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Abstract

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.
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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.1 An insufficient 
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interface between the graft and the contours of the defect contributes to poor healing 

outcomes due to graft resorption.2 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.3

Regenerative engineering aims to restore native tissue and function via a scaffold to guide 

and support repair.3c, 4 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.5 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 cross-links), then, 

define the permanent shape.6 SMPs have been explored for a variety of biomedical 

applications.6–7 While some applications include porous scaffolds for tissue engineering,8 

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.9 

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,4 able to achieve patient-specific geometries. Notably, scaffold properties (e.g. 

open pore morphology) are maintained during the shaping and fitting process.9a

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.10 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,10b 

combinations of PCL with mechanically rigid polymers have attracted general attention for 

obtaining improved, synergistic mechanical properties.11 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 transition temperature (Tg) of ~60 °C.10b, 12 Furthermore, PLLA is also known to 

degrade within 1–2 years compared to PCL’s reported 2+ years.13

Scaffold approaches based on a combination of PCL and PLLA have been limited largely to 

blending and copolymerization.13–14 In addition to lacking shape memory behavior, these 

approaches have had underwhelming success in vivo due to limited, slow rates of 

degradation.15 In this work, semi-interpenetrating polymer networks (semi-IPNs) were 
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prepared comprised of cross-linked PCL-DA and thermoplastic PLLA. Numerous 

biomaterial semi-IPNs have been investigated in recent years,16 and some exhibited 

improved properties over analogous polymer blends.17 Yet, there are only sparse reports of 

bulk (i.e. non-porous) PCL-PLLA semi-IPNs,18 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.19 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.9a, 20 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 1). Semi-IPN PCL:PLLA weight % ratios 

(100:0 [PCL-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.

EXPERIMENTAL SECTION

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.

Material Synthesis

PCL2n-diol (n = 25) and PLLA2m-diol (m = 90) were synthesized as previously reported.19 

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 1H NMR and were in agreement 

with those previously reported.19

Fabrication

Porous scaffolds were prepared via a previously-described SCPL method.
9a, 20—To prepare a fused salt template, NaCl particles were first collected from a sieve 
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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.

SMP Characterization

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 min-1. The mass of the samples throughout heating was measured to 

quantify percent mass remaining.

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.

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.

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:

Woodard et al. Page 4

Biomacromolecules. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



%   χc =  
ΔHm

ΔHm
o   ×   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)21 or PLLA (93.0 J g−1).22

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.”

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.

Mechanical Properties—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.

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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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 1). Previous work investigating bulk PCL-PLLA semi-IPNs 

confirmed that the presence of PLLA did not diminish the cross-linking of PCL-DA.19 As 

for bulk semi-IPNs,19 TGA was used to verify the scaffold semi-IPN PCL:PLLA wt% ratio. 

Despite the leaching of the NaCl template, TGA confirmed that the composition of precursor 

solutions was maintained in the scaffolds (Figure S1).

Effect of Annealing Temperature

In previous work,9a 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 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 2a). 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 2b). Prior to 

annealing, all scaffold compositions exhibited large pores of similar size (~349 μm) (Figure 

2c). 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) (Figure S2).

We attribute the above findings to differences in crystalline domain melting, and subsequent 

chain mobility, when annealed at 85 °C versus 160 °C (Figure 2d). We 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 
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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 

S3).

In addition to evaluating scaffold densification and pore size, scaffold % porosity was also 

quantified (Figure 3a). 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.

As porosity is often regarded as the greatest contributor to cellular solid mechanical 

properties,23 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 3b). 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 (Figure S4, Figure S5).

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.

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 S6, Table 

S1). 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.

Scaffold crystallinity is of great importance as it ultimately influences shape memory 

behavior, degradation and scaffold mechanical properties. Thus, % crystallinity and the 
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associated Tm of both semi-IPN components were determined for all scaffold compositions 

(Figure 4a, Table S1). 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.24 Similar to bulk PCL-PLLA semi-IPNs,19 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.

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 4b). 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 PCL-based materials and can be attributed to the rapid 

crystallization of PCL upon cooling.25 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,23a, 26 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 4c). Scaffolds were initially prepared in a generic shape (cylinder, 12 × 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 S7).

Scaffold degradation was evaluated under accelerated conditions (1 M NaOH, 37 °C) via 

mass loss and visual observation (Figure 5). PCL-PLLA semi-IPN scaffolds lost mass much 

more quickly than the corresponding PCL-DA control scaffold, and the rate of mass loss 
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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,19 as well as for blends and copolymers of 

PLLA and PCL.27 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 5c). This observation of surface 

erosion would be unexpected given that PCL and PLLA are each known to degrade via bulk 

erosion.10b The erosion behavior of the scaffolds may be attributed to the alkaline testing 

conditions,28 although such testing conditions are often utilized to initially assess scaffold 

degradation properties.25, 29

The compressive modulus (E) and compressive strength (CS) of the scaffolds were 

determined from stress-strain curves obtained via typical compression testing (Figure 6, 

Table S1).13, 25 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 = 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.19

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 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 
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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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Summary 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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Figure 2. 
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.
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Figure 3. 
For scaffolds based on 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).
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Figure 4. 
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.
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Figure 5. 
Mass loss under accelerated conditions (1 M NaOH, 37 °C) for PCL-PLLA semi-IPN and 

PCL-DA control scaffolds based on a) PCL-DA (n = 25) and b) PCL-DA (n = 45). c) Images 

of scaffolds during degradation.
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Figure 6. 
a) Stress-strain curves for PCL-PLLA semi-IPN and PCL-DA control 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).
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