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ABSTRACT 

PCL Shape Memory Polymer Scaffolds Prepared with Variable Cross-Link Density 

  
Vanessa Marie Page 

Department of Biomedical Engineering 
Texas A&M University 

 

Research Advisor: Dr. Melissa Grunlan 
Department of Biomedical Engineering, Department of Materials Science and Engineering 

Texas A&M University 
 

 

Poly(ε-caprolactone) (PCL) has been previously studied as a thermoresponsive shape 

memory polymer (SMP) for numerous biomedical applications due to its biocompatibility and 

biodegradability. We have previously investigated “self-fitting” porous scaffolds of cross-linked 

PCL-diacrylate (PCL-DA) that exhibited properties suitable for craniomaxillofacial (CMF) defect 

repair. Herein, in order to broaden scaffold mechanical properties and degradation profiles, the 

scaffold cross-link density was systematically varied by tuning PCL-DA macromer degree of 

polymerization (n). A broad range of PCL-DA degrees of polymerization (n = 20, 40, 60 and 70) 

were synthesized and prepared as porous scaffolds. The percent acrylation of the PCL-DA 

macromers was confirmed to ensure sufficient cross-linking. The impact of PCL-DA scaffold 

cross-link density on thermal properties (e.g. crystallinity), mechanical properties (e.g. stiffness 

and strength), in vitro degradation rate, and % porosity was determined.   
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CHAPTER I 

INTRODUCTION 

 

The objective of this research is to investigate the effect of cross-link density on the 

mechanical properties and degradation rate of porous shape memory polymer (SMP) scaffolds 

prepared from poly(ε-caprolactone) diacrylate (PCL-DA). These properties are essential towards 

advancing their utility as “self-fitting” scaffolds to treat irregularly shaped craniomaxillofacial 

(CMF) defects. PCL-DA macromer degree of polymerization (n), and, thus, cross-link density, 

was systematically varied (n = 20, 40, 60 and 70) to tune material properties (Figure 1). 

 

Clinical Application  

CMF bones determine the primary shape of head, provide protection to intracranial tissues 

and functionality to surrounding soft tissues. CMF defects can be congenital or a result of injury 

and represent a significant clinical need. In the United States, approximately 96,000 CMF bone 

n=20 

n=40 

n=60 

n=70 

 

 

Figure 1. Schematic illustrating how macromer 

degree of polymerization (n) impacts cross-link 

density. 
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defects are treated every year with an estimated cost of more than $1 billion.3 In 2001, nearly 

38,000 children underwent surgery to repair birth defects and close to 25,000 patients required 

maxillofacial surgery for injuries to the face and jaw.4 Treatment of CMF defects remains a serious 

surgical challenge due to the critical need to fully restore function while simultaneously allowing 

aesthetic reparation.  

While autografting is currently the gold standard, it is associated with donor site morbidity, 

resorption, and a lack of osseointegration due to an inability to tightly fit the graft within an often 

irregularly shaped defect.5 Bone screws and bone plates can be utilized to provide additional fixity 

for the bone-to-graft union, but can cause further issues such as stress shielding, corrosion, and 

patient discomfort, often requiring an additional surgery for removal.6 Xenografts have also been 

considered, but significant challenges with host immune response remain a challenge.  

 

Shape Memory Polymers 

The proposed scaffolds derive their self-fitting behavior due to their shape memory nature. 

SMPs are a class of polymers with continuously growing interest from the scientific community 

with an expansive range of potential applications, including self-expanding drug delivery stents7, 

biodegradable minimally invasive surgical implants8, and sails for aerospace applications.2 SMPs 

are stimuli-responsive materials whose shapes can be modulated by the application of  heat,9-11 

light,12-13 magnetic field14 or other environmental triggers such as the change of pH and the use of 

organic solvents.13 Notably, SMPs have the potential to aid in development of “minimally 

invasive” implantable or surgical devices. Thus, a relatively bulky device fabricated from an SMP 

can be introduced in vivo in a temporary collapsed shape and subsequently expanded to its 
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permanent shape when thermally triggered.9 Novel SMPs with the necessary properties could 

greatly expand their utilities in new applications that further impact quality of patient care.  

Thermoresponsive SMPs are characterized by their ability to undergo shape change in 

response to temperature change (Figure 2). The shape change is made possible by “switching 

segments”, crystalline (Ttrans = melting temperature, Tm) or amorphous (Ttrans = glass transition 

temperature, Tg) regions within the polymer that allow molecular movement above a certain 

temperature and fixation below that same temperature (i.e. transition temperature, Ttrans). At 

T>Ttrans, a temporary shape can be formed with the application of stress, after which the shape may 

be fixed by cooling to T<Ttrans. Defining the permanent shape, “netpoints” are chemical or physical 

cross-links between polymer chains. Thus, the original shape can be retrieved by heating to 

T>Ttrans.  

 When cross-linked, PCL-DA is particularly useful due to the covalent cross-links, or 

“netpoints,” and its semi-crystallinity (i.e. “switching segments”) giving rise to shape memory 

ability. Additionally, the Tm (Ttrans) is well defined, in a clinically relevant range of 43-60°C.15 

Notably, SMP scaffold properties are readily controlled as they are established prior to 

implantation, and the scaffold will not undergo shrinkage within the defect. In this way, this 

scaffold strategy overcomes the limitations of many in-situ forming fillers and scaffolds.  

Figure 2. Mechanism of the thermally induced shape-

memory effect for a semi-crystalline thermoset.2 
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Tissue Engineering 

Given the limitations associated with treating CMF defects with autografts, a tissue 

engineering approach based on a synthetic scaffold could greatly improve healing outcomes 

(Figure 3).  Tissue engineering generally refers to the combined use of a scaffold, cells, and 

optionally bioactive molecules to restore, maintain, or improve damaged tissues.16 In the specific 

case of scaffolds useful to treat irregularly shaped CMF bone defects, several key functional 

requirements must be achieved. First, as noted above, the scaffold must form close contact with 

adjacent bone tissue to permit osseointegration while avoiding brittle mechanical properties so as 

to not undergo post-surgical fracture.17 Second, the scaffold should permit cell migration, nutrient 

diffusion and neotissue deposition.18 Currently, no single scaffold or on-the-market bone substitute 

intrinsically provides all of these crucial properties.4 

In order to fill the irregular bone defect, scaffolds which cure in situ are often used or 

proposed. For instance, synthetic bone substitutes (e.g. putties and cements prepared with and 

without ceramic or glass ceramic fillers) have been investigated. Unfortunately, these suffer from 

major limitations including: extreme exothermic cure (up to ~90 ºC), slow setting times (with “fast 

sets” requiring ~24 hours), low pore interconnectivity, lack of degradation (leading to poor 

healing), and brittle mechanical properties (leading to fracture during surgical contouring as well 

Figure 3. Schematic showing porous scaffolds to heal CMF defects.1 
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as post-surgery).19-20 Hydrogels have also been considered, but do not demonstrate sufficient 

mechanical properties and often exhibit variable local curing times leading to poor adhesion to the 

defect edges.18, 21 Furthermore, cytotoxic reagents used in synthesis of the hydrogel (e.g. 

monomers, crosslinkers, and catalysts) may be problematic for in situ cure scenarios.21 

Other conventional techniques for polymer-based scaffold fabrication include particulate 

leaching22-23, phase separation24-25, and gas foaming.26-27 Many of these methods offer high 

tunability and excellent control over the scaffolds’ physical properties (e.g. pore size, pore 

interconnectivity and porosity, modulus, and bioactivity) necessary for enhanced bone 

regeneration. However, precise control of the scaffold 3D geometry to match the defect contours 

is generally confined to the shape of the fabrication mold and post-fabrication contouring which 

is particularly challenging for brittle materials such as most ceramics.28-31 Furthermore, computer-

aided solid free-form fabrication (SFF) techniques may generate complex scaffold shapes but are 

costly and time-consuming.32-33  

Towards improving CMF defect treatment, we have previously reported a porous, SMP 

scaffold based on PCL-DA that, after exposing to warm saline, can be press-fitted into irregular 

defects.34 The material, as a nonporous solid, has potential use for biomedical applications such as 

minimally invasive cardiovascular devices and custom-fitted biodegradable fixation devices.35 

Prior to deployment into the defect, the SMP scaffold would be briefly treated with 

moderately warm saline (~55 °C for ~30 seconds) such that it becomes malleable, allowing a 

“generically-prepared” cylindrical scaffold to be hand pressed into the irregular defect. Within 

only ~5 min after placement, the scaffold rigidizes as it cools and locks in the new temporary shape 

within the defect. Finally, since not mechanically brittle (in contrast to putties and cements), the 

scaffolds may be further surgically contoured and are also resistant to cracking post-surgery.36 This 
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solution satisfies the key requirements for CMF defect repair, including: the ability to be contoured 

to “fit” irregular defects, a highly porous environment for osteoconduction, bioactivity (i.e. bone-

bonding ability), temporary mechanical strength, and controlled biodegradation. As described in 

this work, by tuning PCL-DA n, key physical properties of the PCL-DA SMP self-fitting scaffolds 

could be tuned to enhance their potential to fulfill these requirements and thus improve their 

capacity to heal irregular bone defects.  
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CHAPTER II 

MATERIALS AND METHODS 

 

Materials  

ε-Caprolactone monomer, 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. 

 

 

 

Figure 4. Synthetic strategy of (i) PCL via ring opening 

polymerization and subsequent (ii) acrylation of PCL-

diol to yield PCL diacrylate.  

 

(i) 

(ii) 
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Material Synthesis  

PCL2n-diol was synthesized by the ring opening polymerization of ε-caprolactone in the 

presence of ethylene glycol initiator and stannous 2-ethylhexanoate catalyst (Figure 4i). The 

degree of polymerization (n) was controlled by the ratio of ε-caprolactone to ethylene glycol. The 

terminal hydroxyl groups were subsequently reacted with acryloyl chloride to produce 

photosensitive acrylate (OAc) groups (Figure 4ii). The degree of polymerization (n) was 

confirmed with 1H Nuclear Magnetic Resonance (NMR) spectroscopy using a Mercury 300 MHz 

spectrometer operating in the Fourier transform (FT) mode and using CDCl3 as the standard.  

 

Scaffold Fabrication  

Porous scaffolds (n = 20, 40, 60, and 70) were fabricated by photocuring a precursor 

solution of the designated macromer around a fused salt template.34, 36 To prepare the fused salt 

template, a 425µm sieve was used to obtain sodium chloride (NaCl) particles of uniform diameter 

(459 ± 69 µm). De-ionized water (7.5 wt%) was then added in four equal portions to 1.8 g of the 

NaCl in a 3 mL glass vial. The salt was mixed after each addition to ensure even water distribution 

among particles. Centrifugation (4000 rpm for 15 minutes) and vacuum drying resulted in fusion 

of the salt into the final template. A macromer solution of PCL-DA in DCM (0.15 g/mL) was 

prepared with 15 vol% photoinitiator (10 wt% DMP in NVP). The solution was added to the 

prepared fused salt template (~0.6 mL/vial) and centrifuged (2500 rpm for 10 minutes) in order to 

facilitate infiltration of the macromer solution into the template. The vial was then exposed to UV 

light (6 mW cm2, 365 nm) for 3 minutes to initiate cross-linking. After air-drying overnight, the 

scaffold was removed from the vial and placed in a solution of water and ethanol (50:50) for 4 

days to dissolve and remove the salt. Lastly, the scaffolds were annealed at 85°C, for 1h, in vacuo.  
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Characterization  

Thermal Properties 

Differential Scanning Calorimetry (DSC, TA Instruments Q100) was used to determine 

percent crystallinity. PCL-DA macromer samples (~12 mg, N = 3) in hermetic pans were heated 

from -80 ºC to 80 ºC at 5 ºC/min for two cycles. Data was collected from the second heating cycle. 

Scaffold specimens (~8 mg, N=3) in hermetically sealed pans were similarly heated from 0 ºC to 

80 ºC at a heating rate of 5 ºC/min. From the endothermic PCL melting peak, enthalpy change 

(ΔHm) was measured. Percent crystallinity (% χc) was calculated via Equation 1.  

Equation 1.                                            	%χc = 	 &'(
&'()

×100 

  ΔHm was calculated by integration of the area of the melting peak, and ΔH0
m is the 

enthalpy of fusion of 100% crystalline PCL (139.5 J/g).15 

Mechanical Properties 

Compression tests of cylindrical foams (6 mm diameter x 5 mm height) were performed 

using an Instron 3340 at room temperature. Specimens were subjected to a constant compressive 

strain rate (1.5 mm/min) up to 85% strain. Compressive modulus (E) was determined by 

calculating the slope of the initial linear portion of the stress-strain curve. Compressive strength 

was determined as the stress at 85% strain.  

Degradation 

Degradation rate was sacrificially measured via mass loss under accelerated, basic 

conditions (37°C in 1M NaOH solution) at 24 h, 72 h, 168 h, and 264 h. Each scaffold (6mm 

diameter x 5 mm height, N=3) was immersed in 20 mL of 1M NaOH in a sealed centrifuge tube 

and maintained at 37 ºC in a temperature controlled water bath. After the assigned hours passed, 
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specimens were removed, blotted with a Kim Wipe and dried in vacuo overnight. The weight of 

the dried specimen was recorded.  

Porosity 

Interconnected porosity was confirmed and pore size was determined via scanning electron 

microscopy (SEM). Cross-sections of each scaffold were subjected to an Au-Pt coating (~4 nm) 

and examined by SEM (JEOL 6400) at accelerated voltage of 15 kV. Percent porosity was 

calculated using Equation 2, in which “densitySMP scaffold” was gravimetrically determined and 

“densitysolid SMP” is the density of the analogous solid SMP. 

Equation 2.                  %𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 	 456789:;<=>?	@ABC456789:@AB	;DEFF<=?
456789:;<=>?	@AB

×100 
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CHAPTER III 

RESULTS 

 

Thermal Properties 

Upon crosslinking to form a porous scaffold, trends in crystallinity vary versus those of the 

uncrosslinked macromer. Results indicated that the n = 20 scaffolds were significantly less 

crystalline when compared to the other three scaffold compositions whose crystallinity were 

statistically similar (Figure 5). Importantly, all compositions showed sufficient crystallinity 

(~30%) to maintain shape memory since the crystalline segments act as the switching segments.37 
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Figure 5. % Crystallinity of scaffolds.  (** indicates p<0.01) 
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Results from DSC on the macromer indicated that n = 60 was significantly more crystalline 

than n = 40 or n = 70 but similar to n = 20 (Figure 6). The data indicates that, in bulk form, PCL-

DA macromer crystallinity is dependent on the value of n (i.e. chain length). Thus, chain length 

determines the extent to which PCL lamellae are able to form in the uncrosslinked PCL polymer. 

 

 

 

 

 

 

 

Mechanical Properties 

For crosslinked PCL-DA porous scaffolds, compression tests indicated that n = 20 was 

significantly less strong when compared to n = 40 and n = 60 (Figure 7). Several different trends 

in mechanical properties can occur in polymers due to different physical properties. In covalently 

cross-linked networks, a decrease in degree of polymerization (n) produces a higher cross-link 

density, generally resulting in an increase in modulus and strength unless the system becomes very 

brittle.38 Furthermore, higher % crystallinity tends to correspond to an increase in modulus and 

strength due to significant intermolecular bonding in the crystalline phase.39 Figure 7 and Figure 

8, respectively, show the strength and modulus of the different SMP scaffold compositions. While 
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Figure 6. % crystallinity of PCL-DA macromers (* indicates p<0.05). 
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compressive modulus was statistically similar for all scaffolds, the compressive strength was 

lowest for n = 20. This decrease in strength may be due to the reduced crystallinity of the scaffold. 
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Degradation 

Results indicated that n = 20 scaffolds degraded significantly faster than the other 

compositions (Figure 9). Typically, a more highly crosslinked network would diminish water 

infiltration and reduce the rate of degradation. Thus, we attribute the faster degradation of n = 20 

to its overall lower % crystallinity which is also known to increase degradation rates by inhibiting 

water infiltration.  

 

 

 

 

 

 

 

 

 

 

During degradation, the appearance of the scaffolds was also visually observed (Figure 

10). At the last time point (264 h), n = 20 scaffolds were completely disintegrated.  

 

 

0
10
20
30
40
50
60
70
80
90

100
0 50 100 150 200 250

M
as

s L
os

s (
%

)

Time (hours)

n=20 

n=40 

n=60 

n=70 

Figure 9. Scaffold degradation 



18 

 

 

 

 

 

 

 

Porosity 

SEM images revealed that SMP scaffolds contained interconnected pores of uniform pore 

size (Figure 11). These images indicate that in every composition, pores were of sufficient size 

(>200 µm) to allow cell infiltration to facilitate new bone growth and nutrient and waste 

transportation (Table 1). Thus, the utilized fabrication method involving solvent-casting 

particulate leaching allowed facile control of the pore size and uniformity which is essential to 

achieve scaffold characteristics conducive to bone healing.  

 

 

 

 

 

 

 

 

 

Figure 11. SEM image illustrating interconnected 
porosity of SMP scaffold. 

 

Figure 10. Images of scaffolds during degradation. 
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Using a gravimetric technique, pore size (Table 1) and % porosity (Figure 12) of SMP 

scaffolds was quantitatively determined. Due to the use of the same salt size and amount of water 

added to form the fused salt template, all scaffolds had similar pore sizes. The slightly smaller pore 

size of n = 40 may be attributed to its higher crystallinity that may have led to greater shrinking 

during annealing. Due to the slightly smaller pore size, the % porosity of n = 40 scaffolds was also 

statistically, but not substantially, decreased when compared to all other compositions (Figure 12). 

Its lower % porosity may have also contributed to the increased strength and modulus of the n = 

40 scaffold as this is a generally observed relationship.40  

 

 

 

 

 

 

 

 

 

 

 

Composition n = 20 n = 40 n = 60 n = 70 

Avg. Pore Size 
(µm) 

234 ± 31.2 206 ± 47.2 ** 234 ± 27.2 243 ± 28.6 

Table 1. Pore size and % porosity (** indicates p<0.01). 
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Figure 12. % porosity of scaffolds  
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Statistical Analysis 

Results are given as mean ± standard deviation (N = 3). Sample means were compared 

using ANOVA followed by a Student’s t-Test with p<0.05 indicating significant difference.   
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CHAPTER IV 

CONCLUSION 

 

In this work, SMP scaffolds were prepared using PCL-DA macromers with systematically 

tuned degrees of polymerization (n = 20, 40, 60 and 70). Scaffolds were prepared using a solvent-

casting particulate leaching technique in which a solution containing the PCL-DA macromer was 

UV-cured around a fused salt template. The impact of PCL-DA degree of polymerization on % 

crystallinity, mechanical properties, degradation rate, pore size, and % porosity were evaluated.  

All SMP scaffold compositions were found to maintain sufficient crystallinity (~30%) in 

order to exhibit shape memory effect as the crystalline domains effectively act as the “switching 

segments” of the PCL-DA SMP. However, n = 20 scaffolds were found to have reduced 

crystallinity when compared to the other compositions likely attributing to the increased 

degradation rate of the n = 20. 

For the PCL-DA scaffolds, % crystallinity, porosity, and degree of polymerization had a 

greater influence on mechanical properties than the cross-link density resulting in a low 

compressive strength for n = 20 scaffolds. The n = 40 scaffolds generally showed improved 

mechanical properties, potentially due to the balance in enhanced crystallinity and moderate 

crosslinking density. The n = 40 scaffolds also showed smaller pore size and lower % porosity, 

perhaps correlating to the slightly more robust mechanical properties.  

In future work, an understanding of the effects of PCL-DA degree of polymerization (n) 

on key scaffold properties will be useful to further broaden scaffold properties. Our group is also 

investigating the effects of adding thermoplastic PLLA into the cross-linked network of PCL-DA 
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as a semi-interpenetrating network (semi-IPN).15 Thorough knowledge of how the cross-link 

density of the PCL-DA network affects properties will aide this development. 
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