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Abstract 

The field of biodegradable synthetic polymers, which is central for regenerative engineering and 

drug delivery applications, encompasses a multitude of hydrolytically sensitive macromolecular 

structures and diverse processing approaches. The ideal degradation behavior for a specific life 

science application must comply with a set of requirements, which include a clinically relevant 

kinetic profile, adequate biocompatibility, benign degradation products, and controlled structural 

evolution. Although significant advances have been made in tailoring materials characteristics to 

satisfy these requirements, the impacts of autocatalytic reactions and microenvironments are often 

overlooked resulting in uncontrollable and unpredictable outcomes. Therefore, roles of surface 

versus bulk erosion, in situ microenvironment, and autocatalytic mechanisms should be understood 

to enable rational design of degradable systems. In an attempt to individually evaluate the physical 

state and form factors influencing autocatalytic hydrolysis of degradable polymers, this Review 
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follows a hierarchical analysis that starts with hydrolytic degradation of water-soluble polymers 

before building up to 2D-like materials, such as ultrathin coatings and capsules, and then to solid-

state degradation. We argue that chemical reactivity largely governs solution degradation while 

diffusivity and geometry control the degradation of bulk materials, with thin ‘2D’ materials 

remaining largely unexplored. Following this classification, this Review explores techniques to 

analyze degradation in vitro and in vivo and summarizes recent advances toward understanding 

degradation behavior for traditional and innovative polymer systems. Finally, we highlight 

challenges encountered in analytical methodology and standardization of results and provide 

perspective on the future trends in the development of biodegradable polymers.   
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1. Introduction 

Biodegradable polymers have been of significant interest both in research and in enhancing 

human health and well-being. With the unprecedented effects of the COVID-19 pandemic on 

public health perception and plastic waste generation,1,2,3 the opportunities for biomedical and 

commercial growth of biodegradable polymers are stimulated. However, challenges in control over 

the degradation behavior of current materials pose barriers to their development. Specifically, in 

the cases of commercially available polyesters poly(lactic-co-glycolic acid) (PLGA) and poly(ε-

caprolactone) (PCL), the autocatalytic hydrolysis from generation of acidic byproducts 

unpredictably amplifies degradation of bulk polymeric materials. To better appreciate the diverse 

factors affecting degradation of biomaterials, this Review focuses on the fundamental structure-

property relationships that govern autocatalytic degradation behavior on the molecular level, 

before analyzing the advances made in degradation modulation via morphological, processing, and 

physico-chemical strategies. Although oxidative and enzymatic biodegradation are important 

processes in the physiological breakdown of degradable polymers,4 these processes are not easily 

predictable due to varying concentrations and species (e.g., of reactive oxygen species or enzymes) 

between microenvironments. Consequently, we focus this Review specifically on hydrolytic 

degradation of polymers intended for use in life sciences applications, with emphasis on the factors 

influencing autocatalysis, microenvironment, and form factor.  

Traditional classification of biodegradable polymers is based on their biomedical functionality 

rather than their physical state/geometry, and it differentiates between resorbable materials with 

temporary structural/mechanical support functions and drug delivery vehicles with modulated 

release and targeting capabilities. The former category includes implantable biomaterials, such as 

scaffolds for organ regeneration and tissue engineering5,6 and bioresorbable cardiovascular 
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stents.7,8 The latter category involves parenterally administered formulations (e.g., nano-

/microspheres, in situ gels, prodrugs, vaccine adjuvants), coatings, and matrices for controlled 

release. These categories are not exclusive, as many structural biomaterials benefit from controlled 

delivery of drugs. Additionally, coatings of biodegradable polymers have also been used to 

facilitate growth of a biocompatible interface between a permanent implant and the surrounding 

biological tissue.9,10 

Although natural polymers, such as chitosan, alginic or hyaluronic acids, continue to be 

popular choices, their limited diversity, batch inconsistencies, risk of an immune response, and 

weak mechanical strength limit their applicability.11 Yet, the classification between natural and 

synthetic polymers is not always clearcut, as “natural” polymers have been synthesized for 

controlled degradation, such as synthetic polypeptides, and chemical modifications have been used 

previously with natural polymers to inhibit the enzymatic degradation of the polymer.12, 13 

However, this Review will focus on the common families of synthetic polymers that can be tailored 

to control hydrolytic degradation behavior via structural manipulations. In this Review, we 

examine synthetic polymers that have been deemed “degradable”, i.e., those that breakdown 

during or immediately after their application,14 including polyesters,15 polyamides,16 

polyurethanes,17 polyanhydrides,18 polyorganophosphazenes,19 and polyorganophosphates,20 

among others. 

Importantly, biomaterials must comply with federal regulations requiring their safety at all 

stages of degradation, effectiveness, and ability to be sterilized.4 A number of products and devices 

based on poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) have demonstrated excellent 

safety profiles and were approved by the U.S. Food and Drug Administration for pharmaceutical, 

surgical, and orthopedic applications.21,22,23 However, even these polymers can show rapid 
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accumulation of acidic byproducts, leading to potential foreign body reactions.24,25,26, 27,28,29 An in-

depth understanding of degradation behavior of these polymers is critical for achieving precise 

timing for drug release and controlling changes in mechanical properties of these polymers during 

degradation.  

There are multiple excellent reviews focusing on specific biodegradable polymers and their 

applications, such as drug delivery or tissue engineering, chemical degradation pathways, 

biological compatibility of degradation by-products, interactions with cells, and/or regulatory 

approval processes.30,31,32,33,34,35 While prior reviews provided detailed analysis of chemical aspects 

of either solution- or solid-state biodegradation, they often overlooked the morphological and 

physical state effects that distinguish degradation in solution from degradation in solid-state 

polymers. To close this gap, this Review offers a unified view of degradation by identifying the 

critical physico-chemical factors that govern the autocatalytic hydrolytic degradation of a polymer. 

Fundamental relationships between atomic-scale characteristics of macromolecules, their physical 

properties, and degradation behavior are reviewed with an objective to facilitate molecular 

engineering and morphological design and construction of complex degradable systems with 

precise control over degradation. Critical issues with evaluation techniques, mathematical models, 

and comparability of results are identified, leading to a proposed hierarchical multi-step approach 

to characterizing polymer degradation in vitro. Finally, recent innovative modifications of 

commercially available synthetic biodegradable polymers, with a focus on commercialized 

polyesters and clinical-stage polyphosphazenes, and novel macromolecular structures are 

evaluated critically against the unmet needs of life sciences applications.  

 

2. Factors governing polymer degradation: solution vs.  solid state   
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Factors that define the degradation behavior of a polymer span several scales and include the 

physical state of the polymer, its geometry, as well as molecular-level characteristics (Fig. 1). In 

solution, a polymer can undergo breakdown with maximized access of water and other 

environmental species to the polymer chains, and the degradation behavior is determined mainly 

by its molecular structure, chemical reactivity, intra-/intermolecular interactions, and 

environmental parameters (temperature, pH, ionic strength, concentration of enzymes, etc.). In 

contrast, the restricted penetration of species into and out of a solid-state matrix becomes 

increasingly important to the degradation rate and erosion mechanism of an insoluble material. For 

these reasons, this Review analyzes and, when possible, compares both polymer degradation in 

solution and in solid-state. This analysis also uniquely includes a discussion of interfacial effects 

on degradation that are significant to polymer blends, composites, and high surface-to-volume 

architectures. 

 

Figure 1. Relationships between the physical state of the polymer and physico-chemical 

parameters that govern the degradation behavior. 

 

2.1. Water-soluble synthetic polymers – degradation in solution 
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Water-soluble synthetic polymers can improve pharmacokinetic and pharmacodynamic 

(PK/PD) profiles of therapeutic and preventive agents36,37  and are often employed for the delivery 

of small drugs, proteins, and nucleic acids in the form of prodrugs or PEGylated systems.38,39,40,41 

Examples of PEGylated drug carrier systems are shown in Fig. 2, including polymersomes, 

micellar systems, and drug conjugates.42 

 

Figure 2. Drug-delivery systems utilizing water-soluble PEGs. Reproduced with permission 

from ref 42. Copyright 2010 John Wiley and Sons. 

The benefits of the use of synthetic polymers, such as an increase in the drug circulation time 

and supporting passive targeting of the drug, are often enhanced for high-molecular-weight 

polymers. However, because of the upper molecular weight limit of ~30-50 kg/mol for soluble 

polymers to be cleared from the body via glomerular filtration,43 only low and moderate weight 

non-degradable polymers are usable, and high-molecular-weight polymers can be used only if they 

degrade into smaller biocompatible molecules for complete clearance from the body.44-51 Although 

the covalent modification with non-biodegradable poly(ethylene glycol) (PEG) has been 

commercially successful in the development of long-circulating drugs (PEGylation technology), 

the polymer size restriction due to non-biodegradability, high cost, and even ‘anti-PEG 
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immunity’42, 52-60 have stimulated research into alternative biodegradable and non-immunogenic 

water-soluble polymers.42, 60-62  

Among many synthetic water-soluble polymers, few exhibit degradability and biological 

functionalities suitable for biomedical applications. However, several groups of polymers with 

phosphorous- and amino acid-containing backbones show promising degradation characteristics 

(Fig. 3), such as biocompatible degradation products and versatile side-group chemistry. Another 

example of water-soluble macromolecules designed to degrade under acidic conditions and useful 

for endosomal or lysosomal degradation, include aconitic acid derived polymers.63 While 

polyphosphazenes (PPZs)64,65 and polyphosphoesters (PPEs)66,67  degrade hydrolytically or 

enzymatically via main-chain cleavage and yield buffering phosphates, poly(amino acids), such as 

polyglutamates and poly(aspartic acid),68,69 degrade mainly enzymatically16 and thus are strongly 

influenced by the steric hindrance to the cleavable bond by neighboring groups. 
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Figure 3. Prominent families of water-soluble biodegradable polymers and their simplified 

complete degradation products.  

Studies with molecularly dissolved polymers allow isolation of the effect of chemical 

composition on polymer chain degradation without considering other physical factors that affect 

reactions in solid state, such as surface wetting, surface-to-volume ratio, or limitations of solvent 

and product diffusion. The autocatalytic effects are minimal on water-soluble polymers because 
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they are largely surrounded by an aqueous environment, and the degradation rate of water-soluble 

polymers is primarily governed by overall hydrolytic sensitivity of the molecule. 

2.1.1. Molecular engineering aspects 

Degradation rate of water-soluble polymers can primarily be controlled by molecular 

engineering of the polymer backbone and side groups. In the case of PPEs (Fig. 3), some structural 

modification of the backbone is possible via modulation of spacer groups (R).70 In contrast, 

modulation of the hydrolytic sensitivity of PPZs is usually achieved through the side groups (R1 

and R2). Multiple PPZ derivatives with diverse side groups such as carboxylic acid, pyrrolidone, 

or ethylene oxide (including PEG) units were synthesized that are both water-soluble and 

hydrolytically degradable.71-77  Importantly, the degradation pathway leads to the release of the 

side group, which can be selected to be biologically benign, and ammonium phosphate.78 

Interestingly, the hydrolytic sensitivity of PPZs is strongly dependent on the nature of the side 

group. Thus, a commonly used approach to programming PPZ degradation rate includes synthesis 

of mixed substituent copolymers, in which the rate of degradation is determined by the relative 

ratio of hydrolytically labile and stable groups.79,80  

One successful example of using this approach includes modulation of the degradation rate 

of poly[di(carboxylatophenoxy)phosphazene] (PCPP) – an important clinical-stage 

macromolecule that has gained attention as a potent immunoadjuvant and vaccine delivery 

system.41, 81, 82 Introduction of more hydrolytically labile N-ethylpyrrolidone side groups to this 

polymer accelerated the release of side groups and the molecular weight degradation rate.73 The 

same effect was achieved when highly hydrolytically sensitive residual chlorine atoms were 

intentionally left in a polymer structure or ethyl glycinato- side groups were introduced.72,82,83 

Similarly, inclusion of glycine and valine spacers as side groups of hydrophilic graft PPZs had a 
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destabilizing effect, with up to half of the backbone degrading into phosphate groups after four 

weeks.76  

2.1.2. Solution conditions and intra-/intermolecular interactions 

While the chemistry of a water-soluble degradable polymer may be customized for a 

desired degradation profile, the presence of external chemical groups, such as ionic species and 

macromolecules in proximity to the polymer, can significantly alter the degradation behavior. 

Many pharmaceutical formulations contain excipients, such as surfactants, macromolecular 

viscosity enhancers, and proteins. Although these materials are generally considered to be 

biologically inert, they nevertheless can potentially affect polymer degradation via intermolecular 

interactions. Moreover, the mechanism of polymer degradation frequently includes intramolecular 

reactions of neighboring groups.74,84 These hydrolytic pathways can be also greatly affected by 

excipients or sophisticated molecular engineering of the polymer itself, such as introduction of 

grafted PEG chains, which is commonly performed to improve the PK/PD profile of a polymer. 

In solution, acid-promoted degradation with pronounced intramolecular catalysis was 

reported both for PPZs (Fig. 4A and 4B)74 and aconitic acid-derived polymers.63 However, the 

effect of other environmental factors, such as presence of surfactants or other pharmaceutical 

excipients, is frequently overlooked. Nevertheless, the influence of such factors, especially for 

polymers with profound effect of neighboring groups,74,84 can be significant. One example is the 

hydrolysis of polyphosphazene immunoadjuvant - PCPP, which is promoted by neighboring 

carboxylic acid functionalities. Hydrolytic breakdown of this polyelectrolyte is slowed in high 

ionic strength solutions, as these conditions effectively decrease the number of non-dissociated 

acidic groups that can participate in the intramolecular catalysis (Fig. 4C).74 To the contrary, 

addition of hydrogen bonding excipients, such as non-ionic surfactants or PEGs, resulted in the 
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dramatic increase of the degradation rate (Fig. 4D) and was associated with the occurrence of 

intermolecular complexation in these formulations.74 Interestingly, hydrolytic degradation of 

anionic and cationic PPZs was accelerated by increasing the content of methoxyethoxyethoxy- or 

grafted PEG chains.77,85 In particular, the degradation rate of mixed PCPP and 

poly[di(methoxyethoxyethoxy)phosphazene] (MEEP) copolymers was higher than that of their 

constituent homopolymers - PCPP and MEEP.85 This accelerated hydrolysis can be potentially 

explained by similar interactions between ethylene oxide and carboxylic acid groups, but occurring 

within the same molecule.85  
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Figure 4. Environmental effects on degradation of PCPP: Effect of pH on the kinetics of PCPP 

molecular weight changes (A) and on the ratio of new chain formation to 4-hydroxybenzoic acid 

release (B); effect of the presence of ionic species (C) and PEG (D) on the kinetics of PCPP 

molecular weight changes. Adapted with permission from reference 74. Copyright 2010 American 

Chemical Society.  
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cross-linked gels and nanoparticles, layer-by-layer assembled nanocoatings, and even in solid 

state. However, comparative solid state-solution degradation analysis is rarely conducted for PPZs 

with the same type of side groups. For example, important findings on the effect of the link 

between backbone and side groups (e.g., phosphorus-nitrogen links appear to be more 

hydrolytically labile than phosphorus-oxygen), as well as the shielding effect of bulky side groups, 

were first established for hydrophobic polymers,78, 86-92 and still need to be validated for water-

soluble polymers. Water-soluble mixed PPZ copolymers with a high content of hydrophobic 

fluorinated moieties and only a small fraction of ionic groups, which are capable of electrostatic 

self-assembly into nanocoatings or nanoparticles,93-99  open additional possibilities in bridging this 

gap. 

 

2.2. Hydrophobic synthetic polymers – degradation in solid state 

Although the degradation chemistry for hydrophobic polymers may follow similar reaction 

pathways as for water-soluble systems, the material erosion profiles may be dominated by other 

factors. Unlike water-soluble polymers, hydrophobic polymers, i.e., those not soluble in water, 

pose a barrier to water diffusion, therefore limiting access of reactants to the reactive bonds. 

Common families of hydrophobic degradable polymers are shown in Fig. 5. One most common 

and well-studied family of degradable polymers includes ester linkages, whose rate of cleavage 

was demonstrated to depend on temperature and pH, with accelerated hydrolysis in both acidic 

and basic conditions and at elevated temperatures.100, 101 Hydrolysis of polyesters, along with that 

of polyanhydrides and polyorthoesters, produces acidic products that can accumulate and 

unpredictably autocatalyze hydrolysis when trapped in bulk 3D geometries. Furthermore, the end 
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groups of partially degraded groups of these families are often acidic which are believed to further 

catalyze the hydrolysis of surrounding labile groups.  

To understand the effects of crystallinity, molecular weight, surface energy, and 

microenvironment on the hydrolytic behavior, each variable should be considered, as emphasized 

with the preceding water-soluble polymers. However, with hydrophobic polymers, the closest 

approximation can be made using high surface-to-volume ratios, such as Langmuir monolayers. 

 

Figure 5. Prominent families of hydrophobic biodegradable polymers, listed in order of decreasing 

rate of hydrolysis, and their simplified degradation products. 
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By spreading a monolayer of sufficiently hydrophobic polymers atop an aqueous solution, 

researchers have been able to isolate the effects of molecular weight, crystallinity, and chemical 

modifications from the physical parameters of bulk polymer materials.102 For instance, the 

autocatalyzing nature of PLGA, along with other well-accepted theories, have been questioned 

based on the results of Langmuir monolayer degradation (LMD).103,104 The LMD technique offers 

crucial insight into the molecular reaction kinetics without the influence of water diffusivity, and 

allows use of enzymes, ionic species, and other water-soluble molecules in the aqueous trough to 

analyze the effect of solution conditions on the degradation. Using LMD studies, it was reported103 

that initial molecular weight of poly(D,L-lactic-co-glycolic acid) (PDLLGA) did not influence 

degradation rates, contrary to the commonly accepted theory that carboxyl chain ends autocatalyze 

hydrolysis. However, it is still important to note that the molecular weight plays a significant role 

in three-dimensional systems, as it can influence crystallinity, glass transition temperature, 

swelling, and other properties of polymers. Interestingly, authors also reported that acidic 

environments did not accelerate degradation of PDLLGA, although basic environments did.103 

These results challenge the common notion that polyesters autocatalyze degradation via local 

acidification by both chain ends and acidic byproducts. However, as a counterpoint, one could 

argue that the polar chain ends may orient away from the air interface, as they are hydrophilic in 

nature, so they do not represent the restricted environment in 3D materials and may not properly 

influence the surrounding hydrolytically labile groups. Further work into understanding this 

behavior could alter the approach to polyester stabilization.  

2.2.2. Hydrolytic degradation in bulk geometry 

 Like monolayer degradation, the degradation of 3D solid-state polymer materials involves 

both degradation and solubilization of the polymer chains; however, in bulk materials, the 
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diffusion of solution into the material and the diffusion of solubilized hydrolysis products out of 

the material cause key differences in the degradation behavior. In bulk materials, factors such as 

crystallinity, swelling, and hydrophobicity largely influence the ability of species to diffuse in and 

out of the polymer material. These factors are intertwined with the chemical reactivity of the 

hydrolytically labile groups, as ranked in Fig. 5, which can dictate the mechanism of polymer 

erosion that the material will experience.  

Polymer erosion is classified into surface erosion and bulk degradation based on the 

structural changes of a 3D degradable polymer. Fig. 6 shows the changes in geometry and relative 

properties of materials undergoing surface erosion or bulk degradation. Surface erosion, which 

occurs when the rate of reaction exceeds the rate of reactant diffusion into the bulk, closely follows 

zero-order kinetics and proceeds at constant velocity.105 In contrast, bulk degradation occurs when 

the rate of reactant diffusion exceeds the rate of reaction and proceeds at a nonuniform erosion 

velocity.14 These mechanisms can be evaluated by cross-sectional imaging or indirectly by 

monitoring the change in material properties with degradation.  
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Figure 6. Schematic of hydrolytic degradation and accompanying erosion, where L is the thickness 

of a sample, Lcrit is the critical thickness, λ′ is the hydrolytic reaction rate constant, and D is the 

water diffusivity. Adapted with permission from reference 106. Copyright 2017 Elsevier. 

As implied in Fig. 6, the initial rate-limiting factors that govern the erosion mechanism of 

hydrolysis include the rate of water diffusion into the polymer and the rate of hydrolysis. In 

general, the ratio of these rates largely reflects the degradation mechanism. If water diffuses into 

the polymer much faster than the rate of hydrolysis, bulk degradation will dominate. Alternatively, 

if the rate of hydrolysis is much faster than the rate of water diffusion, surface erosion prevails. If 

the rates are similar, a combination of surface erosion and bulk degradation will occur. The 

evolution of properties and degradation behavior of surface-eroding materials is simpler to predict 
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than bulk-degrading materials. This predictability is preferred for drug-delivery applications;14 

however, most commercial polyesters approved for biomaterials degrade heterogeneously via a 

combination of surface erosion and bulk degradation that has proven difficult to model.107  

As a simplistic representation, the rate of water diffusion into the polymer and the rate of 

hydrolysis are modeled separately below. First, the rate of diffusion of water is modeled using 

Fick’s laws of diffusion (Eq. 1),108 neglecting chemical reactions as a simplification for bulk 

degradation. Next, the rate of a generic hydrolysis reaction involving an ester group (Eq. 2)109 is 

modeled using pseudo-first-order reaction kinetics (Eq. 3),110 neglecting diffusion control as in 

surface-eroding or water-soluble polymers. In these equations, specific attention is paid to the 

diffusivity and reaction rate constant, denoted as D and λ respectively, as these are factors that are 

affected by changes to the material. 

𝜕[H2O]

𝜕𝑡
= ∇ ∙ (𝐷∇[H2O])                                                             (1)  

RCOOR′ + H2O 
H+or OH−

→       RCOOH + HOR′                                    (2)  

𝜕[RCOOR′]

𝜕𝑡
= −λ[RCOOR′][H2O]                                              (3) 

By assuming a homogeneous polymer with a uniform degradation velocity, applying 

random walk theory to the diffusion rate, and applying Poisson kinetics to the reaction rate, a 

mechanistic model was developed100 that defined an erosion number, 𝜀, to predict the dominance 

of surface erosion or bulk degradation: 
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𝜀 =
〈𝑥〉2𝜆𝜋

4𝐷𝑒ff (ln[〈𝑥〉] − ln [√
𝑀𝑛̅̅ ̅̅

𝑁𝐴(𝑁 − 1)𝜌
⁄

3

])

                                        (4) 

where 𝐷𝑒ff is the effective diffusivity of water in the polymer, 〈𝑥〉 is the mean distance traveled by 

water, 𝑀𝑛̅̅ ̅̅  is the number average molecular weight, 𝑁 is the degree of polymerization, and 𝜌 is the 

polymer density. Essentially representing the ratio between the rates of reaction and diffusion, 𝜀 

can be used to predict bulk degradation (𝜀 < 1) or surface erosion (𝜀 > 1).100 The accuracy of 𝜀 is 

dependent on the values of 𝜆 and 𝐷𝑒ff, which are influenced by the geometric, physical, and 

chemical properties of the polymer. In addition to the chemical properties reviewed for water-

soluble polymers and physical properties reviewed for monolayers, the degradation mechanism 

can be predicted and controlled based on this model by accounting for the influence surface 

hydrophobicity, degree of crystallinity, and morphology and microstructure of the polymer. 

Relating to 𝐷𝑒ff, the rate of water diffusion into a polymer is associated with the geometry, 

wettability, and crystallinity of the polymer. Although useful as a prediction, Eq. 4 has obvious 

limitations because of the assumption of a homogeneous matrix and uniform degradation velocity. 

In reality, the properties of bulk-degrading polymers are highly dynamic and evolve over time, 

such as the changes in morphology and microstructure, increases in crystallinity, and gradual 

reorientation of hydrophilic groups to the solid-liquid interface. 

2.2.3. Morphology and microstructure 

For 𝜀 = 1, Eq. 4 can be used to predict a critical thickness 𝐿crit (e.g., 𝐿crit = 2〈𝑥〉 for slab 

geometry) that governs a transition between erosion mechanisms, where a thickness 𝐿 > 𝐿crit 

implies surface erosion and 𝐿 < 𝐿crit implies bulk degradation.100 However, this prediction may 

be limited when considering the assumptions of a homogeneous polymer with constant 
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degradation velocity made in Eq. 4. For example, bulk-degrading systems that produce 

autocatalytic products are not well-characterized by this approach because of their localized 

accelerated hydrolysis rates, leading to microstructural changes and differential degradation rates. 

Additionally, as the surface morphology and chemistry changes, physical properties like 

wettability vary.111,112  

Importantly, following the initial stage of water diffusion in bulk-degrading systems, 

catalytic byproducts can accumulate within the bulk as the hydrolysis progresses and cause 

accelerated autocatalytic degradation in thicker geometries. In early work,113 a counterintuitive 

result was observed for PLGA: 2 mm thick plates were shown to degrade faster than 0.3 mm films, 

and 0.5-1.0 mm diameter beads were shown to degrade faster than 0.125-0.250 mm microspheres. 

At the time, the difference in degradation rate was thought to by no means be caused by pH changes 

of the aqueous media;113 however, later studies have theorized that degradation rate is increased 

by formation of acidic microenvironments within larger-sized materials.114,115,116 Although the 

thicker material was not expected to degrade faster than the thinner material, this observation is 

thought to be a result of the slower diffusion of byproducts out of thicker materials versus thinner 

materials. In contrast to the LMD results, the spatial restriction of acidic byproducts and chain 

ends in 3D materials may autocatalyze the hydrolysis of surrounding reactive groups, highlighting 

the importance of strategic buffering or diverting of acidic products for controlled degradation. 

Acid-catalyzed hydrolysis has been also established for hydrophobic polyphosphazenes78 and was 

confirmed for multiple derivatives,73,76,80,117,118 highlighting their potential to develop pH-triggered 

delivery systems capable of responding to localized bacteria acidification97 or other biorelevant 

pH gradients,119 as well as supporting intracellular delivery functionality.120 
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The validity of 𝐿crit is further complicated when considering that surface properties, such 

as wettability which influences the initial stage of water diffusion, can become dynamic with 

increased thickness. Large geometries can develop heterogeneous chemical microenvironments 

that alter physical properties, instilling a time dependence into diffusivity 𝐷 and the reaction rate 

constant λ, complicating the application of Eq. 4. For example, surface segregation and 

restructuring in thick films of poly(D,L-lactic acid) (PDLLA) and PLGA has been detected by 

attenuated total reflectance – Fourier transform infrared (ATR-FTIR) spectroscopy and water 

contact angle (WCA) measurements.112 An increase in intensity of surface methyl groups was 

detected for thicker PDLLA films using ATR-FTIR (Fig. 7A), indicating a reorientation of 

hydrophobic groups to the surface. The water droplet relaxation, indicated by the gradual decrease 

in WCA (Fig. 7B), was prominent for 15 μm PDLLA films, but not 1 μm PDLLA films. Increased 

segmental motion in thick films was hypothesized to enable reorientation of hydrophobic methyl 

groups to the bulk upon exposure to water.112  

 

Figure 7. Evolution of surface characteristics of PLA and PLGA films: (A) ATR-FTIR spectra of 

PDLLA (denoted DLPLA in the Figure) films of varied thicknesses. (B) Temporal change in water 

contact angle on PDLLA films of varied thickness. Reproduced with permission from reference 

112. Copyright 2006 Elsevier.  
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2.2.4. Surface hydrophobicity 

Polymer materials with hydrophobic surfaces initially experience slower degradation than 

polymers with hydrophilic surfaces due to water exclusion. Importantly, varying either surface 

energy (through chemical modification) or surface roughness can display different effects on the 

degradation profile. As shown in Fig. 8, chemical modifications to PPZ side groups allowed 

tunable degradation rates while maintaining a similar degradation onset. The hydrophilic solid-

state PPZs were shown to degrade faster than their more hydrophobic counterparts.86 In addition 

to changes to the surface energy made by chemical substitution, surface roughness can also affect 

the degradation behavior; however, it typically affects just the onset of degradation rather than the 

degradation rate. For instance, increasing the hydrophobicity of a surface to superhydrophobic via 

incorporation of nanoparticles delayed the onset of degradation as compared to hydrophobic and 

hydrophilic surfaces, but the rate of degradation for each system appeared similar.121 Additionally, 

as degradation progresses, the surface can become more hydrophilic due to increasing polar chain 

ends.111,122 Together with surface restructuring112 and the hydrophobicity of crystalline regions, 

the value of the diffusivity based on hydrophobicity may also be considered dynamic.  
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Figure 8. Mass loss evolution of PPZs (in legend on right) in borate buffer. Adapted with 

permission from reference 86. Copyright 1994 Elsevier.  

2.2.5. Microtacticity and crystallinity 

In semi-crystalline polymers, crystalline regions can be considered barriers to water 

diffusion, reducing swelling and the rate of degradation compared to amorphous polymers. The 

disordered amorphous domains in semi-crystalline polymers degrade faster than the crystalline 

regions.123,124 To explain this behavior, the increased density of hydrophilic chain ends between 

crystalline regions was hypothesized to improve water diffusion (Fig. 9A).124 However, as the 

amorphous regions become randomly cleaved, it is thought that the newly cleaved chains can form 

new crystalline regions, as demonstrated in Fig. 9B. These heterogeneities caused by crystalline 

regions impart a dynamic and spatially-dependent diffusivity, complicating the design of 

degradable systems. This is an occurrence of the synergy between competing diffusion and 

hydrolysis mechanisms. 
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Figure 9. (A) Schematic demonstrating the increased density of chain ends between crystalline 

regions compared to fully amorphous PLLA. Reproduced with permission from reference 124. 

Copyright 2000 John Wiley and Sons. Percent crystallinity (B) and mass remaining (C) during the 

degradation of amorphous (●) and semi-crystalline (initial 𝑥𝑐 of ▽ = 9%; □ = 25%; △ = 38%; ○ 

= 55%) PLA in phosphate buffered solution. Reproduced with permission from reference 125. 

Copyright 1997 John Wiley and Sons. 

Degradation of semi-crystalline polymers proceeds by a less predictable mechanism than 

fully amorphous polymers. In amorphous polymers, the solubilization of the amorphous bulk 

occurs slowly assuming non-preferential chain scission. In contrast, degradation in semi-

A

B C
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crystalline polymers is limited to the amorphous regions between crystallites, causing more 

localized scission and rapid solubilization of the amorphous regions, followed by slow degradation 

of crystallites. Additionally, the initial morphology of crystalline regions affects the degradation 

speed and morphological progression.126,127 Importantly, both the preferential degradation of 

amorphous regions and formation of new crystallites from plasticized cleaved chains lead to a 

rapid loss of mechanical properties, which may limit the structural applications of semi-crystalline 

degradable polymers. These proposed mechanisms were supported for poly(butylene succinate), 

PLGA, and PLA systems.124, 126-128 For example, the higher weight loss of semi-crystalline PLA 

than amorphous is seen in the early stages of degradation, and the weight of semi-crystalline PLA 

plateaus in later stages as amorphous regions are crystallized (Fig. 9C).  

Initial crystallinity of semi-crystalline polymers can be tuned via polymer configuration, 

architecture, crosslinking, blending, or processing. Crystallinity is often quantified by wide- or 

small-angle X-ray scattering (WAXS or SAXS, respectively), or differential scanning calorimetry 

(DSC); however, it is important to simultaneously monitor the mechanical properties as the 

crystalline fraction changes and degradation progresses. In summary, increasing crystallinity can 

be used to reduce the effective diffusivity 𝐷𝑒ff, regulate swelling, and reduce the overall 

degradation rate of a semi-crystalline polymer, but its general influence on degradation behavior 

on a simple polymer system is highly debated.129   

 

3. Methods for evaluating degradation behavior 

The following sections highlight current methods used to characterize degradation behavior in 

vitro and monitor degradation, biodistribution, and pharmacokinetics in vivo. Within these 
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discussions, we note controversial issues and unmet needs regarding these methods and provide 

potential solutions.  

3.1. In vitro 

Degradation behavior is evaluated by monitoring relevant material properties at various times 

during in vitro studies. Typically, the weight lost to solution of solid-state polymers is measured 

gravimetrically by drying the polymer and weighing after exposure to simulated conditions; 

molecular weight by size exclusion or gel permeation chromatography; morphology by scanning 

electron or atomic force microscopy (SEM and AFM, respectively); wettability by contact angle 

or swelling; crystallinity, glass, and melting temperature (Tc, Tg, and Tm, respectively) and degree 

of crystallinity by DSC; and degradation byproducts by mass spectrometry, nuclear magnetic 

resonance (NMR), or high-performance liquid chromatography (HPLC).130-132 Changes in 

chemical composition during degradation can also be monitored via Fourier transform infrared133 

and Raman spectroscopy.134  In vitro studies of cytotoxicity of the polymer and degradation 

products, along with hemocompatibility and intracellular fate, enable time- and cost-effective 

optimization of the polymer before in vivo studies.132 

Many of these techniques are well-established, but inconsistencies with the weight loss and 

morphology evaluations are subjected to critique. Importantly, weight loss does not directly 

indicate the degree of degradation within the film, instead indicating the solubilization and/or 

erosion of material. Additionally, morphological evaluations by SEM and AFM are limited to 

surfaces, although the evolution of bulk degradation is more consequential in many polymer 

systems. Furthermore, conventional SEM places samples under vacuum which can distort 

morphologies of soft materials.135 Rather than surface characterization, confocal laser scanning 
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microscopy may provide more representative dimensional characterization, although not at 

nanoscale resolution.136 

 Current conventional characterization methods also lack real-time measurement 

techniques, which would be preferable to removing samples from solution and drying repeatedly.   

In situ techniques, like sum-frequency generation (SFG)137 and in situ AFM123, have been used to 

characterize chemical and morphological surface changes but are not as accessible as other 

techniques. Recently, selective electrochemical sensors were developed to trace polymer 

degradation in real time by measuring pH and degradation product concentrations, but the samples 

were still removed from solution, washed, and dried for weight-loss measurements.138 Sensors 

have also been used to track biodegradation of polymers by enzymes and cell supernatants.139 

These advancements in real-time measurements may improve the accuracy of sequential in vitro 

screenings by reducing the perturbation of the samples from rinsing and drying steps.  

Additionally, these evaluation methods rarely represent conditions in vivo and do not sustain a 

homeostatic environment. Because the pH of the surrounding solution may change as byproducts 

form, static conditions have been shown to significantly accelerate PLA-PGA degradation 

compared to flow conditions.140 Furthermore, the buildup of localized concentration gradients in 

static conditions may challenge the sink conditions desirable for realistic characterization of drug 

dissolution.141 In an attempt to address these issue, some elect to replace the solution at specified 

time periods or after the pH drops, but ideally, the evaluation should implement a closed- or open-

loop flow-through chamber to simulate the conditions representative of the intended application.140 

Recently, a flow-through chamber was designed for easier and more accurate evaluation of 

biomaterial degradation.142 The accessible design and preliminary results promote its potential as 

a uniting in vitro evaluation method. 
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The aforementioned evaluation methods for three-dimensional materials are commonly 

reported, but current research lacks insight on the differences between degradation behavior of 

monolayers and 3D systems. To approach this knowledge gap, we suggest a hierarchical method 

for evaluating degradation behavior. Characterization of a monolayer via SFG or LMD eliminates 

the influence of diffusion of water within a 3D material. The degradation behavior of the 

monolayer and 3D material can be compared to identify the influence of diffusion, leading to a 

multi-dimensional understanding of degradation. Additionally, the monolayer degradation method 

can be used to isolate the influence of hydrolytic, oxidative, and enzymatic reaction rates and 

strategically evaluate the effects of environmental and chemical properties. 

3.2. In vivo 

Although in vitro characterization gives useful insight on the mechanism of cell-mediated 

degradation, the efficacy of biomaterials must be demonstrated in vivo by monitoring the 

biodistribution of polymers and their pharmacokinetic-pharmacodynamic (PK/PD) correlations.143 

In vitro degradation is often reported in the literature yet reports of the long-term fates and 

clearance profiles of degradable polymers in vivo are less common, especially for new polymer 

formulations.  

In both degradable and non-degradable water-soluble systems, the polymer chemistry and 

architecture have been shown to influence the in vivo behavior of the polymer. The circulation 

half-life and biodistribution are largely influenced by the ability of a polymer to reptate through 

pores; therefore, the properties affecting the polymer size (e.g., molecular weight, structure [linear, 

cyclic, branched, etc.], conformation, flexibility) are important to controlling the retention time in 

vivo.144-147 These factors controlling in vivo behavior have been previously reviewed in depth for 

water-soluble37 and solid-state polymers.   
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Advances in non-invasive, real-time methods for monitoring pharmacokinetics and 

biodistribution have enabled improvements in measurement precision and efficiency. Now, 

radiolabeling is commonly used to label drugs or molecular probes, and various techniques are 

employed for continuous monitoring of the labeled species in vivo.148,149 Positron-emission 

tomography150 and single photon emission computed tomography151,152 enable radionuclide 

imaging with high sensitivity. Alternatively, optical imaging techniques, such as fluorescence 

imaging153,154 and Čerenkov luminescence imaging,155,156 may also be used to monitor labeled 

compounds. These techniques can be combined with planar imaging via magnetic resonance 

imaging or computed tomography to provide morphological information.157,158  

4. Recent advances toward control of degradation behavior 

The section highlights recent physical and chemical approaches that have been taken to 

manipulate degradation behavior. Advances in physical approaches are primarily applied to 

commercially available poly(𝛼-hydroxy ester)s, such as PLA, PLGA, and PCL, and involve 

processing methods that tune material properties and architecture to achieve control over 

degradation and release profiles. Alternatively, the opportunity for precise control over 

degradation for both water-soluble and hydrophobic polymers can be achieved by novel “designer 

polymer” chemical approaches. In the following sections, these emerging solutions to common 

challenges in the field are analyzed and compared: designer polymers, polymer blends and 

composites, and architectural modifications. 

4.1. Designer polymers 

Chemical modifications, such as synthesis of new polymer families, functionalization of side 

groups, control of tacticity, or formation of stable polymer networks, can be used to precisely 

control degradation behavior. Importantly, this approach is most favored to modulate the 
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degradation behavior of water-soluble polymers, while degradation of hydrophobic polymers will 

be addressed in the following sections. By designing the chemical reactivity, hydrophobicity, 

ionizability, and inter-/intramolecular interactions of water-soluble polymers, tunable degradation 

profiles can be achieved and applied in biological situations that require high precision. 

Water-soluble, dispersible, and two-dimensional stimuli-responsive systems, especially 

pH-, redox-, and enzyme-responsive systems, are at the forefront of biomedical applications.159 In 

recent years, significant progress toward stimuli-controlled degradation has enabled new 

approaches to smart-release polymers. Stimuli-controlled degradable polymers commonly invoke 

stimuli-sensitive linkages in the polymer backbone or side chains that enable polymer stability 

until triggered, leading to fragmentation of the polymer chain and eventual complete degradation. 

Although limited to hydrophobic polyesters, a recent review details advances in pH-, reductive-, 

reactive oxygen species (ROS)-, and enzyme-labile linkages that enable selective, stimuli-

controlled degradation.160 These advances have been applied to other polymer families, including 

responsive PPZs with self-immolative moieties161 and stimuli-responsive phosphorous-based 

polymers.119 Many recent works focus on enhancing the stimulus sensitivity, creating multi-

stimuli-responsive systems, or combatting unintended degradation with gated linkages.162-165 

In addition to previously mentioned chemical modifications for modulating degradation 

behavior, self-immolative polymers (SIPs) represent an extreme case of precise control over 

degradation behavior. Although random scission is the typical hydrolysis mechanism for common 

polyesters, controlled scission, e.g., scission only at end chains, would be preferable for 

applications requiring more precise degradation modelling, as represented in Fig. 10. Since end 

scission has a near-linear effect on the average molecular weight, no sharp initial reduction in 
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molecular weight is predicted for this mechanism. The applicability of these “chain-unzipping” 

SIPs has been limited because of harmful byproducts, high dispersity, and low degree of 

polymerization.166 For example, a widely used type of SIP, poly(benzyl carbamate)s, generates 

highly reactive intermediate species during degradation which can interact with proteins and 

induce toxicity.166 However, an SIP was recently reported to generated degradation products that 

were as well-tolerated as PLGA in an MTT assay, but degradation was triggered by light which 

limits its practical applications.167 Designs of SIPs have allowed for unzipping by enzymes168 and 

ROS;169 however, there are few reports of these stimuli-responses. Further work on the toxicity 

and host response of other SIPs is needed, along with alternative methods of initiation. However, 

the precision of engineered SIPs make them ideal candidates for application in self-destructing 

electronics such as those desired for hardware security systems and temporary medical implants,170 

and other biomedical applications. 

 

Figure 10. Cleavage mechanisms of conventional degradable polymers (a) versus self-immolative 

polymers (b). Reproduced from reference 171 (CC BY-NC 3.0) with permission from the Royal Society of 

Chemistry.  

Although some control over degradation can be tuned by extending the length of the polymer 

backbone, the degradation profile of a monodisperse SIP system should be compared with a blend 
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of molecular weights to confirm if the bulk degradation profile can be tuned, although not relevant 

if rapid degradation after a trigger is desired. Also, continuous development of SIPs with different 

methods of stimulating endcap cleavage would contribute to the biomedical field. Finally, 

morphological changes of SIP materials are largely unreported, so the extent of their applicability 

is limited. 

4.2. Polymer blends and composites 

Local acidification from polyester byproducts, combined with cracks or pores formed during 

bulk or surface erosion, can lead to unpredictable and uncontrollable degradation, inflammation in 

vivo, and accelerated device failure. Furthermore, bioactives loaded into the polymer matrix may 

be sensitive to pH changes. To regulate the acidity, polymer blends and composites have been 

designed that either facilitate the removal of byproducts or incorporate buffering agents. These 

approaches are generally preferred for applications that have structural requirements. 

Composites of magnesium compounds with clinically used poly(𝛼-hydroxy ester)s PLA, 

PLGA, and PCL172-174 have demonstrated a buffering effect on the acidic byproducts, therefore 

regulating degradation rates while improving mechanical properties. Inclusion of magnesium 

hydroxide particles in PLGA was shown to significantly reduce the effect of acidic PLGA 

byproducts on inflammation.173, 175-178 Composites incorporating hydroxyapatite have also been of 

interest in biomedical applications for similar reasons.179 Additionally, recent works have 

investigated the effect of the shape of magnesium oxide (MgO) filler on the long term degradation 

behavior,172, 180 noting that the crystalline regions around MgO whiskers are more difficult to 

degrade, possibly due to enhanced interface bonding.172, 181, 182 The importance of interfacial 

effects has been further highlighted in recent research, as the poor interfacial interactions between 
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the hydrophilic magnesium compounds and hydrophobic PLGA affect the dispersion of filler and 

crystalline formation, and therefore impacting degradation, swelling, and mechanical behaviors.183 

Surface modification of magnesium compounds with dispersants cetyltrimethylammonium 

bromide and polyethylenimine improved filler dispersion and extrusion processes.183 However, 

biomedical applications that value these properties, such as tissue engineering scaffolds, also 

prefer porous networks for cell proliferation.  

Interconnected porous networks had dual functions when common polyesters were 

implemented; they facilitate transfer of acidic byproducts to prevent acidic microenvironments and 

have architectural properties desired for tissue engineering applications. These networks can be 

attained by selective degradation of a continuous phase in a polymer blend. Recently, this behavior 

was demonstrated with PPZ-PLGA blends.184 PPZs with differing side groups (with or without 

hydrogen bonding capability) were blended with PLGA to demonstrate the effect of side groups 

on hydrolytic degradation in a phase-separated system. As shown in Fig. 11, the amorphous PLGA 

preferentially degraded out of the blends to reveal nearly inverse morphologies depending on the 

PPZ side chain. Furthermore, the resulting structures supported cell attachment and growth, and 

the PPZs buffered the pH of the system, likely due to the ammonium phosphates generated from 

hydrolysis of PPZs.184 
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Figure 11. Morphological changes and FTIR spectra of hydrogen-bonding (a) and non-hydrogen-

bonding (b) PPZ-PLGA films after incubating in phosphate-buffered saline. Adapted with 

permission from reference 184. Copyright 2020 American Chemical Society.  

For a more precise control over physical factors important to degradation behavior, such as 

crystallinity and swelling, mixed polymer systems can be crosslinked to form semi-

interpenetrating networks (semi-IPNs). Crosslinking can be used to reduce crystallinity, regulate 
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swelling, and occupy hydrolysable bonds to reduce hydrolysis rates, depending on the degree of 

crosslinking. Semi-IPNs of crosslinked poly(ε-caprolactone) diacrylate and PLLA were shown to 

have tunable, uniquely accelerated degradation while creating structures capable of conformal fit 

within a defect.6, 185-187 The accelerated degradation was attributed to reduced crystallinity of 

crosslinked PCL and phase separation of PLLA domains, possibly leading to enhanced solution 

diffusion. This tunable degradation behavior attributed to enhanced solution diffusion was also 

demonstrated for formulations of PLGA and water-miscible solvent N-methyl-2-pyrrolidone  for 

controlled delivery of various antiretroviral drugs.188  

4.3. Architectural modifications 

Architectural modifications can be strategically used to seemingly circumvent the detailed 

material design needed to control bulk degradation, allowing for efficient application of common 

polyesters with suitable rates of degradation needed for a specific application. Although these 

processes are considered scalable, these modifications are still subjected to the effects of material 

size on accelerated autocatalytic degradation. Additionally, processes using heat to achieve 

structures, such as thermal fiber drawing, melt spinning, and fused deposition modeling, can cause 

preliminary thermal degradation and damage heat-sensitive active molecules if loaded into the 

polymer matrix. However, based on recent work and concerns about solvent-based processing, 

thermal drawing is recognized as a promising route to achieve controllable degradation and release 

profiles for fiber-relevant applications like sutures, surgical mesh, and wound dressing.116, 189 

Recently, customizable release profiles were achieved via degradation of thermally drawn 

microfibers.116 The customizable preform-to-fiber cross-sectional geometry allowed for simple 

loading and functionalization of fibers. PLGA films with varying L:G ratios covered channels in 
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a poly(methyl methacrylate) (PMMA) fiber to controllably release loaded materials at staggered 

times. In Fig. 12, the engineered preform-to-fiber geometry showed a high control over the release 

profiles. Furthermore, the alignment of PLGA chains during drawing increased the mechanical 

strength of the fiber. The shrinking associated with chain alignment was mitigated by adding a 

PCL core. Based on these results and the scalability of the technique, thermal drawing has great 

potential to design degradation profiles with burst and gradual release patterns. 

 

Figure 12. Preform-to-fiber designs (a,b,d,e) and release profiles (c,f) of PLGA-based thermally 

drawn nanofibers for drug delivery. Reproduced with permission from reference 116. Copyright 

2020 John Wiley and Sons.  

5. Conclusions and perspectives 

Synthetic biodegradable polymers are increasingly investigated for use in tissue regeneration 

and drug delivery.30-35 The rational design of degradable polymers would benefit these needs, 

along with other applications in life sciences. In pursuit of the rational design of degradable 

polymers, this critical Review highlighted the ways degradation behavior can be influenced by 
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increasingly complex sets of their molecular properties, as well as physical state of the polymer. 

Specifically, the chemical composition, intramolecular autocatalytic effects, and environmental 

conditions are most important to modulating the rate of solution-state polymer degradation; 

however, in 3D polymer materials, geometrical effects, crystallinity, and hydrophilicity have large 

roles in regulating the diffusion of water into the bulk.  

To understand and prove the process of surface erosion versus bulk erosion, a combination of 

surface-sensitive and bulk characterization techniques should be used concurrently. For example, 

chemical changes made during surface degradation can be monitored via ATR-FTIR or SFG, while 

bulk degradation may be observed chemically with transmission FTIR and physically with SEM 

or AFM. Furthermore, time-resolved in situ measurements of degradation, e.g., using in situ AFM 

and SFG, would further the understanding of degradation kinetics and allow a correlation of 

degradation products with morphological changes in bulk materials. Expanding the use of surface-

sensitive and in situ techniques may provide valuable insight into the dynamic and autocatalytic 

effects of hydrolysis in 3D systems. 

Also critically lacking in this field are studies that separate chemical and physical parameters 

for the same system. For example, studies of water-soluble polymers can be compared to the same 

polymer but cross-linked, formulated into interpolymer complexes, or simply made insoluble in 

situ under physiological conditions so that their chemical degradation mechanisms can be 

established in solution. Moving from water-soluble polymers, degradation mechanisms of thin 

coatings, films, and nano- and microparticular systems where interfacial effects can dominate, 

which are crucial to both hydrolytic and enzymatic degradation, should also be further 

investigated. These further studies to bridge this gap may enlighten unanswered questions or 
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contentious hypotheses about fundamental relationships between physico-chemical properties and 

degradation. Ideally, as new polymer compositions are developed, a standardized set of results 

would contribute to a cohesive understanding of new formulations.  

By implementing the previous suggestions for cohesive and comparable results, the future 

of biodegradable polymers may combine with machine-learning opportunities. Computer-aided 

design of designer polymer formulations and engineered architectures of biodegradable materials 

with tailored physicochemical properties can contribute significantly to the advancement of the 

field.190-192 This suggestion has been proposed in reviews from past decades,193, 194 but with the 

advent of new processing techniques that allow precise architectural design for biodegradable 

materials, optimized design simulations could accelerate progress and innovation.  

Finally, by accelerating the progress in the field of engineered degradable polymers 

through standardized degradation studies and computer-aided design,  we envision many advances 

in the near future including: ultraprecise degradation profiles via SIPs, with a focus on creating 

SIPs that are triggered by bio-relevant stimuli and degrade into biocompatible products; 

multifunctional degradable polymers that release active molecules (e.g., therapeutic drugs, 

antibacterial agents, enzymes, etc.) upon degradation of the polymer backbone; degradable 

polymer networks, such as IPNs or semi-IPNS, that maintain structural integrity for the intended 

timeline of implantation; and an increased prevalence of efficient eco-friendly plastic alternatives 

to approach a circular economy, confronting the biological impacts of global waste and pollution.  

6. List of acronyms and variables 

AFM - atomic force microscopy 

ATR-FTIR - attenuated total reflectance - Fourier transform infrared  
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D - water diffusivity 

Deff - effective diffusivity of water 

DSC - differential scanning calorimetry 

HPLC - high-performance liquid chromatography 

IPNs - interpenetrating networks 

L - bulk thickness 

Lcrit - critical thickness 

LMD - Langmuir monolayer degradation 

𝑀𝑛̅̅ ̅̅  - number average molecular weight 

MEEP - poly[di(methoxyethoxyethoxy)phosphazene]  

MgO - magnesium oxide 

N - degree of polymerization 

NMR - nuclear magnetic resonance 

PBS - phosphate-buffered saline 

PCL - poly(-caprolactone) 

PCPP - poly[di(carboxylatophenoxy)phosphazene]  

PDLLA - poly(D,L-lactic acid)  

PDLLGA - poly(D,L-lactic-co-glycolic acid)  

PEG - poly(ethylene glycol) 

PGA - poly(glycolic acid)  

PK/PD - pharmacokinetic and pharmacodynamic  



  42 

PLA - poly(lactic acid)  

PLGA - poly(lactic-co-glycolic acid)  

PMMA - poly(methyl methacrylate) 

PPEs - polyphosphoesters 

PPZs - polyphosphazenes 

ROS - reactive oxygen species 

SAXS - small-angle X-ray scattering 

SEM - scanning electron microscopy 

SFG - sum-frequency generation 

SIPs - self-immolative polymers 

Tc - crystallinity temperature 

Tg - glass transition temperature 

Tm - melting temperature 

WAXS - wide-angle X-ray scattering 

WCA - water contact angle 

〈𝑥〉 - mean distance travelled by water 

ε - erosion number 

λ' - hydrolytic reaction rate constant 

ρ - polymer density 
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