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Shape Memory Polymers as 2D Substrates and 3D Scaffolds for the Study of Cell
Mechanobiology and Tissue Engineering
Abstract
By
Richard M. Baker
Tissue engineering is a promising, fast-growing field that combines cells, signals, and
scaffolds to regenerate damaged tissues. To develop new, functional, engineered tissues, it is
becoming increasingly important to understand how cell-material interactions affect the cell
mechanobiological response. As a result, recent efforts have focused on developing complex
synthetic materials that can mimic the dynamic in vivo cell environment. In this work, shape
memory polymers (SMPs) were employed to develop dynamic 2D substrates and 3D scaffolds
that undergo programmed changes in shape under cell compatible conditions. These substrates
and scaffolds were applied in vitro and in vivo to demonstrate their potential as platforms to
study cell mechanobiology and as functional tissue engineered constructs.
The first part of this dissertation describes the fabrication and application of an SMP
bilayer system capable of forming nano-scale wrinkles under cytocompatible conditions.
Wrinkled substrates with easily tunable characteristics were employed to control the degree of
cell alignment, with increased wrinkle amplitude and wrinkle orientation resulting in increased
cell alignment until reaching a point of saturation. Active wrinkling with attached and viable
cells was found to enable cell alignment to be “turned-on” on command. Additionally, cell
migration on wrinkled substrates was assessed using quantitative, statistical-physics-based
metrics which revealed cell motility atop anisotropic wrinkled substrates and which was more
oriented and persistent than cell motility atop flat isotropic controls

The second part of this dissertation describes the fabrication and application of porous 3D
SMPs capable of expanding under physiological temperatures. A modified porogen-leaching
approached was employed to fabricate highly porous, interconnected SMP scaffolds with tunable
properties. The potential of SMP foams for use as synthetic bone substitutes was demonstrated in
a mouse segmental defect model, where expanding foams were deployed intraoperatively to fill
and conform to a critical size defect. Stiff SMP foams were able to maintain defect stability in a
load-bearing application and integrated with the native bone after 12 weeks. Furthermore,
deployable SMP foams showed potential for use as deployable cell-based therapies to facilitate
bone repair, as expanding foams were able to support osteogenic differentiation of attached stem
cells.
This work demonstrates the potential of SMPs to be employed as dynamic materials to
study cell-material interactions in dynamic environments and to aid in the development of
functional tissue engineered constructs.
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Figure 6-6. Xylenol orange (XO) staining for calcium deposition on active and static foam
scaffolds. (a) for both active and static foam scaffolds, no calcium nodules
were detectable before transition; following transition at 37 °C for 2 d small
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deposition after 4 weeks, indicating the calcium deposition observed in (a)
was deposited by the adhered cells. Scale bars are 200 μm. Histogram
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Figure 6-9. Microcomputed tomography 3D reconstructions when applying three different
thresholds. With an applied threshold of (top) 40, both mineral and foam are
included; for a threshold of (middle) 70, the foam is partially removed; for a
threshold of (bottom) 100, the mineral is completely isolated from the foam.
Using a threshold of 100, the progression of mineral deposition over time
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Figure 6-13. Real-time PCR (qPCR) expression of osteogenic markers Runx2 and
osteocalcin (OC) for active and static foam scaffolds. (a) A trend of
increasing (upregulation) Runx2 over time was observed for active and
static scaffolds, although significance was not achieved; (b) a trend of
decreasing (downregulation) OC was observed for active and static
scaffolds, but no significance was found. There was no difference between
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Chapter One: Introduction
1.1 Tissue Engineering and Cell Mechanobiology: Bridging the Gap
Tissue engineering is an exciting, fast-growing field that combines cells, signals, and
scaffolds to regenerate damaged tissues. To date, engineered constructs have found varying
degrees of success. For instance, engineered products were first established for skin [1], which,
along with bone and bladder, has one of the highest success rates [2]. However, for other tissues,
such as the liver, engineered constructs are still in the early stages of development [1]. As
researchers continue to develop new functional engineered tissues, it is becoming increasingly
important to understand how the underlying cell-material interactions affect the cell
mechanobiological response. As such, substantial effort has focused recently on developing
complex synthetic materials that can mimic the in vivo cell environment. These new materials
are of interest for their potential to bridge the gap between cell mechanobiology and tissue
engineering, where a better understanding of cell-material interactions would enable researchers
to develop functional engineered tissues with properties similar to the native tissues these
constructs aim to replace. In a step towards bridging the gap, this dissertation presents the
development and application of new 2D substrates and 3D scaffolds that can serve as platforms
for studying cell-material interactions in a dynamic environment. This is achieved by employing
a special class of stimulus responsive materials, shape memory polymers.

1.2 Cell-Material Interactions
Cells actively probe and respond to the mechanical, electrical, and chemical properties of
their surrounding environment. Traditionally, these cell-material interactions have been studied
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by performing mammalian cell culture on tissue culture polystyrene or glass slides. These
simplistic materials, however, do not mimic the complex environment cells experience in vivo,
which can result in non-physiological cell responses. In order to develop synthetic materials that
more closely mimic the biological environment, researchers may consider a subset of stimuli [3]
to which cells respond: chemical, topographical, and mechanical (elasticity).

1.2.1 Surface Chemistry Affects Cell Behavior
In vivo, cell transmembrane receptors known as integrins bind to ligands of the
surrounding extracellular matrix (ECM). Cells become anchored to the ECM and can transmit
information about the ECM to the interior of the cell, which in turn can instruct the cell to grow,
divide, differentiate, migrate, or die [4, 5]. To better understand how integrin-ligand binding
complexes direct cell behavior, researchers have developed synthetic materials with different
surface chemistries and studied cell response in vitro. It has been shown that surface chemistry
dictates cell-material adhesion strength, which has a major influence on behaviors such as cell
migration and cell morphology. For instance, Palecek et al. coated glass coverslips with various
concentrations of fibronectin and measured the velocity of CHO-B2 cells with different levels of
integrin expression and binding affinities [6]. It was observed that cell migratory response is
biphasic, where at low fibronectin concentrations cell velocity increased with increasing binding
affinity and integrin expression. At higher fibronectin concentrations, cell velocity increased
with decreasing binding affinity and integrin expression. Likewise, other studies have shown that
cell-material adhesive strength is a major regulator of cell migration, with intermediate adhesive
strengths resulting in fastest cell velocities [7, 8].
Synthetic substrates with patterned chemistries have also been employed to confine cell
attachment and spreading and evaluate the influence of cell shape on cell behavior. For example,
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Chen and colleagues microcontact printed adhesive islands of fibronectin ranging in size from 350 μm and found that culturing endothelial cells on smaller islands resulted in cells transitioning
from a state of growth to a state of apoptosis, demonstrating that cell shape dictates cell function
[9]. Similarly, Peng et al. observed cell shape directed stem cell lineage commitment [10]. When
seeding rat mesenchymal stem cells on rectangular RGD islands with different aspect ratios, it
was observed that optimal adipogenic differentiation was triggered on islands with an aspect
ratio of 1, while optimal osteogenic differentiation was triggered on islands with an aspect ratio
of 2, and the relationship was non-monotonic. These studies demonstrate that patterned surface
chemistries can be employed to direct cell behavior in vitro.

1.2.2 Topography Affects Cell Behavior
In vivo, the ECM consists of nano-scale features that direct cell behavior. For instance,
surface features of the corneal epithelial and endothelial basement membranes have been found
to be on the nanometer scale, with pore and fiber diameters ranging from 30-400 nm [11-13].
Collagen, a component of the ECM, can form fibrils tens of microns long with diameters ranging
from 260-410 nm [14]. Cells interact with these topographical structures of the ECM through a
phenomenon known as contact guidance, which directs cell migration, adhesion, morphology
and orientation. To understand the mechanisms behind contact guidance observed in vivo,
scientists have developed 2D substrates and 3D scaffolds with nano- and micro- scale
topographical features and studied how cell behavior is affected in vitro.
One of the primary cell behaviors that is controlled through contact guidance is cell
alignment. Synthetic substrates with a nanograting topography have been developed to study the
effect of nano-scale topography on many different cell types, and most have shown a dependence
of cell alignment on the nanograting topography [15]. For example, Bettinger et al. showed that
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endothelial cells atop PDMS nanogratings with a 1.2 μm pitch (distance between gratings) and
600 nm depth elongated and aligned parallel to the nanograting direction [16]. Teixeira and
colleagues have shown that human corneal epithelial cells (HCECs) can elongate and align
parallel to nanogratings with ridge widths ranging from 70-1900 nm, groove depths of 150 and
600 nm, and pitches (distances between ridges) ranging from 400-4000 nm [17]. Interestingly,
cell alignment was found to be more sensitive to groove depth than pitch. In a follow-up study,
Teixeira and colleagues found that under different serum conditions, pitch was a major regulator
in HCEC alignment, as HCEC aligned perpendicular to nanogratings with nano-scale pitches and
transitioned to parallel alignment when the pitch was increased to the micron scale [18].
Nonetheless, these studies demonstrate how nanotopography can be used to direct cell alignment.
In Chapter 2 of this work, we explore how dynamic wrinkle formation can be employed to
control mouse fibroblast alignment.
In addition to directing cell alignment, nanotopographies have been employed to
influence stem cell differentiation and cell migration in vitro. Yim et al. investigated the effect of
nanograting topography on human mesenchymal stem cell differentiation and showed that
nanotopography alone (in the absence of neurogenic induction medium) promoted upregulation
of neurogenic differentiation markers, more so than neurogenic induction medium alone [19]. In
combination with the induction medium, a synergistic effect was observed with a significant
increase in upregulation of neurogenic differentiation markers. Micro-patterns comparatively
resulted in less upregulation, indicating nano-topography had a more significant effect on stemcell differentiation than micro-topography. Nanogratings have also been employed to study the
effect of topography on cell migration, where cells were shown to migrate along the
nanogratings [16, 20]. Wang et al. found that rat C6 glioma cells atop periodic surface structures
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with a 266 nm wavelength migrated parallel to the surface structures [20]. Additionally
preferential cell division was observed along these surface structures. Larger scale micro-groove
topographies have also showed preferential epithelial cell migration of a monolayer sheet parallel
to the micro-groove direction [21]. Cell migration was more sensitive to micro-groove depth than
micro-groove pitch for this study. These studies demonstrate that surface topographies of
different length-scales can be employed to direct cell migration in vitro. In Chapter 3 of this
work, we explore the effect wrinkle topography and substrate chemistry have on cell migration
and discuss a series of physics-based metrics that can be used to describe cell motility.

1.2.3 Elasticity Affects Cell Behavior
In vivo, adhered cells actively probe the mechanics of the ECM through adhesion
complexes (e.g. integrin-ligand complexes mentioned above), which cells use to transmit traction
forces to the ECM. As cells pull on the ECM, they also respond through cytoskeletal
reorganization, which can in-turn elicit different cell behaviors. Pioneering work by Pelham and
Wang was the first to demonstrate in vitro that cells actively probe and respond to the elasticity
of their environment [22]. The authors found that cell adhesion and spreading were dependent on
substrate elasticity. Soft substrates (E ~1 kPa) resulted in less spreading of cells and less stable
focal adhesions, while stiff substrates (E ~70 kPa) resulted in more cell spreading and stable
focal adhesions. Substrate elasticity was later found to be a major regulator of cell migration,
with 3T3 fibroblasts seeded on a substrate with a modulus gradient preferentially migrating
towards the stiff side of the substrate, a term coined “durotaxis” [23]. It was later shown that cell
response to elasticity is very cell-type specific and cell-density specific [24]. Neutrophils were
found to be insensitive to substrate elasticity, while fibroblasts and endothelial cells required a
substrate with an elasticity greater than 2 kPa to form actin stress fibers.
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Substrate elasticity has furthermore proven a powerful regulator of stem cell lineage
specification. Seminal work by Engler et al. demonstrated that mesenchymal stem cells seeded
on polyacrylamide gels with elasticities ranging from 0.1-40 kPa have an elasticity-dependent
lineage commitment [25]. Cells seeded on soft substrates (0.1-1 kPa) expressed neurogenic
differentiation markers; cells seeded on substrates with intermediate stiffnesses (8-17 kPa)
expressed myogenic markers; and cells seeded on stiff substrates (25-40 kPa) expressed
osteogenic markers. Additionally, work by Gilbert et al. revealed that the “stemness” of muscle
stem cells (MuSCs) cultured in vitro was retained on soft substrates that recapitulate skeletal
muscle elasticity (E = 12 kPa) and not on the much stiffer tissue culture polystyrene (E ~106
kPa)[26]. Furthermore, upon transplantation of cultured MuSCs into the tibialis anterior muscles
of mice, only MuSCs cultured on substrates with a modulus comparable to muscle resulted in
significant engraftment. These studies demonstrate that substrate elasticity can be employed to
direct cell behavior in vitro.

1.3 Dynamic Microenvironment During Development and Disease Progression
A major limitation of current synthetic materials developed for studying cell-material
interactions is the static nature of these materials, which does not reflect the dynamic
environment in vivo. In vivo, the cell is surrounded by ECM, a complex network comprised
primarily of proteins, polysaccharides, and water [27] that directs basic cell functions such as
proliferation, migration, adhesion, differentiation, and apoptosis [28]. The ECM is a dynamic
network that in many tissues is constantly undergoing degradation and remodeling, and these
dynamics play a vital role in developmental processes and disease progression [29]. In this
dissertation, we describe a series of shape memory polymer 2D substrates and 3D scaffolds that
can be employed as dynamic platforms for studying cell-material response in vitro, which is
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expected to provide new insights into how the dynamic in vivo environment regulates cell
function during development and disease progression.

1.3.1 ECM Dynamics During Development
During development, dynamic changes in ECM structure and protein expression are
fundamental to many important processes including branching morphogenesis [30, 31],
angiogenesis [32] and bone development and remodeling [29]. For example, transient and local
expression of fibronectin, a protein of the ECM, has been shown to be a primary regulator in
cleft formation and epithelial branching [33].

Additionally, branching morphogenesis is

associated with ECM remodeling through proteolytic degradation [31], with localized ECM
degradation guiding branching. In bone development, matrix metalloproteinases (MMPs) play a
vital role in degrading ECM to promote bone formation and remodeling in both endochondral
ossification and intramembranous ossification [34]. MMPs also play a critical role in remodeling
the ECM to promote cell invasion and migration during angiogenesis and wound healing [35].
These examples illustrate the dynamic microenvironment that cells experience during
development. Substrates and scaffolds that can mimic the in vivo ECM dynamics are anticipated
to serve as powerful in vitro platforms to study developmental cell mechanobiology, and further
enhance the development of functional tissue engineered constructs.

1.3.2 ECM Dynamics During Disease Progression
ECM dynamics also play a critical role in disease initiation and progression, particularly
in tissue fibrosis and tumor progression. In fibrotic diseases, changes in the ECM composition
lead to a stiffening of the ECM and ultimately to organ dysfunction [36]. For example, during
pulmonary fibrosis higher concentrations of collagen (stiff component of ECM) relative to
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elastin (soft component of ECM) result in progressive dyspnea [36]. In liver fibrosis, stellate
cells are activated as a result of liver injury, and the ECM is remodeled with a matrix rich in
fibril-forming collagen, ultimately leading to cirrhosis [37]. Likewise, abnormal changes in ECM
composition and deposition lead to a stiffening of the ECM and are directly related to tumor
formation [36, 38]. Additionally, tumor cells directly remodel collagenous fibers from a random
orientation to a radial orientation to promote tumor cell invasion and metastasis [39]. These
examples demonstrate how abnormal ECM dynamics, or the loss of homeostasis, lead to disease
progression. Substrates and scaffolds that mimic abnormal ECM dynamics can serve as powerful
tools to study cell mechanobiology and eventually serve as constructs for screening
pharmaceutical treatments. For example, dynamic 3D fibrous scaffolds with the ability to change
fiber orientation or stiffness could be used to evaluate the effect of drug treatments on targeted
tumor cell death or preventing tumor cell metastasis.
As this section details, ECM dynamics are powerful regulators of cell function in vivo,
however few in vitro platforms can mimic the dynamic ECM. Thus there is a need for 2D
substrates and 3D scaffolds that can achieve dynamic changes in material properties (e.g.
topography, surface chemistry, elasticity) under cytocompatible conditions to study cell-material
interactions in a dynamic in vitro environment. We’ve addressed this need by employing
thermal-responsive shape memory polymers.

1.4 Shape Memory Polymers
1.4.1 Overview of SMPs
Shape memory polymers (SMPs) are a class of stimuli-responsive materials that can
undergo programmed changes in shape and mechanical properties upon application of an
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external stimulus such as heat [40], light [41], electrical current [42, 43], magnetic field [44, 45],
pH [46], or solvent [47]. The most common triggering mechanism for SMPs remains direct
heating [48]. For a polymer to possess shape memory behavior, two requirements must be
satisfied: first, the material must contain chemical or physical crosslinks to “memorize” the
permanent shape; second, the material must contain a “mobility switching” mechanism that
enables the material to transition between states of low chain mobility and high chain mobility.
These mobility switching mechanisms exist in the form of thermal transitions: glass transition
temperature (Tg) for amorphous SMPs; crystallization (Tc) and melting transition temperatures
(Tm) for semi-crystalline SMPs; and smectic-to-nematic (TSN) or nematic-to-isotropic (TNI)
transition temperatures for liquid-crystalline networks.
A traditional one-way shape memory cycle consists of 4 steps (Figure 1-1a): (i) At an
elevated temperature above its thermal transition temperature (T > Ttrans), an SMP is deformed;
(ii) while maintaining the deformation load, the SMP is cooled below its thermal transition
temperature, freezing in the temporary shape through chain immobilization (vitrification for
amorphous SMPs or crystallization for semi-crystalline SMPs); (iii) the SMP is unloaded to
observe shape fixing; (iv) the unloaded SMP is heated back through its thermal transition
temperature, affording chain mobility, and recovers back to its permanent shape. This cycle is
graphically illustrated in Figure 1-1b for poly(cycoloctene), and quantitative descriptions of
shape fixing—how much of the programmed deformation is maintained upon unloading—and
shape recovery—how much of the programmed deformation is recovered upon heating—can be
made.
The shape memory phenomenon is driven by entropic elasticity. At temperatures above
its thermal transition temperature, an SMP is in an entropic rubbery state. Deformation of the
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SMP serves to lower the entropy of this system, and upon removal of the deformation the SMP
returns back to its higher entropic state. However, if the SMP is cooled below its thermal
transition temperature while maintaining the deformation, this low-entropy state is “locked” in
due to the reduction in chain mobility of individual polymer chains. Upon heating back through
the transition temperature, chain mobility is restored and the SMP recovers back to its
thermodynamically favored, high-entropy state [48].

1.4.1.1 Surface Shape Memory
While most SMP applications exploit bulk shape memory of polymer films, surface
shape memory in the form of topography changing substrates is appealing for cell
mechanobiology studies. One of the first demonstrations of surface shape memory was by
Nelson and colleagues who showed complete recovery of nano-indentations could be achieved in
crosslinked thermoset epoxies [49]. Our lab later developed soft liquid-crystal elastomers that
could be reversibly embossed with a temporary micron-scale topography, recovering back to a
flat topography upon heating through the transition temperature [50]. Xie et al. later
demonstrated that the bulk shape memory effect could be exploited to form nano-topography in
the form of wrinkles by fixing a temporary strain into a bulk SMP, coating it with a thin rigid
film of “white gold”, and triggering shape recovery of the SMP [51]. Recovery of the SMP
substrate induced buckling of the rigid film, forming nano-scale wrinkles. This technique is
employed in Chapters 2-3 to study cell response to nano-wrinkles.

1.4.1.2 Two-Way Shape Memory Polymers
A recent advance in SMP research has led to the development of two-way shape memory
polymers, or polymers that can change shape reversibly [52, 53]. This effect has been most
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commonly exploited using liquid-crystal elastomers [54], which have been developed with fast
thermal- and photo-actuation [55, 56]. Liquid-crystal elastomers have also been reported to
exhibit large reversible actuation strains exceeding 300% [57]. A cheaper, alternative class of
reversible actuators was recently developed in our lab, where semi-crystalline SMPs were
observed to undergo a phenomenon termed “stretch-induced crystallization” [52, 53]. During a
typical one-way shape memory cycle, samples are deformed above their thermal transition
temperature and cooled to fix in the temporary deformation. For some semi-crystalline SMPs,
when cooling through the crystallization temperature under tensile load, a dramatic increase in
strain is observed (stretch-induced crystallization) (Figure 1-2a). If the SMP is subjected to
several heat/cool cycles through Tm/Tc while maintaining this load, reversible actuation can be
achieved (Figure 1-2b). A schematic comparison of the one-way shape memory cycle and twoway shape memory cycle is shown in Figure 1-2c, and it’s important to note that two-way shape
memory polymers also intrinsically possess one-way shape memory behavior. This phenomenon
was observed in compression for the material system developed in Chapter 4, and is expected to
be useful for cell mechanobiology studies and developing tissue engineered constructs where
reversible actuation can be leveraged (e.g. muscles), as will be discussed in Chapter 7.

1.4.1.3 Multi-Shape Memory Polymers
A limitation of traditional one-way shape memory polymers is that they can only be
programmed to transition from a prescribed temporary shape back to the permanent shape, where
the permanent shape is dictated by the as-fabricated structure and cannot be altered. As such,
there is limited control over the permanent shape. Recent developments in SMP chemistry have
resulted in the fabrication of multi-shape memory polymers where control over multiple
temporary shapes can be achieved [58, 59]. For instance, SMP systems featuring two well11

separated thermal transitions afford the ability to transition between 3 different shapes: 2
programmed shapes and one permanent shape [59, 60]. Thus these materials have been termed
“triple-shape memory polymers”. These materials enable scientists to achieve shape change
between two controllable, temporary shapes. While the SMP systems discussed in this
dissertation do not involve multi-shape memory polymers, the fabrication methods described in
Chapter 4 have directly led to the development of novel triple-shape memory foams [61].
Furthermore, future advances in multi-shape memory polymers are expected to bring added
functionality to tissue engineered constructs, as will be discussed in Chapter 7.

1.4.2 Applications of SMPs
Shape memory polymers date back as far as 1941, when a US patent was filed for a
polymeric dental material possessing “elastic memory” [62]. Widespread commercial application
of SMPs occurred in the 1960s with the invention of heat shrink tubing [63, 64]. Since then,
SMPs have found use in applications ranging from deployable aerospace structures [65, 66],
textiles [67], actuators [43], sensors [68], biomedical devices [69, 70], and tissue engineering
constructs [71]. Interested readers are directed to several review articles highlighting these
different applications [48, 72-76].
Of particular interest to the work of this dissertation is the use of SMPs for biomedical
applications and tissue engineering constructs. Recent efforts in the medical device community
have focused on developing medical devices for minimally invasive delivery, applications for
which deployable SMPs are well suited. For example, the Maitland group developed an SMP
device for mechanically removing blood clots [77]. Here an SMP polyurethane was coupled with
an optical fiber that enabled laser triggering of the SMP, going from a temporary straight shape
to a memorized corkscrew shape for pulling out the clot. This technology was further developed
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to enable electrical triggering by coupling with a shape memory alloy, and in vitro testing
conducted in a water-filled silicone neurovascular model [78]. Shape memory polymer foams, a
focus of Chapters 4-6 in this dissertation, have also been developed as deployable minimally
invasive constructs such as aneurysm occlusion devices. For instance, Metcalfe and colleagues
developed a cold hibernated elastic memory (CHEM) foam that deployed to fill and successfully
occlude aneurysms in a dog model [79]. Maitland et al. developed a deployable SMP foam
polyurethane for treatment of aneurysms that used a diode laser to photothermally trigger
expansion [80]. Other minimally invasive applications of SMPs have included deployable stents
[81], self-tightening sutures [69, 82], soft tissue fixation devices [83], and tissue-engineered cell
delivery vehicle s[84] (an application suitable for the foams developed in Chapters 4-6).
Developing deployable SMPs for biomedical applications requires tailoring the SMP to deploy
under physiological conditions (i.e. heating at body temperature, light activation, watertriggering), tailoring the mechanical properties of the device, and tailoring the chemical
properties/degradation rates.

1.5 Active Cell Culture
1.5.1 Cell-Material Interactions in Dynamic Environments
As discussed in Section 1.2, cell-material interactions play a vital role in directing cell
behaviors. While major advances in materials science have enabled the study of cell-material
interactions atop substrates with varying degrees of complexity (e.g. topography, patterned
surface chemistry, tailorable elasticity), most studies are still restricted to static substrates that do
not mimic the dynamic environment in vivo. As highlighted in Section 1.3, the ECM is highly
dynamic, and those dynamics are responsible for eliciting specific cell phenotypes and behaviors
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during development, tissue formation, and repair, and abnormalities in ECM dynamics results in
disease initiation and progression. Therefore, a need exists to develop substrates with increasing
complexities that can undergo dynamic changes in properties (topography, surface chemistry,
and elasticity) under cytocompatible conditions. Such substrates are expected to further our
understanding of how cells interact and respond to the dynamic environment in vivo.
To address this need, researchers have developed several stimuli-responsive biomaterials.
Thermo-responsive poly(N-isopropylacrylamide) materials have been used as cell-releasing
substrates capable of triggering cell detachment upon cooling below the lower critical solution
temperature (32 °C) [85]. Lam et al. developed a poly(dimethylsiloxane) substrate that, after
plasma oxidizing, could form wrinkles with attached and viable cells by applying an external
compressive force [86]. Reversible formation of the topography was able to align, unalign, and
realign adherent C2C12 mouse myoblasts repeatedly. Dynamic topography changes have also
been achieved on soft hydrogels, where an applied magnetic field reversibly induced embedded
magnetic nickel microwires to form wrinkles [87]. Acute changes in smooth muscle cell
morphology were elicited, but interestingly prolonged exposure to, and dynamic oscillation of,
the topography only had a minor effect on morphology. Substrates with dynamic changes in
stiffness have also been developed. Frey and Wang developed a polyacrylamide hydrogel that
could be softened by up to 30% through UV-triggered crosslink degradation [88]. Surprisingly,
these authors observed that softening of the posterior region of polarized cells produced no
change in cell response, whereas softening of the anterior region resulted in the cell reversing
polarity or becoming trapped in the softened region. These studies illustrate how dynamic
changes to substrate properties can lead to new understandings about cell-material interactions.
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1.5.2 Shape Memory Polymers as Active Cell Culture Substrates
The ability of SMPs to undergo programmed changes in shape and mechanical properties
suits them well for use as dynamic cell culture substrates. Neuss and colleagues were the first to
report the use of SMP shape change on cells in culture [71]. Here, cells were seeded on a poly(εcaprolactone) dimethacrylate substrate programmed to contract when heated to 54 °C. As a
consequence of this hyperthermic temperature, cell blebbing and death was observed. A primary
obstacle preventing SMPs from being further explored for dynamic cell culture substrates was
tailoring the recovery temperature to occur in a cell compatible range. Our group was the first to
overcome this limitation and report an SMP substrate capable of undergoing a topography
change at 37 °C with attached and viable cells [89, 90]. We showed that the shape memory effect
could be used to turn on cell alignment as the SMP surface transitioned from a flat to grooved
topography[89]. We’ve termed this application for SMPs as “Active Cell Culture” [90].
Subsequent studies have further demonstrated the potential of SMPs as Active Cell
Culture substrates. Le et al. reported mesenchymal stem cell alignment could be controlled by
triggering SMP topography change from 3 μm x 5 μm channels to a flat topography, and this
could be achieved using a hyperthermic trigger temperature of 41 °C for a short duration [91].
Later, Ebara and colleagues showed that poly(ε-caprolactone) (PCL), which has a Tm of ~60 °C,
could be modified to tailor the Tm near 37 °C through combining two-branched and fourbranched PCL macromonomers [92]. Using this PCL system, cell alignment on flat-tonanotopography and nanotopgraphy-to-flat SMPs could be controlled. More recently, an SMP
hydrogel was employed to modulate stem cell differentiation through changes in cytoskeletal
contractility [93]. Human mesenchymal stem cells were seeded on a hydrogel that was triggered
to form a “box”. Cells hanging on the walls and on the bottom of the box committed down an

15

osteogenic lineage while cells on the top of the box committed down an adipogenic lineage. This
effect was attributed to contraction in cells grown on different sides of the hydrogel box being
dramatically different [93]. These 2D examples illustrate the power of SMPs to modulate cell
behavior in Active Cell Culture studies. The work in Chapters 2-3 adds to this field of study by
investigating cell alignment and migration atop 2D SMP substrates.

1.5.3 Current Challenges with Active Cell Culture Materials
Use of SMP substrates for Active Cell Culture has only been achieved recently, and as a
result there are several challenges this dissertation aims to address. First, SMP actuated
topography change of current Active Cell Culture Substrates is performed by embossing or
molding a complex topography [89, 91]. For tunable topographies, this approach requires
fabrication of multiple different molds or embossers. We aimed to develop a simple method for
developing a dynamic topography with tunable surface features, which we successfully
accomplished in Chapter 2 with a simple wrinkling bilayer system. Additionally, studies
involving Active Cell Culture SMP substrates have focused primarily on topographical effect on
cell alignment. In Chapter 3, we developed a method for imaging and tracking cells in real-time
to investigate topographical effect on cell motility, a cell behavior that plays an important role
during development and tumor metastasis.
While several 2D SMP substrates have been developed for studying cell
mechanobiological response in vitro, few 3D SMP materials with cytocompatible triggering
conditions have been reported. Cui et al. developed 3D porous SMPs that could change pore
shape at 37 °C, but no cell studies were performed [94]. Subsequently, we reported the first 3D
SMP scaffold with attached and viable cells under body temperature triggering. Cells seeded on
an aligned fiber mat showed preferential alignment parallel to the aligned fibers. Upon triggering
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fiber reorganization to a random orientation, cells reoriented and lost preferential alignment [95].
This recent advancement, accomplished in thin fiber mats, suggests the potential for further
advancements in active 3D scaffolds for tissue engineering, regenerative medicine, and the study
of cell mechanobiology. Particularly there is a need to develop 3D scaffolds with increased
thickness, larger tunable pore sizes, and the ability to apply large strains to attached cells. We
have addressed this need by fabricating highly porous, interconnected SMP foam scaffolds in
Chapters 4-6, and we demonstrate their applicability in bone tissue engineering and cell
mechanobiology.

1.6 Scope of Dissertation
This dissertation examines the use of thermal-responsive shape memory polymers
(SMPs) as platforms for studying cell mechanobiology and tissue engineering. The aim of this
work is to develop 2D substrates and 3D scaffolds capable of undergoing programmed changes
in shape when heated to body temperature, and to explore how these programmed changes in
shape can be employed to direct cell behavior in vitro and be used to develop functional
scaffolds in vivo. A chapter-by-chapter outline is presented below.
The current chapter (Chapter 1) provides an overview of the importance cell-material
interactions play in vitro and in vivo and how SMPs can be exploited to ascertain the effect
dynamic material properties have on cell behavior. Chapter 2 describes a new SMP bilayer
system capable of forming nanoscale wrinkles once heated to body temperature. Here, a prestrained acrylate-based SMP substrate is coated with a thin layer of gold. Recovery of the prestrained SMP induces buckling in the gold layer, forming nanoscale wrinkles. Characterization
of these wrinkles and the effect wrinkling has on the alignment of adherent cells is investigated.
In Chapter 3 the same bilayer system is employed to study the effect of wrinkles on cell motility
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in vitro. A new cell tracking algorithm is developed and used to describe differences in cell
motility on substrates with and without wrinkles.
Chapters 4-6 focus on the development and application of 3D SMP scaffolds. In
Chapter 4, a modified porogen-leaching technique is used to develop highly porous and
interconnected scaffolds of poly(ε-caprolactone)-co-poly(ethylene glycol) (PCL-co-PEG). Body
temperature triggering is achieved by changing the ratio of PCL to PEG and by changing the
deformation temperature during shape programming. Characterization of scaffold architecture
and shape memory behavior is conducted. In Chapter 5, the use of porous SMP scaffolds as
expanding synthetic bone grafts is investigated. Semi-crystalline PCL-co-PEG scaffolds and
amorphous acrylate-based scaffolds are implanted in a mouse segmental defect model, and the
ability of the scaffolds to provide stability to the defect and integrate with the native bone is
investigated. Chapter 6 explores the effect that scaffold expansion has on osteogenic
differentiation of adherent stem cells in vitro. Stem cells are seeded in compressed SMP
scaffolds that are triggered to expand after five days of culture. Protein expression, gene
expression, and calcium deposition are assayed to determine if scaffold expansion affects
osteogenic differentiation. Finally, Chapter 7 provides a summary of the findings of this
research and suggests future work and directions of using SMP scaffolds for biomedical
applications.
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Figure 1-1. One-way shape memory behavior. (a) Schematic depicting a one-way shape memory
cycle. Starting at the (*) above the sample’s thermal transition temperature, the sample is (i)
deformed, (ii) cooled to fix the temporary strain, (iii) unloaded to observe fixing, and (iv) heated
to trigger recovery; (b) a corresponding one-way shape memory cycle of crosslinked
poly(cyclooctene), with (i-iv) corresponding to the schematic in (a). Figure in (b) is adopted with
permission from ref [48].
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Figure 1-2. Two-way shape memory behavior. (a) The one-way shape memory cycle of
poly(cyclooctene) shows a stretch-induced crystallization upon cooling (blue arrow), indicative
of two-way shape memory capacity; (b) two-way shape memory behavior of a poly(cyclooctene)
sample at different stresses, (i) 500, (ii) 600, and (iii) 700 kPa upon heating/cooling; (c)
schematic showing the difference between one-way and two-way shape memory. Two-way
shape memory is achieved through repeated heat/cool cycles while maintaining load (weight).
Figures in (a) and (b) adapted with permission from ref [52].
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Chapter Two: Shape Memory Induced Wrinkle Formation Directs
Cell Alignment In Vitro1
2.1 Synopsis
This chapter introduces a novel “active cell culture” substrate that can be used to study
cell-material interactions atop substrates with actively changing topographies. A tunable shape
memory polymer (SMP) bilayer system is programmed to form, under cell compatible
conditions, wrinkles with feature sizes on the micron and sub-micron length scale. The ability to
control wrinkle wavelength and amplitude through programmed strain in the SMP substrate is
investigated, and cell alignment atop substrates with different wrinkle characteristics is assessed.
Cell alignment atop previously wrinkled substrates is compared to cell alignment atop actively
wrinkling substrates. The tailored and dynamic substrate functionality provided by this approach
is expected to enable new investigation and understanding of cell mechanobiology

2.2 Introduction
Ordered patterns with feature sizes on the micron and sub-micron scale play an important
role in cell mechanobiology in vivo. Cells actively probe and respond to their microenvironment,
and the extracellular matrix (ECM) contains proteins with feature sizes in this range that can
direct cell function. Cell-matrix interactions have been found to be critical to many biological
processes, including angiogenesis [1], embryogenesis [2], and tumorigenesis [3]. While it is
known that cell-matrix interactions play a role in biological development, the fundamental

________________________________________________________________________
1Adapted

(in part) with permission from P. Yang, R.M. Baker, J.H. Henderson and P.T. Mather, Soft Matter, 2013,
9, 4705-4714. Copyright © Royal Society of Chemistry 2013
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mechanisms underlying the cell response largely remain unclear, and technologies exploiting the
interactions have remained elusive.
To better understand how cell-matrix interactions direct cell behavior, synthetic
substrates of defined topographies on the micro- and nano-scale have been developed and
applied in vitro. Topographies have included nanofibers [4], nanogratings [5, 6], and nanopillars
and nanopits [7]. Studies employing such substrates have shown that cell alignment, migration,
proliferation, and cell lineage specification are affected by topography [5, 6, 8, 9]. The structure
and size of the topographical features as well as the cell species and cell type determine the
nature and extent of the cell response [10].
Surface wrinkling offers an elegant alternative to direct molding of surface topographies
for the purpose of controlled cell-material interaction. Surface buckling, or wrinkling, is a natural
phenomenon that occurs in daily life. In a bilayer system consisting of a thick compliant
substrate and a thin rigid coating undergoing compression, whether by differential thermal
contraction [11, 12], externally applied compressive force [13], or differential swelling or
shrinkage [14-16], the rigid coating buckles to yield distinct wrinkling patterns ranging from
homogenous [17] to hierarchical [18-21] wrinkles, one-dimensional ripple pattern [22] to twodimensional herringbone [23, 24] and more complex patterns [12, 25, 26]. The Burdick lab has
reported interesting studies on swelling-induced wrinkles on hydrogels and their interactions
with stem cells.[27, 28] Models describing the mechanics of wrinkle formation provide
predictions of the amplitude and wavelength within the frameworks of small [29, 30] and large
[31] strain deformation, giving promise for the control of such features to the extent that
compressive strain can be manipulated. For small deformations, wrinkle formation is well
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modeled by minimizing the total elastic energy [29, 32] in a uniaxial bilayer wrinkle system
whose wavelength, λ, and amplitude, A, are given as follows:
 Ef
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Here, E  E /(1   2 ) , εc is the critical or minimum strain that is necessary for buckling to occur, hf is
the film thickness, is Poisson’s ratio, and Ēf and Ēs are the plane-strain moduli of the film and
substrate, respectively.
While polydimethylsiloxane (PDMS) is the most popular compliant substrate used for
wrinkle formation [11, 18, 22, 23, 33], recent attention has turned to the use of shape memory
polymers (SMPs) as “active” wrinkling substrates that can apply compression to a coating upon
triggering a return from a temporarily strained state to the equilibrium, unstrained state [34, 35].
While the first reported use of an SMP as a substrate for wrinkle formation [36] involved a
polystyrene SMP that yielded nano-scale, hierarchical wrinkles of a gold coating, subsequent
diversified approaches have included the IPH (Indentation-Polishing-Heating) process [37], and
the creation of localized structural colors [38]. Intended applications range from optical devices
[39], to electronics [17, 40, 41], to controlled surface wettability [16, 42] and biosensors [36, 43].
Interested readers are referred to a recently published review article highlighting current work on
wrinkle formation via the shape memory effect in polymers and metal alloys [44].
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In this study, our goal was to prepare a coated SMP bilayer system for the study of cell
mechanobiology on previously wrinkled (static) and actively wrinkling (dynamic) substrates,
recognizing the need to develop a “tunable” SMP that was compatible with cell culture. We
hypothesized that by changing the amount of deformation fixed (and later recovered) in the new
SMP substrate we could control the resulting wrinkle characteristics and the resulting degree of
cellular alignment. In addition to studying cells cultured on previously wrinkled, static
substrates, study of the response of cells to wrinkle formation during “active” cell culture is
enabled for the first time. For active cell culture, cell seeding is performed at a cell-compatible
temperature below body temperature and below the temperature at which wrinkles form,
followed by a thermal activation at body temperature, forming wrinkles. In this manner, wrinkles
form on a time scale comparable to both cell motility and cell division, yielding an opportunity
to study dynamic interactions among these phenomena.

2.3 Methods and Materials
2.3.1 Materials
Tert-butyl acrylate (tBA), butyl acrylate (BA), tetraethylene glycol dimethacrylate
(TEGDMA), and 2,2-dimethoxy-2-phenyl acetophenone (DMPA) were purchased from Sigma
Aldrich. Prior to use, tBA and BA were purified by passing through inhibitor removal columns
(SDHR-4, Scientific Polymer). TEGDMA and DMPA were used as received.

2.3.2 Substrate Preparation
A copolymerization technique was employed to synthesize a substrate with a tunable
glass transition temperature (Tg). Two monomers, tBA and BA, were mixed with a crosslinker,
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TEGDMA, and a photoiniator, DMPA (Scheme 1), and injected between two glass slides with a
1 mm thick Teflon spacer. Glass slides were treated with Rain-X™ (Rain-X) to prevent adhesion
with the cured SMP films. After injection, the mold was placed in a UV box (Black Ray, 365
nm, 2.0 mW/cm2) featuring symmetric illumination from both sides of each specimen and
allowed to cure for 1 h. To determine the effect of comonomer composition on the T g, five
formulations of tBA-BA were prepared (100tBA-0BA, 75tBA-25BA, 50tBA-50BA, 25tBA75BA, and 0tBA-100BA), where each number corresponds to the wt-% of tBA-BA in the
copolymer film (e.g. 75tBA-25BA refers to 75 wt-% of tBA and 25 wt-% of BA in the
comonomer solution). The wt-% of crosslinker, TEGDMA, was kept constant at 5 wt-% relative
to the comonomer weight, and a constant 0.5 wt-% of DMPA photoinitiator, relative to the
comonomer weight, was used. By tuning the Tg of the system, control over the activation
temperature for wrinkle formation could be achieved since the shape memory effect for
amorphous-based SMPs is driven by the Tg.
For active cell culture experiments conducted in this study, a composition of 95tBA-5BA
was used as this composition enabled wrinkle formation at 37 °C. An example formulation for
preparing this substrate is as follows: tBA (1.5 g), BA (78.9 mg), TEGDMA (61.5 mg), and
DMPA (8.2 mg). Following photocure the polymer films were placed in methanol for 6 h to
extract unreacted monomers and free linear chains and dried overnight.

2.3.3 Substrate Characterization

2.3.3.1 Thermal Characterization
Differential scanning calorimetry (DSC) was employed to determine the Tg of each
composition. DSC experiments were conducted using a Q200 (TA Instruments) equipped with a
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refrigerated cooling system. Samples with a mass of 3-5 mg were placed in Tzero aluminum
pans (TA Instruments) and were heated from -10 °C to 80 °C (first heat), cooled back to -10 °C
(first cool), and finally heated back to 80 °C (second heat). All heating and cooling rates were 3
°C-min-1. The Tg of each sample was determined using Universal Analysis Software (TA
Instruments) to calculate the inflection point of the step transition in heat flow from the second
heating trace.

2.3.3.2 Thermomechanical Characterization
Linear viscoelastic thermomechanical properties of the SMP substrate were determined
using a dynamic mechanical analyzer (DMA) (TA Instruments Q800). A rectangular bar of the
copolymer film was cut and placed in the tensile grips of the DMA and loaded in multifrequency strain mode with an oscillation amplitude of 10 μm and an oscillation frequency of 1
Hz. The sample was heated to 70 °C to erase all thermal history and then cooled to -90 °C at 3
°C-min-1. Once thermally equilibrated, the sample was heated to 100 °C at 3 °C-min-1. The
second heating trace was recorded and used to determine storage modulus as a function of
temperature.
To determine the shape memory characteristics of the SMP substrate, a rectangular bar
was first loaded in the DMA at room temperature. In controlled force mode, the sample was
heated to 70 °C, deformed to 50% strain, and then cooled to 10 °C to fix the deformation through
vitrification of the amorphous network chains. To recover the deformation, the sample was
heated to 70 °C, completing the shape memory cycle. Three cycles were repeated to investigate
shape memory reproducibility of the substrate. The fixing ratio (Rf), or the degree of fixing, and
the recovery ratio (Rr) were calculated as [45]:
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Here N, εu, εm, and εp represent the cycle number, strain after unloading, strain before unloading,
and the final strain after heating under no applied load, respectively. Shape memory
characterization of hydrated samples was also performed using the submersion tension clamp of
the DMA, and the same procedure was followed.
To determine the thermomechanical properties of the substrate in the hydrated state, a
rectangular bar of the sample was first equilibrated in water for 24 h. The sample was then
loaded at room temperature into the DMA submersion clamp and heated to 70 °C at 2 °C-min-1
while measuring the linear viscoelastic properties as a function of temperature at a frequency of
1 Hz.

2.3.3.3 Hydrated Recovery at 37 °C
The ability of the SMP substrate to recover a fixed strain under cell compatible
conditions (hydrated at 37 °C) was assessed by measuring the time-dependent recovery profile
using a DMA submersion tension clamp. A dogbone-cut sample with a 6.25 mm gauge length
was loaded in the tension submersion clamp, heated to 70 °C, and uniaxially strained 14%.
While maintaining the load, the sample was cooled to 10 °C at 10 °C-min-1and held isothermally
for 5 min to fix the deformation. The sample was unloaded and the recovery kinetics assessed by
heating the sample to 37 °C in a two-stage method. First the sample was heated at 5 °C-min-1 to
30 °C and held isothermally for 5 min. Then the sample was heated at 5 °C-min-1 to 37 °C and
held isothermally for 360 min. This two-stage heating was performed to prevent significantly
overshooting the set temperature of 37 °C. A heater PID of P:4.0, I:0.0, and D:0.2 was used.
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2.3.4 Wrinkle Formation‡

2.3.4.1 Wrinkle Formation in Dry State
Wrinkle formation was enabled by compressive bulking of a gold coating that was first
applied to an SMP that had been fixed with a temporary uniaxial strain and then recovered
thermally (Scheme 2). To fix a strain into the substrate, uniaxial stretching was conducted using
the DMA. Samples were first heated to 80 °C and subsequently loaded until a prescribed strain
was achieved. Upon reaching the prescribed strain the load was held constant and the samples
were cooled to fix the prestrain into the substrate. Uniaxial prestrains of 2, 7, 12, 17, and 23%
were investigated to ascertain the effect of prestrain on wrinkle characteristics. Next, a gold
coating was applied to the substrate via sputtering. A total sputter time of 100 s was used to yield
a 33 nm thick layer, measured using a method developed by Bowden et. al [11]. Gold-coated
substrates were placed in an isothermal oven at 55 °C for 30 min to allow the substrates to
completely recover, resulting in wrinkle formation.

2.3.4.2 Wrinkle Formation in Hydrated State
Wrinkle formation experiments were conducted in water to simulate active cell culture
conditions. Bilayers were prepared following the method described above (Section 2.3.4.1) with
a prestrain of 12% fixed in the SMP substrate. After applying a thin gold layer to the substrate,
the bilayer was placed in water at 30 °C for 5 h and then at 37 °C for 24 h. A control experiment
was conducted with a bilayer submerged in water at 30 °C for 5 h and then for an additional 24 h
at 30 °C, which was expected not to yield wrinkles. Characteristics of wrinkles formed in the
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hydrated state were compared to those formed in the dry state to determine if hydration
influences wrinkling behavior.

2.3.5 Wrinkle Characterization‡
Atomic force microscopy (AFM; Nano R-2 from Pacific Nanotechnology) with tapping
mode was employed to characterize the resulting wrinkle morphologies. Two dimensional Fast
Fourier Transforms (2D FFT) were performed to analyze the wrinkle wavelength distributions.
The wavelength was calculated as the inverse of wavenumber. A custom MatLab program
(Appendix 1) was written and used to calculate the wrinkle amplitude using AFM profiles.
Wrinkle alignment analysis based on the 2D FFT images was conducted by ImageJ software
using the “Oval plot” function. The full width at half maximum value was chosen to represent
the relative degree of wrinkle alignment. Optical microscopy (OM) was utilized to image cracks
that form during wrinkling and the crack density (CD) calculated as the inverse of the average
crack spacing measured directly from the optical micrographs.

2.3.6 Cell Culture
Prior to static and active cell culture experiments, human adipose derived stem cells
(hASCs; Invitrogen) from a single donor were expanded in complete growth medium (MesenPro
RS, 2% Growth Serum, 1% penicillin/streptomycin, 1% GlutaMAX). Cells were plated on T175
flasks at a seeding density of 5,000 cells-cm-2 and expanded in a 37 °C humidified incubator with
5% CO2. Growth medium was changed every 3 d and cells were passaged at 70% confluence
using TrypLE. Cells at passages 6 and 7 were collected for the static and active cell experiments.
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2.3.6.1 Cell Culture on Previously Wrinkled Substrates
To evaluate the extent to which cell alignment could be controlled by wrinkle properties,
hASCs were seeded on substrates after wrinkle formation had occurred and cell nuclear
alignment was quantified. Following the procedure for wrinkle formation, SMPs with fixed
uniaxial prestrains of 2, 7, 12, 17 and 23% were coated with gold and recovered for 2.5 h at 45
°C. A gold coated SMP with no prestrain was used as the control group. Samples from each
group were cut into 6 mm x 6 mm squares and exposed to UV light for 10 h for sterilization.
Samples were then equilibrated in complete medium for 5 h at room temperature to allow
wetting of the surface. The samples were then placed in wells of a 48 well plate and seeded with
a 20 µL droplet of cell solution at a concentration of 87,500 cells-mL-1. The plate was placed in a
37 °C incubator for 2 h to allow for cell attachment. After 2 h, 250 µL of additional medium was
placed in each well and the plate was placed in a 37 °C incubator for an additional 22 h, after
which point the cells were fixed and stained. For each group an n of 5 independent samples was
used, where an independent sample was defined as being prepared from a separate cure of the
SMP substrate.

2.3.6.2 Cell Culture on Actively Wrinkling Substrates
To investigate the effect of wrinkle formation on adherent-cell behavior, hASCs were
plated on prestrained, gold-coated SMPs and cell behavior before and after triggering wrinkle
formation was analyzed. Prestrained, gold-coated samples were cut into 6 mm x 6 mm squares
and exposed to UV light for 1 h for sterilization. Samples were equilibrated in complete medium
at room temperature for 5 h, after which they were placed in a 48 well plate and seeded with a 20
µL droplet of cell solution at a concentration of 87,500 cells mL-1. The samples were placed in
an incubator at 30 °C for 2 h to allow for cell attachment without triggering wrinkle formation.
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After 2 h, 250 µL of additional medium pre-warmed to 30 °C was added to each well and the
plate was placed in a 30 °C incubator for 3 h to allow cells to spread. After 3 h, cells on one set
of samples were fixed, stained, and imaged to determine cell alignment before wrinkle
formation. A second set of samples was left in the 30 °C incubator for an additional 24 h to serve
as the control, and the third set, the experimental group, was placed in a 37 °C incubator for an
additional 24 h, triggering wrinkle formation. These groups were fixed, stained, and imaged to
evaluate cell alignment. For each group, an n of 5 independent samples was used.

2.3.7 Cell Staining and Imaging
Both the cell nucleus and the actin cytoskeleton were stained to quantitatively and
qualitatively assess cell alignment. Alexa Fluor 647 conjugated phalloidin (Invitrogen) was used
to stain the actin cytoskeleton, and DAPI was used to stain the nucleus. After incubation, cells
were fixed in 3.75% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 5
min, and blocked with 1% bovine serum albumin for 30 min. Cells were then stained with
phalloidin for 30 min, followed by staining with DAPI for 5 min. All steps were performed at
room temperature. After staining, samples were mounted in Prolong Gold Antifade Mounting
Medium (Invitrogen).
Cells stained with phalloidin and DAPI were imaged using a Leica DMI 4000B inverted
microscope. Images were captured with a Leica DFC 340FX camera using a 10x/0.22 NA
objective. Pseudocolor was applied to the micrographs using Leica Application Suites software,
and histogram stretching was used to increase contrast for the images.
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2.3.8 Determining Cell Alignment

2.3.8.1 Cell Nuclear Alignment Determination
To quantify cell alignment of DAPI-stained samples, the nuclear angle for each cell was
determined using ImageJ, and the standard deviation of the angular distribution was determined.
In ImageJ, a threshold was applied to each image to isolate cell nuclei and a binary image was
created. The Analyze Particles function was then used to fit an ellipse to each nucleus and
determine the corresponding angle, ranging from 0° to 180°. These angles correspond to an
arbitrary reference angle of 0°, which is subsequently refined as described below. A value of 90°
was subtracted from each cell angle to adjust the range of angles to -90° to +90°, centered around
0°. The truncated standard deviation [46] of nuclear angles about 0° was then calculated,
yielding the angular spread. The reference angle was then incremented by 1° and the resulting
truncated standard deviation calculated for all angles up to a reference angle of 180°. To
normalize between wrinkled and non-wrinkled substrates, the reference angle that yielded the
minimum standard deviation, or highest degree of alignment, was the angle used for statistical
comparison. The reference angle yielding the minimum standard deviation was compared to the
angle of wrinkle direction for wrinkled substrates and was always within ±3° of the wrinkle
direction, meaning the angle of orientation was well aligned with the wrinkle direction.
Statistical analyses were then performed on the truncated standard deviations, or angular spread,
for the different groups. The truncated standard deviation was used to determine the degree of
orientation, as it has been shown to be a simple means of determining degree of alignment [46];
randomly distributed nuclear angles would produce a standard deviation of 52°, whereas
perfectly aligned nuclear angles would produce a standard deviation of 0°. Cells with a nuclear
aspect ratio less than 1.2 were excluded from analysis.
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2.3.8.2 Cell Cytoskeleton Alignment Determination
To quantify cell cytoskeleton alignment during active wrinkling, the cytoskeleton angle
for each cell was determined using ImageJ and compared to the corresponding nuclear angle for
the same cell (Scheme 2-3). Only cells whose cytoskeleton was not overlapping with another
cell’s cytoskeleton were analyzed. In ImageJ, each cell cytoskeleton was manually traced and the
outlines of each cell filled. After all non-overlapping cells were traced and filled, a threshold was
applied to the image to isolate the cell traces. The Analyze Particles function was then used to fit
an ellipse to each cytoskeleton trace and determine the corresponding angle, ranging from 0° to
180°. After determining the cytoskeleton angle for each cell, the same process was repeated for
the corresponding nuclear angle. Cell cytoskeleton and cell nuclear angles were then refined as
described in Section 2.3.8.1, and the resulting angular histograms for cell nuclear orientation and
cell cytoskeleton orientation were compared.

2.3.9 Statistics
Statistical analysis was performed using a similar method as reported in our previous
study[47]. Resampling statistics were used rather than parametric statistics since sample size was
small. One factor ANOVA was used to compare all groups in a given experiment using the
Design5 Excel Macro [48]. For the previously wrinkled substrate experiment, the one factor was
substrate prestrain with 6 groups (0%, 2%, 7%, 12%, 17%, and 23%), and for the actively
wrinkling substrate experiment the one factor was topography with 3 groups (flat, wrinkled, and
flat control). Each group was then compared to every other group using permutation testing on
the raw data of angular spread for each replicate in a group. This was performed using the
Design5a Excel Macro [48]. Significance was determined on the P<0.05 level, and p-values were
corrected for multiple comparisons.
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2.4 Results
2.4.1 Substrate Material Properties

2.4.1.1 Tuning the Glass Transition Temperature (Tg)
A copolymer network with a tunable Tg was developed to serve as an active substrate in a
coated SMP bilayer system. Control over the Tg, and therefore the shape recovery temperature,
was achieved through systematically varying the weight ratio of tBA and BA comonomers while
keeping the crosslinking density constant (Figure 2-1a). Using this comonomer system, Tg could
be tuned from -44 °C (100% BA) to 48 °C (100% tBA), a range that includes the target Tg near
37 °C. Further optimization of the comonomer ratio led to a composition of 95 wt-% tBA and 5
wt-% BA (hereafter referred to as “95tBA-5BA”) yielding a dry Tg of 45 °C, which is lowered to
40 °C once hydrated due to water plasticization (Figure 2-1b). While this value of Tg is higher
than 37 °C, this composition allowed the SMP bilayer system to remain stable at 30 °C and form
wrinkles upon heating to 37 °C, as is discussed later in Section 2.3.4.

2.4.1.2 Thermomechanical Properties
Thermomechanical analysis showed the temperature-dependence of storage modulus for
both dry and wet substrates (Figure 2-2a). Below Tg, the substrate tensile storage modulus was
on the order of 1 GPa. Heating above Tg resulted in a rapid drop in the storage modulus, which
decreased up to 3 orders of magnitude upon heating into the rubbery plateau. When hydrated, the
onset of the modulus drop shifted to a lower temperature; however, modulus plateaus below and
above Tg remained similar between the dry and hydrated states. Isothermal experiments of the
dry substrate at 55 °C and the wet substrate at 37 °C, temperatures used to form wrinkles,
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revealed modulus values of 5 MPa and 515 MPa, respectively (Figure 2-2b). Interestingly, small
fluctuations in temperature had a significant impact on the tensile storage modulus for the
hydrated state.
Shape memory characterization of substrates in the dry and wet states revealed excellent
shape fixing and shape recovery ratios (Figure 2-3). The dry substrate was subjected to three
subsequent one-way shape memory cycles, revealing excellent shape fixing and recovery ratios
with values greater than 97% for each. The substrate also showed excellent reproducibility, as
there was no detectable loss in fixing or recovery between the three consecutive shape memory
cycles. Furthermore, fixing and recovery ratios for the wet substrate were also greater than 97%.
Hydrated recovery experiments showed that upon exposure to 37 °C water, fixed substrates with
a 95tBA-5BA composition recovered 50% of the programmed strain within the first 30 min, and
98% within the first 6 h (Figure 2-4). Small changes to the copolymer composition significantly
slowed the recovery kinetics, as substrates with compositions of 98tBA-2BA and 100tBA-0BA
only recovered 34% and 7%, respectively, within the first 6 h.

2.4.2 Strain Effect on Wrinkle-Crack Properties‡
Wrinkles formed by recovery of prestrains ranging from 2% to 23% were investigated to
reveal any strain-dependence on wrinkle characteristics. From the AFM scans (Figure 2-5, left)
it is qualitatively clear that increasing prestrain tends to increase wrinkle amplitude, while the
wrinkle wavelength decreases. This effect was further supported by the 2D FFT analysis which
showed a shift of the entire wrinkle wavelength distribution toward smaller wavelength (larger
wavenumber) with increasing prestrain (Figure 2-6). The wrinkle wavelength was found to
decrease with prestrain (Figure 2-7a), whereas the wrinkle amplitude appeared to increase with
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prestrain (Figure 2-7b). It was also found that increasing prestrain led to the appearance of two
or more characteristic wrinkle wavelength peaks in response to substrate recovery. Qualitative
inspection of 2D FFT azimuthal scans (Figure 2-6c) suggests that the degree of alignment is
similar for all wrinkled samples, independent of prestrain. Quantitatively, however, the fullwidth–at-half-maximum plots of the same data sets (Figure 2-7c) reveal that orientation
increased with increasing prestrain. Cracks (Figure 2-5, right) showed a strong dependence on
prestrain. In particular, cracks formed for prestrains larger than 7%, beyond which crack density
increased with prestrain.

2.4.3 Cell Culture on Previously Wrinkled Substrates
Cell alignment on wrinkled samples prepared from prestrains of 2, 7, 12, 17, and 23%
was compared to cell alignment on a non-wrinkled sample by staining and imaging cell nuclei
and f-actin 24 h after seeding. Cell viability analysis revealed that cells adhered and remained
viable atop all substrates, with a cell viability greater than 95% (Figure 2-8). Additionally, from
the LIVE/DEAD stain, qualitative cell alignment parallel to the wrinkle direction (as noted by
the double-headed arrows) was observed. Alignment atop wrinkled substrates was also
confirmed from the f-actin and nuclei staining (Figure 2-9). On the non-wrinkled substrate
(Figure 2-9a), the cell cytoskeleton appears spread and elongated in all directions, showing no
preferential angle of orientation. However, on wrinkled substrates of all prestrains (Figure 2-9 bf), the cell cytoskeleton appears spread and elongated parallel to the wrinkle direction.
The degree of cell alignment was quantified by fitting ellipses to cell nuclei and
calculating the standard deviation of the resulting cell nuclear angles. A large distribution of
nuclear angles was found on the non-wrinkled sample (Figure 2-10a), whereas a narrow
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distribution of nuclear angles was found on all wrinkled samples (Figure 2-10 b-f). For each
angular histogram, the wrinkle direction was chosen as a reference orientation set at 90°.
For the wrinkled samples, each distribution is centered about this angle, demonstrating
that the preferential angle of orientation is parallel to the wrinkle direction. The resulting
standard deviation of the nuclear angles was calculated for each group and plotted as a function
of prestrain (Figure 2-11). For the non-wrinkled sample (0% prestrain), a standard deviation of
51.0 ± 0.7° was found, consistent with a random distribution of nuclear angles. As the prestrain
increased, the resulting angular standard deviation decreased until saturating beyond 7%
prestrain. Comparing this trend to the trends of wrinkle amplitude and wavelength with
increasing prestrain (Figure 2-7 a-b), we find significant correlation but are unable to determine
which wrinkle characteristic dictates nuclear alignment. Noticeably, crack density (Figure 2-11)
showed a gradual and nearly linear increase with prestrain that apparently saturates wrinkle
refinement with strain and thus saturates the degree of cell alignment. Inspection of Figure 2-11
reveals roughly four regions of behavior. In region I, where prestrain is lower than 7%, cell
nuclear alignment increased with increasing prestrain as shown by a decrease in angular spread.
Meanwhile, cracks were observed with prestrain larger than 4.5%. In region II, where prestrain is
higher than 7%, cell nuclear orientation plateaued while crack density increased. Thus,
increasing SMP prestrain increases the degree of nuclear orientation, a phenomenon that offers
quite interesting potential for future studies, but methods that suppress crack formation may be
needed to extend the control of nuclear alignment to higher extents.
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2.4.4 Wrinkle Formation in Simulated Cell-Culture Conditions‡
Wrinkle formation in the hydrated state - here termed “active wrinkling” - was
investigated to determine whether or not the bilayer system was stable at 30 °C (cell seeding
temperature) and whether or not it would fully recover at 37 °C (activation temperature for active
cell experiment). Gratifyingly, no wrinkle formation occurred in water at room temperature and
30 °C for 5 h (Figure 2-12) but wrinkles formed when the water temperature was elevated to
37 °C, which was expected, as the SMP substrate demonstrates bulk recovery at 37 °C when
hydrated (Figure 2-4). Wrinkles formed in state. Wavelengths ranging from 2 to 6 μm,
comparable to those observed in the dry state, were observed for the water-triggered wrinkle
experiment using 2D FFT analysis (Figure 2-7). Notably, the wrinkle amplitude began to
saturate at the highest prestrains examined. No significant differences in wrinkle alignment and
amplitude were observed when comparing wrinkles formed under dry (static in cell culture) and
wet (active in cell culture) conditions (Figure 2-7b and 2-7c).

2.4.5 Cell Culture on Actively Wrinkling Substrates
Cellular response to actively wrinkling substrates was assessed by imaging cell nuclei
and f-actin first on cells cultured on a wrinkle-free, prestrained (and coated) substrate at a subtrigger temperature (T = 30 °C) and then at a higher temperature (T = 37 °C) capable of
triggering wrinkle formation. Seeding cells at the sub-trigger temperature did not affect cell
viability (Figure 2-13), as cells remained viable at 30 °C for 5 h and an additional 24 h. Cells
remained viable after triggering wrinkle formation at 37 °C (Figure 2-13c), indicating that
neither dynamic topography change nor temperature change negatively affected cell viability.
Prior to wrinkle formation no obvious cytoskeleton orientation was observed (Figure 2-14a);
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however, as a result of wrinkle formation the cytoskeleton elongated parallel to the wrinkle
direction (Figure 2-14b). Similar results were found for cell nuclear orientation, assessed by
fitting ellipses to cell nuclei and determining the spread of nuclear angles, as was done described
above for cells cultured on previously wrinkled substrates. Interestingly, while a broad
distribution of nuclear angles was observed before wrinkling (Figure 2-15a), this distribution
significantly narrowed upon wrinkle formation (Figure 2-15c). A control group of cells left at
30 °C for 29 h showed no preferential orientation (Figure 2-15b). Comparison of the two types
of experiments (cellular response to previously wrinkled versus actively wrinkling substrates) is
seen in Figure 2-11. In the latter case, an average angular standard deviation of 50.1°± 0.5° was
found prior to triggering, whereas an average angular standard deviation of 32.7°± 2.5° was
found after triggering wrinkle formation – close to the value for nuclear alignment of cells
cultured on previously wrinkled substrates (34.8° ± 1.7°).

2.4.6 Comparing Cell Nuclear and Cell Cytoskeleton Alignment
Correlation between cell nuclear alignment and cell cytoskeletal alignment was assessed
by comparing the nuclear and cytoskeletal angles of isolated cells during active wrinkling. Both
nuclear and cytoskeleton distributions showed similar results (Figure 2-16), where a broad
distribution of angles was observed prior to wrinkling (Figure 2-16a), while a narrow
distribution of angles was observed after wrinkling (Figure 2-16c) indicating a transition from
random alignment to increased alignment parallel to the wrinkle direction. A control group of
cells left at 30 °C for the 29 h showed no preferential orientation (Figure 2-16b). When
comparing the average angular spread values (Table 2-1), both nuclear and cytoskeleton
alignment were in agreement. Interestingly, the angular spread for the isolated cells studied here
showed a much stronger alignment compared to the angular spread of all cells regardless of
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isolation or overlap, as noted by the angular spread value of 20.8° for isolated cells compared to
32.7° for all cells. This indicates that cell packing may also influence cell-topography
interactions; however, this may also be an artifact attributed to a small number of isolated cells
(average of 15 isolated cells per sample compared to an average of 400 total cells per sample).
Comparing the difference between measured nuclear angle and the corresponding measured
cytoskeleton angle (Figure 2-17) also revealed that prior to wrinkling, large differences between
the measured angles may exist (Figure 2-17a); however upon wrinkling nuclear and
cytoskeleton angles are identical, as shown by over 50% of the cells having measured angles
being within ±5° of each other.

2.5 Discussion
In this study we developed a coated SMP bilayer system capable of forming tunable
wrinkles under conditions amenable to cell culture, namely, in aqueous media at temperatures
near and including 37 °C. More importantly, cell culture on both previously wrinkled and
actively wrinkling substrates was proven to result in clear orientation of both f-actin and
ellipsoidal cell nuclei. Prior to wrinkle formation, no preferential angle of orientation was
observed; however, as a result of wrinkle formation whose amplitude increased and wavelength
decreased with increasing recovered strain, clear cell orientation was observed with orientation
along the wrinkle direction and with a degree that increased with wrinkle amplitude.
Considering wrinkle formation results alone, we observed that our bilayer wrinkle system
agreed well with the prestrain dependence for both wavelength and amplitude described by Jiang
et. al [49]. In contrast, a report by Xie et. al. showed that while wrinkle wavelength decreased
with increasing recovered strain, no dependence of amplitude on strain was observe [38]. We are
currently unable to explain the difference between this result and our results reported in Figure
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2-7. A salient feature of the SMP-triggered wrinkles reported in Figure 2-6 is the broad
distribution of wrinkle wavelengths observed. Such hierarchical wrinkling has been reported
before and found to be associated with large compressive stress [18]. It is understood that the
origin of this phenomenon is the saturation of first generation wrinkles at a small amplitude
which forms an effective film that can undergo a similar wrinkling process. This hierarchical
buckled pattern forms with further application of a compressive strain. However, the mechanism
for our bilayer wrinkle system is different. Heating the SMP above its glass transition
temperature induces the transition from the glassy to the rubbery state during which the modulus
decreases several orders of magnitude as shown in Figure 2-2. In particular, while the surface
buckling process at lower temperatures favors smaller wavelengths, larger wavelengths are
favored at higher temperatures. Thus, the evolving modulus change with continued increase in
temperature during heat-triggered shape-recovery resulted in a distribution of wrinkle
wavelengths. Further, while the linear buckling theory [29, 30] has proven to work well for
elastic substrates, our system is viscoelastic [50-52] and thus features significant timedependence that our group is currently exploring. Using linear theory, we did a simple
calculation to compare our results to the predicted theoretical values with the following
parameters. For gold (f) and substrate (s), Ef =82 GPa, νf =0.33, Es (dry 55 °C) = 5 MPa Es (wet
37 ºC) = 515 MPa, νs =0.44 (assumed). In the case where wrinkles were formed under dry
conditions, the predicted wavelength is 3.5 μm, which is in the range of our experimental result.
However, for the wrinkles formed in water at 37 ºC, the predicted wavelength is 0.75 μm, at least
4 times lower than our experimental value. We are unable to explain this discrepancy, but
tentatively point to a viscoelastic effect. Clearly, an SMP wrinkle model will need to be
developed in the future.
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Cracks (Figure 2-5, right) were also observed to form for samples that were prestrained
7% and higher, with an increase in crack density with increasing prestrain (Figures 2-5, 2-11).
By comparison, the crack spacing is much larger than the wrinkle wavelength for all conditions
explored. We attribute the formation of cracks to the SMP’s lateral elongation [13] that occurs
during recovery, which induces a tensile stress in the gold in the direction perpendicular to the
direction of recovery. Interestingly, the onset prestrain of crack formation corresponded to the
beginning of saturation in both wrinkle characteristics and degree of cell alignment (Figures 2-7
and 2-11). The crack density data in Figure 2-11 were fitted into a power-law function [53]
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(Eq 2-6)

where c is a constant, ε* is the critical strain for cracking, and β is an exponent governing the rate
of fragmentation. Our fitting equation yielded an ε* of 2.6% and β ~ 1.0. For still higher strains, it
is likely that the fragmentation process will also saturate to yield  < 1.
We observed without exception that the wrinkles formed on our SMP, whether before or
during cell culture, remained stable following prolonged exposure to cell culture conditions.
Gratifyingly, we did not observe delamination between the gold coating and SMP substrate,
neither during wrinkle formation nor cell culture. This suggests a robust interface despite not
using an adhesion interlayer that is sometimes required [11, 54, 55]. However, an additional
interlayer such as titanium (Ti) could improve the adhesion and further suppress crack formation
when submerged in medium for longer culture periods. Nano-sized gold coatings are known to
be plastic with a very low yield strain. The strain applied on the gold from the substrate was
irreversible and the gold thickness could have potentially changed due to plastic deformation.
Whether the gold thickness and stiffness were changed during wrinkling is still unknown.
Further studies can be conducted to investigate the effect of this mechanical loading on the thin
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gold film properties. For the present study, we focused on cell behavior far from cracks;
however, the interaction of cells with cracks may be an interesting area for future study due to
large tensile strains that could be applied to cells spanning a crack. To clarify the role of wrinkle
wavelength distribution, we must first learn how to control this distribution width, average
wavelength, and amplitude independently, an endeavour of great interest to us.
While the complex topography associated with hierarchical wrinkles is thought useful for
microfluidic sieves [18], antifouling marine coatings [56], and substrates for cell
mechanosensitivity studies [21], its relevance, per se, to cell culture substrates has not yet been
revealed. Here, we were able to control the degree of cell alignment by variation in wrinkle
characteristics. By increasing the prestrain in the SMP we were able to increase the degree of
wrinkle orientation as well as increase the wrinkle amplitude. This resulted in increasing degrees
of cell alignment until saturation occurred after 7% prestrain. The increase in cell alignment can
be attributed to both the increase in orientation of the wrinkles and the increase in wrinkle
amplitude. Which of these two is the prominent cause is unknown, and further studies would
need to be conducted to isolate each effect and determine which played a more significant role.
Prior studies have found that atop grating patterns cell alignment increases with grating depth [5,
6, 57]. Cell alignment (Figure 2-11) showed an exponential decay that followed the following
form:
y  36.49  14.48e 0.494x

(Eq 2-7)

where x is the prestrain (%) and y is the angular spread of nuclear orientation in degrees. The
saturation of cell alignment at prestrains above 7% is strongly correlated with the onset of crack
density growth as noted above. This dynamic approach also proved to be a viable way of turning
on cell alignment. Prior to topography change, cells had shown a random orientation, whereas
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shortly after activating the topography change cells re-oriented parallel to the wrinkle direction.
This effect was observed previously in the work by Lam et. al, who used an external force to
compress a PDMS substrate that had a thin oxidized film resting atop, forming wrinkles while
cells were attached [58]. Our system expands on the work by Lam and colleagues because here
we have a material intrinsically capable of forming wrinkles in culture without the need for an
external compression mechanism and with the potential for control over the time scale of their
formation, as demonstrated by the ability to tune the recovery kinetics by varying the copolymer
composition (Figure 2-4).
The present work contributes to recent progress in SMPs designed for application in cell
culture. Here we have shown that a wrinkled topography can be controlled simply by changing
the prestrain in the SMP, and with this system we are able to trigger wrinkle formation at 37 °C.
It is important to note that the cell alignment observed on the actively wrinkling substrate was
similar to that observed on its previously wrinkled counterpart. Further studies into the dynamics
of cell alignment through time-lapse microscopy may reveal transient cell alignment during
active wrinkling that may differ from the equilibrium state. Developing a method to observe cells
in time-lapse microscopy is the focus of the work in Chapter 3. Also of interest to our group is
the effect of wrinkling kinetics on cell behavior, recognizing the possibility of distinct regimes
for strain rates [59, 60] applied to adherent cells. One advantage of this system is that the
composition can be tuned to obtain a range of Tg’s, which can be used to study how the
dynamics of topography change elicit different effects from cells. This extension of the present
work should improve our fundamental understanding of the mechanisms behind cell-material
interactions in a dynamic state. Studies employing actively changing topography on a timescale
slower than, similar to, or faster than that of cell cytoskeleton reorganization will provide
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unprecedented new insight into cell cytoskeleton reorganization and cell mechanobiology. I
speculate there may exist a critical timescale for topographical reorganization where faster
topography changes may induce cell detachment or apoptosis.

2.6 Conclusion
We have developed a cytocompatible coated SMP bilayer system with tunable wrinkle
formation that can be used to direct cell alignment in static and active culture experiments. An
increase in prestrain of the SMP led to an increase in wrinkle amplitude and orientation and a
decrease in wrinkle wavelength. Subsequently, the degree of cell alignment in static cultures
increased with increasing SMP prestrain until saturation occurred. Furthermore, this system
showed that cell alignment can be turned on through triggering wrinkle formation during active
cell culture. Both nuclear and cytoskeleton angles were in agreement, indicating that either could
be used to assess cell orientation. The ease of which the transition temperature of this system can
be tuned should enable the study of the kinetic effects of topography change on cellular response.
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Scheme 2-1. Chemical structure of synthesized substrate; tert-butyl acrylate (tBA) and butyl
acrylate (BA) monomers are crosslinked with tetraethylene glycol dimethacrylate (TEGDMA)
and photo-polymerized using DMPA as a photoinitiator.
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Scheme 2-2. Using an SMP bilayer system to form nano-scale wrinkles. A uniaxial tensile strain
is fixed in the SMP substrate by heating, deforming, and subsequently cooling. Following fixing,
a thin film of gold is deposited on the surface of the SMP substrate. Upon heating the substrate
recovers and induces surface buckling into the gold film.
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Scheme 2-3. Process for determining cell body and nuclear orientation. Fluorescent micrographs
of the cell body (actin cytoskeleton) and cell nucleus were manually traced using ImageJ
software. Traced cell bodies and nuclei were then thresholded and fitted with an ellipse. The
angle of the major axis of the fit ellipse was used to describe cell orientation.
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Figure 2-1. Copolymer glass transition temperature (Tg) is tuned through composition control;
(a) DSC thermograms of copolymers with different compositions of tBA-BA show that Tg
increases as the amount of tBA increases. (b) DSC thermograms of samples before methanol
extraction, after methanol extraction, and after hydration show that methanol extraction increases
Tg, while water plasticization decreases Tg. All DSC thermograms are from the second heat.
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Figure 2-2. Temperature dependent dynamic mechanical response (1 Hz, under tension) of the
95tBA-5BA substrate. (a) Effect of temperature on the tensile storage modulus for dry and wet
films shows a drop in modulus of 3 orders of magnitude upon heating through the glass transition
temperature. (b) Isothermal storage modulus of a dry film heated to 55 °C and a wet film heated
to 37 °C, temperatures used for forming wrinkles in the dry and wet state, respectively.
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Figure 2-3. Shape memory characterization of the 95tBA-5BA substrate (a) dry and (b) wet
show excellent shape fixing and shape recovery.
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Figure 2-4. Effect of composition on recovery kinetics in 37 °C water. Increased amounts of
tBA in the SMP substrate result in slower recovery once hydrated at 37 °C.
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Figure 2-5. Fixed SMP prestrain affects wrinkle and crack formation. (left) AFM wrinkle
images and (right) optical micrograph crack images with prestrain values of (a) 2%, (b) 7%, (c)
12%, (d) 17%, (e) 23%. Increasing prestrain increases wrinkle amplitude and crack density.
Heights in the AFM images are given in color scale and range from z= 0 nm black pixels to
z=700 nm bright pixels. Scale bar is 20 μm for AFM images and 200 μm for optical
micrographs. Arrow indicates the strain direction
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Figure 2-6. Characterization of wrinkles using 2D FFT. (a) Wavelength distributions of uniaxial
wrinkles with controlled thickness of gold at varying prestrain; (b) 2D FFT pattern of wrinkled
surfaces; (c) relative degree of alignment characterization using 2D FFT pattern. “1” and “2” in
the left frame indicate the first and second populations of uniaxial wrinkle wavelengths.
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Figure 2-7. Characterization of static and active wrinkles. (a) Wavelength change with respect to
the prestrain, (b) amplitude dependence of wrinkle prestrain, (c) relative degree of alignment as a
function of prestrain. The controlled gold thickness in (a), (b), and (c) is 33 nm. “1” and “2” in
(a) indicate the first and second populations of uniaxial wrinkle wavelengths.
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Figure 2-8. Cell viability on wrinkled substrates. LIVE/DEAD assay performed on cells seeded
on (a) non-wrinkled, (b) 2%, (c) 7%, (d) 12%, (e) 17%, and (f) 23% prestrain. Scale bar is 200
μm. Green cells represent live cells while red cells represent dead cells. Cells showed >95%
viability for all samples.
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Figure 2-9. Wrinkle effect on cell alignment. Phalloidin (cytoskeleton) and DAPI (nuclear)
assays performed on cells seeded on (a) non-wrinkled, (b) 2%, (c) 7%, (d) 12%, (e) 17%, and (f)
23% prestrain. Scale bar is 200 μm. Cytoskeleton stain is shown in red and nuclear stain in blue.
Cells on the non-wrinkled sample appear randomly distributed whereas cells on all wrinkled
samples how alignment parallel to the wrinkle direction.
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Figure 2-10. Wrinkle effect on cell nuclear distribution. Angular histograms of cells seeded on
(a) non-wrinkled, (b) 2%, (c) 7%, (d) 12%, (e) 17%, and (f) 23% prestrained wrinkled substrates
show the distribution of cell nuclear angles, with a broad distribution of angles representing no
alignment and a narrow distribution representing a high degree of alignment. Increased prestrain
results in a narrowing of the cell nuclear angle distribution, indicating increased cell alignment.
The 90° angle in the angular histogram represents the angle parallel to the wrinkles.
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Figure 2-11. Effect of prestrain on cell orientation and crack density. With increasing prestrain,
a decrease in angular spread is observed, indicating increased cell orientation. Crack density
increases with increasing prestrain, with a critical prestrain of 2.6% required for crack formation.
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Figure 2-12. Optical micrographs of water triggered wrinkle formation with 100 s gold coating
and 12% prestrain. Prestrained samples are soaked in water (a) at 30 °C for 5 h, (b) at 30 °C for
29 h, and (c) at 30 °C for 5 h and 37 °C for 24 h, simulating conditions for cell culture. Scale bar
is 50 μm.
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Figure 2-13. Cells remain viable following wrinkle formation. LIVE/DEAD assay performed on
cells seeded (a) at 30 °C for 5 h, (b) at 30 ° C for 29 h, and (c) at 30 ° C for 5 h and 37 °C for 24
h. (Scale bar is 200 μm). Green cells represent live cells while red cells represent dead cells.
Cells showed >95% viability for all samples.
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Figure 2-14. Cell morphology is affected by active wrinkle formation. Phalloidin (cytoskeleton)
and DAPI (nuclear) assays were performed on cells seeded (a) at 30 °C for 5 h, (b) at 30 °C for
29 h, and (c) at 30 °C for 5 h followed by 37 °C for 24 h. For conditions (a) and (b), the substrate
is flat as wrinkle formation has not been triggered. In condition (c) wrinkle formation is triggered
while cells are attached. Scale bar is 200 μm. Cells show no orientation prior to wrinkle
formation and subsequently align parallel to the wrinkle direction (denoted by arrow) after
wrinkle formation is triggered.
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Figure 2-15. Active wrinkling results in narrowed nuclear angle distribution. Angular
histograms of cells seeded (a) at 30 °C for 5 h, (b) at 30 °C for 29 h, and (c) at 30 °C for 5 h
followed by 37 °C for 24 h show that before wrinkling (condition (a)) cell nuclear angle has a
broad distribution that narrows upon active wrinkling.(condition (c)). The 90° angle in the
angular histogram represents the angle parallel to the wrinkles for condition (c).
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Figure 2-16. Representative cell cytoskeleton and cell nuclear angular distributions during active
wrinkling. Angular histograms of cells seeded (a) at 30 °C for 5 h, (b) at 30 °C for 29 h, and (c)
at 30 °C for 5 h followed by 37 °C for 24 h show that both cytoskeleton and nuclear angular
distributions are broad before wrinkling (condition (a)) and narrow upon wrinkling (condition
(c)). The 90° angle in the angular histogram represents the angle parallel to the wrinkles for
condition (c).

81

Table 2-1. Comparing cell nuclear angular spread to cell cytoskeletal angular spread. Values for
the average nuclear spread are comparable to values obtained from the cytoskeletal spread for all
time points. Prior to triggering wrinkle formation (30 °C 5 h) cell nuclear and cytoskeletal
alignment is random, as noted by the large spread values (52 ° being completely random). Upon
wrinkle formation, cell nuclei and cytoskeleton become highly oriented as shown by the low
angular spreads. Averages were calculated from 6 samples for the before and after wrinkling
groups, and 5 samples for the control group.

Condition

Nuclear Spread
(Degree)

Cytoskeletal
Spread (Degree)

Avg. Cells
per sample

30 °C 5 h
30 °C 29 h
30 °C 5 h + 37 °C 24 h

44.8
47.3
20.8

44.5
46.5
18.6

30
19
14
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Figure 2-17. Histograms showing the difference between measured cell nuclear angle and the
corresponding cell cytoskeletal angle for cells seeded (a) at 30 °C for 5 h, (b) at 30 °C for 29 h,
and (c) at 30 °C for 5 h followed by 37 °C for 24 h. Prior to wrinkling angles between cell nuclei
and cell cytoskeleton can vary significantly, however upon wrinkling nuclei and cytoskeletal
angles are identical, as noted by over 50% of the measured angles being within ±5°. Δ Angle is
the difference in nuclear and cytoskeletal angle, measured cell-by-cell.
83

Chapter Three: Effect of Surface Topography and Surface
Chemistry on Cell Motility In Vitro†
3.1 Synopsis
This chapter explores the use of the bilayer system described in Chapter 2 to study how
surface topography and chemistry affect cell motility in vitro. To elucidate subtle differences in
cell motility atop various substrates, a cell tracking algorithm was developed. This algorithm,
termed automated contour-based tracking for in vitro environments (ACTIVE), was designed for
adherent cell populations subject to nuclear staining or transfection. ACTIVE is employed here to
compare cell motility atop wrinkled substrates, flat gold-coated substrates, and flat tissue-culture
polystyrene substrates. We expect ACTIVE to be a powerful approach for tracking adherent cell
motion over long time scales in complex environments, advancing the fundamental
understanding of the effect of cell–cell interactions, coupled with cell–material interactions, on
cell motility. Combined with quantitative statistical metrics, this should enable new insights into
cancer biology, mechanobiology and morphogenesis.

3.2 Introduction
The innovative application of cell tracking techniques in complex in vitro model
environments often enables and precipitates important new insights in biology, biomedical
science, and biophysics. In vitro environments have recently been tailored to have specific
biophysical and biochemical properties, including patterned stiffness [1], patterned surface
chemistries [2], and ordered topographies [3, 4]. These increasingly complex environments are
________________________________________________________________________
†

Adapted (in part) with permission from R.M. Baker, M.E. Brasch, M.L. Manning, and J.H. Henderson, Journal of
The Royal Society Interface, 2014, 11, 20140386. Copyright © The Royal Society 2014
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now broadly employed in research on morphogenesis[5, 6], cancer cell biology[7, 8], cell
biomechanics [9], and cell mechanobiology [10].
Although in vitro model environments have traditionally been static, recent advances in
synthetic biomaterials have led to the development of environments with programmable
functionality during cell culture. These in vitro environments can better mimic dynamic
processes that exist in vivo, such as morphogenetic deformations [11-17] and extracellular matrix
remodeling [18-20]. For example, materials with mechanically or magnetically actuated surface
topography or altered stiffness can change cell morphology [21-23] and lineage specification
[24]. Recently, we [25-29] and others [30, 31] developed 2D substrates and 3D scaffolds based
on shape memory polymers (SMPs) that can undergo programmed thermally-triggered changes
in topography or architecture with attached and viable cells.
Accurate and efficient tracking of cells in these and other architecturally and temporally
complex environments has become increasingly challenging. Manual tracking of cells remains
widely used, largely due to the reliability of the technique and the modest computational
resources and operator training required [32, 33]. Manual tracking is, however, time intensive
and therefore typically performed only for small or sparse cell populations and/or short
timescales. To overcome limitations associated with manual tracking, many semi- or fullyautomated computational techniques have been developed to identify (segment) and associate
(link) cells in consecutive images [34, 35]. Active contour methods have been successfully used
to trace cells [36, 37], cellular components [38], and animals [37], in high-contrast images, but
because these methods search for compartment boundaries, they are less useful in noisy, low
contrast images and situations where cells often change direction [37]. Another commonly used
segmentation method is a noise threshold, in which a specific intensity value is chosen and all
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intensities falling below this threshold value are deemed background noise [39, 40]. There is
often high variability in cell fluorescence, however, which can render thresholding methods
ineffective.
The challenges associated with long-term tracking are amplified by the growing need to
track and analyze more than a few cells at a time. Due to the large variability observed in cell
behavior [41], it will be necessary to collect statistically large data sets detailing cell motions
and develop appropriate metrics for analyzing them if tracking-based research is to tease apart
subtle differences in behavior. Improved automated tracking can aid in data collection, and the
field of statistical physics provides metrics that have been successfully adapted to extract
patterns and characterize collective behaviors in large data sets from several types of biological
systems, including bacterial colonies [42] and schools of fish [43], at large timescales [44]. If
widely adopted, the adaptation and application of displacement, velocity, and diffusion metrics
from statistical physics could be used to standardize comparison of cell motility across studies
and fields. Yet use of these tools in tracking research has remained limited and has generally
been performed in conjunction with manual tracking or semi-automated techniques [8].
Therefore, the goal of this work was to accurately and efficiently track adherent cell
populations subject to nuclear staining or transfection in complex in vitro environments over
sufficiently long timescales to enable statistical-physics-based analyses of cell motility. To do so,
we have developed, validated, and applied a new automated computational algorithm, ACTIVE
(Automated Contour-based Tracking for In Vitro Environments), that identifies cell nuclei of
variable staining intensities in low-contrast images, segments and links the nuclei over long
periods of time (large image stacks), and processes multi-cell interactions that have traditionally
limited the accuracy of automated systems. We applied ACTIVE to carefully quantify subtle
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differences in 2D cell motility behavior on various static topographies and at different cell
densities, studied using adherent mouse fibroblasts stained with nuclear fluorescent dye. Using
several physics-based statistical metrics, including mean-squared displacement, velocity
autocorrelation, and asphericity, we analyzed the cell tracks and tested for motility differences in
the different environments.

3.3 Methods and Materials
3.3.1 Overview of the Cell Tracking Algorithm (ACTIVE)‡
To accurately track large cell populations over long timescales, a custom tracking
algorithm, ACTIVE (Automated Contour-based Tracking for In Vitro Environments), was
developed using MATLAB. ACTIVE was designed to track stained cell nuclei by accomplishing
four main tasks (Scheme 3-1). First, ACTIVE segments cells by employing a contour-based
approach based on nuclear stain intensity, and fits an ellipse to each cell nuclei. The contourbased approach enables detection of dividing cells and merging cells used for post-processing to
improve track accuracy. Second, ACTIVE links cell nuclei between consecutive frames, using a
previously published approach [45]. Third, post-processing of cell tracks is performed using a
fingerprint method to correct inaccuracies that arise from merging cells. Fourth, cell tracks are
analyzed by applying a series of physics-based metrics including mean squared displacement,
velocity autocorrelation, diffusion analysis, and cell track asphericity. This chapter focuses on
application of the tracking algorithm to describe cell motility on substrates with different
chemistries, topographies, and cell seeding densities. For a detailed description of how ACTIVE
works and the steps taken to validate it, readers are referred to our publication on this work [46].
________________________________________________________________________
‡

Development, validation, and benchmarking of the ACTIVE tracking algorithm was performed by Megan Brasch.
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Sample data and the fully functional tracking code used to generate the data presented herein are
available for download at: http://henderson.syr.edu/downloads/, and a user manual for the
tracking code can be found in Appendix 2.

3.3.2 Substrate Preparation
To study the effects of topography and surface chemistry on cell motility in vitro, three
different substrates were prepared: a gold-coated wrinkled substrate; a gold-coated flat substrate;
and a tissue culture polystyrene substrate (TCPS).

3.3.2.1 Gold-Coated Wrinkled Substrate Preparation
Substrates with an anisotropic topography were fabricated following the procedure
described in Chapter 2 (Sections 2.3.2 and 2.3.4). Briefly, an acrylate-based SMP substrate
with the composition of 95tBA-5BA was prepared through photoinitiated polymerization
(Section 2.3.2). The SMP substrate was fixed with a uniaxial tensile strain of 7% and
subsequently coated with a 33 nm layer of gold (Section 2.3.4). Wrinkle formation was triggered
by heating at 55 °C for 30 min. A prestrain of 7% was chosen because it was the saturation point
for increased cell alignment, as discussed in Chapter 2, and resulted in a low density of crack
formation. Prior to cell culture, 6 mm x 6 mm samples were cut and UV sterilized for 10 h on the
gold side and 1 h on the non-gold side.

3.3.2.2 Gold-Coated Flat Substrate
As a flat control with the same surface chemistry as the anisotropic wrinkled substrates,
gold-coated non-wrinkle substrates were prepared. An SMP substrate with a 95tBA-5BA
composition was coated with a 33 nm layer of gold. The gold-coated substrate was heated at 55
°C for 30 min to undergo the same thermal treatment as the wrinkled substrates. No wrinkles
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formed on these bilayers since there was no prestrain in the SMP substrate. Prior to cell culture,
6 mm x 6 mm samples were cut and UV sterilized for 10 h on the gold side and 1 h on the nongold side.

3.3.2.3 TCPS Substrate
As a flat control with a different surface chemistry, tissue culture polystyrene (TCPS)
samples were prepared. Samples with a 6 mm x 6 mm dimension were cut from TCPS petri
dishes (Falcon™, Fischer Scientific). TCPS substrates were UV sterilized for 1 h on each side
prior to use in cell culture.

3.3.3 Cell Culture
For cell experiments, C3H10T1/2 mouse fibroblasts (ATCC) were first expanded in
complete growth medium (BME, 10 % FBS, 1 % penicillin/streptomycin, 1 % GlutaMAX) on
T75 flasks, with initial seeding at 5,000 cells-cm-2. Expansion was conducted in a humidified
incubator with 5% CO2 at 37 °C. Medium was changed after 3 d, and cells were passaged at 80%
confluence using 0.25% Trypsin. Cells at passage 13-15 were used for experiments. Samples
were prepared for cell tracking experiments by seeding cells on wrinkled, non-wrinkled, and
TCPS substrates. To study the effects of varying density, cells were seeded onto 6 mm × 6 mm
substrates using a droplet of cell solution at 5,000, 10,000 or 20,000 cells-cm-2. In each case, a 20
µL droplet of cell solution was seeded onto the substrates with cell concentrations of 87,500,
175,000, and 350,000 cells-mL-1, respectively, and samples were then placed in a 37 °C
incubator for 2 h to allow for cell attachment. After 2 h, complete growth medium was added and
the samples were placed in a 37 °C incubator for an additional 22 h, at which point the cells were
stained and prepared for live cell imaging.
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3.3.4 Nuclear Staining and Imaging
To image cell nuclei for tracking analysis, cells were stained with Hoechst 33342 nuclear
dye (Invitrogen) and imaged over 24 h. Hoechst dye was added to complete growth medium at a
concentration of 0.01 μg-mL-1. A concentration significantly lower than the recommended
staining concentration was deliberately selected to ensure cell divisions throughout the 24 h time
period (as Hoechst dye at the recommended concentration significantly suppressed cell division).
Using a low staining concentration also enabled live cell imaging over a longer period of time
due to reduced phototoxicity when compared to higher concentrations. Substrates with attached
cells were placed in LabTek glass-bottom chamber slides and 800 µL of staining solution was
added to each chamber. The chamber slide was then placed in a 37 °C incubator for 20 min to
allow for cell nuclei to be stained. Substrates were then inverted in the chamber slide and a
hemocytometer glass coverslip was placed on top of each sample for stabilization. The glass
chamber slide was placed in a live cell microscope stage incubator (INC-2000, 20-20
Technology Inc.) and imaged on a Leica DMI 6000B inverted microscope. Live cell imaging
was conducted at 37 °C for 24 h under 5% CO2, with images captured every 3 min using an
Andor Luca R camera with a 10x/0.30 NA objective. An A4 filter cube with an excitation filter
of 360/40 nm was used for imaging.

3.3.5 Quantification of Cell Motility

3.3.5.1 Mean Squared Displacement (MSD)
One method to describe how a particle or group of particles moves is by calculating the
mean squared displacement (MSD). MSD is a measure of the average distance a particle travels,
and is defined as:
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where Δt is the time interval change, r is the [x,y] distance at a specific time, and N is the total
number of cells [47].
The MSD was calculated for each Δt and a plot of log10 MSD vs. log10 Δt was generated
for each substrate and cell density studied. Decomposition of the MSD into the x- and ydirections was also performed, with the x-direction representing the direction parallel to the
wrinkle direction. Wrinkle direction was determined from phase contrast images using ImageJ
(National Institutes of Health). Quantification of cell motility was achieved through comparison
of MSD slopes at short and long timescales, as well as comparison of a mobility parameter, δ,
which uses the y-intercept of a line fit to the long timescale MSD data to describe how fast cells
displace. Diffusive migration, or migration via a “random walk,” generates a slope equal to unity
in the log10 MSD vs. log10 Δt plot. In these plots, superdiffusive trajectories have a slope greater
than one, and ballistic migration, where cells move in a constant direction with a constant
velocity, corresponds to a slope equal to two. The mobility parameter, δ, is defined as the yintercept of a line fit to the long timescale behavior of log10 MSD vs. log10 Δt. With this
definition, 10δ is equal to the square of the average cell velocity if motion is purely ballistic, and
equal to 1/4th of the diffusion constant if the motion is purely diffusive. For the cell motions in
the present work, which were found to be intermediate between ballistic and diffusive, 10δ is a
quantitative measure of how fast cells displace.

3.3.5.2 Velocity Autocorrelation
A second metric employed to describe cell motility is the cell velocity autocorrelation
function, given by:
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where Cv(t) is the velocity autocorrelation for a time-step t, vi(0) is the initial velocity and vi(t) is
the velocity at time t [47]. A plot of Cv(t) v. Δt illustrates the persistence (opposite of
randomness) of cell migration. For calculation of the velocity autocorrelation function, cell
velocities were estimated using the central finite difference approximation [48], with
decomposition of the velocity into x- and y-directions. For wrinkled substrates, the coordinate
system was rotated so the x-direction was parallel to the wrinkle direction. Plots of velocity
autocorrelation as a function of time were generated for each group, and each curve was fit with
an exponential decay to extract a velocity decorrelation rate constant, which was compared
between all groups. This rate constant quantifies how long a single cell tends to move in the
same direction.

3.3.5.3 Cell Track Asphericity
A third metric used to describe cell motility was the cell track asphericity, which
described the degree of directed cell migration. The track asphericity was measured by first
calculating the gyration tensor (S) for each complete cell track (after 24 h migration):

Smn

1 N N

  mi  m j  ni  n j 
2 N 2 i 1 j 1

(Eq 3-

3)
where m and n refer to the Cartesian coordinates (x or y), N is the total number of track positions,
and i and j are given track positions [49]. We then extracted the largest and smallest eigenvalues
for the gyration tensor, λ22 and λ12, respectively, and calculated the track asphericity (A) [50-52]:
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Cell track asphericity was calculated for each group and the average asphericity for each
substrate and density was compared. Asphericities range from 0 to 1, with a larger asphericity
indicative of more directed cell migration. Cell motility was further qualitatively assessed
through the construction of diffusion plots, in which the final position for each cell was plotted
after the starting location was renormalized to the plot origin.

3.3.6 Assessing Division Directionality
To determine the influence of topography on division directionality—the direction in
which the daughter cells pull apart—cell divisions tracked by ACTIVE were analyzed. In the
first frame the daughter cells pull apart, the angle made between the two centroids and the
horizontal axis was calculated. The spread of these division angles was calculated following the
protocol described in Chapter 2 (Section 2.3.8) to determine angular spread of cell nuclei [28].
Division angles were adjusted so all angles fell in the range of -90° to +90°, centered around 0°.
The truncated standard deviation [53] of the divisions was then calculated, yielding the angular
spread. For statistical comparisons and to normalize between isotropic and anisotropic substrates,
division angles were systematically rotated by 1° from 0° to 180° and the corresponding angular
spreads calculated. For each substrate, the reference angle resulting in the minimum angular
spread was used. For histogram plotting, division angles atop wrinkled substrates were rotated so
that the wrinkle direction was 90°.
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3.3.7 Statistics

3.3.7.1 Statistics for Effect of Density on Cell Motility Parameters
Statistical analyses for comparison of MSD exponents, velocity auto-correlation rate
constants, and asphericity parameters within and between substrates and cell seeding densities
were performed using non-parametric statistics due to deviations from the assumption of
normality as revealed by Shapiro-Wilks testing. Spearman rank correlation testing was used to
evaluate the effect of density on motility parameters, and significance testing performed on the
resulting correlation coefficients using a 95% confidence level (alpha value of 0.05). An n=12
was used for statistical comparison.

3.3.7.2 Statistics for Effect of Substrate on Cell Motility Parameters
Kruskal-Wallis one-way analysis of variance was conducted to reveal statistical
significance between substrates, followed by Wilcoxon rank-sum testing for individual
comparisons. Multiple comparison testing was then performed using the Holms-Sidak correction
for familywise error. Comparison of the changes in slopes as well as the difference in velocity
autocorrelation rate constants within groups was conducted using a paired t-test. All testing was
conducted using 95% confidence levels (alpha value of 0.05). For each of the three substrate
combinations, an n of 4 technical replicates was used. Therefore, substrate comparisons used an
n=12, whereas for paired testing within a group n=4.

3.3.7.3 Statistics for Cell Division Directionality
Statistical analyses were conducted on the angular spread values for each substrate. One
factor ANOVA was used to compare all substrates (wrinkled, non-wrinkled, and TCPS) with an
n=12 for each substrate. Individual comparison testing was conducted using a student’s t-test,
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with the Holms-Sidak correction applied to correct for multiple comparisons (3 comparisons).
Significance was determined at the 95% confidence level.

3.4 Results
3.4.1 ACTIVE Tracking
By employing the ACTIVE tracking algorithm, we were able to track large populations of
cells over long timescales (Table 3-1). As expected, the average number of cells identified by
ACTIVE increased with increasing seeding density, with a total number of cells tracked ranging
from 760-2670 cells over the course of 24 h of imaging. This was coupled with a higher standard
deviation of cell number for higher density experimental groups, indicating larger attachment
and/or proliferation variation as seeding density increased. Representative fluorescent
micrographs of cells seeded on wrinkled substrates at different densities (Figure 3-1a) showed a
clear increase in attached cells as cell seeding density increased. When measuring the average
number of cells segmented following seeding (Figure 3-1b), each type of substrate showed a
continuous range of cell numbers in the first frame, which was unexpected. Rather, we expected
three distinct groupings of cell numbers corresponding to low, medium and high density seeding.
Because of this, correlation analyses were conducted to compare the effects of density rather
than comparing between low, medium and high density (discussed later in Section 3.4.3.4). The
lack of three distinct groupings suggests there were large variations in the droplet seeding
technique used in this study. Nonetheless, ACTIVE was able to identify and construct accurate
tracks of cells, as qualitatively demonstrated by the comparison of raw images to tracked images
shown in Figure 3-2.
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3.4.2 Cell Trajectory Analysis
Cell trajectories for all cells tracked over the course of 24 h were compiled to
qualitatively assess patterns in cell migration direction. Analysis of cell tracks indicated that cell
migratory behavior was influenced by substrate topography (Figure 3-3). Cells on the wrinkled
substrates moved preferentially parallel to the wrinkle direction, indicative of cell migration
along the wrinkles (indicated with black arrows). This behavior was not observed on the nonwrinkled and TCPS substrates, as cell tracks showed a random orientation indicative of more
random migratory behavior. Cell density had no observable effect on cell trajectories, as directed
migration was found atop wrinkled substrates regardless of seeding density; likewise cell
trajectories appeared to be random on all flat substrates regardless of cell seeding density.

3.4.3 Cell Motility Analysis

3.4.3.1 Mean Squared Displacement (MSD)
The MSD behavior of cells atop wrinkled, non-wrinkled and TCPS substrates was
compared to see the effect of topography and substrate chemistry on cell motility. Analysis of the
slope of decomposed log10 MSD vs. log10 Δt showed differences between substrates (Figure 3-4
and Table 3-2). Atop wrinkled substrates, the short timescale slope was significantly higher than
the short timescale slope for both the non-wrinkled and TCPS substrates. This indicates that cell
migration is more ballistic atop wrinkled substrates and in the direction along the wrinkles.
Additionally, from the MSD plots in Figure 3-4 it is apparent cell migration is directiondependent atop the wrinkled substrates, but not atop the flat non-wrinkled or TCPS substrates. A
clear separation of the MSD traces exists between the parallel (x) and perpendicular (y)
directions, with the parallel direction always having higher log10MSD for a given Δt. This shows
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that cells migrate preferentially parallel to the wrinkle direction. For flat substrates, no directiondependence was observed, as shown by the overlapping (x) and (y) traces. Furthermore, these
trends held true regardless off initial seeding density.
ACTIVE also allowed the study of accurate cell tracks over longer timescales. The slope
on the log10-log10 plots decreased significantly at the longest timescales across all substrates,
indicating that cell motion becomes more diffusive over time. When decomposing the MSD and
analyzing the y-intercept of a line fit to the long timescale slope, which we have termed the
mobility parameter (δ), we find significant difference between the mobility parameter for
wrinkled substrates when comparing the mobility parallel (x) and perpendicular (y) to the
wrinkles (Table 3-2), with higher mobility in the wrinkled direction. No significant difference
between mobility parameters was observed atop the flat substrates.

3.4.3.2 Velocity Autocorrelation
Temporal velocity autocorrelation analysis was performed to compare the persistence of
cell migration between substrates. Representative plots of the velocity autocorrelation for
different substrates seeded at different densities (Figure 3-5) agreed with the MSD results,
showing direction-dependent migration atop wrinkled substrates but not atop flat substrates.
Velocity autocorrelation traces parallel (x) and perpendicular (y) to wrinkle direction are
separated for the wrinkled substrates. Comparing decay constants between the (x) and (y)
directions show a significantly slower decay in the (x) direction, indicating cells persistently
migrate parallel to the wrinkle direction. Overlapping traces for the (x) and (y) directions for flat
substrates demonstrate no direction-dependent migration, as was expected. These trends were
consistent across all cell seeding densities.
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Comparing the decay constants between substrates also revealed significant effects of
substrate properties on the cell motility (Table 3-3). For the anisotropic wrinkled substrates, a
statistically significant difference between the time relaxation constants for the x-velocity
autocorrelation functions was observed when compared to the TCPS substrates. The relaxation
time for the wrinkled samples was less than the relaxation time for the non-wrinkled substrates,
though the difference was not statistically significant. These results show that cell migration atop
wrinkled substrates is more persistent than atop non-wrinkled and TCPS substrates, and in a
direction parallel to the wrinkle direction.

3.4.3.3 Cell Diffusion and Track Asphericity
Qualitative assessment of motility behavior was performed by generating diffusion plots
for each group. After renormalization for the starting position, it was observed that cell migration
on anisotropic substrates was greatest parallel to the wrinkle direction (Figure 3-6), as noted by
the majority of final cell positions resting along the x-axis. This directed migration was not
observed atop the isotropic substrates, noted by the radial distribution of final cell positions.
Cell track asphericity revealed statistically significant differences between all substrates
(Table 3-3). Track asphericities for wrinkled substrates were higher than those for both nonwrinkled and TCPS substrates. When rotating each cell track so the largest gyration tensor
eigenvector (or direction of greatest cell migration) is parallel to the x-axis, this difference is
qualitatively observed (Figure 3-7). A difference between the two isotropic substrates was also
observed, with cell track asphericity atop non-wrinkled substrates being significantly higher than
atop TCPS substrates.
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3.4.3.4 Motility Parameters and Effect of Cell Density
ACTIVE also revealed significant correlation between average cell density and cell
motility behavior. Atop the flat substrates, a strong trend of decreasing short timescale slope with
increasing cell density was observed (Figure 3-8a), whereas atop the wrinkled substrate this
correlation was weak, as noted by the Spearman rank correlation coefficients, rs (rs = -0.551, 0.592, and -0.189 for non-wrinkled, TCPS, and wrinkled substrates, respectively). For long
timescale slopes, however, no correlation was observed (Figure 3-8b). Interestingly, cell track
asphericity had a strong positive correlation with cell density atop the anisotropic and isotropic
TCPS substrates (rs = 0.762 and 0.524 for wrinkled and TCPS, respectively; Figure 3-8c), but a
weak positive correlation atop the isotropic gold substrate (rs = 0.259). This suggests that atop
wrinkled substrates, increased cell packing may further restrict cells to migrating parallel to the
wrinkle direction.

3.4.4 Division Angle Analysis
In addition to investigating how surface topography and chemistry affected cell motility,
we also investigated how these substrate properties influenced cell division directionality. One
benefit of the ACTIVE tracking algorithm compared to other tracking algorithms is its ability to
identify and track dividing cells. The directionality of cell division was determined based on the
angle made between the two centroids of the daughter cells and the horizontal axis (Figure 3-9).
Interestingly, we found that cell divisions were highly oriented atop wrinkled substrates and
random atop both flat substrates (Figure 3-10), as noted by the narrow distribution of division
angles centered around 90° (parallel to wrinkle direction) for wrinkled substrates at all densities,
and the broad distribution of division angles for the flat substrates at all densities. Average
angular spread values (Table 3-4) showed that wrinkled divisions were significantly more
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oriented (41.0°) than both non-wrinkled (47.3°) and TCPS (48.5°). No significant difference was
found between the non-wrinkled and TCPS substrates. The reference angle yielding the
minimum angular spread was typically within ± 10° of the wrinkle angle for the wrinkled
substrates, meaning the division angle occurred parallel to the wrinkles. An angular spread of 52°
represents a completely random spread—no preferential division directionality—and a decrease
in the angular spread represents an increase in the preferential division directionality.

3.5 Discussion
Here we have demonstrated statistically significant differences between motility behavior
on wrinkled and non-wrinkled substrates at cell seeding densities ranging from 5,000 to 20,000
cells-cm-2. The motility differences included differences in the velocity decorrelation time and
track asphericity between wrinkled and flat substrates, and a more surprising difference between
cell track asphericity on the flat “control” substrates, which have different material compositions.
We also found differences in the short timescale motility behavior as a function of cell density—
at low densities cells move more ballistically, while at high densities they move more
diffusively. These results suggest that a careful analysis of statistically large data sets can
provide new insights into how cells behave as a function of their environment.
Analysis of cell behavior revealed interesting similarities and differences in the motility
of cells on different substrates. One surprising similarity is that the mean squared displacement
of cell tracks has the same functional form as a function of time, independent of density,
substrate, or topography. In other words, the slopes of the MSD vs. time on a log10-log10 plot are
indistinguishable. This is very different from what is seen in non-active materials (such as
colloids) as a function of density, and suggests that direct cell-cell interactions (which occur
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more often at higher densities) do not strongly impact the trajectories of this cell type, or at least
at the density range investigated here.
This analysis identifies several different metrics that can be used to distinguish cell
motility on wrinkled vs. non-wrinkled substrates. We show quantitatively that cell tracks have
significantly larger asphericity (anisotropy), longer velocity decorrelation times, and more shorttimescale ballistic motion on wrinkled substrates compared to non-wrinkled substrates.
Furthermore, we demonstrate, unsurprisingly, that the anisotropy is in the direction of the
wrinkles. This agrees with previously published studies on small numbers of manually tracked
cells in anisotropic environments [3, 54, 55], but the analysis included in the present study
achieved tracking of more than 200 times the number of cells segmented in the previous manual
analysis [55]. It is anticipated that ACTIVE will facilitate this type of quantitative analysis of
large cell track data sets, standardizing comparison of results across studies and fields and
leading to new insights about how cell environments influence cell motility.
We also observed that cell tracks atop both of the flat substrates (gold coated and TCPS)
had asphericities much larger than that expected for a 2D random walk (0.57) [52]. This is not
surprising, since we know from the MSD data that our cell tracks are much more directed or
ballistic than that for a random walk. Furthermore and as mentioned previously, we found that
cell tracks exhibited larger asphericities atop the flat gold-coated substrates than atop the flat
TCPS substrates. One potential explanation, based on our manual observations, is that individual
cells tend to follow the track of a previous cell. Such “repeat” tracks, which could be assumed to
involve cell-derived matrix deposition on the substrates, might be more anisotropic, and also
might occur more often on materials where cells adhere less strongly to the pristine substrate.
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This hypothesis could be tested in future work by analyzing cells atop substrates with varying
adhesion strength.
Furthermore, analysis of cell divisions atop anisotropic and isotropic substrates revealed
cell division orientation is highly dependent on substrate topography. Atop anisotropic wrinkled
substrates, cells divided parallel to the wrinkle direction (the cleavage plane was perpendicular to
wrinkle direction). This result is comparable to previous work, where rat C6 glioma cells divided
parallel to a sub-micrometer laser-irradiated periodic surface structure with a wavelength of 266
nm [56], which is approximately 1/5th the wavelength of our wrinkles. Oriented divisions parallel
to the wrinkle direction is attributed to the anisotropy of the cell body and nucleus (as was found
atop wrinkled substrates in Chapter 2), and follows the “long axis rule” [57] proposed by
Hertwig over 130 years ago which suggests cells divide along their long axis. Cell shape is a
strong regulator of oriented cell division [58], and oriented cell divisions play a critical role in
many systems during development, serving to organize and shape tissues as well as create
cellular diversity [59]. The ability to “turn-on” oriented cell divisions could be a powerful tool
for controlling tissue development and assaying cell-material responses during development.
While the work in this chapter only focused on assaying cell motility and division directionality
on static samples, these substrates have the capacity to transition from flat to wrinkled
topographies for active experiments, a research endeavor we are actively pursuing. As we move
from tracking in static environments to tracking in active environments, additional tracking
challenges will arise. As topography change occurs, substrates may translate, rotate, or shift out
of focus, which must be minimized experimentally and accounted for during tracking. Analysis
of cell motility in these environments also requires tracking of cells over longer periods of time
to study the dynamic cell-material interactions on these non-equilibrium substrates.
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Application of ACTIVE to tracking of cells in complex in vitro environments, such as
shape changing SMPs, is anticipated to provide new insights in diverse fields. For example, it is
known that breast cancer cells can exhibit mesenchymal motility or amoeboid motility depending
on several factors, including the extracellular matrix (ECM) stiffness and pore size and the
ability of the cells to generate matrix metalloproteases [60]. Cells exhibiting mesenchymal
motility degrade the ECM and leave behind a path that serves as a migration track for other
invasive cells to follow [61]. Accurate tracking of large cell populations over long time scales
may reveal important correlations of invasive cell migration, both at the individual and collective
cell levels, as cells follow proteolytically generated paths. Tumor cell migration can also exhibit
a mesenchymal-amoeboid transition (MAT) [62], which may be caused by changes in cell-ECM
adhesion, inhibition of RHO signaling pathways, and inhibition of proteolysis [63]. SMP fibrous
scaffolds capable of undergoing architecture and stiffness changes under cytocompatible
conditions may serve as platforms for activating the MAT. Accurate tracking of cells through
SMP scaffold change may uncover new findings about the single cell and collective MAT
behavior and whether this effect is reversible. Application of ACTIVE with SMPs may also be
used to study the effects of mechanical loading of cells on wound healing. Application of
mechanical forces through vacuum-assisted closure of implanted scaffolds has shown to promote
closure of skin wounds [64], where it is hypothesized that elongation of cells at the wound site
enhances proliferation [65]. SMPs could be used to apply programmed strains to cells during
wound healing assays. The effect of these programmed strains on the individual and collective
cell migration behavior could be analyzed with ACTIVE, potentially revealing new insights into
the individual and collective cell motility responsible for improved wound healing under
programmed elongation.
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3.6 Conclusion
Quantitative, statistical-physics-based analyses of cell motility atop anisotropic and
isotropic substrates revealed more diffusive (less ballistic) cell motility for increasing timescales,
more persistent motility along wrinkles than perpendicular to wrinkles, and a subtle difference in
cell motility between our two flat “controls”. Our new tracking tool, termed Automated Contourbased Tracking for In Vitro Environments (ACTIVE), enabled this analysis of cell motility. We
expect ACTIVE to be a powerful approach for tracking adherent cell motion over long timescales
in complex environments, advancing the fundamental understanding of the effect of cell-cell
interactions, coupled with cell-material interactions, on cell motility. Combined with quantitative
statistical metrics, this should enable new insights into cancer biology, mechanobiology, and
morphogenesis.
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Scheme 3-1. Overview of ACTIVE tracking algorithm. The tracking algorithm accomplishes 4
main tasks: segmentation, linking, post-processing, and analysis. (a-b) Cells are stained with
Hoechst 33342 dye and imaged for 24 h. (c) Images are initially processed using a bandpass
filter and (d) contour profiles are established based on nuclear intensity fluctuations. (e) For
single peak contours, cells are fit with a representative ellipse, while multi-peak instances are
tagged as two separate ellipses for division and merging event cases. (f-i) Cell identification tags
(IDs) are established and (f-ii) IDs are linked between consecutive frames. (g-i) Post-tracking,
interaction events are identified, (ii) processed using a customized cost function and (iii) cell
track information is updated for more complete and accurate complex interaction event analysis.
To characterize the diffusivity and velocity dynamics of cell behavior, cell motility behavior is
then quantified using (h) MSD (I and II for x and y data, respectively), (i) velocityautocorrelation analyses (I and II for x and y data, respectively), (j) diffusion plots of cell tracks
in which the final position for each cell was plotted after the starting location was renormalized
to the plot origin and (k) final cell locations rotated by the principal axis of the gyration tensor.
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Table 3-1. Average number of cells identified by ACTIVE for various frames at each density and
substrate type.

Density
(cells/cm2)
5,000

10,000

20,000

Material Type

Avg # of Cells
Segmented in
First Frame

Avg # of Cells
Segmented in
Last Frame

Avg # of Cells
Identified by ACTIVE
Over All Frames

Wrinkled
Non-Wrinkled
TCPS
Wrinkled
Non-Wrinkled
TCPS
Wrinkled
Non-Wrinkled
TCPS

327 ± 118
278 ± 61
405 ± 260
611 ± 145
662 ± 130
725 ± 239
898 ± 389
869 ± 316
1097 ± 347

344 ± 171
308 ± 56
348 ± 213
597 ± 152
590 ± 88
636 ± 217
746 ± 234
652 ± 150
780 ± 137

760 ± 347
716 ± 112
956 ± 650
1196 ± 465
1519 ± 480
1558 ± 586
1627 ± 729
1943 ± 1164
2670 ± 989
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Figure 3-1. Representative fluorescent micrographs of stained nuclei seeded at different
densities. (a) Cells were stained with Hoecsht 33342 nuclear dye after seeding on a wrinkled
substrate at three different densities: low density (5,000 cells/cm2); medium density (10,000
cells/cm2); and high density (20,000 cells/cm2). (b) Cells segmented in the first frame for each
sample image on wrinkled, non-wrinkled and TCPS substrates (n=12 samples per substrate;
samples ordered first by cell number).
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Figure 3-2. Raw fluorescent images and the corresponding tracked images with overlaid tracks.
Time progression of cell nuclei with overlaid tracks shows accurate full tracks are constructed.
Only the first 45 min are shown for ease of visualizing all cell tracks.
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Figure 3-3. Representative cell trajectories for cells seeded on (top) wrinkled, (middle) nonwrinkled, and (bottom) TCPS substrates at (left) low, (middle) medium and (right) high
densities. The resulting trajectory information qualitatively shows that wrinkled samples yield
directional migration of C3H10T1/2 mouse fibroblast cells. Representative tracks for nonwrinkled and TCPS isotropic substrates qualitatively show no preferential directional migration.
For the wrinkled images, black double headed arrows indicate wrinkle direction.
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Figure 3-4. Representative MSD plots for cells seeded on anisotropic and flat substrates at
various densities. Cells seeded on (top) wrinkled, (middle) non-wrinkled, and (bottom) TCPS at
(left) 5,000, (middle) 10,000 and (right) 20,000 cells/cm2 were analyzed using a mean squared
displacement correlation analysis. Slopes of the MSD plots were calculated at small timescales
and large timescales to determine the diffusive nature of migration. Linear regression was used
on the first 5 data points for short timescale slopes and a range of 60 data points for the long
timescale slope, using the same range for each sample. Blue lines depict MSD traces of the xdirection (parallel to wrinkle direction for wrinkled samples) and magenta lines depict MSD
traces of the y-direction (perpendicular to wrinkle direction for wrinkled samples).
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Table 3-2. Average slopes and mobility parameters are reported for the non-decomposed and
decomposed MSD profiles. Standard deviations are in parentheses. For substrates, wrinkled = W,
non-wrinkled = NW, and tissue culture polystyrene = TCPS. For a given metric (column),
statistical comparisons were made between substrate type (W vs. NW vs. TCPS). For each
metric, substrates sharing a label are statistically different. Substrates that do not share a label are
not statistically different.

Substrate

Non-decomposed MSD

Decomposed MSD

Short
Timescale
Slope

Long
Timescale
Slope

δ

X-Short
Timescale
Slope

X-Long
Timescale
Slope

X- δ

Y-Short
Timescale
Slope

Y-Long
Timescale
Slope

Y- δ

W

1.67a
(0.09)

1.32a
(0.13)

0.45
(0.52)

1.71a,b
(0.09)

1.33
(0.13)

0.37
(0.54)

1.52
(0.11)

1.23
(0.09)

-0.25
(0.42)

NW

1.53a
(0.13)

1.32b
(0.11)

0.18
(0.51)

1.53a
(0.12)

1.34a
(0.12)

-0.16
(0.55)

1.53
(0.14)

1.28
(0.12)

-0.07
(0.48)

TCPS

1.56
(0.16)

1.21a,b
(0.12)

0.58
(0.59)

1.56b
(0.16)

1.21a
(0.15)

0.27
(0.60)

1.56
(0.16)

1.20
(0.12)

0.31
(0.65)

119

Figure 3-5. Representative velocity autocorrelation plots for cells seeded on anisotropic and flat
substrates at various densities. Cells seeded on (top) wrinkled, (middle) non-wrinkled, and
(bottom) TCPS at (left) 5,000, (middle) 10,000 and (right) 20,000 cells/cm2 were analyzed using
a velocity autocorrelation function. Anisotropic substrates showed distinct preferential migration
along the grooved direction, while non-wrinkled and TCPS controls demonstrated no statistically
significant difference in their x- and y-velocity autocorrelation components. An exponential
decay was fit to each profile after removing the first 5 points due to noise. A decay constant was
extracted and compared amongst all samples.
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Table 3-3. Velocity auto-correlation and track asphericity for different substrates. Average track
asphericity and the decay constants fit to the velocity autocorrelation function, where x is the
direction parallel to the wrinkles for the wrinkled substrate, are reported. Standard deviations are
in parentheses. For a given metric (column), statistical comparisons were made between
substrate type (W vs. NW vs. TCPS). For each metric, substrates sharing a label are statistically
different. Substrates that do not share a label are not statistically different.

Substrate

Wrinkle
NonWrinkle
TCPS

Velocity Auto-correlation

Asphericity

X-Rate
Y-Rate
Constant x 10-3 Constant x 10-3
(min-1)
(min-1)

Track
Asphericity

4.85 (1.29)a

9.99 (3.24)a,b

0.85 (0.02)a,b

5.79 (1.31)b

6.49 (1.94)a

0.81 (0.02)a,c

8.35 (2.04)a,b

7.88 (2.35)b

0.77 (0.02)b,c
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Figure 3-6. Representative cell diffusion plots for cells seeded on anisotropic and flat substrates
at various densities. Cells seeded on (top) wrinkled, (middle) non-wrinkled, and (bottom) TCPS
at (left) 5,000, (middle) 10,000 and (right) 20,000 cells/cm2 were analyzed when the final
position for each cell was plotted after renormalizing the starting location to the plot origin.
Anisotropic substrates showed directed cell migration as noted by the location of most cells
along the x-axis (parallel to the wrinkle direction). In contrast, cells atop both isotropic substrates
showed no preferential migration as noted by the radial distribution of cells from the origin.
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Figure 3-7. Representative cell track terminal points for cells seeded on anisotropic and flat
substrates at various densities. Terminal points for cell tracks are shown for cells seeded on (top)
wrinkled, (middle) non-wrinkled, and (bottom) TCPS at (left) 5,000, (middle) 10,000 and (right)
20,000 cells/cm2. Terminal points were rotated so that the largest eigenvector of the gyration
tensor (Eq. 3-3 in the main text) lies along the x-axis. Therefore, the anisotropy of the points is a
visualization of average track asphericity. Surprisingly, cell track asphericity was significantly
higher atop flat gold substrates when compared to flat TCPS substrates, indicative of a
dependence of cell motility on surface chemistry.
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Figure 3-8. Cell motility behavior correlation with average cell density. (a) Short timescale
slopes extracted from the non-decomposed MSD, (b) long timescale slopes extracted from the
non-decomposed MSD, and (c) cell track asphericity are plotted as a function of the average cell
density for a given sample. Short timescale slopes exhibit a negative correlation with cell
density, while long timescale slopes have no correlation with cell density. Cell track asphericity
is positively correlated with cell density particularly atop the anisotropic wrinkled substrate.
Average cell density is determined as the average number of particles segmented in the
beginning and ending frames.
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Figure 3-9. Cell divisions and determining cell division orientation. A timelapse sequence of a
dividing cell (yellow arrow in t=0 frame) shows a cell condensing its nucleus and dividing into
two daughter cells. For cell division orientation, a line is drawn between the two nuclei centroids,
and the angle of that line is used as the cell division angle (noted by double headed arrow).
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Figure 3-10. Representative angular histograms of the division angles of cells seeded on
anisotropic and flat substrates at various densities. Angular histograms of cell division angles are
shown for cells seeded on (top) wrinkled, (middle) non-wrinkled, and (bottom) TCPS at (left)
5,000, (middle) 10,000 and (right) 20,000 cells/cm2. Histograms show a narrow distribution of
division angles for the wrinkled substrates, centered around 90° (parallel to the wrinkle
direction), and broad distributions of division angles for both the non-wrinkled and TCPS
substrates, independent of seeding density.
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Table 3-4. Angular spread of division angles atop anisotropic and isotropic substrates. Average
angular spread for the wrinkled substrate is lower than the non-wrinkled and TCPS substrates,
indicative of more directed division atop the wrinkled topography.

Wrinkled
Angular
Spread

41.0
(3.7)

Nonwrinkled
47.3
(3.1)
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TCPS
48.5
(2.9)

Chapter Four: Shape Memory Poly(ε-caprolactone)-coPoly(ethylene glycol) Foams with Body Temperature Actuation†
4.1 Synopsis
Chapters 2-3 described the fabrication and application of a shape memory polymer
(SMP) 2D substrate for studying cell-material interactions in a dynamic environment. Chapters
4-6 focus on the development of SMP 3D scaffolds and their application in regenerative
medicine and cell mechanobiology. In this chapter, the fabrication and characterization of a
porous SMP scaffold is described. Here, a modified porogen leaching technique was employed
to fabricate a poly(e-caprolactone)-co-poly(ethylene glycol) SMP foam with a tunable triggering
temperature. Two mechanisms for tuning the recovery temperature were explored, and these
foams surprisingly exhibited reversible actuation in compression, a first for SMP scaffolds.
Scaffolds with dynamic programmability are anticipated to become powerful tools for the study
of cell mechanobiology, providing new understanding of how cells respond to biophysical
stimuli as well as deployable tissue-engineered constructs.

4.2 Introduction
While Chapters 2-3 describe the development and application of shape memory polymer
(SMP) 2D substrates for Active Cell Culture, efforts in this chapter focus on expanding this work
to 3D scaffolds. Developing 3D SMP scaffolds capable of dynamically changing shape, porosity,
and architecture under physiological conditions is of particular interest for application of
________________________________________________________________________
†

Adapted (in part) from R.M. Baker, J.H. Henderson, and P.T. Mather. J. Mater. Chem. B, 2013, 1, 4916-4920.
Copyright © Royal Society of Chemistry 2013
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scaffolds in tissue engineering and regenerative medicine [1, 2]. Scaffolds with dynamic
programmability are anticipated to become powerful tools for the study of cell mechanobiology,
providing new understanding of how cells respond to biophysical stimuli. For example, scaffolds
that better mimic the dynamic nature of in vivo microenvironments, such as extracellular
reorganization, could provide new insights for studies of tissue development and disease
progression [3, 4]. Only recently has the application of 3D SMP scaffolds for Active Cell Culture
been realized. Our group reported the first application of a 3D SMP scaffold where cells
remained attached and viable through scaffold architecture reorganization [5]. Cell alignment
was controlled by seeding cells on an aligned fiber mat that was programmed to transition to
random fiber orientation; as a result cell alignment was turned off following SMP activation [5].
This recent advancement, accomplished in thin fiber mats, suggests the potential for further
advancements in active 3D scaffolds for tissue engineering, regenerative medicine, and study of
cell mechanobiology. These fiber mats, however, are limited in thickness and not adaptable to
applications requiring large scaffold volumes or large volume changes. Furthermore, control
over pore morphology and size is limited to the small spacing between nanofibers. As such, there
is a need to develop large-volume SMP scaffolds with controllable pore morphology.
Recently, shape memory functionality has been integrated with the high compressibility
and low density of porous foams to develop 3D SMP foams [6-8]. SMP foams are versatile and
can be fabricated via multiple techniques, including emulsion templating [9], salt leaching [10],
and chemical foaming [11, 12]. The advantage of SMP foams which can be used for Active Cell
Culture substrates is they can have controllable pore shape and sizes, with pores ranging from
sub-micron to several mm, depending on the fabrication method [13]. Additionally, SMP foams
can undergo large expansion ratios, attributed to high achievable porosities, with porosities as
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high as 98% achieved [14]. As a result, foams can be programmed to expand up to 50 times their
programmed shape (if compressed 98%). This large expansion ratio suits foams well for
applications requiring large volume changes, as discussed below.
Most studies to-date have reported SMP foams based on thermoplastic polyurethane (PU)
[15-17] or epoxy [18] chemistries and have found wide use in applications ranging from
deployable space aircraft structures [17, 19] to devices for treating aneurysms [20]. Most
recently, SMP foams have received increased attention for use in biomedical applications where
large volume expansions are desired [7]. For instance, Metcalfe et al. reported the use of coldhibernated elastic memory (CHEM) polyurethane-based foams as an occlusive material for
embolization of aneurysms [20]. It was found that CHEM foams were able to successfully
occlude internal maxillary arteries in a dog model, although some residual aneurysm necks and
recurrences were reported. Maitland and colleagues developed a laser-triggered SMP foam as an
aneurysm occlusion device [21]. There, an SMP comprised of hexamethylene diisocyanate,
N,N,N’,N’-tetrakis(2-hydroxypropyl)eythlenediamine, and triethanolamine was placed in a
PDMS basilar-necked aneurysm model and deployed by photothermal laser activation. The SMP
foam, with a glass transition temperature (Tg) of 45 °C, was able to fully expand within 60 s of
activation [21]. Such applications demonstrate the applicability of porous SMP foams as
minimally invasive medical devices.
SMP foams show potential as deployable, minimally invasive medical devices and as
Active Cell Culture scaffolds. Both applications require deployability under physiological
temperatures, while Active Cell Culture also requires the deploying temperature be
cytocompatible (37 °C). As such, the goal of this study was to develop highly porous SMP foam
scaffolds capable of changing pore size and morphology under body temperature triggering.
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Here, we present the fabrication and characterization of poly(ε-caprolactone)-co-poly(ethylene
glycol) (PCL-PEG) foams with excellent shape memory behavior. Control over the recovery
temperature is achieved through scaffold composition and programming conditions.

4.3 Methods and Materials
4.3.1 Materials
Poly(ε-caprolactone) diol (PCL) (Mn = 3000 g/mol) was purchased from Scientific
Polymer and used as received. Poly(ethylene glycol) diol (PEG) (Mw = 4000 g/mol), acryloyl
chloride, allyl isocyanate, triethylamine, dibutyltin dilaurate, pentaerythritol tetrakis(3mercaptopropionate) (tetrathiol), and 2, 2-dimethoxy-2-phenylacetophenone (DMPA) were
purchased from Sigma Aldrich and used as received.

4.3.1.1 PCL Macromer Functionalization
PCL diol was end-capped with acryloyl chloride to enable crosslinking through thiol-ene
chemistry (Scheme 4-1). PCL diol was dissolved in anhydrous benzene at room temperature
under nitrogen purge. After the PCL was completely dissolved, triethylamine was added in a 2.5
times molar ratio to PCL. Acryloyl chloride at 2.5 times the molar ratio of PCL was then added
dropwise, and the reaction was carried out at 80 °C for 3 h under nitrogen purge. The salt
products were filtered and the end-capped PCL precipitated in cold hexanes. This functionalized
PCL macromer was then dried in a vacuum oven at room temperature for 48 h.

4.3.1.2 PEG Macromer Functionalization
PEG diol was end-capped with allyl isocyanate to enable crosslinking through thiol-ene
chemistry (Scheme 4-2). PEG diol was dissolved in distilled toluene at 60 °C under nitrogen
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purge. Two drops of dibutyltin dilaurate were added to the solution for catalysis. Allyl isocyanate
was added dropwise to the solution at 2.5 time the molar ratio of PEG. The reaction was carried
out at 90 °C for 4 h, followed by precipitation in cold hexanes.

4.3.2 Scaffold Preparation
Highly porous and interconnected scaffolds were prepared via end-linking of telechelic
macromers with thiol-ene chemistry[22, 23], combined with a modified porogen-leaching
technique, similar to a method established by Zhang and colleagues for PCL-blockpolydimethylsiloxane SMP foams[24]. Functionalized PCL and PEG macromers were dissolved
in dichloromethane (DCM), combined with tetrathiol crosslinker and DMPA photoinitiator, and
UV cured to form a covalently crosslinked network (Scheme 4-3). To fabricate porous scaffolds,
this polymerization was performed in a fused sacrificial salt template, as discussed below.

4.3.2.1 Salt Fusion
Salt particles (NaCl) were first sieved to obtain particles with diameters ranging from
150-300 μm and particles with diameters ranging from 300-500 μm. A simple method was
developed to fuse salt particles prior to foam fabrication, as previous studies have shown salt
fusion improves pore interconnectivity[25]. Here, salt was fused by exposure to a humid
environment, where water vapor was used to form salt bridges between adjacent particles. Salt
was added to a 20 mL glass vial which was subsequently placed in a Styrofoam box (9.25 x 6.25
x 8.25 in.) with the lid off. A 2 L beaker with 2 L of water at approximately 37 °C (hot water
from faucet) was placed in the Styrofoam box, and the lid was sealed. After 24 h, vials were
removed from the Styrofoam box and dried in a vacuum oven overnight.
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4.3.2.2 Scaffold Fabrication
Foam scaffold synthesis was carried out in the 20 mL glass vial containing fused salt
(Scheme 4-4). Added to the salt template were PCL and PEG (in a 9:1 salt:polymer weight
ratio), tetrathiol crosslinker (in a 2:1 polymer:tetrathiol molar ratio), and DMPA photoinitiator
(at 1 wt-% of the polymer weight) dissolved in DCM. The solution was next UV cured for 1.5 - 2
h (Black Ray, 365 nm, 2.0 mW/cm2). Following curing, glass vials were broken and samples
removed. A thin skin was present on all surfaces of the scaffold and removed by cutting with a
razor blade. Scaffolds were dried in a vacuum oven at 50 °C overnight to remove residual DCM.
Next, salt was extracted by soaking samples in water at 37 °C and placing in a shaker for 48 h.
Water was changed after the first 24 h. After salt extraction and prior to characterization,
scaffolds were rinsed with running deionized water and dried.
In this study, five foams with different weight ratios of PCL-PEG (100-0, 90-10, 80-20,
70-30, and 60-40) were fabricated to investigate the effect of composition on the melt transition
temperature (Tm) of the semi-crystalline copolymer. We hypothesized that incorporation of the
hydrophilic PEG chains would enable tuning of the Tm, particularly in the hydrated state.

4.3.2.3 Example Formulation
For an 80PCL-20PEG sample cured in 2.5 g of salt, the following example protocol was
used: 222 mg of functionalized PCL and 55.6 mg of functionalized PEG were added to a 20 mL
glass vial. Added to that same vial was 202 µL of tetrathiol dissolved in DCM (0.1 g of tetrathiol
per mL of DCM) yielding a molar ratio of 2:1 polymer:tetrathiol. Next, 2.8 mg of DMPA
photoinitiator was added. Extra DCM was added to bring the total solution volume to 625 µL.
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After mixing, the solution was added dropwise to the fused salt and UV cured for 2 h. Unless
noted otherwise, all experiments in this study used a foam composition of 80PCL-20PEG.

4.3.3 Thermal Characterization

4.3.3.1 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was used to verify complete extraction of the
sacrificial salt template. Samples weighing 5-10 mg of the foam scaffold were loaded in a Q500
(TA Instruments) thermogravimetric analyzer and heated to 600 °C at a rate of 20 °C-min-1 under
nitrogen purge. The mass of each sample was recorded as a function of temperature to construct
the thermal degradation profile.

4.3.3.2 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was employed to determine the Tm of each
composition. DSC experiments were conducted using a Q200 (TA Instruments) equipped with a
refrigerated cooling system. Samples with a mass ranging from 3-6 mg were placed in Tzero
aluminum pans (TA Instruments) and were heated from -10 °C to 80 °C (first heat), cooled back
to -10 °C (first cool), and finally heated back to 80 °C (second heat). All heating and cooling
rates were 3 °C-min-1. The Tm of each sample was determined from the endothermic peak of the
second heating cycle, and crystallization temperatures (Tc) were determined from the exothermic
peak from the cooling cycle. Hydrated samples were soaked in water 24 h prior to performing
DSC analysis and were placed in Tzero hermetic pans (TA Instruments) to prevent water
evaporation. Similar heating and cooling protocols were used for wet and dry samples.
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4.3.4 Thermomechanical Characterization

4.3.4.1 One-Way Shape Memory
One-way shape memory testing was performed in a dynamic mechanical analyzer (TA
Q800) using compression platens to determine the shape memory characteristics of the SMP
foam. Circular discs of 7 mm diameter and 3 mm thickness were tested. Using the force
controlled method in the Q800, a preload force of 0.01 N was applied. Samples were heated to
80 °C and loaded with a force rate of 0.5 N-min-1 until reaching the force limit of the Q800 of 18
N. Next, samples were cooled at a rate of 3 °C-min-1 to -10 °C and held isothermal for 5 min to
fix the temporary state through crystallization. Samples were then unloaded at a rate of 0.5 Nmin-1 to the preload force of 0.01 N to observe shape fixing. To observe recovery, samples were
heated at 3 °C-min-1 to 80 °C. Shape fixing and recovery ratios were calculated using equations
Eq 2-4 and Eq 2-5 discussed in Chapter 2.

4.3.4.2 Two-Way Shape Memory
Evident in some crosslinked semi-crystalline SMPs is the capacity to undergo two-way
reversible shape memory as discussed in Chapter 1 (Section 1.4.1.2). To determine if the
semicrystalline PCL-PEG foams possessed this capability in compression, two-way compressive
shape memory tests were carried out using a Q800 dynamic mechanical analyzer. Discs of 7 mm
diameter and 3 mm thickness were tested in the compression platens of the Q800. Samples were
equilibrated to 80 °C and held isothermal for 2 min. Next, samples were loaded at 0.5 N-min-1
until reaching a predetermined compressive strain (10, 20, 30, 40, 50, or 60%) and then cooled at
3 °C-min-1 to -20 °C, while the stress was held constant, and held isothermal for 5 min. During
the cooling and isothermal step at -20 °C, samples experienced compression-induced
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crystallization. While holding the stress constant, samples were then heated at 3 °C-min-1 to 80
°C, where samples recovered the compression-induced crystallization. Three heat-cool cycles
were performed for each compressive strain, and the resulting actuation strain—or the amount of
elongation/compression achieved through heating/cooling—was measured. A foam composition
of 80PCL-20PEG was used to study the two-way shape memory effect.

4.3.4.3 Varying Deformation Temperature to Control Recovery
In addition to controlling the Tm of the PCL-PEG foams through systematically varying
the composition, we hypothesized that the functional recovery temperature of the foams could be
tuned through varying the programming conditions, particularly deforming at different
temperatures with respect to the Tm. Deformation temperature studies were conducted using
circular discs of 7 mm diameter and 3 mm thickness in the compression platens. For each run,
thermal history of the sample was removed by equilibrating to 80 °C, holding isothermal for 5
min, cooling to -10 °C at a rate of 3 °C-min-1 and holding isothermal for 5 min. This allowed the
same crystallization kinetics to occur for testing at each deformation temperature. Next, samples
were heated at 3 °C-min-1 to a specified deformation temperature (Tm+30, Tm+10, Tm, Tm-5, Tm10, and Tm-15 °C) and deformed at 0.5 N-min-1 until reaching 30% strain. While holding the
stress constant, samples were then cooled at 3 °C-min-1 to -10 °C and held isothermal for 5 min
to allow crystallization. Next, samples were unloaded at 0.5 N-min-1 to the preload force of 0.01
N to observe shape fixing. After unloading, samples were heated at 3 °C-min-1 to 27 °C and held
isothermal for 20 min. This step allowed for determination of the stability of the fixed shape at
room temperature. Samples were then heated at 3°C-min-1 to 80 °C to observe the recovery
profile and percent recovery of the samples.
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The effect of deformation temperature on the recovery profile of foams during continuous
heating was also investigated. The same procedure was followed as described above, with only
the recovery protocol modified. Rather than holding isothermal at 27 °C, samples were heated
continuously from -10 °C to 80 °C at a rate of 3 °C-min-1. An 80PCL-PEG with a dry Tm of 41
°C was used, and the same sample was tested at different Tdef for this study. The resulting onset
temperature of recovery and temperature required to recover 95% of the programmed
deformation were measured and compared.

4.3.5 Architecture Characterization
Qualitative and quantitative analysis of porosity, interconnectivity, and pore morphology
were assessed using scanning electron microscopy (SEM) and microcomputed tomography
(μCT).

4.3.5.1 Scanning Electron Microscopy (SEM)
To visualize pore morphology of SMP foams following salt extraction, a JEOL JSM5600 Scanning Electron Microscope was used. Foam bars were freeze-fractured using liquid
nitrogen and sputter-coated with gold for 60 s prior to SEM analysis. SEM images of foam crosssections were acquired. SEM analysis was also used to qualitatively show the effect of shape
fixing and shape recovery on the SMP foams. Foams were subjected to a one-way shape memory
cycle (described in Section 4.3.4.1) with a programmed strain of 50%. SEM images were taken
before programming, after programming, and after recovery to ascertain the effect of shape
memory on the foam architecture.
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4.3.5.2 Microcomputed Tomography (μCT)
Three-dimensional analysis of SMP foam architecture was performed by microcomputed
tomography (Micro-CT 40; Scanco Medical). Circular discs with a 10.2 mm diameter and 3 mm
thickness were scanned. A nominal voxel resolution of 12 μm and a 45 kV and 177 μA beam
with a 200 ms integration time were used for scanning. Average porosity of SMP foams was
calculated from analyzing the 3D reconstructions of 5 foam samples prepared with 150- 300 µm
diameter fused salt. Images of the 3D reconstructed foam cross-sections were prepared using
Scanco’s built-in software.

4.4 Results
4.4.1 Scaffold Fabrication
A modified porogen-leaching technique was employed to fabricate porous SMP foams.
Salt particles used in this study had a cuboidal morphology (Figure 4-1a) that in turn dictated the
pore morphology of the SMP foam. Upon exposure to a humid environment for 24 h, salt
particles maintained their cuboidal morphology but formed salt bridges between adjacent
particles (Figure 4-1b and 1c). These salt bridges resulted in an interconnected porous structure
of the SMP foam after salt extraction. Fusion of salt particles also resulted in complete extraction
of the salt upon soaking in water for 48 h, as shown by thermogravimetric analysis (Figure 4-2).
Salt particles are thermally stable through 600 °C, whereas the PCL-PEG foam nearly
completely degraded at 600 °C. This indicates that no salt particles remained in the porous foam.
Following this modified porogen-leaching technique, we were able to fabricate foams with a
diameter of 2.5 cm (Scheme 4-4b) and thicknesses up to 7 mm. Foam thickness was directly
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proportional to the amount of salt used for the template, with approximately a 1:1
thickness(mm):salt(g) ratio after skin removal and densification.

4.4.2 Scaffold Architecture
Microcomputed tomography (μCT) and SEM were used to quantitatively and
qualitatively assess foam architecture. 3D reconstructions of SMP foams showed an open pore
morphology that was highly interconnected (Figure 4-3). Circular discs punched from saltextracted foam showed high porosity from all surfaces including the periphery (Figure 4-3a).
Inspection of the foam cross-section (Figure 4-3b) revealed that high pore interconnectivity was
achieved, as can be seen by the open pore morphology and the ability to see through the scaffold
when a thin slice is made (Figure 4-3b, right). SMP foams fabricated using a salt size of 150300 μm had an average porosity of 79 ± 5% and an average pore size of 134 μm. Interestingly,
this pore size is lower than the expected range of 150-300 μm dictated by the salt particles. This
lower pore size is attributed to densification that occurs upon first heat of the foam (shrinking up
to 20%) and as the result of having an interconnected pore structure, where the opening between
pores is much smaller than the pore itself. This effect is clear from the SEM cross-section of a
foam fabricated with salt of 300-500 μm diameter (Figure 4-4). Larger, cuboidal pores are
evident with smaller, round openings connecting the pores. The larger cuboidal pores are similar
in size to the salt used for the template. Nonetheless, it is clear from the μCT and SEM analysis
that highly porous and interconnected foams were achieved.

4.4.3 Controlling Melt Transition Temperature Through Chemical Composition
DSC was employed to determine the effect of composition on PCL-PEG foam thermal
properties. Five compositions ranging from 60PCL-40PEG to 100PCL-0PEG showed a trend of
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decreasing Tm with increasing PEG content (Figure 4-5), most notably in the hydrated state
(Figures 4-5b and 4-5c). Furthermore, increasing the PEG content resulted in a larger drop in
Tm upon hydration (Figure 4-5c). This was coupled with an increase in the amount of water
uptake (Figure 4-6) as the amount of PEG increased, due to the hydrophilic nature of PEG. This
effect was observed for both foams and films with varying compositions of PCL-PEG. Through
systematic control of the ratio of PCL to PEG, we were able to achieve a range of Tm’s near body
temperature, with a composition of 80PCL-20PEG yielding a hydrated Tm of 37 °C. This
composition was selected for further testing.

4.4.4 One-Way Shape Memory Behavior
One-way shape memory behavior of 80PCL-20PEG foams tested in compression was
conducted to determine the shape fixing and shape recovery behavior. Foams tested in the dry
and hydrated state showed excellent shape memory behavior, with shape fixing ratios >97% and
shape recovery ratios >97% (Figure 4-7). When deformed above Tm, foams in the dry and wet
state were able to be compressed up to 78% before reaching the force limit (18 N) of the Q800
DMA. This strain was comparable to the average porosity of the foams, and we expect that the
achieved compression ratio for porous foams is proportional to the foam’s porosity. Gratifyingly,
the SMP foams were able to fix 97% of the deformation, even with such large compression
ratios. SEM imaging was performed to determine the effect of shape memory programming on
the pore architecture of SMP foams (Figure 4-8). Prior to fixing, an open pore morphology was
observed (Figure 4-8, top). Following fixing a 50% compressive strain, the pore struts buckled
and pores closed (Figure 4-8, middle); upon shape recovery, however, the open pore
morphology was restored (Figure 4-8, bottom). No observable differences were found between
the architecture of foams before and after programming, both in SEM analysis and in mechanical
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behavior from repeated shape memory cycles. This suggests that struts do not break during
programming, but rather bend/fold. Shape recovery ratios of >97% also support this finding, as
lower recovery ratios would be expected if strut integrity was compromised.
To demonstrate the ability of programmed SMP foams to be triggered under
physiological conditions, an 80PCL-20PEG foam programmed in a compact state was
submerged in 37 °C water (Figure 4-9). Recovery of the foam was rapid with complete
expansion occurring within 5 s.

4.4.5 Controlling Shape Recovery Temperature Through Deformation Temperature
We hypothesized that an alternative approach to tuning the functional Tm, or here the
shape recovery temperature, was to control the programming conditions during a one-way shape
memory cycle. To test this hypothesis, 80PCL-20PEG foams with a dry Tm of 41 °C were
deformed at different temperatures and their shape memory behavior investigated (Figure 4-10).
During the recovery step, foams were held isothermal at 27 °C for 20 min to assess stability near
room temperature. When deforming above Tm, shape fixing and shape recovery ratios were both
>99.5% (Figure 4-10a and 4-10b; Table 4-1). Additionally, foams maintained their temporary
shape at 27 °C with no significant recovery after 20 min (Figure 4-11a and 4-11b). No
difference between the shape memory behavior was observed for foams deformed above Tm.
However, when deforming at or below Tm several trends appeared. First, as Tdef decreased a
decrease in the fixing ratio was observed (Figure 4-10c through 4-10f; Table 4-1), Samples
deformed at Tm fixed 98.8% of the deformation, while samples deformed 15 °C below Tm only
fixed 79% of the deformation. Furthermore, as Tdef decreased the stability of the temporary shape
also decreased when held isothermal at 27 °C for 20 min, as shown from the vertical drop in
strain at 27 °C in Figure 4-11a. Premature recovery for deformation temperatures below Tm
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stabilized after 5 min (Figure 4-11b). While the fixing and stability of foams deformed below
Tm were reduced, all foams regardless of deformation temperature had excellent shape recovery
ratios of >99% (Table 4-1). For samples deformed below Tm recovery ratios greater than 100%
were calculated. This is due to the temperature difference between the deformation temperature
and the higher recovery temperature of 80 °C, where thermal expansion resulted in additional
foam expansion.
The effect of deformation temperature on the recovery profile of foams during continuous
heating was also investigated (Figure 4-12). Similar to the interrupted heating discussed above,
no difference between recovery traces was observed for samples deformed above Tm. When
deforming at or below Tm, a decrease in the onset of recovery temperature was observed as the
deformation temperature decreased. Deforming 15 °C below Tm resulted in an onset recovery
temperature of 25.6 °C, whereas deforming above Tm resulted in an onset of recovery
temperature of 55.3 °C. Also, as deformation temperature decreased the temperature to
completely recover decreased (Figure 4-12b). When deforming 15 °C below Tm, 95% recovery
occurred at 58.8 °C, while a temperature of 64.4 °C was required to reach 95% recovery when
deforming above Tm. As a consequence, however, deforming at lower temperatures resulted in a
broad recovery requiring a larger temperature range to achieve complete recovery. For Active
Cell Culture applications where quick, complete recovery over a small temperature range is
desired, using this approach to tune recovery is not ideal. However, for applications where a
staged shape recovery over a wider temperature range is desired (e.g. incremental strain recovery
with increasing temperature), this approach can be employed.
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4.4.6 Two-Way Shape Memory Behavior
Analysis of the one-way shape memory profile of 80PCL-20PEG foams deformed above
Tm (Figure 4-10a and 4-10b) revealed crystallization-induced compression upon cooling,
indicating this semi-crystalline foam possessed two-way shape memory behavior. To evaluate
the two-way shape memory behavior in compression, foams were loaded to 10, 20, 30, 40, 50 or
60% strain and subsequently subjected to 3 cool-heat cycles while maintaining a constant force.
Surprisingly, foams showed excellent two-way reversible actuation for all loads applied (Figure
4-13a). During cooling, foams experienced a crystallization-induced compression that was
recovered upon heating through Tm. This compression/expansion during cooling/heating was
reproducible over multiple cycles. A maximum actuation strain of 15% was achieved when the
initial strain loading was 30% (Figure 13-b), and deviations from this initial strain resulted in
lower actuation strains.

4.5 Discussion
In this chapter, we have developed a simple modified-porogen leaching technique to
fabricate highly porous SMP foams capable of changing pore size and morphology under body
temperature triggering. Here, semi-crystalline PCL-PEG foams with tunable recovery
temperatures were developed and characterized. These SMP foams exhibited excellent shape
memory behavior in the dry and hydrated states and, surprisingly, possessed reversible two-way
actuation in compression.
Large compression ratios of up to 78% (Figure 4-7) were achieved, which is desirable
for tissue engineering strategies, such as minimally invasive delivery, or mechanobiological
study of large tensile strains on cells seeded in fixed scaffolds. For example, in adult cardiac
fibroblasts it has been shown that a 10% uniaxial tensile strain can stimulate extracellular matrix
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mRNA levels and transform growth factor-β (TGF-β), whereas a 20% strain decreases
extracellular matrix mRNA expression while stimulating TGF- β to a lesser extent [26]. Low
porosity in the fixed state may inhibit cell infiltration into the scaffold when seeding in the
temporary state. As a result, tissue engineering applications or cell mechanobiology studies for
which large strain triggering is desired necessitate balancing of the desired strain with the ability
to achieve cell seeding in the fixed, low porosity state. Therefore, to enable studies on increasing
levels of strain recovery, increasing porosity in the permanent state will be required. SMP
scaffolds fabricated via the alternative method of gas foaming have been developed with
permanent porosities of 98% [14], but with gas foaming pore interconnectivity is typically low
[27], which would limit cell infiltration into such scaffolds. For the salt leaching approach
employed in the present work, pore size, porosity and interconnectivity can be tuned by control
over salt particle size, degree of salt fusion, and macromer concentration [24]. Control over the
porous structure is important for cell mechanobiology studies, as previous studies on static
scaffolds have shown that cell behavior is dependent on pore morphology and size [28, 29].
Shape-changing scaffolds that can change shape under cell compatible conditions,
particularly at or near body temperature, require control over the triggering mechanism. Shape
recovery of semi-crystalline SMPs occurs at their melting transition temperature (Tm), and the Tm
of PCL is ~60 °C, which is much higher than body temperature. Therefore, lowering of Tm is
necessary to fabricate a shape-changing PCL-based construct. Here we have achieved lowering
of Tm via two mechanisms. The first mechanism utilized copolymerization of macromers of PCL
with PEG, a hydrophilic polymer. We previously reported a PCL-PEG hydrogel with a Tm of 31
°C, where tuning of the Tm was achieved through control over the molecular weight of the
PCL[30]. Here we kept the molecular weight of the macromers constant and varied the weight
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ratios of each to control the Tm. DSC revealed that the Tm of the scaffold in both the dry and wet
states decreased with increasing PEG content (Figure 4-5). Employing this design strategy, a
range of Tm’s around body temperature was achieved, with a composition of 80 wt-% PCL and
20 wt-% PEG yielding a hydrated Tm of 37 °C.
In addition to copolymerizing the PCL scaffolds with PEG for melting point modulation,
we also varied the programming temperature of the SMP foam to lower the apparent Tm, or onset
temperature for shape recovery. We were able to lower the onset of recovery temperature by
decreasing the deformation temperature (Figure 4-12b), but at the expense of reduced fixing and
reduced stability at room temperature. Such a “temperature memory” phenomenon has
previously been reported by Xie et al. for a Nafion-based SMP, where a large alpha transition
related to the ionic cluster phase is largely responsible for this effect [31]. A related phenomenon
has been exploited in amorphous systems to tune the recovery temperature and recovery kinetics
[32, 33], where deforming at or below the glass transition temperature led to lower recovery
temperatures. Kratz and colleagues also reported this phenomenon in semi-crystalline polymers
with a broad Tm where recovery temperatures spanning a range of 100 °C were achieved [34].
The temperature memory effect observed in the semi-crystalline PCL-PEG foams is not
attributed to a broad Tm, but rather to the lower thermal energy required to recover the inelastic
deformation of the crystalline phase. The present work is the first report of semi-crystalline SMP
foams exhibiting a temperature memory effect.
Although deforming near Tm results in a lowering of the onset temperature for strain
recovery to within a physiological range, two undesirable consequences of this approach were
found. First, deforming below Tm resulted in a reduction in the shape fixing upon cooling. This is
attributed to a difference in the fixing mechanisms when deforming above compared to below
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Tm. When deforming above Tm, shape fixing is achieved through crystallization of the PCL and
PEG chains, which is robust. Strains fixed by deforming at or below Tm did so through inelastic
deformation of the crystalline phase that is recoverable upon subsequent heating through Tm [35,
36]. Second, there was a reduction in the stability of the temporary shape at room temperature,
examined by dwelling at that temperature during the heating step of the shape memory cycle
(Figure 4-11a and 4-11b). We attribute the reduction in fixed strain stability at room
temperature to relaxation of internal stresses between the high melting fraction of the material,
which is elastically deformed at the lower temperature and thus under compressive stress, and
the lower melting fraction that is subject to tensile stress from the high-melting fraction. Despite
these complexities, the temperature memory effect offers a useful tool to control the recovery
temperature of this SMP foam. Used in combination with composition-variation to tune
equilibrium Tm, this approach will yield adequate design flexibility for biological experiments,
we anticipate.
Surprisingly, the new shape memory foams also exhibited two-way reversible shape
memory (Figure 4-13) under the bias of a compressive load, consisting of dramatic coolinginduced compression and heating-induced expansion. By inspection, neither effect is due to
ordinary thermal expansion effects; rather, crystallization of the foams under a compressive load
results in additional contraction that is reversed upon heating through Tm, with thermal hysteresis
of ca. 50 °C when a heating rate of 3 °C-min-1 is used. This effect is repeatable through several
cool-heat cycles and represents a new example of reversible, soft actuation. For these samples, a
compressive actuation strain of ca. 15% (Figure 4-13b) was achieved through contraction upon
crystallization. Interestingly, the actuation magnitude (strain) was found to be non-monotonic in
the initial strain applied, indicating competing effects of strain that drives crystallization-induced
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actuation, and an upper bound of compressive strain for the foams. The observed compressive
two-way shape memory is not explicitly due to the materials porous structure, as solid cylinders
of the material in compression also were found to exhibit a similar effect. However the actuation
strain achieved with the porous structure is much larger than that achieved in the solid, nonporous structure, a finding likely related to the complex distribution of stress within compressed
open-cell foams [37]. We have previously reported two-way shape memory in a cross-linked
poly(cyclooctene) film under tensile loading [38]. Other studies have also reported the use of the
two-way shape memory effect in shape memory elastomers [39], glass-forming nematic
networks [40], and triple-shape SMPs [41], all of which use tensile loading. To our knowledge,
this is the first demonstration of an SMP scaffold with two-way reversible shape memory in
compression. Two-way reversible actuation has been studied in other material systems, such as
shape memory alloys, for application in reversible actuators [42]. Incorporating this functionality
in a cytocompatible scaffold creates the possibility for generating cyclic loading on attached cells
by simply switching the incubation temperature. This would enable studies into the effects of
low frequency cyclic loading on cell behavior without the need of complex bioreactors or
specialized loading devices. Further optimization is needed to decrease the thermal hysteresis of
actuation, affording cytocompatiblity for both compression and expansion.
The new PCL-PEG foam reported here shows promise as a tool for studying cell
mechanobiology in 3D, and potential to enable minimally invasive delivery of scaffold
constructs. As a scaffold, the foams could enable filling of critical-size bone defects, as is the
focus of Chapter 5. SMPs have also previously been proposed for deployable medical devices
including aneurysm occlusion devices [43-45], ischemic stroke devices [46], and stents [32, 47].
For minimally invasive delivery in any of these applications, SMP scaffolds must have high
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compression ratios with high stability of the fixed shape. The foam presented here exhibited a
high compression ratio of 78% and was able to recover 97% of the programmed deformation.
Recovery at body temperature is also rapid, as demonstrated by a functional recovery experiment
in which the foam is submerged in body temperature water (Figure 4-9). Large volume
expansions suit this SMP foam well for space-filling applications where large volume expansions
are desired.

4.6 Conclusion
We have employed a modified porogen-leaching technique to fabricate PCL-PEG
scaffolds with shape memory capability. We have shown that recovery at body temperature can
be achieved through control of the composition of the scaffolds. Recovery at body temperature
may also be achieved through control of the deformation temperature during programming. In
addition, we have shown that these scaffolds possess two-way reversible shape actuation. More
generally, SMP foams such as these are promising candidates for functional tissue engineering
constructs that can be delivered minimal invasively, due to high compression ratios and stable
temporary shapes, and as platforms to study cell mechanobiology in active 3D environments,
where shape change under cytocompatible conditions is required.
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Scheme 4-1. PCL functionalization through end-capping with acryloyl chloride.
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Scheme 4-2. PEG functionalization through end-capping with allyl isocyanate.
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Scheme 4-3. SMP network formation using photo-initiated addition reactions between
oligomeric macromers and the shown tetrathiol.
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Scheme 4-4. Fabricating foams using a modified porogen-leaching technique. (a)(i) Salt particles
with the desired diameter are sieved and added to a 20 mL glass vial; (ii)salt particles are fused
in a humidity chamber for 24 h; (iii) a prepolymer solution consisting of PCL, PEG, tetrathiol
crosslinker, and DMPA photoinitiator are added to the salt template; (iv) the solution is UV
cured for 2 h; (v) foams are removed from the glass vials, surface skins are cut off, and salt is
extracted by soaking in water for 48 h; (vi) upon first heating, densification occurs. (b) A picture
of a foam following salt extraction.
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Figure 4-1. Salt fusion forms thick salt bridges between salt particles. SEM micrographs of salt
particles (a) before fusion and (b) after fusion reveal that upon exposure to a humid atmosphere
for 24 h, salt particles form thick salt bridges at contact sites. Scale bars are 100 μm for all SEM
micrographs.
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Figure 4-2. Thermal degradation profile of a salt-extracted foam. Following salt extraction the
foam nearly completely degrades when heated to 600 °C. Salt crystals are thermally stable to this
temperature, indicating salt was successfully extracted from the foam. Samples were heated at 20
°C-min-1.
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Figure 4-3. Microcomputed tomography 3D reconstructions of an SMP foam. (a) 3D
reconstruction of a circular disc with 3 mm thickness and 10.2 mm diameter; (b) cross-sectional
views. In (b), the image on the right is a thin slice of the cross-section shown in the image on the
right. Scaffolds appear highly porous with interconnected pores. Scale bars are 1 mm for (a) and
400 μm for (b).
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Figure 4-4. SEM micrograph of SMP foam. A freeze-fractured cross-section of an 80PCL20PEG foam shows large cuboidal pores with small round interconnections. Scaffolds appear
highly porous and interconnected. Scale bar is 500 μm.
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Figure 4-5. Effect of PCL-PEG composition on thermal properties of SMP foams. DSC 2nd heat
traces of foams with weight ratios of PCL-PEG ranging from 100PCL-0PEG to 60PCL-40PEG
in the (a) dry and (b) wet state show Tm decreases with increasing PEG content. This effect is
more prominent in the wet state. (c) Hydration lowers the Tm of each composition.
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Figure 4-6. Effect of PCL-PEG composition on water uptake. As the weight percent of
hydrophilic PEG increases, the amount of water uptake increases for both foams and films.
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Figure 4-7. Shape memory behavior of SMP foams. (a) Dry one-way shape memory testing of
80PCL-20PEG in compression reveals excellent shape fixing and recovery; (b) wet one-way
shape memory testing of 80PCL-20PEG in compression also shows excellent shape fixing and
recovery.
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Figure 4-8. Shape memory effect on SMP foam architecture. (left) Optical micrographs and
(right) SEM images of foam cross-sections prior to compressing 50% (top), after compressing
50% (middle), and after triggering recovery (bottom) reveal the porous architecture collapses
upon fixing but is subsequently restored following shape recovery. Scale bars are 200 μm.

165

Figure 4-9. Hydrated recovery of 80PCL-20PEG foam at 37 °C. A sample with a hydrated Tm of
36 °C is triggered to fully expand within seconds of being exposed to 37 °C water. Prior to the
addition of the water, the foam was heated to 80 °C, compressed between two steel plates, and
fixed in a -4 °C freezer for 10 min.
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Figure 4-10. Shape memory behavior of 80PCL-20PEG foams deformed at different
temperatures. Deformation temperatures (Tdef) at (a) Tm + 30 °C, (b) Tm + 10 °C, (c) Tm, (d) Tm 5 °C, (e) Tm - 10 °C, and (f) Tm - 15 °C, reveal that foams fully recover regardless of Tdef,
however shape fixing decreases as Tdef decreases below Tm.
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Table 4-1. Summary of fixing (Rf) and recovery (Rr) ratios for 80PCL-20PEG foams deformed
at different temperatures. All samples show excellent recovery, but fixing ratios decrease as
deformation temperature decreases. Rf and Rr were calculated according to equations Eq 2-4 and
Eq 2-5, respectively, discussed in Chapter 2.

Tdef (°C)

εm

εu

εp(N-1)

εp(N)

Rf (%)

Rr (%)

Tm + 30

-44.4

-44.4

2.8

2.4

99.9

99.2

Tm + 10

-43.1

-42.9

1.7

2.7

99.7

102.2

Tm

-37.9

-37.5

1.5

2.7

98.8

102.9

Tm - 5

-32.8

-30.7

0.7

2.7

93.7

106.4

Tm - 10

-31.5

-26.6

0.7

2.5

84.4

106.8

Tm - 15

-31.4

-24.8

0.5

2.7

79.0

109.0
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Figure 4-11. Effect of deformation temperature on the stability of fixed foams at room
temperature. (a) Recovery traces of foams deformed below and above T m reveal deforming at
lower temperatures leads to a decrease in stability near room temperature. Fixed samples were
heated at 3 °C-min-1 to 27 °C and held isothermal for 20 min to observe stability, followed by
heating at 3 °C-min-1 to 80 °C for full recovery. (b) Stability of the fixed shape during the
isothermal step at 27 °C is reduced for lower deformation temperatures. A composition of
80PCL-20PEG was used for the temperature deformation studies.
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Figure 4-12. Effect of deformation temperature on the recovery behavior of foams during
continuous heating. (a) Recovery traces of foams deformed below and above Tm reveal
deforming at lower temperatures leads to an earlier onset temperature of recovery; (b) lower
temperatures lead to an earlier onset of recover and fully recover at a lower temperature,
however a larger range of temperature change is needed to achieve full recovery. A composition
of 80PCL-20PEG was used for the temperature deformation studies.
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Figure 4-13. Two-way reversible actuation of SMP foams. (a) An 80PCL–20PEG SMP foam
showed reversible two-way actuation of up to 15% when a constant load is applied during
crystallization; (b) a maximum actuation strain is observed with a prestrain of 30%, and the
actuation strain decreases as the prestrain deviates from 30%.
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Chapter Five: Shape Memory Scaffolds for Treating Critical Size
Defects†
5.1 Synopsis
This chapter explores the application of the poly(ε-caprolactone)-co-poly(ethylene
glycol) shape memory polymer (SMP) scaffold described in Chapter 4 as a space-filling
construct for treatment of critical size bone defects. In addition, this chapter describes the
fabrication of a stiffer SMP scaffold that combines the chemistry in Chapter 2 with the porogenleaching technique from Chapter 4. The ability of each SMP scaffold to serve as a space-filling
construct is investigated via implantation in a mouse femoral segmental defect model. Bone
remodeling and integration is assessed through imaging and biomechanical testing 12 weeks
post-implantation.

5.2 Introduction
Critical size bone defects, or defects that are too large for bone repair to occur without
intervention, pose a significant burden to the US veteran and civilian healthcare systems.
Improvements to combat armor provided to warfighters has led to an increase in survivability,
but has resulted in a corresponding increase in the number of orthopedic reconstructions needed
for extremity injuries. During Operation Iraqi Freedom and Operation Enduring Freedom, 54%
of combat casualties involved extremity injuries [1, 2], with 26% of these injuries involving
complex fractures. Additionally, complex fractures resulting from trauma, primary bone
malignancies, benign tumors, and revision surgery [3] are common among veterans and civilians
________________________________________________________________________
†

Adapted (in part) from R.M. Baker, LF. Tseng, M.T. Iannolo, M.E. Oest, and J.H. Henderson, 2015, (submitted)
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[4] and often result in critical size defects. The current gold standard for treating critical size
defects is autologous bone grafts [5], however several limitations exist with this treatment option
including limited donor site availability, donor site pain [6], and added operation time for graft
harvest. Allografting is the standard of care, but often achieves limited osseointegration with a
failure rate of 60% at 10 years [7].
To address limitations associated with auto- and allografting, researchers have focused on
developing synthetic bone grafts as alternative bone repair strategies. Synthetic grafts have been
fabricated from different materials including metals [8], ceramics [9, 10], polymers [11], and
ceramic/polymer composites [10], with the latter three being the most often used. Ceramics such
as hydroxyapatite and tricalcium phosphate show good osseointegration and osteoconductivity
[12] due to their similar mineral structure to native bone, but are brittle and not easily processed.
Several injectable ceramic-based cements and putties [13] have been developed for non loadbearing applications, but their brittleness and poor fatigue behavior suits them poorly for loadbearing applications. Polymeric scaffolds [14] such as poly(lactic acid) and poly(ε-caprolactone)
can be readily processed with tunable degradation kinetics, however their elastic modulus is
often significantly lower than that of native bone. Treatment of bone defects can be further
complicated among healing-compromised individuals, such as smokers and diabetics.
Due to these factors and the challenges and limitation of current approaches cited above,
3.6% of trauma admissions for U.S. service members between 2001 and 2011 resulted in major
amputation [15]. Reflecting limitations of current treatments, 10% of amputations occur more
than 90 days after injury [15]. Therefore, a clinical need exists for space-filling synthetic bone
grafts that can be easily processed, readily conform to the defect fracture surface, maintain
stability of the defect site, and promote bone remodeling.
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Recent advances in shape-memory polymer (SMP) science provide the potential for
polymeric devices that include mechanical programmability to be employed in orthopedic
applications. For instance, Yakacki and colleagues demonstrated the potential benefits of SMPs
in orthopedic applications by developing a soft-tissue fixation device, in which an SMP tube can
be inserted between tendon and bone and radially expand to anchor the tendon, providing
sufficient anchoring to prevent tendon pullout [16, 17]. Recently porous SMPs (such as the SMP
foam described in Chapter 4) have been proposed for use as deployable synthetic bone graft
substitutes [18-21] (Scheme 5-1). Zhang et al. developed a porous PCL SMP foam coated with
polydopamine that could be programmed to fit an irregular model bone defect[20]. This scaffold
exhibited excellent bioactivity in vitro, supporting osteoblast adhesion, proliferation, and
osteogenic gene expression; however, no in vivo studies were reported. Liu and colleagues
developed a porous chemically crosslinked PCL SMP foam coated with hydroxyapatite and used
as a synthetic bone substitute in an in vivo non-load bearing rabbit mandibular critical-size defect
model [21]. The results showed that the foam could be triggered at a physiologically relevant
temperature and promoted bone formation compared to sham (no graft) control. These studies
demonstrate the potential of employing deployable SMP scaffolds as synthetic bone grafts, but
questions remain regarding the application of SMPs in load-bearing applications.
For treatment of load-bearing defects, it must be determined whether an SMP suitable for
intraoperative deployment can possess mechanical properties sufficient to withstand loading
post-op and during healing. The work in this chapter aims to address this question and evaluate
the feasibility of intraoperative delivery and load-bearing of SMP grafts for treatment of
segmental defects. To achieve this, we evaluated in vitro and in vivo two expanding porous SMP
scaffolds as synthetic load-bearing bone grafts. A semi-crystalline poly(ε-caprolactone)-co-
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poly(ethylene glycol) SMP foam (Chapter 4) and an acrylate-based (chemistry employed in
Chapters 2-3) SMP foam with significantly differing mechanical properties were tested.
Intraoperative delivery, deployment, and healing were studied in the treatment of a mouse
segmental defect model and evaluated after 12 weeks to determine the feasibility of SMP
synthetic bone grafts.

5.3 Methods and Materials
5.3.1 Materials
Poly(ε-caprolactone) diol (PCL) (Mn = 3000 g/mol) was purchased from Scientific
Polymer and used as received. Poly(ethylene glycol) diol (PEG) (Mw = 4000 g/mol), acryloyl
chloride, allyl isocyanate, triethylamine, dibutyltin dilaurate, pentaerythritol tetrakis(3mercaptopropionate) (tetrathiol), tetraethylene glycol dimethacrylate (TEGDMA), 2, 2dimethoxy-2-phenylacetophenone (DMPA), and dopamine hydrochloride were purchased from
Sigma Aldrich and used as received. Tert-butyl acrylate (tBA) and butyl acrylate (BA) were
purchased from Sigma Aldrich and purified by passing through inhibitor removal columns
(SDHR-4, Scientific Polymer) prior to use.

5.3.2 Scaffold Fabrication
For this study, SMP foams were fabricated following the porogen-leaching method
described in Chapter 4 (Section 4.3.2). Two classes of foams were explored as potential
expanding grafts for the treatment of segmental bone defects: “soft” semi-crystalline SMP foams
and “stiff” amorphous SMP foams.
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5.3.2.1 Semi-crystalline SMP Foams
Semi-crystalline SMP foams were fabricated following the same chemistry and
procedures outlined in Chapter 4 (Sections 4.3.1 and 4.3.2), and a composition of 80PCL20PEG was used as its hydrated melt transition temperature (Tm) was 37 °C. One modification
was made during fabrication for this study. Prior to salt fusion, hydroxyapatite (HA, <200 nm
particle size) (Sigma) at a weight fraction of 20% of the polymer weight (PCL+PEG) was added
to the salt and manually mixed with a stir rod. This was performed to physically incorporate HA
nanoparticles onto the surface of the SMP foam, as HA has been shown to improve
osteoconductivity when used in polymer scaffolds for bone repair strategies [22-24]. Foams with
a nominal pore size of 300-500 μm were used for this study. A sample name of 80PCL-20PEG20HA is used to denote the foams containing 20% HA.

5.3.2.2 Amorphous SMP Foams
Amorphous SMP foams were fabricated as a stiffer alternative to the semi-crystalline
SMP foams. Amorphous SMPs undergo programmed changes in shape upon heating above their
glass transition temperature (Tg). Below Tg, amorphous SMPs are glassy with a tensile modulus
on the order of 1 GPa. Above Tg, this modulus can drop several orders of magnitude, often on
the order of 1 MPa. In contrast, semi-crystalline SMPs undergo shape change when heated above
the melt transition temperature (Tm). When below Tm (but above Tg), semi-crystalline SMPs
typically have a modulus on the order of 100 MPa, a value that is dependent on the degree of
crystallinity. Above Tm, this modulus can drop several orders of magnitude and is comparable to
the modulus amorphous SMPs above their Tg. As a result, amorphous SMPs are stiffer than
semi-crystalline SMPs below their respective thermal transition temperatures.
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Stiffer amorphous SMP foams were fabricated by combining the acrylate-based
chemistry from Chapter 2 and the porogen-leaching technique from Chapter 4 (Scheme 5-2a).
tBA and BA monomers were mixed in a 92-8 (tBA-BA) wt-% ratio. To the solution was added
TEGDMA at 5 wt-% of the monomer weight and DMPA photoinitiator at 1 wt% of the monomer
weight. This solution was added to a fused salt template and photo cured with UV light for 2 h.
After curing, salt was extracted by soaking in deionized water and unreacted monomers were
extracted by soaking in methanol for 6 h. To prepare 92tBA-8BA foams for characterization and
implantation in vivo, cylindrical plugs with a 3 mm diameter and 4.5 mm height were punched
using a biopsy punch and coated with polydopamine (Scheme 5-2b and 2c). Coating with
polydopamine was performed because it has been shown to improve cell attachment and
bioactivity [20, 25], and could serve as an alternative to incorporation of HA that was done for
the semi-crystalline SMP foams.
To coat samples with polydopamine, foams were rinsed in deionized water 3 times,
followed by a 1 h submersion in dopamine solution. The dopamine solution consisted of
dopamine hydrochloride at a concentration of 2 mg-ml-1 in 10 mM Tris buffer with a pH of 8.5.
Submersion of the foams led to polymerization of the dopamine on the foams (Scheme 5-2b), as
observed from the darkening of the dopamine solution over time. After soaking for 1 h, foams
were vigorously rinsed in deionized water 3 times to remove non-attached polydopamine. Foams
were dried and prepared for sterilization. Following polydopamine coating, foams turned from
white to a dark brown/black color (Scheme 5-2c), indicating coating was successful.

5.3.3 Thermal Characterization
Thermogravimetric analysis (TGA) was employed to determine the loading efficiency of
HA into 80PCL-20PEG-20HA foams, as well as confirm complete salt extraction of 92tBA-8BA
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foams. Samples weighing 5-10 mg of the foam scaffold were loaded in a Q500 (TA Instruments)
thermogravimetric analyzer and heated to 600 °C at a rate of 20 °C-min-1 under nitrogen purge.
The mass of each sample was recorded as a function of temperature to construct the thermal
degradation profile.
Differential scanning calorimetry (DSC) was employed to determine the T m of the
80PCL-20PEG-20HA foams and the glass transition temperature (Tg) of the 92tBA-8BA foams.
DSC experiments were conducted using a Q200 (TA Instruments) equipped with a refrigerated
cooling system. Samples with a mass of 3-5 mg were placed in Tzero aluminum pans (TA
Instruments) and were heated from -10 °C to 80 °C (first heat), cooled back to -10 °C (first cool),
and finally heated back to 80 °C (second heat). All heating and cooling rates were 3 °C-min-1.
The Tm or Tg of each sample was determined using Universal Analysis Software (TA
Instruments).

5.3.4 Thermomechanical Characterization
Thermomechanical testing of semi-crystalline and amorphous SMP foams was conducted
using a Q800 dynamic mechanical analyzer (TA Instruments). Cylindrical discs of SMP foams
were placed in the compression platens of the Q800 and tested under multi-frequency strain
mode. A preload force of 0.5 N (Dry) and 0.1 N (wet) was applied to each sample to ensure
conformal contact of the entire foam. An oscillatory strain of 5% was applied and the scaffolds
were equilibrated at 80 °C for 2 min, followed by cooling to -20 °C at a rate of 3 °C-min-1. After
holding isothermal at -20 °C for 2 min, samples were heated to 80 °C at a rate of 3 °C-min-1, and
the storage modulus as a function of temperature was recorded.
The compressive elastic modulus of foams hydrated at 37 °C was also measured using
the Q800. Cylindrical discs were soaked in deionized water at 37 °C for 24 h then loaded in the
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compression platens of the Q800. Samples were kept hydrated at 37 °C by placing a 30 mm
diameter petri dish lid on the bottom platen and filling it with 37 °C water. Samples were tested
submerged during testing. Samples were uniaxially compressed at a strain rate of 10%-min-1 to
60% strain or until reaching the force limit of the Q800 (18 N). The compressive elastic modulus
was measured from the slope of the linear portion of the stress v. strain graph.
Shape memory characterization of semi-crystalline and amorphous foams was also
conducted using the Q800 in compression. Cylindrical discs were heated to 80 °C, uniaxially
compressed at a rate of 0.5 N-min-1 until reaching 60% strain, cooled at 3 °C-min-1 to -10 °C and
held isothermal for 5 min to fix the deformation, unloaded to the preload force of 0.01 N to
observe shape fixing, and finally heated at 3 °C-min-1 to 80 °C to observe shape recovery. Both
dry and hydrated foams were tested.

5.3.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was employed to qualitatively assess pore
morphology and foam architecture during shape memory testing. A JEOL JSM-5600 Scanning
Electron Microscope was used. Rectangular bars of each foam were freeze-fractured and sputtercoated with gold for 60 s prior to SEM analysis. To assess the effect of shape memory cycling on
foam architecture, foams were subjected to a one-way shape memory cycle with a programmed
strain of 50%. SEM images of foam cross-sections were taken before programming, after
programming, and after recovery.

5.3.6 Preparing Foams for In Vivo Testing
To prepare programmed foams for in vivo testing, cylindrical plugs with a 3 mm
diameter and 4.5 mm height were punched using a biopsy punch. A hole was made in the center
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of each foam using a 22 G needle to allow for easy insertion on the intramedullary nail during
surgery. Semi-crystalline foams were programmed in a temporary compressed state by first
heating in 45 °C water and uniaxially compressing to a thickness of 2 mm using calipers. To fix
the temporary deformation, the foams, still compressed in the calipers, were dipped in ice water
for 1 min. Foams were then dried and prepared for sterilization. Amorphous foams were
programmed in a temporary compressed state at room temperature by uniaxially compressing the
samples to a thickness of 2 mm using calipers. Once programmed, smart grafts were ready for
sterilization and implantation in vivo.

5.3.7 Scaffold Sterilization
Traditional sterilization approaches for biomaterials employ heat to achieve sterilization
(e.g. autoclaving). This approach, however, is not compatible with programmed SMPs designed
to undergo shape changes upon heating to body temperature. An alternative sterilization
technique that employs nitric oxide (NOx) at room temperature has been developed in our labs.
A schematic of the sterilization setup is shown in Scheme 5-3. Programmed foams were sealed
in Tyvek/PET sterilization pouches (SPS Medical), and pouches were put in a closed glass
chamber. NO gas was injected into the glass chamber. After 1 h, approximately 120 ml of humid
air was injected into the glass chamber at room temperature under atmospheric pressure. At this
stage, NO reacts with O2 and forms NO2. NO2 further reacts with water and results in nitric acid
(HNO3), which enhances the antimicrobial capacity of this NOx sterilization technique [26].
Pouches were removed from the glass chamber after 18 h and kept in a chemical fume hood to
aerate residual NOx gas. The day before scheduled mouse surgeries, NOx-sterilized foams were
fully infiltrated and immersed in Penicillin-Streptomycin solution (P4333, Sigma Aldrich)
overnight.
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5.3.8 Surgical Procedure‡
The ability of expanding SMP foams to be used as deployable synthetic bone grafts was
tested using a mouse femoral segmental defect model. A schematic of the surgical procedure is
shown in Scheme 5-4. A critically-sized defect was surgically created using an oscillating saw
by removing a 4-mm segment in the left femora in 12-week-old C57BL/6J female mice (The
Jackson Laboratory) under isoflurane anesthesia with 0.2 L-min-1 of O2. The operated femora
were stabilized by blunt-tipped 25 G needles used as intramedullary nails. Defects were treated
with programmed SMP foams and allografts as a control. Programmed SMP foams were placed
on the intramedullary nail, and the intramedullary nail was inserted into the proximal end of the
femur. To prevent the intramedullary nail from penetrating through the proximal end of the
femur, approximately 50 μl of bone cement (Surgical Simplex P, Stryker) was injected in the
medullary canal. SMP foams were triggered to expand by irrigating with 45 °C saline during
surgery. Following irrigation with 45 °C saline, SMP foams were irrigated with room
temperature saline to increase foam stiffness by inducing crystallization in 80PCL-20PEG-20HA
foams and by cooling 92tBA-8BA foams below their Tg. Next, the distal needle ends were bent,
and the bent region was positioned between the distal condyles. Surgical wounds were closed
using bioresorbable sutures (5-0 Vicryl, Ethicon) and wound clips (7 mm Reflex wound clips,
Harvard Apparatus). A thin layer of New-Skin liquid bandage and metronidazole mixture
(M3761, Sigma-Aldrich) was painted on the wound clips to prevent mice from chewing off
wound clips prematurely. Mice were given subcutaneous injections of 0.03 mg/kg buprenorphine
every 12 h for the first 72 h post-surgery. Animals were euthanized 12 weeks post-surgery and
operated limbs were harvested for evaluation and testing. The contralateral intact femurs of 5
________________________________________________________________________
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Surgical implantations of SMP grafts and allografts were conducted by Dr. Megan Oest
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mice were also harvested and used as controls for mechanical testing. A total of n = 7 mice for
each treatment group was used for this study. All procedures were reviewed and approved by
SUNY Upstate Medical University Institutional Animal Care and Use Committee.

5.3.9 X-ray Radiography
To provide qualitative assessment of graft stability and bridging between the defect and
graft, two-dimensional x-ray survival radiographs (Faxitron MX-20; Faxitron X-ray Corp.) were
taken of the operated limbs at 4, 8, and 12 weeks post-surgery under ketamine anesthesia.

5.3.10 Histology‡
Histology was performed on harvested limbs 12 weeks post-surgery to assess bone
formation. Harvested femurs with surrounding muscles were dissected for histological analyses,
and the intramedullary nails were forcefully removed. Femurs were fixed in 10% neutral
buffered formalin at 4 °C for 48 h with mild agitation, and then decalcified using RDO-Gold
(Apex Engineering Products Corp.) solution at room temperature for 30 ~ 60 min. Femurs were
ethanol-dehydrated, embedded in paraffin and cut at 3 μm thick sections. Sections were treated
with hematoxylin and eosin stain (H&E stain; a stain for basophilic and acidophilic substances
such as DNA and proteins, respectively) and examined using optical microscopy.

5.3.11 Microtomography
Three-dimensional analysis of foam integration and stability was performed by
microcomputed tomography (Micro-CT 40; Scanco Medical) of harvested limbs 12 weeks postsurgery. A nominal voxel resolution of 12 μm and a 55 kV and 144 μA beam with a 200 ms
integration time were used for scanning. Scans of the entire femur were performed, and
________________________________________________________________________
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Histology sectioning and staining was performed by the Histology Core Lab at SUNY Upstate Medical University
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intramedullary nails were not removed, as preliminary attempts to remove the nails were found
to compromise the integrity of the remodeled bone. The resulting 3D reconstructed files were
imported into ImageJ software and a threshold applied to isolate the bone. Three-dimensional
images were rendered using the 3D viewer in ImageJ.

5.3.12 Torsional Testing and Analysis
At 12 weeks post-surgery, mice were euthanized and the operative limbs were harvested
for mechanical testing. Two specimens were excluded in this assay due to compromised
integration between foam and native bone upon limb harvesting (n = 7 for allograft group and n
= 5 for foam and contralateral control groups). A test protocol was adapted from Arrington et al.
[27] (Scheme 5-5). Prior to testing, soft tissue was stripped off the femurs using surgical scalpels
to expose the foam and bare bone. The intramedullary nails were not removed from the marrow
cavity to avoid compromising bony bridging between the foams and the native bone. The
proximal femur and tibia of each sample were potted at 90° flexion in molds using dental cement
(COE Tray Plastic, GC America). The tibia was internally rotated at a constant rate of 180°-min-1
and the applied torque and rotation angle were record by a materials testing unit (QTest, MTS
Corporation). Torque-at-failure (N-mm) was defined as a 20% drop of applied torque from a
previous peak or a maximum rotation angle of 70°. Energy-to-failure (N-mm-degree) was
measured as the area under the torque-rotation angle curve. Torsional stiffness (N-mm-degree-1)
was calculated as the slope of the linear portion of the torque-displacement curve. Analyses were
performed using a custom developed algorithm in MATLAB (Appendix 3), and real-time
loading images were overlaid with the loading curve to aid in analysis. All mechanical tests were
conducted at room temperature, and all specimens were prepared and tested under moist
conditions using saline-soaked gauze and saline irrigation.
185

5.3.13 Statistics
Statistical analyses were performed on the torsional mechanical results to compare
defects treated with SMP foams to those treated with allograft controls. One-way analysis of
variance (ANOVA) with Tukey-Kramer post hoc testing was performed using the built-in
functions in a MATLAB for all measurements of torsional mechanical testing. Statistical
analysis was performed with unequal sample sizes (n = 7 for allograft group and n = 5 for SMP
foam and contralateral control groups). Statistical significance was set at p < 0.05.

5.4 Results
5.4.1 Scaffold Characterization

5.4.1.1 Semi-crystalline SMP Foams (80PCL-20PEG-20HA)
Semi-crystalline SMP foams with a hydrated Tm of 37 °C were fabricated using a
modified porogen-leaching technique. Foams with a composition of 80PCL-20PEG were
enhanced by physically incorporating HA during scaffold fabrication. HA nanoparticles with a
nominal size of <200 nm according to the vendor showed a tendency to aggregate into larger
particles (Figure 5-1a). When physically mixed with salt and fused in a humidity chamber, HA
particles formed a thin coating on the cuboidal salt particles (Figure 5-1b). Following foam
fabrication and salt extraction, HA nanoparticles were physically bound to the pore struts of the
SMP foam (Figure 5-1c). While SEM analysis showed that HA particles were successfully
incorporated into the SMP foams, TGA analysis revealed that loading efficiencies were low
(Figure 5-2a). HA particles were thermally stable through 600 °C, and foams with 20% HA
were expected to have 20% weight remaining following heating to 600 °C. However, when 4

186

different locations of the foam were tested, an average of 8.0% mass remained, indicating a
loading efficiency of approximately 40%. We speculate this is due to not all of the HA being
physically trapped in the polymer during polymerization, with a large amount being washed
away during salt extraction.
Thermal analysis using DSC showed that a composition of 80PCL-20PEG-20HA had a
Tm of 40.6 °C in the dry state that dropped to 35.4 °C in the hydrated state (Figure 5-2b). These
values agree with values observed for 80PCL-20PEG in Chapter 4.
Linear viscoelastic characterization was employed to determine the thermomechanical
response of both dry and hydrated foams. When fully crystallized and below Tm, dry foams had
an apparent storage modulus on the order of 1 MPa that dropped 2 orders of magnitude upon
heating (Figure 5-3). Hydrated foams by comparison had a lower apparent storage modulus
which may be attributed to swelling from water uptake and incomplete crystallization during
cooling. Also, the apparent onset of modulus drop occurs at a higher temperature, but this is
likely an artifact of temperature lag between the furnace temperature and the water temperature.
Shape memory characterization of both dry and hydrated foams showed excellent shape fixing
and shape recovery (Figure 5-4), with fixing and recovery ratios >99%. SEM analysis of foams
before fixing, after fixing, and after recovery illustrated the effect of the one-way shape memory
cycle on pore architecture and HA incorporation (Figure 5-5). Prior to fixing, pores were open
and interconnected (Figure 5-5, top). Upon fixing a 50% compressive strain, the pore
architecture collapsed with layers of struts folding (Figure 5-5, middle). The porous structure is
gratifyingly restored upon triggering recovery (Figure 5-5, bottom). Further investigation of the
pore surfaced revealed that HA remained on the surface following a one-way shape memory
cycle with no qualitative difference in attached HA content before and after recovery (Figure 5-
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5, right). This indicates that HA on the surface of the pores after salt extraction was well-bound
to the surface.

5.4.1.2 Amorphous SMP Foams (92tBA-8BA)
As a stiffer alternative to the semi-crystalline SMP foams, amorphous SMP foams were
fabricated by combining the acrylate-based chemistry from Chapter 2 and the porogen-leaching
technique from Chapter 4. Salt extraction from the 92tBA-8BA foams was complete, as
demonstrated by the thermal degradation profile of a salt-extracted foam where the foam had
degraded by 600 °C (Figure 5-6a). Thermal analysis employing DSC showed a composition of
92tBA-8BA yielded a dry Tg of 40 °C that was plasticized upon hydration and dropped to 35 °C
(Figure 5-6b), near body temperature. Thermomechanical characterization using a Q800 DMA
showed that the apparent storage modulus of amorphous foam below its Tg (Figure 5-6c) was an
order of magnitude higher than the semi-crystalline foam below its Tm. Due to the large drop in
modulus upon heating through the Tg, modulus data through the thermal transition was
unobtainable. It is evident, however, that the amorphous foam is significantly stiffer than the
semi-crystalline foam.
Shape memory characterization in compression was conducted to determine the shape
fixing and shape recovery behavior of dry and hydrated foams. The 92tBA-8BA foams showed
excellent shape memory behavior (Figure 5-7) with fixing ratios >99% and recovery ratios
>98%, as was expected based on the results of films of this system from Chapter 2. Optical
micrographs and SEM analysis of foam cross-sections before fixing, after fixing, and after
recovery (Figure 5-8) showed that prior to fixing foams had an open, cuboidal pore morphology
with a diameter of approximately 350 μm. This structure collapses upon fixing a 50%
compressive strain, but is fully restored following shape recovery. Analysis of SEM micrographs
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further revealed an average pore interconnection size—openings between cuboidal macropores—of 58 μm in diameter. Surprisingly, these pore interconnections appeared much smaller
than the interconnections observed in the semi-crystalline foams, and the pore structure was
much more cuboidal for the amorphous foams. This suggests that pore interconnectivity was
better for the semi-crystalline foam fabrication. The exact cause of this is unknown, but we
hypothesize this is attributed to densification of the semi-crystalline foam which does not occur
for the amorphous foam, or due to variability in the degree of salt fusion.
To demonstrate the concept of using expanding scaffolds to fill segmental defects, an in
situ experiment was conducted using the 92tBA-8BA foams (Figure 5-9). A foam plug with a
diameter of 3 mm and thickness of 4.5 mm was fixed in a compressed state. The foam was
placed on a 25 G needle (simulating the intramedullary nail) and positioned in a 4 mm defect of a
mouse femur. The foam was triggered to expand by submersion in 45 °C water, simulating
intraoperative deployment, which triggered full recovery within 60 s.

5.4.2 Defect Stability and Graft Integration
Qualitative evaluation of graft integration and bone remodeling at 4, 8, and 12 weeks
post-surgery was conducted by digital x-ray radiography. Analysis of limbs treated with semicrystalline and amorphous SMP foams after 4 weeks revealed that semi-crystalline foams lacked
the mechanical integrity to maintain defect stability (Figure 5-10a). The 80PCL-20PEG-20HA
foam was unable to maintain the defect gap size of 4 mm, and catastrophic collapse of the defect
was observed. The amorphous 92tBA-8BA foam, however, was able to maintain the 4 mm gap
length. Further inspection of the compressive modulus for each foam showed that the 92tBA8BA foam (16 MPa) was over 2 order of magnitude stiffer than the 80PCL-20PEG-20HA foam
(0.06 MPa) (Figure 5-10b). Because the 80PCL-20PEG-20HA treatments resulted in
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catastrophic collapse, all mice were euthanized within 4 weeks of surgery and no long-term
studies using this foam were possible.
Digital x-ray radiographs of the 92tBA-8BA foams after 4, 8 and 12 weeks showed that
defect stability was maintained throughout the 12 week period with animals permitted normal
ambulation and activity (Figure 5-11). Bone formation was observed at the margins, indicating
integration of the foam with the native bone; however, no gross de novo bone formation occurred
into the scaffold during the 12 week period. By comparison, limbs treated with an allograft
showed bone remodeling at the margins within the first 4 weeks. In cases where the allograft
alignment was not perfect, however, remodeling was slowed.
Qualitative analysis of bone remodeling and foam integration by microcomputed
tomography showed integration between the 92tBA-8BA foams and the native bone. Imaging
artifacts resulting from the presence of the intramedullary nail rendered quantitative analysis of
bone remodeling unattainable. Qualitative 3D reconstructions showed that mice implanted with
the 92tBA-8BA foam demonstrate new bone formation at both margins of the native bone
(Figure 5-12). Interestingly, bone formation occurred radially at the margins, suggesting bone
formation around the SMP foam which had a larger diameter than the femoral shaft (3 mm and
1.6 mm for the shaft and bone, respectively). This radial growth was not evident at the margins
for defects treated with an allograft (Figure 5-12a, right). Additionally, integration of the foam
with the native defect margins can be observed as bony ingrowths with a size and geometry
similar to pores in the foam (Figure 5-12, right).

5.4.3 Histology
Histology was performed on harvested limbs 12 weeks post-surgery to assess bone repair.
Analysis of hematoxylin and eosin stained sections for a 92tBA-8BA foam (Figure 5-13a)
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revealed no gross de novo bone formation occurred into the foam. Granulated tissue, however,
was observed both in the outer pores of the foam and in the interior. This suggests that foams did
enable cell penetration into the interior. Furthermore, no sign of infection or implant rejection
through foreign body response was found, and bone marrow at the distal end appeared healthy.
For the allograft control (Figure 5-13b), hematoxylin and eosin stained sections showed
remodeling had begun at both proximal and distal margins, with healthy bone marrow present
along the entire length of the femur.

5.4.4 Torsional Testing and Analysis
Biomechanical analysis of harvested limbs was performed to evaluate functional
remodeling of segmental defects treated with 92tBA-8BA foams and allografts, with the
contralateral femur used as an intact control. Torsional testing curve profiles were similar for
limbs treated with foams and allografts (Figure 5-14), and in all cases failure occurred at either
the proximal or distal margin. Analysis of the torsional testing revealed that the mechanical
integrity of extracted limbs was comparable between foams and allografts (Figure 5-15). As
would be expected from the known progression of healing in mouse segmental femoral defects
of this type [28], both treatment groups had significantly lower torsional properties than did the
contralateral intact femur (Table 5-1). Results indicated that integration of the foams with the
native bone was present and bony bridging in the allograft groups has begun, but de novo bone
formation and remodeling at the interfaces did not complete at 12 weeks, which was expected.
Promisingly, there was less than one order of magnitude difference between both treatment
groups and the intact control. Torsional stiffness for both treatment groups were similar, with a
stiffness of ~0.1 N-mm-deg-1, whereas the torsional stiffness for the intact femur was eight times
greater at 0.86 N-mm-deg-1. Although not statistically significant, peak torque and energy-to191

failure of the foam was typically lower than that of the allograft group. The contralateral intact
femur was significantly different from all treatment groups for all torsional properties tested.

5.5 Discussion
In this chapter, we have demonstrated the feasibility of intraoperative delivery and loadbearing of SMP grafts for treatment of mouse segmental defects. Here, two self-deployable SMP
foams were employed as space-filling bone grafts. The softer, semi-crystalline foam was unable
to maintain defect stability, whereas the stiffer, amorphous foam maintained defect stability
throughout the 12 week study. SMP grafts demonstrated rapid deployment, within 55 s, in situ
upon irrigation with 45 °C water—a clinically translatable triggering method (Figure 5-9), and
were triggered to fill and conform to a 4 mm segmental defect.
An SMP foam based on PCL chemistry was developed due to PCL’s biocompatibility,
biodegradability [29, 30], and previous use in bone tissue engineering [21, 31, 32]. PEG was
added to the chemistry to enable deployment at 37 °C[18] (Chapter 4). To provide bioactivity to
the PCL-PEG scaffolds, hydroxyapatite (HA) nanoparticles were physically incorporated into the
foam, as HA has been shown to increase osteoconductivity [22-24]. HA nanoparticles were
successfully incorporated onto the surface of the PCL-PEG foams (Figure 5-1), however relying
on physical incorporation of HA resulted in low loading efficiencies of only 40%. To improve
HA loading efficiencies, HA nanoparticles could be functionalized [33] and chemically
crosslinked into the PCL-PEG network through thiol-ene chemistry (preliminary results
discussed in Appendix 4). Although loading efficiencies were low, HA incorporation proved
robust with no observable loss of HA following a compressive shape memory cycle (Figure 55).
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The findings demonstrate, for the first time, the feasibility of employing deployable stiff
SMP grafts as synthetic bone substitutes in load-bearing applications, while also highlighting
challenges associated with soft SMP grafts. A stiff 92tBA-8BA SMP graft was able to maintain
the defect gap without significant defect shortening 4, 8, and 12 weeks post-surgery (Figure 511). In contrast, softer 80PCL-20PEG-20HA SMP grafts resulted in catastrophic collapse of the
defect within the first 4 weeks, requiring euthanasia within days or weeks of operation (Figure
5-10). This suggests that SMPs that are glassy at body temperature are best suited for
applications where partial or full load bearing may be required, due to the higher elastic
modulus. With an apparent compressive elastic modulus of ~16 MPa at 37 °C (Figure 5-10), the
amorphous SMP graft is less stiff than cortical (12–17 GPa [34]) and cancellous (0.1–4.5 GPa
[35]) bone. For the small animal model used in this study, the amorphous SMP graft has a
sufficient stiffness to maintain defect stability (Figures 5-11 and 5-12); however, for the SMP
graft to be applied alone in a clinically-relevant animal model, a biodegradable chemistry is
needed and the interconnectivity of the SMP graft must be increased. Promisingly, the SMP graft
integrated with native defect surfaces, as was observed through bony ingrowth at the
implant/defect margins with a size and geometry similar to that of pores (Figure 5-12). That
integration was further supported by the torsional mechanical testing results, in which torsional
stiffness, peak torque, and energy-to-failure for the SMP grafts were slightly lower but statically
comparable to the allograft treatment (Figure 5-15 and Table 5-1). Furthermore, histology
analysis (Figure 5-13) confirmed that the SMP graft did not elicit a negative biological response
or cause infection in any of the animals tested. While the SMP graft was unable to promote gross
de novo bone formation after 12 weeks, this is not unexpected as the graft contained no
additional signaling factors or progenitor cells. Previous studies have shown that polymeric
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scaffolds alone are poor at promoting remodeling [36], and incorporation of growth factors or
stem cells into polymeric scaffolds can be used to promote better remodeling.
In addition to the promising results observed here, the present findings further help
identify areas for improving SMP grafts moving forward. As previously mentioned, no gross de
novo bone formation was observed after 12 weeks in the SMP graft. To enhance bone formation,
growth factors such as bone morphogenetic proteins (BMPs) [37] could be incorporated into the
scaffold. For instance, Rahman and colleagues loaded poly(lactic-co-glycolic acid)/poly(ethylene
glycol) scaffolds with BMP-2 and found that in a mouse calvarial defect model there was a 55%
increase in bone volume for defects treated with BMP-2 containing scaffolds compared to empty
defect controls, whereas only a 31% increase was observed for scaffolds without BMP-2 [38].
Similarly, Oest et al. previously reported that poly(L-lactide-co-D,L-lactide) scaffolds loaded
with BMP-2 and transforming growth factor-β3 promoted significantly more bone after 16 weeks
than unloaded scaffolds and empty controls in a rat segmental defect model [36]. Additionally,
vascularization has been recognized as an important role for bone remodeling [39]; one way to
accelerate vascularization is through incorporation of vascular endothelial growth factor (VEGF)
in combination with BMP, which has been shown to have a synergistic effect for bone healing
[40]. De novo bone formation could also be improved through seeding stem cells in the scaffold
prior to implantation, as has been previously shown [41].
Results also suggest that pore interconnectivity of the current SMP graft could be
increased to promote cell infiltration. We speculate that with the average interconnection size—
openings between cuboidal macro-pores—being 58 μm between pores, cell infiltration into the
core of the scaffold may be limited. While histology showed some granular tissue formation into
the interior of the foam (Figure 5-13), tissue density was lower than expected. Improved
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interconnectivity can be achieved through modifications to the salt fusion protocol, such as
mixing in water to promote greater salt fusion [42]. It is important to consider, however, that
with increased interconnectivity, the mechanical integrity of the foams will decrease.
Furthermore, the current non-biodegradable amorphous SMP graft could be improved
through employing a chemistry that is biodegradable, such as hydrolytic polyesters. One
approach is to fabricate a porous scaffold using a biodegradable TPU with body temperature
actuation that has been previously developed in our lab[43]. For this scenario, the TPU could be
dissolved and added to a fused salt template. Upon solvent removal, the salt could be extracted
resulting in a porous TPU scaffold. Alternatively, porous foams fabricated from biodegradable
PLGA materials with tunable shape memory properties could be a promising approach [44].

5.6 Conclusion
In this chapter, we have demonstrated the feasibility of intraoperative delivery and load
bearing of SMP foams for grafting of segmental defects. Two self-deployable SMP grafts were
evaluated in a mouse segmental defect model in vivo. Soft, semi-crystalline foams were unable to
maintain defect stability, while stiffer amorphous foams maintained defect stability and
integrated with the native bone 12 weeks post-surgery, providing comparable torsional stability
as an allograft treatment. SMP grafts show promise as synthetic bone grafts that can be used to
fill complex bone defects. Incorporation of growth factors and employing biodegradable
chemistries is expected to provide additional functionality for developing clinically-relevant
treatment strategies for bone repair.
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Scheme 5-1. Concept of deployable scaffolds for treatment of critical size defects. (i) An SMP
scaffold could be radially compressed and fixed into a shape smaller than the defect site; (b) the
SMP could then be delivered to the defect site where it remains in its stable temporary shape; (c)
upon heating, the SMP would recover and expand to fill the defect. Adopted with permission
from ref [19].
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Scheme 5-2. Preparation of tBA/BA scaffolds coated with polydopamine. (a) A modified
porogen-leaching technique is employed where (i) salt particles with the desired diameter are
sieved and added to a 20 mL glass vial; (ii) salt particles are fused in a humidity chamber for 24
h; (iii) a comonomer solution consisting of tBA, BA, TEGDMA crosslinker, and DMPA
photoinitiator are added to the salt template; (iv) the solution is UV cured for 2 h; (v) foams are
removed from the glass vials, surface skins are cut off, and salt is extracted by soaking in water
for 48 h. (b) Time progression images of polydopamine coating show a darkening of the
polydopamine solution, indicating successful coating; (c) prior to polydopamine coating,
tBA/BA scaffolds are white. After coating and drying, scaffolds turn dark brown/grey.
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Scheme 5-3. Sterilization setup using NOx. (a) Schematic and (b) picture of the NO sterilization
setup. Programmed SMP foams are placed in Tyvek pouches and sealed in the sample chamber.
NO gas is injected into the sample chamber through the NO inlet. After 1 h, 120 mL of humid air
is injected into the sample chamber. After 18 h, sample pouches are removed and aerated.
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Scheme 5-4. Surgical procedure for implanting deployable SMP scaffolds. (i) femur is exposed
and (ii) a 25 G needle is inserted into the medullary cavity; (iii) a 4 mm segmental defect is cut
into mid-diaphysis; (iv) programmed foams are inserted on the intramedullary nail and 50 uL of
bone cement (brown circle) injected into the proximal end of the femur; (v) the intramedullary
nail is inserted in the proximal end of the femur; (vi) SMP foam expansion is triggered by
irrigating with 45 °C saline. Following expansion, foams are irrigated with room temperature
saline to cool foams below their glass transition temperature; (vii) the intramedullary nail is cut
and the bent between the distal condyles.
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Figure 5-1. Scanning electron micrographs show successful incorporation of hydroxyapatite
(HA) into 80PCL-20PEG foams. (a) HA nanoparticles (<200 nm according to vendor
specifications) aggregate into larger particles; (b) following salt fusion in the presence of HA,
cuboidal salt particles are coated with nano HA particles; (c) following foam fabrication and salt
extraction, HA nanoparticles cover the pores and struts of the foam. Scale bars are 100 um for all
SEM micrographs.
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Figure 5-2. Thermal degradation and transition temperature of 80PCL-20PEG-20HA foams. (a)
Thermogravimetric analysis (TGA) of HA-incorporated foams show an average of 8% mass
remaining following degradation. Dotted black lines represent degradation profiles from
different locations of the same foam. (b) DSC 2nd heating traces of dry and wet foams reveal a
dry Tm of 40.6 °C that drops to 35.4 °C upon hydration. The sloped baseline in the DSC traces is
an artifact from the DSC equipment. A heating rate of 20 °C-min-1 was used for TGA, and a
heating/cooling rate of 3 °C-min-1 was used for DSC.
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Figure 5-3. Temperature dependent dynamic mechanical response (1 Hz, under compression) of
the 80PCL-20PEG-20HA foam. Foams have an apparent storage modulus of ~1 MPa below Tm
(dry) that drops to ~10 kPa upon heating above Tm. Heating and cooling rates of 3 °C-min-1 were
used.
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Figure 5-4. Shape memory behavior of the 80PCL-20PEG-20HA foams. One-way shape
memory behavior (compression) of (a) dry and (b) wet foams reveal excellent shape fixing and
shape recovery.
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Figure 5-5. Scanning electron micrographs of 80PCL-20PEG-20HA foams during a one-way
shape memory cycle. SEM micrographs of foams (top) before fixing, (middle) after fixing a 50%
compressive strain, and (c) after recovery reveals the open, porous architecture collapses upon
fixing but is restored upon shape recovery. Magnifications of (left) 25x, (middle) 100x, and
(right) 1600x show the macroscopic and microscopic effect of shape memory on the foam
architecture. Inspection of the 1600x micrographs reveals hydroxyapatite particles remain on the
foam surface during all stages of the shape memory cycle. Scale bars are 1 mm, 100 um, and 10
um for magnifications of 25x, 100x, and 1600x, respectively.
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Figure 5-6. Thermal and thermomechanical properties of 92tBA-8BA SMP foams. (a) TGA
reveals complete salt extraction upon heating to 600 °C; (b) DSC 2nd heating trace reveals a dry
Tg of 40 °C that drops to 36 °C upon hydration; (c) dynamic mechanical analysis (DMA) of dry
foam shows an apparent storage modulus of ~10 MPa below Tg. Heating rate used for TGA was
20 °C -min-1, heating/cooling rate for DSC was 3 °C -min-1, and heating rate for DMA was 3 °C min-1.

211

Figure 5-7. Shape memory behavior of 92tBA-8BA foams. One-way shape memory behavior
(compression) of (a) dry and (b) wet foams reveal excellent shape fixing and shape recovery.
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Figure 5-8. Optical micrographs and scanning electron micrographs of 92tBA-8BA foams
during a one-way shape memory cycle. (left) optical micrographs and (right) SEM micrographs
(top) before fixing, (middle) after fixing a 50% compressive strain, and (c) after recovery reveals
the open, porous architecture collapses upon fixing but is restored upon shape recovery. Foams
have a cuboidal pore morphology with small interconnecting openings between pores. Scale bar
is 1 mm.
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Figure 5-9. In situ recovery of a 92tBA-8BA foam in a mouse femoral segmental defect. A
compressed foam was triggered to recover by submerging in 45 °C water, simulating
intraoperative delivery. The foam expanded to fill the defect within 55 s.
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Figure 5-10. Comparison of the stability of soft (80PCL-20PEG-20HA) and stiff (92tBA-8BA)
foams implanted in vivo. (a) x-ray radiographs of mice implanted with SMP foams 4 weekspostsurgery show significant limb shortening for 80PCL-20PEG-20HA foam treatment; no
shortening occurs for 92tBA-8BA foam treatment. (b) compressive stress v. strain curves for
foams hydrated at 37 °C for 24 h reveal compressive elastic moduli of 0.06 MPa and 16 MPa for
soft and stiff foams, respectively.
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Figure 5-11. Representative radiographs of limbs treated with an SMP graft (92tBA-8BA) and a
control allograft at 4, 8, and 12 weeks post-surgery. The SMP graft maintained the length of the
segmental defect 12 weeks post-surgery. White arrows indicate bony formations at the margin.
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Figure 5-12. Representative reconstructed microcomputed tomography scans of limbs treated
with an SMP graft (92tBA-8BA) and a control allograft 12 weeks post-surgery; (a)(top) 3D
reconstruction of the entire femur, and (bottom) enlarged cross-sectional view of the defect site
sho new bone formation at the margins between the grafts and the native bone. (b) 3D
reconstruction of a defect treated with an SMP graft shows bony protrusions (red arrows) that
have the same cuboidal morphology and size as the SMP pores. Scale bar in (b) is 300 um.
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Figure 5-13. Histological analysis of limbs treated with (a) SMP grafts (92tBA-8BA) and (b) an
allograft control 12 weeks post-surgery. Granulated tissue and cell infiltration is found into the
SMP foam, and the distal native bone marrow appears healthy. Allograft treatment shows
remodeling has begun at the margins. Scale bars are 1 mm.

218

Figure 5-14. Example torsional testing output from custom MATLAB algorithm for limbs
treated with (a) SMP grafts (92tBA-8BA) and (b) an allograft control 12 weeks post-surgery.
Torque-rotation angle curves were generated with real-time testing images overlaid to assess in
failure analysis. Torque, energy, and stiffness were determined for each trace.
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Figure 5-15. Torsional mechanical properties of limbs treated with SMP graft or allograft, and a
contralateral intact femur control, 12 weeks post-surgery. (a) Torsional stiffness; (b) peak torque;
(c) energy-to-failure. The SMP graft exhibited a trend of lower torsional mechanical properties
compared to the allograft group, although not statistically significant. Mechanical properties of
both treatment groups were significantly lower than the contralateral intact control.
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Table 5-1. Summary of torsional mechanical properties for limbs treated with an SMP graft
(92tBA-8BA) or an allograft control, and a contralateral intact control. The SMP graft exhibited
a trend of lower torsional mechanical properties compared to the allograft group, although not
statistically significant. Mechanical properties of both treatment groups were significantly lower
than the contralateral intact control.
Torsional Stiffness Peak Torque Energy-to-Failure
(N-mm-deg-1)
(N-mm)
(N-mm-deg)
92tBA-8BA Foam
0.090 ± 0.065
4.28 ± 1.06
93 ± 34
Allograft
0.103 ± 0.062
6.09 ± 3.25
191 ± 116
Intact Control
0.860 ± 0.197
30.9 ± 8.4
584 ± 235
Group
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Chapter Six: Osteogenic Differentiation in Expanding Shape
Memory Scaffolds†
6.1 Synopsis
Chapter 5 revealed that stiffer shape memory polymer (SMP) scaffolds show promise
for use as bone repair constructs. While the SMP constructs are stable and integrate well with the
native bone, there is limited bone growth and remodeling due to the lack of cells, lack of growth
factors, and small interconnections between pores. To overcome these limitations, one option is
seeding stem cells into scaffolds before implantation and triggering osteogenic differentiation.
This chapter explores the possibility of seeding stem cells in SMP scaffolds programmed to
expand, and how triggering expansion of these scaffolds may affect osteogenic differentiation.
Osteogenic differentiation in expanding and control scaffolds is compared through protein
expression, gene expression, and calcium deposition assays. The findings suggest that SMP
scaffolds can be employed as promising candidates for deployable cell-based therapies to
facilitate bone repair.

6.2 Introduction
As discussed in Chapter 5, critical size bone defects place a significant burden on the US
healthcare system. Treatment of critical size defects or other bone defects requiring bone grafts
costs over $100 billion annually, worldwide [1]. While bone autografts remain the gold standard
of treatment, recent efforts have focused on alternative treatment options including allograft,
xenograft, and synthetic bone graft substitutes. When evaluating the effectiveness of a bone
________________________________________________________________________
†
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graft, several elements should be considered: osteogenicity, osteoinductivity, osteoconductivity,
and osteointegration [2, 3]. Osteogenicity refers to the presence of bone-forming cells in the
donor graft; osteoinductivity refers to the ability of the graft to stimulate host stem cells to
differentiate into bone-forming osteoblasts; osteoconductivity refers to the ability of the graft to
enable ingrowth of new bone cells and capillaries; and osteointegration refers to bonding
between the graft and the host bone. While traditionally synthetic bone graft substitutes
possessed good osteoconductivity and osteointegration while lacking osteogenicity and
osteoinductivity [3], recent advances in tissue engineering and material science have addressed
these shortcomings. For instance, bone grafts composed of or incorporating ceramics such as
hydroxyapatite [4, 5] and β-tricalcium phosphate [6, 7] have shown to significantly improve
osteoinductivity. Additionally, osteoinductivity has been improved through the incorporation of
growth factors, particularly bone morphogenic proteins[8-10].
One promising approach to improve osteogenicity of synthetic bone graft substitutes is to
incorporate stem cells directly into the graft [11, 12]. Bruder et al. reported that incorporation of
human mesenchymal stem cells in hydroxyapatite/β-tricalcium phosphate ceramic blocks,
compared to cell-free ceramic blocks, resulted in significantly more bone formation in a critical
size segmental defect model [13]. Later, Petite and colleagues used a faster-resorbing coral
scaffold in combination with marrow stromal cells (MSCs) to treat critical size defects in a sheep
model [14]. In this study they found MSCs produced complete recorticalization and formed a
medullary canal with mature bone after 4 months, and bone formation occurred at about the same
rate as implant resorption. Several other studies have also demonstrated bone repair when using a
cell-based therapy where porous scaffolds are combined with stem cells [15-17].
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Recent advances in programmable SMP scaffolds developed for the treatment of critical
size bone defects provide a new opportunity to combine SMP deployability with the
osteogenicity of stem-cell seeded constructs. Within the past two years, the use of SMP scaffolds
in bone repair strategies has gained significant attention [18-21]. Liu and colleagues developed a
poly(ε-caprolactone) scaffold containing hydroxyapatite that was used as a synthetic bone graft
in an in vivo rabbit mandibular critical size defect model [20]. Zhang et al. also developed a
bioactive SMP foam that could “self-fit” into irregular bone defect geometries [19]; while no in
vivo work was conducted, the ability of these bioactive SMP scaffolds to support osteoblast
adhesion, proliferation, and osteogenic gene expression was reported. Bao et al developed an
electrospun SMP scaffold that supported osteoblast adhesion, proliferation, and differentiation
[18]; however, the effect of scaffold architecture change on cells was not investigated.
Additionally, in Chapter 5 we reported the use of expanding SMP foams for treating segmental
defects in mice. Collectively, these studies demonstrate the potential of programmable SMP
scaffolds as deployable bone repair strategies. Combining this deployability with stem cell-based
therapy may provide a new strategy to minimal-invasively treat critical size defects in a rapid
manner. Before this can be achieved, the effect of scaffold deployment on stem cell osteogenic
differentiation capacity must be explored.
The goal of this study was to determine if osteogenic differentiation capacity is preserved
following programmed architectural change in SMP foam scaffolds. We hypothesized that stem
cell osteogenic differentiation could be preserved during and following programmed
architectural change in expanding SMP foams when triggered under cytocompatible conditions.
To test this hypothesis, human adipose-derived stem cells were seeded in SMP foam scaffolds
programmed to expand when heated to 37 °C. Osteogenic differentiation capacity was assayed
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before and after triggering scaffold expansion. Mineral deposition, protein expression, and gene
expression were compared between programmed and control scaffolds.

6.3 Methods and Materials
6.3.1 Materials
Tert-butyl acrylate (tBA), butyl acrylate (BA), tetraethylene glycol dimethacrylate
(TEGDMA), and 2,2-dimethoxy-2-phenyl acetophenone (DMPA) were purchased from Sigma
Aldrich. Prior to use, tBA and BA were purified by passing through inhibitor removal columns
(SDHR-4, Scientific Polymer). TEGDMA and DMPA were used as received.

6.3.2 Scaffold Preparation
Porous SMP foam scaffolds were fabricated following the procedure outlined in Chapter
5 (Section 5.3.2.2) to fabricate tBA-BA foams with a tunable glass transition temperature (Tg).
For this study, a target Tg slightly higher than 37 °C was required to ensure stability of a
programmed shape at 30 °C (discussed later). To fabricate foam scaffolds with a hydrated Tg of
42 °C, a comonomer wt-% ratio of 98-2 (tBA-BA) was used, with a constant 5 wt-% TEGDMA
crosslinker and 1 wt-% DMPA photoinitiator. An example comonomer solution would consist
of: 2 mL tBA (1.75 g), 40 μL BA (37.5 mg), 82.6 μL TEGDMA (89.4 mg), and 18.8 mg of
DMPA. This solution was mixed and added to a fused salt template. The fused salt template was
photo-cured for 2 h using UV light, after which the glass vial was broken and the cured foam
removed. Foams contained a solid skin on each surface that was removed with a razor blade.
Following skin removal, foams were placed in 60 °C water for 48 h to extract the salt. Foams
were rinsed thoroughly and placed in methanol for 12 h to extract unreacted monomer and
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photoinitiator. Foams were then dried in a vacuum oven for 24 h. Foam plugs were coated with
polydopamine following the procedure described in Chapter 5 (Section 5.3.2.2).
For cell studies, cylindrical foam plugs with a 3.5 mm diameter and 4–4.5 mm height
were used. As-prepared foam scaffolds were used as the static control. Active shape-changing
foam scaffolds were programmed into a temporary compact state by uniaxially compressing the
foam plugs with 30% strain using calipers at room temperature. Upon unloading, foams
elastically recovered approximately 5% strain, resulting in a fixed compressive strain of 25%.
This approach to fixing a temporary deformation below the SMP Tg we previously termed
“Reversible Plasticity Shape Memory (RPSM)” [22], and this study is the first to employ this
approach in a porous foam structure.

6.3.3 Scaffold Characterization
Thermogravimetric analysis (TGA) was employed to confirm salt extraction of 98tBA2BA foams. Samples weighing 5-10 mg of the foam scaffold were loaded in a Q500 (TA
Instruments) thermogravimetric analyzer and heated to 600 °C at a rate of 20 °C-min-1 under
nitrogen purge.
Differential scanning calorimetry (DSC) was employed to determine the Tg of the 98tBA2BA foams. DSC experiments were conducted using a Q200 (TA Instruments) equipped with a
refrigerated cooling system. Samples with a mass of 3-5 mg were placed in Tzero aluminum
pans (dry samples) or Tzero hermetic pans (wet samples) and were heated from -10 °C to 80 °C
(first heat), cooled back to -10 °C (first cool), and finally heated back to 80 °C (second heat). All
heating and cooling rates were 3 °C-min-1. The Tg was determined using Universal Analysis
Software (TA Instruments). Wet samples were soaked in 37 °C water for 24 h prior to testing.
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The ability of active foams to maintain a stable programmed shape at 30 °C (cell seeding
temperature) and be subsequently triggered to recover at 37 °C was investigated. Foams were
programmed with a 25% compressive strain and hydrated with phosphate buffered saline (PBS)
in a 30 °C water bath for 5 d, simulating cell culture conditions. Scaffold recovery was measured
during the 5 d period using calipers to determine the stability of the programmed shape at 30 °C.
After 5 d, samples were moved to a 37 °C water bath, triggering recovery, and the shape
recovery was measured.

6.3.4 Scaffold Sterilization
Active and static scaffolds were sterilized following the procedure outlined in Chapter 5
(Section 5.3.7).

6.3.5 Cell Culture

6.3.5.1 Cell Expansion
Human adipose-derived stem cells (hASCs) were used to investigate the effect of scaffold
shape and architecture change on osteogenic differentiation. hASCs were chosen because they
are commonly used in bone tissue engineering [23]. Prior to seeding on scaffolds, hASCs were
expanded in basal growth medium: MesenPro RS medium with 2% MesenPro RS growth
supplement, 1% GlutaMAX, and 1% penicillin/streptomycin in a 37 °C humidified incubator
with 5% CO2. Cells were passaged at 80% confluence using TrypLE Express solution. Cells
were used at passage 6 for scaffold experiments. All cell culture products were purchased from
Life Technologies.
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6.3.5.2 Cell Seeding In Foams
To determine if osteogenic differentiation capacity is preserved following changes in
foam architecture, hASCs were seeded in static and active foams that underwent a two-stage cell
culture process. During the first stage, cells were cultured in foams at a cytocompatible
temperature (30 °C) that does not trigger recovery of active foams; at the second stage, foams
were heated to 37 °C to trigger recovery of the active foams. Prior to cell seeding, sterilized
foams were immersed in antibiotic-antimycotic solution (Sigma-Aldrich) overnight at 4 °C to
ensure the sterility, followed by rinsing in PBS.
To facilitate cell seeding into the foam scaffolds, a vacuum-assisted seeding approach
was employed. Prior to cell seeding, foams were first equilibrated in growth medium for 20 min.
Samples were then placed in transfection tubes containing 3 mL of cell suspension at a cell
concentration of 500,000 cells-mL-1. To each transfection tube, 30 foam scaffolds were added.
To perform vacuum-assisted seeding, a 1-mL syringe with a 16 G needle tip was attached to
house vacuum. Air from each transfection tube was evacuated by pulling house vacuum for 30 s,
three times. By evacuating air, the cell suspension was forced into the interconnected pores of
the foams, improving cell seeding into each foam scaffold. The scaffolds were incubated at 30
°C for 5 h allowing cells to attach to the scaffolds. During this seeding period, transfection tubes
were lightly agitated every 30 min to keep cells in suspension. After 5 h, samples were placed in
a 96-well plate and 230 μL of basal growth medium was added to each sample. Samples were
incubated for 24 h at 30 °C.
After 24 h incubation at 30 °C, the basal growth medium was switched to osteogenic
differentiation medium: BGJb medium (Life Technologies), 10 mM HEPES (Life Technologies),
10 mM β-glycerophosphate (Sigma-Aldrich), 1 nM dexamethasone (Sigma-Aldrich), 150 μM L-
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ascorbic acid phosphate magnesium salt n-hydrate (Wako), 10% fetal bovine serum (Gibco), and
1% penicillin/streptomycin (Life Technologies). The osteogenic medium was changed every 2 d.
After incubation at 30 °C for 5 d, foams were incubated at 37 °C, triggering expansion, for 23 d.
Foams completely expanded within 24 h at 37 °C. Osteogenic specific characteristics were
characterized at three time points: before triggering (30 °C for 5 d); 2 d post-triggering (37 °C 2
d); and 23 d post-triggering (37 °C 23 d). Three independent replicates consisting of cell
expansion through the foam experiments were performed (n = 3).

6.3.6 Assessing Calcium Deposition

6.3.6.1 Xylenol Orange Staining
To detect calcium deposition, xylenol orange (XO) staining—a non-destructive staining
method [24]—was used. XO powder (Sigma-Aldrich) was dissolved in deionized water and
filtered to make a sterile stock solution of 20 mM and stored at 4 °C. The foams were cultured at
the final concentration of 40 μM XO in medium overnight before imaging. The XO-containing
medium was replaced with fresh Hoechst-containing medium (0.1 mg/ml; Hoechst 33342, Life
Technologies) 30 min before imaging to stain for cell nuclei. Fluorescent images of XO-stained
foams were taken using a N3 filter cube and images of cell nuclei taken using an A4 filter cube
using a Leica DMI 4000B inverted microscope.
6.3.6.2 Scanning Electron Microscopy‡
To qualitatively visualize mineral deposition, scanning electron microscopy (SEM) was
performed using a JEOL JSM-5600 Scanning Electron Microscope. Foams were sputter-coated
with gold prior to imaging. Representative images were taken to visualize foam architecture, cell
________________________________________________________________________
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coverage, and mineral deposition at the three different time points. Additionally, cell infiltration
into the foams was assessed by imaging foam cross-sections of both static and active foams at
the last time point. To confirm calcium deposition on the foams, energy-dispersive x-ray
spectroscopy (EDS) was used.

6.3.6.3 Microcomputed Tomography
Three-dimensional analysis of mineral deposition was assessed using microcomputed
tomography (Micro-CT 40; Scanco Medical). Foams were rinsed with PBS three times and fixed
with 10% neutral buffered formalin overnight. Fixed foams were rinsed with deionized water
before drying in an evacuated desiccator overnight. Dried foams were scanned at a nominal
voxel size of 6 μm, and images were acquired at 55 kV, 144 μA, and with a 200 ms integration
time. To determine mineral volume, a series of thresholds was applied to the reconstructed slices.
First, a threshold of 40 (1/1000 units Scanco software) was applied to isolate foam+mineral and
calculate the total volume. Next, a threshold of 70 was applied to determine if mineral could be
isolated from the foam volume, as this threshold successfully isolated polymer from mineral in a
separate SMP scaffold we explored [25]. However, this threshold was not high enough to
completely isolate the mineral from the foam, so a threshold of 100 was used. The normalized
mineral volume was calculated by dividing the mineral volume (V100) by the foam+mineral
volume (V40). This ratio was compared between static and active foams from all three time
points (n=3).

6.3.7 Alkaline Phosphatase Activity
To determine osteogenic protein expression, an alkaline phosphatase (ALP) colorimetric
assay was performed using p-nitrophenyl phosphate (Sigma-Aldrich). Foams were prepared for
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the assay by first rinsing three times with tris-buffered saline at room temperature. For each
technical replicate, three foams were combined in a 1 mL Eppendorf tube and, and cells were
lysed in 450 μL of sterile deionized water. Three foams were combined for each technical
replicate to increase cell number and ALP content. Cells were further lysed and homogenized by
vigorous mixing using syringes with 20 G needles. Cell lysates were separated from the foams
by centrifuging through nylon filters (Spin-X centrifuge filter tube, Costar). 50 μL of cell lysates
were added in three separate wells of a 96-well plate and reacted with 150 μL of p-nitrophenyl
phosphate (Sigma-Aldrich) at 37 °C for 1 h. The reaction was stopped by adding 50 μL 3 N
NaOH to each well. The absorbance was read at 405 nm in a plate reader (Synergy 2, BioTek).
ALP concentration was determined using 4-nitrophenol solution (Sigma-Aldrich) and
normalized by DNA content (PicoGreen dsDNA assay, Life Technologies).

6.3.8 Real-Time Polymerase Chain Reaction (qPCR)‡
To determine osteogenic gene expression, real-time qPCR was performed. Total RNA
extraction and cDNA analysis were conducted prior to running qPCR. Real-time qPCR was
performed in quadruplicate with 100 ng of cDNA in 20 µL reaction volume containing Power
SYBR Green Master Mix (Invitrogen) and primers (RealTimePrimers) on Mastercycler ep
realplex (Eppendorf).

6.3.8.1 Total RNA Extraction and cDNA Analysis
To allow quantitative comparison of markers of osteogenic lineage, total RNA was
extracted from cells seeded in foam scaffolds at the end of each time point. Foams were rinsed
three times with sterile PBS and frozen at –80 °C. Total RNA was extracted using RNeasy Micro
________________________________________________________________________
‡

All qPCR protocols, experiments, and analyses were developed and performed by Jing Wang

231

Kit (QIAGEN) per the manufacturer's instructions. Total RNA was then used for reversetranscription reaction to synthesize cDNA using the QuantiTect Reverse Transcription Kit
(QIAGEN). RNA and cDNA quantity were assessed by absorbance readings at 260 nm using
spectrophotometry. Absorbance reading ratios of 260/280 and 230/280 were greater than 1.8,
indicating a high purity of RNA and cDNA. For each replicate, nine foams were combined to
increase cell number.

6.3.8.2 Determining Best Housekeeper Gene for qPCR
To determine the best housekeeping genes for foam scaffolds, ten housekeeping genes
(ACTB, B2M, GAPD, GUSB, HPRT1, PGK, PP1A, RPL13A, TBP, TFRC; purchased from
realtimeprimer.com) were tested on cells seeded in static and active scaffolds. Raw qPCR data
was processed by LinRegPCR [26]. The resulting primer efficiencies and Ct values were used as
inputs in Bestkeeper [27] to find the most stable housekeeping gene for the foam scaffolds. The
most stable housekeeping gene (B2M) was used as the reference gene in the subsequent qPCR
reactions.

6.3.8.3 qPCR Procedure
To examine osteogenic differentiation, characteristic gene expression of Runx2 and
osteocalcin (OC) were examined and normalized to the reference gene B2M (n = 3). Gene
expression fold change was calculated as the expression level normalized to the static control
group at the first time point, using the Pfaffl method [28]. Since results were normalized to the
static control group, a fold change higher than 1 indicates gene up-regulation, while a fold
change lower than 1 indicates gene down-regulation.
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6.3.9 Histology
To visualize mineral deposition in each foam, histological analysis was performed using
Alizarin Red staining. Foams were first rinsed with PBS three times and fixed with 10% neutral
buffered formalin overnight. Next, foams were stained with 2% Alizarin red with pH adjusted to
4.2 for 30 s (n = 3). Stained whole samples were extensively rinsed with deionized water. Only
samples at the last time point (37 °C for 23 d) were collected for staining.

6.3.10 Statistics
Statistical analyses were performed on the ALP, qPCR, and microcomputed tomography
results to compare static and active groups, as well as to compare between time points within
each group. Paired t-tests were performed using the Data Analysis Package in Excel (Microsoft
Office 2013). Holms-Sidak correction was applied to correct for multiple comparisons (3
comparisons). Significance was determined at the 95% confidence level.

6.4 Results
6.4.1 Scaffold Architecture Reorganization
Foam scaffolds with a composition of 98tBA-2BA were prepared via a modified
porogen-leaching method. TGA analysis confirmed that salt extraction was complete (Figure 61a) which is consistent with results from Chapter 5 using the same material system. Increasing
the composition to 98tBA-2BA resulted in a foam with a higher Tg than the 92tBA-8BA foams
fabricated in Chapter 5. Here, a Tg of 43 °C in the hydrated state was achieved (Figure 6-1b).
The ability of programmed foams to maintain their fixed shape at 30 °C and recover to
their permanent shape at 37 °C was determined under simulated cell culture conditions (Figure
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6-2). Programmed foams initially recovered 13% of the programmed strain following
sterilization (prior to cell culture), a limitation of the RPSM programming method. We speculate
this is due to a combination of programming the foam below its glass transition temperature and
exposing the foam to a humid environment during sterilization. Foams programmed with a
compressive strain remained stable at 30 °C, as only 5% of the programmed strain was recovered
over the 5 d period (Figure 6-2). Upon triggering recovery at 37 °C, the foam scaffold
completely recovered within 24 h. SEM micrograph insets show a collapsed pore morphology
following programming that remains stable after 5 d in 30 °C PBS (Figure 6-2); pore
morphology opened following triggering at 37 °C. Programmed pore architecture change was
further confirmed by microcomputed tomography 3D reconstructions of active and static foam
scaffold cross-sections (Figure-6-3). Prior to triggering pore morphology change, active
scaffolds had a collapsed pore structure; within 2 d of triggering at 37 °C, pore architecture
opened and resembled the cuboidal pore morphology of the static control scaffolds.

6.4.2 Cell Seeding in Programmed Scaffolds
A vacuum-assisted seeding approach was employed to seed cells into foam scaffolds at a
concentration of 500,000 cells-mL-1. Hoechst nuclear dye revealed cells attached to the pores of
the scaffolds and proliferated over time (Figure 6-4). Cells seeded in both active and static
scaffolds had comparable cell densities before and after triggering architecture change. Cell
densities before transition (5 d at 30 °C) and 2 d following transition (2 d at 37 °C) were
comparable between both groups, and cells appeared to cover the scaffold pores (Figure 6-4, left
and middle). After 4 weeks of total culture (5 d at 30 °C + 23 d at 37 °C), cell density had
significantly increased for both groups and a confluent cell layer had covered the scaffolds,
spanning across the pores (Figure 6-4, right). SEM micrographs of the scaffold surface (Figure
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6-5, top) and scaffold cross-sections (Figure 6-5, middle and bottom) after 4 weeks of culture
confirmed that cells had proliferated to form a cell sheet covering the scaffold and showed that
cells had infiltrated into the interior pores of the scaffolds for both active and static groups. Cell
sheets were observed to be well-adhered to the interior pore walls and had penetrated to the
center of the scaffolds. This suggests pore interconnectivity was sufficient for cell infiltration and
nutrient diffusion.

6.4.3 Mineral Formation
To detect mineralized nodule formation on the foam scaffolds, XO staining, SEM
analysis and microcomputed tomography analyses were performed.

6.4.3.1 Xylenol Orange (XO) Analysis
XO staining revealed that mineral deposition was qualitatively comparable between
active and static control samples across all time points (Figure 6-6a). No detectable mineral
deposition was observed on scaffolds before triggering architecture change (5 d at 30 °C). After
triggering at 37 °C for 2 d, a few small mineralized nodules were detected on active and static
foam scaffolds (black arrows). After 23 d at 37 °C, a significant increase in the size and number
of mineralized nodules was detected, with no observable different between active and static
groups. To determine if the mineralized nodules were a result of precipitation from the
osteogenic induction medium onto the surface of the foam scaffolds or a result of deposition by
attached cells, control samples containing no cells were cultured under the same conditions and
stained with XO. After 4 weeks, results from 3 different samples showed that no significant
mineral deposition occurred on the scaffolds (Figure 6-6b), suggesting that the mineralized
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nodules observed on cell-containing scaffolds were not due to spontaneous mineral precipitation
from the medium but instead due to deposition by the attached cells.

6.4.3.2 Scanning Electron Microscopy (SEM) Analysis
SEM analysis was employed to qualitatively compare mineral deposition between active
and static foam scaffolds. Before triggering architecture change (5 d at 30 °C) and 2 d after
triggering (2 d at 37 °C) no significant mineral deposition was found on active or static foam
scaffolds (Figure 6-7). After 23 d at 37 °C, scaffolds were covered in mineralized nodules (white
specks in the SEM micrographs) for both groups. No qualitative differences were observed
between active and static scaffolds across all time points. To determine if the mineralized
nodules were a type of calcium phosphate, EDS was performed in conjunction with SEM, and
the composition of a mineralized nodule and of the cell sheet were investigated (Figure 6-8a).
EDS analysis of the mineral nodule showed strong phosphorous and calcium peaks in the
resulting spectrum (Figure 6-8b). Similarly, when exploring a large area of a cell sheet, large
phosphorous and calcium peaks are present, indicating calcified nodules deposited by adherent
cells. A large gold peak is present due to the gold coating during sample preparation for SEM.

6.4.3.3 Microcomputed Tomography Analysis
Microcomputed tomography was perform to qualitatively and quantitatively compare
mineral deposition on active and static foam scaffolds. To determine the amount of mineral
deposition on each scaffold, a series of three thresholds was applied, and the resulting 3D
reconstructions and material volumes compared (Figure 6-9). When applying a threshold of 40
(1/1000 units from Scanco Software), both scaffold and material were included (Figure 6-9,
top). Increasing the threshold to 70 resulted in partial scaffold loss, but was unable to completely
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isolate the mineral (Figure 6-9, middle). Upon increasing the threshold to 100, mineral was
completely isolated from scaffold, and an increase in mineral deposition was found after 4 weeks
of culture (Figure 6-9, bottom).
Comparison of active and static scaffolds over 4 weeks revealed no significant difference
between the two groups (Figure 6-10 and Table 6-1). For both groups, a trend of increased
mineral deposition over time was qualitatively observed (Figure 6-10), with minimal mineral
deposition before transition and 2 d after transition and significant mineral deposition 23 d after
transition. This trend was seen consistently with all samples from two independent replicates.
However, with a third independent replicate inconsistent results were found (Table 6-1,
Replicate 1); a large amount of mineral deposition was observed before transition, however
minimal deposition was observed after 4 weeks. Further inspection of these samples using SEM
revealed that a cell sheet had formed on these scaffolds during the initial seeding period (Figure
6-11, top). Furthermore, large mineral deposits were confirmed with SEM (Figure 6-11,
bottom). Based on the SEM, we speculate the inconsistent microcomputed tomography results
are attributed to inconsistencies with cell seeding for this independent replicate. Due to this
variability and the small sample size, a statistically significant difference in mineral deposition
over time was not achieved.

6.4.4 Protein Expression
Protein expression was assessed by performing an ALP calorimetric assay. ALP is an
early marker for osteogenic differentiation and plays an important role in mineral nodule
formation, which is a functional indication of osteogenic differentiation [29]. Quantitative
analysis of ALP activity showed no difference between active and static foams across all time
points (Figure 6-12). With the exception of one replicate from the before transition static group,
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a trend of increased ALP expression after the transition was observed, albeit not statistically
significant.

6.4.5 Gene Expression
Real-time PCR was employed to examine gene expression of osteogenic differentiation
markers Runx2 and osteocalcin (OC) for active and static foam scaffolds at all three time points.
When normalizing to the static group before transition (5 d at 30 °C), a trend of upregulation of
Runx2 was observed over time for both groups, with fold changes upwards of 10 found after 4
weeks of culture (Figure 6-13a). Although the fold changes for active and static scaffolds were
higher at 4 weeks compared to before the transition, results were not statistically significant due
to large variability between replicates. Upregulation of Runx2 over time suggests that hASCs
differentiated toward an osteogenic lineage over time. Inspection of OC, a late osteogenic
marker, revealed that OC expression decreased after 4 weeks for both active and static groups,
although not statistically significant (Figure 6-13b). This result was unexpected, as OC
expression typically increases over time as it is a later stage indicator of osteogenesis [30]. For
both Runx2 and OC, no difference was found between active and static scaffolds across all time
points.

6.4.6 Histology
Calcium deposition was further qualitatively assessed by performing Alizarin Red
staining on active and static scaffolds following 4 weeks of culture. Alizarin Red staining
confirmed that calcium deposition was achieved on both active and static scaffolds (Figure 613), as shown by multiple samples staining positive (red). No observable difference was found
between the two groups. To determine if calcium deposition was attributed to precipitation from
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medium, control scaffolds with no cells were cultured under the same conditions for 4 weeks and
stained with Alizarin Red (Figure 6-13). The control sample did not stain positive, suggesting
calcium deposition was a result of adherent cells on the active and static scaffolds. These results
agree with the XO, SEM, and microcomputed tomography results discussed above.

6.5 Discussion
In this chapter, we have demonstrated osteogenic differentiation of human adiposederived stem cells when cultured in 3D porous SMP foam scaffolds following dynamic changes
in architecture. SMP foams were programmed to change from a collapsed pore architecture to an
open pore architecture with attached and viable cells. Gratifyingly, changes in pore architecture
did not inhibit osteogenic differentiation of adherent stem cells, as indicated by comparable
levels of mineral deposition, protein expression, and gene expression between active and static
scaffolds.
SMP foam scaffolds maintained a stable temporary state and supported cell growth and
attachment. Programmed scaffolds had minimal recovery when cultured at 30 °C for 5 d (Figure
6-2), and cells readily attached and proliferated in the scaffold (Figure 6-4). Interestingly,
scaffolds recovered 13% of the programmed deformation following sterilization (Figure 6-2).
We attribute this to the mode of strain fixing for this study, which relied on fixing of inelastic
deformation by deforming the sample below its thermal transition temperature [22, 31], as
compared to the traditional approach of deforming above the thermal transition temperature
followed by subsequent cooling. While an initial recovery occurred during sterilization, samples
remained stable upon culture at 30 °C for 5 d, demonstrating the effectiveness of this fixing
approach. Additionally, complete recovery of the scaffolds was achieved within 24 h of
triggering using a cytocompatible triggering temperature of 37 °C (Figure 6-2). We found that
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triggering deployment of the foam scaffolds did not inhibit osteogenic differentiation capacity of
adherent stem cells, as was observed through comparable levels of protein expression (Figure 612), gene expression (Figure 6-13), and mineral deposition (Figures 6-6, 6-7, 6-10, and 6-13)
between active and static scaffolds. This shows promise for employing SMP foam scaffolds as
deployable cell-based therapies, where a stable temporary shape is required long-term for cell
attachment and growth and body temperature triggering could be used to deploy the scaffold
without affecting the differentiation capacity of the attached cells.
While previous studies have demonstrated that SMP scaffolds can support bone repair
using terminally differentiated osteoblasts [18, 19] or bone marrow stem cells [20], this study is
the first to report osteogenic differentiation following SMP shape change. Four separate assays
confirmed functional osteogenic differentiation of stem cells through calcium deposition
following 4 weeks of culture. SEM micrographs revealed by 4 weeks cells had formed sheets
spanning the pores of both active and static scaffolds, with significant cell infiltration (Figure 65). Inspection of the surface of the cell sheets showed significant mineral deposition (Figure 6-7)
which EDS confirmed was calcium phosphate (Figure 6-8). EDS spectra of the mineral nodule
and of the cell sheet were comparable to a reported EDS spectrum of mineral deposition from
mesenchymal stem cells that had committed down an osteogenic lineage [32]. The presence of
calcium and phosphate is promising, and a more detailed study into the composition of the
mineralized nodules, particularly the Ca:P ratio, could reveal more information about the type of
calcium phosphate (e.g. amorphous, carbonate hydroxyapatite, etc.) present [33]. Quantitative
analysis of mineralized nodule formation from microcomputed tomography also showed calcium
deposition for both active and static scaffolds following 4 week culture, with the exception of
one independent replicated (Figure 6-10 and Table 6-1). We hypothesize this may be due to
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inconsistencies in the initial cell seeding density, where cell sheets had formed early on for the
independent replicate with inconsistent mineral deposition. Previous studies have reported that
osteogenic differentiation of stem cells is affected by cell density [34-36]. In a report by Kim et
al, higher cell seeding density on poly(propylene fumarate) disks resulted in more mineral
deposition within 8 d of culture, and it was suggested that late stage osteogenic differentiation
could be enhanced by higher cell seeding density, while cell proliferation and early osteogenic
differentiation could be stimulated by lower cell seeding density [35]. Although we observed
these inconsistencies, a trend of mineralized nodule formation after 4 weeks was found,
indicating functional osteogenic differentiation of hASCs was achieved in SMP scaffolds, and no
differences were found between active and static scaffolds.
In addition to observing no difference in mineral deposition between active and static
scaffolds, we also found no difference in protein expression or gene expression levels between
the two groups (Figure 6-12 and Figure 6-13), indicating scaffold architecture change did not
elicit a negative response. Inspection of ALP protein expression for active and static groups
revealed no significant change over time, although a slight increase after transition compared to
before transition was observed (Figure 6-12). While we expected an increase in ALP protein
expression over time, we attribute the lack of an increase to the use of fetal bovine serum (FBS)
in the induction medium, which has been reported to result in low ALP protein expression in
hASCs tested with several different osteogenic induction media [37]. Future studies could use
human-serum as a replacement for FBS, as human-serum resulted in a significant increase of
ALP protein expression [37]. A trend of increased expression of Runx2—an essential
transcription factor in osteoblast differentiation [38, 39]—at 4 weeks was observed, suggesting
an increase in osteogenic differentiation (Figure 6-13a). We expected a similar trend for
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osteocalcin—a late stage marker for osteogenic differentiation—however osteocalcin expression
was lower at 4 weeks compared to 5 d at 30 °C (Figure 6-13b). We speculate this is attributed to
the combination of hASCs and the osteogenic induction medium used in this study. In a study
comparing different serum conditions on the osteogenic differentiation of hASCs, all serum
conditions were reported to have only modest expression levels of osteocalcin, with no increase
in expression observed over time [37]. Serum conditions explored in this study used the same
induction components (ascorbic acid, dexamethasone, and beta-glycerophosphate) and similar
concentrations for each with the exception of dexamethasone. Furthermore, other studies have
also reported unexpected osteocalcin expression during osteogenic differentiation of adiposederive stem cells, with a significant drop in expression after 7 d of culture in induction medium
and only a modest increase between 7 and 14 d [40]. Nonetheless, these results combined with
the mineral deposition results indicate that the SMP 3D scaffold is capable of supporting not
only cell attachment and proliferation, but also stem cell differentiation capacity, which are
essential for tissue engineering applications of SMPs.
The SMP foam scaffold reported here also shows promise as a 3D platform to study the
cell mechanobiological response to dynamic changes in vitro. As discussed in detail in Chapter
1, SMPs are a promising technology for studying cell-material interactions in dynamic in vitro
environments (termed Active Cell Culture), and most studies to date have been limited to 2D [4143]. The tBA-BA system used in this study was previously employed as a dynamic 2D substrate
to study cell-material interactions [44, 45], as detailed in Chapters 2-3. Recent efforts have now
focused on expanding this work to 3D scaffolds which more closely mimic the 3D environment
cells experience in vivo. To-date, our group has reported the only 3D SMP scaffold for
application in Active Cell Culture, where an SMP fiber mat was applied [46]. The SMP fiber
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mat, however, would be difficult to adapt to applications requiring large volumes. Furthermore, a
fibrous architecture may not be suitable for tissue engineering applications such as bone tissue
engineering. The SMP foam scaffold presented here can serve as a new Active Cell Culture 3D
scaffold with a pore morphology different in size and shape compared to the fibrous SMP web.
The large cuboidal pores also serve as a more functional morphology for bone tissue engineering
applications. Potential for Active Cell Culture was demonstrated by the scaffold’s ability to
maintain a programmed shape with attached and viable cells for 5 d at 30 °C, and to
subsequently expand within 24 h upon heating to 37 °C (Figure 6-2). Here we have also
demonstrated stem cell attachment, proliferation, and differentiation are supported in the SMP
foam scaffold. As a natural extension of this work, expanding foam scaffolds could be
investigated to determine if pore expansion can be used as a biologically-relevant stimulus to
induce differentiation in the absence of, or in combination with, induction medium. Supporting
this concept, recent work on topography changing 2D substrates has demonstrated that SMP
actuated topography change can be used to direct stem cell lineage commitment [47].

6.6 Conclusion
We have demonstrated osteogenic differentiation of adipose-derived stem cells in
programmable SMP foam scaffolds following dynamic changes in scaffold architecture with
attached and viable cells. Foam scaffolds transitioned from a temporarily collapsed-pore
architecture to a permanently open-pore architecture upon shape memory actuated expansion at
37 °C. Stem cells seeded in active scaffolds—scaffolds that underwent programmed architecture
change—expressed comparable levels of osteogenic characteristics to stem cells seeded in static
control scaffolds, as indicated by osteogenic gene expression, ALP protein expression, and
mineral deposition. These findings suggest that programmable SMP scaffolds have the potential
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to be explored as deployable cell-based therapies to facilitate bone repair. Additionally, the
cytocompatible programmed shape change suits these SMP foams well for use as Active Cell
Culture 3D scaffolds.
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Figure 6-1. Thermal properties of 92tBA-8BA foam scaffolds. (a) TGA degradation profile
indicates salt was extracted; (b) DSC 2nd heat traces show a dry Tg of 47 oC that drops to 43 °C
upon hydration. Heating rate for TGA was 20 °C-min-1; heating rate for DSC was 3 °C-min-1.
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Figure 6-2. Shape recovery of 92tBA-8BA scaffolds under simulated active cell culture
conditions. After sterilization, scaffolds initially recovered 13% of the programmed deformation
(25% programmed uniaxial compressive strain). When cultured at 30 °C for 5 d (blue symbols)
the scaffold remained stable in its programmed state; upon triggering recovery at 37 °C (red
symbols), the scaffold recovers within 24 h. Inset scanning electron micrographs show the
architecture remains collapsed during culture at 30 °C and restores its open cuboidal morphology
after recovery. Scale bars are 500 μm.
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Figure 6-3. Reconstructed 3D microcomputed tomography of active and static cross-sections
during culture. Before transition, active scaffolds have a collapsed pore architecture that is
restored within the first 2 d after transition. Static scaffold pore morphology is open and cuboidal
for all time points. Scale bare is 1 mm.
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Figure 6-4. Hoechst nuclear staining for cells seeded in active and static foam scaffolds. Cell
nuclear staining using Hoechst 33342 at three time points show cells attach and proliferate, with
cell sheets forming on both active and static scaffolds after 4 weeks of culture. Cell densities for
active and static foams were comparable. Scale bar is 200 μm.
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Figure 6-5. SEM micrographs of active and static foams following culture for 4 weeks. After 4
weeks of culture (5 d at 30 °C + 23 d at 37 °C) a cell sheet formed on the (top) outer surface of
both active and static scaffolds; (middle) cross-section SEM micrographs reveal cell significant
cell infiltration into the center of the scaffolds, which is further illustrated in (bottom) magnified
SEM micrographs showing cells filling the interior pores. Scale bars are 500 μm for (top) and
(middle), and 100 μm for (bottom).
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Figure 6-6. Xylenol orange (XO) staining for calcium deposition on active and static foam
scaffolds. (a) for both active and static foam scaffolds, no calcium nodules were detectable
before transition; following transition at 37 °C for 2 d small calcium nodules were detected
(black arrows) but in limited quantity; after 23 d at 37 °C, a significant increase in the size and
number of calcium nodules is detected, with no observable different between active and static
groups. (b) Three empty control scaffolds (no cells) that were cultured under the same conditions
as the active and static scaffolds show no calcium deposition after 4 weeks, indicating the
calcium deposition observed in (a) was deposited by the adhered cells. Scale bars are 200 μm.
Histogram stretching was performed on the raw images to allow visualization of calcium
nodules.
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Figure 6-7. SEM micrographs of active and static foam scaffolds reveal mineral deposition.
Before transition and 2 d after transition no significant mineral deposition was found on active or
static foam scaffolds. After 23 d at 37 °C, scaffolds were covered in mineralized nodules (white
specs) for both active and static scaffolds. Scale bar is 20 μm.
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Figure 6-8. Energy dispersive spectroscopy (EDS) of mineral deposition shows minerals contain
calcium. (a) SEM images from backscattered electrons of a cell sheet covering the foam scaffold
and of a magnified view of a mineralized nodule. (b) EDS traces of the cell sheet and of the
mineralized nodule show a significant amount of calcium and phosphorous. Scale bars in (a) are
100 μm for the cell sheet and 10 μm for the mineral nodule.
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Figure 6-9. Microcomputed tomography 3D reconstructions when applying three different
thresholds. With an applied threshold of (top) 40, both mineral and foam are included; for a
threshold of (middle) 70, the foam is partially removed; for a threshold of (bottom) 100, the
mineral is completely isolated from the foam. Using a threshold of 100, the progression of
mineral deposition over time was observed. The foam scaffold shown in this figure is a static
foam. Scale bar is 1 mm.
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Figure 6-10. Microcomputed tomography 3D reconstructions of active and static foam scaffolds
show mineral deposition over time. For both active and static scaffolds, small quantities of
minerals were detected, and mineral size was small before transition and 2 d after transition.
Significant increase in mineral volume and size was found on both groups 23 d after transition. A
threshold of 100 was used to isolate mineral. Scale bar is 1 mm.
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Table 6-1. Mineral fractions (V100/V40) of active and static foam scaffolds over time. Three
replicates for (top) active and (bottom) static scaffolds reveal that average mineral fractions for
replicates 2 and 3 are consistent and increasing over time, while the mineral fraction for replicate
1 is high at the early time point and decreases at the later time points. This inconsistency for
replicate 1 is attributed to inconsistent initial cell seeding density. No significant difference was
found between active and static groups.

Replicate
1
2
3

Active Foam Scaffolds V100/V40 (%)
5 d at 30 °C 2 d at 37 °C 23 d at 37 °C
0.734
0.554
0.032
0.016
0.038
0.398
0.005
0.005
0.502

Replicate
1
2
3

Static Foam Scaffolds V100/V40 (%)
5 d at 30 °C 2 d at 37 °C 23 d at 37 °C
0.854
0.449
0.062
0.040
0.091
0.295
0.015
0.009
0.280
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Figure 6-11. SEM micrographs of independent replicate with cell sheet formation before
transition. For the independent replicate where significant mineral deposition was observed
before transition, both active and static scaffolds had a confluent cell sheet covering the (top)
outer surface. Inspection of the (bottom) surface of the cell sheet shows large mineral deposits.
Scale bars are (top) 500 μm and (bottom) 50 μm.

261

Figure 6-12. Alkaline phosphatase (ALP) activity for active and static foam scaffolds before and
after transition. No significant difference in ALP activity was found between active and static
scaffolds. While a trend of increased ALP activity is seen for after transition (37 °C 2 d and 37
°C 23 d) compared to before transition (30 °C 5 d), no statistically significant difference was
found. Horizontal lines indicate averages over 3 independent replicates.
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Figure 6-13. Real-time PCR (qPCR) expression of osteogenic markers Runx2 and osteocalcin
(OC) for active and static foam scaffolds. (a) A trend of increasing (upregulation) Runx2 over
time was observed for active and static scaffolds, although significance was not achieved; (b) a
trend of decreasing (downregulation) OC was observed for active and static scaffolds, but no
significance was found. There was no difference between active and static scaffolds in both
markers across all time points. Horizontal lines indicate averages over 3 independent replicates.
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Figure 6-14. Alizarin red staining of active and static foam scaffolds 4 weeks after culture.
Calcium deposition (red stain) was observed throughout the entire scaffold for both active and
static scaffolds. An empty control scaffold (no cells) cultured under the same conditions showed
no staining, suggesting calcium deposition is from the adhered cells and not deposition from the
medium onto the scaffold. No observable difference was found between active and static
scaffolds.
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Chapter Seven: Conclusions and Future Directions
7.1 Overall Conclusion
This work describes the fabrication and application of dynamic 2D substrates and 3D
scaffolds for use in cell mechanobiology and tissue engineering. Shape memory polymers
(SMPs) with the capacity to undergo programmed changes in shape at body temperature were
developed, characterized, and applied in vitro and in vivo.
In Chapters 2 and 3, a novel bilayer system capable of forming nano-scale wrinkles
under cytocompatible conditions was developed and applied in vitro as an Active Cell Culture
substrate. Chapter 2 described the fabrication of shape memory actuated wrinkle formation,
where body temperature recovery of an SMP substrate induced buckling of a thin gold coating.
This system provided the ability to easily tune the wrinkle properties by changing the
programming conditions of the SMP. When increasing the amount of programmed strain in the
SMP substrate, wrinkle orientation and amplitude increased. As a result, we were able to
increase the degree of cell alignment by seeding cells on substrates with increasing programmed
strain, until reaching a point of saturation. The tunability of surface properties afforded by this
bilayer approach is advantageous over other SMP systems which rely on surface embossing or
molding and typically require multiple embossers or molds to achieve different topographies.
Additionally, when employed as an Active Cell Culture substrate, the bilayer system was able to
“turn-on” cell alignment by changing from a flat topography to a wrinkled topography with
attached and viable cells. The ability to turn-on a cell behavior may prove important as scientists
continue developing functional tissue engineered constructs.
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In Chapter 3, the wrinkle bilayer system was applied in vitro to ascertain the effect the
ordered nanotopography had on cell motility. A custom tracking algorithm, ACTIVE (automated
contour-based tracking for in vitro environments), was developed that, for the first time, enabled
accurate tracking of large cell populations over long timescales, while also identifying cell
divisions. Cell motility was described using a set of physics-based metrics that revealed subtle
differences between cell motility on wrinkled, flat gold substrates, and flat tissue culture
polystyrene substrates. Application of ACTIVE and the imaging methods described in Chapter 3
is expected to enable researchers to investigate how cell-cell interactions, coupled with cellmaterial interactions, can direct cell behavior in complex environments.
Having achieved topography changing 2D substrates and successfully applying them in
vitro, we expanded our efforts in Chapters 4-7 to develop shape changing 3D scaffolds and
applying those in vitro and in vivo. In Chapter 4 a modified porogen-leaching approached was
developed to fabricate highly porous, interconnected SMP foams. A simple method for forming a
fused salt template was employed, and a poly(ε-caprolactone)-co-poly(ethylene glycol) (PCLPEG) network was formed through thiol-ene mediated crosslinking. The resulting PCL-PEG
recovery temperature was tuned to body temperature by changing the composition, where
increasing hydrophilic PEG resulted in a lowering of the melt transition temperature in the
hydrated state. A second approach to tuning the functional recovery temperature was control the
programming condition, in particular the deformation temperature during a one-way shape
memory cycle. This phenomenon has been reported for other systems, however the mechanism
of this system is unique as it is not based on a broad melting transition temperature or inelastic
deformation of amorphous chains below their glass transition temperature. Additionally, this
system is the first to report a two-way shape memory behavior in compression, a characteristic
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that may prove useful for tissue engineered scaffolds with reversible actuation. The approach for
fabricating porous SMP foams and the chemistry employed in this Chapter can be used as a
simple way to fabricate porous shape-changing scaffolds, with applicability in 3D Active Cell
Culture, minimally-invasive medical devices, and deployable tissue engineered constructs.
In Chapter 5, the porogen-leaching technique and PCL-PEG chemistry developed in
Chapter 4 were used to fabricate expanding semi-crystalline SMP foam scaffolds as synthetic
bone grafts. A stiffer amorphous SMP foam was also explored combining the chemistry from
Chapter 2 with the porogen-leaching approach from Chapter 4. The feasibility of employing
SMP foams as synthetic bone substitutes was explored by implanting SMP foam grafts in a
mouse critical size segmental defect model in vivo. For such a load-bearing application, soft
semi-crystalline foams were unable to maintain defect stability and resulted in euthanasia of
mice within 4 weeks. The stiffer amorphous foam, however, maintained defect stability while
also integrating with the native bone interface at the defect site and providing torsional stability
comparable to an allograft control. This work demonstrated that SMP foams show promise as
deployable, space-filling synthetic bone substitutes. Significant improvements to the SMP foam
chemistry and architecture must be made before applying these foam in a clinically relevant
defect model, as the foams in their current state are not biodegradable and did not promote gross
de novo bone formation. Current efforts are focused on addressing these needs, as is discussed
below in the future work.
Finally, in Chapter 6, the stiff amorphous SMP foam developed in Chapter 5 was
applied in vitro to determine the effect of expansion on stem cell differentiation capacity. An
approach to improve bone regeneration in vivo that has received significant attention recently is
incorporation of osteogenic progenitor cells into synthetic bone substitutes. For SMP foams to be
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employed as deployable synthetic bone substitutes containing osteogenic progenitor cells, it is
important to understand how deployment may affect osteogenic differentiation capacity. We
found that SMP foam expansion of 25% had no detectable negative effect on the osteogenic
differentiation capacity of adherent stem cells. Foams cultured with stem cells for 4 weeks
expressed significant amounts of calcium deposition, which was confirmed to be cell-mediated
deposition. Furthermore, scaffolds promoted cell growth and infiltration into the interior of the
foam, where cell sheets were found spanning the pore surfaces. This work demonstrated the
feasibility of applying SMP foams as a deployable cell-therapy based treatment to facilitate bone
repair. Properties of this system, in particular the long-term stability of the programmed state at
30 °C coupled with shape-change triggering at 37 °C, also show promise for applying this
system as an Active Cell Culture scaffold. Such scaffolds that can dynamically change shape
under cytocompatible conditions are expected to reveal new insights into cell-material
interactions in a more biomimetic environment.
Overall, the SMP substrate and scaffolds developed in this dissertation show great
potential for use in Active Cell Culture and as tissue engineering scaffolds. Their tunability and
facile fabrication enable them to be applied in a wide range of applications. Some suggestions for
future work relating to the systems developed in this dissertation, as well as for SMP Active Cell
Culture work in general, are discussed below.

7.2 Recommendations for Future Work
7.2.1 Shape Memory 2D Substrates for Active Cell Culture
The SMP bilayer system described in Chapter 2 demonstrated that active wrinkling
during cell culture could be used to turn-on cell alignment. In this study, only the equilibrium
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states before and after wrinkle formation were investigated. However, we recognize the
possibility that different rates of wrinkle formation may have drastically different effects on cell
behavior. An advantage of this bilayer system is the acrylate-based chemistry enables easy
tuning of the recovery temperature and recovery kinetics. By fabricating a series of SMP bilayer
systems with different recovery kinetics, wrinkle formation on timescales much slower than,
similar to, and faster than that of cell cytoskeletal reorganization may be achieved. Results from
such studies may provide new insights into how cell cytoskeletal reorganization can be
controlled to elicit different cell responses, revealing new understandings about cell
mechanobiology in a dynamic environment.
While not explored as part of this dissertation, shape memory functionality may further
be exploited to fabricate new Active Cell Culture substrates capable of undergoing dynamic
changes in surface chemistry and elasticity. For example, the shape-changing capacity of SMPs
could be used to program micropatterned topographies that can dynamically change pattern
shape and area, which could elicit significant changes in cell behavior. Micropatterned adhesive
islands on static substrates have been previously used to control cell shape and cell spreading,
resulting in the ability to direct cells to grow or undergo apoptosis [1]. SMPs could be used to
turn-on such an effect by micropatterning large islands that are triggered to shrink into smaller
islands. This may enable the ability to program cells from a growth state to a cell-death state,
which could be useful for studying cancer cell mechanobiology. Additionally, dynamic changes
in micropattern shape have the potential to be used to actively direct stem cell lineage
commitment. Cell aspect ratio atop different micropatterns was shown to influence stem cell
lineage commitment down either an osteogenic path or adipogenic path [2]. SMP actuated
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changes in micropattern aspect ratio could be used to switch stem cell lineage specification on
demand.
Another aspect of SMP functionality that can be exploited for Active Cell Culture
substrates is the ability of SMPs to undergo large drops in stiffness (up to 3 orders of magnitude)
upon heating through a thermal transition temperature. Although SMPs fabricated to-date have
moduli that are too stiff to regulate cell behavior in vitro, advances in substrate fabrication now
enable the use of microposts to lower the effective stiffness felt by cells [1]. SMP substrates with
a micropost topography could be used to induce a change in the effective stiffness felt by cells,
and these changes could be used to change cell behaviors such as motility, morphology, and stem
cell lineage commitment which have been reported to be elasticity-sensitive (discussed in
Chapter 1). The use of SMPs for substrates with dynamic topographies, surface chemistries,
and elasticities is a promising application that will likely reveal new and significant
understandings of how dynamics in vivo play a role in regulating cell behavior.

7.2.2 Cell Tracking in Dynamic Environments
The SMP bilayer system was applied in Chapter 3 to investigate the effect of wrinkle
topography on cell motility. In this study, only tracking analyses of cells on static substrates
(substrates that did not dynamically form wrinkles with attached cells) were conducted. Current
efforts now focus on expanding these methods to tracking cells before, during, and after wrinkle
formation. Accurate tracking of cells during dynamic topography changes is expected to reveal
the kinetics of cells reorientation, motility change, and division orientations. Constructing
accurate tracks during translation will not be trivial, as additional tracking challenges will arise.
As wrinkling occurs, substrates may translate, rotate, or shift out of focus, which must be
minimized experimentally and accounted for in the ACTIVE tracking algorithm. Analysis of cell
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motility in these environments also requires tracking of cells over longer periods of time to study
the dynamic cell-material interactions on these non-equilibrium substrates.
In addition to addressing the challenges associated with tracking during a dynamic
topography change, application of cell tracking should be expanded to 3D scaffolds. While
interesting cell motility characteristics can be found in 2D tracking, cell migration in 3D is much
different that cell migration in 2D [3]. Our group has developed 3D fibrous scaffolds capable of
undergoing dynamic changes in fiber realignment under cytocompatible conditions [4].
Application of tracking in this fibrous 3D environment that more closely mimics extracellular
matrix (ECM) dynamics than 2D substrates will likely a major impact in the field of cancer cell
mechanobiology. In vivo, tumor cells directly remodel fibers of the ECM from a random
orientation to a radial orientation to promote cell invasion and metastasis [5]. Investigating tumor
cell migration in fibrous scaffolds that undergo biomimetic changes in fiber orientation can
provide a better understand of the interaction between tumor cells and the underlying ECM.

7.2.3 SMP Scaffolds for Bone Tissue Engineering
The application of SMP scaffolds for bone tissue engineering (Chapter 5) has received
significant interest over the past two years [6-8]. The work in Chapter 5 demonstrated the
feasibility of applying expanding SMP foams as space-filling substitutes for treating critical size
bone defects. While the PCL-PEG scaffold was too soft to provide adequate stability in a loadbearing application, it may serve as a functional bone repair strategy in non load-bearing
applications, such as craniofacial defects. PCL is a biocompatible, biodegradable [9, 10], FDA
approved polymer that shows promise for such application. Incorporation of hydroxyapatite
(HA) will improve the osteoconductivity and osteoinductivity of the PCL-based scaffold.
However, physical incorporation of HA into SMP foams proved inefficient, and modifications to
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the HA could be made to chemically incorporate it into the scaffold (work which is discussed in
Appendix 4).
One major limitation of the current stiff amorphous SMP foam is the acrylate-based
chemistry is not biodegradable. This prevents its use as a clinically-relevant bone repair strategy.
The next steps for exploring expanding SMP scaffolds is to develop stiff, biodegradable foams.
One approach to achieve this is to use a poly(D,L lactide) based chemistry that has been
previously developed in our lab as a biodegradable stent coating [11, 12] and later developed as
an SMP fiber mat [4]. Efforts for using this chemistry to fabricate SMP foams is discussed in
Appendix 5. Biodegradable, stiff foams should be explored in a larger, clinically-relevant animal
model such as sheep or dogs to determine the limitations of its load-bearing capacity. While the
stiff foams were able to maintain defect stability in a mouse model, it remains unclear how the
foam will function in a larger animal model.

7.2.4 SMP Scaffolds as Deployable Cell-Based Therapy
In Chapter 6 we found that SMP foam scaffolds show promise for use as a deployable
cell-based therapy to facilitate bone repair, as SMP deployment did not inhibit osteogenic
differentiation of adherent stem cells. As a natural next step, SMP foams seeded with osteogenic
progenitor cells should be evaluated in vivo to determine if bone repair is facilitated. Combining
the methods of Chapter 5 (intraoperative delivery of SMP bone grafts) and Chapter 6 (inducing
osteogenic differentiation in programmed scaffolds) can enable this application to be explored.
The effect of pore interconnectivity should be considered when developing these constructs, as
larger pore interconnections would be desired to facilitate nutrient transport through the scaffold
while promoting cell infiltration. As a consequence, however, the mechanical integrity of the
foams will decrease as the pore interconnectivity increases. Additionally, the ability of
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expanding SMP foams to conform to complex defects should be investigated, as this is an
attractive property that SMPs possess that many other non-deployable synthetic grafts do not.
Conformation to the defect site may promote faster integration of the construct if sufficiently
stability is afforded.

7.2.5 SMP Scaffolds as 3D Active Cell Culture Scaffolds
The SMP foam developed in Chapter 6 also possessed properties that are required of
Active Cell Culture materials. The foam maintained a stable temporary shape long-term while
promoting cell growth and infiltration, and was triggered to expand completely at a
cytocompatible triggering temperature. Several studies have investigated cell-material
interactions on 2D SMP substrates [13-15], but to-date only one 3D scaffold has been used as an
Active Cell Culture SMP scaffold to study cell-material interactions during dynamic architecture
change [4]. The SMP foam developed here can serve as an alternate Active Cell Culture scaffold
with cuboidal pores that can undergo large expansion ratios and apply large tensile strains to
attached cells. Expanding foam scaffolds could be investigated to determine if pore expansion
can be used as a biologically-relevant stimulus to induce differentiation in the absence of, or in
combination with, induction medium, which has been demonstrated on 2D SMP substrates [16].

7.2.6 Shape Memory Assisted Cell Seeding (SMACS)
An alternative idea for exploiting the expanding capability of SMP foams is to trigger
foam expansion in the presence of cell-containing medium to force, through suction, cells into
the interior of the scaffold. This concept, termed “Shape Memory Assisted Cell Seeding”
(SMACS), may serve as a useful method to homogeneously seed large numbers of cells into
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large 3D scaffolds. The methodology and preliminary results for investigating SMACS is
discussed in Appendix 6.
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Appendix One: MATLAB Analysis for Wrinkle Amplitude and Cell
Nuclear Alignment
A1.1 MATLAB Algorithm for Wrinkle Amplitude Analysis
Overview
To calculate the average amplitude of wrinkles formed in our bilayer system (Chapter
2), we have developed a custom MATLAB algorithm that analyzes the resulting text file from an
AFM scan. The code is designed to analyze uniaxial wrinkles only. Additionally, the code is only
designed to analyze AFM scans where wrinkles are aligned vertically or horizontally (not at an
off-axis).
Main M-File: Determining_Average_PeaktoValley.m
This m-file prompts the user to select an excel file that contains the AFM scan data and
calls on the function Peak_To_Valley.m to calculate the average amplitude (peak-valley
amplitude) and its standard deviation. This m-file also generates a histogram of peak-valley
amplitudes for the AFM scan. As displayed below, this code will analyze AFM scans where
uniaxial wrinkles are vertical. For horizontal wrinkles, uncomment “Mydata_Transpose =
Mydata;” and comment out “Mydata_Transpose = transpose(Mydata).” The output variables of
interest are “Average” and “Standard_Deviation” which are the average and standard deviation
of the calculated wrinkle amplitude.
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% Determining_Average_PeaktoValley.m
%
clear all;
%
% Ask the user to select the excel file corresponding to the AFM trace
[filename, pathname] = uigetfile('*.xlsx', 'Select an Excel file');
Mydata = xlsread(filename);
%
% Adjust the data so the lowest valley starts at a position of "0"
MinValue = min(min(Mydata));
Mydata = Mydata-MinValue;
%
% Mydata_Transpose = Mydata; % Use this if wrinkles are horizontal in AFM
% scan
Mydata_Transpose = transpose(Mydata); % Use this if wrinkles are vertical
%
x=5; % Number to "average" over, must be greater than 3; Large numbers may
%
lose peaks or valleys
%
% Calculate the amplitude for each peak-valley distance for the first
% scan(horizontal row) of the AFM data
Peak_Valley(:,1) = Peak_To_Valley(Mydata_Transpose(:,1),x);
%
% Loop to calculate the amplitude for each peak-valley distance for the
% remaining scans (horizontal rows) of the AFM data; these values are all
% combined into one vector, Peak_Valley
for i = 2:size(Mydata_Transpose,2);
New_Peak_Valley(:,1) = Peak_To_Valley(Mydata_Transpose(:,i),x);
Peak_Valley = [Peak_Valley; New_Peak_Valley];
clear New_Peak_Valley;
end
%
% Plot a histogram of all the peak-valley amplitudes
figure(1);
hist(Peak_Valley,30);
title('Histogram with Averaged Valleys');
xlabel('Pixel Height Bin')
ylabel('Count')
%
% Calculate the average and standard deviation of peak-valley amplitudes
Average = mean(Peak_Valley)
Standard_Deviation = std(Peak_Valley)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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Function: Peak_To_Valley.m
This function takes in a vector corresponding to one line profile of the AFM scan and an
averaging window, “x”, to isolate peaks and valleys from the rest of the trace. The height
between consecutive peaks and valleys is calculated and stored in an output vector, Peak_Valley.
This vector will thus contain all the peak-height values for a given line profile of the AFM scan.

function [Peak_Valley] = Peak_To_Valley(Mydata_Vector,x)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Inputs:
%
- Mydata_Vector: Vector of heights for a line profile of the AFM
%
scan
%
- x: An averaging number used to isolate peaks and valleys; higher
%
values remove noise and "false" peaks/valleys, but too large of a
%
number will result in losing real peaks/valleys. Number must be
%
odd and >= 3. Range of 3-11 works well for our typical scans.
%
%
Outputs:
%
- Peak_Valley: Vector of all Peak - Valley heights
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Allocating vector space and determining loop size
y = size(Mydata_Vector,1)-x;
My_Max_Vector = zeros(y, 1);
My_Min_Vector = zeros(y, 1);
My_Matrix = zeros(y,4);
%
%
Loop creates matrix of peak (max) and valley (min) heights based on
%
using at a moving range of "x" points
for i=1:y;
My_Vector = zeros(x, 1);
for j = 1:x;
My_Vector(j,1) = Mydata_Vector(i+j-1);
end
My_Max_Vector(i,1) = max(My_Vector);
My_Min_Vector(i,1) = min(My_Vector);
My_Matrix(i,1) = i;
My_Matrix(i,2) = Mydata_Vector(i+ceil(x/2),1);
My_Matrix(i,3) = My_Max_Vector(i,1);
My_Matrix(i,4) = My_Min_Vector(i,1);
end;
%
My_NewMatrix = zeros((y-3),4);
My_NewMax_Vector = zeros((y-3),1);
My_NewMin_Vector = zeros((y-3),1);
%
%
Loop sets non-peak points to "0" and non-valley points to "-1". This
%
makes calculating di
for k=1:(y-3);
s = -1; % Dummy variable for altering non-minimum points
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if My_Max_Vector(k,1) == My_Max_Vector(k+1,1) && My_Max_Vector(k,1)
== My_Max_Vector(k+2,1) && My_Max_Vector(k,1) == My_Max_Vector(k+3,1);
My_NewMax_Vector(k,1) = My_Max_Vector(k,1);
else My_NewMax_Vector(k,1) = 0;
end;
if My_Min_Vector(k,1) == My_Min_Vector(k+1,1) && My_Min_Vector(k,1)
== My_Min_Vector(k+2,1) && My_Min_Vector(k,1) == My_Min_Vector(k+3,1);
My_NewMin_Vector(k,1) = My_Min_Vector(k,1);
else My_NewMin_Vector(k,1) = s;
end;
My_NewMatrix(k,1) = k;
My_NewMatrix(k,2) = My_Matrix(k,2);
My_NewMatrix(k,3) = My_NewMax_Vector(k,1);
My_NewMatrix(k,4) = My_NewMin_Vector(k,1);
end;
%
%
Loop that calculates the number of peaks and valleys, and stores the
%
heights of those peaks and valleys in vectors called "Max" and "Min",
%
respectively.
z = 0; % counter for number of peaks
v = 0; % counter for number of valleys
for l=1:(y-4)
if My_NewMax_Vector(l,1) > 0 && My_NewMax_Vector(l+1,1) == 0;
z = z + 1;
Max(z,1) = My_NewMax_Vector(l,1);
end;
if My_NewMin_Vector(l,1) >= 0 && My_NewMin_Vector(l+1,1) == s;
v = v + 1;
Min(v,1) = My_NewMin_Vector(l,1);
end;
end;
%
%
Calculate the difference in height between consecutive peaks and
%
valleys
w = min(z,v); % Determines if there are less peaks or valleys
counter = 0;
for c = 1:w-1;
Peak_Valley(c+counter,1) = Max(c)-Min(c);
Peak_Valley(c+counter+1,1) = Max(c+1) - Min(c);
counter = counter + 1;
end;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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A1.2 MATLAB Algorithm for Calculating Nuclear Angle Spread
Overview
To calculate the angular spread of cell nuclei, a custom MATLAB algorithm was
developed where the standard deviation of cell angular spread was calculated. Cell angles were
adjusted and rotated in 1° increments to determine the angle that resulted in maximum
alignment. The resulting standard deviation, angle resulting in max alignment, and the adjusted
cell angles are output and can be used for further analysis and histogram plotting.

Function: AngleSpread2.m
This function takes a vector of cell nuclear angles (in degrees) and first passes them to a
sub-function, AngleAlign.m, that adjusts the cell angles so they are positive and centered around
90°. After obtaining adjusted angles, this function calculates the truncated standard deviation of
the nuclear angles and then subtracts 1° from all of the angles and calculates a new truncated
standard deviation. This happens for all 180° to get the reference angle that results in max
alignment (minimum standard deviation). This function returns the minimum standard deviation
(max alignment), the corresponding reference angle, and the adjust cell angles centered about
this reference angle.
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function
[FinalStd,
MaxAngle,
HistogramMaxVector]
AngleSpread2(AngleVector)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Input:
%
- AngleVector: A vector of nuclear angles in Degrees
%
Outputs:
%
- FinalStd: Standard deviation of the nuclear angles
%
- MaxAngle: The rotation angle that leads to maximum alignment
%
- HistogramMaxVector: Vector of adjusted cell angles that can be
%
used to make a histogram where 90 Degrees is the angle of max
%
alignment
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Determines the minimum standard deviation of an angle vector by rotating
% by 1 degree at a time for 180 degrees
AngleVector = AngleVector(~isnan(AngleVector));
StdVector = zeros(180,1);
MinStd = 1000000;
NonTruncStdVector = zeros(180,1);
for i = 1:180;
AlignedAngleVector = AngleAlign(AngleVector);
AlignedAngleVector = AlignedAngleVector - 90;
%
If for some reason angles are outside of -90 to +90, something went
%
wrong; make sure angles are in degrees
if max(AlignedAngleVector) > 90
disp('error max angle')
continue
end
if min(AlignedAngleVector) < -90
disp('error min angle')
end
%
%
Calculate the standard deviation of angles; then adjust the angles.
%
Uses the truncated standard deviation formula derived by Davidson et
%
al. Acta Biomaterialia. 2010;62590-2598
NonTruncStdVector(i)
(sum(AlignedAngleVector.^2)/size(AlignedAngleVector,1))^0.5;
StdVector(i) = 52/(1+543*NonTruncStdVector(i)^(-1.96));
%
%
If this rotation angle results in lower standard deviation, store it
%
and update the MinStd, otherwise do nothing.
if StdVector(i) < MinStd;
MaxAngleVector = AngleVector;
MinStd = StdVector(i);
MaxAngle = i;
end;
AngleVector = AngleVector - 1; % rotate cell angles by 1 Degree
end;
%
% Adjust the cell angles to be centered about 90 Degrees, which now
% corresponds to angle of most alignment;
ModMaxAngleVector = AngleAlign(MaxAngleVector);
HistogramMaxVector = ModMaxAngleVector;
FinalStd = std(HistogramMaxVector);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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Function: AngleAlign.m
This function simply takes a vector of angles and adjust them so they are all positive
(between 0 and 180) and they are centered about 90°.

function AngleVectorMod2 = AngleAlign(AngleVector)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Input:
%
- AngleVector: A vector of nuclear angles in Degrees
%
%
Outputs:
%
- AngleVectorMod2: A vector of nuclear angles that are adjusted so
%
they are positive (between 0-180 Degrees) and centered about 90
%
Degrees.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Allocate space and determine loop size
x = size(AngleVector,1);
AngleVectorMod = zeros(x(:,1),1);
AngleVectorMod2 = zeros(x(:,1),1);
%
% Loop that adjusts all angles to be between 0 and +180
for y = 1:x;
%
%
Make all angles positive
if AngleVector(y) < 0;
AngleVectorMod(y) = AngleVector(y) + 360;
else AngleVectorMod(y) = AngleVector(y);
end
%
%
Make all angles between 0 and 180
if AngleVectorMod(y) > 180
AngleVectorMod(y) = AngleVectorMod(y) - 180;
end
%
%
Centers the angles about 90 Degrees
if AngleVectorMod(y) < 90;
AngleVectorMod2(y) = 90 - AngleVectorMod(y);
else AngleVectorMod2(y) = AngleVectorMod(y)*(-1) + 270;
end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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Appendix Two: ACTIVE Tracking User’s Manual
Overview
The Automated Contour-based Tracking for In Vitro Environments (ACTIVE) approach
was designed for automated nuclear cell tracking and was created using MATLAB version
2011a. It requires a valid MATLAB license to run. This user’s manual details the main
parameters used and the general operation of the tracking code as it was implemented in
"Automated, contour-based tracking and analysis of cell behavior over long timescales in
environments of varying complexity and cell density"[1]. While the suggested parameters are
specifically tailored to the aforementioned study, the system was developed to work well for
tracking in images that display fluctuations in intensity within a single image or for a series of
images that display significant variations in contrast over time. The complete tracking algorithm
and a sample set of images can be downloaded at: http://henderson.syr.edu/downloads/

Image Preparation
The code is equipped to read 16-bit grayscale image stacks. The stacks must be .tiff, and
can be converted to the proper format with ImageJ:
Open stack in Image J --> Image --> Type --> 16-bit --> File --> Save as --> Tiff
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There are currently no requirements for the tiff stack name, apart from standard naming
conventions relevant to MATLAB (e.g., no symbols, spaces, etc.). Once initialized, the program
will direct the user to select the tiff stack for analysis:

Though it is not required, it is suggested that the tiff stack be placed in the same directory
as the unzipped tracking code for convenience.

Operation
The

ACTIVE

approach

operates

entirely

from

the

wrapper

function,

run_tracking_contour2.m. Briefly, contour segmentation of images is first achieved through
implementation of the makecontourparentarray.m function and ellipse fitting is accomplished
through find_particles_fixed.m. Once segmented, cells are tracked using the modified Kilfoil
function

trackmem_new.m.

Post

tracking

correction

is

then

completed

using

the

sib_matrix_creation.m, collision_corrector_rtc2.m, collision_tags_rtc2_3.m, and relabeling.m
functions. An additional division correction was performed for the current study prior to
relabeling

to

account

for

frustrated

divisions.

284

Analysis

of

outputs

from

the

run_tracking_contour2.m function can then be assessed using the supplemental analysis code to
generate mean squared displacement, velocity autocorrelation, and asphericity plots, similar to
those displayed in the tracking manuscript.

Detailed Tracking Instructions
1. Download the full tracking code from http://henderson.syr.edu/downloads/
2. Unzip the file and place all of the functions into a new folder within a stable directory.
Navigate to this directory within MATLAB and open the function file labeled
run_tracking_contour_rtc2.m.
3. Right click (control click for Mac) on the "Main Code" folder and select "Add to Path" -> "Selected Folders" to add the main code to the current function path.
4. Initialize the run_tracking_contour_rtc2 function within MATLAB. This can be achieved
by copying the following code into the command window and pressing enter (return on
Macs):
[ xyzs_id, xyzs_id_columns, filename, framerate] = run_tracking_contour2();
*Note that both of the above lines contribute to the single function call.
5. A basic GUI window will pop up with a series of parameters that the user can
manipulate. At the current time, these parameters must be manually adjusted The default
setting for these parameters is optimized for a C3H10T1/2 mouse fibroblast dataset with
a cell density of 87,500 cells-mL-1 stained at a Hoechst 33342 dye concentration of 0.01
μg-mL-1. Parameter details are described below:
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a. Plot Toggle: Determines whether individual frame
images (contour and ellipse plots) are displayed. It is
of note that turning on this functionality will produce
two plots for each image assessed. For example, in a
standard 480 frame tiff stack used in the tracking
manuscript, this would result in 960 images
produced. For most computers, this will result in an
error in MATLAB, due to insufficient memory. Thus,
it is recommended that plot toggle is turned off,
unless using a relatively small substack. Plotting
individual images significantly increases run time
(value of 1 = on, value of 0 = off). Plot Toggle can be
used to look at segmentation results (both contour
fitting and ellipse fitting), allowing a user to view how changing parameters affects
segmentation.
b. Number of Contours: Maximum number of total contour levels into which a single cell's
intensity profile can be sectioned. Note that the current tracking version uses a built in
MATLAB histogram stretching function (imadjust) to improve contour fitting. Increasing
the number of contours in most cases improves segmentation at the cost of significantly
increasing run time.
c. Half Particle Diameter: A half size measurement of a typical cell/object in pixels (must
be an odd integer for image filtering purposes). Changing this parameter can be used to
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optimize segmentation. We found that a value slightly larger than the particle radius
worked best for our experimental data.
d. Noise Wavelength: Characteristic noise value for each image (in pixels). This value can
be changed to affect the bandpass filtering of the image and consequently the
segmentation. Values of 1-3 typically work best.
e. Collision Plot Toggle: Determines whether collision event plots/videos are produced.
Tracks for a subset of division/collision are produced (~10-15) depending on the total
number of collisions identified by the code. These videos can be used to look at cell
interactions before and after post-processing to evaluate if post-processing is correctly
switching mislabeled cell IDs
f. Maximum Area: Maximum area threshold for a single cell. Particles with an area greater
than this parameter are deleted.
g. Minimum Area: Minimum area threshold for a single cell. Particles with an area smaller
than this parameter are deleted.
h. Maximum Displacement: Maximum distance a single particle moves, frame to frame (in
pixels). This parameter is used for linking and larger values may lead to combinatorics
issues. If the parameter leads to combinatorics issues, a warning message is displayed. A
typical value is the diameter of an average cell.
i. Frame Time: Time step between two consecutive images (minutes), as defined during
experimental capture of the image stack
j. Maximum Collision Time: Maximum time cells can be completely occluded during a
merging event. This parameter is used to construct complete merging events during postprocessing.
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The above parameters were set to the following values for all samples run in the tracking
manuscript:
Parameter
Value
0
Plot Toggle
15
Number of Contours
13
Half Particle Diameter
2
Noise Wavelength
0
Collision Plot Toggle
260
Maximum Area
10
Minimum Area
20 or 17*
Maximum Displacement
3
Frame Time
10
Maximum Collision Time
*All high density samples for the presented tracking paper were run with a maximum
displacement of 17 pixels due to complex combinatorics issues preventing tracking completion
or resulting in significantly increased run time. All low and medium density samples were run
with a max displacement of 20 pixels.
Once processing is complete, a .mat file will appear, saved as the same filename of the tiff stack
used. This .mat file includes the following information:
A. xyzs_id: the main output matrix containing all cell information stored for all frames.
For the current version of ACTIVE, xyzs_id contains the following column outputs:

1. x-position: the x-position for the center of mass of a cell in a specific frame
2. y-position: the y-position for the center of mass of a cell in a specific frame
3. major axis: long-axis length of the fitted cell ellipse
4. minor axis: short-axis length of the fitted cell ellipse
5. theta/angle information: positional orientation of the fitted cell ellipse (-3/4*pi to
3/4*pi)
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6. area: calculated area of the fitted ellipse
7. intensity: calculated intensity for the fitted ellipse
8. a sibling cell tag within a specific frame (used for sibling identification)
9. a sibling cell tag for overall particles (used for matching cell sibling IDs)
10. an individual reference number for each cell in all frames (used for matching cell
sibling IDs)
11. frame number
12. cell identification tag
13. overall color number reference for colored ellipse plotting
14. color number reference tailored to Matlab's pre-set color system
15. original cell ID before relabeling

B. xyzs_id_columns: the column number in xyzs_id containing cell IDs after linking
C. t_matrix: same outputs as xyzs_id (columns 1-11), prior to linking; full cell
information matrix resulting from segmentation portion only. This matrix can be used
to adjust linking parameters (e.g., Max Displacement).
D. frame_avg:
1. Average major axis value per frame
2. Average minor axis value per frame
3. Average aspect ratio per frame
4. Average angle of orientation of cells per frame
5. Average area of cells per frame
6. Average integrated intensity of cells per frame
7. Average intensity of cells per frame
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E. event_array:

1. Cell 1 index into xyzs_id
2. Cell 1 ID
3. Cell 2 ID
4. Frame
5. Color number reference (relates to columns 13/14 in xyzs_id)
6. Type of collision (division, collision, or continuing collision only)
7. Index used to build the event array
8. Event number
9. Cell 2 index into xyzs_id

F. event_array2: An updated event_array (same information as above), with cell IDs in
the events updated post division-correction
Once completed, the system will save a .mat file with the above information (A-F) in a
new analysis folder in the directory directly above where the image data is stored. This new .mat
file will have the same filename as the image stack assessed.
Detailed Correlation Analysis Instructions
1. Correlation analyses can be directly run after running run_tracking_contour2.m and
storing the output. You can additionally load the saved .mat file (directory noted above).
2. Right click (control click for Mac) on the "Correlation Analyses" folder and select "Add
to Path" --> "Selected Folders" to add the correlation code to the current function path.
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3. The main code for the correlation analyses is corr_analysis.m This function runs the
MSD, velocity auto-correlation, diffusion plot generation, and cell track asphericity
calculations. The call to the function is:
[MSD_mat,

decomp_MSD_mat,

vel_mat,

asphericity]

=

corr_analysis(xyzs_id,

xyzs_id_columns, framerate, filename, new_dir, theta, accuracy, plot_toggle)
4. The parameters xyzs_id, xyzs_id_columns, framerate, filename, and new_dir are part of
the output of run_tracking_contour2.m and do not need to be specified. The parameters
theta, accuracy, and plot_toggle do need to be specified, and a description of each is
below:
a. theta: The angle of anisotropy, if any, clockwise from the horizontal (default is 0).
b. accuracy: The number of points to include in the finite difference calculation for
determining cell velocities. Must be 2, 4, 6 or 8 (default is 8).
c. plot_toggle: When this toggle is on, the correlation analysis plots are generated
and saved. When this toggle is off, only the calculations are performed and no
plots are generated (default is 1, or “on”)
5. Call the function with the appropriate parameters specified.
Once processing is complete, a .mat file will appear, saved as the name ‘Final_Analysis.mat’
located in a new folder in the directory with the original .mat file from run_tracking_contour2.
This .mat file includes the following information:
A. MSD_mat: cell array with the first row of cells containing parameter labels and the
second row containing the parameter values for the MSD analysis. The columns of
the cell array are:
1. Short timescale slope
291

2. Long timescale slop
3. Mobility parameter (Intercept of line fit to long timescale data)
B. Decomp_MSD_mat: cell array with the first row of cells containing parameter labels
and the second row containing the parameter values for the decomposed MSD
analysis. The columns of the cell array are:
1. X-Short timescale slope
2. X-Long timescale slope
3. X-Mobility parameter
4. Y-Short timescale slope
5. Y-Long timescale slope
6. Y-Mobility parameter
C. vel_MAT: cell array with the first row of cells containing parameter labels and the
second row containing the coefficients of the exponential decay fit for the velocity
auto-correlation analysis. The columns of the cell array are:
1. X-Amplitude
2. X-Decay constant
3. X-Offset
4. Y-Amplitude
5. Y-Decay constant
6. Y-Offset
D. asphericity: A vector containing the cell track asphericity values, with each row
corresponding to a unique cell
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Along with saving a .mat file containing the parameter values, the following plots will be
generated and saved if plot_toggle is turned on: (Note all plots will be saved to a new folder that
is created in the new_dir path)
1. filename_full_tracks: This is a plot of all cell tracks
2. filename_full_alpha: This is a semilog plot of the Gaussian parameter alpha v
time for the complete MSD analysis.
3. filename_full_MSD: This is a log10 MSD v. log10 Δt plot containing lines fit
to the short timescale and long timescale data of the MSD profiles.
4. filename_MSD_decomp: This is a log10 MSD v. log10 Δt plot containing
lines fit to the short timescale and long timescale data for both the x and y
direction MSD profiles.
5. filename_alpha_power_fit: This is a semilog plot of the Gaussian parameter
alpha v time, for both the x and y directions, for the decomposed MSD
analysis. This plot also contains power law fits to the alpha traces.
6. filename_alpha_no_fit: This is a semilog plot of the Gaussian parameter alpha
v time, for both the x and y directions, for the decomposed MSD analysis.
This plot also does not contain power law fits to the alpha traces.
7. filename_velocity: This is a plot of the velocity auto-correlation v. Δt in both
the x and y directions. An exponential decay is fit to each trace and the fit
coefficients displayed.
8. filename_gyration_plot: This is a plot of the terminal cell positions, with
respect to a common origin, rotated by the principle eigenvecter direction for
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each cell track. The anisotropy of the terminal positions is directly
proportional to track asphericity.
9. filename_diffusion_plot: This is a plot of the terminal cell positions for all
cells with respect to a common origin. The anisotropy of the terminal
positions qualitatively shows the degree of collective anisotropic cell motility.
10. Diffusion and gyration tiff plots: In a new folder in this same directory, a
series of tiff images containing the cell positions from (8) and (9) above for
each frame, rather than terminal position, is saved. From these images videos
can be generated to show how the cells diffuse and track asphericity develops
as a function of time.
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Appendix Three: MATLAB Analysis for Biomechanical Torsion
Testing of Femurs
Overview
A custom MATLAB algorithm was developed to help analyze the torsional testing results
in Chapter 5. Torsional testing data was collected using a materials testing unit (QTest, MTS
Corporation), and images of the femur were acquired in real-time during testing at a frequency of
1 Hz. The MATLAB algorithm overlays the testing images with the loading trace, allowing the
user to better interpret the loading trace based on visual observations of the femur. Additionally,
the algorithm calculates torque, energy, and stiffness values from the loading trace.

Using the Code
When using the code, you will be asked to select a .tif stack (images of the testing) and a
corresponding .txt file (MTS output text file). For this study, the .txt file contained the signal
names in the 5th line, and the data values starting in the 7th line, and the the code is written to read
a .txt file with this structure. Changes to the “textscan” call can be made if reading in a different
.txt layout is required. The code next will ask for a start time and an end time to read the data. All
data that is read will be analyzed, so if users want to remove the toe region from the loading
curve they should specify a start time accordingly.
The code will use this information and generate a series of plots at the same frequency as
the image acquisition (1 Hz in this case). For a frequency of 1 Hz, a plot will be generated for
each second of testing, with the loading curve up to that second plotted, and the corresponding
image overlaid. Sequential images will be saved as individual .tiff images. The code will then
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calculate max torque, energy-to-failure, and torque and energy at 70 Degree rotation (used as
maximum rotation angle in our study). Additionally the code will calculate stiffness by
performing linear regression on the “start_angle” and “end_angle” parameters specified in the
code (user should hard code change these).

Code
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% Allow user to select .tiff stack and video of mechanical testing, then
% combine those into one plot
%
% GLOBAL PARAMETERS
image_frequency = 1; % Specify the image frequency in Hz
radius = 12.01; % Specify the torque system radius in mm (used in plotting to
%
calculate torque)
start_angle = 0; % Beginning angle for calculating stiffness (beginning of
%
linear region)
end_angle = 30; % End angle for calculating stiffness (end of linear region)
%
% Open the tif stack of the tested images to be loaded
[filename, pathname] = uigetfile({'*.tif'}, 'Select a tif stack');
stackname = [pathname filename];
image_info = imfinfo(stackname);
number_images = numel(image_info);
%
% Open the .txt file, and store the values and headers
[filename2, pathname2] = uigetfile('*.txt', 'Pick the text file to open');
fileID = fopen([pathname2 filename2]);
headers = textscan(fileID,'%q %q %q %q',1,'HeaderLines',5,'Delimiter',',');
values = textscan(fileID,'%f %f %f %f','HeaderLines',7,'Delimiter',',');
%
% Define the load and displacement vectors (should always be column 3 and 1
% for our testing setup; can check headers to make sure)
load = values{1};
time = values{2};
displacement = values{3};
frequency = values{4};
%
% % Find where in the data the frequency generator is turned on and adjust
% % the data accordingly
% index = find(frequency == 1, 1,'first');
index = find(displacement ~= 0, 1,'first');
load = load(index:length(load));
time = time(index:length(time));
displacement = displacement(index:length(displacement));
%
% Adjust the time so it now starts at time = 0
time = time - time(1);
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%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% This is added to allow the user to specify a start and end point for the
% data.
prompt = {'Start Time (s):','End Time (s):'};
dlg_title = 'Testing Parameters';
num_lines = 1;
def = {'0',num2str(time(length(time)))};
answer = inputdlg(prompt,dlg_title,num_lines,def);
%
start_time = str2num(answer{1});
end_time = str2num(answer{2});
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% Now adjust the data based upon start and end time
bool_data = time >= start_time & time <= end_time;
time = time(bool_data);
load = load(bool_data);
displacement = displacement(bool_data);
time = time - time(1);
displacement = displacement - displacement(1);
load = load - load(1);
%
%Determine plotting boundaries
xmin = min(displacement*180/pi/radius); % Converted to degrees
xmax = max(displacement*180/pi/radius);
ymin = min(radius*load); % Converted to Torque
ymax = max(radius*load);
%
% Specify save location
[~,figbase,~] = fileparts(filename);
mkdir(pathname,figbase);
addpath(pathname,figbase);
%
% Index for while loop
i = start_time*image_frequency + 1;
testing_time = max(time) + 1/image_frequency;
current_time = time(1);
%
% Loop that generates and saves tiff images for each "frame" of testing
while current_time <= testing_time
if i <= number_images
image = imread(stackname, i, 'Info', image_info);
image = padarray(image, 5, 5);
else
image = imread(stackname, 1, 'Info', image_info)*0;
end
%
% Isolate data only before loading time; Convert to Angle v. Torque
bool_test = time <= current_time;
displacement_plot = displacement(bool_test)*180/pi/radius; % In degrees
load_plot = load(bool_test)*radius; % Torque in N-mm
%
% Calculate the energy up to loading time
if sum(bool_test) > 1
energy = trapz(displacement_plot, load_plot);
else
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energy = 0;
end
%
% Plot data up to loading time; Include torque, displacement, and
% energy on plot
h = figure(i);
ax1 = axes('Position',[0 0 1 1],'Visible','off');
ax2 = axes('Position',[.3 .1 .6 .8]);
plot(ax2,displacement_plot, load_plot,'r','LineWidth',2);
axis([xmin xmax ymin 2*ymax]);
xlabel('Rotation Angle (degrees)')
ylabel('Torque (N-mm)')
title(['Time ' num2str(current_time,3) ' seconds'])
hold on
imagesc([xmin xmax], [2*ymax ymax],image)
%
text_block = {'Time';
[num2str(current_time,3) ' seconds'];
' ';
'Rotation Angle (degrees)';
num2str(displacement_plot(length(displacement_plot)));
' ';
'Torque (N-mm)';
num2str(load_plot(length(load_plot)));
' ';
'Energy (N-mm-deg)';
num2str(energy)};
%
axes(ax1); % sets ax1 to current axes
text(.025,0.6,text_block)
hold off
%
figname = [figbase, '_',num2str(i)];
saveas(h, [pathname, figbase, '\', figname] , 'tif');
close(h);
current_time = current_time + 1/image_frequency; % Advance the time
i = i + 1;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Now let's calculate some values
torque = load*radius;
angle = displacement*180/pi/radius;
%
% Perform linear regression on first 60 degree worth of data
bool_regression = angle >= start_angle & angle <= end_angle;
p = polyfit(angle(bool_regression),torque(bool_regression),1);
yfit = polyval(p,angle(bool_regression));
yresid = torque(bool_regression) - yfit;
SSresid = sum(yresid.^2);
SStotal = (length(torque(bool_regression))-1)*var(torque(bool_regression));
stiffness = p(1); % Stiffness is slope of regression curve
r_squared = 1 - SSresid/SStotal; % Calculate R squared for the regression
%
% Max Torque and energy
max_torque = max(torque);
index1 = find(torque==max(torque),1,'First');
angle_max_torque = angle(index1);
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enery_max_torque = trapz(angle(1:index1),torque(1:index1));
%
% Energy at end of testing
energy_break = trapz(angle,torque);
%
% Torque and Energy at 70 Degree Rotation
index2 = find(angle >= 70,1,'First');
torque_70 = torque(index2);
energy_70 = trapz(angle(1:index2),torque(1:index2));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Sample .txt Format (comma delimited): (Note: Digital Input was from frequency generator
that controlled data collection and image acquisition)
""
"Test Method","MEO_torsion_mouse_femur.msm"
"Sample I. D.","Sample7.mss"
"Specimen Number","8"
"Load (N)","Time (s)","Crosshead (mm)","_DigitalInput1 ()"
-0.06,0.400,0.000,0.000
0.01,0.800,0.000,0.000
0.00,1.000,0.000,0.000
0.00,1.200,0.000,0.000
0.00,1.400,0.000,0.000
0.00,1.600,0.000,0.000
-0.01,1.690,0.000,1.000
0.00,2.000,0.164,1.000
0.00,2.600,0.545,0.000
0.00,2.800,0.670,1.000
0.00,3.000,0.796,1.000
0.00,3.200,0.924,1.000
0.00,3.400,1.050,0.000
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Sample Image Sequence:

………………………………………………………………………………………………………
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Appendix Four: Functionalized Hydroxyapatite
Motivation
For the SMP PCL-PEG foams used in Chapter 5, we incorporated hydroxyapatite, a
bioactive molecule, physically into the foam during fabrication. Relying on physical
incorporation, however, resulted in low loading efficiencies of 40% (refer to Figure 5-2a). One
method that may improve the loading efficiency is to functionalize HA nanoparticles and
chemically crosslink them into the network. To do this, HA can be functionalize using the same
reactive end-group that was used for PEG functionalization in Chapter 4 (Section 4.3.1.2). The
approach for achieving this as well as preliminary results are discussed below.

Method
HA nanoparticles were functionalized (Scheme A4-1) with vinyl end-groups. Following
a published protocol[1], hydroxyl groups on HA nanoparticles were grafted with hexamethylene
diisocyanate, followed by addition of ethylene glycol (EG) (Scheme A4-2a) to add a reactive
hydroxyl group to the grafted chain. This functionalized HA was then reacted with allyl
isocyanate (Scheme A4-2b), yielding a reactive vinyl group that can be end-linked through thiolene chemistry with the functionalized PCL and PEG macromers. Detailed reaction steps for each
step are shown in Scheme A4.
To determine if grafting was successful, fourier transform infrared spectroscopy (FTIR)
and thermogravimetric analysis (TGA) was performed on unmodified and modified HAp
particles. For FTIR, HAp powder was mixed with potassium bromide salt and compressed to
form a thin film for scanning. An average of 15 scans were recorded and the absorption peaks
compared between unmodified and modified HAp. For TGA analysis, samples were heated at 20
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°C-min-1 to 700 °C and the thermal degradation profiles compared. Furthermore, 80PCL-20PEG20HA (20% loading of HAp) foams were fabricated following the modified porogen leaching
technique described in Chapter 4 (Section 4.3.2), with the only difference being modified HAp
particles were mixed with the polymer solution before adding the solution to the fused salt
template. TGA analysis was performed on the resulting foam to determine the loading efficiency.

Preliminary Results
Functionalization of hydroxyapatite was confirmed by FTIR and TGA. FTIR analysis
(Figure A4-1a) showed the presence of absorption bands at 1610 cm-1 and 1580 cm-1 for the
functionalized HA which are not present in the unmodified HA, suggesting grafting was
successful. The absorption bands at 1610 cm-1 and 1580 cm-1 are from the presence of –NHCO[1]. No absorption band was present at 2255 cm-1, which would be present if free isocyanate
remained, suggesting EG was grafted to the isocyanate band. However, no observable difference
in absorption spectra were found between HAp-EG and HAp-EG-DA, so it was unclear if this
last reaction step was successful. TGA analysis of unmodified HAp revealed minimal weight
loss when heated to 700 °C, whereas functionalized HAp exhibited a weight loss of 11% when
heated to 700 °C (Figure A4-1b), supporting our findings that a polymer chain was grafted to
the HAp.
80PCL-20PEG-20HA foams were fabricated using the modified HAp, and TGA analysis
of those foams showed 14% weight remaining following heating to 700 °C, which suggests a
loading efficiency of ~70% (79% if we account for the EG degradation that is assumed to be
grafted on the HAp particle). This preliminary results suggest this method of HA incorporation
may be more efficient than physical incorporation, however further studies should be done to
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determine grafting efficiency, whether DA was successfully grafted, and if the modified HA is
chemically linked to the PCL-PEG scaffold.
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Scheme A4-1. Hydoxyapatite nanoparticels (HAp) are functionalized with a reactive vinyl group
following a 3-step process. First unmodified HAp is grafted with hexamethylene diisocyanate
with dibutyltin dilaurate as the catalyst. Next ethylene glycol is added to the reaction flask and
grafted to the free isocyanate group on the modified HAp. Finally allyl isocyanate is reacted with
the hydroxyl groups of the grafted ethylene glycol to add a vinyl terminated end group to the
HAp. Detailed reaction processes for steps 1 and 2 are shown in Scheme A4-2a, and a detailed
reaction process for step 3 is shown in Scheme A4-2b.
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Scheme A4-1. Reaction protocol for (a) grafting ethylene glycol (EG) to HAp to form HAp-EG
and (b) end-capping allyl isocyanate to the HAp-EG particles for form functionalized HAp-EGDA. For (a) HAp particles are reacted with hexamethylene diisocyanate, using dibutyltin
dilaurate as a catalyst, for 8 h at 50 °C in DMF; next ethylene glycol is added to the reaction
flask and the reaction carried out at 60 °C for 12 h; finally the HAp-EG particles were
centrifuged and washed 3 times with DCM. For (b) the HAp-EG particles were reacted with allyl
isocyanate, using dibutyltin dilaurate as the catalyst, at 90 °C for 4 h, followed by centrifugation
and washing with DCM 3 times, and finally drying.
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Figure A4-1. Functionalization of HA nanoparticles. (a) Fourier transform infrared spectroscopy
(FTIR) comparison of functionalized and unmodified HA particles indicate new absorption
bands at 1610 cm-1 and 1580 cm-1, indicative of successful EG grafting; however, no detectable
changes in band absorption were found after grafting with DA. (b) TGA degradation traces show
a polymeric degradation for the functionalized HA-EG-DA particles when compared to the
unmodified particles, which exhibit minimal weight loss up to 700 °C. (c) 80PCL-20PEG-20HA
scaffolds had an average of 14% weight remaining, indicating a loading efficiency of 70%,
which is better than the 40% from physical HA incorporation in Chapter 5.

307

Appendix Five: Biodegradable Amorphous SMP Foams
Motivation
In Chapter 5, we showed that an amorphous, glass transition (Tg) based shape memory
polymer (SMP) foam was able to serve as a stable synthetic bone substitute in a critical size
segmental defect model. In that study we employed an acrylate-based system that was not
biodegradable, which limits its use as a clinically-relevant synthetic bone substitute. Moving
forward, if SMP foams are to be applied in clinical applications it is necessary to use a
biodegradable chemistry. As a step towards achieving that goal, we have begun exploring a
biodegradable poly(D,L-lactide) (PDLLA) chemistry that was developed previously in our lab as
a biodegradable stent coating[1, 2] and later applied as an SMP fibrous mat for Active Cell
Culture and othropedic applications[3]. Here we have begun exploring two approaches for
fabricating PDLLA SMP foams: 1) thiol-ene mediated crosslinking of PDLLA macromers
(similar to PCL-PEG system in Chapter 4); and 2) thermoplastic polyurethane PDLLA foams.
Below we detail the methods for fabricating these foams as well as some preliminary results for
their thermal and thermomechanical properties.

Method
Thiol-ene mediated crosslinked networks: Chemically crosslinked networks of PDLLA
were synthesized using thiol-ene mediate chemistry (Scheme A5-1). First, a PDLLA diol was
fabricated using ring opening polymerization of D,L Lactide initiated by 1,4 butanediol,
following a previously reported procedure[3]. PDLLA diols with molecular weights of Mn = 3
kDa and Mn = 16 kDa were synthesized. Next, each PDLLA diol was functionalized following
the same protocol described in Chapter 4 for PEG end-capping (Section 4.3.1.1), forming
308

PDLLA diallyl acrylamide. Foams of the PDLLA diallyl acrylamide were fabricated following
the same procedure detailed in Chapter 4 (Section 4.3.2).

PDLLA-POSS polyurethane foams: PDLLA-POSS polyurethane (TPU) foams were
fabricated by solvent casting PDLLA-POSS TPU in a fused salt template. The PDLLA-POSS
TPU (Scheme A5-2) was kindly provided by Ling-Fang Tseng. TPUs with molecular weights of
Mw = 128 kDa and Mw = 160 kDA were used. Foams were fabricated by first dissolving the
TPU in chlororform in a 3:1 solvent:polymer ratio. This solution was stirred at 55 °C to lower
the viscosity. The solution was syringed into a fused salt template (5.5 g of salt) with a ratio of
5:1 salt:polymer. Since the solution was too viscous to completely infiltrate the salt, vacuum was
pulled to assist infiltration. After vacuum infiltration, the chloroform was evaporated at room
temperature for 12 h and then in a 50 °C vacuum oven for 24 h. The permanent shape of the TPU
was then set by heating the polymer/salt construct to 140 °C (temperature above the melt
transition temperature of POSS) for 10 min and cooling at room temperature to recrystallize the
POSS. Next the samples were placed in 60 °C water for salt extraction. Foams were dried in a
vacuum oven and their thermal and thermomechanical properties tested.

Characterization: Thermal characterization of the foams was conducted using
thermogravimetric analysis (TGA) to confirm salt extraction and differential scanning
calorimetry (DSC) to determine thermal transition temperatures. Shape memory characterization
was performed using a dynamic mechanical analyzer in compression, following a typical oneway shape memory cycle.
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Preliminary Results
Thiol-ene mediated crosslinked networks: TGA analysis of salt-extracted foams showed
that salt removal was complete and the degradation profile of the PDLLA foams was similar to
the PDLLA diol and macromer (Figure A5-1a). Interestingly the onset of degradation was
higher for the foams than the macromer or diol, which could be due to crosslinking with
tetrathiol or an artifact of heat transfer. The thermal properties of the resulting foams were
investigated using DSC, where the glass transition temperature (Tg) was found to be influenced
by PDLLA molecular weight and hydration (Figure A5-1b). PDLLA with a molecular weight of
3 kDa resulted in foams with a dry Tg of 42 °C, whereas PDLLA with a molecular weight of 16
kDa resulted in foams with a dry Tg of 51 °C. Upon hydration for 24 h at 37 °C, the Tg of each
foam decreased by 13 °C. With this system, a hydrated Tg near body temperature was achieved.
Shape memory analysis of foams programmed at 80 °C to 60% strain revealed foams had
excellent shape fixing, but shape recovery was very low (Figure A5-1c). Low shape recovery is
likely attributed to the low gel fraction obtained for these scaffolds (80% gel fraction). Low gel
fractions are likely a result of incomplete functionalization of the PDLLA macromer and low
polymer concentrations during curing. To address these issues, we should investigate the effect
of polymer concentration on sample curing and gel fraction, as well as investigate different
functionalization techniques to improve the degree of functionalization. HNMR could be used to
quantitatively find the degree of functionalization. Furthermore, changing to an acrylate end-cap
(as was used for the PCL functionalization in Chapter 4, Section 4.3.1.1) may provide better
crosslinking.
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PDLLA-POSS polyurethane foams: DSC analysis of PDLLA-POSS TPU foams revealed
that in the dry state, foams had a Tg of 51 °C which was similar for the PDLLA-POSS TPU
before dissolving and fabricating a foam (Figure A5-2a). The POSS hard block of the TPU has a
melt transition temperature (Tm) of 127 °C, showing that the setting temperature of 140 °C as
discussed above is appropriate. Upon hydration, the Tg of the TPU and TPU foam dropped to
~41 °C (data not shown), consistent with our previous study[3]. Shape memory testing of the
TPU foam using a dynamic mechanical analyzer revealed that the foams have excellent shape
fixing and shape recovery in compression (Figure A5-2b). Samples were heated to 60 °C and
uniaxially compressed to 40% strain, cooled to -10 °C to fix the strain, unloaded, and then heated
to 85 °C for recovery. Samples had >99% fixing ratio and >97% recovery ratio. The effect of
deformation temperature on the shape memory behavior of the TPU foams was investigated to
determine if the recovery temperature had a strong dependence on the deformation temperature.
Results show that when the deformation temperature decreases, the onset of recovery also
decreases (Figure A5-2c). This enables programming at a lower temperature to ensure recovery
will happen when heated at body temperature. One interesting observation was when deforming
at 80 °C the sample did not fully recover. We hypothesize this may be due to crystallization of
the POSS domains (Tc ~72 °C according to Figure A5-2a) which may alter the permanent shape
during deformation at 80 °C. Additionally, stress relaxation of the thermoplastic PDLLA chains
may contribute to incomplete recovery.
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Scheme A5-1. Thiol-ene mediated crosslinking of PDLLA macromers. (a) PDLLA diol is
fabricated using ring opening polymerization of D,L Lactide initiated by 1,4 butanediol; (b) the
PDLLA diol is functionalized by end-capping with allyl isocyanate to fabricate a PDLLA diallyl
acrylamide; (c) The PDLLA diallyl acrylamide is crosslinked via thiol-ene mediation.
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Scheme A5-2. Chemical structure of the PDLLA thermoplastic polyurethane (TPU). PDLLA
diol (polyol) was reacted with hexamethylene diisocyanate (HDI) and polyhedral oligomeric
silsesquioxane (POSS) under typical urethane polymerization conditions. Reprinted with
permission from ref [3].
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Figure A5-1. Thermal and thermomechanical characterization of thiol-ene mediated PDLLA
foams. (a) TGA analysis shows salt was completely extracted from foams; (b) DSC 2 nd heat
traces reveal a lower Tg for the 3 kDa foam compared to the 16 kDa foam, and hydration
plasticizes the Tg causing a drop of ~ 11 °C in Tg; (c) one-way shape memory in compression
shows that a sample deformed at 80 °C had excellent shape fixing upon cooling to -10 °C,
however recovery was very limited (14% recovery).
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Figure A5-2. Thermal and thermomechanical properties of PDLLA TPU foams. (a) DSC 2nd
heating trace of both the TPU foam (black) and the TPU before foam fabrication (red) had a dry
Tg of 51 °C. This Tg drops to 41 °C (not shown) due to plasticization when placed in water; (b)
one-way shape memory behavior in compression reveals excellent shape fixing and shape
recovery of a TPU foam deformed at 60 °C; (c) the effect of deformation temperature during a
one-way shape memory cycle shows that deforming near T° (51 °C) results in the lowest onset of
recovery temperature. Higher deformation temperature results in a higher onset of recovery
temperature. All deformation temperatures with the exception of 80 °C result in full recovery of
the sample. All heating/cooling rates were 3 °C-min-1
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Appendix Six: Shape Memory Assisted Cell Seeding (SMACS)†
Motivation
Control over the seeding density and distribution of cells cultured on 3D scaffolds is
critical to tissue formation within the scaffolds. Cell seeding density has been reported to affect
bone mineralization in poly(lactide-co-glycolide) scaffolds with a seeding density of 1x106 cellscm-3 leading to more bone mineralization than a seeding density of 0.5x106 cells-cm-3, whereas
minimal difference was observed between seeding densities of 1x106 cells-cm-3 and 10x106 cellscm-3 [1]. However, homogenous cell distribution throughout the scaffolds was better at higher
seeding densities. Similarly, seeding densities of chondrocytes in agarose gels have been
reported to affect the resulting mechanical properties, with higher seeding densities resulting in
better mechanical properties[2].
Typical cell seeding in 3D constructs is achieved through static methods, such as droplet
seeding or solution seeding. These methods however may result in low seeding efficiencies and
heterogeneity in the cell distribution within the scaffolds[3-5]. As an alternative to static seeding
methods, dynamic seeding methods such as perfusion bioreactors have been developed[6, 7].
Bioreactors have greatly improved seeding efficiency and distribution homogeneity, but require
purchasing or building complex bioreactors. One possibility to improving static seeding methods
the use of suction to facilitate cell seeding. This concept has been reported successfully with an
elastomeric poly(L-lactide-co-caprolactone) sponge where a custom cell seeding apparatus was
developed to compress and induce suction into the polymer sponges[8]. This study, however,
required the use of external mechanical loading to induce suction into the scaffold. Shape
memory polymers (SMPs) may serve as a novel approach to improve cell seeding using the
________________________________________________________________________
†

This work was performed in collaboration with Ling-Fang Tseng and Jing Wang, who contributed equally.
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shape changing properties of SMPs. In this study, we aimed to develop a series of methods to
test the hypothesis that shape memory triggered expansion in cell-containing medium can
facilitate cell penetration into the interior of a porous scaffold. We have termed this approach
“Shape Memory Assisted Cell Seeding,” or “SMACS”.
To achieve this, we first investigated an alternative salt fusion approach to improve pore
interconnectivity compared to the scaffolds fabricated in Chapters 4-6. We then fabricated a
series of scaffolds with glass transition temperatures (Tg) ranging from room temperature to 37
°C, which we expected to have different recovery kinetics when triggered to change shape at 37
°C (lower Tg leading to faster recovery). To test whether SMACS can improve cell seeding, we
investigated cell distribution into scaffolds triggered to expand. We explored 3 main variables
thought to contribute significantly to SMACS: 1) degree of interconnectivity (controlled by
water % during fusion); 2) SMP scaffold compression ratio; 3) recovery kinetics (changing
scaffold composition).
To-date, we have established the protocols to investigate SMACS, from sample
preparation to cell culture and imaging. Below we discuss the methods and preliminary results,
and note that we are currently developing the methods for analyzing the cell images acquired.

Method
Salt Fusion: To improve pore interconnectivity, we modified the salt leaching technique
that was used in Chapters 4-6. Here, 6 g of salt (300-500 μm) was added to a 20 mL glass vial.
Next, water was added to the salt at 6, 10, or 15% by weight, and the salt and water were mixed
with a 22 G needle tip until fully mixed. The hydrated salt was then compressed using a 10 mL
syringe plunger to form a compact “puck” of hydrated salt. These pucks were then centrifuged at
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4000 rpm for 15 min to further compact the pucks. After centrifugation, vials were left in a
fumehood over night to allow water to evaporate. The vials of salt were then completely dried in
a vacuum dessicator for 24 h. After drying, these fused salt pucks were used to fabricate foams.

Foam Fabrication: Foams of tert-butyl acrylate (tBA) and butyl acrylate (BA) were
fabricated following the same procedure discussed in Chapter 5 (Section 5.3.2.2), using the new
fused salt templates. In this study, we fabricated tBA-BA foams with 5 different compositions to
determine the effect of composition on recovery temperature and recovery kinetics at 37 °C.
Foams with compositions of 95-5, 91-9, 87-13, 83-17, and 79-21 were fabricated, and each
sample was coated with polydopamine.

Foam Characterization: To determine the effect of foam composition on thermal
properties, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
employed. For TGA, samples were heated to 600 °C at 20 °C-min-1 in a Q500 thermogravimetric
analyzer. DSC was performed using a Q200 differential scanning calorimeter to determine the
effect of composition on the glass transition temperature (Tg) of the SMP foams. Second heating
traces of samples heated to 80 °C at 3 °C-min-1 were analyzed.
The effect of composition on compressive shape memory properties was investigated
using a Q800 dynamic mechanical analyzer. Cylindrical foam plugs were heated to 90 °C and
compressed to 60% strain. Samples were cooled to -10 °C at 3 °C-min-1 to fix the deformation,
unloaded, and then heated at 3 °C-min-1 to 90 °C to observe recovery. The effect of composition
on hydrated recovery at 37 °C was also investigated by programming cylindrical foams with a
50-60% compressive strain and submerging them in 37 °C water for 10 min.
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Groups for Cell Culture: For cell experiments, we explored the effects of composition,
salt fusion, and compression ratio on SMACs effectiveness. Three compositions (95-5, 87-13,
and 79-21 of tBA-BA), three salt fusion conditions (6%, 10%, and 15% water), and three
compression ratios (25%, 50%, and 75% fixed strain) were used. Compression ratios were only
explored for the 79-21 tBA-BA sample to limit sample size. A positive control of vacuumassisted seeding in a non-programmed sample was used. A negative control of no seeding
assistance in a non-programmed sample was used. A total of 21 samples were used for cell
culture experiments (Table A6-1).

Preparing Samples for Cell Culture: Cylindrical plugs with a 5 mm diameter and 5 mm
height were cut for each group. Samples were programmed by heating in 55 °C water and
compressing to the target strain (25, 50, or 75%) using calipers. The compressed strain was fixed
by soaking in ice water for 20 s. Samples were dried in a dessicator store at 4 °C. One day prior
to cell culture, samples were sterilized by soaking in an antibiotic-antimycotic solution at 4 °C.

Cell Culture: For cell experiments, C3H10T1/2 mouse fibroblasts were first expanded in
complete growth medium (BME, 10 % FBS, 1 % penicillin/streptomycin, 1 % GlutaMAX) on T175 flasks, with initial seeding at 5,000 cells-cm-2. Expansion was conducted in a humidified
incubator with 5% CO2 at 37 °C. Medium was changed after 3 d, and cells were passaged at 80%
confluence using 0.25% Trypsin. Cells at passage 15 were used for experiments.
Prior to seeding cells in programmed and control foams, foams were rinsed in 4 °C
complete medium to remove the antibiotic-antimycotic solution. Foams were then placed in
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wells of a 96-well plate. To prevent the foams from floating to the surface once medium was
added, sterilized 22 G needle tips, cut to 6 mm, were wedged in each well. Next, 230 μL of cell
solution at a concentration of 500,000 cells-mL-1 and a temperature of 37 °C was added to each
well, triggering expansion of the programmed samples. Samples were incubated in a 37 °C
humidified incubator for 5 h, then samples were moved to a new well and 230 μL of fresh
medium was added. This was to prevent cells attached to the body of the well during seeding
from infiltrating into the foams. Samples were cultures for an additional 19 h and then prepared
for imaging.

Cell Imaging: After 24 h of culture (5 h seeding + 19 h additional culture), samples were rinsed
in phosphate buffered saline (PBS) and fixed in a 10% formalin solution for 1 h. Samples were
then stained with Hoechst 33342 nuclear dye at a concentration of 0.1 mg-mL-1 for 30 min. The
exterior of each sample was imaged using a Leica DMI 4000B inverted microscope. Images
were captured with a Leica DFC 340FX camera using a 10x/0.22 NA objective and the A4 filter.
After imaging the exterior, each sample was cut in half parallel to the long axis of the cylinder.
The interior of each sample was then imaged to determine the cell penetration profile. A Leica
DMI 6000B inverted microscope with an automated stage was used to acquire images, along
with an Andor Luca R camera and a 5x objective. To construct a complete profile of the foam
cross-section, a 4x4 grid of each sample was imaged, and a z-stack ranging from -240 to 240 μm
with 30 μm increments of each grid position was acquired. Micro-manager 1.4 was used for
image acquisition. Following imaging of each sample, the Extended Depth of Field Plugin in
ImageJ was used on each z-stack to get a single in-focus image for each grid location. Next, the
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in-focus images from each grid position were then stitched using the Stitch plugin from MicroManager. This enabled construction of an in-focus image of the entire foam cross-section.

Preliminary Results
New Salt Fusion Approach: Compared to scanning electron microscopy (SEM)
micrographs from the tBA-BA scaffolds in Chapter 5 (Figure 5-8), we qualitatively observed
increased pore interconnectivity with the new salt fusion approach employed here (Figure A61). Interestingly, increasing the weight -% of water during salt fusion resulted in increased pore
interconnectivity. With 6% water, pore morphology is cuboidal and small openings between
pores were observed (Figure A6-1, left); when the water was increased to 10%, larger
interconnected openings were observed between the pores with the architecture also appearing
less cuboidal(Figure A6-1, middle); with 15% water, the cuboidal morphology is lost and an
open, highly-interconnected architecture is revealed(Figure A6-1, right). However, with 15%
water, the foam became more brittle as observed when punching cylindrical plugs of the
materials (no quantitative analysis has been performed to-date). Results suggest that this new salt
fusion approach enables control over the pore interconnectivity and architecture.

Foam characterization: Foam characterization was performed on tBA-BA scaffolds with
a range of compositions to determine the effect of composition on thermal properties and shape
memory behavior. For these experiments, foams were fabricated using the original salt fusion
technique (Chapter 4) and not the approach described above. TGA analysis of foams with
compositions of 95-5, 87-13, 83-17, and 79-21 tBA-BA revealed similar thermal degradation
profiles independent of composition, and salt was extracted from all foams (Figure A6-2a). DSC
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analysis showed that by varying the composition of the foams, a range of Tg from 26.3 °C to 45.1
°C achieved for dry foams (Figure A6-2b, Table A6-2). Foams with a composition of 79tBA21BA had a Tg near room temperature, and as a result this is the lowest composition that can be
used for testing SMACS; lower Tg would not maintain a stable programmed shape at room
temperature.
Shape memory characterization of foams with different compositions showed all
compositions had excellent shape fixing and shape recovery (Figure A6-3a). Additionally, the
onset of recovery temperature decreased as the amount of tBA in the composition decreased
(Figure A6-3b). Inspection of the recovery kinetics of programmed scaffolds hydrated at 37 °C
showed that decreasing the amount of tBA in the system increased the recovery speed (Figure
A6-4). The 79tBA-21BA sample recovered most of its programmed strain within the first
minute; by 9 minutes, the 83tBA-17BA had also fully recovered; the samples with the higher Tg
(e.g. 95-5) only recovered a small percentage of their strain within the first 9 min. This
demonstrates that the expansion rate during cell seeding can be controlled, which may affect cell
infiltration into the scaffolds.

Cell Imaging: Employing the methods discussed above, we were able to successfully
construct in-focus images of entire foam cross-sections following cell culture (Figure A6-5).
Although quantitative analysis has not yet been completed, qualitatively we can see a difference
between the 79tBA-21BA sample programmed 75% and the 95tBA-5BA sample programmed
75%, with the 79tBA-21BA containing more cells in the interior for all salt fusion conditions.
This suggests that recovery kinetics play a role in cell seeding, as the 79tBA-21BA recovers on
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the order of minutes, while the 95tBA-5BA recovers on the order of hours. We are currently
finalizing an automated approach in MATLAB to analyze these results.

Conclusion
Here we have developed a series of methods to test how SMP recovery kinetics, SMP
compression ratio, and pore interconnectivity can influence SMACS. Additionally, we have
reported a new salt fusion approach that resulted in increased and controllable pore
interconnectivity. Mechanical testing should be performed on scaffolds fabricated with varying
degrees of salt fusion, as the mechanical properties are expected to decrease with increased
interconnectivity. Current efforts are focused on developing an automated image analysis
algorithm in MATLAB to analyze the reconstructed images of cell nuclei in the foam crosssection.
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Table A6-1. Sample groups used for each salt fusion template for cell culture. A total of 7
groups were used for each salt fusion condition investigated (6%, 10%, 15% water), for a final
total of 21 groups for the cell experiments.
tBA-BA

Positive Control
Negative Control

95-5
87-13
79-21
79-21
79-21
79-21
79-21

Programmed
Strain (%)
75
75
75
50
25
0
0
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Figure A6-1. SEM micrographs of SMP foams fabricated using new salt fusion technique. Salt
fusion with 6% water mixed in resulted in cuboidal pores with small interconnection openings;
with 10% water, pores had larger interconnections sizes and were more open; increasing the
water to 15% resulted in highly interconnected pores with a loss in cuboidal morphology. Scale
bares are 500 μm.
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Figure A6-2. Thermal properties of tBA-BA foams with different compositions. (a) TGA
analysis reveals salt is completely extracted for all foams; (b) DSC 2nd heat traces show a trend
of decreasing Tg with decreasing tBA weight-%.
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Table A6-2. Composition effect on Dry and Wet Tg. A range of Tgs were achieved from 45.1
°C to 26.3 °C in the dry state, and a range of 38.3 °C to 20.3 °C in the wet state.

tBA-BA
95-5
91-9
87-13
83-17
79-21

Dry Tg
(°C)
45.1
39
35.1
29.9
26.3
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Wet Tg
(°C)
38.3
34.9
31.2
24.7
20.3

Figure A6-3. Shape memory behavior of tBA-BA foams with different compositions. (a)
compressive one-way shape memory traces show all foams have excellent shape fixing and
shape recovery; (b) recovery profiles of foams with different compositions shows that as tBA
weight-% decreases, the onset of recovery temperature also decreases.
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Figure A6-4. Recovery of tBA-BA foams in 37 °C water. As the amount of tBA in the foams
decreases, the recovery rate at 37 °C increases; foams with the lowest tBA composition (79-21)
recovered most of the programmed strain within one min; foams with the highest tBA
composition (95-5) had minimal recovery within the first 9 min.
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Figure A6-5. Example cell infiltration micrographs after stitching. The small bright circles in
each image are cell nuclei. Qualitatively, an increase in cell infiltration with increasing water-%
was observed. Additionally, programmed 79tBA-21BA foams had increased cell infiltration
compared to programmed 95tBA-5BA foams.
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