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Abstract

Strategies to refine the degradation behavior of polyester biomaterials, particularly to overcome
the limitations of slow hydrolytic degradation, would broaden their utility. Herein, we examine the
complexities of polyester degradation behavior, its assessment and strategies for refinement. The
factors governing polyester degradation are strikingly complex. In addition to the half-life of the
hydrolytically-labile bond, a series of interdependent material properties must be considered.
Thus, methods used to characterize such material properties, both before and during degradation,
must be carefully selected. Assessment of degradation behavior is further complicated by the
variability of reported test protocols and the need for accelerated rather than real-time in vitro
testing conditions. Ultimately, through better control of degradation behavior and correlation of /in
vitro, simulated degradation to that observed /n vivo, the development of superior devices prepared
with polyester biomaterials may be achieved.
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Biodegradable polymers are able to undergo chemical bond scission and accompanied

physical erosion when exposed to the biological environment.> Although the first synthetic

degradable polymer was introduced in 1954,2 degradable polymers remain widely studied
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for ecological and biomedical applications.3 The first biodegradable synthetic suture,
Dexon®, was approved by the FDA in 1969.4 Since then, applications of biodegradable
polymers have expanded to include orthopedic fixation devices, vascular stents and drug
delivery systems.® A relatively more recent application involves the use of degradable
polymers as scaffolds for tissue engineering.® Several key aspects of polymer degradation
behavior are necessary for biomedical device success. First, degradation by-products should
not elicit a toxic response and must be suitable for renal clearance (<30 kDa).” Additionally,
the rate of degradation and the accompanied changes in material properties are critical.® For
instance, in the case of scaffolds, degradation rate should closely match the rate of neotissue
ingrowth to maximize healing.?? Additionally, loss of mechanical functionality and integrity
is important to consider.

While biodegradable polymers can undergo different types of degradation including photo-,
thermal- and mechanical degradation, chemical degradation is particularly pertinent for
polymers used in biomedical applications. As such, molecular chain scission can be initiated
(1) passively by hydrolysis or (2) actively by enzyme-catalyzed hydrolysis.® Oxidation may
also occur.10 The type of degradation observed is dependent on the type of bonds comprising
the polymer, typically within the backbone. While enzymatically-degradable polymers
contain hydrolytically-labile bonds, these bonds are too stable under physiologic conditions
and also require an enzymatic catalyst to undergo degradation.® However, numerous bonds
will undergo passive hydrolytic degradation under physiologic conditions. These include
anhydride, ortho-ester, ester, urea, urethane/carbonate and amide bonds.1! Given their
prevalence in biomedical applications, our discussion will hereafter be limited to synthetic,
aliphatic polyesters and the material properties and processing factors that affect, as well as
strategies that may be used to control, their biodegradation behavior (Figure 1).4°

Aliphatic polyesters biodegrade via hydrolytically-labile ester bonds.*? A notable aspect of
polyester degradation is the acidic by-products of the hydrolytic breakdown. This has raised
concern of an inflammatory response during the degradation of implantable devices.1?
Towards minimizing this pH reduction, Agrawal et al. reported the incorporation of basic
salts within biodegradable polyester specimens.13 Acidic by-products have also been shown
to have an “autocatalytic” effect on degradation.}4 In nonporous materials, where the acidic
by-products are presumed to be somewhat trapped within bulk, a hollow core is created
within the specimen, which may be undesirable.1® Thus, the introduction of porosity
facilitates by-product removal and can reduce this effect.16

Material properties as well as processing can influence polyester degradation behavior,’
including monomer (“building block™) structure, molecular weight,1® hydrophilicity,1°
crystallinity,20 phase microstructure,2! and material processing (e.g. annealing procedures,
specimen dimensions, etc.) (Figure 1).22 Crystallinity, if present, plays a significant role
given its ability to limit water diffusion, hence restrict access to hydrolytically-labile bonds
(Figure 2). The proximity of the glass transition temperature (Tg) to physiological
temperature can also contribute to polyester degradation behavior.23

Early studies focused on homo-polyesters possessing different degradation rates resulting
from their material properties (Figure 1, i). The first reported synthetic, degradable polymer,
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poly(glycolic acid) (PGA), is known for its relatively rapid degradation rate. However, its
use is limited by its insolubility in common solvents and, hence, its difficulty in processing.
8.24 This led to the subsequent development of poly(lactic acid) (PLA), which can achieve a
wide range of physical properties based on the chirality of the monomer units.2° Poly(e-
caprolactone) (PCL) exhibits relatively slow degradation rates.28 Poly(dioxanone) (PDS)
exhibits relatively rapid degradation rates, similar to PGA.24 For poly(propylene fumarate)
(PPF), cross-linking via its unsaturated bonds within the backbone has been shown to be
useful to decrease its degradation rate.2” Nonetheless, due to the simplicity of their
structures, the range of material properties achieved by homo-polyesters is somewhat
narrow.

Polyesters have also been utilized in a variety of combinations to tune degradation rates and
to achieve other physical properties (Figure 1, ii). Such combinations expand the range of
materials properties possible and so provide the opportunity to tailor degradation behavior.
Perhaps the most common strategy is the copolymerization of two or more monomers with
different distributions of the monomeric units to produce random, alternating or block
copolymers.28 The typical hydrolytic degradation rate trends of thermoplastic copolymers
relative to parent homopolymers are well known, especially for those based on glycolide and
lactide monomers.”@ Copolymerization and the specific monomer distribution particularly
influence crystallinity, notably significant to degradation. In one example, stereocomplex
crystallization of isotactic D- and L-lactyl “stereoblock” segments was shown to reduce
degradation rates when combined as poly(L-lactic acid) (PLLA)-b-poly(D-lactic acid)
(PDLA) copolymers.2? Rahaman et al. evaluated multi- and diblock copolymers of PLLA
and atactic poly(D,L-lactic acid) (PDLLA), finding that hydrolytic degradation decreased
with an increase in average “stereoblock” length.30 Additionally, Wang et al. showed that the
degradation rate of PPF-co-PCL copolymers could be controlled not only by PCL content,
but also by cross-linking.3! Physical blending of homo-polyesters is another approach used
to tailor degradation behavior. While blending is a relatively simple and flexible strategy, the
immiscibility of polymers can limit certain combinations.2 32 Methods to increase the
miscibility of blends include the addition of low molecular weight copolymer (e.g. random
or di-block) “compatibilizers” comprised of blend components, as well as introducing cross-
linking.33:34 More recently, copolymers have been prepared containing ester linkages and
another type of hydrolytically-labile bond.8 For instance, PDS is a poly(ester ether), and a
salicylic acid-derived poly(anhydride esters) was reported by Erdmann et al.3°

The physical erosion that accompanies hydrolytic degradation of polyesters and other
biodegradable polymers is classified as either (1) bulk erosion or (2) surface erosion. Bulk
erosion entails mass loss throughout the material, whereas surface erosion is limited to the
specimen surface, proceeding via an erosion front.3¢ Aliphatic polyesters are summarily
reported to exhibit bulk erosion. This type of erosion is associated with specimen cracking,
even at low mass loss, which can severely compromise mechanical functionality. Whether
surface or bulk erosion occurs was traditionally correlated simply to the hydrolysis half-life
of the degradable bond.®: 36 However, many factors are now known to contribute. Overall,
two Kinetic processes have an impact: (1) hydrolytic degradation via chain scission and (2)
diffusion of water into the bulk. Specimen dimensions play a role in degradation, as reported
by von Burkersroda et al. who developed an erosion model to predict and explain whether
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surface or bulk erosion will dominate.3” The model quantifies an ‘erosion number,” e, based
on the comparative rates of bond degradation and water diffusion via the equation:

(LA

™,

N, (N=Tp

4Deff(ln[(L)] —1In )

where L is the half-thickness of the material, A. (the hydrolytic rate constant) is related to the
polymer bond half-life, Dess is the effective diffusion coefficient, M, is the number average
molecular weight, N is Avogadro’s number, N is the degree of polymerization and p is the
polymer density. If bond hydrolysis occurs more rapidly than water diffusion, surface
erosion is expected to occur (i.e. e > 1). Conversely, if the rate of water diffusion exceeds the
rate of bond hydrolysis, bulk erosion would occur (i.e. e < 1). This erosion model more
accurately reflects the comprehensive contributions of the materials parameters, in addition
to bond chemistry. For instance, the group also showed that a critical L dimension (Lcritical)
could be determined, above which surface erosion will dominate.

The aforementioned model highlights the complexity and interdependency of material
properties that contribute to the degradation behavior of polyesters. While the inherent
hydrolytic rate constant, A, is significant, it should not vary between polyesters. This leaves
differences in numerous material properties to contribute to degradation via water diffusion
(i.e. Defp), most notably crystallinity. For example, Bergsma et al. analyzed the /n vivo
degradation of PLLA and a PLA-based copolymer, poly(96%L-, 4%D-lactic acid) (PLA96).
38 The reduction in crystallinity (from 64.5% to 28.0%) for the copolymer, PLA96 implants
resulted in more-rapid degradation rates (particle size of ~3.65 mm?2 versus ~0.28 mm? after
16 weeks). The impact of molecular weight and porosity on degradation has also been noted,
for example by Braunecker et al. for PGA.39 In the study, decreased molecular weight
generally increased degradation rate, as did an increase pore size and porosity. Finally,
polyester material processing can also have a significant effect on degradation. For instance,
a study by Ginde et al. found that heat treatment of PGA pellets and fibers altered molecular
chain organization, and thus degradation rates.*0

Evaluation and characterization of key material properties known to impact degradation
behavior is essential — both prior to and during different stages of degradation. Initially, once
monomer structure and molecular weight have been confirmed, differential scanning
calorimetry (DSC) can assess thermal properties such as transition temperatures (i.e. Ty,
melt transition temperature [T,,] and crystallization temperature [T.]) as well as percent
crystallinity. Dynamic mechanical thermal analysis (DMTA) can also provide information
about thermal transitions.#! Semi-crystalline spherulite morphologies can be visualized with
polarized optical microscopy (POM). Phase separation is often visualized with scanning
electron microscopy (SEM) or atomic force microscopy (AFM).2L Peponi et al. utilized
small angle X-ray scattering (SAXS) to discern micro- and nanoscale structures, providing
another indication of phase separation.#2 Lastly, hydrophilicity can be determined either at
the surface (e.g. via contact angle) or as it relates to water diffusion quantified via water
uptake.4a
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In addition to those mentioned above, a variety of characterization techniques can determine
additional material properties during degradation.1#2 First, material appearances may be
observed, visually and with SEM. Key observations include surface versus bulk erosion
behavior and early signs of fracture or cracking. When utilizing SEM, consideration should
be given to the sample drying method. Vacuum-drying has been shown to collapse
degradation-induced pores, which can lead to misinterpretation.#® Further, freeze-drying is
also known to alter a material’s internal structure. As a result, low temperature SEM (cryo-
SEM) has been recently proposed to provide representative characterization.5d Next,
changes to molecular weight may be quantified via determining inherent viscosity and via
gel permeation chromatography (GPC).33 44 Molecular weight values obtained via GPC (i.e.
M, and M,,) can be further utilized to estimate degradation rate constant (k) values and to
evaluate changes to the dispersity index (PDI).30: 44 Additionally, Gaona et al. determined
evolving material composition with high performance liquid chromatography (HPLC).2
Such techniques, including thermogravimetric analysis (TGA),*® can be useful for
multicomponent polymer systems to monitor composition and the temporal changes thereof.
Changes to transition temperatures and crystallinity can provide a mechanistic
understanding of degradation.18: 22 |n addition, the evolution of water uptake into the
material, determined gravimetrically, can indicate degradation.>® Lastly, Cohn et al.
evaluated the dynamic mechanical properties during degradation,3* which could be
paramount. In particular, Daniels et al. notes the need for assessing mechanical properties
and for standardizing test methods and reporting thereof.46

The manner by which degradation studies are conducted is of tremendous importance. /n
vitro degradation studies are used to provide insight into degradation rates and erosion
behavior /in vivo. This generally involves directly monitoring the temporal mass loss in an
aqueous solution or utilization of an indirect method (e.g. swelling and release).*” Typically,
specimens are exposed to phosphate-buffered saline (PBS) closely maintained at pH = 7.4

+ 0.2 and physiologic temperatures (37 + 1 °C). However, this does not fully replicate
environmental factors that a biomaterial will be exposed to (i.e. physical forces,
inflammation).21: 46 Additional testing parameters for /in vitro degradation have been
outlined in ASTM F1635 for surgical implants. Key features of the standard include: (1) a
solution-to-specimen mass ratio of greater than 30:1 to provide adequate buffer capacity, (2)
a sealable container to prevent solution loss by evaporation, (3) a minimum number of
specimens () of /=3 per time period, (4) packaged and sterilized specimens consistent
with that of the final device and (5) removal of the dried and weighed specimens from a
mass loss study. Nonetheless, the standard was only recently established (i.e. original edition
approved in 1995), and limitations exist. Primarily, slow degradation (e.g. over the course of
3+ years for some polyesters)22 48 hinders the practically of such methods. As a result,
polyester degradation testing is often done under “accelerated” conditions.*?

In assessing polyester degradation under accelerated conditions, considerations must be
made due to the catalytic effect of elevated media temperature and pH on hydrolysis.3 In a
basic environment (pH >> 7.4), hydroxide ions attack the ester carbonyl, while in an acidic
environment (pH << 7.4), the carbonyl group is protonated, making it susceptible to
nucleophilic attack by water (Figure 3).48 Different degradation rates are observed in basic
versus acidic media. For instance, Sailema-Palate et al. studied the degradation of PCL at
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both highly acidic (pH = 1) and highly basic (pH = 13) conditions.”d The PCL specimens
degraded more rapidly but exhibited less water uptake at pH = 13 versus at pH = 1. Absent
ata pH =13, PCL samples at pH = 1 underwent a substantial induction period (~300 hr)
prior to exhibiting steady degradation. A more rapid degradation in highly basic media
versus highly acidic media was also observed for PDLA.30 Moreover, in highly basic media,
PCL degraded more slowly than PDLA, attributed in part to the lower electrophilicity of
PCL’s carbonyl carbon atoms, and hence lower susceptibility to attack by hydroxide ions.
The opposite was true in highly acidic media, with PCL degrading faster than PDLA. This
was here attributed to the higher nucleophilicity of PCL’s carbonyl oxygen atoms and
susceptibility to attack by hydrogen ions. In another example, Lam et al. similarly observed
distinct differences in PCL-based scaffold degradation between the use of basic and
physiologic (pH = 7.4) solutions.*82 Surface erosion and minimal changes in molecular
weight with mass loss were observed under basic conditions. In contrast, physiological
conditions produced bulk erosion and large reductions to molecular weight. Surface erosion
was also observed for solid PCL specimens at pH = 13.7d The previously discussed “erosion
number’ (e) supports these experimental results, where catalyzing hydrolysis (i.e. high pH)
increases the A-based numerator leading to a greater e value, consistent with surface
erosion.3” While pH accelerated /n vitro degradation testing is useful, such studies point to
its limitations.

Due to the limitations of /n vitro biodegradation tests, /n vivo degradation behavior of
polyester materials remains the most compelling for assessing utility of biomedical devices.
In vivo degradation is most commonly observed in subcutaneous tissue pockets, often with
simultaneous biocompatibility tests.>! Rodent animal models have been most prevalent for
such studies, and time points evaluated depend on the material, ranging from weeks to 3 or
more years.>2 Degradation is then ultimately evaluated in the most relevant physiological
environment to the device’s application. For instance, Lam et al. analyzed the hydrolytic
degradation of a PCL-based scaffold first in subcutaneous and in intramuscular tissue prior
to analysis in their calvarial defect model.>! Hedberg et al. similarly assessed degradation of
PPF/PDLA composite scaffolds upon implantation into the segmental defects of rabbit radii.
53 To overcome slow degradation rates, Bergsma et al. utilized a pre-degradation technique
to reduce the extensive time for total resorption of PLA particles (~5.6 years).>* After initial
in vitro degradation in distilled water at 100 °C for 30 hours, the pre-degraded implants were
able to be assessed /n vivo within 3 to 80 weeks. Upon surgical explantation, implant
appearance changes and mass loss can be determined.® Other properties of interest have
included crystallinity (via DSC),*88 molecular weight (via GPC),51 56 composition (via
NMR),57 swelling,> and mechanical properties.}4? Imaging techniques including SEM,
transmission electron microscopy (TEM), computed tomography (u-CT) and light
microscopy can be also used,31: 54 58 and histology provides the most extensive evaluation
of the host response. Non-invasive /17 vivo degradation imaging is a new means for
evaluating /n vivo degradation and has the potential for provide interesting insights. Kim et
al. developed a method based on ultrasound elasticity imaging (UEI) that utilized phase-
sensitive speckle tracking as a non-invasive means to quantify scaffold degradation and
tissue formation.*0 Wang et al. recently conjugated Rhodamine B to a polyester-based
hydrogel to facilitate fluorescence tracking of degradation /77 vivo.>® Such methods that

ACS Macro Lett. Author manuscript; available in PMC 2019 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woodard and Grunlan

Page 7

allow continuous monitoring of the same sample can significantly reduce the deviation in
results, in addition to substantially reducing animal use, thus overcoming significant
challenges in /n vivo degradation testing. Labeling techniques can also allow for further

analysis of the distribution, accumulation and ultimate excretion of degradation by-products.
52b

While copolymers, as well as traditional blends, expanded the range of material properties
and thus degradation behavior, more complex systems or “architectures” for the combination
of polyesters may be useful (Figure 1, iii). For instance, we recently reported a semi-
interpenetrating network (semi-1PN) of thermoplastic PLLA within cross-linked PCL-DA.80
This design concept resulted in drastically-accelerated degradation rates versus cross-linked
PCL-DA controls and analogous PCL/PLLA blends. Second, new polyester chemistries also
have the potential to expand degradation behavior. For instance, towards developing
polyesters that exhibit surface erosion, Xu et al. recently reported a library of hydrophobic
polyesters prepared by varying monomer chemistries.*® While surface erosion was observed,
it should be noted that the highly basic conditions (pH = 10) that were employed may have
contributed to this observation, a phenomena previously mentioned.3 In a final example, the
incorporation of common inorganic fillers can elicit local changes in pH. The effect on pH
(i.e. lower or raise) and subsequent specimen degradation will depend many factors,
including the choice of filler. Chouzouri et al. observed a pH increase from 7.4 to ~9.7
corresponding with ~42% mass loss for a PLA/Bioglass 45S5 composite over 42 days, while
the analogous PLA specimen saw negligible changes to pH or to mass loss.61 Thus,
polyester nanocomposites may achieve tunable degradation behavior,52 potentially achieving
surface erosion.

Ultimately, there is a need for improved standardization for evaluating the degradation
behavior of polyesters. This would allow researchers to readily compare results of new
systems to those reported in the literature, helping to promote the accuracy of the
conclusions being made. This can begin with heightened awareness of and implementation
of protocols listed in ASTM F1635 for non-accelerated /n vitro testing. However, standard
protocols for assessing degradation under accelerated conditions are also important.
Although challenging, the standard would need to establish methods that account for
influences of hydrolysis catalysis. Inclusion of controls that are well-characterized under
both accelerated and non-accelerated testing conditions can be highly useful to isolate
material versus environmental effects. Finally, approaches to more-theoretically model
polymer degradation may reduce the dependence on experimentally measured degradation
behavior.63 Ultimately, new polyester designs, as well as, superior methods to measure
degradation behavior will lead to biomedical devices and applications with enhanced
predictability and efficacy /in vivo.
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Figure 1.
Summary of material properties that influence polyester degradation and the increasing

range of each of these properties — indicated by diameter of “circle” — achieved from (i)
polyester homopolymers, (ii) polyester combinations (e.g. copolymers and blends) and (iii)
advanced polyester architectures (e.g. semi-IPNs and nanocomposites).
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Figure 2.
a) Material properties known to influence polyester hydrolytic degradation are interrelated.

When present, crystallinity may be a primary contributor. b) Water diffusion is more
restricted within the crystalline lamellae of semi-crystalline spherulites versus within the
amorphous tie chain regions.
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