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ABSTRACT 

 

Autografting remains the current gold standard in cranial bone defect treatment, 

yet procedures become difficult when trying to shape and fit rigid grafts tightly within 

irregular-shaped defects. A poor interface between the graft and surrounding bone tissue 

can result, leading to graft resorption and failure. Tissue engineering provides a 

promising strategy to overcome grafting shortcomings. To be effective for defect 

healing, a scaffold for tissue regeneration must (1) have interconnected macropores, (2) 

be mechanically robust, (3) biodegrade with neotissue formation, (4) be bioactive and 

(5) be able to achieve defect-specific geometries, permitting osseointegration. A scaffold 

uniquely able to conformally fit within a defect via shape memory polymer (SMP) 

properties is particularly interesting. In this work, macroporous SMP scaffolds were 

developed based on semi-interpenetrating networks (semi-IPNs) of thermoplastic 

poly(L-lactic acid) within cross-linked poly(ε-caprolactone) diacrylate (PCL-DA). 

Towards modulating and optimizing mechanical and degradation properties, PCL-PLLA 

semi-IPN parameters including PCL:PLLA weight % ratios (100:0 [PCL-DA control], 

90:10, 75:25, 60:40) and PCL-DA degree of polymerization (n; n = 25, 45) were varied. 

PCL-PLLA semi-IPNs were initially evaluated in terms of bulk material 

properties. The semi-IPNs were found to possess PCL crystalline domains needed for 

shape memory capability. Additionally, an enhancement in mechanical properties was 

observed for PLLA-containing semi-IPNs over PCL-DA controls. Degradation was also 

found to be highly-accelerated with the addition of PLLA. Upon extensive evaluation of 
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PCL-PLLA semi-IPN degradation, it was concluded that reduced PCL crystallinity upon 

cross-linking (i.e. PCL-DA) and PCL-PLLA phase separation contributed most 

significantly to rapid degradation rates, notably over PCL-PLLA thermoplastic blend 

controls. While surface erosion was observed, it remains to be determined if the results 

were a by-product of alkaline testing conditions. The PCL-PLLA semi-IPNs may 

overcome the limitations of common, slow-degrading biomaterials. Further, porous 

PCL-PLLA semi-IPN scaffolds were fabricated via a solvent-casting particulate-

leaching (SCPL) technique that resulted in macroporous interconnectivity. Via heat 

treatment, a range of pore sizes and porosities was realized. The semi-IPN scaffolds 

displayed shape memory ability, enhanced mechanical properties and tunable, 

accelerated degradation rates. Overall, such scaffolds possess great potential for bone 

defect healing, which will be assessed in the future. 
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CHAPTER I  

INTRODUCTION 

 

1.1 Overview 

Polyester biomaterials have been studied extensively, yet opportunities remain 

for progress. Traditionally thought to be limited to slow degradation and bulk erosion, 

recent findings suggest potential otherwise. In addition to the hydrolytically-labile bond 

half-life, material properties are now acknowledged to be significant. To fully utilize 

material properties towards influencing degradation, improvements in characterization 

are pertinent. Herein, we highlight the importance of assessing material properties in 

addition to describing such methods. Additionally, the largest shortcomings have 

persisted in analysis of degradation. Inconsistencies in characterization and reporting 

have limited the ability to assess approaches effectively. In particular, evaluation of 

polyesters under physiologic, non-accelerated conditions is often time-prohibitive, yet a 

narrow understanding of accelerated testing has resulted in unreliable conclusions. 

Considering accompanying changes to material properties is also a priority. Looking 

forward, testing standardization and awareness is critical. An improved correlation 

between simulated and in vivo degradation will enhance the development of 

biomaterials.  

1.2 Hydrolytic Degradation and Erosion of Polyester Biomaterials 

Biodegradable polymers are those able to undergo a change in chemical 

structure, followed by physical erosion, in response to biological factors.[1] Although 
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the first synthetic degradable polymer was introduced in 1954,[2] degradable polymers 

remain widely studied. Such polymers not only have ecological utility,[3] but they have 

also been investigated for biomedical applications. The first biodegradable synthetic 

suture, Dexon®, was approved by the FDA in 1969.[4, 5] Since, applications of 

biodegradable polymers have expanded to include orthopedic fixation devices, vascular 

stents and materials for drug delivery.[6-9]  

Precise control of polymer degradation rate is paramount for biomedical device 

success. Additionally, the accompanied changes in material properties must be 

considered.[10] Notably, degradation by-products should not elicit a toxic response and 

must be suitable for renal clearance (<30 kDa).[11-14] Other evolving material 

properties (e.g. mechanical properties) also contribute to device performance. A more 

recent application involves the use of degradable polymers as scaffolds for tissue 

engineering.[15, 16] In such cases, scaffold degradation rate should closely match the 

rate of tissue ingrowth and regeneration to maximize healing.[5] 

While biodegradable polymers can undergo different types of degradation 

including photo-, thermal- and mechanical degradation, chemical degradation is 

particularly pertinent for biomedical applications. As such, molecular chain scission can 

be initiated (1) passively by hydrolysis or (2) actively by enzyme-catalyzed 

hydrolysis.[17] Oxidation may also occur.[18] 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, some 

bonds are too stable under physiologic conditions and also require catalysis (e.g. via 
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enzymes) to undergo degradation.[10] Numerous bonds, though, will undergo passive 

hydrolytic degradation under physiologic conditions. These include anhydride, ortho-

ester, ester, urea, urethane/carbonate and amide bonds.[19] Given their prevalence in 

biomedical applications, our discussion will hereafter be limited to synthetic, aliphatic 

polyesters and factors that affect, as well as strategies that may be used to control, their 

biodegradation behavior (Figure 1-1).[5] 

 

 

 

Figure 1-1. Schematic overview of material property complexity when combining polyesters. 

The increasing range of material properties and resulting degradation behavior when combining 

polyesters can be seen a tool to modulate degradation. 
 

 

Aliphatic polyesters biodegrade via hydrolytically-labile ester bonds within their 

structure.[5] 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 
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degradation of implantable devices,[20, 21] although there is no consensus on the extent 

of the limitation. Agrawal et al. reported a technique to minimize a surrounding 

reduction in pH via the incorporation of basic salts within polyester implants.[22] Acidic 

by-products, additionally, have been found to have an “autoacceleration” effect on 

degradation where the localized decrease in pH can result in localized, accelerated 

degradation. In nonporous materials, where the by-products are thought to become 

trapped within bulk, this can create a hollow core and may cause adverse implant 

outcomes.[23] The introduction of porosity facilitates by-product removal and can 

reduce this effect.[24] 

Properties influencing polyester degradation and erosion have been cited to 

include monomer (“building block”) structure, molecular weight,[25] surface properties 

(e.g. hydrophilicity),[26] crystallinity (i.e. degree and morphology),[27] phase 

microstructure,[28] and material processing (e.g. annealing procedures, specimen 

dimensions, etc.).[29] Crystallinity, if present, arguably plays the largest role given its 

ability to limit water diffusion and hence bond accessibility (Figure 1-2). Relative to the 

environmental temperature, the glass transition temperature (Tg) can also contribute.[30] 
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Figure 1-2. Schematic overview of the role of crystallinity in diffusion and degradation. a) 

Material properties known to influence degradation are highly interrelated with crystallinity, 

when present, being a significant contributor. b) Within spherulites, water penetration is 

restricted in crystalline domains versus in amorphous regions. 

 

 

In early studies, homopolymer polyesters possessing different degradation rates 

via their individual material properties were the focus (Figure 1-1). The first synthetic, 

degradable polymer, poly(glycolic acid) (PGA), is known for relatively rapid 

degradation rates. However, this quick loss of mass and accompanying mechanical 

properties, in addition to insolubility in common solvents, has limited the use of 
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PGA.[10, 31] This led to the development of poly(lactic acid) (PLA), known for 

improved solubility and reduced processing temperatures. PLA can achieve a range of 

physical properties based on the chirality of the monomer units.[32] Additionally, 

poly(ε-caprolactone) (PCL) is known to exhibit ductility and relatively-slow degradation 

rates.[33] Other common polyesters include poly(dioxanone) (PDS) and poly(propylene 

fumarate) (PPF). PDS exhibits rapid degradation, similar to PGA,[31] and PPF uniquely 

contains unsaturated bonds within the backbone that can undergo cross-linking.[34]  

As material properties and processing can provide tools to influence 

degradation,[35] polyesters have also been utilized in combination to expand the ranges 

of such properties (Figure 1-1). Many techniques have been used, and the selected 

technique will influence degradation. Perhaps the most common method, 

copolymerization employs two or more monomers within the polymer. 

Copolymerization can produce a random monomer unit distribution, alternating 

monomer unit distribution or segments of monomer units (e.g. di-block, tri-block or 

multi-blocks). Block copolymers exhibit particularly distinct properties, such as discrete 

Tg.[36] Rahaman et al. studied the effect of block length on the degradation of multi- and 

di-block copolymers of poly(L-lactic acid) (PLLA) and poly(DL-lactic acid) 

(PDLLA).[37] Additionally, Wang et al. prepared a series of PPF-co-PCL copolymers 

and investigated effects of cross-linking and PCL composition.[38] Another method, 

blending physically mixes homopolymers. Blends can provide commercial benefit over 

the synthesis of copolymerization, but polymer miscibility can limit feasibility.[32] 

When blending is feasible, phase separations can occur.[39] Methods to increase 
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compatibility (i.e. miscibility) include the addition of low molecular weight copolymers 

(e.g. random or di-block) of blend components,[40] in addition to cross-linking.[41] In a 

more-recent technique, monomers have been developed to contain multiple labile 

bonds.[10] The category includes PDS as a poly(ester ether), and Erdmann et al. 

developed salicylic acid-derived poly(anhydride esters).[42]  

The physical erosion that results from hydrolytic degradation of polyesters and 

other biodegradable polymers has been given the classification of either: (1) bulk erosion 

or (2) surface erosion. Bulk erosion entails chain scission and erosion throughout the 

material, whereas surface erosion is identified by degradation limited to the surface of 

the material, proceeding via an erosion front.[43] Aliphatic polyesters are summarily 

reported to exhibited bulk erosion, although surface erosion can benefit biomedical 

applications through more predictable erosion. The type of erosion exhibited was 

initially correlated to the hydrolysis half-life of the degradable bond.[43] However, 

many factors are now known to contribute. Overall, two kinetic processes have an 

impact: (1) hydrolytic degradation (i.e. chain scission) within the monomer structure and 

(2) diffusion of water into the bulk. Material dimensions also play a role. On this 

premise, von Burkersroda et al. developed an erosion model to better determine why one 

erosion type typically dominates.[44] It also has utility in predicting mechanisms. The 

model quantifies an ‘erosion number,’ ε, based on the comparative rates of bond 

degradation and water diffusion via the equation: 

ε = 
〈L〉2λπ

4Deff(ln[〈𝐿〉]-ln [
√Mn

̅̅ ̅̅3

NA(N-1)ρ 
] )
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where L is the half-thickness of the material, λ (the hydrolytic rate constant) is related to 

the polymer bond half-life, Deff is the effective diffusion coefficient, Mn is the number 

average molecular weight, NA is Avogadro’s number, N is the degree of polymerization 

and ρ is the polymer density. If bond hydrolysis occurs more rapidly than water 

diffusion, surface erosion should occur (i.e. ε > 1). Conversely, if the rate of water 

diffusion exceeds the rate of bond hydrolysis, bulk erosion would occur (i.e. ε < 1). The 

traditional perspective of erosion as distinct and exclusive is ultimately 

oversimplified.[17, 43] This erosion model reflects the comprehensive contributions of 

the materials parameters, in addition to bond chemistry. For instance, the group showed 

that a critical L dimension (Lcritical) could be determined, above which surface erosion 

will dominate.  

This equation reiterates the numerous factors that contribute to the degradation 

and erosion of polyesters. The inherent hydrolytic rate constant, λ, is significant yet 

should not vary between polyesters. Numerous material factors, thus, contribute to 

degradation via water diffusion (i.e. Deff), including crystallinity. For example, Bergsma 

et al. analyzed the in vivo degradation of PLLA and poly(96%L-, 4%D-lactic acid) 

(PLA96).[45] The reduction in crystallinity (from 64.5% to 28.0%) for PLA96 implants 

directly resulted in more-rapid degradation rates (particle size of ~3.65 mm
2
 versus 

~0.28 mm
2
 after 16 weeks). Further, Braunecker et al. observed the influence of 

molecular weight and porosity on the drug release (i.e. degradation) of PGA.[46] The 

methods in which a polymer is processed can also have a significant effect on 

degradation. A study by Ginde et al. found both the PGA sample (i.e. pellets or fibers) 
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and heat treatment to significantly affect degradation via effects on molecular 

orientation.[47] 

Due to the interrelation of properties and degradation, characterization of initial 

material properties is a priority. Once monomer structure and molecular weight have 

been confirmed, differential scanning calorimetry (DSC) can assess thermal properties. 

Transition temperatures (i.e. Tg, melt transition temperature [Tm], crystallization 

temperature [Tc]) can be determined and crystallinity can be quantified. Spherulite 

morphologies can be visualized with polarized optical microscopy (POM), and dynamic 

mechanical thermal analysis (DMTA) can also provide information about thermal 

transitions.[48] While thermal properties can indicate immiscibility, phase separation is 

often visualized with scanning electron microscopy (SEM) or atomic force microscopy 

(AFM).[28]  Peponi et al. utilized small angle X-ray scattering (SAXS) to discern micro- 

and nanoscale structures, providing another indication of phase separation.[49] 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.[4] 

Degradation can be studied in vitro prior to in vivo analysis. In vitro simulation 

facilitates better in vivo study design (e.g. study duration) and leads to minimized animal 

use. Mass loss in solution provides a direct assessment of erosion, yet indirect methods 

(e.g. swelling and release)[50] have also been utilized. Simulation, however, is not 

trivial. It is difficult to replicate the environmental factors that a biomaterial will be 

exposed to (e.g. physical forces, inflammation).[28, 51] In vitro testing in phosphate-

buffered saline (PBS) closely maintained at pH = 7.4 ± 0.2 and physiologic temperatures 
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(37 ± 1 °C) is generally accepted. Other testing parameters 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 of N = 3 per 

time period, (4) packaged and sterilized specimens consistent with that of the final 

device and (5) a retirement of the removed, 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)[29, 52, 53] hinders the feasibility of such 

methods. As a result, polyester degradation testing is often “accelerated.”[54] 

A variety of characterization techniques can determine additional material 

properties during degradation. Such testing is necessary to properly evaluate 

degradation.[55] First, material appearances have been observed visually and with SEM. 

Key observations include erosion patterns and early signs of mechanical failure. 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 false 

conclusions.[56] 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.[9] Next, changes to molecular weight have been 

quantified via determining inherent viscosity (i.e. viscosity-average molecular weight) 

and via gel permeation chromatography (GPC) (i.e. weight-average molecular 

weight).[40, 57] This analysis provides insight into molecular hydrolysis preceding 
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erosion stages. Such techniques are limited by material solubility, particularly for 

network systems. Degradation rate constants and changes to polydispersity index (PDI) 

can also be evaluated.[37, 57] Additionally, Gaona et al. determined evolving material 

composition with high performance liquid chromatography (HPLC).[28] Such 

techniques, including thermogravimetric analysis (TGA),[58] can be useful for multi-

polymer approaches. Extensive studies have utilized thermal properties to evaluate 

degradation. Changes to transition temperatures and crystallinity can provide a 

mechanistic understanding of degradation.[25, 29] In addition, the evolution of water 

uptake into the material, determined gravimetrically, can indicate water diffusion. In 

such testing, surface water should be removed prior to measurement.[9] Further, by-

product composition and toxicity should be considered. Lastly, Cohn et al. evaluated the 

dynamic mechanical properties during degradation,[41] which could be paramount. In 

particular, Daniels et al. notes the need for assessing mechanical properties and for 

standardizing test methods and reporting thereof.[51] 

Polyester degradation is frequently studied under conditions that accelerate the 

slow degradation rates. In addition to temperature, media pH can have a catalytic effect 

on hydrolysis.[44] Thus, basic (pH ≫ 7.4) and acidic (pH ≪ 7.4) solutions are used. In 

an alkaline environment, hydroxide ions attack the ester carbonyl. An acidic 

environment catalyzes chain scission by protonating the carbonyl group, making it 

susceptible to nucleophilic attack by water (Figure 1-3).[56] As a result, the polymer 

also becomes more hydrophilic. Sailema-Palate et al. studied the degradation of PCL at 

both pH = 1 and pH = 13.[14] The specimens degraded more rapidly at pH = 13 than pH 
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= 1. However, at pH = 1, the degree of swelling directly correlated with mass loss. Such 

water uptake was not seen at pH = 13. Additionally, degradation profiles differed. Where 

degradation at pH = 13 proceeded initially linearly prior to slowing (~60% mass loss), 

samples underwent an induction period (~300 h) prior to steady degradation at pH = 1. 

Lam et al. similarly observed distinct differences in PCL-based scaffold degradation 

between alkaline and physiologic conditions.[52] Scaffolds saw minimal changes in 

molecular weight under alkaline conditions. Yet, under physiologic conditions, 

molecular weight rapidly decreased with mass loss. Based on this observation and others 

(e.g. visual observation with SEM), it was concluded that surface erosion was occurring 

under alkaline conditions, while bulk erosion occurred under physiologic conditions. 

The discussed ‘erosion number’ (ε) supports this conclusion where catalyzing hydrolysis 

(i.e. high pH) increases the λ-based numerator. Greater ε values result, which indicate 

surface erosion.[44] Overall, while intended to simply accelerate degradation testing, 

accelerated conditions produce results that only partially predict physiologic 

degradation. This has resulted in invalid conclusions and confusion when evaluating 

systems. 
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Figure 1-3. Mechanisms for a) acid-catalyzed and b) base-catalyzed hydrolysis. 

 

 

An understanding of in vivo degradation behavior of polyester materials is 

ultimately critical for biomedical applications. In vivo degradation is most commonly 

observed in subcutaneous tissue pockets, potentially simultaneous with biocompatibility 

assessments,[59] yet some studies have evaluated degradation in a more application-

based environment. For example, Hedberg et al. assessed degradation of PPF/poly(DL-

lactic-co-glycolic acid) composite scaffolds upon implantation into the segmental defects 
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of rabbit radii.[60] Lam et al. analyzed the hydrolytic degradation of a PCL-based 

scaffold first in subcutaneous and intramuscular tissue prior to analysis in a calvarial 

defect model.[59] Rodent animal models have been most prevalent for such studies, and 

the time points evaluated are very material-dependent, ranging from weeks to studies 

over 3+ years.[61, 62] Bergsma et al. utilized a pre-degradation technique to overcome 

an extensive time for total resorption of PLA particles (~5.6 years).[63] After initial in 

vitro degradation, pre-degraded implants were able to be assessed within 3 to 80 weeks. 

Upon explantation, implant appearance changes and mass loss can be determined.[64] 

Other properties of interest have been crystallinity via DSC,[52] molecular weight via 

GPC,[59, 65, 66] composition via NMR,[67] swelling,[64] and mechanical 

properties.[68] Imaging techniques including SEM, transmission electron microscopy 

(TEM), computed tomography (µ-CT) and light microscopy can be also used,[59, 63, 

69, 70] and histology provides the most extensive evaluation of the host response. A 

recent means of evaluation, non-invasive in vivo degradation imaging could continue to 

be very interesting. 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.[61] Wang et al. recently conjugated 

Rhodamine B to a polyester-based hydrogel to facilitate fluorescence tracking of 

degradation in vivo.[71] Such methods that 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 in vivo degradation 
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testing. Labeling techniques can also allow for further analysis of the distribution, 

accumulation and ultimate excretion of degradation by-products.[62] 

Although polyesters are well-documented to have limited degradation rates and 

undergo bulk erosion, there remains to be unexplored potential. We recently reported a 

semi-interpenetrating network (semi-IPN) of thermoplastic PLLA cross-linked within 

cross-linked diacrylated PCL-DA (Figure 1-4).[72] The molecular design resulted in 

drastically-accelerated degradation rates, particularly over more-traditional polyester 

controls. Surface erosion was additionally observed under accelerated conditions. 

Similar, non-traditional molecular structures and biomaterials could also prove useful. 

Additionally, Xu et al. recently claimed the ability to achieve surface erosion via 

increasing the hydrophobicity of polyesters via monomer chemistry.[54] Rationale 

served that material hydrophobicity would restrict water diffusion, isolating the water-

induced hydrolysis to the surface. While surface erosion was observed, it is initially 

difficult draw conclusions – testing was performed under alkaline conditions (pH = 10). 

Lastly, common inorganic fillers have been found to elicit local changes in pH.[73] 

Thus, nanocomposites with common polyesters could be utilized towards (1) modulating 

degradation or (2) inducing surface-eroding behavior. Numerous reports have shown an 

enhancement in degradation with nanofiller incorporation, although the mechanism may 

result from a combination of many factors.[74] 
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Figure 1-4. Introduction of semi-IPN material approach. A recently-reported semi-IPN material 

could provide degradation and erosion benefits over traditional polyester systems. 

 

 

 

Ultimately, there is a need for standardization within the study of degradable 

biomaterials. Standardized testing and evaluation would facilitate more effective 

comparisons in literature. It would also ensure the accuracy of the conclusions being 

made. In addition to the establishment of ASTM F1635, greater awareness of the 

protocols described should be realized. Additionally, a standard to address the need for 

accelerated testing of polyester materials would be momentous. Although challenging, 

the standard would need to establish methods that account for influences of hydrolysis 

catalysis. At a minimum, a standard should specifically detail what conclusions are valid 

to make from results obtained. In the meantime, if accelerated conditions must be used, 

effective controls can isolate material versus environmental effects. Approaches to 

model polymer degradation may also prove effective to alleviate time-intensive 

polyester degradation analysis.[75] With all such approaches and testing, the critical goal 

is the ability to effectively control, understand and predict in vivo degradation via 

material design and in vitro simulation. 
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CHAPTER II  

PCL-PLLA SEMI-IPN SHAPE MEMORY POLYMERS (SMPS): DEGRADATION 

AND MECHANICAL PROPERTIES* 

 

2.1 Overview 

Thermoresponsive shape memory polymers (SMPs) based on poly(ε-

caprolactone) (PCL) whose shape may be actuated by a transition temperature (Ttrans) 

have shown utility for a variety of biomedical applications. Important to their utility is 

the ability to modulate mechanical and degradation properties. Thus, in this work, SMPs 

are formed as semi-interpenetrating networks (semi-IPNs) comprised of a cross-linked 

PCL diacrylate (PCL-DA) network and thermoplastic poly(L-lactic acid) (PLLA). The 

semi-IPN uniquely allows for requisite crystallization of both PCL and PLLA. The 

influence of PLLA (PCL:PLLA weight % ratio) and PCL-DA molecular weight (n) on 

film properties are investigated. PCL-PLLA semi-IPNs are able to achieve enhanced 

mechanical properties and accelerated rates of degradation (Figure 2-1). 

 

 

 

 

 

 

 
1
 

                                                 

  Reprinted with permission from “PCL–PLLA Semi‐IPN Shape Memory Polymers (SMPs): 

Degradation and Mechanical Properties” by Woodard, L.N., Page, V.M., Kmetz, K.T. and 

Grunlan, M.A., 2016. Macromol. Rapid Commun., 37, 1972-1977, Copyright [2016] by John 

Wiley and Sons. 
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Figure 2-1. Schematic overview of PCL-PLLA semi-IPN molecular design. Semi-

interpenetrating networks of cross-linked PCL-DA with thermoplastic PLLA exhibiting shape 

memory properties have the ability to expand upon the properties of PCL-DA networks alone 

towards SMPs with robust mechanical properties and accelerated degradation rates. 

 

 

2.2 Introduction 

Thermoresponsive shape memory polymers (SMPs) encompass a class of 

materials capable of shape change via regions within the polymer (i.e. amorphous or 

crystalline domains), referred to as “switching segments,” actuated by a transition 

temperature (Ttrans). Switching segments are responsible for molecular movement (T > 

Ttrans) or fixation (T < Ttrans), while “netpoints” (i.e. chemical or physical cross-links) 

define the permanent shape.[76] Thus, SMPs are capable of holding a temporary shape 

following sequential heating (T > Ttrans), shaping and cooling (T < Ttrans), as well as able 

to recover their original shape upon heating (T > Ttrans). SMPs have been investigated for 

numerous biomedical applications, including minimally-invasive cardiovascular devices 

and custom-fitted orthopedic implants, with SMPs having a sharp shape transition (melt 
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transition temperature, Tm = Ttrans), robust mechanical properties and the capability of 

biodegradation of particular interest.[77, 78] 

Poly(ε-caprolactone) (PCL) has been commonly investigated for SMPs due to its 

biodegradability and a Tm (Ttrans) which is tunable (43-60 °C, based on Mn) and also 

tolerated by tissues.[11, 79, 80] Chemically cross-linked SMP networks formed from 

PCL dimethacrylates have been previously reported,[79] and our group recently reported 

solvent-casted PCL diacrylate (PCL-DA) SMPs.[81, 82] While this PCL-DA SMP 

displayed excellent shape memory, modification with a second polymer component 

would favorably broaden its mechanical and degradation properties. PCL-based SMPs 

have been modified with other copolymer segments, including polyurethanes,[49] 

poly(ethylene glycol)[83] and poly(n-butyl acrylate).[84] However, poly(L-lactic acid) 

(PLLA) represents a potentially useful option due to its biodegradability as well as high 

modulus (E ~ 2.7 GPa) stemming from its semi-crystallinity and relatively high Tg (~60 

°C).[85] While SMPs comprised of PCL and PLLA have been reported, they have often 

been formed as copolymers, including random copolymers (such that the Ttrans is the 

PLLA Tg rather than the PCL Tm) or as cross-linked PCL-PLLA copolymer single 

networks.[86, 87] In contrast, we report herein PCL-PLLA SMPs formed as semi-

interpenetrating networks (semi-IPNs) based on the combination of a PCL-DA network 

with thermoplastic PLLA. Importantly, since cross-linking is known to reduce chain 

mobility, and hence crystallization,[88] incorporation of non-crosslinked PLLA into the 

PCL-DA network was expected to yield the desired semi-crystallinity needed to 

maintain shape memory capability while improving mechanical properties. It was further 
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anticipated that combination as a semi-IPN would provide the ability to tune the 

degradation rate of a PCL-based SMPs. 

Herein, PCL-PLLA SMP semi-IPNs were prepared with varying PCL:PLLA 

weight % ratios (100:0 [PCL-DA control], 90:10, 75:25, 60:40) and with varied PCL-

DA molecular weight (n = 25, 45). Following UV cross-linking, the effects on thermal 

properties (i.e. crystallinity and Tm), shape memory behavior, mechanical properties (i.e. 

stiffness and strength) and degradation rate were studied. 

2.3 Experimental Section 

2.3.1 Materials 

 Polycaprolactone diol (PCL90-diol; Mn ~ 10,000 g/mol), ε-caprolactone, l-lactide, 

stannous 2-ethylhexanoate, triethylamine (Et3N), acryloyl chloride, 4-

dimethylaminopyridine (DMAP), 2,2-dimethoxy-2-phenylacetophenone (DMP), 1-

vinyl-2-pyrrolidinone (NVP), potassium carbonate (K2CO3), sodium hydroxide (NaOH), 

ethylene glycol and solvents were obtained from Sigma-Aldrich. Anhydrous magnesium 

sulfate (MgSO4) was obtained from Fisher. Reagent-grade CH2Cl2 and NMR-grade 

CDCl3 were dried over 4 Å molecular sieves prior to use. 

2.3.2 Material Synthesis 

 PCL2n-diol and PLLA2m-diol (m = 90) were synthesized by the ring-opening 

polymerization of ε-caprolactone or l-lactide, respectively, in the presence of ethylene 

glycol initiator and stannous 2-ethylhexanoate catalyst. The degree of polymerization (n, 

m) was controlled by the ratio of monomer to ethylene glycol. The resulting terminal 

hydroxyl groups of PCL2n-diol were subsequently converted to photosensitive acrylate 
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(OAc) groups by reacting with acryloyl chloride. The number average molecular weights 

(Mn) and degree of acrylation were determined by 
1
H NMR (see Appendix). 

2.3.2.1 PCL50-diol 

Ethylene glycol (0.28 g, 4.56 mmol), ε-caprolactone (25 g, 219.0 mmol) and 

stannous 2-ethylhexanoate (0.043 g, 0.11 mmol) were reacted at 145 °C under N2 for 24 

h. Upon precipitation in cold methanol, the isolated product was dried under vacuum for 

20 h (88.8% yield; Mn ~ 5,800 g/mol; see Appendix for 
1
H NMR). 

2.3.2.2 AcO-PCL50-OAc 

HO-PCL50-OH (20 g, 3.4 mmol), DMAP (~6.6 mg, 54 µmol) and dry CH2Cl2 

(120 mL) were combined and purged with N2. Et3N (0.70 g, 6.9 mmol) was slowly 

added, followed by the dropwise addition of acryloyl chloride (1.24 g, 13.8 mmol). After 

30 min under N2, the mixture was refluxed at 55 °C for 20 h. The solvent was removed 

via rotary evaporation, and the crude product was dissolved in ethyl acetate (135 mL) 

and gravity filtered to remove triethylamine hydrochloride salts. After removing solvent, 

the isolated product was dissolved in CH2Cl2 (140 mL) and washed with 2M K2CO3 (20 

mL). After separation, the organic layer was collected, dried with MgSO4, gravity 

filtered and dried under vacuum (79.9% yield; 99.8% acrylation [500 MHz, CDCl3]; see 

Appendix for 
1
H NMR). 

2.3.2.3 AcO-PCL90-OAc 

HO-PCL90-OH (20 g, 2 mmol), DMAP (~6.6 mg, 54 µmol), Et3N (0.40 g, 4 

mmol), acryloyl chloride (0.72 g, 8 mmol) and dry CH2Cl2 (mL) were reacted as above 
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(75.6% yield; Mn ~ 10,000 g/mol; 98.7% acrylation [500 MHz, CDCl3]; see Appendix 

for 
1
H NMR). 

2.3.2.4 HO-PLLA180-OH 

Ethylene glycol (0.029 g, 0.46 mmol), l-lactide (6 g, 41.6 mmol) and stannous 2-

ethylhexanoate (0.043 g, 0.11 mmol) were reacted at 120 °C under N2 for 24 h. Upon 

precipitation in cold methanol, the isolated product was dried under vacuum for 20 h 

(78.6% yield; Mn ~ 13,000 g/mol; see Appendix for 
1
H NMR). 

2.3.3 Fabrication 

 Solutions (25 wt% CH2Cl2) of PCL:PLLA (100:0 [PCL-DA control], 90:10, 

75:25, 60:40 wt% ratio) were prepared with 15 vol% of a photoinitator solution (10 wt% 

DMP in NVP). The solution was transferred to a circular silicone mold (45 mm x 2 mm; 

McMaster-Carr) secured between glass slides and exposed to UV light (UV-

Transilluminator, 6 mW cm
-2

, 365 nm) for 3 min per side. The solvent-swollen disc was 

sequentially removed from the mold, air dried (RT, 12 h), dried in vacuo (36 in.Hg, RT, 

4 h), soaked in ethanol (3 h) and air dried. The disc was finally annealed (36 in.Hg, 85 

°C, 1 h) and allowed to set at RT (48 h) before testing. 

2.3.4 SMP Characterization 

2.3.4.1 Semi-IPN Formation 

2.3.4.1.1 Sol Content 

Discs (~8 mm x ~1.1 mm; N = 3) were immersed in 10 mL CH2Cl2 and 

maintained for 48 h at 150 rpm. Swollen discs were then removed, air dried and dried in 
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vacuo (36 in.Hg, RT, ~24 h), and the mass of dried discs was determined to quantify 

percent mass loss via the equation:   

Sol content (%)= 
wd1‐ wd2

wd1
 × 100 

2.3.4.1.2 Semi-IPN PCL:PLLA Compositional Ratios 

 Thermogravimetric analysis (TGA, TA Instruments Q50) of specimens (~10 mg; 

N = 1) in platinum pans was ran under N2 from RT to 500 ºC at a heating rate of 10 ºC 

min
-1

. The mass of the samples throughout heating was measured to determine percent 

mass remaining. 

2.3.4.2 Thermal Properties 

 Differential scanning calorimetry (DSC, TA Instruments Q100) of specimens 

(~12 mg; N = 3) in hermetic pans was ran from RT to 200 ºC at a heating rate of 5 ºC 

min
-1

. From the endothermic PCL and PLLA melting peaks, melting temperature (Tm) 

and enthalpy change (ΔHm) were measured. Percent crystallinity (% χc) was calculated 

via the equation: 

%χc= 
∆Hm

∆Hm
°

×100 

where ΔHm was calculated by the area of the melting peak, and ΔHºm is the enthalpy of 

fusion of 100% crystalline PCL (139.5 J g
-1

)[55] or PLLA (93.0 J g
-1

).[89] 

2.3.4.3 Shape Memory Behavior 

 Rectangular specimens (~20 mm x ~3.3 mm x ~1.1 mm; N = 1) were subjected 

to the following sequence: (1) after exposure to a water bath at 80 °C (Thigh) for 1 min, 

deform the film strip into a coiled shape with a metal mandrel, (2) place the film in an 
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ice bath (~0 °C, Tlow) for 1 min to fix this temporary shape, (3) place the fixed coil in the 

80 °C water bath and observe recovery at t = 0 and 8 sec. 

2.3.4.4 Mechanical Properties 

 Tensile properties were evaluated at RT with a tensile tester (Instron 3340) by 

subjecting rectangular strips (~15 mm x ~3.3 mm x ~1.1 mm; N = 5-10) with a gauge 

length of ~3 mm to a constant strain rate (50 mm min
-1

) in tension until break. From the 

resulting stress-strain curves, modulus (E), tensile strength (TS) and strain at break (% ε) 

were determined. 

2.3.4.5 Accelerated Degradation 

 Discs (~7 mm x ~1.1 mm; N = 3) were immersed in 20 mL of 1M NaOH in a 

centrifuge tube maintained at 37 °C via a water bath. Every 8 h for 72 h, the samples 

were taken from solution, thoroughly rinsed with DI water, blotted and dried in vacuo 

(36 in.Hg, RT, ~16 h). The mass and thickness of the samples were determined prior to 

returning to fresh NaOH solution. At 48 h, a sample was imaged via scanning electron 

microscopy (SEM). Surfaces and cross sections were subjected to Au-Pt coating (~4 

nm). Images were obtained using a JEOL 6400 SEM with an accelerating voltage of 10 

kV. 

2.3.4.6 Statistical Analysis 

 Data was reported as the mean ± standard deviation. Values were compared 

using ANOVA with Dunnett post-hoc to determine p-values. 
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2.4 Results and Discussion 

To verify the semi-IPN PCL:PLLA wt% ratio of PCL to PLLA, TGA was 

utilized (Figure 2-2). Because PLLA underwent degradation at a distinguishably lower 

temperature than the PCL-DA network, the wt% of each of PCL and PLLA in the semi-

IPN could be determined and was confirmed to be similar to the solution wt% ratios 

used in semi-IPN preparation. Moreover, sol content confirmed that the PCL-DA 

network was effectively cross-linked, as only thermoplastic, non-crosslinked PLLA 

could be extracted (see Appendix). Hence, due to the high degree of acrylation (~ 98 – 

100 %), PCL-DA was able to successfully cross-link in the presence of PLLA.  

 

 

 

Figure 2-2. Thermal degradation of PCL-PLLA semi-IPNs and controls reflecting molecular 

composition (i.e. PCL:PLLA wt% ratio) for a) PCL-DA (n = 25) and b) PCL-DA (n = 45) 

networks. 

 

 

 

Tm and % crystallinity for both PCL and PLLA components were determined for 

all networks (Table 1, Figure 2-3a). As observed previously,[82] the PCL-DA control 
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networks exhibited the crystallinity required to serve as shape memory switching 

segments. Crystallinity was higher for networks prepared with PCL-DA (n = 45) versus 

PCL-DA (n = 25), with longer PCL chains between cross-links more able to organize 

into lamellae. PCL-PLLA semi-IPNs permitted PCL crystallization, although this 

decreased somewhat with increased PLLA content. We attribute diminished crystallinity 

to the reduction of PCL chain mobility and overall decreased proximity among PCL 

chains when surrounded by an increasing concentration of thermoplastic PLLA chains. 

In addition, as molecularly-mobile un-crosslinked chains within the PCL-DA network, 

PLLA also exhibited the ability to crystallize, with crystallinity increasing with PLLA 

content.  
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Table 1. Thermal and mechanical properties of SMP networks. 

 
 

PCL Tm 
[°C] 

Cryst. 
[%] 

PLLA Tm 
[°C] 

Cryst. 
[%] 

Tensile 
Modulus, 
E [MPa] 

Tensile 
Strength, 
TS [MPa] 

Strain at 
Break, ε 

[%] 

n
 =

 2
5
 

PCL-DA 
Control 

48.8 ± 0.3 34.6 ± 1.1 N/A N/A 75.8 ± 7.7 18.4 ± 1.9 707 ± 150 

90:10 49.2 ± 0.3 30.9 ± 2.2 146.0 ± 0.8 5.4 ± 1.2 83.9 ± 11.6 19.0 ± 2.2 752 ± 140 

75:25 49.1 ± 0.5 25.4 ± 1.5 157.9 ± 0.7 15.4 ± 0.9 93.3 ± 9.3 18.8 ± 1.1 593 ± 190 

60:40 49.7 ± 0.3 21.2 ± 0.5 157.6 ± 0.6 28.9 ± 0.6 N/Aa) N/Aa) N/Aa) 

n
 =

 4
5
 

PCL-DA 
Control 

54.5 ± 0.2 43.5 ± 0.4 N/A N/A 67.3 ± 6.4 23.4 ± 2.1 1350 ± 99 

90:10 53.2 ± 0.3 39.8 ± 1.7 146.7 ± 0.5 5.3 ± 1.6 71.9 ± 9.8 24.5 ± 0.9 1350 ± 240 

75:25 52.8 ± 0.1 31.0 ± 0.3 152.7 ± 0.3 16.7 ± 0.5 77.3 ± 4.7 23.4 ± 1.9 1230 ± 160 

60:40 52.7 ± 0.3 26.0 ± 0.8 152.7 ± 0.3 25.8 ± 0.6 63.07 ± 8.3 16.5 ± 1.2 167 ± 200 
a)

 Sample was too brittle for testing.
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Figure 2-3. Thermal properties and shape memory behavior of PCL-PLLA semi-IPN films. a) 

PCL and PLLA % crystallinity values for PCL-PLLA semi-IPNs and PCL-DA controls (** p < 

0.01 versus corresponding PCL-DA network control; ++ p < 0.01 versus corresponding n = 25 

network). Time-series of SMPs during shape recovery upon submersion in 80 °C water at t = 0 

and 8 seconds for b) PCL-DA (n = 25) and c) PCL-DA (n = 45) SMPs. 
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Upon placement in 80 °C (Thigh) water, the extent of shape recovery from the 

“fixed,” temporary shape (coil) to the permanent shape (flat strip) was observed (Figure 

2-3b, Figure 2-3c). By 8 sec, versus the PCL-DA network controls, PCL-PLLA semi-

IPNs had not quite achieved the full recovery seen for PCL-DA controls. As the 

switching segment for shape memory behavior, PCL crystalline domains maintain the 

temporary shape and, upon melting, dictate recovery.[79] For the semi-IPNs, at 80 °C, 

although the PCL-DA network is in the melted state (T > Tm), PLLA remains semi-

crystalline (Tm ~ 175 °C).[85] Thus, we hypothesize that semi-crystalline PLLA regions 

reduce the volume fraction of PCL crystalline domains, restricting switching phase 

mobility and slightly reducing the rate of recovery. 

The tensile modulus (E), tensile strength (TS) and strain at break (% ε) were 

determined for all SMP networks (Table 1, Figure 2-4). For PCL-PLLA semi-IPNs, 

when the PLLA content was increased to 75:25 wt% (PCL:PLLA), ~23% and ~15%  

increases in E were observed versus the corresponding PCL-DA network controls for 

PCL-DA (n = 25) and PCL-DA (n = 45), respectively. A continued increase in PLLA 

content (60:40 wt% [PCL:PLLA]) yielded reduced E values, with the PCL-DA (n = 25) 

semi-IPN fracturing when secured in clamps. This brittle behavior is attributed to a high 

total crystallinity from both PCL and PLLA components.  Due to an increased cross-link 

density, E was higher for the 75:25 wt% (PCL:PLLA) prepared with PCL-DA (n = 25) 

versus PCL-DA (n = 45). In the case of TS, values of PCL-DA network controls and 

PCL-PLLA semi-IPNs were higher by ~27% when prepared with PCL-DA (n = 45) 

rather than PCL-DA (n = 25). Due to a reduced cross-link density, these networks were 
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able to undergo more strain, permitting them to reach a higher maximum stress. Semi-

IPNs based on 90:10 and 75:25 wt% PCL:PLLA exhibited statistically similar TS values 

versus the corresponding PCL-DA network control.  

 

 

Figure 2-4. Mechanical properties of PCL-PLLA semi-IPN films. a) Tensile modulus (E) values 

of SMP networks (*p < 0.05, ** p < 0.01 versus corresponding PCL-DA network control; + p < 

0.05, ++ p < 0.01 versus corresponding n = 25 network). b) Tensile strength (TS) values of SMP 

networks (** p < 0.01 versus corresponding PCL-DA network control; ++ p < 0.01 versus 

corresponding n = 25 network). 

 
 

 

Degradation behavior was assessed under accelerated conditions (1M NaOH, 37 

°C) in terms of mass loss as well as observed physical erosion. Mass loss occurred at a 

substantially higher rate for PCL-PLLA semi-IPNs versus the corresponding PCL-DA 

network controls, which showed effectively negligible weight loss (Figure 2-5a, Figure 

2-5b). As has been observed for PCL and PLLA blends,[39] we hypothesize that phase 

separation as well as decreased PCL crystallinity led to enhanced solution diffusion and 
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hydrolysis rates for the PCL-PLLA semi-IPNs versus PCL-DA network controls. For 

semi-IPNs based on PCL-DA (n = 25), an increased PLLA content produced a 

systematic increase in weight loss. For those based on PCL-DA (n = 45), differences in 

weight loss with PLLA content were less pronounced, perhaps due to the relatively 

lower cross-link density that enhanced degradation overall. We confirmed that 

degradation rates were not due to the dissolution and extraction of PLLA, as samples 

under non-accelerated conditions (pH ~ 7, 37 °C) did not show detectable mass loss 

from a 60:40 wt% (PCL:PLLA) semi-IPN (Figure 2-6). While PCL and PLLA are 

known to degrade through bulk erosion,[11] surface erosion was observed to occur for 

the semi-IPNs such that specimen thickness decreased over time (Figure 2-5c, Figure 2-

7, see Appendix). The interesting erosion behavior, however, is thought to be attributed 

to the high pH conditions.[44, 90] 
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Figure 2-5. Accelerated (1M NaOH, 37 °C) degradation of PCL-PLLA semi-IPN films. Film 

mass loss for a) PCL-DA (n = 25) and b) PCL-DA (n = 45) compositions. c) SEM images of 

film cross-sections after 48 h of degradation [scale bars = 200µm]. 

 

 

 

 

Figure 2-6. Initial, non-accelerated (pH ~ 7, 37 °C) PCL-PLLA semi-IPN film mass loss 

throughout 7 days. 
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Figure 2-7. SEM images of PCL-PLLA semi-IPN film surfaces after 48 h of accelerated (1M 

NaOH, 37 °C) degradation [scale bars = 200µm]. 

 

 

2.5 Conclusions 

In this work, PCL-PLLA SMP semi-IPNs were prepared via the photochemical 

cure of PCL-DA and PLLA. The PCL:PLLA weight % ratios were varied (100:0 [PCL-

DA control], 90:10, 75:25, 60:40) as was the PCL-DA molecular weight (n = 25, 45). 

The PCL-DA network provided the switching segments (i.e. Tm = Ttrans) and netpoints 

(i.e. chemical cross-links) required for shape memory behavior, while un-crosslinked 

PLLA was incorporated to broaden and tailor properties. Due to semi-IPN design, PCL 

underwent sufficient crystallization (21–40% crystallinity) for shape memory, while 
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PLLA also exhibited the desired semi-crystallinity. Whereas 75:25 wt% (PCL:PLLA) 

semi-IPNs exhibited an increased E (PCL-DA (n = 25): ~93 MPa; PCL-DA (n = 45): 

~77 MPa) over corresponding PCL-DA network controls (PCL-DA (n = 25): ~76 MPa; 

PCL-DA (n = 45): ~67 MPa), TS was higher for controls and semi-IPNs prepared with 

PCL-DA (n = 45) (~23-25 MPa) rather than PCL-DA (n = 25) (~18-19 MPa). Under 

accelerated conditions, while PCL-DA network controls exhibited minimal degradation 

(~5% loss) after 72 h (1M NaOH, 37 °C), PCL-PLLA semi-IPNs degraded rapidly (~80-

100% loss). With their broadened properties, these semi-IPNs may enhance the utility of 

biodegradable SMPs. 
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CHAPTER III  

HYDROLYTIC DEGRADATION OF PCL-PLLA SEMI-IPNS EXHIBITING RAPID, 

TUNABLE EROSION 

 

3.1 Overview 

Polymers that undergo hydrolytic degradation in the body are of interest for 

numerous applications. Poly(ε-caprolactone) (PCL) and poly(L-lactic acid) (PLLA) have 

been extensively-studied as thermoplastic homo- and copolymers polymers as well as 

PCL-PLLA blends. In this present work, semi-interpenetrating network (semi-IPN) films 

comprised of thermoplastic PLLA within a cross-linked PCL diacrylate (PCL-DA) 

network were prepared and shown to exhibit unique degradation behavior. The PCL-

PLLA semi-IPNs were found to have reduced crystallinity and a phase-separated 

morphology, along with a PLLA-rich surface. Analysis of properties during accelerated 

degradation (1 M NaOH, 37 °C) revealed noteworthy, enhanced rates of degradation that 

were initiated in PLLA regions of the films. It was found that the cross-linking of PCL-

DA, phase separation and the subsequent effects on PCL and PLLA crystallinity played 

the largest roles in degradation. Although previously attributed to media conditions, 

comparison to various film controls indicated PCL-PLLA semi-IPN properties may play 

a role. Initial degradation under non-accelerated conditions (PBS [pH = 7.4], 37 °C) up 

to 56 weeks provided additional information. Although degradation rate is often 

increased for PCL-PLLA systems over PCL and PLLA alone, the approach presented 
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herein provided substantial, tunable degradation that could overcome current limitations 

of polyester degradation. 

3.2 Introduction 

Polymers able to undergo degradation have increasing utility in biomedical and 

other applications.[3, 5, 91-93] Extensively studied, hydrolytic polymer degradation is 

complex and is thought to be influenced by a combination of polymer properties, 

including: (1) bond chemistry, (2) molecular weight, (3) crystalline morphology and (4) 

phase microstructure.[28] The environmental conditions can also significantly influence 

the rate and mechanism of degradation.[14, 52, 58] Among polyesters containing 

hydrolytically-labile ester bonds, degradation rates ultimately depend on access of water 

to the esters bonds, which can also be influenced by additional material properties such 

as hydrophobicity.[54] 

Physical mass loss accompanies the hydrolytic degradation of polyesters and is 

typically classified as either surface or bulk erosion. The type of erosion observed is 

thought to be determined by the rate of bond cleavage versus the rate of water diffusion 

into the material.[44] During surface erosion, hydrolysis occurs more rapidly than water 

diffusion such that chain scission and erosion are limited to the media interface (i.e. the 

surface). In contrast, bulk erosion occurs when water is able to diffuse throughout the 

material prior to significant chain scission. Hydrolysis, therefore, occurs concurrently 

throughout the bulk of the material. Additionally, for surface erosion, the time of 

degradation is proportional to sample thickness while,  for bulk erosion, the time is 
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dictated by sample volume.[43] Further factors, such as media pH, can affect erosion 

behavior by catalyzing hydrolysis or by enhancing water penetration.[44] 

Poly(ε-caprolactone) (PCL) is an extensively-used degradable polyester for 

biomedical applications. PCL is known to have high fracture toughness as well as a 

particularly slow degradation rate, requiring 2+ years for complete resorption.[28, 40, 

94] Poly(L-lactic) acid (PLLA), another hydrolytically-degradable polyester, is often 

incorporated with PCL via copolymerization or blending to improve mechanical 

properties (e.g. impact strength).[48] Such materials typically exhibit increased rates of 

degradation over PCL alone.[41, 95-97] This behavior has been attributed to the 

immiscibility and subsequent phase separation of PCL and PLLA that ultimately leads to 

increased water permeability.[98] Despite the relatively-fast degradation, erosion may be 

too slow for certain applications, including scaffolds for bone regeneration.[99]  

PCL can also behave as a thermoresponsive shape memory polymer (SMP) in 

which the crystalline lamellae serve as “switching segments” that actuate shape recovery 

and fixity when heated above or cooled below its melt transition temperature (Tm).[76] 

Chemically cross-linked SMP networks have been formed from PCL 

dimethacrylates,[79] and we have reported those formed from solvent-casted PCL 

diacrylate (PCL-DA).[100] More-recently, we reported PCL-PLLA semi-

interpenetrating networks (semi-IPNs) comprised of cross-linked PCL-DA and 

thermoplastic PLLA.[72] As in the above strategies, PLLA was selected for the semi-

IPNs for its potential to improve mechanical rigidity as well as to tune the degradation 

behavior of PCL-DA networks. A semi-IPN structure was confirmed to enable formation 
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of both PCL and PLLA crystalline domains. Also in this initial study, PCL-PLLA semi-

IPNs unexpectedly exhibited substantially-accelerated rates of degradation and surface-

like erosion relative to the PCL-DA controls. While PCL-PLLA semi-IPNs prepared by 

cross-linking diisocyanate-bridged 4-arm star PCL oligomers in the presence of PLLA 

have also been reported,[101] the degradation behavior was not characterized. 

Herein, we sought to probe the unique accelerated degradation behavior of PCL-

PLLA semi-IPNs (i.e. cross-linked PCL-DA and thermoplastic PLLA). In addition to 

extended analysis of degradation rate, investigation into the relevant semi-IPN properties 

(e.g. % crystallinity, morphology and surface properties) initially and during degradation 

was conducted. Thus, semi-IPNs of varied PCL:PLLA weight % ratios (100:0 [PCL-DA 

control], 90:10, 75:25, 60:40) and PCL-DA average degree of polymerization (n; n = 25, 

45) were prepared (Figure 3-1). For the semi-IPNs, the PLLA average degree of 

polymerization (m) was kept constant at m = 90. Additional thermoplastic 

homopolymers and blend controls utilized included: (1) PLLA (m = 90, 850), (2) 75:25 

PCL:PLLA wt% blends (n = 25, 45) and (3) PCL (n = 25, 45). 
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Figure 3-1. Summary of PCL-PLLA semi-IPN and control film compositions investigated. 
 

 

 

3.3 Experimental Section 

3.3.1 Materials 

 Polycaprolactone diol (PCL90-diol; Mn ~10,000 g mol
-1

), poly(L-lactic acid) 

(PLLA1700; Mn ~123,000 g mol
-1

), ε-caprolactone, L-lactide, stannous 2-ethylhexanoate, 

triethylamine (Et3N), acryloyl chloride, 4-dimethylaminopyridine (DMAP), 2,2-

dimethoxy-2-phenylaceto-phenone (DMP), 1-vinyl-2-pyrrolidinone (NVP), potassium 

carbonate (K2CO3), sodium hydroxide (NaOH), phosphate-buffered saline (PBS; 1X, pH 

= 7.4), ethylene glycol and solvents were obtained from Sigma-Aldrich. Anhydrous 
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magnesium sulfate (MgSO4) was obtained from Fisher. Reagent-grade CH2Cl2 and 

NMR-grade CDCl3 and D2O were dried over 4 Å molecular sieves prior to use. 

3.3.2 Material Synthesis 

PCL2n-diol (n = 25) and PLLA2m-diol (m = 90) were synthesized as previously 

reported.[72] Briefly, PCL2n-diol and PLLA2m-diol were prepared by the ring-opening 

polymerization of ε-caprolactone or L-lactide, respectively, with ethylene glycol as the 

initiator and stannous 2-ethylhexanoate catalyst. The terminal hydroxyl groups of PCL2n-

diol (n = 25, 45) were subsequently reacted with acryloyl chloride, resulting in photo-

crosslinkable acrylate (OAc) groups. The number average molecular weights (Mn) and 

degrees of acrylation were determined by 
1
H NMR and were in agreement with those 

previously reported. 

3.3.3 Fabrication 

Solutions (25 wt% in CH2Cl2) of PCL:PLLA (100:0 [PCL-DA control], 90:10, 

75:25, 60:40 wt% ratio; n = 25, 45) were prepared with 15 vol% of a photoinitiator 

solution (10 wt% DMP in NVP). The solution was transferred to a circular silicone mold 

(45 mm x 2 mm; McMaster-Carr) secured between glass slides and exposed to UV light 

(UV-Transilluminator, 6 mW cm
-2

, 365 nm) for 3 min per side. The solvent-swollen film 

was sequentially removed from the mold, air dried (room temperature [RT], 12 h), dried 

in vacuo (36 in.Hg, RT, 4 h), soaked in ethanol (3 h) and air dried. The semi-IPN film 

was finally annealed (36 in.Hg, 85 °C , 1 h) and allowed to set at RT (48 h) before 

testing. For a control film, an annealing temperature of 160 °C was also used. 
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 Thermoplastic PLLA (m = 90, 850), 75:25 PCL:PLLA wt% blend (n = 25, 45) 

and PCL (n = 25, 45) controls were prepared via melt casting into ~5 mm x ~1.1 mm 

molds. Polymers containing PLLA (Tm = ~155 °C) were melted at ~160 °C whereas the 

thermoplastic PCL polymers (Tm = ~55 °C) were melted at ~85 °C. Film samples were 

allowed to set at RT (48 h) prior to testing. 

3.3.4 Film Characterization 

3.3.4.1 Thermal Properties 

Differential scanning calorimetry (DSC, TA Instruments Q100) was used to 

determine Tm and % crystallinity of PCL and PLLA components in each semi-IPN 

composition. Film samples (~10 mg; N = 1, per time point) were sealed in hermetic pans 

and heated from RT to 200 °C at a heating rate of 5 °C min
-1

. From the endothermic 

PCL and PLLA melting peaks, Tm and enthalpy change (ΔHm) were measured. Percent 

crystallinity (% χc) was calculated via: 

%χc= 
∆Hm

∆Hm
°

×100 

where ΔHm was calculated by the area of the melting peak, and ΔH°m is the enthalpy of 

fusion of 100% crystalline PCL (139.5 J g
-1

)[55] or PLLA (93.0 J g
-1

).[89] 

 From the % χc,PCL and % χc,PLLA, the total percent crystallinity was calculated via:  

%χc,total= %χc,PCL  +  %χc,PLLA 

3.3.4.2 Polarized Optical Microscopy (POM) 

Thin films for POM evaluation were fabricated on microscope slides, secured 

under a thin cover slip (0.15 mm). A Zeiss Axiophot microscope equipped with a 

polarizer and a digital camera (Nikon DXM1200) was used for characterizing the 
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spherulitic morphology of the samples. Samples (N = 1) were visualized with a 20X 

objective, and image acquisition was controlled via Nikon ACT-1 software. Spherulite 

size was determined from the images with ImageJ software. 

3.3.4.3 Scanning Electron Microscopy (SEM) 

Film surfaces and cross-sections were evaluated via SEM. Samples (N = 1) were 

subjected to Au-Pt coating (~4 nm) prior to imaging. A Tescan Vega 3 SEM with an 

accelerating voltage of 10 kV was used to obtain the magnifications necessary to observe 

initial film surfaces. A JEOL 6400 SEM with an accelerating voltage of 10 kV was used 

to obtain all other SEM images. 

3.3.4.4 Attenuated Total Reflectance (ATR-FTIR) 

An ALPHA interferometer (Bruker) equipped with a Platinum ATR module – 

diamond crystal with a 1.66 µm depth of penetration at 45 °C – was used to determine 

film surface composition (N = 1). Each spectra was obtained in the region of 4000-500 

cm
-1 

via 32 scans at a resolution of 4 cm
-1

. 

3.3.4.5 Contact Angle Goniometry 

Static water contact angle (θ) measurements were taken using a CAM 200 

goniometer (KSV Instruments) equipped with an autodispenser, video camera and 

analysis software (Attension Theta). A 5 μl deionized (DI) water droplet was placed on 

the film surface (diameter = ~9 mm; N = 3), and θ was iteratively measured over 120 s. θ 

values are reported at 15s and 120s. 
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3.3.4.6 Mass Loss 

Discs (~5 mm x ~1.1 mm; N = 4, per time point) were immersed in 10 mL of 

media (accelerated conditions: 1 M NaOH solution, non-accelerated conditions: PBS) in 

sealed glass vials maintained at 37 °C. At each time point, the corresponding samples 

were taken from media, thoroughly rinsed with DI water and dried in vacuo (36 in.Hg, 

RT, ~16 h). The mass of the dried samples was then gravimetrically determined. 

3.3.4.7 Degradation By-product Composition 

Proton nuclear magnetic resonance (
1
H NMR) spectroscopy was used to 

determine the chemical composition of degradation by-products in the degradation 

media. Film discs (~5 mm x ~1.1 mm; N = 1, per time point) were immersed in ~1 mL 

of a 1 M NaOH D2O solution in a sealed glass vial maintained at 37 °C. At 1, 4, 8, 24, 

48 and 72 h, the solution was extracted for analysis. Spectra were recorded on a Mercury 

300 MHz spectrometer. Peaks utilized for mol% comparison/analysis included: PCL-

DA: [δH (D2O): 1.95 (m, –COCH2CH2CH2CH2CH2–)] and PLLA: [δH (D2O): 3.88 (m, –

COCHCH3O–)]. 

3.3.4.8 Water Uptake 

Discs (~5 mm x ~1.1 mm; N = 4) were immersed in 10 mL of PBS in sealed 

glass vials maintained at 37 °C. After 56 weeks, the samples were taken from media, 

rinsed with DI water, and the film surfaces were blotted dry. The mass of the samples 

was then gravimetrically determined before and after subsequent drying in vacuo (36 

in.Hg, RT, ~16 h). The amount of water that had been absorbed was calculated with: 

Water uptake (%)= 
mwet‐ mdry

mdry
 × 100 
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3.3.4.9 Statistical Analysis 

Data was reported as the mean ± standard deviation. Values were compared 

using ANOVA with Sidak or Dunnett post-hoc to determine p-values. 

3.4 Results 

3.4.1 Initial Semi-IPN Properties 

Bulk films of semi-IPNs containing cross-linked PCL-DA and thermoplastic 

PLLA at varying PCL:PLLA wt% ratios were prepared. Previous investigation 

confirmed that the resulting PCL-PLLA semi-IPN films contained the PCL:PLLA wt% 

ratios used in the fabrication as well as PCL-DA cross-linking.[72] Given their ability to 

influence degradation behavior,[14] the initial % crystallinity, morphology and surface 

properties were investigated. 

3.4.1.1 Crystallinity 

For PCL-PLLA semi-IPN films, PCL % crystallinity was reduced with the 

inclusion of PLLA, while PLLA % crystallinity underwent a slight increase with 

increasing PLLA content in the semi-IPNs.[72] Total % crystallinity (i.e. combined PCL 

and PLLA % crystallinity) of semi-IPNs was assessed and compared to that of controls 

(Figure 3-2). Versus the corresponding thermoplastic PCL control, the crystallinity of 

cross-linked PCL-DA controls was reduced from 80.3% to 34.6% (PCL-DA; n = 25) and 

from 65.4% to 43.5% (PCL-DA; n = 45). All semi-IPNs contained less total crystallinity 

than the thermoplastic PLLA (60.7%) and PCL controls. The total % crystallinity of 

90:10 semi-IPNs was somewhat similar to that of the corresponding PCL-DA controls. 
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However, the % crystallinity increased with higher PLLA content such that 60:40 semi-

IPNs were ~51% crystalline. 

 

 

 
Figure 3-2. Total % crystallinity (% Χc,total) values for initial PCL-PLLA semi-IPN films and 

PCL, PCL-DA and PLLA (m = 90) control films. 

 

 

 

3.4.1.2 Crystalline Morphology 

POM was utilized to observe differences in films’ semi-crystalline spherulites 

(Figure 3-3). POM images of the PCL-DA controls showed fairly regular arrays of 

small spherulites (up to ~15 µm in diameter) that were somewhat smaller for the PCL-

DA control (n = 25). In contrast, the thermoplastic PLLA control revealed regularly-

distributed, large spherulites (~60-160 µm in diameter). For the PCL-PLLA semi-IPNs 

with significant amounts of PLLA (i.e. 75:25 and 60:40 PCL:PLLA wt%), both PCL- 

and PLLA-like spherulitic morphologies were observed. 
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Figure 3-3. POM micrographs of initial a) PCL-PLLA semi-IPN and PCL-DA control films and 

initial b) PLLA control films indicating crystalline morphologies. 

 

 

 

3.4.1.3 Surface Morphology 

SEM imaging of film surfaces was employed to observe differences in surface 

features (Figure 3-4a). While PCL-DA films were homogeneous in appearance, the 
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PCL-PLLA semi-IPN film surfaces were characterized by phase separation and 

heterogeneity. Cross-sectioned films confirmed that this extended beyond the surface 

and into the bulk (Figure 3-5). 

3.4.1.4 Surface Properties 

Surface chemical composition was evaluated using ATR-FTIR spectroscopy 

(Figure 3-4b). Spectra of PCL-DA control films revealed a band at 1727 cm
-1

, 

characteristic of carbonyl stretching within PCL’s ester bond.[102] In contrast, semi-IPN 

surfaces displayed a PLLA-enriched surface due to the presence of an additional, larger 

band at 1760 cm
-1

, characteristic of PLLA.[103] 

Film surface hydrophobicity was characterized by contact angle measurements of 

water droplets taken at 15 s and 120 s following deposition (Figure 3-6). It was 

observed that PCL-PLLA semi-IPNs consistently exhibited greater surface contact 

angles (~62-80 °) versus corresponding PCL-DA controls (~45-54 °). 

3.4.2 Accelerated Hydrolytic Degradation 

3.4.2.1 Mass Loss 

Film degradation was evaluated under accelerated conditions (1 M NaOH, 37 

°C). PCL-PLLA semi-IPN films underwent more rapid mass loss than the corresponding 

PCL-DA controls (~17-93% vs ~3-6% mass loss at 24 h) (Figure 3-7a, Figure 3-7c). In 

addition, the rate of degradation within semi-IPN compositions was generally more 

pronounced with greater PLLA content where 60:40 (PCL:PLLA wt%) semi-IPNs 

exhibited the greatest mass loss (~93% at 24 h). Semi-IPN films based on PCL-DA (n = 

25) generally degraded more rapidly. 
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Figure 3-4. Initial PCL-PLLA semi-IPN and PCL-DA control film surface properties. a) SEM 

images of PCL-PLLA semi-IPN and PCL-DA control film surfaces indicating phase 

morphology. b) Representative ATR spectra of PCL-DA (n = 45) control and PCL-PLLA semi-

IPN (75:25 [PCL:PLLA wt%]; n = 45) film surfaces highlighting a PLLA-rich semi-IPN surface. 
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Figure 3-4. Continued. 

 

 

 

 
 

Figure 3-5. SEM images of initial cross-sections for representative a) PCL-DA (n = 45) control 

and b) PCL-PLLA semi-IPN (75:25 [PCL:PLLA wt%; n = 45]) films. 
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Figure 3-6. Contact angle measurements for initial PCL-PLLA semi-IPN and PCL-DA control 

films indicating an increased hydrophobicity with PLLA (*p < 0.05, **p < 0.01 vs 

corresponding PCL-DA control). 

 

 

 

3.4.2.2 Mass Loss and Erosion 

The appearance of films throughout accelerated degradation was also observed 

visually and via SEM imaging (Figure 3-7b, Figure 3-7d, Figure 3-7e). As observed 

previously,[72] PCL-PLLA semi-IPN films exhibited progressive dimensional loss (i.e. 

decrease in diameter and thickness), characteristic of surface erosion rather than bulk 

erosion (i.e. cracking). Under the same conditions, the PCL-DA control films 

experienced degradation throughout the interior (Figure 3-7e, see Appendix). SEM 

images show the difference for a control and a semi-IPN film of similar mass loss (~71-

81%, “white boxes”). 
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Figure 3-7. Extended accelerated (1M NaOH, 37 °C) degradation of PCL-PLLA semi-IPN and 

PCL-DA films. Mass loss and visual degradation for films based on a,b) PCL-DA (n = 25) and 

c,d) PCL-DA (n = 45). e) SEM images of film cross-sections for PCL-DA (n = 45) control and 

PCL-PLLA (75:25 [PCL:PLLA wt%]; n = 45) semi-IPN films. Films of similar mass loss (~71-

81%) are boxed for comparison. 

 

 

3.4.2.3 Compositional Change 

Degradation of 75:25 (PCL:PLLA wt%) semi-IPNs was carried out in D2O under 

accelerated conditions (1 M NaOH, 37 °C) and NMR analysis was used to determine the 

composition of degradation products over time (Figure 3-8). Based on the characteristic 
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spectra peaks for PLLA and PCL components, the relative mol% of each was 

determined at each time point. After just 1 h, PLLA dominated the contents of the 

degradation media at (90-100 mol%). By 24 h, essentially equimolar amounts of PCL 

and PLLA were present, and, thereafter, PCL was present in a majority. By 72 h (i.e. 85-

92% mass loss), the solution compositions were 69:31 and 66:34 PCL:PLLA mol% 

when prepared with PCL-DA (n = 25, n = 45; respectively).  

ATR-FTIR analysis was used to monitor changes in surface chemical 

composition during degradation. Spectra of representative 75:25 (PCL:PLLA wt%) 

semi-IPNs at 1, 4, 8, 24, 48 and 72 h indicated that the initially PLLA-rich surfaces of 

the PCL-PLLA semi-IPNs quickly become rich in PCL (Figure 3-9). This occurred for 

semi-IPNs based on both PCL-DA (n = 25) and PCL-DA (n = 45).  

3.4.2.4 Crystallinity Change 

For two representative semi-IPNs, 75:25 (PCL:PLLA wt%) based on PCL-DA (n 

= 25) and PCL-DA (n = 45), DSC was utilized to observe Tm and % crystallinity of PCL 

and PLLA components during degradation (Figure 3-10). The spectra revealed Tm peaks 

for both PCL and PLLA crystalline domains whose values generally remained constant 

(Figure 3-10a, Figure 3-10b). A Tm,PLLA was still observed even at late stages of 

degradation (71+% mass loss; 48 h), thus confirming the presence of PLLA within the 

semi-IPN. Only at ~72 h, corresponding to a mass loss of ~88%, did appreciable 

reductions in Tm,PCL and Tm,PLLA values appear (Figure 3-10c). Changes in % 

crystallinity of PCL and PLLA were also noted (Figure 3-10d). Through 72 h, PCL % 

crystallinity did not substantially change, ranging from ~30-44% for PCL-DA (n = 25) 



 

53 

 

and from ~39-47% for PCL-DA (n = 45). In contrast, PLLA crystallinity decreased from 

~16% at 1 h to ~8% at 72 h degradation.  

 

 

 

Figure 3-8. NMR spectra of accelerated (1 M NaOH [D2O], 37 °C) degradation media upon 

PCL-PLLA (75:25 [PCL:PLLA wt%]) semi-IPN film degradation for films based on a) PCL-DA 

(n = 25) and b) PCL-DA (n = 45). 
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Figure 3-9. ATR-FTIR spectra of PCL-PLLA (75:25 [PCL:PLLA wt%]) semi-IPN film surfaces 

upon accelerated (1 M NaOH, 37 °C) degradation when based on a) PCL-DA (n = 25) and b) 

PCL-DA (n = 45). 

 

 

 

3.4.3 Non-accelerated Hydrolytic Degradation 

Degradation was also studied under non-accelerated conditions (PBS [1X, pH = 

7.4], 37 °C) through 56 weeks in terms of mass loss, water uptake and visual features of 

erosion (Figure 3-11). As observed under alkaline conditions, the semi-IPNs underwent 

relatively-fast degradation versus the corresponding PCL-DA control with ~9-15% and 

~10-14% mass loss at 56 weeks versus ~5% and ~6% for the PCL-DA controls for films 

based on PCL-DA (n = 25) and (n = 45), respectively (Figure 3-11a, Figure 3-11b, 

Figure 3-11c). Degradation rate was also dependent on PLLA content, where 60:40 
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(PCL:PLLA wt%) semi-IPN films underwent the greatest mass losses at 56 weeks. 

Measurements of water uptake revealed similar trends (Figure 3-11d). All PCL-PLLA 

semi-IPN films absorbed significantly more water during degradation than the PCL-DA 

control films. This, too, generally increased with PLLA content. Lastly, at the observed 

mass loss, features more characteristic of bulk erosion (e.g. pores, cracks) were apparent 

in film cross-section images (Figure 3-11e). 

 

 

 
Figure 3-10. Thermal properties of PCL-PLLA (75:25 [PCL:PLLA wt%]) semi-IPN films 

throughout accelerated (1 M NaOH, 37 °C) degradation. DSC spectra for films based on a) PCL-

DA (n = 25) and b) PCL-DA (n = 45). Quantified values throughout degradation for PCL and 

PLLA: a) Tm and b) % crystallinity. 
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Figure 3-11. Non-accelerated (PBS [1x, pH = 7.4], 37 °C) degradation of PCL-PLLA semi-IPN 

and PCL-DA films. Mass loss for films based on a) PCL-DA (n = 25) and b) PCL-DA (n = 45). 

c) Quantified mass loss at 56 weeks non-accelerated degradation for PCL-DA control and PCL-

PLLA semi-IPN films (**p < 0.01 vs corresponding PCL-DA control). c) Water uptake after 56 

weeks non-accelerated degradation for PCL-DA control and PCL-PLLA semi-IPN films (*p < 

0.05, **p < 0.01 vs corresponding PCL-DA control; +p < 0.05 vs corresponding PCL-DA (n = 

25) film). e) SEM images of film cross-sections upon 56 weeks non-accelerated degradation for 

PCL-PLLA (60:40 [PCL:PLLA wt%]) semi-IPN films. 

 

 

 

3.5 Discussion 

As reported above, the degradation behavior of PCL-PLLA semi-IPNs was 

thoroughly investigated by: (1) extensive characterization of initial film properties and 

(2) the evolution of film properties during degradation. In particular, the role of 

crystallinity, surface hydrophilicity and phase separation was considered. Crystallinity is 
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known to decrease the rate of hydrolytic degradation due to restricted water 

diffusion.[43, 104] While PCL % crystallinity has been shown to decrease in semi-IPNs 

with increasing PLLA content, total % crystallinity increased (Figure 3-2). In addition, 

despite an initially PLLA-rich surface, contact angle measurements revealed greater 

surface hydrophobicity of semi-IPNs versus PCL-DA controls (Figure 3-4b, Figure 3-

6). This is unexpected based on the relative hydrophilicity of PLLA.[105] Thus, the 

increase may be a result of either semi-crystalline effects or phase separation-induced 

topography (Figure 3-4a).[106, 107] Finally, with higher PLLA content, PCL-PLLA 

semi-IPNs exhibited increasingly bi-phasic morphologies (Figure 3-3, Figure 3-4a). 

Interestingly, annealing films at a higher temperature of 160 °C versus 85 °C was found 

to significantly reduce surface phase separation, as shown for representative 75:25 

(PCL:PLLA wt%) semi-IPNs (Figure 3-12). As a result, the degradation rate decreased, 

with mass loss at 24 h (1 M NaOH, 37 °C) reduced from ~41-44% (annealed at 85 °C) to 

~7-25% (annealed at 160 °C). Based on these results, a phase-separated morphology was 

concluded to have a significant role in the observed degradation of PCL-PLLA semi-

IPNs. Under accelerated conditions (1 M NaOH, 37 °C), the semi-IPNs exhibited a 

faster rate of degradation versus the PCL-DA controls, with the rate increasing with 

PLLA content (Figure 3-7). Degradation by-products of semi-IPNs, while initially 

primarily PLLA, transitioned to be PCL-rich (Figure 3-8). Similarly, the PLLA-rich 

surfaces became increasingly PCL-rich (Figure 3-9). Analyses confirmed the presence 

of both PLLA and PCL components throughout even late stages of degradation (i.e. 
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71+% mass loss; 48 h). Crystallinity was observed via % crystallinity and Tm values for 

both PCL and PLLA within semi-IPNs, even at the late stages (Figure 3-10).  

 

 

 
Figure 3-12. Initial SEM images and accelerated (1M NaOH, 37 °C) degradation with annealing 

temperature for PCL-PLLA semi-IPN films. SEM images of film surfaces annealed at 160 °C 

reveal a reduction in phase separation over surfaces annealed at 85 °C. The resulting degradation 

(e.g. via mass loss at 24 h and visual appearance) of PCL-PLLA (75:25 [PCL:PLLA wt%]) 

semi-IPN films exhibit reduced degradation rates (**p < 0.01 vs corresponding 75:25 

[PCL:PLLA wt%] film). 

 

 

 

Enhanced degradation rates have also been observed in other PCL-PLLA 

systems, including blended and block copolymer strategies.[39, 48, 108] Thus, to 

evaluate potential differences in degradation rates, testing of 75:25 (PCL:PLLA wt%) 

PCL-PLLA blend controls (i.e. thermoplastic PCL, n = 25 or 45; thermoplastic PLLA, m 

= 90) was included (Figure 3-13a; Figure 3-14). POM images revealed that the PCL-

PLLA blend controls contained larger, more-regular spherulites while semi-IPNs 

exhibited a restricted crystalline morphology. Notably, the rate of degradation was 

substantially accelerated for the semi-IPNs versus the blends. Mass loss at 24 h (1 M 
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NaOH, 37 °C) was ~11-15% for the 75:25 (PCL:PLLA wt%) blend controls versus ~41-

44% mass loss for 75:25 (PCL:PLLA wt%) semi-IPNs. 

 

 

Figure 3-13. Comparisons of initial POM micrographs and accelerated (1M NaOH, 37 °C) 

degradation of PCL-PLLA semi-IPN and PCL-PLLA blend, PCL and PCL-DA control films. a) 

POM micrographs and the resulting degradation (e.g. via mass loss at 24 h and visual 

appearance) of PCL-PLLA (75:25 [PCL:PLLA wt%]) blend control and PCL-PLLA (75:25 

[PCL:PLLA wt%]) semi-IPN films (**p < 0.01 vs corresponding PCL-PLLA blend control). b) 

POM micrographs and the resulting degradation (e.g. via mass loss at 24 h and visual 

appearance) of PCL and PCL-DA control film (**p < 0.01 vs corresponding PCL control).  
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Figure 3-14. Visual, close-up comparison of PCL-PLLA semi-IPN (75:25 [PCL:PLLA wt%]) 

and PCL-PLLA blend (75:25 [PCL:PLLA wt%]) control films at 24 h accelerated (1 M NaOH, 

37 °C) degradation for representative films based on PCL-DA (n = 25). 

 

 

As the primary structural difference between the PCL-PLLA blend control and 

semi-IPN films is the cross-linked nature of PCL-DA, additional thermoplastic PCL (n = 

25, 45) controls were investigated (Figure 3-13b; Figure 3-15). Via POM imaging, 

thermoplastic PCL controls contained large, regular spherulites compared to the granular 

appearance for PCL-DA controls. The thermoplastics underwent very minimal mass loss 

(< 1.5%) within the first 24 h of degradation (1 M NaOH, 37 °C). For the corresponding 

PCL-DA (n = 25, 45) control film, greater loss (~3-6% mass loss) was observed. The 

additional controls (i.e. PCL-PLLA blend and thermoplastic PCL) support the role of 

phase separation in the fast degradation rates for PCL-PLLA semi-IPNs, while also 

revealing the contributions of a disruption in PCL crystallinity upon cross-linking. 

Finally, thermoplastic PLLA (m = 90, 850) controls were also analyzed (Figure 

3-16). PLLA (m = 90) represented PLLA having a degree of polymerization (m) equal to 

that of the PLLA within the semi-IPNs, whereas PLLA (m = 850) represented PLLA 

with a greater ‘m.’ At 24 h degradation (1 M NaOH, 37 °C), mass loss was similar 
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between PLLA (m = 90) and PLLA (m = 850) (~30% mass loss), indicating that the 

parameter doesn’t significantly contribute to PCL-PLLA semi-IPN degradation. 

 

 

 
Figure 3-15. Visual, close-up comparison of PCL-DA and PCL control films at 24 h accelerated 

(1 M NaOH, 37 °C) degradation for representative films based on PCL-DA (n = 25). 

 

 

 

 
Figure 3-16. Comparison of accelerated (1 M NaOH, 37 °C) degradation of PLLA control films 

based on molecular weight. The mass loss at 24 h and visual degradation of PLLA control and 

high MW PLLA control films (# p > 0.05 vs PLLA control). 

 

 

 

For PCL-PLLA semi-IPNs, degradation under accelerated conditions (1 M 

NaOH, 37 °C) was accompanied by surface-like erosion whereas the controls primarily 
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exhibited bulk erosion. Surface-eroding behavior would be particularly unexpected for 

polyesters; however, numerous reports have attributed similar observations to the 

degradation media, including the alkaline conditions.[52, 96, 102] Thus, semi-IPNs and 

PCL-DA controls were evaluated in non-accelerated conditions (PBS, 37 °C) for a 

period of 56 weeks (Figure 3-11). Again, PCL-PLLA semi-IPNs degraded at a greater 

rate, increasing with PLLA content. However, mass loss was still fairly limited. While 

bulk erosion characteristics were demonstrated, it initially remains to be determined if 

the surface erosion observed for semi-IPNs under accelerated conditions is a result of the 

test conditions. 

3.6 Conclusions 

PCL-PLLA semi-IPN materials have shown great promise for biomedical 

applications.[72] However, unexpected degradation behavior warranted investigation 

into the hydrolytic mechanisms. Prior to degradation, films exhibited a phase-separated 

morphology and a PLLA-rich surface. A reduction in crystallinity, versus the 

homopolymers, was also noted. Upon accelerated (1 M NaOH, 37 °C) degradation, films 

degraded rapidly, dependent on PLLA content. Evaluation of the evolution of 

degradation revealed that PLLA is initially eroded from the film surfaces prior to a 

dynamic, sequential degradation of semi-IPN components and domains.  

Notably, the semi-IPNs displayed significant degradation rates and properties 

when compared to alternative thermoplastic PCL (n = 25, 45), PLLA (m = 90, 850) and 

75:25 PCL:PLLA wt% blend (n = 25, 45) controls. This may be due to (1) a separation 

between PCL and PLLA phases/domains, (2) the additional hydrolytically labile bonds 
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of the acrylate groups and (3) the reduced PCL crystallinity when cross-linked. Initial 

investigation isolated the pH-dependent results via evaluation under non-accelerated 

degradation conditions (PBS [1x, pH = 7.4], 37 °C). The PCL-PLLA semi-IPNs overall 

provide a degradation behavior that could be quite useful for biodegradable materials 

and their applications. 
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CHAPTER IV  

POROUS PCL-PLLA SEMI-IPNS AS SUPERIOR, DEFECT-SPECIFIC SCAFFOLDS 

WITH POTENTIAL FOR CRANIAL BONE DEFECT REPAIR* 

 

4.1 Overview 

The treatment of irregular cranial bone defects is currently limited due to the 

graft resorption that can occur when an ill-fitting interface exists between an autograft 

and the surrounding tissue. A tissue engineering scaffold able to achieve defect-specific 

geometries could improve healing. This work reports a macroporous, shape memory 

polymer (SMP) scaffold composed of a semi-interpenetrating network (semi-IPN) of 

thermoplastic poly(L-lactic acid) (PLLA) within cross-linked poly(ε-caprolactone) 

diacrylate (PCL-DA) that is capable of conformal fit within a defect. The macroporous 

scaffolds were fabricated using a fused salt template and were also found to have 

superior, highly-controlled properties needed for regeneration. Specifically, the scaffolds 

displayed interconnected pores, improved rigidity and controlled, accelerated 

degradation. While slow degradation rates of scaffolds can limit healing, the unique 

degradation behavior observed could prove promising. Thus, the described SMP semi-

IPN scaffolds overcome two of the largest limitations in bone tissue engineering – defect 

“fit” and tailored degradation.

 

                                                 

  Reprinted with permission from “Porous Poly(ε-caprolactone)−Poly(l‑lactic acid) Semi-

Interpenetrating Networks as Superior, Defect-Specific Scaffolds with Potential for Cranial Bone 

Defect Repair” by Woodard, L.N., Kmetz, K.T., Roth, A.A., Page, V.M. and Grunlan, M.A., 

2017. Biomacromolecules, 18, 4075-4083, Copyright [2017] by American Chemical Society. 
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4.2 Introduction 

The treatment of confined cranial bone defects remains limited in part due to the 

challenge of shaping and fitting autologous tissue tightly within an irregular defect.[109-

111] An insufficient interface between the graft and the contours of the defect 

contributes to poor healing outcomes due to graft resorption.[112-114] Current 

alternatives to autologous tissue include materials with poor handing and high 

exothermic temperatures during curing, with a majority of the interventions involving 

permanent, non-degradable tissue replacements.[115-117] 

 Regenerative engineering aims to restore native tissue and function via a scaffold 

to guide and support repair.[117, 118] Such a scaffold must (1) have interconnected 

macropores to facilitate osteoconduction, (2) be mechanically robust as to prevent 

collapse or brittle fracture, (3) biodegrade with neotissue formation and (4) conform to 

the adjacent bone tissue, permitting osseointegration. Many scaffold approaches, 

however, do not prioritize obtaining high contact with the defect boundaries. The 

development of scaffolds that are able to achieve defect geometries remains hindered by 

complex in situ cure, a lack of containment and control upon implantation, as well as 

cost and time restrictions.[119-123] Thus, a scaffold that is able to effectively support 

tissue repair via conformal fit within a cranial defect could greatly improve treatment 

outcomes. 

 Thermoresponsive shape memory polymers (SMPs) are capable of shape change 

in response to thermal stimuli due to the accompanied changes of “switching segments” 

(e.g. amorphous or crystalline polymer domains). “Netpoints” (e.g. chemical or physical 
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cross-links), then, define the permanent shape.[76] SMPs have been explored for a 

variety of biomedical applications.[76, 124-126] While some applications include porous 

scaffolds for tissue engineering,[127, 128] SMP behavior was not utilized to achieve 

conformal defect fitting. Recently, we have reported an SMP scaffold able to be molded 

and shaped to the contours of a model defect.[100, 129] When heated (T > Ttrans), the 

scaffold becomes deformable and is able to be easily press-fitted tightly within a defect. 

Then, upon cooling (T < Ttrans), the scaffold returns to its original, rigid state, in its new 

shape, fixed within the defect. This “self-fitting” scaffold approach is the only ex vivo-

fabricated approach, other than via solid freeform (SFF) fabrication,[118] able to achieve 

patient-specific geometries. Notably, scaffold properties (e.g. open pore morphology) are 

maintained during the shaping and fitting process.[100] 

 Our previously-reported scaffolds were based on networks formed via the cross-

linking of poly(ε-caprolactone) diacrylate (PCL-DA). In addition to the, albeit slow, 

biodegradability of PCL, by utilizing the melting temperature (Tm) of PCL as Ttrans, 

scaffold malleability can be achieved ~55 °C – a mild temperature relative to other 

thermoplastic SMPs.[11, 130] Herein, we sought to expand the mechanical properties 

and degradation rates of the PCL-DA scaffolds by incorporating a second polymer 

component. Due to the relatively low stiffness of PCL,[11] combinations of PCL with 

mechanically rigid polymers have attracted general attention for obtaining improved, 

synergistic mechanical properties.[33] Poly(L-lactic acid) (PLLA) has been a popular 

choice given its high modulus of ~2.7 GPa due to semi-crystallinity and a high glass 
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transition temperature (Tg) of ~60 °C.[11, 85, 131] Furthermore, PLLA is also known to 

degrade within 1-2 years compared to PCL’s reported 2+ years.[94] 

 Scaffold approaches based on a combination of PCL and PLLA have been 

limited largely to blending and copolymerization.[28, 58, 94, 132-135] In addition to 

lacking shape memory behavior, these approaches have had underwhelming success in 

vivo due to limited, slow rates of degradation.[99, 136] In this work, semi-

interpenetrating polymer networks (semi-IPNs) were prepared comprised of cross-linked 

PCL-DA and thermoplastic PLLA. Numerous biomaterial semi-IPNs have been 

investigated in recent years,[137-139] and some exhibited improved properties over 

analogous polymer blends.[140] Yet,  there are only sparse reports of bulk (i.e. non-

porous) PCL-PLLA semi-IPNs,[101] and the molecular structure has not been explored 

as an SMP or as a porous SMP scaffold. 

 In a recent study, we prepared bulk SMP semi-IPNs based on PCL-DA and 

PLLA at varying weight % ratios of the two components.[72] These semi-IPNs 

maintained shape memory behavior and displayed tunable, accelerated rates of 

degradation as well as, for some compositions, increased stiffness and strength. In the 

current study, porous PCL-PLLA semi-IPN scaffolds were investigated. A solvent-

casting particulate-leaching (SCPL) fabrication technique, previously shown to produce 

interconnected macropores, was utilized.[100, 141] Based on the molecular design and 

macroporosity, it was expected that the scaffolds would possess the requisite properties 

for tissue regeneration while also being capable of achieving a defect-specific “fit” 

during implantation (Figure 4-1). Semi-IPN PCL:PLLA weight % ratios (100:0 [PCL-
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DA control], 90:10, 75:25, 60:40) and PCL-DA average degree of polymerization (n) 

were varied (n = 25, 45). The PLLA average degree of polymerization (m) was 

maintained at m = 90. Scaffold thermal properties (crystallinity and Tm), shape memory 

behavior, degradation rates and mechanical properties (stiffness and strength) were 

assessed along with analysis of the effect of annealing temperature on scaffold 

morphology. 

 

 

 
 

Figure 4-1. Schematic overview of the porous PCL-PLLA semi-IPN scaffold design. The unique 

PCL-PLLA semi-IPN structure and the fabrication-induced macropores contribute to a cranial 

tissue scaffold with enabling material properties that’s capable of achieving defect-specific 

geometries. 
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4.3 Experimental Section 

4.3.1 Materials 

 Polycaprolactone diol (PCL90-diol; Mn ~10,000 g mol
-1

), ε-caprolactone, L-

lactide, D,L-lactide, stannous 2-ethylhexanoate, triethylamine (Et3N), acryloyl chloride, 

4-dimethylaminopyridine (DMAP), 2,2-dimethoxy-2-phenylacetophenone (DMP), 1-

vinyl-2-pyrrolidinone (NVP), potassium carbonate (K2CO3), sodium hydroxide (NaOH), 

sodium chloride (NaCl), ethylene glycol and solvents were obtained from Sigma-

Aldrich. Anhydrous magnesium sulfate (MgSO4) was obtained from Fisher. Reagent-

grade CH2Cl2 and NMR-grade CDCl3 were dried over 4 Å molecular sieves prior to use. 

4.3.2 Material Synthesis 

PCL2n-diol (n = 25) and PLLA2m-diol (m = 90) were synthesized as previously 

reported.[72] Briefly, PCL2n-diol and PLLA2m-diol were prepared by the ring-opening 

polymerization of ε-caprolactone or L-lactide, respectively, with ethylene glycol as the 

initiator and stannous 2-ethylhexanoate catalyst. PDLLA2m-diol from D,L-lactide was 

similarly prepared. The terminal hydroxyl groups of PCL2n-diol (n = 25, 45) were then 

reacted with acryloyl chloride, resulting in photosensitive acrylate (OAc) groups. The 

number average molecular weights (Mn) and degrees of acrylation were determined by 

1
H NMR and were in agreement with those previously reported.[72] 

4.3.3 Fabrication 

Porous scaffolds were prepared via a previously-described SCPL method.[100, 

141]  
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 To prepare a fused salt template, NaCl particles were first collected from a sieve 

with 425 µm openings, resulting in 527 ± 92 µm particles, as determined with ImageJ 

software from scanning electron microscopy (SEM) images. For each scaffold, 1.8 g 

NaCl was placed within a 3 mL glass vial and fused via treatment with 7.5 wt% of DI 

water. The water was gradually added to the NaCl particles and mechanically stirred 

prior to centrifugation (3,220 G, 15 min). After air-drying (RT, 1 h), the NaCl templates 

were dried in vacuo (RT, 12 h).  

 Solutions (0.15 g mL
-1

 CH2Cl2) of PCL:PLLA (100:0 [PCL-DA control], 90:10, 

75:25, 60:40 wt% ratio) were prepared with 15 vol% of a photoinitator solution (10 wt% 

DMP in NVP). PCL:PDLLA (75:25 wt% ratio) solutions were also prepared to serve as 

a control. The precursor solutions were added to the fused NaCl template, to cover (~0.6 

mL). The vial was then centrifuged (1,260 G, 10 min) and exposed to UV light (UV-

Transilluminator, 6 mW cm
-2

, 365 nm) for 3 min. After air-drying (RT, 12 h), the SMP 

scaffold was removed from the vial, and the NaCl was leached by soaking in a 

water/ethanol mixture (1:1 vol:vol) for 4 days with daily solution changes. Upon 

removal and air-drying (RT, 12 h), the resulting scaffold was annealed at either 85 °C for 

1 h (in vacuo) or 160 °C for 10 min (in vacuo) and allowed to set at RT for 48 h prior to 

testing. 

4.3.4 SMP Characterization 

4.3.4.1 Semi-IPN Composition 

Thermogravimetric analysis (TGA, TA Instruments Q50) of specimens (~10 mg, 

N = 1) in platinum pans was run under N2 from RT to 500 °C at a heating rate of 10 °C 
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min
-1

. The mass of the samples throughout heating was measured to quantify percent 

mass remaining. 

4.3.4.2 Porosity 

The % porosity of the SMP scaffolds (N = 4) was determined by: 

% P  = 
𝜌𝑠𝑜𝑙𝑖𝑑 𝑆𝑀𝑃 −  𝜌𝑝𝑜𝑟𝑜𝑢𝑠 𝑆𝑀𝑃

𝜌𝑠𝑜𝑙𝑖𝑑 𝑆𝑀𝑃
×100 

For each scaffold composition, the density (ρ) of the corresponding bulk (i.e. 

non-porous) film was gravimetrically determined to be, for PCL-DA (n = 25), 1.158, 

1.158, 1.182, 1.134 g cm
-3

 and, for PCL-DA (n = 45), 1.175, 1.164, 1.220, 1.163 g cm
-3

, 

respectively. 

4.3.4.3 Pore Size and Morphology 

Scaffold pore size and pore interconnectivity were evaluated via SEM. Scaffolds 

cross sections were subjected to Au-Pt coating (~4 nm). Images were obtained using a 

JEOL 6400 SEM with an accelerating voltage of 10 kV. From the SEM images (N = 4), 

the average pore size was determined from pores measured along each image midline 

with ImageJ software. 

4.3.4.4 Thermal Properties 

The Tm and % crystallinity of each semi-IPN component was determined by 

differential scanning calorimetry (DSC, TA Instruments Q100). Scaffold specimens (~10 

mg; N = 3) sealed in hermetic pans were heated from RT to 200 °C at a heating rate of 5 

°C min
-1

. From the endothermic PCL and PLLA melting peaks, Tm and enthalpy change 

(ΔHm) were measured. Percent crystallinity (% χc) was calculated via: 
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% χc = 
∆Hm

∆Hm
°

×100 

where ΔHm was calculated by the area of the melting peak, and ΔH°m is the enthalpy of 

fusion of 100% crystalline PCL (139.5 J g
-1

)[55] or PLLA (93.0 J g
-1

).[89] 

4.3.4.5 Shape Memory Behavior 

Shape memory behavior was quantified via a strain-controlled cyclic-thermal 

mechanical test in compression over two cycles (N) (dynamic mechanical analysis 

[DMA], TA Instruments Q800). The scaffold cylinders (N = 4) were subjected to the 

following program: (1) After equilibrating to 60 °C (Thigh) for 5 min, compress to a 

maximum strain (εm = 50%) at a rate of 50% min
-1

, (2) hold at εm for 5 min, then cool to 

25 °C (Tlow) to fix the temporary shape, (3) remove the load and immediately measure εu 

and (4) reheat to 60 °C (Thigh) to recover the permanent shape, measure the recovered 

strain (εp). The shape fixity (Rf) and shape recovery (Rr) for the first (N = 1) and second 

(N = 2) cycles were calculated, respectively, via: 

Rf(N) = 
εu(N)

εm
 

Rr(N) = 
εm  −  εp(N)

εm −  εp(N − 1)
 

where εu(N) is the strain in the stress-free state of the fixing process, εm is the maximum 

compressive strain (50%) and εp(N – 1) and εp(N) are the final recovered strains of the 

scaffolds in the two sequential cycles. For N = 1, εp(0) equaled “zero.” 
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4.3.4.6 Accelerated Degradation 

Scaffolds (N = 4, per time point) were each immersed in 20 mL of 1 M NaOH in 

a sealed centrifuge tube maintained at 37 °C. At 8, 24, 72 and 168 h, the corresponding 

samples were taken from solution, thoroughly rinsed with DI water, blotted and dried in 

vacuo (RT, 12 h). The mass of the dried scaffolds was then gravimetrically determined. 

4.3.4.7 Mechanical Degradation 

Compressive properties were evaluated at RT with an Instron 3345. Scaffold 

cylinders (N = 5) were subjected to a constant strain rate (1.5 mm min
-1

) up to 85% 

strain (ε). From the resulting stress-strain curves, modulus (E) was determined as the 

slope in the initial linear region (< ~10% ε). Compressive strength at 85% ε was also 

determined. 

4.3.4.8 Statistical Analysis 

Data was reported as the mean ± standard deviation. Values were compared 

using ANOVA with Dunnett post-hoc to determine p-values. 

4.4 Results and Discussion 

Porous scaffolds were fabricated of semi-IPNs containing PCL-DA and PLLA in 

varying PCL:PLLA wt% ratios via SCPL in which precursor solutions were photocured 

around a fused NaCl template (Figure 4-1). Previous work investigating bulk PCL-

PLLA semi-IPNs confirmed that the presence of PLLA did not diminish the cross-

linking of PCL-DA.[72] As for bulk semi-IPNs,[72] TGA was used to verify the scaffold 

semi-IPN PCL:PLLA wt% ratio. Despite the leaching of the NaCl template, TGA 
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confirmed that the composition of precursor solutions was maintained in the scaffolds 

(Figure 4-2). 

 

 

Figure 4-2. Thermal degradation of PCL-PLLA semi-IPN and PCL-DA control scaffolds 

confirming molecular composition (i.e. PCL:PLLA wt% ratio) for scaffolds based on a) PCL-

DA (n = 25) and b) PCL-DA (n = 45). 

 

 

 

4.4.1 Effect of Annealing Temperature 

 In previous work,[100] it was found that annealing porous PCL-DA scaffolds at 

85 °C (T > Tm,PCL) caused concomitant densification (i.e. shrinkage) and was required 

for shape memory behavior. The annealing was speculated to provide the necessary 

increased proximity of PCL crystalline domains (i.e. “switching segments”). In this 

work, with the addition of semi-crystalline PLLA (Tm,PLLA ~155 °C) to form the PCL-

PLLA semi-IPNs, analysis of annealing temperature on scaffold densification was 

warranted. Thus, an additional annealing temperature of 160 °C (T > Tm,PCL & T > 

Tm,PLLA) was investigated. In addition to noting the scaffold dimensions before and after 
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annealing (at 85 °C or 160 °C), average pore size, scaffold porosity (%) and the resulting 

mechanical properties were also quantified. 

 First, scaffold diameter was observed following annealing at 85 °C and 160 °C. 

Prior to annealing, all scaffold compositions exhibited the same diameter due to their 

fabrication in molds of the same diameter (Figure 4-3a). For semi-IPNs scaffolds 

prepared with PCL-DA (n = 25), when annealed at 85 °C, the extent of shrinkage 

decreased with PLLA content. In this way, the 60:40 (PCL:PLLA wt%) semi-IPN 

scaffold underwent the least amount of densification upon annealing. However, when 

annealed at 160 °C, scaffolds of all semi-IPN compositions shrunk to a diameter similar 

to that of the PCL-DA control. As expected, the extent of densification affected pore 

size, as revealed by SEM (Figure 4-3b). Prior to annealing, all scaffold compositions 

exhibited large pores of similar size (~349 µm) (Figure 4-3c). Upon annealing at 85 °C, 

pore size decreased, and the resulting average pore size varied with PCL:PLLA wt% 

ratio. When compared to the average pore size of the PCL-DA control (~231 µm), the 

corresponding semi-IPN scaffolds contained significantly larger average pore sizes (247-

338 µm) that increased with PLLA content. In contrast, scaffolds annealed at 160 °C 

exhibited similar average pore sizes of ~214 µm for all compositions. Similar 

observations were made for PCL-DA control and semi-IPN scaffolds prepared with 

PCL-DA (n = 45) (see Appendix). 
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Figure 4-3. Effect of annealing/annealing temperature (85 and 160 °C) on PCL-PLLA semi-IPN 

and PCL-DA control scaffolds (PCL-DA; n = 25). a) Scaffold diameter before and after 

annealing. b) SEM images of scaffold cross-sections before and after annealing. c) Average pore 

size before and after annealing (**p < 0.01 vs corresponding PCL-DA control). d) Schematic 

representation of the morphological response to annealing temperature. 

 

 

 

We attribute the above findings to differences in crystalline domain melting, and 

subsequent chain mobility, when annealed at 85 °C versus 160 °C (Figure 4-3d). We 
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hypothesize that a temporary loss in crystallinity upon melting allows for chain 

reorganization and general movement into the pore spaces. Thus, when annealed at 160 

°C (T > Tm,PCL & T > Tm,PLLA), chain reorganization is enhanced for both PCL and 

PLLA, resulting in similarly sized, smaller pores independent of PLLA content. In 

contrast, upon annealing at 85 °C (T > Tm,PCL), PLLA crystalline regions do not melt. 

Reorganization occurs, yet is restricted by the PLLA crystallinity, resulting in 

composition-dependent pore size and accompanying densification. In support of this 

hypothesized mechanism, scaffolds prepared with amorphous poly(D,L-lactic acid) 

(PDLLA) (75:25 [PCL:PDLLA wt%]), and likewise annealed at 85 °C, exhibited 

scaffold porosity similar to that of a PCL-DA control (Figure 4-4). 

 

 

 

Figure 4-4. Porosity upon annealing at 85 °C for PCL-PLLA versus PCL-PDLLA semi-IPN 

scaffolds. The resulting porosities of scaffolds containing either semi-crystalline PLLA or 

amorphous (i.e. no crystallinity) PDLLA versus the corresponding PCL-DA control based on a) 

PCL-DA (n = 25) and b) PCL-DA (n = 45) demonstrate the effects of PLLA’s semi-crystallinity 

on scaffold densification (**p < 0.01 vs corresponding PCL-DA control). 
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 In addition to evaluating scaffold densification and pore size, scaffold % porosity 

was also quantified (Figure 4-5a). Prior to annealing, the % porosities of PCL-DA 

control and PCL-PLLA semi-IPN scaffolds (PCL-DA; n = 25) were similar (~89%). 

Overall, % porosity decreased upon annealing due to the reduction in pore size, the 

extent of which depended on annealing temperature, as noted above. For scaffolds 

annealed at 85 °C, porosity remained greatest with increased levels of PLLA. 

Specifically, semi-IPN scaffold % porosities ranged from ~76 to 86% versus ~71% for 

the PCL-DA control. However, when annealed at 160 °C, the porosities of all scaffolds 

decreased to ~66% independent of PCL:PLLA wt% ratio. 

 

 

 

 

 

 

 

 

 

 

Figure 4-5. Scaffold properties with annealing/annealing temperature for PCL-PLLA semi-IPN 

and PCL-DA control scaffolds (PCL-DA; n = 25). a) Porosity before and after annealing by 

temperature (*p < 0.05, **p < 0.01 vs corresponding PCL-DA control). b) Compressive modulus 

before and after annealing by temperature (**p < 0.01 vs corresponding PCL-DA control). 

 



 

79 

 

 
Figure 4-5. Continued. 

 

 

 

As porosity is often regarded as the greatest contributor to cellular solid 

mechanical properties,[142, 143] scaffold % porosity was considered when initially 

evaluating compressive modulus (E) and compressive strength (CS). Prior to annealing, 

the PCL-DA control and PCL-PLLA semi-IPN (PCL-DA; n = 25) scaffolds exhibited 

similar E values of ~0.5 MPa (Figure 4-5b). Upon annealing, all scaffold moduli were 

substantially increased due to the described densification. For 85 °C-annealed semi-IPN 

scaffolds, modulus values were less than the PCL-DA control (E = 13.9 MPa) and 

decreased with PLLA content (E = ~9.2-1.8 MPa). We attribute this decline in E to the 

greater % porosities for PLLA-containing scaffolds. After annealing at 160 °C, scaffolds 

exhibit similar % porosities such that E values were coupled to only composition. For 

these scaffolds, E increased with PLLA content, reaching a maximum value of E = ~21 

MPa for 75:25 and 60:40 (PCL:PLLA wt%) semi-IPN scaffolds. For scaffolds prepared 

with PCL-DA (n = 45), similar trends in % porosity and mechanical properties were seen 

(see Appendix). 
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To summarize, annealing temperature drastically influenced average pore size 

and % porosity. When annealed at 85 °C, scaffold pore size and % porosity increase with 

PLLA content. However, after annealing at 160 °C, all scaffolds conveniently exhibit 

similar pore size and % porosity, permitting scaffold properties to be evaluated 

exclusively in terms of composition. Thus, 160 °C was utilized for subsequent 

characterization of scaffolds. 

4.4.2 Semi-IPN Scaffold Characterization 

The macroporous morphology of the scaffolds can be attributed to the SCPL 

fabrication. Upon annealing at 160 °C, scaffolds consisted of 208 ± 9.6 µm pores and a 

porosity of ~67%, which was independent of PCL:PLLA wt% ratio and PCL-DA ‘n’ 

(Figure 4-6, Table 2). Because the NaCl particles used during scaffold fabrication were 

of controlled size (527 ± 92 µm), pore size deviation within a scaffold was minimal. 

Additionally, as the NaCl particles were fused into a continuous template during 

fabrication, scaffolds exhibited a high degree of pore interconnectivity. 

 

 

Figure 4-6. SEM images revealing the interconnected, macroporous morphology of PCL-PLLA 

semi-IPN and PCL-DA control scaffolds. 
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Table 2. Key SMP scaffold properties following annealing at 160 °C. 

  PCL Tm  
[°C] 

PCL 
Crystallinity 

[%] 

PLLA Tm  
[°C] 

PLLA 
Crystallinity  

[%] 

Ave. Pore 
Size  
[µm] 

Compressive 
Modulus,  
E [MPa] 

Compressive 
Strength,  
CS [MPa] 

n
 =

 2
5
 

PCL-DA 
Control 

54.4 ± 0.6 53.9 ± 5.4 N/A N/A 223.2 ± 31.1 13.0 ± 2.0 20.5 ± 1.6 

90:10 54.2 ± 0.6 45.4 ± 5.1 161.6 ± 1.6 4.3 ± 0.5 216.4 ± 33.2 14.8 ± 1.8 21.9 ± 1.2 

75:25 54.2 ± 0.7 41.6 ± 4.0 160.7 ± 0.9 14.4 ± 4.2 212.1 ± 35.8 20.7 ± 1.3 24.8 ± 1.4 

60:40 53.9 ± 0.6 31.9 ± 1.1 162.6 ± 1.3 21.8 ± 1.0 202.3 ± 25.8 21.4 ± 1.7 20.3 ± 1.2 

n
 =

 4
5
 

PCL-DA 
Control 

56.2 ± 0.4 54.3 ± 3.2 N/A N/A 211.1 ± 30.9 16.6 ± 1.0 23.9 ± 0.7 

90:10 56.3 ± 0.4 50.3 ± 3.8 160.5 ± 2.5 7.9 ± 1.4 203.7 ± 28.1 17.7 ± 1.4 24.2 ± 0.6 

75:25 56.0 ± 0.8 41.9 ± 4.3 163.9 ± 2.8 13.1 ± 2.1 194.3 ± 30.8 19.3 ± 2.1 24.2 ± 2.7 

60:40 55.6 ± 0.4 33.6 ± 2.7 165.9 ± 2.6 25.4 ± 5.2 199.3 ± 28.7 15.8 ± 0.9 24.2 ± 1.4 
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Scaffold crystallinity is of great importance as it ultimately influences shape 

memory behavior, degradation and scaffold mechanical properties. Thus, % crystallinity 

and the associated Tm of both semi-IPN components were determined for all scaffold 

compositions (Figure 4-7a, Table 2). The crystalline domains of PCL serve as 

“switching segments” and accordingly enable shape memory behavior. PCL semi-

crystallinity was exhibited for all semi-IPN scaffolds despite the presence of 

thermoplastic PLLA and reported suppression of crystallinity when cross-linked.[38] 

Similar to bulk PCL-PLLA semi-IPNs,[72] a reduction in PCL crystallinity was seen 

with increased PLLA content in the scaffolds. PLLA semi-crystallinity was also 

observed for all semi-IPN scaffold compositions and increased with PLLA content. 

Differences in crystallinity values between scaffolds based on PCL-DA (n = 25) versus 

PCL-DA (n = 45) were minor. Notably, scaffolds exhibited a Tm,PCL (i.e. Ttrans for shape 

memory) of ~54 °C and ~56 °C for scaffolds of PCL-DA (n = 25) and PCL-DA (n = 45), 

respectively, independent of PLLA content. 
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Figure 4-7. Thermal and shape memory properties of PCL-PLLA semi-IPN and PCL-DA 

control scaffolds. a) PCL and PLLA % crystallinity values for PCL-PLLA semi-IPN and PCL-

DA control scaffolds (*p < 0.05, **p < 0.01 vs corresponding PCL-DA control). b) Shape fixity 

(Rf) and shape recovery (Rr) values of scaffolds over two cycles (*p < 0.05, **p < 0.01 vs 

corresponding PCL-DA control; +p < 0.05, ++p < 0.01 vs corresponding PCL-DA (n = 25) 

scaffold). c) Simulation of the defect-specific implantation of a SMP scaffold within a model 

defect. 

 

 

 

SMP behavior via “switching segments” (i.e. PCL crystalline domains) and 

“netpoints” (i.e. PCL-DA network covalent cross-links) provides the ability of the 

scaffolds to be molded into a defect-specific shape upon implantation. A standard, 

strain-controlled cyclic-thermal mechanical test was utilized to quantify the shape 

memory properties of the scaffolds. Both shape fixity (Rf) (i.e. the ability of the scaffold 

to retain a temporary shape when T < Ttrans) and shape recovery (Rr) (i.e. the ability of 

the scaffold to return to its original shape when T > Ttrans) were quantified over two test 

cycles (Figure 4-7b). All scaffolds showed excellent Rf values of 100.6-101.9% for both 

cycles. Rf values slightly greater than 100% have been previously observed for porous 
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PCL-based materials and can be attributed to the rapid crystallization of PCL upon 

cooling.[144] High Rf values indicate that the scaffolds should effectively retain a new, 

fixed shape within an irregular defect. Rr values were composition and cycle dependent. 

For scaffolds based on both PCL-DA (n = 25) and PCL-DA (n = 45), Rr was reduced for 

PLLA-containing semi-IPN scaffolds compared to PCL-DA controls and decreased with 

increased PLLA content. We hypothesize that during shape recovery at 60 °C, PLLA 

remained semi-crystalline (60 °C < Tm,PLLA), reducing the mobility of the PCL 

“switching segments.” Particularly during the first cycle, scaffolds based on PCL-DA (n 

= 25) consistently exhibited greater Rr values compared to scaffolds based on PCL-DA 

(n = 45). It is hypothesized that the higher cross-link density and reduced chain length of 

PCL-DA (n = 25) promotes cooperative interaction within the switching domains. 

Importantly, as is commonly observed for porous SMP systems,[142, 145] Rr values 

increased from the first to the second cycle. By the second cycle, all semi-IPN scaffolds 

recovered to at least ~90%. This indicates that scaffolds would undergo a high degree of 

expansion to fill irregular defects. 

A simulation of scaffold implantation was performed with an irregular model 

cranial defect (Figure 4-7c). Scaffolds were initially prepared in a generic shape 

(cylinder, 12 x 5 mm). Upon exposure to ~60 °C saline, the scaffold became malleable 

and allowed for facile press-fitting within the model defect. Upon cooling, the defect-

specific shape was fixed, even after removal from the mold. The ability of these 

scaffolds to “fix” other various shapes was also demonstrated (Figure 4-8). 
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Figure 4-8. Demonstration of SMP scaffolds customized to different geometric shapes via 

heating and then shaping and cooling in respective molds. 
 

 

Scaffold degradation was evaluated under accelerated conditions (1 M NaOH, 37 

°C) via mass loss and visual observation (Figure 4-9). PCL-PLLA semi-IPN scaffolds 

lost mass much more quickly than the corresponding PCL-DA control scaffold, and the 

rate of mass loss increased with PLLA content. For instance, at 24 h, the observed mass 

loss for semi-IPN scaffolds was ~16-100% (PCL-DA; n = 25) and ~23-79% (PCL-DA; n 

= 45) versus ~9% and ~3% for PCL-DA control scaffolds, respectively. Acceleration in 

degradation was likewise observed for bulk PCL-PLLA semi-IPNs,[72] as well as for 

blends and copolymers of PLLA and PCL.[39, 146] We hypothesize that phase 

separation and a reduced PCL crystallinity further promote solution diffusion, and 

subsequent hydrolysis, for the PCL–PLLA semi-IPNs over PCL-DA controls. 

Additionally, scaffolds prepared with PCL-DA (n = 25) exhibited accelerated 

degradation versus scaffolds prepared with PCL-DA (n = 45). We attribute this to the 

greater number of hydrolytically-liable bonds within the acrylate cross-links in the high 

cross-link density network. In total, the series of semi-IPNs provide a wide range of 

degradation rates. Interestingly, mass loss resulted in a decrease of scaffold dimensions 

without breakage into smaller pieces (Figure 4-9c). This observation of surface erosion 

would be unexpected given that PCL and PLLA are each known to degrade via bulk 
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erosion.[11] The erosion behavior of the scaffolds may be attributed to the alkaline 

testing conditions,[44, 90] although such testing conditions are often utilized to initially 

assess scaffold degradation properties.[144, 147] 

 

 

 

Figure 4-9. Accelerated (1M NaOH, 37 °C) degradation of PCL-PLLA semi-IPN and PCL-DA 

control scaffolds. Mass loss for scaffolds based on a) PCL-DA (n = 25) and b) PCL-DA (n = 45). 

c) Images of scaffolds during degradation. 

 

 

The compressive modulus (E) and compressive strength (CS) of the scaffolds 

were determined from stress-strain curves obtained via typical compression testing 

(Figure 4-10, Table 2).[94, 144] For semi-IPN scaffolds based on PCL-DA (n = 25), E 

values were higher for PCL:PLLA wt% ratios of 75:25 (E = 20.7 MPa) and 60:40 (E = 

21.4 MPa) versus the PCL-DA control (E = 13.0 MPa). When based on PCL-DA (n = 
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45), modulus also increased for a PCL:PLLA wt% ratio of 75:25 (E = 19.3 MPa) versus 

the PCL-DA control (E = 16.6 MPa). This increase in E with greater PLLA content is 

attributed to the rigidity of high-Tg, semi-crystalline PLLA. However, the semi-IPN 

scaffold based on PCL-DA (n = 45) with a PCL:PLLA wt% ratio of 60:40 (E = 15.8 

MPa) was similar to that of the PCL-DA control (E = 16.6 MPa). Thus, a combination of 

cross-link density and % crystallinity influence modulus values. Scaffold CS at 85% ε 

was similar between PCL-DA controls and PCL-PLLA semi-IPN scaffolds. Versus the 

PCL-DA control (n = 25; CS = 20.5 MPa), only the semi-IPN scaffold with a 

PCL:PLLA wt% ratio of 75:25 (CS = 24.8 MPa) showed an increase in strength. For a 

given PCL:PLLA wt% ratio, CS values were typically higher for scaffolds prepared with 

PCL-DA (n = 45) versus PCL-DA (n = 25). This was also observed for bulk semi-IPN 

analogues and indicates that a reduced cross-link density may permit additional chain 

deformation and subsequent chain alignment to achieve higher stress values.[72] 
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Figure 4-10. Mechanical properties of PCL-PLLA semi-IPN and PCL-DA control scaffolds. a) 

Stress-strain curves for SMP scaffolds. b) Compressive modulus (E) values of SMP scaffolds (*p 

< 0.05, **p < 0.01 vs corresponding PCL-DA control; +p < 0.05, ++p < 0.01 vs corresponding 

PCL-DA (n = 25) scaffold). c) Compressive strength (CS) values at 85% stain of SMP scaffolds 

(**p < 0.01 vs corresponding PCL-DA control; ++p < 0.01 vs corresponding PCL-DA (n = 25) 

scaffold). 

 

 

 

4.5 Conclusions 

Scaffolds capable of achieving a conformal fit in irregular cranial defects are 

expected to improve osteointegration and, thus, healing. In this work, porous scaffolds 

able to achieve defect-specific geometries via shape memory behavior were described. 

The scaffolds, comprised semi-IPNs of cross-linked PCL-DA and thermoplastic PLLA, 

were prepared and their key properties investigated. The annealing temperature used 
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during scaffold fabrication was found to have a significant effect on scaffold properties. 

When annealed at 85 °C, the average pore size and % porosity were dependent on the 

PCL:PLLA wt% ratio. When annealed at 160 °C, average pore size and % porosity were 

consistent between scaffolds, allowing for effective evaluation of scaffold properties 

based solely on composition. 

 Essential for tissue regeneration, all semi-IPN scaffolds exhibited both 

macroporosity and pore interconnectivity. Due to PCL semi-crystallinity (i.e. PCL 

“switching segments”; Tm,PCL = Ttrans), shape memory behavior was realized for the 

scaffolds, particularly by the second cycle. Towards a mechanically robust scaffold, 

higher modulus values were achieved for some semi-IPN scaffolds versus PCL-DA 

controls. For instance, when prepared with PCL-DA (n = 25), a ~62% increase in 

modulus was observed for the semi-IPN scaffolds having PCL:PLLA wt% ratios of 

75:25 and 60:40. Modest increased in strength was also observed for some semi-IPN 

scaffolds. Notably, scaffolds demonstrated controlled and substantially accelerated rates 

of degradation that corresponded with both PCL:PLLA wt% ratio and PCL ‘n.’ Thus, a 

comprehensive scaffold capable of excellent defect “fit” for improved cranial bone 

defect repair has been described. 
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CHAPTER V  

CONCLUSIONS 

 

5.1 Conclusions 

 By utilizing a scaffold possessing key properties to facilitate healing, tissue 

engineering could provide an effective strategy for the treatment of cranial bone 

defects.[111, 148] Of particular interest would be a scaffold able to conform to the 

irregular contours of bone defects. Recently, a shape memory polymer (SMP) scaffold 

comprised of poly(ε-caprolactone) diacrylate (PCL-DA) was reported that was able to 

achieve defect geometries via changes in temperature.[100] When heated (T > 55 °C; T 

> Ttrans), the scaffold becomes malleable and can be press-fit within a defect. Upon 

cooling (T < 55 °C; T < Ttrans), the scaffold returns to its robust state, yet within the 

defect. While a promising strategy, an expansion of scaffold properties was expected to 

improve potential for in vivo success. Poly(L-lactic acid) has been incorporated into 

PCL-based materials to improve mechanical properties,[85] and increases in degradation 

rate have also been observed.[41, 95, 96] As a result, we sought to incorporate PLLA 

with PCL-DA towards broadened material and scaffold properties. 

 In this work, semi-interpenetrating networks (semi-IPNs) of thermoplastic PLLA 

within cross-linked PCL-DA were developed and investigated. Although not a 

traditional method of combining PLLA and PCL, the molecular design was expected to 

facilitate maximum crystallinity of each semi-IPN component. While PCL crystallinity 

is essential for shape memory (PCL crystalline domains = “switching segments”; Tm = 
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Ttrans = ~55 °C), PLLA crystallinity was desired for improved mechanical properties. 

Material properties of interest included thermal properties (Tm and % crystallinity), 

shape memory behavior (shape fixity [Rf] and shape recovery [Rr]), mechanical 

properties (stiffness and strength) and degradation properties. When fabricated as porous 

scaffolds, pore size and interconnectivity also became significant. 

 In Chapter II, bulk PCL-PLLA semi-IPN properties were evaluated. Both 

PCL:PLLA weight % ratios (100:0 [PCL-DA control], 90:10, 75:25, 60:40) and PCL-

DA degree of polymerization (n; n = 25, 45) were varied towards the development of a 

tunable, degradable SMP system. It was found that PCL exhibited the semi-crystallinity 

necessary for shape memory, while PLLA was also semi-crystalline. Greater stiffness 

was realized for some PCL-PLLA semi-IPN compositions over PCL-DA controls. 

Additionally, tensile strength was higher for PCL-DA controls and PCL-PLLA semi-

IPNs prepared with PCL-DA (n = 45) versus PCL-DA (n = 25). Lastly, semi-IPNs were 

found to undergo significantly more rapid degradation over PCL-DA control films under 

accelerated (1 M NaOH, 37 °C) conditions. Surface erosion was also observed for PCL-

PLLA semi-IPNs, although this is known to occur under the alkaline conditions.[44, 90] 

While surface erosion could be desired for many biomedical applications, it wasn’t 

apparent if the results were attributable to the semi-IPN properties or to the testing 

method. The results, nonetheless, were unexpected for the polyester-based semi-IPNs 

and warranted additional investigation.[11]  

 Chapter III sought to develop a thorough understanding of PCL-PLLA semi-IPN 

degradation behavior. Both PCL:PLLA weight % ratios (100:0 [PCL-DA control], 
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90:10, 75:25, 60:40) and PCL-DA degree of polymerization (n; n = 25, 45) were 

explored to aid analysis. In addition, thermoplastic controls including PLLA (m = 90, 

850) controls, PCL (n = 25, 45) controls and PCL-PLLA (75:25 [PCL:PLLA wt%]; n = 

25, 45) blend controls were utilized for evaluation. Given that material properties affect 

water diffusion to hydrolytically-susceptible bonds,[14] additional initial bulk properties 

were investigated. PCL-PLLA semi-IPN films exhibited disrupted crystallinity and a 

phase-separated morphology, along with a PLLA-rich surface. Extended analysis of bulk 

semi-IPN degradation under accelerated (1 M NaOH, 37 °C) conditions included 

assessment of erosion, composition changes and crystallinity changes. It was concluded 

that PLLA domains initiated erosion, although PLLA remained within semi-IPN films 

even at a high degree of mass loss. Surface erosion was again observed for PCL-PLLA 

semi-IPNs under accelerated (1 M NaOH, 37 °C) conditions. Under the same conditions 

and at a similar extent of degradation, PCL-DA films did not exhibit the same erosion 

patterns. Further, when compared to PCL-PLLA blend controls, analogous PCL-PLLA 

semi-IPNs exhibited significantly more rapid accelerated (1 M NaOH, 37 °C) 

degradation. This was found to be a result of (1) the labile bonds of the acrylate groups, 

(2) a reduction in crystallinity upon cross-linking and PLLA inclusion and (3) phase 

separation between PCL and PLLA domains. As polyester biomaterials have been 

limited by slow degradation rates,[99] this finding was notable. Also noteworthy, the 

thermoplastic controls did not exhibit evidence of surface erosion during the alkaline 

degradation testing. Nonetheless, non-accelerated (PBS, 37 °C) degradation is 

considered most representative of in vivo degradation. At pH = 7.4, PCL-PLLA semi-
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IPN degradation rates were found to correlate with PLLA content, and evidence of bulk 

erosion was initially observed. 

 The PCL-PLLA semi-IPNs were fabricated as porous scaffolds via a solvent-

casting particulate-leaching (SCPL) technique in Chapter IV. Parameters of PCL:PLLA 

weight % ratios (100:0 [PCL-DA control], 90:10, 75:25, 60:40) and PCL-DA degree of 

polymerization (n; n = 25, 45) were again explored. Fabrication resulted in 

interconnected macropores of controlled size. Further control and modulation of pore 

size and scaffold porosity was realized via annealing and the temperature thereof. Most-

notably, a PLLA content-dependent scaffold densification was overcome via 160 °C-

annealing versus 85 °C-annealing. This allowed for effective evaluation of PCL-PLLA 

semi-IPN scaffold properties based exclusively on composition. Due to PCL crystalline 

domains, shape memory behavior was achieved for the scaffolds. While PLLA 

crystalline domains initially hindered shape recovery (Rr), high values were recorded by 

the second testing cycle. Scaffolds also exhibited excellent shape fixity (Rf). Thus, 

scaffolds are expected to be capable of conforming to and “fixing” in defect geometries. 

Additionally, the PLLA-containing scaffolds generally saw greater modulus values 

versus PCL-DA control scaffolds along with a modest increase in strength via PCL-DA 

‘n.’ The PCL-PLLA semi-IPN scaffolds demonstrated controlled, accelerated 

degradation expected to be quite advantageous. Overall, the work cumulated to result in 

the development of a comprehensive scaffold (1) possessing key properties for 

regeneration and (2) capable of achieving defect-specific geometries for effective cranial 

bone defect healing. 
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5.2 Future Directions 

The developed PCL-PLLA semi-IPN SMP scaffolds will undergo continued 

assessment. Scaffold implants (9 mm x 2 mm) will be prepared and properties will be 

assessed in vitro. This will include extended (12+ mo.) degradation testing (PBS, 37 °C) 

along with assessment of cytotoxicity. The application of a polydopamine coating to 

PCL-DA SMP scaffolds was reported to impart scaffold bioactivity.[100, 129] Thus, a 

polydopamine coating will be similarly applied to PCL-PLLA semi-IPN scaffold 

implants and the bioactivity assessed. Hydroxyapatite (HAp) formation upon submersion 

in simulated body fluid (SBF) will be observed, and the ability to support osteogenesis in 

BMSCs will be evaluated. Then, in vivo analysis will first include subcutaneous 

biocompatibility determinations of both coated and uncoated semi-IPN scaffold 

implants. Upon confirmation, the PCL-PLLA semi-IPN SMP scaffolds will be implanted 

into rat calvarial defects. Initially, contralateral 5 mm defects will be created and 

scaffolds implanted. A surgical method was previously established during in vivo 

evaluation of PCL-DA scaffold implants (Figure 5-1). Via this method, 6 mm x 2 mm 

semi-IPN scaffold implants will be used, confirmed to maintain high contact and open 

more morphology within a 5 mm model defect (Figure 5-2). The study will primarily 

serve to select PCL-PLLA semi-IPN scaffold compositions and controls to utilize for 

further investigation. Further investigation will evaluate the tissue healing response of 

scaffold implants (9 mm x 2 mm) within a critical-size (8 mm) rat calvarial defect.  
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Figure 5-1. Surgical procedure for SMP scaffold implantation. A burr is utilized to create the 

calvarial defect. Upon heating in warm (~55 °C) saline, the scaffold becomes malleable and can 

be fit within the defect prior to cooling and returning to a rigid state. 

 

 

 

Figure 5-2. Simulated SMP scaffold implantation. SEM images of 75:25 (PCL:PLLA wt%; 

PCL-DA [n = 25]) semi-IPN scaffold implant (6 mm x 2 mm) perimeter edges before and after 

implantation within a model calvarial defect (5 mm x 2 mm) [scale bars = 500µm]. 

 

 

Beyond advancement of PCL-PLLA semi-IPN SMP scaffold technology, the 

work herein invokes potential for additional material approaches. First, 

inorganic/organic nanocomposite scaffolds are often utilized for bone tissue engineering 

applications to improve scaffold mechanical properties and to impart bioactivity.[149] 

Additionally, certain nanoparticles have been shown to elicit pH changes upon 

dissolution.[73] In terms of degradation, an increase in pH results in rapid, base-
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catalyzed hydrolysis. Thus, in addition to the known mechanical benefits of 

nanocomposites, certain nanocomposites may also exhibit superior degradation 

properties. Specifically, modulation of degradation would be expected via changes in 

nanoparticle concertation within the scaffold. Accelerated degradation rates for 

nanocomposites have been observed, but the effect has yet to be extensively 

investigated.[74] Results are often attributed to a poor particle-material interface. 

Beyond modulation, alkaline conditions are described in this work and elsewhere to 

elicit surface erosion. Thus, an approach that produces a localized increase in pH has 

potential to induce surface-eroding behavior in non-traditional, degradable materials. 

Nanocomposites have yet to be employed in this way. 

Lastly, there is unexplored potential within the category of degradable SMP 

networks. A co-network approach of poly(silyl fumarate) (PSF) cross-linked with PCL-

DA could be particularly interesting (Figure 5-3). Poly(propylene fumarate) (PPF) has 

become a widely-studied biomaterial with excellent properties towards bone tissue 

engineering applications.[34, 150] The unsaturated bond within the monomer structure is 

uniquely able to undergo cross-linking. In the PCL-PSF approach presented, the 

numerous cross-linking moieties of PSF would facilitate a high cross-link density within 

the co-network. PCL has been incorporated with PPF via copolymerization to enhance 

the molecular mobility and subsequent cross-linking of PPF.[151, 152] This feature 

should be further enhanced with the Si-modified PPF. PSF would exhibit backbone 

flexibility such that the unsaturated bonds see a further increase in accessibility for 

cross-linking. Both effects suggest an even greater cross-link density and, thus, increased 



 

97 

 

mechanical properties.[41, 153, 154] Additionally, the reduced glass transition 

temperature (Tg) expected for PSF versus PPF is hypothesized to either preserve or 

enhance PCL semi-crystallinity, maintaining shape memory behavior of the networks. 

Lastly, the degradability of PSF may provide tunability of degradation beyond rates seen 

for PCL-DA alone.[155, 156]  

 

 

Figure 5-3. Introduction of PCL-PSF co-network material approach. a) Synthetic strategy of 

poly(silyl fumarate) (PSF). b) The incorporation of unsaturated PSF as a co-network with PCL-

DA as a degradable, SMP material approach. 
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APPENDIX 

 

A-1. NMR spectra of PCL50-diol (top) [δH (300 MHz, CDCl3): 1.38 (m, 103H, –

CH2CH2CH2CH2CH2O–), 1.64 (m, 204H, –CH2CH2CH2CH2CH2O–), 2.30 (m, 102H, –

COCH2CH2CH2CH2CH2–), 3.64 (t, 4H, –CH2CH2CH2CH2CH2OH), 4.05 (m, 97H, –

COCH2CH2CH2CH2CH2O–), 4.27 (s, 4H, –OCH2CH2O–)] and AcO-PCL50-OAc (bottom) [δH 

(300 MHz, CDCl3): 1.38 (m, 108H, –CH2CH2CH2CH2CH2O–), 1.64 (m, 205H, –

CH2CH2CH2CH2CH2O–), 2.30 (m, 106H, –COCH2CH2CH2CH2CH2–), 4.05 (m, 104H, –

COCH2CH2CH2CH2CH2O–), 4.27 (s, 4H, –OCH2CH2O–), 5.82 (dd, 2.0H, J = 10.2 and 1.5 Hz, –

CH=CH2), 6.11 (dd, 1.9H, J = 17.4 and 10.5 Hz, –CH=CH2) , 6.40 (dd, 2.0H, J = 17.4 and 1.5 

Hz, –CH=CH2)]. 
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A-2. NMR spectra of AcO-PCL90-OAc [δH (300 MHz, CDCl3): 1.39 (m, 181H,  

–CH2CH2CH2CH2CH2O–), 1.64 (m, 372H, –CH2CH2CH2CH2CH2O–), 2.30 (m, 183H,  

–COCH2CH2CH2CH2CH2–), 4.05 (m, 180H, –COCH2CH2CH2CH2CH2O–), 5.83 (dd, 2.0H, J = 

10.8 and 1.8 Hz, –CH=CH2), 6.11 (dd, 1.9H, J = 17.4 and 10.2 Hz, –CH=CH2) , 6.40 (dd, 2.0H, J 

= 17.1 and 1.5 Hz, –CH=CH2)]. 

 

 

 

 

 

A-3. NMR spectra of PLLA180-diol [δH (300 MHz, CDCl3): 1.58 (d, 536H, –COCHCH3O–), 

4.34 (s, 4H, –OCH2CH2O–), 4.34 (m, 2H, –COCHCH3OH), 5.16 (m, 172H, ––COCHCH3O–)]. 
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Table A. Sol content values of SMP networks 

 

 

 

 

 

 

 

 

 

 

 

 

 

A-4. Changes in film thickness during degradation under accelerated conditions (1M NaOH, 37 

°C) for a) PCL-DA (n = 25) and b) PCL-DA (n = 45) compositions. 

 

 

  Sol Content (%) 

n
 =

 2
5
 

PCL-DA 
Control 

6.79 ± 0.5 

90:10 14.2 ± 0.3 

75:25 24.2 ± 0.1 

60:40 41.3 ± 0.3 

n
 =

 4
5
 

PCL-DA 
Control 

8.91 ± 0.4 

90:10 16.0 ± 0.3 

75:25 26.4 ± 0.4 

60:40 38.7 ± 0.4 
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A-5. SEM images of film cross-sections during accelerated (1 M NaOH, 37 °C) degradation for 

PCL-DA (n = 25) control and PCL-PLLA (75:25 [PCL:PLLA wt%]; n = 25) semi-IPN films. 

Films of similar mass loss (~41-54%) are boxed for comparison. 

 

 

 

 

 

 

 

 

 

 
A-6. Visual comparison of PCL-DA control and PCL-PLLA semi-IPN (75:25 [PCL:PLLA 

wt%]) cross-sections during accelerated (1 M NaOH, 37 °C) degradation, at similar mass loss 

(~41-54%; ~71-81%), for films based on a) PCL-DA (n = 25) and b) PCL-DA (n = 45). 
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A-7. TGA spectra of remaining PCL-PLLA (75:25 [PCL:PLLA wt%]) semi-IPN films upon 

accelerated (1 M NaOH, 37 °C) degradation when based on a) PCL-DA (n = 25) and b) PCL-DA 

(n = 45). 

 

 

 

 

A-8. The resulting porosities, upon annealing at 85 °C, of scaffolds containing either semi-

crystalline PLLA or amorphous (i.e. no crystallinity) PDLLA versus the corresponding PCL-DA 

control based on a) PCL-DA (n = 25) and b) PCL-DA (n = 45), demonstrating the effects of 

PLLA’s semi-crystallinity on scaffold densification (**p < 0.01 vs corresponding PCL-DA 

control). 
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A-9. For scaffolds based on PCL-DA (n = 45): a) Porosity before and after annealing by 

temperature (*p < 0.05, **p < 0.01 vs corresponding PCL-DA control). b) Compressive modulus 

before and after annealing by temperature (**p < 0.01 vs corresponding PCL-DA control). 

 

 

 
A-10. a) Compressive strength before and after annealing by temperature for scaffolds based on: 

a) PCL-DA (n = 25) and b) PCL-DA (n = 45) (**p < 0.01 vs corresponding PCL-DA control).   


