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ABSTRACT

Biodegradable Silicon-Containing Elastomers for Tissue Engineering Scaffolds
and Shape Memory Polymers. (August 2009)
Cody A. Schoener, B.S., Texas A & M University

Chair of Advisory Committee: Dr. Melissa A. Grunlan

Commonly used thermoplastic biodegradable polymers are generally brittle and
lack appreciable elasticity at physiological temperature and thereby fail to mimic the
elastic nature of many human soft tissues such as blood vessels. Thus, there is a need for
biomaterials which exhibit elasticity. Biodegradable elastomers are promising candidates
whose elasticity more closely parallels that of soft tissues. In this research, we developed
hybrid biodegradable elastomers comprised of organic and inorganic polymer
components in a block copolymer system: poly(e-caprolactone) (PCL) and
poly(dimethylsiloxane) (PDMS), respectively. A block structure maintains the distinct
properties of the PCL and PDMS components. These elastomers may be useful for the
tissue engineering of soft tissues as well as for shape memory polymer (SMP) devices.

Tri-block macromers of the form PCL,-block-PDMS,,-block-PCL, were
developed to permit systematic variations to key features including: PDMS block length,
PCL block length, PDMS:PCL ratio, and crosslink density. The macromer was capped
with acrylating groups (AcO) to permit their photochemical cure to form elastomers.

Thus, a series of biodegradable elastomers were prepared by photocrosslinking a series
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of macromers in which the PCL blocks varied (n = 5, 10, 20, 30, and 40) and the PDMS
block was maintained (m = 37). All elastomers displayed hydrophobic surface properties
and high thermal stability. These elastomers demonstrated systematic tuning of
mechanical properties as a function of PCL block length or crosslink density. Notable
was strains at break as high as 814% making them suitable for elastomeric
bioapplications.

Elastomers with a critical PCL block length (n = 30 or 40) exhibited shape
memory properties. Shape memory polymers based on an organic-inorganic,
photocurable silicon-containing polymer system is a first of its kind. This SMP
demonstrated strain fixity of 100% and strain recovery near 100% after the third
thermomechanical cycle. Transition from temporary to permanent shape was quite rapid
(2 sec) and at temperatures near body temperature (60 °C). Lastly, porous analogues of
the biodegradable elastomers were created using a novel porogen — salt leaching
technique. Resulting porous elastomers were designed for tissue engineering scaffolds or

shape memory foams.
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CHAPTER1

INTRODUCTION

1.1 Overview

Biomaterials are materials that can function as a whole or part of a device to treat,
assist, repair, or replace any tissue, organ, or function of the body. Biodegradability,
mechanical properties, and ease of fabrication of a biomaterial are critical factors in
determining feasibility and long-term success. Biodegradability eliminates the need for
subsequent surgical interventions to remove an implant and eliminates problems
associated with long-term implant tolerance. In tissue engineering, biodegradable
polymer scaffolds degrade allowing the space which they occupied to be replaced by
regenerated tissue. For biomaterials, both the rate and the biodegradation mechanism
(i.e. homogeneous versus heterogeneous) must be considered because of its impact on
mechanical properties. In certain applications, particularly those involving soft tissue
treatment or regeneration, a biomaterial which can exhibit large, cyclical deformations is
desirable. In addition, biomaterials which are able to also dramatically change their
shape after an increase in temperature (i.e. shape memory) may permit minimally
invasive surgical procedures. Thus, biodegradable elastomers, particularly those which
are thermosets formed by rapid photochemical cure, are promising candidates where
homogeneous biodegradation, elasticity, ease of fabrication, and even shape memory

behavior are required.

This thesis follows the style of Journal of American Chemical Society.



1.2 Introduction

Tissues or organs may become too diseased or injured to repair themselves
naturally. Thus, the invention and implantation of a biomaterial serving a temporary
replacement, support, or fixation role is necessary.' Biodegradable polymers are a class
of biomaterials which can serve these functions. Hydrolytic, enzymatic, and/or oxidative
cleavage reduces biodegradable polymers to monomeric or oligomeric forms which are
then excreted from the body. Biodegradable polymers are advantageous because they
eliminate the need for a second surgical intervention for removal.”> Some medical devices
composed of biodegradable polymers are commercially available (Table 1.1).
Unfortunately, conventional thermoplastic biodegradable polymers such as poly(glycolic
acid) (PGA) and poly(lactic acid) (PLA) are generally brittle and lack appreciable
elasticity at physiological temperatures (Table 1.2). The lack of elasticity of many
amorphous or semi-crystalline thermoplastic biodegradable polymers is attributed to a
glass transition temperature (Tgy) above physiological temperature and is further
diminished with increased levels of crystallinity. Hence, these polymers fail to mimic the
elastic nature of many soft tissues such as blood vessels, cartilage, and ligaments.3 Thus,
biodegradable elastomers are a unique biomaterial for medical applications because they
exhibit highly elastic characteristics at physiological temperatures. The chemical
composition and crosslink density of biodegradable elastomers may be tailored such that
they are capable of exhibiting tunable physical properties, including: degradation,
mechanical, thermal, and surface properties. A biodegradable elastomer with a T, below

body temperature (37 °C) will permit it to more closely parallel the elastic nature of soft



tissues (Table 1.2). Like biodegradable polymers, biodegradable elastomers also degrade
via hydrolysis into oligomers and compounds capable of being elmininated by the
human body. Biodegradable elastomers may be prepared as thermoplastics*™ through
solvent casting or as thermosets’'? crosslinked via heat or ultraviolet (UV) light. Finally,
through chemical synthesis and post-synthesis fabrication, biodegradable elastomers can
be targeted for soft tissue engineering (TE) scaffold and shape memory polymer

applications.

Table 1.1. Commercially available biodegradable medical devices”

Device Composition Trade Name Manufacturer
Suture PGA Dexon Davis and Geck
PGA-PLLA Vicryl Ethicon
PGA-PCL Monocryl Ethicon
PDO PDS Ethicon
PGA-PLLA Polysorb U.S. Surgical
PGA PGA Suture Lukens
Interference Screws PDLLA Sysorb Synos
PLLA Arthrex Arthrex
PLLA Bioscrew Linvatec
PLLA-PDLLA Phusiline Phusis
PGA-PDLLA Biologically Quiet Instrument Makar
Suture Anchor PLLA Bio-Statak Zimmer

Table 1.2. Common biodegradable polymer properties

Polymer Glass-Transition Melting Temperature ]?egradation
Temperature (T, °C) (T, °C) Time (months)
Poly(L-lactic acid) 60 — 65 173 - 178 >24
P(D,L-lactic acid) 55-60 Amorphous 12-16
Poly(glycolic acid) 35-40 225-230 6—12
Poly(e-caprolactone) (-65) — (-60) 43 - 60 >24

Poly(dioxanone) (-10)-0 -- 612




Critical factors in the design of biomaterials include mechanical properties,
biodegradability, and ease of fabrication. Many biomaterials, when in implanted, are
subjected to forces or loads. For example, a tissue engineered artery would experience
pulsatile blood flow."> On the other hand, TE knee meniscus would experience
compression for shock absorption during walking or running.'* Therefore, it is necessary
to design biomaterials with mechanical properties which mimic those of the tissue or
organ that is it replacing or assisting. The mechanical behavior of a material reflects the
relationship between its response or deformation to an applied load or force."” Important
mechanical properties are those tested in tension including tensile strength, tensile
modulus, and percent elongation. Tensile strength is the maximum stress a biomaterial
will sustain when in tension, beyond this, fracture and failure of the biomaterial will
result. Tensile modulus, also known as Young’s Modulus, indicates a biomaterials
resistance to elastic deformation and reflects its stiffness or rigidity. Elastic deformation
is nonpermanent and recoverable when the applied load is released. Percent elongation is
a measure of the degree of deformation that is sustained before biomaterial fracture.
Force may also be applied in compression, shear, and torsion.

Conventional thermoplastic biodegradable polymers such as PLA and PGA are
more rigid and lack the elasticity of many soft tissues (Table 1.3). On the other hand,
biodegradable elastomers are capable of large, recoverable deformation. Biodegradable
elastomer mechanical properties can be modulated through synthesis of di-, tri-, or
multi-polymers, architecturally arranged in block, star, or linear structures, and prepared

as thermoplastics or thermosets. Biodegradable thermoplastics reported in the literature



16-20 21-25

include: poly(ester-urethane)s and polyesters such as poly(diol citrates),
poly(glycolide-co-caprolactone),”® and poly(4-hydroxybutyrate)s.”” ** Biodegradable
thermosetting elastomers have been prepared by chemically crosslinking

31

poly(lactone)s,” poly(e-caprolactone)s,* polyphosphazenes,’> * poly(glycerol-

35 37

sebacate),** and  star-poly(e-caprolactone-co-D,L-lactide).*® Biodegradable
elastomers have traditionally been composed of PCL or PDO and copolymerized with
PGA or PLA’s. However, a new set of biodegradable elastomers are emmerging such as
poly(glycerol sebacate) and poly(diol citrates). Poly(glycerol sebacate) combine glycerol
and sebacic acid to form biocompatible, biodegradable polymers that are easy to
synthesize and alter mechanical properties.®® Glycerol is the basic building blocks for
lipids and sebacic acid plays an intermediate role in oxidation of fatty acids.* Poly(diol
citrates) are based on linear aliphatic diols or polyether diols polymerized with citric

acid.* Citric acid is a metabolic product of the body (Krebs or citric acid cycle) and non-

toxic.
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Table 1.3. Human soft tissue and biodegradable polymer mechanical properties

Tensile Strength Strain at Break

Tissue Modulus (MPa) (MPa) (%)
Smooth Muscle, relaxed 0.006 - 300
Smooth Muscle, contracted 0.01 - 300
Carotid Artery .084 +/-.022 - -
Pericardium 20.4+/-1.9 - 349 +/-1.1
Cerebral Artery 15.69 4.34 50
Cerebral Vein 6.85 2.82 83
l(bza‘;‘fggryfsnfl‘c’f)l 660 +/- 266 64.7 +- 15 14.0 +/- 6.0
e oy o 345 +/-22.4 36.4+/-2.5 15.0+-0.8
Polymer
Poly(glycolid acid) 6900 70 15-20
Poly(L-lactic acid) 2800 - 4200 28 - 50 6
Poly(D,L-lactic acid) 1400 - 2800 27.6-414 3-10
Poly(e-caprolactone) 400 16 16

The manner in which biodegradable materials degrade is also of importance. If a
biomaterials mechanical integrity fails before a significant amount of mass loss during
biodegradation, the implant will fail. Degradation can be either heterogeneous or
homogenous. Heterogeneously degradation occurs because amorphous regions degrade
more quickly (due to greater water penetration) than the crystalline domains.” Semi-
crystalline thermoplastics composed of biodegradable polymers may exhibit
heterogeneous degradation.”® On the other hand, thermosets may help control
degradation profiles through crosslink density, hydrophilicity, and in some cases, the
degree of crystallinity.

Biodegradable elastomers can be synthesized of one or many biodegradable

polymers which can control mechanical properties and biodegradation rates. For



example thermoplastic PCL and PDLLA degrade in 24 and 12 — 16 months,
respectively. To decrease degradation time, thermoset elastomers of PCL:PDLLA have
been developed in ratios of 30/70, 50/50, and 70/30 resulting in 30%, 25%, and 10%
mass loss over 12 wks, respectively.'> Furthermore, mechanical properties of these
ranged from 0.64 — 5.2 MPa Young’s modulus, 1.0 — 9.7 MPa tensile strength, and 100 —
190% strain at break. Similar manipulation of mechanical properties and degradation
rates of copolymer compositions has been reported.* *->°

Polymer architecture can influence biodegradable elastomers properties.
Architecture is highly variable, but block and star copolymer systems are popular for

elastomer preparation.’® *" °!

Block copolymers demonstrate a unique ability to self-
assemble into periodic nanostructures producing materials with a broad range of
amphiphilic characteristics and unique surface properties.’” Biodegradable block
copolymers are of increasing interest to tailor degradation properties, mechanical
properties, and even biocompatibility of the component polymers.53’ Star copolymers
can increase crosslink density and further extend mechanical properties.

Porosity is an important consideration for biomaterial applications. For tissue
engineering, polymers should be highly porous and interconnected ensuring a high
surface area for cell growth and attachment, tissue in growth, and the diffusion of
nutrients and cellular waste products.”> Porosity size and percent porosity of an
elastomers system can be customized to optimize attachment and growth for specific cell

types: 20 um (for the in growth of fibroblasts and hepatocytes), 20-150 um (for skin

regeneration), and 100-250 um (for bone regeneration).”*>® A variety of methods have



been reported to prepare porous polymeric materials including phase separation, gas
foaming, emulsion freeze-drying, rapid prototyping techniques, and solvent-casting and

59-62

salt leaching. Porosity can also increase degradation rate by increasing percent

porosity or increasing pore size resulting in increased surface area in contact with
degrading media.®>

Biodegradable elastomers are unique systems which provide elastic properties
and biodegradation making them suitable materials for bioapplications. With the
development of new biodegradable elastomers in conjunction with improved or novel
synthesis and fabrication techniques, mechanical properties and degradation rates can be
systematically controlled. In this way, elastomers can be synthesized with properties that
closely parallel the tissue of interest.

In this thesis, photosensitive macromers composed of poly(e-caprolactone)
(PCL) and poly(dimethylsiloxane) (PDMS) were crosslinked into thermoset,
biodegradable elastomers. The macromer structure and PCL content were related to
physical properties including mechanical, thermal, and surface properties. These

findings will enable the rational design of future biodegradable elastomers for TE

scaffolds or shape memory polymers.



CHAPTER 11

BIODEGRADBLE SILICON-CONTAINING ELASTOMERS

2.1 Introduction

Elastomeric biomaterials are useful to treat, repair, or replace damaged or
diseased soft tissues as they are capable of large and reversible cyclic deformations
without failure. They may also minimize irritation to neighboring soft tissues’* and
reduce fibrous encapsulation of the implant.*’ Biodegradable elastomers would exhibit
advantageous degradation profiles compared to thermoplastic polymers. As amorphous
thermosets, they would be expected to exhibit homogeneous degradation and linear loss
in mechanical properties prior to substantial mass loss.®® Biodegradable elastomers
would be particularly useful in tissue engineering and for minimally invasive, short-term
implanted devices. In tissue engineering (TE), biodegradable elastomeric scaffolds
would initially exhibit the elasticity of soft tissues, but upon degradation would allow the
space which they occupied to be replaced by regenerated tissue. In addition, elastomeric
biomaterials may be designed to exhibit a shape-memory such that they are able to
dramatically change their shape after an increase in temperature. This may permit
minimally invasive surgical procedures involving implantation of bulky devices (e.g. a
self-expanding stent). Furthermore, a biodegradable shape memory elastomer would
eliminate the need for subsequent surgical removal of the implant and reduce

complications associated with long-term implants.
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TE seeks to replace damaged or diseased tissues with new healthy tissues.®’
Biodegradable polymer scaffolds provide a 3-D environment in which living cells can
attach, differentiate, and produce extracellular matrix (ECM) and hence new tissues. 7
There is a current need for scaffolds capable of undergoing long-term cyclic strain
without losing mechanical properties for tissue engineering of soft tissues.
Biodegradable elastomers are a class of biomaterials capable of withstanding cyclic
strain, providing a surface compatible with cell attachment and growth, and degrading at
a slow rate allowing load to transfer from scaffold to new tissue.”' State of the art
elastomer TE scaffolds are focusing on novel copolymerization of degrading polymers
and unique fabrication techniques to achieve specific mechanical properties. One such
system is a scaffold based on microporous poly(L-lactide-co-g-caprolactone) for
articular cartilage tissue engineering.”” By incorporating micropores, the scaffold can
temporarily deform upon loading with little structural collapse and recover to the
original geometry upon unloading. A second system developed a biodegradable tubular
scaffold for small diameter blood vessel engineering. This novel method coated a porous
layer of PCL on the outside of a poly(glycolic-co-lactic acid) fiber braided tube.” The
porous PCL coating encourages cell attachment and proliferation while the braided fiber
provides structural support and inner diameter control of resulting tissue engineered
blood vessel. A biodegradable elastomeric scaffold whose physical properties may be

systematically altered would be quite useful to establish predictive relationships to end

point engineered tissue mechanical properties.
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Shape memory materials are stimuli-responsive materials having the capability of
changing their shape upon application of an external stimulus (e.g. heat or light).”* ™
Unlike metal and ceramic counterparts, shape memory polymers (SMPs) are easy to
form, light in weight, exhibit large recoverable deformation, and show good processing
performance.”® Therefore, SMPs are being considered for utilization in areas traditional
polymers have existed such as the packaging, auto, and textile industries. However,
special interest and research expansion is taking root in the biomedical field. An SMPs
ability to transform into a temporary deformed shape has led to an explosion in
minimally invasive biomedical applications including smart sutures,”’ vascular stents,”
7 and microfluidic devices.*” ® SMPs can improve patient recovery time and health
because they can be fabricated from biocompatible, biodegradable materials which
eliminate subsequent surgeries as well as reduce host response as compared to metal or
other non-polymer implants.

SMPs consist of “switching segments” and “netpoints” which work cooperatively
to achieve the shape memory effect. The netpoints determine the permanent shape and
may be either chemical or physical crosslinks. The switching segments exhibit a thermal
transition temperature (Tians). Thus, a temporary shape formed by the application of
stress at T > Tips 18 fixed by cooling the deformed SMP at T < Ty and the permanent
shape subsequently recovered by reheating to T > Tyns. Thus, upon heating to T > Tirans,
chain mobility of the switching segments is enhanced to permit shape recovery. Tins can

either be the melting temperature (Ty,) or glass transition temperature (Tg).gz'84 The shape

memory effect through a Ty, is relatively quicker and over a narrow temperature range
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compared to a T,. The netpoints must be thermally stable at T > Tiuns to ensure the
conservation of the permanent shape.

SMPs are characterized by three main features which may determine their utility
and efficacy: Tians, strain fixity, and strain recovery. For biomedical applications, the
value of Tiqns of an SMP is of critical importance. A Tia,ns near or slightly greater than
body temperature (37 °C) would permit shape recovery upon implantation and is
acceptable if the amount and duration of external heat applied to induce shape recovery
is within the limits of that tolerated by the surrounding tissue. A Tyaps €qual to body
temperature could result in premature device deployment during implantation. Strain
fixity quantifies the ability of an SMP’s to maintain or fixate its temporary shape at
T < Tians and strain recovery quantifies its ability to recover the permanent shape at
T > Tyans. A limitation of physically crosslinked SMPs is their insufficient shape fixity
and recovery which is manifested as creep and irreversible deformation.”

Biodegradable SMPs based on both physically and chemically crosslinked
poly(e-caprolactone) (PCL) has received much attention due to the utility of PCL in
other medical devices and drug delivery systems.*> * PCL’s low T, (-60 °C) permits the
formation of elastic rather than rigid networks. PCL is an effective switching segment in
which the T, forms the T, of the network. Linear PCLs exhibit well-defined T,,’s
which decrease with their M, (43 — 60 °C).®® Furthermore, the low Ty’s of PCL are
desirable in biomedical applications. These unique qualities has prompted the

investigation of SMPs formed by combination of PCL with a variety of organic
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copolymers, including: polyurethanes, poly(n-butyl acrylate),” poly(L-lactide),*”

9193 holy(glycolide),” and poly(ethylene glycol).”

SMPs, including those based on PCL, have been traditionally fabricated from
purely organic polymer systems. However, polymers and networks prepared from a
combination of inorganic and organic polymers often leads to unique material properties.
Polydimethylsiloxane (PDMS) has many interesting properties, including good
biocompatibility, thermal and oxidative stability, gas permeability and an extremely low
T (-125 °C).”* *" The low T, of PDMS leads to highly elastic networks upon lightly
crosslinking. Thus, modification of organic biodegradable polymers with PDMS to
confer elasticity has received interest for TE scaffolds and soft microcapules used in oral
drug delivery.”® A single report of SMPs formed by radiation crosslinking of physical
blends of PCL and polymethylvinylsiloxane (PMVS) has appeared.” However, blends
could only be prepared with less than 20 wt% of PMVS due to blend instability.
Furthermore, PCL is susceptible to radiation-induced chain scission which diminishes
tensile strength.

In this study, we have designed novel inorganic-organic biodegradable
elastomers useful as TE scaffolds or SMPs. These elastomers were formed through
rapid photochemical cure of a series of photosensitive block copolymer macromers
consisting of a central inorganic PDMS block and terminal organic PCL blocks:
AcO-PCL,-block-PDMS,-block-PCL,-OAc. Thermoplastic block copolymers of PDMS
and PCL have been previously reported but were not subsequently functionalized with

crosslinkable endgroups and converted into networks.'”"'% A macromer with a block
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structure will maintain the properties of PCL and PDMS components desirable for
biodegradable elastomers. PCL blocks will introduce biodegradability, elasticity, and
may serve as switching segments if shape memory behavior is desired. PDMS segment
should confer greater elasticity to the PCL-based network.” In addition, block
copolymers may also produce periodic nanostructures resulting in amphiphilic
characteristics and unique surface properties.”> Our synthetic strategy also permits the
systematic control of M, of the PDMS and PCL blocks and hence PDMS:PCL ratios and
crosslink density. As a photo-crosslinked system, elastomers cure is rapid and permits

spatial and temporal control.'®

In addition, porosity may be introduced into these
elastomers by photocuring in the presence of porogens (as discussed in Chapter III).
Porosity ensures substantial surface area for cell growth and attachment for TE scaffolds
and could also be used to prepare SMP foams. In this study, we maintained the M,, of the
PDMS block (m = 37) while systematically altering that of the PCL blocks (n = 5, 10,
20, 30 and 40) which led to changes in the PDMS:PCL ratios and crosslink density. The

effect of these structural changes on thermal, surface, mechanical, and shape memory

properties were studied.

2.2 Experimental Section
Polymer Characterization

NMR Spectroscopy. 'H NMR spectra were obtained on an Inova 300-MHz
spectrometer operating in the FT mode. Five percent w/v CDCI; solutions were used.

Residual CDCl; served as an internal standard.
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Thermal Gravimetric Analysis (TGA). The thermal stabilities of neat samples
(~15 mg) in Pt pans were evaluated with a TA Instruments Q50 under N, or air at a flow
rate of 40 cc/min. The sample weight was recorded while the temperature was increased

10 °C/min from 25 to 800 °C.

Elastomer Characterization

Thermal Gravimetric Analysis (TGA). Thermal analysis of photocured elastomers
(~15 mg) were similarly measured as described above.

Sol Content. Uncrosslinked material (sol) was extracted by soaking an elastomer
disc (45 mm x 2mm; ~0.70 g) in a sealed vial containing 15 mL of ethanol and placing
on a shaker table for 3 hrs. The percentage of uncrosslinked material was calculated as
(wo-w1)/wo, where wy is weight before extraction and w is weight after extraction.

Dynamic Mechanical Analysis (DMA). Storage (G’) and loss (G”) moduli of
elastomers were measured as a function of temperature on a TA Instruments Q800
dynamic mechanical analyzer. Specimens (length x width = 35 mm x 5.3 mm) were cut
from an elastomer disc using a clean single-edged razor cutting tool. Electronic calipers
were used to measure film thickness (~ 1.0 mm) prior to testing. The DMA was operated
using a dual cantilever clamp assembly at a frequency of 5 Hz and a displacement of
4 um. After equilibration at -140 °C for 3 min, the temperature was increased 4 °C/min
to 95 °C. The T, was determined from the peak maximum of the measured G”.

Contact Angle Analysis. The surfaces of elastomers were characterized using a

KSV CAM-200 contact angle measurement system equipped with an autodispenser,
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video camera, and drop-shape analysis software. Static (Ogasic), advancing (0,4v), and
receding (0;.) contact angle measurements of distilled/deionized water droplets at the
elastomer-air interface were measured at room temperature. For Oguaeic, @ 5 pL sessile
drop of water was measured at 15 sec and 2 min after deposition onto the elastomer
surface. The 0,4, was measured by the addition of 3 pL (0.25 pL/s) of water to a 5 puL
pendant droplet to advance the contact line. The 6. was measured by the subsequent
removal of 4 plL (0.25 pL/s) from the same droplet to recede the contact line. The
reported Ogptic, Oadv, and O values are an average of three measurements taken on
different areas of the same elastomer sample.

Tensile Properties. Rectangular strips (20 mm x 3.3 mm x 1.1 mm) were
subjected to tensile tests using an Instron 3340 universal testing machine. Samples were
subjected to a constant strain (50 mm/min) until they broke. Young’s modulus (E),
tensile strength (T.S.), and percent strain at break (%¢g) were determined from resulting
stress (o) vs. strain (€) curves. Measurements were performed in triplicate.

Differential Scanning Calorimetry (DSC). The melting temperature (T,,) and heat
of fusion (AH,) were determined by differential scanning calorimetry (DSC, TA
Instruments Q100). The cell was calibrated using an indium standard and sample weight
was ~ 12 mg. After equilibration at -150 °C for 5 min, the temperature was increased to
95 °C at a rate of 5 °C/min for one cycle. The endothermic melting peak was
characterized by a peak minimum (T,) and enthalpy change (AH,). The crystalline

fraction, ., was calculated as follows:
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AH
N (1)

where AH,, was calculated by area of the melting peak and AH’y, is the enthalpy of
fusion of 100% crystalline PCL. A value of AH’;, = 139.5 J/g was used for the

calculation,'%® %7

In this way, percent crystallinity (. x 100) was determined.

Thermomechanical Characterization. Cyclic thermomechanical tests were
carried out on a dynamic mechanical analyzer (TA Instruments Q800). Rectangular
strips (15 mm x 3 mm x 1.1 mm) mounted onto tension clamps (gauge length = 6.5 mm)
were subjected to the following sequence: (1) after equilibrating at 80 °C (Th;gn) for 10
min, elongate to a maximum strain (g, = 75%) at a rate of 50% strain/min (or 3.1
mm/min), (2) hold at g, for 5 min and then cool to 25 °C (Tjy) to fix the temporary
shape, (3) remove load and immediately measure g,, (4) reheat the sample to 80 °C
(Thign) to recover to the permanent shape and measure ¢, then begin the second cycle. In
total, 4 cycles were performed.

The shape memory effect was quantified by two values: strain recovery (R;) and
strain fixity (Rg). For each cycle (N), strain recovery rate (R;) quantifies the ability of a
material to return to its permanent shape (g,) after application of mechanical deformation
(em). Specifically, it is a measure of how much of the strain applied in the course of
programming &y - &(N-1) is recovered in the following shape-memory transition

€m - €(N). Thus, R, is defined as:

&, —€,(N)

k()= g, —&,(N-1) @
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where € is the maximum strain induced and &,(N-1) and €,(N) are the strain of the
sample in two successively passed cycles in the stress-free state. Total strain recovery
rate (R.o) 1s defined as the total recovered strain for each independent cycle (e,(N)) as

compared to the original strain deformation (&y):

P —-&,(N) 3)

r,tot

Strain fixity (Rf) quantifies the ability of the material to maintain or fix a mechanical

deformation (&) after cooling resulting in a temporary deformation (g,):

R, = ,(N) 4)
&

m

where, ¢, is the sample’s strain immediately following unloading. Ideally, R, and R¢
should be 100%.

Macroscopic Shape Memory Effect. The shape memory effect was captured
photographically. The rectangular strip (25 mm x 3 mm x 1.1 mm) was deformed to a
temporary coil by heating to 80 °C, stretching to 150%, wrapping around a steel rod
(~2 mm dia.), and cooled in an ice bath to lock in temporary shape. The resulting coil

was blotted dry and placed in an oven or in DI water maintained at 40, 50, or 60 °C.
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Time series photographs captured time-lapse from deformed, temporary shape (coil) to

the undeformed, permanent shape (flat rectangle).

2.3 Materials

g-Caprolactone,  triethylamine  (Et;N), acryloyl chloride, stannous
2-ethylhexanoate, 2,2-dimethoxy-2-phenyl-acetophenone (DMAP), 1-vinyl-2-pyrrol-
idinone (NVP), 4-(dimethylamino)-pyridine (DMP), K,CO;, Poly(dimethylsiloxane)-
bis(3-aminopropyl) terminated (NH,-PDMS3;-NH»; M, ~ 3,000 g/mol per manufacturers
specifications; 2986 g/mol as determined by 'H NMR end group analysis), and solvents
were obtained from Sigma Aldrich. Anhydrous magnesium sulfate (MgSO4) was
obtained from Fisher. Reagent-grade CH,Cl,, CHCls, and NMR grade CDCIl; were dried

over 4A molecular sieves.

2.4 Synthetic Approach

The HO-PCL,-block-PDMS3;-block-PCL,-OH macromers were prepared by
ring-opening polymerization of e-caprolactone in the presence of a tin catalyst and
NH,-PDMS;7-NH; (Fig. 2.1). The M, of the PCL blocks was controlled by the ratio of
g-caprolactone to NH,-PDMS;7;-NH,. The NH,-PDMS;7;-NH,, e-caprolactone, and
stannous 2-ethylhexanoate catalyst were combined into a 250 mL round-bottomed (rb)
flask equipped with rubber septum and magnetic Teflon stir bar. The reaction was stirred
for 24 h at 145 °C under N,. After cooling to room temperature (RT), the crude product

was dissolved in minimal amount of CHCl; and precipitated twice in an excess of cold
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methanol (~10 °C). The isolated product was dried under high vacuum at 45°C for 20 h.

PDMS:PCL ratio and M, were determined by 'H NMR spectroscopy.

O
HoN SI‘O(’SI‘O>*8| NH, + 2n
| | 37|

stannous
2-ethylhexanoate
145°C, 24 h

i 0

c | | | C

H{Ofc'*z% #N/\/\Si—0<8i—o>78i/\/\NJf fCHzﬁ)O]\H
5 I | | | | n
H 37 H
n=5(a-p), n=10(a-p2), n=20(a-p3), n=30(a-smp1), n=40(a-smp2)
O
Et;N
\)J\CI 3
50°C, 20 h
i 9
C | | | C
5 n 1 | I | | 5 O
© H 37 H n

n=>5(b-p1), n=10 (b-p2), n=20 (b-p3), n =230 (b-smp1), n =40 (b-smp2)

CH,CI, (solvent)
photocrosslinking | photoinitiator

hv

Biodegradable Elastomers:
n=5(P1), n=10(P2), n=20(P3), n=230(SMP1), n=40(SMP2)

Figure 2.1. Synthesis of photocurable AcO-PCL,-block-PDMSs7-block-PCL,-OAc
macromers and their conversion to P1-3 and SMP1-2 elastomers. SMP1 and SMP2
exhibit shape memory behavior.
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The terminal hydroxyl groups were subsequently converted to photosensitive
acrylate (OAc) groups by reaction with acryloyl chloride to yield AcO-PCL,-block-
PDMS,;-block-PCL,-OAc macromers (Fig. 2.1). Each were combined with DMP, and
dry CH,Cl, and placed in a 250 mL rb flask equipped with a Teflon stir bar, rubber
septum, and purged with N,. Et;N was slowly added to the solution followed by the
dropwise addition of acryloyl chloride. After 30 min, the mixture was refluxed at 50 °C
for 20 h with mild stirring. The solvent was removed under reduced pressure, the crude
product dissolved in ethyl acetate and filtered to remove triethylamine hydrochloride
salts. After removing solvent under reduced pressure, the isolated product was dissolved
in CH,Cl, (125 — 140 mL), and washed with 2 M K,COs (12 mL). The isolated organic
layer was dried with MgSQO,, gravity filtered, and volatiles removed under reduced
pressure. 'H NMR spectroscopy confirmed acrylation as well as maintenance of

PDMS:PCL ratio and M,,.

Synthesis of Hydroxy Terminated Biodegradable Macromers

Synthesis of HO-PCLs-block-PDMS37-block-PCLs-OH (a-pl).
NH,-PDMS;7-NH; (20.0 g, 6.69 mmol), e-caprolactone (7.17 g, 66.67 mmol), and
stannous 2-ethylhexanoate catalyst (0.043 g, 0.11 mmol) were reacted as above. In this
way, a-p1 (19.33 g, 70% yield) was obtained as a viscous, yellowish liquid. M,= 3,965
g/mol (by 'H NMR end group analysis). 'HNMR (3, ppm): 0.11 — 0.40 (bm, 240H,
SiCH3), 0.49 (m, 3H, -SiCH,CH,CH,NH-), 1.35 (m, 18H, -OCH,CH,CH,CH,CH,OH),

1.58 (m, 40H, -COCH,CH,CH,CH,CH,0OH), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27
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(m, 14H, -COCH,CH,CH,CH,CH,0OH), 3.19 (q, J = 6 Hz, 4H, -SiCH,CH,CH,NH-),
3.61 (t,J=6 Hz, 2H, NH), 4.02 (m, 14H, -COCH,CH,CH,CH,CH,OH).

Synthesis of HO-PCL,y-block-PDMS57-block-PCLp-OH (a-p2).
NH,-PDMS;7-NH; (15.0 g, 5.0 mmol), e-caprolactone (10.76 g, 100 mmol), and
stannous 2-ethylhexanoate catalyst (0.043 g, 0.11 mmol) were reacted as above. In this
way, a-p2 (24.88 g, 94% yield) was obtained as a viscous, yellowish liquid. M;= 5,170
g/mol (by 'H NMR end group analysis). 'H NMR (3, ppm): 0.35 — 0.11 (bm, 240H,
SiCH3), 0.49 (m, 4H, -SiCH,CH,CH,NH-), 1.39 (m, 41H, -OCH,CH,CH,CH,CH,0H),
1.58 (m, 82H, -COCH,CH,CH,CH,CH,OH), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27
(m, 36H, -COCH,CH,CH,CH,CH,0OH), 3.19 (q, J = 6.6 Hz, 4H, -SiCH,CH,CH,NH-),
3.61 (t,J=6.6,2H, NH), 4.02 (m, 33H, -COCH,CH,CH,CH,CH,OH).

Synthesis of HO-PCLyy-block-PDMS37-block-PCL,o-OH (a-p3).
NH,-PDMS;7-NH; (7.57 g, 2.54 mmol), e-caprolactone (10.85 g, 100.8 mmol), and
stannous 2-ethylhexanoate catalyst (0.043 g, 0.11 mmol) were reacted as above. In this
way, a-p3 (14.37 g, 74% yield) was obtained as a yellowish wax. M;= 7,750 g/mol (by
'H NMR end group analysis). "H NMR (8, ppm): 0.03 — 0.11 (bm, 240H, SiCH5), 0.49
(m, 4H, -SiCH,CH,CH,NH-), 1.39 (m, 89H, -COCH,CH,CH,CH,CH,OH), 1.58 (m,
174H, -COCH,CH,CH,CH,CH,0H), 2.11 (m, 4H, -SiCH,CH>CH,;NH-), 2.27 (m, 78H,
-COCH,CH,CH,CH,CH,0H), 3.19 (q, J = 6.6 Hz, 4H, -SiCH,CH,CH,NH-), 3.61 (t,
J=6.6 Hz, 2H, NH), 4.02 (m, 77H, -COCH,CH,CH,CH,CH,OH).

Synthesis of HO-PCLsy-block-PDMS37-block-PCL3o-OH (a-smpl).

NH,-PDMS;7-NH; (5.0 g, 1.67 mmol), e-caprolactone (10.78 g, 100.21 mmol), and
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stannous 2-ethylhexanoate catalyst (0.043 g, 0.11 mmol) were reacted as above. In this
way, a-smp1l (10.36 g, 63% yield) was obtained as a yellowish wax. M;= 9,980 g/mol
(by 'H NMR end group analysis). 'HNMR (3, ppm): 0.03 — 0.12 (bm, 240H, SiCH;),
0.49 (m, 4H, -SiCH,CH,CH,NH-), 1.39 (m, 120H, -COCH,CH,CH,CH,CH,0OH), 1.58
(m, 252H, -COCH,CH,CH,CH,CH,0H), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m,
123H, -COCH,CH,CH,CH,CH,0H), 3.19 (q, J = 6.6 Hz, 4H, -SiCH,CH,CH,NH-),
3.61 (t,J=6.6 Hz, 2H, NH), 4.02 (m, 118H, -COCH,CH,CH,CH,CH,OH).

Synthesis of HO-PCLy4p-block-PDMS37-block-PCL4y-OH (a-smp2).
NH,-PDMS;7-NH; (6.71 g, 2.25 mmol), e-caprolactone (19.26 g, 179.0 mmol), and
stannous 2-ethylhexanoate catalyst (0.043 g, 0.11 mmol) were reacted as above. In this
way, a-smp2 (20.25 g, 75% yield) was obtained as a yellowish wax. M,= 11,940 g/mol
(by "H NMR end group analysis). '"H NMR (5, ppm): 0.03 — 0.13 (bm, 240H, SiCHj),
0.49 (m, 4H, -SiCH,CH,CH,NH-), 1.39 (m, 161H, -COCH,CH,CH,CH,CH,0OH), 1.58
(m, 323H, -COCH,CH,CH,CH,CH,0H), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m,
153H, -COCH,CH,CH,CH,CH,0H), 3.19 (q, J = 6.6 Hz, 4H, -SiCH,CH,CH,NH-),

3.61 (t,J=6.6 Hz, 2H, NH), 4.02 (m, 149H, -COCH,CH,CH,CH,CH,OH).

Synthesis of Photosensitive Acrylated Biodegradable Macromers

Synthesis of AcO-PCLs-block-PDMS3;-block-PCLs-OAc (b-pl). a-pl (19.33 g,
4.49 mmol), DMP (0.0023 g, 0.02 mmol), Et;N (0.909 g, 8.99 mmol), acryloyl chloride
(1.62 g, 17.98 mmol) were reacted as above. In this way, b-p1 (15.29 g, 80% yield) was

obtained as a tacky, yellowish solid. M, = 4,055 g/mol (by '"H NMR end group
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analysis). 'HNMR (3, ppm): 0.03 — 0.11 (bm, 240H, SiCH;), 049 (m, 4H,
-SiCH,CH,CH,NH-), 1.39 (m, 20H, -COCH,CH,CH,CH,CH,OH), 1.58 (m, 40H,
-COCH,CH,CH,CH,CH,0OH), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m, 14H,
-COCH,CH,CH,CH,CH,0H), 3.19 (q, J = 6.9 Hz, 4H, -SiCH,CH,CH,NH-), 3.61 (m,
2H, NH), 4.02 (m, 12H, -COCH,CH,CH,CH,CH,0OH), 5.82 (dd, 2H, J = 1.5 and 10.5
Hz, -COCCHCH,), 6.11 (dd, 2H, J = 10.5 and 17.4 Hz, -COCCHCH,), 6.40 (dd, 2H,
J=1.8and 17.4 Hz, -COCCHCH,).

Synthesis of AcO-PCL¢-block-PDMS37-block-PCL;¢p-AcO (b-p2). a-p2 (24.88
g, 4.87 mmol), DMP (.0023 g, 0.02 mmol), Et;N (0.985 g, 9.74 mmol), acryloyl chloride
(1.76 g, 19.48 mmol) were reacted as above. In this way, b-p2 (17.40 g, 66% yield)
was obtained as a tacky, yellowish solid. M, = 5,250 g/mol (by 'H NMR end group
analysis). 'HNMR (0, ppm): 0.05 — 0.11 (bm, 240H, SiCH;), 0.49 (m, 4H,
-SiCH,CH,CH,;NH-), 1.39 (m, 40H, -COCH,CH,CH,CH,CH,OH), 1.58 (m, 83H,
-COCH,CH,CH,CH,CH,0OH), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m, 35H,
-COCH,CH,CH,CH,CH,0H), 3.19 (q, J = 6.9 Hz, 4H, -SiCH,CH,CH,NH-), 3.61 (m,
2H, NH), 4.02 (m, 31H, -COCH,CH,CH,CH,CH,OH), 5.82 (dd, 2H, J = 1.8 and 10.5
Hz, -COCCHCH,), 6.11 (dd, 2H, J = 10.5 and 17.4 Hz, -COCCHCH,), 6.40 (dd, 2H,
J=1.7and 17.3 Hz, -COCCHCH,).

Synthesis of AcO-PCLyg-block-PDMS37-block-PCLyo-OAc (b-p3). a-p3 (14.37
g, 1.84 mmol), DMP (0.0023 g, 0.02 mmol), Et:N (0.372 g, 3.68 mmol), acryloyl
chloride (0.664 g, 7.37 mmol) were reacted as above. In this way, b-p3 (5.02 g, 37%

yield) was obtained as a tacky, yellowish solid. M, = 7,880 g/mol (by 'H NMR end
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group analysis). '"HNMR (3, ppm): 0.05 — 0.11 (bm, 240H, SiCHj), 0.49 (m, 4H,
-SiCH,CH,CH,NH-), 1.39 (m, 86H, -COCH,CH,CH,CH,CH,OH), 1.58 (m, 185H,
-COCH,CH,CH,CH,CH,0OH), 2.11 (m, 4H, -SiCH,CH,CH;NH-), 2.27 (m, 78H,
-COCH,CH,;CH,CH,CH,0H), 3.19 (m, 4H, -SiCH,CH,CH,NH-), 3.61 (m, 2H, NH),
4.02 (m, 74H, -COCH,CH,CH,CH,CH,0OH), 5.82 (dd, 2H, J = 1.5 and 10.5 Hz,
-COCCHCH,), 6.11 (dd, 2H, J = 10.5 and 17.4 Hz, -COCCHCH>), 6.40 (dd, 2H, J=1.5
and 17.4 Hz, -COCCHCH,).

Synthesis of AcO-PCLjp-block-PDMS37-block-PCL3p-OAc (b-smpl). a-smpl
(10.36 g, 1.04 mmol), DMP (0.0023 g, 0.02 mmol), Et;N (0.210 g, 2.07 mmol), acryloyl
chloride (0.374 g, 4.14 mmol) were reacted as above. In this way, b-smp1 (4.73 g, 46%
yield) was obtained as a waxy, yellowish solid. M, = 9,860 g/mol (by 'H NMR end
group analysis). 'HNMR (3, ppm): 0.008 — 0.14 (bm, 240H, SiCHj;), 0.49 (m, 1H,
-SiCH,CH,CH,NH-), 1.39 (m, 130H, -COCH,CH,CH,CH,CH,OH), 1.58 (m, 244H,
-COCH,CH,CH,CH,CH,0OH), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m, 114H,
-COCH,CH,CH,CH,CH,0H), 3.19 (m, 4H, -SiCH,CH,CH,NH-), 3.61 (m, 2H, NH),
4.02 (m, 106H, -COCH,CH,CH,CH,CH,OH), 5.82 (dd, 2H, J = 1.5 and 10.2 Hz,
-COCCHCH,), 6.11 (dd, 2H, J=10.5 and 17.4 Hz, -COCCHCH>), 6.40 (dd, 2H, J=1.8
and 17.7 Hz, -COCCHCH,).

Synthesis of AcO-PCLyg-block-PDMS37-block-PCL4p-OAc (b-smp2). a-smp2
(20.25 g, 1.70 mmol), DMP (0.0023 g, 0.02 mmol), Et;N (0.343 g, 3.39 mmol), acryloyl
chloride (0.612 g, 6.78 mmol) were reacted as above. In this way, b-smp2 (11.44 g,

55% yield) was obtained as a waxy, yellowish solid. M, = 11,990 g/mol (by "H NMR).
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'HNMR (5, ppm): 0.046 - 0.10 (bm, 240H, SiCH;), 0.49 (m, 4H,
-SiCH,CH,CH,NH-), 1.39 (m, 165H, -COCH,CH,CH,CH,CH,0H), 1.58 (m, 327H,
-COCH,CH,CH>CH,CH,OH), 2.11 (m, 4H, -SiCH,CH,CH,NH-), 2.27 (m, 148H,
-COCH,CH,CH,CH,CH,OH), 3.19 (m, 4H, -SiCH,CH,CH,NH-), 3.61 (m, 2H, NH),
4.02 (m, 143H, -COCH,CH,CH,CH,CH,OH), 5.82 (dd, 2H, J = 1.5 and 10.4 Hz,
-COCCHCH,), 6.11 (dd, 2H, J = 10.5 and 17.4 Hz, -COCCHCH,), 6.40 (dd, 2H, J = 1.8

and 17.4 Hz, -COCCHCH,).

2.5 Preparation of Biodegradable Elastomers

The  photosensitive  macromers  (b-P1-P3;  b-SMP1-SMP2)  were
photochemically crosslinked into elastomers (P1-P3; SMP1-SMP2) using a
photoinitiator consisting of 10 wt% solution of DMAP in NVP. A precursor solution was
prepared by dissolving acrylated macromers in CH,Cl, at 0.25 g/mL, 0.5 g/mL, or
1 g/mL in a scintillation vial. Photoinitiator solution was then added at a volume of
150 uL per mL of CH,Cl,. After vortexing, the solution was transferred to the well of a
circular silicone isolator (45 mm x 2 mm) sandwiched between two glass slides
(Fig. 2.2). The mold was then exposed to UV light (UV-Transilluminator, 6 mW/cm?,
365 nm) for 3 min to form an elastomer network. The resulting solvent-swollen
elastomer disc was removed from the mold, air dried (RT, 12 h), and dried in vacuo (36
Hg, 80 °C, 4 h) to remove residual solvent. Uncrosslinked material (sol) was removed by

soaking the disc in ethanol (~3 h), air drying overnight, and drying in vacuo as above. In
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this way, a series of elastomers (P1-P3, SMP1-SMP2) were prepared at different

concentrations (Table 2.1).

Y
=z N

Figure 2.2. Elastomer discs were formed by filling sandwich molds with precursor
solution and exposing to UV light for 3 min.

Table 2.1. Elastomer notation and corresponding macromer structure

M,, g/mol M, g/mol

Elastomer Structure % PCL (theoretical) (lH NMR)
P1 PCLs-block-PDMS;7-block-PCL5 21% 4,234 4,055
P2 PCL-block-PDMS37-block-PCLy 35% 5,374 5,250
P3 PCLy-block-PDMS;7-block-PCLy, 60% 7,654 7,880
SMP1* PCL;¢-block-PDMS;7-block-PCLj 69% 9,934 9,860
SMP2* PCL-block-PDMS35-block-PCLy, 75% 12,214 11,990

* Exhibits shape memory effect
All elastomers prepared at ¢ = 0.25 g/mL
P1, P2, SMP1 also prepared atc=0.5 g/mL, 1 g/mL

2.6 Results and Discussion

A series of triblock biodegradable elastomers composed of PCL and PDMS
blocks were developed. First, by controlling the molar ratio of NH,-PDMs;;-NH, to
e-caprolactone during synthesis, a series of HO-PCL,-block-PDMS3;-block-PCL,-OH

macromers were created with different % PCL content and M,. Terminal hydroxyl
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groups were subsequently converted to photosensitive acrylate group by reaction with
acryloyl chloride to yield AcO-PCL,-block-PDMSs7-block-PCL,-OAc macromers.
Acrylated macromers were dissolved in CH,Cl, and crosslinked in the presence of a
photoinitiator. Resulting elastomers varied in PCL content and crosslink density was
changed by M, of acrylated monomers as well as concentration of precursor solutions
upon crosslinking. Thermal, tensile, surface, and shape memory properties were

investigated for all synthesized elastomers.

Thermal Properties

As potential SMP’s, these elastomers must exhibit a Tyqans, above which the
network switches from temporary to permanent shape. For these elastomers, the PCL
blocks may serve as the switching segment and its melting temperature (Ty,) would be
Tians. For PCL, the Ty, = 43 — 60 °C and decreases as M, increases.® Parameters for
PCL-based SMP have been previously reported: 40 to 55 °C (Ty), 33 — 52 J/g (AHy),
and 20 — 38% (y.) and are dependent on chemical structure, molecular weight, and
associated copolymer.** %% 18

DSC was used to measure Ty,, AHy,, and % crystallinity (y) of these elastomers
(Table 2.2; Fig. 2.3A). Elastomer networks P1-P2 exhibited no melting transition
whereas P3 and SMP1-SMP2 did. The PCL block lengths of P1 (n =5) and P2 (n = 10)
were apparently too short to develop crystalline domains. P3 (n = 20) exhibited a Ty, at

33 °C. However, the value of AH,, (1.7 J/g) and % crystallinity (1.2%) of P3 were quite

small. On the other hand, SMP1 (n = 30) and SMP2 (n = 40) exhibited a Ty, at 52 and 50
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°C, respectively. Furthermore, they exhibited substantially higher % crystallinity of 29%
(AHp,, =41 J/g) and 26% (AHn = 36 J/g), respectively. The increased level of crystallinity
is clearly visible as elastomers transition from clear to opaque with increasing PCL M,

(Fig. 2.3B).

Table 2.2. Elastomer thermal properties

Elastomer T, (°C) T, (°C) AH,, (J/g) Crys(tf/:;‘““y Ap;:;‘gln e
P1 -114, -46 -- - - 0 clear
P2 -113,-50 -- - - 0 clear
P3 -115,-50 33 1.7 1.2 hazy
SMP1 -120, -35 52 41 29 opaque
SMP2 -120, -48 50 36 26 opaque

Prepared at conc. = 0.25 g/mol.
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Figure 2.3. A) DSC curve demonstrating melting temperature T,,. B) Elastomer discs
became more opaque as PCL segment crystallinity increased with M.
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The T, of the biodegradable elastomers were investigated using DMA (Table

2.2). Two distinct Ty’s were observed for all DMA tests using maxima of G” peaks (Fig.

H0-112 11 these

2.4)."% Observation of two T,’s is typical for block copolymer structures.
elastomers, the PCL and PDMS blocks are of sufficient length to exhibit separate T,’s.
The T, observed at -113 to -120 °C is attributed to the PDMS block and is slightly higher
than the T, of thermoplastic PDMS (-125 °C).!"* 4 The second T, observed at -35 to
-50 °C is due to the PCL block and is slightly higher than the T, of thermoplastic PCL

(-55 to -65 °C).">""7 Since these Ty’s are well below both body and room temperature,

these materials are expected to behave elastically at these temperatures.

14000
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Figure 2.4. Loss modulus (G’”) versus Temperature (°C). Maxima of peaks represent
Ty’s of elastomers.
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Tensile Properties

The mechanical properties of elastomers were characterized by tensile tests at
room temperature. First, to evaluate the influence of PCL content and crosslink density,
elastomers were prepared at a single concentration (0.25 g/mL) (Table 2.3). The tensile
modulus and tensile strength of P3, SMP1, and SMP2 increased by a factor of 10 versus
that of P1 and P2. In addition, large increases in % strain at break were noted as the M,
of PCL blocks increased and reached 814% for SMP2. Typically, polymers with lower
crosslink density will display increased strain at break with concomitant decrease in
tensile modulus and tensile strength. However, for these elastomers all mechanical
properties increase despite the decrease in crosslink density. This phenomena is
attributed to the development of crystalline domains. SMP1 (29%) and SMP2 (26%)
exhibited significantly higher percent crystallinity versus P3 (1.7%) and P1 and P2 were
amorphous. Thus, as PCL M, and content increase, enhanced crystallinity led to
increased tensile modulus and tensile strength. Enhanced crystallinity is well-known to
increase strength and rigidity of semi-crystalline polymers because crystalline lamellae

act as physical crosslinks.



Table 2.3 Tensile properties at room temperature
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Block Length Tensile Tensile Strength Strain at Sol

Elastomer (n) Modulus (E) (TS) break content
M,, (g/mol) (MPa) (MPa) € (%) (%)
P1 n=75, 4054 0.7+0.1 0.3+0.1 156 £ 23 8.4
P2 n=10, 5246 1.2+0.1 0.4+0.1 129 £ 11 9.7
P3 n =20, 7878 123+£0.5 2.8+£0.6 287+ 11 9.0
SMP1 n =30, 9859 49.0+1 7.0+1 459 £ 61 6.4
SMP2 n=40, 11993 474+3 104+0.3 814 £ 36 8.5

Prepared at conc. = 0.25 g/mol

Representative stress versus strain curves of elastomers prepared at 0.25 g/mL

are illustrated in Figure 2.5. The curve shape of semi-crystalline P3, SMP1, and SMP2

are noticeably different than that of amorphous P1 and P2. After an initial increase in

stress, crystalline lamellaec separate into blocks and stress plateaus before another

increase is observed due to chains becoming highly orientated. As tensile strength and

tensile modulus increased, strain increased with PCL M, and content due to the

reduction in crosslink density. These elastomers systems exhibit deformations greater

than other SMP systems.'® ''® The PCL/PMVS blends as mentioned above, should have

provide great flexibility and undergo high percent strains due to the Si-containing

segment; however, only 510% was achieved.”
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Figure 2.5. Stress vs strain curve of amorphous P1, P2 elastomers (A) and semi-
crystalline P3, SMP1, SMP2 clastomers (B). All elastomers prepared at concentration =
0.25 g/mL.

To further modulate mechanical properties we crosslinked P1, P2, and SMP1 at
three different concentrations (macromer/CH,Cl,): 0.25 g/mL, 0.5 g/mL, and 1 g/mL. As
macromer concentration was increased, elastomers displayed decreases in percent strain
at break with concomitant increase in modulus and tensile strength (Table 2.4, Fig. 2.6).
This concentration effect could be explained by closer chain proximity upon photocure
at higher concentrations which increases crosslinking efficiency and thereby forms more
highly crosslinked systems. This is confirmed by the increased sol content with lower
solution concentrations. For networks, as the crosslink density is increased, an increase

in modulus and tensile strength and decrease percent strain is expected.
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Table 2.4 Effect of concentration on elastomer tensile properties

Concentration Tensile Tensile Strain at Sol
Elastomer (Macromer: DCM) Modulus E Strength T.S. break content
) (MPa) (MPa) € (%) (%)
P1 1:4 0.7+0.1 03+0.1 156 +23 8.4
1:2 1.2+£0.2 0.3+0.1 39+9 5.4
1:1 1.6 £0.1 0.5+0.1 72 +8 3.7
P2 1:4 1.2+0.1 0.4+0.1 129+ 11 9.7
1:2 14+0.2 0.4+0.1 61+6 5.1
1:1 1.9+04 0.5+0.1 50+3 32
SMP1 1:4 49.0+ 1 7.0+0.1 459 + 61 6.4
1:2 345+3 7.1+0.6 290 +21 5.1
1:1 31.5+3 63+0.2 268 + 11 3.2
0.5 1 1 g/mL

04 - 0.5 g/mL

0.25 g/mL
=
E 0.3 -
$ 02
@
0.1 -
0 T T T 1
0 50 100 150
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Figure 2.6. Affect of concentration of macromer in CH,Cl, during photochemical cure
on mechanical properties of P2.

Storage modulus (G’) quantifies a material’s stiffness or resistance to
deformation.'”” Generally, G’ increased with increasing PCL block length (Fig. 2.7). For
all compositions, G’ decreased significantly at ~ -120 °C and ~ -55 °C which

corresponds to the T, of PDMS and PCL respectively. P1-P3’s storage modulus
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becomes undetectable by 0 °C where as SMP1, SMP2 continue to remain stiff until

60 °C. At 60 °C, crystalline domains melt and remaining mechanical properties are lost.
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Figure 2.7. Storage Modulus (G’) versus temperature (°C). G’ increased with increasing
PCL block length.

Surface Properties

Water contact angle measurements on elastomer surfaces are reported in Table
2.5. The hydrophobic PDMS control produced a high O,sic (15 sec) whereas the Ogaiic of
PCL is reported to be lower (~80 — 90 ©)."2%'?* As expected all elastomers comprised of
PDMS and PCL  exhibited, static  contact angles  greater  than

123

90 ° indicating that they are also hydrophobic. ©> Although PCL content systematically

increased from 21% (P1) to 75% (SMP2), no corresponding decrease in the Oy values
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closer to that of pure PCL was observed. This may be attributed to the fact that longer
PCL segments undergo crystallization which inhibits mobilization to the elastomer-water
interface compared to amorphous PCL segments.

Hysteresis (0p = 0agv - Orec) is typically used as an indicator of surface

124
For

reorganization which can occur upon exposure to an aqueous environment.
instance, after wetting a pure silicone surface, polar Si-O-Si groups reorganize to the
solid-water interface to minimize interfacial surface tension such that 0,4, < Oyec.'> For
the reported elastomers, reorganization of Si-O-Si groups and PCL segments to the
solid-water interface would generate hysteresis. The dynamic contact angle analysis
measurements occurred over a 15 sec time period. Somewhat minor hysteresis was
observed for all elastomers (0, = 3-6 °) indicating some surface reorganization. The
crosslink density systematically decreases from P1 to SMP2 due to the higher M;, of the
PCL segments which would favor surface reorganization. However, the crystallinity of
longer PCL segments effectively inhibits chain mobilty. Dynamic contact angle analysis
was done over a short time period (~15 sec) and thus would only capture rapid surface
reorganization. Surface reorganization may be examined during a longer time period
(105 sec) by comparing the reduction of Ogic (2 min) versus the corresponding Oggaic (15
sec). For all elastomers, Ogiic (2 min) was lower than the corresponding Ogic (15 sec)
from 3-7°. This confirms that reorganization of the elastomers upon exposure to water is
not significant, even over longer time periods. Again, this is attributed to either
somewhat high crosslink density (P1-2) or crystallization of PCL segments (P3, SMP1-

2) which limits mobility of the polymer chains.



Table 2.5 Surface properties of elastomers
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Static Contact Angles

Dynamic Contact Angles

Elastomer Deatc (©) Doanc (o.) b, ) o ()
@ 15 sec @ 2 min v ree

P1 105+1 98 +2 104 £1 100 £ 1
P2 112+3 105+4 111+2 108 +3
P3 104 +1 102 +1 103 +1 97+1
SMP1 97+1 95+1 98 +1 94 +1
SMP2 101 +1 97 +1 106 + 1 100+ 1
Silicone® 1161 1151 121 +1 115+1

*Unmodified Silicone Control = Dow corning Silastic T-2 cured on a glass

microscope slide.
Pure PCL: 0, (°) = 80 — 90 °'2%1*

Thermal Stability

The thermal stability of all acrylated macromers (Fig. 2.8) and the corresponding

crosslinked elastomers (Fig. 2.9) were measured in both air and N,. As expected,

acrylated macromers and elastomers began degradation at lower temperatures in air than

N». Uncrosslinked macromers PDMS (3,000 g/mol) and PCL (2,000 g/mol) served as

“high” and “low” thermal stability thermoplastic controls, respectively (Fig. 2.8).
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Polysiloxanes display exceptional thermal stability compared to many organic
polymers'*® Thus, as a purely organic polymer, the PCL control exhibited significantly
lower thermal stability versus the PDMS control. All macromers exhibited enhanced
thermal stability compared to the PCL control due to the presence of PDMS segments.
All macromers began to degrade at ~315 °C (in N») and at ~275 °C (in air) and their
final weight was reached by ~ 525 and 600 °C, respectively. Weight loss was slower for
macromers with lower % PCL content, particularly b-pl (21%) and b-p2 (35%).

. . . . J . 126
Degradation of polysiloxanes in air produces silica residue.

Thus, the residue weight
produced in air was highest for b-p1 (~20 %). Crosslinking of macromers was expected
to enhance the thermal stability of the corresponding elastomers. However, only minor
increases were observed. This may be attributed to macromers undergoing thermally-

driven crosslinking prior to the unset of degradation which enhances their thermal

stability.
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Figure 2.8. Thermal stability of uncrosslinked macromer in air (A) and in N, (B).
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Figure 2.9. Thermal stability of crosslinked elastomer in air (A) and in N, (B).
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Shape Memory Properties

Shape memory properties of SMP1 and SMP2 were measured via cyclical
thermal mechanical tests over four cycles (N) (Fig. 2.10) and strain fixity (R¢), strain
recovery rate (R;) (per equation 2), and total strain recovery rate (Ry,iot) (per equation 3)

were calculated (Table 2.6). The ideal value of R¢, R;, and R, are 100%.
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Figure 2.10. (A, B) Strain fixity (Ry) versus cycle number and (A) strain recovery rate
(R;) versus cycle number and (B) total strain recovery rate (R.,t) versus cycle number.
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Table 2.6 Shape memory properties

Cycle Number R; or “Cycle R, ot Or “Cycle

Elastomer o) Dependent” Independent” Ry
1 97 98 100

2 86 84 100

SMP1 3 100 84 100
4 100 84 100

1 94 93 100

2 96 91 100

SMP2 3 98 89 100

4 98 88 100

Prepared at conc. = 0.25 g/mL

SMP1 and SMP2 exhibited a shape memory effect whereas P1-P3 did not. PCL
segments which can undergo a melting transition (Ty, = Tins) may serve as the switching
segment. However, the PCL block length of P1 (n = 5) and P2 (n = 10) was insufficient
for crystallization as confirmed by DSC (Figure 2.3A). PCL block length of P3 (n = 20)
was sufficient to permit nominal crystallization (1.7%) but was insufficient to produce a
shape memory effect. However, the PCL segments of SMP1 (n = 30) and SMP2
(n = 40) were of sufficient length to permit significant recystallization (29 and 26%,
respectively).

For SMP1 and SMP2, Ry was ~100% after each cycle indicating a near perfect
ability to memorize the temporary deformed shape (Fig. 2.10). This value is an
improvement to PCL-based shape memory systems which exhibited Ry values from 86 —
9590 92 94. 108. 118 qNIP prepared from the radiation cure of PCL and PMVS blends
achieved Ry = 100% value.” Total strain recovery rates (Rytt) for SMP1 and SMP2

ranged from 84 — 98% and 88 — 93%, respectively. SMP1 and SMP2 also exhibited a
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small decrease in Ry after the first cycle (N =1) (14% and 2%, respectively) (Fig.
2.10B). A slight decrease in Ryt from N = 1 to N = 2 is typically observed for SMPs
and may be due to extensive chain alignment after the first cycle which prohibits full

92, 108 R, ot of similar PCL based shape memory systems were 93 — 98% and

recovery.
reported as low as 70%.°" °* '8 After two cycles strain recovery (R;) rates were 100%
for SMP1 and 98% for SMP2, indicating nearly complete recovery of permanent shape.
The slightly improved recovery of SMP2 may be attributed to its lower crosslink density
which enables PCL blocks to more effectively “switch” to a mobile state at T > Tians. Ry
values of 99 — 100% after two cycles has been reported for similar PCL bases shape

90,99, 118
memory systems.” "

Transition Time
Time series photographs were taken to observe length of time to transition from
temporary to permanent shape at 40, 50, and 60 °C in water and in air. Samples were

heated, stretched to 150% around cylindrical rod, and quickly cooled to form “coils.”



44

Table 2.7 Transition time from temporary to permanent

Time
Elastomer Temperature -
In Air In Water
40 °C 120 s * 30s *
SMP1 50°C 50s 8s
60 °C 35s 2s
40 °C 120 s ** 120 s **
SMP2 50 °C 80s* 15s*
60 °C 45s 35s

* Partial recovery
% No recovery

All recovery times and indicators for incomplete recovery can be found in Table
2.7. SMP1 exhibited faster recovery times than SMP2. Since both shape memory
polymers are stretched to 150%, a quicker recovery time for SMP1 can be attributed to
the higher crosslink density of SMP1 which creates a higher state of stress in the
deformed state which prompts a faster recovery. At a temperature of 67 °C, thermal
damage of arterial tissue occurs within a few minutes.'”” '*® Recovery time was quite
rapid for both polymers at 60 °C. SMP1 recovery was 2 sec in water (Fig. 2.11) and 35
sec in air while SMP2 recovery was 3.5 sec in water and 45 sec in air; therefore, either
SMP could be successfully deployed in the body without collateral damage to
surrounding tissue. Even if 60 °C was a concern, SMP1 demonstrated excellent recovery
time at 50 °C. As temperature decreased, recovery time was longer and in some
instances recovery was partial or none at all. The recovery times for our SMP elastomers

o . . 4,118, 129
are similar and in some instances faster than other shape memory systems.”® > ** 1%
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40°C  t=0sec

Figure 2.11. Photoseries of transition from temporary to permanent. (Left) Elastomer did
not fully recovery at 30 sec in 40 °C water. (Right) Elastomer fully recovers at 2 sec in
60 °C water.
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2.7 Conclusions

Novel, hybrid biodegradable elastomers of the general form
PCL,-block-PDMS;7-block-PCL, have been developed. PDMS, an inorganic polymer, is
thermally stable, biocompatible, and exhibits large, recoverable elastic deformation upon
crosslinking. PCL is biocompatible, degradable, and also capable of undergoing large
deformations. The combination of these two polymers created a unique set of properties
suitable for both soft tissue engineering and shape memory bioapplications. Five unique
elastomers were synthesized with focus on systematic control of PCL block length while
maintaining PDMS block length. By controlling PCL content (i.e. block length) we have
demonstrated an ability to modulate and vary mechanical and shape memory properties
while sustaining high thermal stability and hydrophobic surfaces (all elastomers >
90 °C). As expected, all elastomers exhibited low Tg’s. As PCL block length increased,
elastomers began to display crystallinity and once a value greater than 25% crystallinity
was met, shape memory properties were exhibited. For both shape memory compositions
(SMP1, SMP2), strain recovery was > 98% by the third cycle and strain fixity was
100% for all cycles. SMP1 and SMP2 also recovered from temporary shape to
permanent shape as quick as 2 sec in 60 °C water. Mechanical properties were not only
modulated by elastomers composition, but also through concentration upon crosslinking.
Therefore, a wide range of customizable mechanical properties have been illustrated:
tensile modulus (E) 0.72 — 49 MPa, tensile strength (T.S.) 0.25 — 10.4 MPa, and percent
strain (g) from 39 — 814%. Customizing biodegradable elastomers mechanical properties

could be beneficial, especially for correlating scaffold properties to endpoint engineered
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tissue properties. The influence of PCL block length greatly alters polymer properties,
but can be used to create a set of biodegradable elastomers for applications in both soft

tissue engineering and shape memory polymer settings.



48

CHAPTER III
BIODEGRADABLE SILICON-CONTAINING ELASTOMERS FOR

SOFT TISSUE ENGINEERING SCAFFOLDS AND SHAPE MEMORY FOAMS

3.1 Introduction

The induction of porosity to biodegradable elastomers can permit their utility as
tissue engineering scaffolds. In tissue engineering, scaffold porosity provides a highway
for the diffusion of nutrients and cellular waste. A variety of methods have been reported
to prepare porous polymeric materials including phase separation, gas foaming,
emulsion freeze-drying, rapid prototyping techniques, and solvent-casting and salt

59-62

leaching. In addition, a new photolithography technique has been utilized to develop

unique micro-patterned systems from photopolymerizable polymers which can be used
to control cell response such as cell alignment and expansion.'*""**

Similarly, introduction of porosity to biodegradable elastomeric shape memory
polymers (SMPs) can allow the fabrication of shape memory foams. Techniques used to
form porous tissue engineering scaffolds may similarly be used to form foams. Shape

memory foams are also highly permeable to air thus reducing the time necessary to

transition from temporary to permanent shape.'*® Shape memory foams have become

7 138, 139

popular in the fields of automotives'>’ and heat insulation/energy absorbtion.
Shape memory foams are of interest to allow minimally invasive surgical implantation

of bulky devices. For instance, shape memory foams have recently been studied for

preventing the rupture of aneurysms.'”® '** In this way, shape memory foams maybe
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deployed in the collapsed (temporary) state into some void or defect in the human body
and switch to the expanded (permanent) shape upon warming to fill the space. The
porous foam in the expanded state acts as a conduit for cell migration, blood flow,
nutrients influx, and waste disposal can improve patient comfort and healing time.
Shape memory foams fabricated from biodegradable polymers would eliminate surgical
intervention to remove the device or eliminate the problems associated with long-term
implants.

In the proposed research, porosity was introduced to the biodegradable
elastomers synthesized in Chapter II using a porogen-salt leaching technique. Photo-
sensitive macromers AcO-PCL,-block-PDMS;7-block-PCL,-OAc (b-P1, b-SMP1) were
photo-crosslinked in the presence of poly(ethylene glycol) (PEG) and NaCl salts. PEG
served as a suspension agent in which NaCl salts can become uniformly dispersed.'*’
The PEG and NaCl salts were subsequently leached out of the elastomers thereby
producing porous elastomers. The resulting porous, elastomeric scaffolds may be useful

as scaffolds for TE scaffolds or shape memory foams.

3.2 Materials

2,2-Dimethoxy-2-phenyl-acetophenone (DMAP), 1-vinyl-2-pyrrolidinone
(NVP), poly(ethylene glycol) (PEG; M,, = 2,000), analytical grade salt (250 — 450 um by
sieving. Sieving uses wire mesh to separate salt crystals into specific sizes.), and

solvents were obtained from Sigma Aldrich.
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3.3 Synthesis Approach
Acrylated macromers AcO-PCL,-block-PDMS;7-block-PCL,-OAc (b-pl; n=5

and b-smp; n = 30) were prepared as described in Chapter I1.

3.4 Preparation of Tissue Engineering Scaffolds and Shape Memory Foams

The photosensitive macromers (b-pl, b-smpl) were photochemically
crosslinked in the presence of poly(ethylene glycol) (PEG) and analytical grade salt
(NaCl) using a photoinitiator consisting of 10 wt% solution of DMAP in NVP to create
porous analogues (P1-5, SMP1-5, SMP1-15). In a typical procedure, the macromer
(0.1 g; b-p1 or b-smp1), and PEG (0.608 g) were crushed using a pastel and mortar to a
fine powder. The mixture was then transferred to a sealed vial (15 x 48 mm) and
dissolved in 425 pL of dichloromethane. The vial was gently shaken by hand or slowly
vortexed to completely dissolve PEG and macromer. Next, salt (0.913 g; 250 — 425 pm)
and 45uL of photoinitiator solution was added to the vial. After gently vortexing for 15
sec to uniformly distribute salt crystals throughout precursor solution, the vial was
quickly exposed to a UV-light (UV-Transilluminator, 6 mW/cm?, 365 nm) equipped
with a foil lined reflection chamber for 3 min. The resulting solvent swollen “plug” was
air dried overnight in the open vial. The plug was carefully removed from the vial,
placed in 20 mL of 50:50 water to ethanol mixture, and placed on a shaker table for 3
days to remove the PEG and NaCl. The soaking mixture was replaced daily. Three days

of soaking produced the expected weight loss based on porogen content. Finally, porous



51

elastomers were air dried overnight and dried in vacuo (36” Hg, 80 °C, 4 h) to remove

residual solvent.

3.5 Characterization of Tissue Engineered Scaffolds and Shape Memory Foams
Imaging

Porous elastomer samples were exposed to ruthenium tetroxide vapors to
increase conductivity and stability of polymer under electron bombardment. Briefly,
0.02 g of ruthenium chloride was mixed with 1 mL of 10 v/v% sodium hypochlorite to
create ruthenium tetroxide vapors which were trapped in a closed glass petri dish with
the samples for 10 minutes. To dry, samples were plunged in liquid nitrogen for 30 sec
followed by plunging in absolute methanol then hexamethyldisilizane for 20 sec each.
Samples were placed on carbon tape covered aluminium specimen stubs and coated with
4 nm of Pt/Pd (80/20) using a Cressington 208HR sputter coater. Images were captured
using JOEL JSM-6400 SEM operated at 15kV, 1 nA probe current, and 13 mm working
distance or FEI Quanta 600 FE-SEM operated at 10 kV, 130 pA probe current, and 10

mm working distance.

3.6 Results and Discussion

In Chapter 11, it was shown that acrylated macromers AcO-PCL,-block-PDMS ;-
block-PCL,-OAc (b-pl; n=5 and b-smp; n = 30) may be photocrosslinked to form
elastomers. It was observed that elastomers prepared from b-p1 did not exhibit a shape

memory effect whereas those prepared from b-smp1 did. Thus, porous elastomers were
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prepared from b-p1 and b-smp1 which may be useful as a tissue engineering scaffold
and shape memory foam, respectively. However, porous elastomers formed from b-
smpl may also be useful as a tissue engineering scaffold. Porosity was introduced by
using a porogen-salt leaching technique. Macromers were crosslinked in the presence of
two porogens: PEG (2k g/mol) and salt (250 — 425 um). Porogens were subsequently
removed by soaking the elastomers in a mixture of water and ethanol for three days.
Porogen ratio of salt to PEG was maintained 60:40 wt ratio. By controlling the ratio of
macromer to porogens upon crosslinking, porosity was altered. Two different ratios of

macromer to porogens were used (Table 3.1) for b-SMP1 and only one for b-p1.

Table 3.1 Porous elastomers notation and ratios of porogen and elastomers

Elastomer Macromer:Porogen Porogen Ratio Solvent Weleht
srorog Salt:PEG (DCM)
Macromer PEG Salt
P1-5 3:95 60:40 425 uL 0.1g 06lg 091¢g
SMP1-5 5:95 60:40 425 uL 0.1g 06lg 091g
SMP1-15 15:85 60:40 475 uL 024 ¢ 054g 082¢g

P1-5, SMP1-5, and SMP1-15 were distinctly different in terms of size, shape,
and stiffness. The P1-5 scaffold was significantly more fragile to the touch than either
SMP1-5 or SMP1-15 foam. These observations parallel the mechanical properties
observed in non-porous analogues (Chapter II, Table 2.3). The greater rigidity and
strength of SMP1-5 and SMP1-15 compared to P1-5 is attributed to enhanced

crystallinity. Also, because SMP1-15 was prepared with a higher concentration of b-
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SMP1 macromer, it was stiffer, more expanded, and maintained the cylindrical shape of
the “plug” compared to SMP1-5. As expected, only SMP1-5 and SMP1-15 exhibited a
shape memory effect. Thus, these were capable of being deformed to a temporary
“compressed” state and then returning to its permanent “expanded” state (Fig. 3.1). A
simple experiment to test the expansion of shape memory foam was conducted. An
SMP1-15 “plug” was heated above 70 °C, sandwiched between glass microscope slides,
and plunged into an ice bath to lock in temporary “compressed” shape (2.8 mm thick)
(Fig. 3.1). The plug was heated back to 70 °C with a heat gun to engage shape memory
foam to its permanent “expanded” shape (8.2 mm thick) (Fig. 3.1). In this way, we were
able to demonstrate a shape memory foam that is capable of reducing its original size by

approximately 200%.

Figure 3.1. Shape memory foams in compressed state (A) and expanded state (B) of
SMP1-15.

Imaging
Shape memory foams and biodegradable elastomers were prepped to be

conductive and imaged by SEM or FE-SEM. Initial investigations of the P1-5 foam
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revealed both large and small pores created by salt crystals and PEG, respectively (Fig

3.2).

Figure 3.2. Solid elastomers (A) of P1. Pores created by salt crystals (B) and 2k PEG (C)
of P1-5.

SMP1-5 and SMP1-15 showed similar results as P1-5. Since SMP1-5 and
SMP1-15 demonstrate shape memory properties, FE-SEM images of the “compressed”
and “expanded” state were taken and compared (Fig. 3.3). From these images, it is clear
that the porous domains of the shape memory foams are being compressed to expel air
and take on a temporary “compressed” state. In the expanded state, the pores return to

their original size and expand the foam to its original permanent shape.

Figure 3.3. FE-SEM images at 100x demonstrated expanded (A) and compressed state
(B) of SMP1-15.
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3.7 Conclusions

In our initial studies, we demonstrated the ability to introduce porosity to two
biodegradable elastomers (P1-5, SMP1-5, SMP1-15) using a PEG/salt porogen leaching
technique. SEM and FE-SEM imaging demonstrate elastomers with both large and small
pores created by salt crystals and PEG, respectively. For P1-5, the induction of pores
created a scaffold suitable for soft tissue engineering. For SMP1-5, SMP1-15, the
induction of pores created shape memory foam which could be highly desirable for
minimally invasive surgeries. Furthermore, SMP1-15 illustrated the ability to reduce its
size by 200% by collapsing porous domains. Future studies will focus on modifying the
porogen leaching technique to induce greater percent porosity such that foams are highly

expandable and collapsible.
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CHAPTER 1V

SUMMARY

In these studies, we developed hybrid biodegradable elastomers comprised of
organic and inorganic polymer components in a block copolymer system: poly(e-
caprolactone) (PCL) and poly(dimethylsiloxane) (PDMS), respectively. Tri-block
macromers of the form PCL,-block-PDMS,,-block-PCL,, were developed in which the
PDMS block length was maintained (m = 37) and the PCL block length was varied (n =
5, 10, 20, 30, 40). The macromer was capped with acrylating groups (AcO) and formed
into elastomers upon exposure to UV light. In this way, variation in crosslink density,
PCL content, and PDMS content demonstrated systematic control of resulting thermal,
tensile, and shape memory properties. Furthermore, tissue engineered scaffolds and
shape memory foams were fabricated by inducing porosity to elastomers.

For all crosslinked biodegradable elastomers, hydrophobic surface properties and
high thermal stabilities were exhibited. Elastomers were also highly elastic and reached
strains at break as high as 814%. A critical PCL block length (n = 30 or 40) allowed
elastomers to exhibit shape memory properties including strain fixity of 100% and strain
recovery near 100% after the third thermomechanical cycle. Finally, transition from
temporary to permanent shape was rapid (2 sec) and at temperatures near body
temperature (60 °C). Shape memory polymers based on an organic-inorganic,
photocurable silicon-containing polymer system is a first of its kind and could be

valuable for bioapplications.
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