models [233-237] for the degradation of single crystals of PHB by PHB
depolymerase have been proposed, in which the enzyme binds to the planar crystal surface,
possibly generating disordered chain-packing regions on binding, and then erodes the end

(and also the edges, for some enzymes) of the crystals along the crystallographic a- and b-
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axes, with limited erosion along the c-axis. However, Numata et al. [238] characterised the
real-time degradation of PHB and PHBV thin films using a combination of quartz crystal
microbalance and AFM measurements (as above for PLA) and showed that the degradation
occurred in the a-, b- and c-axes of the crystals (see model in Fig. 13). The same group
recently reviewed the enzymatic processes for biodegradation of PHA crystals [239]. The
enzymatic erosion rate of PHA copolymer films has been found to decrease with an increase

in lamellar thickness in PHA films [240].
Figure 13

It has been shown that the apparent (calculated) cross-sectional area for one enzyme molecule
binding to the PHA surface is around 17 = 8 nm? [241], with the adsorption isotherms being
found to follow the Langmuir adsorption equation. The activation energy of enzymatic
hydrolysis of the PHB chain was found to be 82 kJ/mol. This compares with activation
energies of 88.4 kJ/mol for crotonic acid formation and 78.9 kJ/mol for 3-hydroxybutyric
acid formation in the base-catalyzed hydrolysis of PHB [242]. PHB depolymerases are able
to degrade all (R) chains of PHAs as well as cyclic (R) oligomers and polymers composed of

rac-hydroxybutyrates. They are unable to degrade all-(S) or syndiotactic (R,S) chains.

Ishida et al. [243] reviewed the effect of copolymer composition on biodegradability for
finely fractionated PHBV copolymers of well-defined monomer unit content. It was found
that PHA depolymerases degraded copolymers adopting the PHB crystal type far more
rapidly than those adopting the comonomer crystal type (e.g., poly-3-hydroxypropionate).
The amorphous films were almost not degraded by some enzymes, indicating that
degradation rate is not only affected by the crystallinity but also by the chemical structure and
the substrate specificity. It is believed that the binding site of the enzymes needs a crystalline

structure in order to adhere.
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Doi et al. [17, 244] found that the molecular weight of PHA samples did not change
significantly change during enzymatic hydrolysis but the sample mass did decrease.
Enzymatic erosion rates were given, with SEM analysis showing surface roughening due to
the erosion process. Luo and Netravali [245] also found that the molecular weight of PHBV
samples degraded in compost remained almost unchanged, that it was enzymatic as opposed
to hydrolytic degradation and was a surface degradation process. Modulus and crystallinity
remained almost unchanged while ultimate tensile strength and elongation-at-break decreased
as degradation increased. However, the tensile strength as reported was not corrected for the
change in cross sectional area. Hermida et al [246] showed that when this correction was
applied, the tensile strength remained constant, i.e., surface erosion was taking place and

there was no critical crack formation to alter the properties of the bulk.

Doi et al. undertook comparative studies of hydrolytic and enzymatic degradation of PHBV
and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) [244]. Over the first
58 days of hydrolytic degradation without enzyme at 55°C in phosphate buffer solution, no
weight loss was observed, but all samples showed a decrease in molecular weight associated
with random chain scission. By contrast, during the course of enzymatic degradation (which
took place over 20 hours as opposed to 58 days), the molecular weight remained relatively
unchanged while weight loss was of the order of 1 to 5%. This indicated that, in this case,
only the polyester chains on the surface were being hydrolysed via a surface erosion
mechanism. The rate of degradation was found to be dependent on copolymer composition,

with the presence of 4HB accelerating the rate of both hydrolytic and enzymatic degradation.

There have been a number of mechanistic enzyme degradation studies on solution-grown
lamellar single crystals of PHA, which give further insight into the mechanism. Murase et al.
[235] used a hydrolytic-activity-disrupted mutant of PHB depolymerase, to examine the

enzymatic process without the influence of hydrolysis, and concluded that there is an
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intermediate stage after the initial enzyme adsorption, which involves disturbance of the

molecular packing in the crystal.

The effect of crystal structure was also explored in a number of studies. Zhang et al. [247]
undertook cold drawing of both PHB and the novel PHA copolymer, P(3HB-co-4HB),
achieving shish kebab structures with draw ratios of up to 1200%. A crystalline structure of a
planar zigzag conformation (f form) was produced in this process. The overall susceptibility
of the drawn materials to enzyme-catalysed hydrolysis did not change for PHB since the
crystallite size was unchanged. However, for P(3HB-co-4HB) the rate of erosion increased
with increased draw ratio. This result was attributed to an overall decrease in crystallinity and
crystallite size for this stretched copolymer. Enzymatic degradation proceeded via attack on
the amorphous regions first, then the pseudo-crystalline (s-form) crystal regions between the
lamellar crystals. Once these were exposed, there was enzyme attack at the lamellar crystals
of the a-form. Tanaka and lwata [248] also explored the enzymatic degradation of PHBV
films, including cold-drawn films and found that the more drawn the film, the slower it was
to degrade; this was felt to be reflective of higher crystallinity as well as the long period of
the crystal structure. The drawn films had a shish-kebab morphology, with both the 2; helix
(a-form crystal) and the planar zigzag (f-form crystal) present. It should also be noted that
the solvent-cast form of PHBV (8 mol% HV) was much faster to degrade than the melt-
produced form, presumably because of a looser packing arrangement due to solvent
evaporation. It was also found that the rate of enzymatic degradation increased with a
decrease in crystallinity of melt crystallised PHB films, whereas the size of the spherulites

made little difference [249].

In studies of different PHA copolymers, with co-monomer units of different chain length, it
was found that the longer the side chain, the more the co-monomers acted as defects in the

PHB crystal structure, limiting lamellar size and reducing crystallinity. The growth rate of
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spherulites also decreased with chain length at the same crystallization temperature [250].
Overall, the rate of enzymatic degradation was found to be dependent on both crystallinity

and lamellar thickness, hence increasing with increasing co-monomer chain length (Fig. 14).

By contrast, Li et al. found that the longer the side chain in the copolymer, the lower the rate
of degradation (using the PHA depolymerase produced by Ralstonia pickettii T1) [251]. This
was attributed to the higher proportion of long-chain comonomer units in the copolymers
used in this study (at 15 — 20 mol%), which at this higher concentration could have a surface

effect, inhibiting enzyme attachment and hence slowing the reaction.
Figure 14

Low molecular weight additives such as dodecanol, lauric acid, tributyrin and trilaurin have
been found to act as plasticizers for PHB [252], and it was found that small amounts (1 wt%
addition) act as accelerants for enzymatic degradation while larger amounts (9 wt%) slow the
degradation rate. This was ascribed to migration of the additives to the surface, where they
are believed to inhibit enzyme binding. At the low addition rate, it is thought that thinner
lamellae and more mobile polymer chains in the amorphous phase may be responsible for the

increased susceptibility.
5.2.5 Enzymatic hydrolysis of starch

The enzymatic digestion kinetics of starch, and blends of starch with other polymers such as
poly(vinyl alcohol), PLA or cellulose acetate, have been extensively reviewed and analysed
[253-255]. In starch, the linear polymer, amylose, makes up about 20 wt% of the granule, and
the branched polymer, amylopectin, the remainder. Both fractions are readily hydrolyzed at
the acetal link by enzymes (Fig. 15). The a-1,4-link in both components of starch is attacked
by amylases and the a-1,6-link in amylopectin is attacked by glucosidases. To date, there

have to our knowledge been no reports on the modelling or prediction of in-use lifetimes in
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starch-based plastics. However, a number of authors [256-259] have analysed the kinetics of
glucose polymer degradation. A first-order equation is typically fitted, as given by:

C,=C_(1— e ¥) (61)

where C; is the starch degraded (expressed as mass per unit volume) at incubation time t, C.
is the corresponding amount of starch degraded at the end point of the reaction and k is the
first-order degradation rate coefficient. Values for k can be determined by plotting In(dC/dt)

against t.
Figure 15

Li et al. [256], however, studied the enzymatic degradation of a range of starch films of
different initial molecular, crystalline and granule structure, and found that there were two
distinct stages of degradation: an initial, much more rapid stage, typically over the first 100
minutes or so, and a second, slower stage. This initial, rapid degradation was attributed to two
mechanisms: 1) the presence of small molecules that enter the solution and are readily
degraded and 2) the likely presence of highly disordered and accessible chains at the film
surface that are more susceptible to degradation. However, in parallel with this there was a
tendency observed for the smaller molecules once formed to retrograde more rapidly to form

more ordered, less readily degradable structures.

Consistent with this outcome, it has been demonstrated [257] that the enzymatic degradation
of structurally complex starch substrates can be adequately described by the use of two
sequential rate processes with different rate coefficients, ki and ko, with ki typically being

larger than ka.

Increased crystallinity in starch has been shown to slow enzyme degradation [260] while a

decrease in molecular size was associated with an increase in ki.The increase in the amount
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of amorphous material at the surface of a film was strongly correlated with the binding

efficiency of the a-amylase, and, therefore, the degradation rate [258].

Recent analysis of the enzymatic digestion of a high amylose starch by Gidley et al. [261]
revealed that for extruded starches, undigested residues had increasing levels of crystallinity
during the digestion, which was consistent with either selective hydrolysis of non-crystalline
regions or recrystallization during digestion. However, the enzymatic digestion rates were all
very similar, regardless of differences in initial crystallinity, moisture content or storage
conditions. Given that the crystallinity levels in the residues were still relatively low overall,
this indicates that enzyme resistance in these starches is actually associated with a dense solid
phase structure that is only weakly crystalline and that measures of crystallinity are not
sufficient to predict enzyme resistance. Zheng et al. [262] also showed that Gingko starch,
with a higher amylose content, lower swelling factor and different crystalline structures

compared to other starches also had higher resistance to enzyme degradation.
5.2.6 Enzymatic hydrolysis of other polysaccharides

Chitin is a linear copolymer of N-acetyl-glucosamine and N-glucosamine, with a f-1,4
linkage, and is found in the shells of crabs, lobsters, shrimps and insects. Chitin can be
considered to be an amino cellulose, and it can be degraded by chitinase through hydrolysis
of the N-acetyl-f-1,4-glucosaminide linkage. It can be processed to chitosan by partial
alkaline N-deacetylation, with the degree of deacetylation affecting the crystallinity, surface
energy and degradation rate of chitosan. Increasing degrees of deacetylation lead to decreases
in the degradation rate. Kean and Thanou [87] have recently reviewed studies on the
biodegradation of chitosan, with enzymes such as chitosanase or lysozymes being known to

degrade it [263].
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Cellulose esters represent an important class of biodegradable polymers, with cellulose
acetate being used in high volume applications such as fibers, films and injection moulding
thermoplastics. The biodegradation of cellulose acetate has been demonstrated in a number of
studies, including under anaerobic conditions, and has recently been reviewed [264]. The
degree of substitution is an important factor with respect to controlling biodegradation rates,
with rates increasing as degrees of substitution fall. For example, Reese et al. [265] showed
that cellulose acetates with a low degree of substitution (0.76 sites esterified per
anhydroglucose monomer) were fully degraded by esterase while the fully substituted
cellulose triacetate showed no sign of degradation. Likewise, Cantor and Mechalas [266]
found evidence of esterase activity on cellulose acetate membranes while there was none
evident in cellulose triacetate materials. Gardner et al. [267] also showed that at a degree of
substitution of 2.2, the cellulose acetate had a comparable biodegradability in compost to that

of PHBV.
5.2.7 Enzymatic hydrolysis of polymers containing main chain nitrogen bonds

Natural proteins tend to form disordered structures since they usually do not contain
repeating units. As a result, they are generally susceptible to enzyme attack [34]. By contrast,
synthetic polyamides have short and regular repeating units as well as strong inter-chain
hydrogen bonding and thus have highly ordered crystalline morphologies, which makes them
much more resistant to enzymes [34]. A decrease in molecular weight or modification of the
structure through the introduction of substituents such as benzyl, hydroxy and methyl groups
increases the rate of biodegradation [34]. Poly(amide-esters) and poly(amide-urethanes) have
long repeating chains and are not as crystalline as polyamides, hence have a degradation rate
that is between that of proteins and synthetic polyamides [34]. Poly(amide-enamines) are also
susceptible to hydrolysis and biodegradation, both by fungi and enzymes. Polyureas prepared

from lysine esters with 1,6-hexane diisocyanate and poly(e-caprolactone) diol are readily
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biodegradable [268]. Polyphosphazene, which contains alternating phosphorous and nitrogen
atoms on the polymer backbone, which may by hydrolysed by enzymes to give phosphoric

acid and ammonia derivatives [269, 270].
5.3 Non-hydrolytic enzymatic polymer degradation

Some enzymatic processes are non-hydrolytic. For example, some fungi can secrete enzymes
(peroxidases) that catalyse the oxidation of cellulose itself or of lower molecular weight
oligomers produced from the enzymatic hydrolysis of cellulose. These enzymes produce
hydrogen peroxide, which then undergoes free radical attack at the C2 — C3 positions of
cellulose to form “aldehyde” cellulose, which is in turn very reactive and can hydrolyse to

form oligomers (Fig. 16) [34].

In addition to degrading cellulose, peroxidases can be used to degrade polymers with carbon
backbones, such as poly(vinyl alcohol) (PVA). PVA is widely used because of its solubility
in water, and it can be easily degraded by microorganisms as well as enzymes such as

secondary alcohol peroxidase [271].
Figure 16
6  Environmental biodegradation

Enzymatic degradation of polymers in a controlled aqueous environment, although complex,
is still relatively predictable. In contrast, real world (environmental) biodegradation becomes
much more complex to understand and predict. To our knowledge, to date, there is no model
for predicting lifetimes in these circumstances for any class of biodegradable polymer. The
prediction of polymer lifetime requires all elements of degradation to be accounted for [272]
and this can be difficult to achieve in complex environments such as soil and seawater, where
different processes such as swelling, cracking, creep, hydrolysis, leaching, and

biodegradation can occur simultaneously [272].
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Although there is no consensus in the literature as to what constitutes “biodegradation”, for
the purposes of this review it is described as, “degradation of a polymeric item due to cell-
mediated phenomena” (see Section 2.0). In essence, biodegradation refers to the process
whereby polymers degrade due to biological activity (especially through enzymatic action)
leading to a significant change in the chemical structure of that material. For a polymer to be
classed as biodegradable according to CEN/TR 15351:2006, the material is also required to
be mineralised into carbon dioxide, water and biomass during biodegradation [10], and that
this biodegradation can be measured by standardised tests which specify extent of conversion
in a given period of time under specific environmental conditions that must be met for the
material to comply with a given standard [273-275]. This section of this review focuses on
environmental/ambient conditions and so does not include degradation under composting

conditions.

Since biological energy is obtained through the oxidation of reduced materials,
biodegradation is essentially an electron transfer process [276], with electrons moving
through metabolic pathways via electron transfer reactions to terminal electron acceptors.
Typically in aerobic environments this terminal acceptor is oxygen. However, facultative or
obligate anaerobic organisms can use other chemical species such as nitrate or sulphate as the

terminal acceptor in the absence of oxygen.

There are a plethora of organisms and their associated enzymes that are capable of degrading
polymer materials, with the three main types of microorganisms that are of particular

importance in the degradation of biodegradable polymers being bacteria, fungi and algae.

For fungi, bacteria and algae, the primary influence they have on polymer degradation is
through the enzymes they produce. The process of biodegradation is commonly presented as
a sequence of steps [26]. Typically these are given as: biofragmentation, wherein the
polymeric material is fragmented into smaller particles, followed by depolymerization
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wherein the polymeric molecules are broken down into lower molecular weight oligomers,
dimers and monomers (confusingly often called biofragmentation), then bioassimilation,
whereby those products of depolymerization that can be taken up as a carbon source by
microorganisms are used to produce energy, biomass, and various primary and secondary
metabolites etc. The final stage, where these metabolites are completely oxidised and
converted to carbon dioxide, nitrogen gas, methane, water and different salts is called

mineralization.

However, in practice, in the natural environment, biotic and abiotic factors frequently act
synergistically on biodegradable polymers in a complex interplay of processes and
chemistries. Processes such as disintegration, dispersion, dissolution, erosion (which can be
through enzymatic processes), abiotic hydrolysis and enzymatic degradation all come into
play. Biodegradation processes can affect polymers through mechanical (grinding) processes,
chemically-promoted degradation (acid/base catalysed hydrolysis), and particularly through
excretion of substances other than enzymes that can change the environmental conditions
such as pH or redox environment. Microscopic fungi and bacteria or other biological agents

(such as earthworms, insects, roots, and rodents) can also fragment the product.

Soils in themselves are complex ecosystems with very divergent chemistries that encompass
an enormous diversity of organisms. Numerous factors can affect the rate of biodegradation
at any given location, including: soil moisture content, porosity, soil temperature, soil pH,
oxygen availability, the presence of suitable microbes, the presence of contaminants and their
concentration, the availability of nutrients, the presence of other electron acceptors, redox

potential etc. [276].

The microbial degradation of polymers via enzymatic hydrolysis has further stages compared

to that of isolated enzymes in aqueous solutions, including:
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1)  Attachment of microorganisms to the polymer surface
2)  Release of enzymes

3)  Enzymatic attack at the surface

4)  Ester cleavage of macromolecular chains

5)  Formation of oligomer fragments

6)  Dissolution of fragments and subsequent surface erosion

7)  Uptake of soluble fragments by microorganisms and growth of biomass

This process is also sensitive to all the parameters associated with polymer composition and

material properties as described in Section 4.0 above.

The range of environments experienced by polymer materials during degradation can include:
dry air, humid air, soil, a landfill, a composting environment, sewage, fresh-water or a marine
environment. The kinetics of polymer degradation in the environment depends on the
particular combination of key factors in that environment: oxygen concentration, water, other
chemicals, daylight, degrading microorganisms, soil chemistry etc. [277]. More specifically,
the environmental factors affecting the rate of degradation that is due to microorganisms
include temperature, moisture level, atmospheric pressure, oxygen pressure, concentrations of
acids and metals, and degree of exposure to light. Microorganism-specific factors include the
community present, the concentration of organisms, whether or not they have enzymes for
which the polymer is a substrate, the presence of trace nutrients for the microorganisms and

the presence of inhibitors or predators.

Woolnough et al. [278] have identified that the colonization of biodegradable polymer
surfaces by biofilms in a soil environment is dependent on factors such as surface roughness,
hydrophobicity, charge, microbial population and whether or not the colonising population is
capable of degrading the polymer in soil. In addition, there was found to be a correlation
between biofilm coverage, surface roughness and rate of degradation. Both weight loss and
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biofouling were found to follow the order: PHBV =~ PHB > polyhydroxyoctanoate >

poly(D,L-lactide-co-glycolide) > poly(D,L-lactide) > ethyl cellulose.

Eubeler et al. [194] summarised the results of investigations into the biodegradation of
different groups of synthetic polymers under different environmental conditions. Most of
these studies focused on soil and compost, and polyesters were the main group of polymers

investigated.

In another early study, Doi et al. [279] compared the biodegradation rates for biosynthetic
and chemosynthetic polyesters in river water at 25°C under aerobic conditions in a
temperature-controlled reactor. Based on weight loss and biological oxygen demand of the
test solution, the rate of degradation of the synthetic polyesters were strongly dependent on
the chemical structure and decreased in the following order: poly(ethylene succinate) > PCL
> poly(ethylene adipate) > poly(butylene adipate) > poly(butylene sebacate) > poly(ethylene

sebacate) = poly(butylene succinate) = poly(hexylene succinate) = poly(f-propiolactone).

The following sections describe results from environmental degradation studies conducted on

specific biodegradable polymer substrates.
6.1 Environmental degradation of biodegradable polymers
6.1.1 Environmental degradation of PLA

The processes and rates of PLA degradation in soil and compost have been studied for many
years. Li and Vert [67] provided a comprehensive review of the biodegradation of aliphatic
polyesters in 2002, with Hayes et al. providing an overview of the degradation of agricultural
mulching films including those from PLA [280], and Shah et al. providing an update on
biodegradable polymers in general in 2008 [60]. Overall, the accepted mechanism for PLA
degradation is that it degrades through a two-stage process, involving abiotic hydrolysis at

elevated temperatures as a first stage followed by biotic activity (microbial breakdown of the
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hydrolysis degradation products) [281-285] (Fig. 17). It should be noted that in this Figure all
strength and elongation of the polymer article will be lost in the hydrolysis stage. The chain
scissions per number average polymer molecule(s) at embrittlement are 2.5 and at total

fragmentation 4.4. In this period only 20% of the total carbon dioxide evolution has occurred.
Figure 17

Given this, the role of microorganisms in environmental degradation is still unclear. It is well
known that PLA is less susceptible to environmental degradation than other aliphatic
biodegradable polymers. The complete degradation in soil, for example, has been reported to
take around a year [286], and around 60 to 100 days in compost at elevated temperature.
Studies by Briassoulis and coworkers have also shown that PLA film in soil under field
conditions is very slow, much slower than PHBV [287, 288]. In long term studies of PLA
films and fibers in Mediterranean soils [288], it was found that the thinner the films, the more
pronounced the degradation in general; all films became brittle after just one month, which
was associated with cracks in thin films, with worms and roots clearly contributing to the
degradation. Changes in elongation-at-break were much more evident than changes in other
mechanical properties such as tensile strength. However, full disintegration took a much
longer time, with limited degradation after 11 months. Overall, it was found that the type of
soil (including pH, microorganisms present, temperature, humidity, etc.), D enantiomer
content of initial PLA tested, and the shape and thickness and form of the material (i.e. the
surface area of material exposed to soil; film versus fibers; single specimens versus mass of

material) had a significant effect on the rate of biodegradation of PLA following soil burial.

Agarwal et al. [289] presented evidence that microorganisms were not involved in the
environmental biodegradation process for PLA and that the degradation was purely due to
abiotic hydrolysis. However, there is other evidence that microbial enzymes do play a role
and that some exist that can degrade high molecular weight PLA [290-292]. This difference
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can be attributed to the lower populations of PLA-degrading microorganisms in the
environment, as well as variability of distribution. Sangwan and Wu [286] used molecular
ecological techniques to directly identify the microbes associated with PLA degradation in
compost and identified them as belonging to the genera Paecilomyces, Thermomonospora,
and Thermopolyspora. Other microorganisms that have been identified as degrading PLA
include Actinomycetes Amucolatopis type and a bacterium, Bacillus brevis [293]. By
comparing PLLA degradation in natural compost (containing both fungi and bacteria) with
sterilised soil inoculated with fungi, it has also been shown that degradation is faster in the
former, potentially because there are synergistic effects between the microorganisms present
in the soil [293, 294]. Karamanlioglu and Robson [295] compared the degradation of PLA
coupons in sterile water, soil and compost at different temperatures with degradation in
microorganism-rich soil and compost, and found that there was an acceleration of
degradation in the microorganism-rich environments. All tensile strength was lost after 36
days in the microorganism-rich environments at 50°C, compared to 54-57 days for the sterile
environments. However, no change in tensile strength or molecular weight was observed in

any environment at either 25°C or 37°C after 1 year.

The molecular weight changes over time from a number of field studies have been collated
and show a reasonable fit to a first-order kinetic model, while having very different rate
constants, particularly for low temperature compost (at temperatures ranging from 9 to 42°C)
versus soil (at ambient temperatures ranging from 5 to 21°C) [288]. This was attributed to a
difference in number of microorganisms and the fact that they were able to consume the
degradation by-products more rapidly, although the actual reason is likely to be much more

complex.

Ho et al. in a series of studies [296-299] investigated the degradation of PLA under a range of

environmental conditions, including in Costa Rican soils, compost rows, a banana field and in
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soil-based respirometers. They also tested degradation in humidity and temperature-
controlled chambers. In the laboratory studies, they found that the films started to lose their
tensile properties when the My was in the range of 69,000 — 90,000 g/mol. Degradation was
increased by an increase in temperature and humidity. A triple-layer film degraded faster
under all conditions than a monolayer film, most likely due to the monolayer film having a
higher initial molecular weight than the triple-layer film. Likewise, in the soil respirometer,
an increase in temperature led to a very large increase in rate of biodegradation. In field-
based soil studies, the degradation performance was comparable to the laboratory soil studies;
it was estimated that the PLA films would be visibly degraded after 6 months in banana field
soil as compared to 3 weeks in compost rows. However, in the Costa Rican banana field
study, where the average temperature and humidity were higher and the material was exposed
to additional stressors, the average degradation rate of PLA shrouds and ropes discarded into
soil after use was higher than before and the materials lost their mechanical integrity after just
9 to 15 weeks. The My at embrittlement, where the materials had lost all of their tensile
properties to the point of fragmentation, was higher than for the previous studies as well (at
90,000 to 140,000 g/mol), although the same starting materials were used. The My values at
embrittlement reported in these studies are quite high, considering that the M. of PLA is
much lower than this (see Section 4.5.3) and other studies have shown that a much lower

molecular weight is required before embrittlement/fragmentation is observed [197].
6.1.2 Environmental degradation of Poly(e-caprolactone) (PCL)

Fungal species are well known to promote the catalytic degradation of biodegradable
polymers. Cook et al. [300] clearly showed the effect of degradation by Penicillium
funiculosum mycelium on PCL solvent-cast films, with the degradation occurring in the
amorphous regions between spherulites initially, before starting to degrade the crystalline

regions at a later stage (Fig. 18).
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Figure 18

The biodegradation of PCL in both soil burial and activated sludge tests was found to be
relatively fast, with rapid weight loss, indicating a bulk degradation mechanism. However,
abiotic hydrolysis occurred more slowly [76], indicating that microorganisms play a

significant role in the environmental biodegradation of PCL.

Tsuji and Suzuyoshi [301] found that the relative degradation rate, as judged by weight loss,
tensile strength and Young’s modulus results, decreased in the order PCL > PHB >> PLLA.
In contrast to the study above, both the PCL and PHB films degraded by surface erosion
rather than bulk degradation mechanism and this occurred inhomogeneously on the film
surface due to the attachment of microbes, which caused the formation of pores and cracks,

resulting in the loss of material properties.
6.1.3 Environmental degradation of Poly(butylene adipate-co-terephthalate) (PBAT)

The use of PBAT as an agricultural mulch film for raised pineapple beds has been explored
by Kijchavengkul et al. in a series of studies [302-304]. Above ground, photodegradation
played a major role in film breakdown, causing the film to lose mechanical integrity after just
8 weeks, at a total solar irradiation dose of 800 MJ/m?. At this point, the gel content was 25%
due to crosslinking and the My of the sol fraction plateaued at 10,000 g/mol. This cross-link
formation limited the extent of subsequent mineralization and it was suggested that carbon
black additives could limit the formation of gels by UV screening [305]. From FT-IR
analysis, the degradation was found to be initiated on the upper (exposed) side of the film and
then propagate through the matrix. The part of the film that was buried under the soil was

much slower to degrade, with only a 50% decrease of My after 40 weeks.

In another application, Bilck et al. [306] outlined a field trial that employed biodegradable

mulch films prepared by extrusion from cassava starch and poly(butylene adipate-co-
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terephthalate) (PBAT) blends for use in strawberry production. It was found that the PBAT
blend film had small cracks five weeks after being laid on the soil, and after another eight
weeks there was a noticeable reduction in tensile strength, elongation-at-break and water

sorption.
6.1.4 Environmental degradation of Poly(butylene succinate) (PBS)

Some linear aliphatic polyesters such as PBS have been shown to be totally biodegraded in
soil, through depolymerases or lipases produced by microorganisms. However, the
degradation rate is strongly affected by the microbial community present as well as by a

dynamic equilibrium between the microbial components [307].

Koitabashi et al. [308], for example, have trialled the use of a phylloplane fungi isolated from
gramineous plants to accelerate the biodegradation of poly(butylene succinate—co-adipate)
(PBSA) (Bionolle® 3001 G) and PBS (Bionolle® 1001G) films as well as a commercial PBS,
PBSA and PBAT blend. Treatment of these films with the fungal strain on unsterilized soil
resulted in 91, 24 and 15 wt% weight loss respectively after just 6 days, indicating that it was

a very effective biodegradation agent for PBS-based polymers.

In another study, PBS plaques, prepared by compression moulding, showed a substantial
decrease in molecular weight and the formation of vinyl groups and a range of oxygenated
species when exposed to natural weathering in Malaysia for up to 6 months [309]. The neat
PBS surfaces were severely deteriorated, with some large surface cracks, possibly due to
thermal contraction and/or natural weathering. Chain scission during ageing due to
degradation via a Norrish type Il mechanism was proposed but is unlikely under terrestrial
conditions due to the very limited absorption of the carbonyl groups of aliphatic polyesters in

the region above 300 nm [310, 311].
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6.1.5 Environmental degradation of PHA

Overall, PHA is very readily degraded in the environment, including the marine environment.
Copolymers such as PHBV and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) have
consistently been shown to degrade faster than PHB, regardless of environment [312], and, as
expected, amorphous regions are also preferentially degraded. The following studies illustrate

the typical fate of PHA under environmental conditions.

Hermida et al. [246] studied the effect of microbial degradation of PHBV (12 wt% HV) in a
water-based culture on mechanical and other properties. They found that the rate of weight
loss was sigmoidal and related to the cellular growth and activity of the bacteria. Colony-
forming units increased through time as surface roughness and hence surface area increased.
Crystallinity and molecular weight remained unchanged. The elastic modulus decreased only
10% after 45 days while the decrease in tensile strength was found to be proportional to the
decrease in cross-sectional area. The rate of degradation decreased with an increase in
crystallite size. The surface degradation behavior, therefore, was found to affect neither the
elastic nor plastic behavior of the bulk. As the degradation proceeds, the size of the pores and
microcracks at the surface increase until they achieve a critical size. At this size, the stress
concentration factor around the crack is so high that a low stress promotes a catastrophic

failure with practically no plastic deformation.

Sang et al. [313] showed that the degradation of PHBV films in soils was the result of a
concerted effect of a microbial consortium comprising fungi, bacteria and actinomycetes.
Over time, there was a distinctive increase in the fungal population, resulting in its eventual
dominance. Fungi were shown to have a combination of high degradation ability as well as
the ability to expand hyphae in three dimensions. This process was modelled mathematically

[314] by taking into account the surface growth rate of hyphae as well as the degradation
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ability of the fungal depolymerase. PHA degradation rates were shown to correlate with

fungal biomass.

Hong and Yu [315] explored the effect of bacterial cells isolated from soil on PHBV
degradation. They found that mixed bacterial cultures had a higher degradation rate and
shorter adaptation time than a pure strain. The aerobic degradation rate was faster because of
the higher cell growth and the greater number of attached proteins. Barren soil was shown to
have fewer microbes rather than different species and was slower to degrade PHBV as a
result. Because the amount of cell attachment remains constant, there is a zero-order rate
model for PHBV degradation by soil microbes in an aqueous environment. The enzyme
activity and the polymer degradation rate increase with an increase in temperature with an
activation energy of around 67.8 kJ/mol. The enzymatic hydrolysis is the critical step in the

degradation.

Arcos-Hernandez et al. [316] in soil-based degradation studies of a range of PHBV
copolymers showed that a surface erosion mechanism dominated, and that the biodegradation
rate was controlled by a combination of copolymer composition, crystallinity, micro-structure

and surface morphology.

Tsuji et al. [317] evaluated the effect of pretreatment of PCL and PHB with alkali prior to soil
degradation and found that this treatment enhanced the surface hydrophilicity of the films as
well as the rate of biodegradation (as judged by weight loss and visual inspection). The
relative rate of biodegradation was of the order PCL > PHB > PLLA, in agreement with other

studies.

Blends of PHB with poly(butylene adipate-co-terephthalate) (PBAT) copolyesters, some
containing 30 wt% wood flour, have been aged in simulated compound soil [318].

Mechanical properties were tracked over that time, and again there was significant mass loss
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after 90 days and surface changes were evident, but there was little change in the bulk
material properties. Similarly, samples of PHB with PHBV were aged in simulated soil at
24°C [319] as well as in compost. The decrease in tensile strength was the most significant
change observed in mechanical properties over time, and the change was much more
significant at higher temperatures, as expected. Surface roughness was used as an indicator of

degree of biodegradation.

Mergaert et al. [320] showed evidence that confirmed the typical trend whereby mass loss of
PHB and PHBV films was accelerated in soil at 40°C in comparison with 15 or 28°C. More
importantly, while molecular weight declined slowly at the lower temperatures, the My
decreased by more than a third in 200 days at 40°C. The PHBV copolymer degraded more

rapidly than PHB.

Molitoris et al. [321] examined the effect of bacterial degradation on the surface properties of
partially degraded sheets of poly(3-hydroxyvalerate) (PHV), PHB, PHBV and poly(3-
hydroxyoctanoate) and derivatives following inoculation with selected species and found that
the rate was dependent on surface area from all samples, with PHV being very slow to
degrade relative to the other polymers. Film surfaces were pitted, with bacteria commonly
found in the pits, and erosion patterns consistent with spherulitic banding were observed,
indicating that amorphous areas were more rapidly degraded. Fracture surfaces showed that
PHV and PHBYV erosion was a surface phenomenon only while PHB samples showed the
presence of deep fissures (attributed to the mechanical forces during manipulation and

handling, i.e., artefacts of the experimental process).

Lim et al. [322] extended this work to study the degradation of the same medium chain length
PHA films as used by Molitoris et al. [321] in tropical forest and mangrove soils for 112
days. At that stage, there was around 17% weight reduction for the samples buried in acidic

forest soil, and only 3.0% reduction for those buried in alkaline forest soil by the side of a
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stream and 4.5% reduction for those buried in mangrove soil. Only the films buried in the
acidic forest soil showed any change in molecular weight, although this was slight.

Mechanical properties were not tested.

Under anaerobic conditions, Abou-Zeid et al. [323] found that while PHA degraded more
slowly than under aerobic conditions in sludge, PHB homopolymer degraded faster than
PHBV in a range of environments, in contrast to the situation under aerobic conditions. PCL
degraded slower than both. Other synthetic polyesters had only very limited biodegradability,
particularly when aromatic groups were present. Overall, this was attributed to the types of
organisms present in these environments, which seem to be specialised for PHB degradation
and which are promoted by anaerobic degradation products such as acetate, crotonate or
citrate. Morse et al. [312] found that annealing resulted in the acceleration of anaerobic
degradation of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) copolymers in an anaerobic
digester, which was attributed to an increase in void content after thermal annealing, allowing

easier access for water and enzymes.

In the seawater accelerated aging of PHBV, Deroiné et al. [272] found that the water uptake
was less than for distilled water, possibly due to the presence of mineral salts, and that a
plateau was reached at different temperatures after 100 days. Again there was a good fit to
the Arrhenius equation. Surface roughness increased for all samples, more so for natural
seawater, which was assumed to be either due to surface hydrolysis or erosion due to
microbial attack. In this case, the microbial population was as important as other factors such
as temperature, with enzymatic degradation occurring from the surface via an erosion
mechanism. The coexistence of two simultaneous degradation mechanisms was demonstrated
— enzyme promoted chain scission at the surface and non-catalysed hydrolysis through the

matrix, which was accelerated by increasing the temperature.
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Kasuya, Doi and others also compared the biodegradabilities of a range of aliphatic esters in
different natural waters, including fresh and marine. The samples tested included a range of
PHAs along with some benchmark synthetic aliphatic polyesters such as PCL, PBS etc. [324-
326]. PHBV (14 mol% 3HV) was very rapid to degrade under these conditions, with 100%
weight loss and ~78% of theoretical maximum BOD produced after only 28 days under all
conditions. By contrast, PHB was more resistant, particularly in seawater, with only 23%
weight loss after 28 days, while P(3HB-co-4HB) was intermediate in performance. Poly(3-
hydroxypropionate) (P(3HP)) and P[(R)-3HB-c0-92%(S)-3HB] both lost only 1% of weight
in that time. The synthetic polyesters were much more sensitive to composition, with weight
losses ranging from 95% to 1% (see Section 6.0). The molecular weights of PHBV and
P(3HB-co-4HB) decreased slightly as erosion proceeded while molecular weight dispersities
remained constant, consistent with a surface degradation mechanism. By contrast, the strain-
at-break decreased during exposure and the material gradually turned brittle, again reflecting

the very significant effect of surface defects on mechanical properties.

In another river water study, Ho et al. [327] found that in natural tropical river water, a
medium-chain-length PHA (mcl-PHA) lost 71.3% of its mass after 86 days. When the water
was sterilised, the degradation rate slowed but did not stop, with 11% of mass lost in 28 days.
The degradation rate of medium-chain-length-PHA in river water was faster than for other
copolymers of PHA and may be due to the low crystallinity nature of the copolymer [327].
The PHA copolymer used in this study was composed in the main of 3-hydroxyoctanoate
(C8) monomers, followed in decreasing order by 3-hydroxydecanoate (C10) monomers, 3-
hydroxydodecanoate (C12) monomers, and 3-hydroxytetradecanoate (C14) monomers. It was
noted that the C8 monomers were more readily removed from the polymer matrix, unlike the
C10, 12 and 14 monomers, indicating that the rate of PHA hydrolysis depended on the side

chain length of the monomers in these medium-chain-length materials.
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Boskhomdzhiev et al. [328] likewise showed that PHB and PHBV degradation in vivo in
animal tissue and in vitro with enzymes occurred via two parallel pathways: abiotic polymer

hydrolysis and enzymatic degradation.

Eldsater et al. [329] clearly showed that water and air alone had little effect on the
degradation of PHBYV in a garden compost over 50 days, with the degradation being due to

microbial action alone.

In a marine biodegradation study, Thellen et al. [330] explored the biodegradation of melt-
processed films of PHB and three different PHBV copolymers (of differing 3HV content) in a
simulated marine environment, which was inoculated with 13 marine microorganisms. All
materials were highly degradable under static conditions, showing 89-99% biodegradation
(based on mass loss) after 49 days. Under open, aquarium conditions with fluctuating
temperatures and natural nutrient supply variation, however, the extent of degradation after

90 days was only between 30 and 73%.

Kaplan et al. [331] explored the effect of different environments on cellophane and two
different PHBV films, and found that (as is commonly reported) the mechanical properties
were lost more rapidly in soil contact than in marine water in the order soil > marine
sediment>marine water. Composition also played a role, with the higher HV content
copolymer degrading faster. Likewise, in another study by Mergaert, there was a significant
difference in degradation rate depending on the environment (increasing in rate from
freshwater ponds to seawater to soils to composts), particularly for PHBV copolymers [320].
Loss in elongation-at-break was significant from the start in soils, much more than in sterile
buffers. It was thought that an increase in surface roughness may contribute to loss of
toughness. In further studies [332, 333], they also found that PHB and PHBYV degradation in
low-temperature compost, freshwater, and seawater did not result in loss of molecular weight

(presumably again because of surface erosion and solubilization/microbial consumption of
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oxidised degradation products). Mass loss was less than 7% after half a year submerged in
water and only 20% after 150 days in compost, with faster mass loss in seawater, and the
PHBYV samples degraded faster than PHB. However, again elongation-at-break for the PHBV
samples was dramatically affected after just 30 days, although PHB (which had a low

elongation-at-break to start with) was relatively unaffected.

Voinova, Volova and others [334-338] have also studied the degradation of PHASs in a wide
range of natural environments. They presented evidence that the degradation of PHBV in
natural water reservoirs may be slowed by lower inorganic phosphorus levels, and was also
slower under anaerobic as opposed to aerobic conditions. It depends to a great extent on a
complex set of weather-climatic conditions. In the tropical marine environment, the
degradation rate is significantly influenced by the shape of the polymeric article and the
preparation technique (compacted pellets versus films) rather than by the chemical
composition. After 160 days there was significant molecular weight loss and increased

dispersity; however, the crystallinity remained unchanged.

In blends of atactic and semicrystalline PHBV exposed to either a marine environment or
compost with activated sludge, the degradation rate was dependent on the atactic content,
with the amorphous phase degrading first, resulting in increased crystallinity. This in turn
resulted in an initial increase in tensile strength and tensile modulus. The elongation-at-break,
however, declined consistently and significantly from the start. Again, molecular weight was

not significantly affected [339].
6.1.6 Environmental degradation of starch

The hydrophilic and readily degradable nature of starch means that starches are generally
modified to form a thermoplastic that is then blended with synthetic degradable polymers,

such as PCL or poly(vinyl alcohols) or other polyesters [340]. A number of starch-containing
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film products such as Mater-Bi® from Novamont have been commercialised and trialled

extensively in the field [341].

Briassoulis et al. [342] tested Mater-Bi® films in low tunnel, direct cover and mulching film
applications over a period of three years in four different European locations and found that
the mechanical degradation of the films was directly related to their thickness. In only 1
week, the 12 micron films had lost both tensile strength and elongation-at-break, with
crack/tear propagation resulting in loss of material integrity. The starch component was

shown to degrade first.

Martin-Closas et al. [343] reviewed the in-field performance of the commercial mulch films
Mater-Bi®, Biofilm® and Bioflex® (Bi-OPL) (the first two of which are thermoplastic starch —
polymer blends, and the last is a PLA-based blend). The site was in Spain (under a
Mediterranean-Continental climate), and the use was for tomato plants. The films were found
to have a high near-IR transparency but very low photosynthetically active radiation (PAR)
transmittance, both being comparable to polyethylene. The long-wave infrared transmittance
was lower than polyethylene in all biomaterials, increasing the greenhouse warming effect.
However, the films were twelve times more permeable to water vapour than polyethylene. In
line with the research outlined above, the elongation-at-break was the most sensitive
parameter to aging, declining rapidly in the first 30-60 days in the above-ground portion, with
Mater-Bi® being particularly fast. Strength also declined for all biodegradable polymer films,
though less significantly. On a qualitative scale, the rate of degradation for the films overall
(both above and below ground) was assessed as Biofilm® > Mater-Bi® > Bioflex® (Bi-OPL)

>> polyethylene.

The degradation of an acylated starch-plastic mulch film was evaluated by Fernando et al.
[344] in a grey lowland and a volcanic andosol soil. In both laboratory and field experiments,

the weight loss of the plastic films was on the average 50% greater in the volcanic andosol
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soil than in the grey lowland soil. Elongation-at-break decreased to < 30% (from 250%) after
~4-8 weeks in both the lab and field in both soils. By contrast, while there were significant

losses in tensile strength over time, this was a much slower process, particularly in the field.

Another study of Mater-Bi® for soil mulching and low tunnel applications was undertaken in
Italy [345]. In this case, the lifetime of the mulches was assessed to be 9 months while that of
the tunnels was 6 months, although this was based on the films remaining “almost intact” for
that period. The difference was in part attributed to the increased temperature under the

tunnels. After one year under soil, 96% of the initial mass was lost.

Calmon [346] compared the degradation on soil-burial of twenty different sample types
(including PHBV/HV, PLA, PCL, PCL-starch, paper, PE and PE-starch) at four different
locations for up to 24 months. Biodegradation was monitored through weight and area loss
(using image analysis). The general behavior of polymers was the same at different sites, and
there was no correlation between weight loss and location. The aim of this work was to
ultimately be able to predict biodegradability based on laboratory results and site
characteristics (climate and soil). However, to date, such correlations have not been

developed.
6.1.7 Environmental degradation of cellulose-based polymers

Andrady et al. [347] reviewed, in 1992, a Navy research program that assessed chitosan and
regenerated cellulose for use as marine-degradable polymers in a range of environments.
After 6 weeks of marine exposure, regenerated cellulose samples disappeared; after 10
weeks, chitosan samples became brittle and separated. It was found that while chitosan was
faster to degrade in anaerobic soil environments, the opposite occurred in the marine

sediment environment. Aerobic degradation was much higher than anaerobic degradation for
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both biopolymers. The addition of urea and potassium phosphate increased the soil

degradability of the cellulose.

6.2 Biodegradable polymer degradation and extrapolated lifetime prediction under

elevated temperatures

In general, the thermal degradation of thermoplastic biodegradable polymers occurs at
polymer melt temperatures, well in excess of those experienced under ambient environmental
conditions and thus beyond the scope of this review. However, as previously discussed, the
kinetics of the hydrolytic processes of biodegradation have a temperature dependence which
fits the Arrhenius equation in nature, and are also strongly influenced by the crystalline
nature of the sample and the glass transition temperature, both of which can be affected by
temperature and/or changed during the reaction process. For example, some biodegradable
materials have melting temperatures close to ambient, such as PCL (Tm ~ 60°C) and
polyester-starch composites such as Mater-Bi® (Tm ~ 64°C) [26]. As discussed in Section 3.2,
polymer properties change very significantly above and below the Tgq. It is important to
understand the kinetics above and below the T4 to understand whether or not it is appropriate

to extrapolate higher temperature data back to ambient conditions.

Regarding glass transition, the Tq often decreases during hydrolytic degradation as a result of
chain scission allowing the polymer chains to move relative to one another. If the Tq shifts
from above to below the testing temperature for mechanical properties, this could cause an
interpretation of a sudden increase in material property loss due to increased molecular
weight decrease whereas the actual mechanism is different. For example, the kinetics of
diffusion of water and reaction products, increasing the mobility within the polymer matrix
and changing the degradation rate. In addition, there can be a shift in the crystalline structure

with temperature. An example is the polymer poly(butylene adipate), which is found in the -
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crystalline form below 27°C, in the a-crystalline form above 32°C, and in a mixed form in

between. The a-crystals are more readily hydrolysed by lipase [348].

Accelerating the degradation rate of biodegradable polymers is a very attractive proposition
as a way of estimating lifetime in use. For example, PLLA interference screws (used for
fixation of bone-tendon-bone and soft tissue grafts) took 4 years to fully degrade as an
implant in body at ~ 37°C, whereas similar polymers took only 25 days to fully degrade at
70°C ([24] and refs therein). However, the concern again is whether or not the change in

temperature affects the mechanism.

Of significance in this work and the work by Lyu et al. [16] was the observation that a master
curve could be constructed using the time-temperature equivalence principle so the lifetime
could be predicted for a range of exposure conditions [16]. Both Deng et al. [165] and Weir
et al. [164] also studied the effect of temperature on changes in mechanical properties and
found that, regardless of temperature, a plot of tensile strength as a function of M, fell on the
same curve. This principle should be translatable to conditions found in environmental

exposure.

In terms of using accelerated (higher temperature) aging for lifetime prediction, Lyu et al.
[16] explored the simple system of hydrolysis of amorphous PLA in distilled water. They
found that there was a slow to fast degradation rate transition at around 100 to 110 kDa. At

this point, the dispersity also went from constant with molecular weight loss to broadening.

Deroineé et al. [191] investigated the accelerated aging and lifetime prediction of 4 mm-thick
plaques of PHBYV in distilled water. They found that under these simple conditions, strain at
break did show a temperature dependence governed by surface properties. However, water

diffusion did show an Arrhenius dependence.
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Similarly, this team [272] investigated the degradation of PLA in seawater and found that
there was a shift in mechanism of degradation above 40°C, presumably due to plasticization,
making lifetime prediction through accelerated aging difficult for this material. The increased
rate of degradation was thought to be due to a number of possibilities: osmotic cracking, or
creation of diffusion paths induced by cracks, or hydrolysis process products such as
carboxylic acids having a strong water affinity, but most likely due to pore formation through
the autocatalytic effect. A linear relationship between water uptake and stress-at-break was

observed.

6.3 Accelerated biodegradable polymer degradation under ultraviolet exposure

In lifetime prediction of polymers, the effect of exposure to the outdoor environment is
frequently simulated in the laboratory using accelerated weathering devices. These combine
ultraviolet (UV) light irradiation with controlled temperature, humidity and “rainfall”
exposure to assess the combined effects of photodegradation, photooxidation and abiotic
hydrolysis. The ASTM standard G155 - 13 outlines one such protocol using a Xenon-arc
lamp to simulate the natural sunlight spectrum. The assumption behind such tests is that
through application of the Arrhenius equation and calculation of the total irradiation exposure
(assuming a reciprocity relation, i.e., the total dose to fail is independent of dose rate) a
relationship can be derived to estimate polymer lifetime under natural weathering exposure.
Such accelerated weathering is less commonly applied to biodegradable polymers since their
lifetime in the environment is dependent on many complex factors, particularly biotic, as
outlined above, and therefore weathering studies conducted in isolation of the other
environmental factors are unlikely to permit robust predictive models to be developed.

Of the studies that have been conducted, some have been performed under short-wave
irradiation rather than wavelengths found in terrestrial sunlight. The C=0 bond in the main

chain of polyesters such as PLA has absorption bands at 280 nm (due to n-z* excitation) and
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~190 nm (due to n-o* excitation) [310]. The molar extinction coefficient for PLA at 280 nm
is very low (less than 100 L/(mol cm)), but nevertheless photodegradation can occur [310].
However, because radiation intensities in shorter wavelengths below 280 nm are very weak in
sunlight and rapidly drop in intensity below 300 nm the mechanisms of photodegradation
under short-wave irradiation do not correlate well with those under natural weathering.

Under short-wave radiation, photodegradation can affect biodegradable polymers through
Norrish Type I/l reactions and/or crosslinking reactions and oxidative processes [349]. Ikada
for example showed that for PHBV (in the form of the commercial product Biopol) and PCL,
C=C double bonds and carboxylic OH groups increased significantly under UV irradiation
from a medium pressure mercury lamp, which was attributed to a Norrish Type 1l mechanism
and associated with rapid chain scission [350]. These effects were not observed under
terrestrial exposure. Similarly, when a Pyrex® plate was used to cut off radiation from a lamp
below 300 nm, Janorkar et al. showed that PLA photodegradation was minimised [351]
compared to the effects of irradiation using wavelengths from 232-500 nm. However, these
authors proposed a different mechanism for the accelerated photodegradation of PLA
involving photolysis of the backbone at C=0 leading to dehydrogenation plus photooxidation
of the main chain tertiary carbons leading to formation of hydroperoxide derivatives that
subsequently degrade to carboxylic acids and unstable diketones.

Other studies have used natural sunlight simulators as opposed to short-wave radiation, to
more appropriately model environmental exposure. Kijchavengkul et al., for example, found
that for a range of PBAT aromatic-aliphatic copolyester films, long-range UV exposure (320
— 400 nm) resulted in crosslinking of polymer chains with the formation of a gel fraction,
with aromatic groups playing a significant role in the crosslinking [302]. These authors found
that crosslinking was associated with a reduction in the rate of biodegradation as given by

reduced mineralization. By contrast, Stloukal et al. also found that polyesters with in-chain
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aromatic groups experienced a significant degree of crosslinking under long-wave irradiation
(320 — 400 nm), but found that this was not associated with any decrease in biodegradation
rate with the key factor being the change in specific surface area. For PLA, however,
irradiation resulted in both chain scission and chain recombination rather than cross-linking
[305]. This is consistent with the natural weathering study of a PLA-cloisite nanocomposite
[352], where natural weathering exposure led to the formation of vinyl unsaturation,
carbonyls, anhydrides and hydroperoxide groups as a result of the occurrence of several
chemical mechanisms simultaneously, with chain scission presumed to be the dominant
phenomenon.

Overall, the use of accelerated weathering chambers for the lifetime estimation of
biodegradable polymers appears to be a problematic strategy, with further research required
to determine the mechanism of degradation and whether the UV exposure alters the rate of

biodegradation of the polymer.
6.4 Mechanical and other effects on biodegradable polymer degradation

The effects of mechanical forces on biodegradable polymer degradation need to be taken into
account in lifetime prediction. Mechanical degradation can occur due to compression, tension
and/or shear forces [26]. Such stresses can activate or have an impact on the kinetics of
biodegradation processes, either as a result of loading under service or due to residual stress
arising during manufacturing [353]. For instance, fungal or algal growth on and in polymeric
substrates can be associated with physical deformation, such as small-scale swelling and

bursting [354].

Degradation due to loading in-service is more significant in materials subjected to mechanical
stress such as sutures, scaffolds for tissue engineering, and fixation devices [32]. Physical
forces such as heating/cooling, freezing/thawing, or wetting/drying, as well as air and/or
water turbulence, can cause mechanical damage such as the cracking of polymeric materials
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[355]. Such Environmental Stress Cracking (ESC) has recently been reviewed by Robeson
[19], with the mechanisms being discussed in detail. Such environmental failures of semi-
crystalline and amorphous engineering thermoplastics can occur in the absence of apparent
chain scission events or obvious chemical changes to the polymer [19]. This failure
mechanism may be seen when a polymer is under mechanical stress well below the yield
point and in contact with a swelling, but non-reactive, solvent or chemical. In identifying
environmental factors responsible for shortening the service life of a polymer, it is important
to account for physical effects such as ESC which could otherwise mask the underlying
oxidative or hydrolytic processes ([356] p. 546 et seq.). This important mechanism of
degradation is not often taken into account in the case of biodegradable polymers. One study
by Farias et al. [357] showed that sodium hydroxide may act as a strong stress cracking agent
for PHBV copolymers, significantly affecting the mechanical properties. SEM imaging
confirmed that catastrophic failure was associated with extensive surface damage. The
magnitude of the effects increased with decreasing crosshead speed and increasing load level
during mechanical testing. Even though effects from hydrolysis could not be ruled out, the
study demonstrated that mechanical stress during ageing of biodegradable polymers can have

a significant impact on material property changes over time.

A recent review by Li et al. [358] summarises the effects of external stress on biodegradable
orthopaedic materials, effects that may be generalized to the broader domain of
biodegradable polymers under a range of environmental stresses. In that review, the response
of biodegradable polymers to both static and dynamic stress is described, with studies on the

effects of dynamic stress on the degradation of biodegradable polymers being summarised in

Table 4
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The influence of static tensile loading on polymers can be described using the Zhurkov

equation (62), as follows:

K, = Kyel-(Fa=#e)/AT] (62)

with Ko the Arrhenius frequency factor, Ks the rate of bond rupture events, Ea the activation
energy, ox the tensile stress, and ¢ the coefficient linked to the activation volume. This
equation can be coupled to the broader biodegradation models outlined above to include
static stress effects into models of lifetime prediction by lowering the activation energy for

chain scission due to applied stress.

Another approach is to assume that degradation is driven by strain alone, ignoring the effects
of hydrolysis, UV radiation, oxygen diffusion and temperature [364]. This approach was
adopted by Soares et al. [365, 366] who developed a sophisticated model to account for the
accelerated breakdown of PLA articles (in this case, stents) under uniaxial extension. This
model explicitly took into account both surface and bulk erosion. With more complex
geometry, inhomogeneous deformation and hence inhomogeneous degradation takes place,
with failure most likely occurring at stress points such as stent rings and junction points.
Equations were developed to model this response based on a constitutive modelling
approach, taking into account characteristics such as stress relaxation and creep. Hayman et
al. [175] in turn explored the effect of static and dynamic load on the degradation of PLLA
stent fibers in vitro over 15 months. Both types of loading increased the rate of loss of
mechanical properties, more significantly under dynamic load. The conditions used during
processing of the polymers may also have an impact on the kinetics of polymer degradation.
Melt-based processing techniques (injection moulding, extrusion, compression moulding) are
performed at higher than melt temperatures, and in the case of the first two processes, under

high shear. Thus, some molecular weight loss through thermal degradation or

102



mechanoscission is common. In addition, there can be partial material orientation,
particularly in the case of injection moulding, which is typically higher in the skin than the
bulk. This leads to differences in degradation rates, with the skin being slower to degrade

than the bulk [198].
7 Summary and conclusions

The ultimate goal of lifetime modelling for all classes of polymers is to predict the
degradation rate, taking all controlling variables as input. However, at this point, both
existing models and the fundamental understanding of degradation mechanisms and
interactions, particularly in a natural environment, are not sufficiently advanced as to be able
to achieve this with a single unified theory. From this review, common approaches have
emerged that are able to be translated from the disparate fields of degradation chemistry, drug
delivery, and enzyme chemistry by using the broader framework of structure-property
relations to relate macromolecular and chemical changes to engineering properties. Important

concepts that are translatable across the broad class of biodegradable polymers are:

1. The controlling factors for hydrolytic degradation are the kinetics of hydrolysis reactions
and whether under the conditions of exposure the sample thickness is such that the
degradation will occur in the bulk or progressive surface erosion will occur. This is controlled
by the kinetics of water diffusion versus the chemical kinetics of hydrolysis. Many of the

models reviewed here collapse back to this single concept.

2. The changes to the polymer strength over time may be related to the progressive increase
in the number of polymer chain scissions that can in turn be linked to polymer hydrolysis

kinetics in 1, above, and so modelled.

3. Stochastic modelling offers the opportunity to visualize the processes that control the

change in properties and recognizes the heterogeneity of the degradation process. In principle
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the growth of the degradation zones to the critical size for fracture under the applied stress

provides a link to the engineering properties of the polymer.

4. Environmental biodegradation introduces enzyme-mediated processes that unlike
hydrolysis are more readily steric and surface restricted. Comprehensive studies of only a few
polymers (e.g., the polyhydroxyalkanoates: PHBV etc.) have been made and demonstrate the
complexity of degradation reactions and the sensitivity of the kinetics of degradation to the

microbial environment.

Further development in the field will draw on the sensitive analytical techniques available to
detect the earliest changes in polymer chemistry signalling the onset of rapid loss in
properties and thus safe service lifetime. This may provide an adjunct to the accelerated

ageing methodologies that are currently employed in lifetime prediction.
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Fig. 1.

Steps involved in polymer biodegradation by hydrolysis. Under a surface erosion

Fig. 2.

mechanism (4" = D; L > L_,...), polymer is eroded from the surface and the core

polymeric material remains intact (average molecular weight M, and mechanical

property), until the load bearing capability decreases steadily as the thickness of the

polymer is less than the critical thickness. At this point the mechanism of erosion

shifts to bulk erosion (A" < D; L < L_,..), where the time to failure becomes

dominated by the rate of auto-acceleration of hydrolysis where My reaches a critical

value Me. From this point, the polymer depolymerises into water-soluble products

oligomer and monomers, followed by assimilation by micro-organisms into biomass

or mineralised to CO,, H,O, CH4 and other metabolic products. L is the thickness of

the specimen, L ... is the critical sample thickness, 4" is the pseudo first order rate

of hydrolysis and D is the diffusion coefficient. Surface and bulk erosion plots from

[6], Copyright 2014. Reproduced with permission from Future Medicine Ltd.

Schematic illustration of three types of erosion phenomenon: (a) surface erosion

Fig. 3.

with a growing hydrolysis front (e.q. enzymes), (b) bulk erosion with autocatalysis

due to retained degradation products (e.qg. PLA), (c) bulk erosion without

autocatalysis (e.g. PLA-co-PCL) where water diffusion and catalyst is faster than

the reaction rate (based on [49]). L ... is the critical sample thickness, 4" is the

pseudo first order rate of hydrolysis and D is the diffusion coefficient. [28],

Copyright 2014. Reproduced with permission from Springer Science + Business
Media.

‘Flow diagram’ showing processes involved in hydrolytic degradation of bulk

eroding polymers. Shaded boxes refer to the most frequently measured properties.

Dotted lines/boxes indicate processes applicable only to semi-crystalline polymers.
[41], Copyright 2008, Reproduced with permission from Woodhead Publishing Ltd.
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Fig. 4. Comparison of the degradation processes: matrix morphology and acid catalyst

concentration (B = 3, where B is a parameter that regulates the autocatalysis effect

for matching the modelling results to known experimental data), based on equation

(22) herein. Only a quarter of the polymer matrix is considered because of the

double symmetry, in which the lower left corner of design domain is the centre of

the whole polymer film. Size of design domain: left, 3 mm; middle, 0.2 mm; right,

10 um. [115], Copyright 2011. Reproduced with permission from Elsevier Ltd.

Fig. 5. Model to simulate monomer release from polyanhydride matrices using Monte

Carlo techniques according to [39, 135]. llustration of matrix porosity calculations

from erosion simulations, [135], Copyright 1995. Reproduced with permission from
Elsevier Ltd.

Fig. 6. Simulation of polymer erosion using a Monte Carlo model (black pixels, non-

eroded areas; white pixels, eroded areas). [32], Copyright 1996. Reproduced with

permission from Elsevier Ltd.

Fig. 7. Plots of calculated tensile strength vs time of hydrolysis for different initial

molecular weights using equation (42). [18], Copyright 2002. Reproduced with

permission from Elsevier Ltd.

Fig. 8. Flowchart of numerical simulation used for degradation behaviour and mechanical

properties of PLGA films and tissue engineering scaffolds. C,,, is the mole

concentration of monomers; [E] concentration of ester groups; [E],_the initial

concentration of ester groups, CE diffusion of monomers and accounts for

dissociation of acid end group; k, the non-catalytic reaction rate constant; k, the

autocatalytic reaction rate constant, M, number average molecular weight, M ,,,

initial number average molecular weight, N number of polymer chains per unit

volume, N_; .- total number of polymer chains, R..;..;.»-_ratio of random scissions
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Fig. 9.

to end scissions; M, _critical molecular weight for chain entanglement, N, .., sum of

polymer units in a group of chains, m molar mass of repeat unit , n total number of

chains in a group of chains, E the Young’s modulus: Eg initial Young’s modulus, kb

Boltzmann’s constant; T temperature, N number of polymer chains per unit volume,

N initial number of polymer chains, Dg intrinsic diffusion coefficient. [179],

Copyright 2016. Adapted with permission from Elsevier Ltd.

Modelling of mechanical properties for PGA over time; (A) Molecular weight

Fig. 10.

variation profiles with degradation time for PGA with different initial molecular

weights; (B) Variations in ultimate strength ratios for PGA-1700 under external
loads of 0, 440, 540 MPa, at 300K with degradation time; (C) Temperature effect on
PGA-1700 strength with degradation time. [183], Copyright 2014. Reproduced with

permission from AIP Publishing.

Modelling of changes in mechanical properties over time using three different

Fig. 11.

approaches for the degradation of PLA-PCL fibres. [9], Copyright 2011.

Reproduced with permission from Elsevier Ltd.

The prediction of changes in mechanical properties over time for porous polymers

Fig. 12.

with different architectures. The different architectures include a face-centred-cube

arrangement of spherical pores with corner pores (model A), a reqular packing of

cubic pores (model B) and a face-centred cubic arrangement of spherical pores

without corner pores (model C). Variation of (a) strain, (b) Young’s modulus, and

(c) damage d of the three micro-cell models with time. [189], Copyright 2011.

Reproduced with permission from John Wiley & Sons Inc.

Evolution of the stress-at-break (a) and strain-at-break (b) as a function of molecular

Fig. 13.

weight for PHBV aged in distilled water at 25, 30, 40 and 50°C. [191], Copyright

2014. Reproduced with permission from Elsevier Ltd.

Schematic model of the enzymatic degradation behaviour of flat-on lamellar crystal

in P(3HB) melt crystallized thin films by PHB depolymerase from R. pickettii T1 at

200C. (A): Flat-on lamellar crystal composed of both amorphous and crystalline

phases in a phosphate buffer solution before enzymatic degradation. Two arrows

indicate loose chain-packing region. [238], Copyright 2004. Reproduced with

permission from the American Chemical Society.
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Fig. 14.

Relationship between the erosion rate of crystalline phase and the lamellar

Fig. 15.

thickness: (o) P(3HB): (e) P(3HB-c0-6 mole % 3HV): (A) P(3HV)-co-6 mol %
3HHX): (A) P(3HB-c0-6 mol % mcl-3HA). [250], Copyright 2002. Reproduced with
permission from the American Chemical Society.

Enzymatic hydrolysis of amylose by amylase [34].

Fig. 16.

Enzymatic, non-hydrolytic degradation of cellulose [34].

Fig. 17.

Abiotic and biotic degradation of PLA during compositing. [197], Copyright 2011.

Fig. 18.

Reproduced with permission from Elsevier Ltd.

Biodegradation of PCL by Penicillium funiculosum showing areas of severe

biodegradation near mycelium. Complete degradation of amorphous and crystalline

regions seen; magnification 1080X. [300], Copyright 1981. Reproduced with

permission from John Wiley and Sons, Inc.
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Fig.2
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Fig.3
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Fig.4
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Fig.5
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Fig.8
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experimental data for a PLGA film
—_—— i flyhy

calibration

1
: - § Use the determined maodel par to predict the d dation and the mechanical
135 properties of:

182 |+ PLGATIms with different thicknesses

: & |+ Arange of PLGA scaffolds
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Fig.10
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Fig.11
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Table 1. Classes of biodegradable polymers.

Type Chemical Structure Comments Examples Reference
0 . . Tailored lifetime and properties by blending
Poly(e-caprolactone) ” sglr;/irlaelrli); Eﬂ;gfﬁ:?i_@:g;;& i{:}ﬂg olggg:ggation in of PCL with: poly(L-lactic acid), poly(3- [34, 64-66]
(PCL) O——(CHz)s— Vivo is much slower than poly(a-ﬁy droxy acid)s hydroxybutyrate-co3-hydroxyvalerate), '
n ' thermoplastic starch.
Several glycolide copolymers units have been
developed to overcome the inherent
disadvantages of PGA, such as a 90%
glycolic acid (GA) and 10% L-lactic acid
High crystallinity (45-55%), high tensile modulus, (LA) copolymer that was initially used for the
Poly(glycolic acid) poor_solubi_l i_ty in organic solvents. Exceller_n fibre de_velopment of_the multifilament suture
(PGA) O——CH,—CO forming ability. T4 35-40°C and melting point Vicryl®. A modified version of the suture, [67-69]
n >200°C. High rate of degradation and acidic Vicryl Rapid® is an irradiated version of the
degradation products. suture to increase the rate of degradation.
PANACRYL® is another commercially
developed suture from the co-polymer with a
higher LA/GA ratio in order to decrease the
rate of degradation.
Poly(lactic acid) undergoes slow hydrolytic E;g&f; tgjfgl(lz:‘gA)ﬁ ?r?.ly(tD Il_)-llagtlrdni) f
. E—CO—O degradation via the bulk erosion when the thickness e ptra -, an njecta’e form o
Poly(lactic acid) N of the device is less than the critical sample PLLA is FDA approved for the restoration or [67, 69, 70]
(PLA) | thickness and the rate of water diffusion is greater correctior_1 of facial fat I.OSS or Iipoa_trgphy in T
s than the rate of hydrolysis of the ester backbone. \F;ier%zle with the human immunodeficiency
‘|3| Biodegradable copolymers poly(ethylene
Polyvalerolactone . glycol)/polyvalerolactone/poly(ethylene
(PVL) +0—<CH2)4—C+ Biodegradable but at a slow rate. glycol) (PEG/PVL/PEG) for drug delivery | 07 7172
n applications.
A . Amorphous, low Tq aliphatic polyester that can be .
Poly(e-decalactone) ‘PO TH (CHals CO+ utilised as a soft segment in thermoplastic Polygs-decalactone)-bIc_)ck-poly(lactlde) [67,73, 74]
n polyurethanes (TPU). multiblock thermoplastic elastomers.
(CH2)3CH3
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Type Chemical Structure Comments Examples Reference
H A bacterial polyester (polyhydroxyalkanoate) that Copolymers have better processability and
- O0——C——CH,—CO
E’F?Ilﬂyé:)% hydroxybutyrate) | : n is highly crystalline with a melting temperature of degradation rate eg. poly(3-hydroxybutyrate- | [67, 75]
oH 180°C and a Tg ~ 5°C. co-3-hydroxyvalerate) (PHBV copolymers).
3
Polyhydroxyvalerate CH—CH,—CO N A bacterial polyester (polyhydroxyalkanoate) The copolymer PHBYV is produced [67, 76]
(PHV) | produced in plant cells or by fermentation. commercially as Biopol®. '
CH,CHs
Poly(s-malic acid) +O_CH_CH2_CO+ An aliphatic polyester that can generate metabolites | PMLA 100 is water-soluble at all pH, and
(Pl\)I/LA) | n during degradation and water soluble irrespective degrades rapidly under physiological [67, 77, 78]
COOH of pH. conditions.
Degradation occurs via surface erosion when the
OR' device thickness is greater than the critical sample
| thickness and the rate of hydrolysis is more rapid Poly(ortho esters) were developed by the
Poly(ortho esters) l I P ] than the rate of water diffusion into the device. ALZA corporation (Alzamer®) as a
(POE) © T © R n Ortho ester linkages are hydrolytically labile and hydrophobic, surface eroding polymer for [69, 76]
, their the rate of degradation, pH sensitivity, and drug delivery applications.
R glass transition temperatures can be controlled by
using diols with varying levels of chain flexibility.
Obtained by polycondensation between 1,4- Poly(butylene adipate-co-adipate-
Aromatic copolyesters il butanediol and a mixture of adipic acid and terephthalate) (PBAT) is produced [33]
O\/\/\o o\/\/\o terephtalic acid. commercially as Ecoflex® F Blend C1200.
Water soluble if the carbon chain is short. Increased The Dow Chemical Company formulates a
Polyethers OH_i_R_O_IﬁH g:gcl)ef;:;:g;et'ggtsOfoTogéftTgr:gni Oé(c:?)ezp(gg?)’ wide range of poly(ethylene glycol) products | [76, 79]
polyletnylene gly ' under the CARBOWAX™ range.
reduces the rate of hydrolysis.
H H 0
| | ” High crystallinity and strong interchain interactions | Rilsan® (PA 11, Arkema), Rilsan® Clear
Polyamides Ne—C— (cf more flexible polyesters with analogous G830 Rnew (PA, Arkema), Grilamid 1S (PA [34, 76, 80]
(PA) | n structures), resulting in lower rates of 1010, EMS-GRIVORY), VESTAMID® Terra e
R

biodegradation.

DD (PA 610, Evonik).
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Type

Chemical Structure

Comments

Examples

Reference

H,C H
\C—C/ Hydrogen-bond copolyesters containing
Poly(amide-enamines) / H%dg.)pgomc dpo_lymgr ?egrqdat:jlebby hydroly5|s poly(enol-ketones) and poly(amide-enamine) | [34, 81-83]
N\ //‘3_'\“"(0"12))< and biodegradation by fungi and bacteria. are used as drug release matrices.
H----0 "
H
| Biodegradability depends on whether the
Polyurethanes o prepolymer is a polyester or a polyether. Has the -
(PU) R N T structural characteristics of both polyesters and Hydrophilic ether urethanes. [34, 76]
L' polyamides.
Degradation mainly by surface erosion when the
(|3| ﬁ device thickness is greater than the critical sample
. thickness and the rate of hydrolysis is more rapid Poly(bis(p-carboxyphenoxy)alkane
Polyanhydrides R—C—0—c¢C than the rate of water diffusion into the device and anhydride). [49. 76]
n controlled by varying the amount of hydrophobic or
hydrophilic monomers.
LT
Polyp_eptldes and N— C— Natur_al_ly occurring polquldes (polypeptides) Natural proteins, collagen, gelatin. [76]
proteins | containing amino acid units.
R
CH,OH CH,0H
0 o . P . . . . .
ﬁ:(\ﬁ:(\% B o MO0 | Ml S ashesand Sfant. | 7
OH o} 0—H ' ’
CH OH n
Also referred to as poly(N-acetyl-/-D-glucosamine) | o avives of chitin are of biomedical and
and depending on its source, can occur as two N -
llomornhs. namely th nd B forms with th therapeutic significance. Chitin has been
. allomorphs, Namely the o orms W ca chemically modified by depolymerisation,
Chitin form most common. Most of degradation occurs by [84, 85]

CH;

bacteria and fungi, where some microorganisms
solely degrade chitin via the hydrolysis of
glucosidic bonds.

acylation and grafting of functional groups to
alter properties such as water solubility,
swelling, immuno-enhancing effects.
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Type Chemical Structure Comments Examples Reference
Also referred to as poly(D-glucosamine), is a
deacetylated derivative of chitin that can degrade Chitosan-graft-copolymers with
via oxidation—reduction depolymerisation and free acrylic, vinyl, nonvinyl groups have been
NH; . . . . .
radical degradation however are unlikely to be a used as slow-release drug carriers. Grafting
Chitosan HO significant source or degradation in vivo. Chitosan poly(ethylene glycol) (PEG) onto chitosan [86, 87]
© — o can be degraded by enzymes which hydrolyse has been used to prepare water-soluble
’ " glucosamine—glucosamine, glucosamine—N-acetyl- | chitosan derivatives, to be used as a carrier of
glucosamine and N-acetyl-glucosamine—N-acetyl- anticancer drugs.
glucosamine linkages.
C|N
Ha Prepared by anionic polymerization. Hydrolysable Poly(alkylcyanoacrylate), poly(ethyl
Polycyanoacrylates —|_(|3_C n surgical adhesive. cyanoacrylate). [33, 34, 88]
COOR
¥ ] Degrade int tral d ised of
egrade into neutral compounds comprised o ) .
- | P acetone and diols and may avoid the inflammation Poly(1,4-phenyleneacetone dlmethyleneketal
Polyketals 0 c—o0 R - - - (PPADK), poly(cyclohexane-1,4-diyl acetone | [89-94]
associated with acidic products of polyester .
| - dimethylene ketal) (PCADK).
materials.
R" -n
- H . . .
| First prepared by the reaction of a diol
I P S (poly(ethylene glycol)) and a divinyl ether Lo
Polyacetals © N © R (tri(ethylene glycol) divinyl ether) using an acid Amino-polyacetals. [95]
L FL' 1h catalyst, displaying pH dependent degradation.
o}
Degrade under physiological conditions by . -
p “ hydrolytic and enzymatic cleavage of the phosphate Synthetic flexibility of polyphosphoe_sters
olyphosphoesters —|—P—0—R—0 ; allows co-polymers such as poly(lactide-co- [69]
| bonds in the backbone to phosphate, alcohol and hvl phosph
n diols. ethyl phosphate).
R
—N
Polyphosphazenes ” Degradation rate is controlled by varying the Poly((imidazolyl)methylphenoxy
(PPHOS) R—F—R amount of hydrolytically unstable side groups (R) phosphazene) and poly((ethyl [49]
| ' glycinato)(methylphenoxy)phosphazene).
NH Derived by replacing the carbonyl oxygen of a
|| carbonate by an imino group, causing a high degree
Poly(imino-carbonates) R—O——C—0 of hydrolytic instability to the polymer without Poly(bisphenol A-iminocarbonate). [96, 97]
significantly affecting the mechanical properties of
n the material.
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Type

Chemical Structure

Comments

Examples

Reference

(|)|

The carbonate bond in aliphatic polycarbonates is

Poly(ethylene carbonate), poly(propylene

Polycarbonates o N carbonate), poly(butylene carbonate), [98]
R © c © I readily biodegradable. poly(hexamethylene carbonate).
. ®,
. - . : e Degradable suture (Biosyn™),
Poly(1,4-dioxane-2-one) O——(CH-)— O ——CO——CO Biocompatible polymer with good flexibility and ) i ]
(PDO) (CHzl, n tensile strength for medical applications. PGA/PTMC/PDO (60%:26%:14%); where [69, 99]
PTMC is poly(trimethylene carbonate).

Breaks down into glycoxylate which is excreted in

urine or converted into glycine and subsequently
Poly(1,3-dioxane-2-one) _{_O_(CH2)3_0_00+ into carbon dioxide and water; similar to Maxon® (67.5/32.5 PGA/poly(1,3-dioxane-2- [67]
(PDO) n polyglycolides. Strength is lost in 1-2 months and one) copolymer).

mass is lost within 6-12 months by hydrolytic

degradation.

. ) Monofilament suture (PDS®) developed in

Poly(para-dioxanone) —{—O—(CHZ)Z—O—CHQ—CO—’» kl)JiZijitrraag:t)(igililya?iia Qionoglela?:jr;ts Silrj]ta:g g(r, 3 S8 | the 1980s. Also used as fixation screws for | [67, 69,
(PDS) n g gating c'ip. Deg y small bone and osteochondral fragments 100]

by a nonezymatic hydrolysis mechanism.

(Orthosorb Absorbable Pins®).
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Table 2. Classes of hydrolysable bonds and corresponding half-lives [32, 62, 63]. [32], Copyright 1996,. Reproduced with permission from
Elsevier Ltd.

Polymer Chemical Structure Half-life?

Polyanhydrides 0 o] 0.1 hours

+ I |
R—C—0—¢C
n
Poly(ortho esters) o 0—R 4 hours
15T
n

Polyesters T ﬁ 3.3 years
+ O—C——=cC
| n
CH3
Polyamides H

Ol 83 000 years
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Table 3. Estimated values of € (dependence of the erosion number) and L ... (critical device dimension) for selected degradable polymers. [49],

Copyright 2002. Reproduced with permission from Elsevier Ltd.

Chemical Structure Polymer A(sh gt L2

0 o Polyanhydride 1.9 x 10 [63] 11515 75 um
JrR_L'_o_ﬂ__
Jn

R ] Polyketal 6.4 x 10° [63] 387 0.4 mm
O—(|3—O—R——
L

OR Poly(ortho ester) 4.8 x 10° [63] 291 0.6 mm
——O—(.L—O—R—:

L

H Polyacetal 2.7 x 108[63] 0.16 2.4 cm
——O—Cll—O—R——
FL' -n
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Q Poly(e-caprolactone) 9.7 x 108 [160] 0.1 1.3cm
fro—em—t}
H o9 Poly(a-hydroxy esters) 6.6 x 10 [63] 4.0 x 107 7.4cm
Jro_l_LjL
L
H Polyamide 2.6 x 1013[63] 1.5x10° 13.4m
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Table 4. Influence of dynamic stress on the degradation behaviour of biodegradable polymers. [358], Copyright 2016. Adapted with permission

from KeAi Communications C.

Polymers Dynamic stress Frequency Degradation conditions Main degradation effects Reference
mode
PLLA Compression 1Hz Electrospun membranes were | No significant influence on the [359]
immersed in buffered proteinase K at | degradation in the early period and
37°C and pH 8.6. Load locomotion of | promote degradation in the following
0.60 mm for 2, 4, 6, 8 and 10 hours. stage.
70:30 PLGA Compression 1Hz Porous PLGA scaffolds were in a | A faster reduction in mass, dimensions [360]
buffered solution at 37°C and pH 7.4 | of the PLGA scaffolds, while the
under dynamic and static loading for | relative molecular weight decreased
12 weeks. slower in the first week and faster in
the following stages.
50:50 PLGA Compression 0.5Hz PLGA implants with and without | Lower molecular weight loss of the [361]
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Polymers Dynamic stress Frequency Degradation conditions Main degradation effects Reference
mode
protein  mimic under static and | loaded specimens compared to the
dynamic compression conditions in | nonloaded specimens in a week
buffer at 37°C for up to 6 weeks. immersion.
Poly(lactic acid)-b- Compression 0.3Hz,1Hz, | Gel cylinders loaded statically or | The frequency has no influence at the [362]
poly(ethylene and 3 Hz dynamically with impermeable or | low cross-linked gels while a higher
glycol)-b-poly(lactic permeable platens on top of the gel. frequency  suggested a  faster
acid) with degradation at the high cross-linked
methacrylate  end gels.
groups
PLLA Tension 1Hz Fibers were degraded in buffer at | A faster degradation under load [175]
45°C, loaded axially with free hanging | condition.

50g and 100g weights.
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Polymers Dynamic stress Frequency Degradation conditions Main degradation effects Reference
mode
50:50 PLGA Bending 0.4 Hz Release of proteins from cylinders in | No significant influence on mass loss [363]

buffer at loading of 720 cycles/day.

and molecular weight. Release of

protein attributed to stress

concentration resulting in microcracks.
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