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Abstract

Three-dimensional, collagen scaffolds are an analog of the extracellular matrix and are used for many
tissue engineering applications. While material and microstructural properties significantly affect
overall scaffold bioactivity, the specific influence of construct mechanical properties, composition,
and pore microstructure is unknown. In this thesis, experimental and theoretical approaches are
employed to systematically examine the independent effect of extracellular features on cell behavior
within a series of standardized, well-characterized, collagen-glycosaminoglycan (CG) scaffolds,
providing valuable information for designing biomaterials with improved physiological relevance.
This thesis also aims to provide experimental and theoretical approaches appropriate for
characterizing and describing a wide range of porous biomaterials and for quantifying the effect of
extracellular cues on cell behavior within these biomaterials.

CG scaffolds are fabricated via freeze drying. Novel thermal processing conditions were developed
to produce two homologous series of uniform, mechanically isotropic CG scaffolds, one with varying
pore size and constant stiffness and the other with constant pore size and varying stiffness. The
thermal processing conditions and the resultant scaffold microstructure have been modeled using an
isothermal coarsening heat transfer model within a conductive mold with interface resistance,
allowing fabrication of future scaffolds with engineered microstructures. The mechanical properties,
specific surface area, and permeability of the scaffolds have been experimentally measured and
theoretically described using a cellular solids framework appropriate for modeling many porous
biomaterials. This thesis research has produced a standardized series of CG scaffolds appropriate for
quantitative in vitro cell behavior assays. An experimental methodology for measuring cell-generated
contractile forces and cell motility is described and implemented; the independent effect of scaffold
pore size and stiffness on the magnitude and kinetics of cell motility within the scaffolds was
determined via confocal microscopy. Slight changes in the extracellular environment appreciably
influence cell behavior. Significant effects of cell density, cell type, scaffold microstructure, and
scaffold stiffness were observed: cell migration speed increased with decreasing pore size or
increasing cell density and increased asymptotically with scaffold stiffness. An improved
measurement of the contraction force generated by single dermal fibroblasts (F. = 26 + 13 nN)
within the CG scaffold has also been made.
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CHAPTER 1. Introduction and Background: Measurement of

Cell Traction, Contraction, and Motility

1.1. The extracellular matrix and extracellular matrix analogs

The extracellular matrix (ECM) is a complex organization of structural proteins such as collagen,
elastin, adhesive proteins including fibronectin and laminin, proteoglycans (PG), and
glycosaminoglycans (GAGs) including chondroitin sulfate (CS), keratin sulfate (KS), dermatin

sulfate, and hyaluronic acid (HA) (Figure 1.1).

The ECM defines the local environment of cells within tissues and organs, and acts as an
insoluble regulator of cell behavior. However, the nature, kinetics, and mechanics of cell-ECM
interactions have not been elucidated. Three-dimensional scaffolds are an analog of the
extracellular matrix (ECM), acting as a physical support structure and as an insoluble regulator
of biological activity that affects cell processes such as motility, applied traction force, cell-
mediated contraction, and proliferation. A variety of materials, synthetic and organic, have been

used as analogs of the ECM for many TE applications, where the ECM analog compositional,
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mechanical, and microstructural properties have been observed to significantly affect overall
scaffold bioactivity. Additionally, it has been observed that a single construct variant is not
suitable for all applications. What isn’t well understood is what is responsible for this
phenomena; that is whether construct bioactivity is defined by architecture, stiffness,
composition, degradation characteristics, or some combination of these or potentially many other

variables.

GAGs

b

— Collagen fiber

.
AN

Figure 1.1. Characteristic organization of the extracellular matrix in tissues and organs (left).
Collagen-glycosaminoglycan tissue engineering scaffold (ECM analog, right). Scale bar: 100 pm.
(Yannas, Lee, et al., 1989; Yannas, 2001).

The question under consideration in this thesis is how do cells detect and respond to their
environments and what are the critical cues? While many experiments have begun to probe cell-
substrate interactions on two-dimensional surfaces (Pelham and Wang, 1997; Lo, Wang, et al.,
2000; Wang, Dembeo, et al., 2000; Beningo, Dembo, et al., 2001; Munevar, Wang, et al., 2001;

Wang, Dembo, et al., 2001; Wang, Wan, et al., 2001), the critical biochemical and biophysical
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parameters that affect cell behavior in three-dimensional constructs such as scaffolds and gels

have not been quantitatively investigated.

The objective of this thesis is to use collagen-glycosaminoglycan (CG) scaffolds as an
experimental tool to systematically study the effect of the extracellular environment on cell
behavior. The approach is threefold: First to develop, characterize, and model new fabrication
techniques to produce isotropic, three-dimensional CG scaffolds with a homogeneous pore
microstructure. Secondly, to characterize and model the pore microstructure, specific surface
area, permeability, and mechanical properties of these scaffold variants, thereby characterizing
the local extracellular environment of cells within the scaffold variants. Thirdly, to
systematically investigate the independent effect of CG scaffold microstructure and mechanical

properties on cellular migratory and contractile behavior.

1.2. Mammalian response to injury

The goal of achieving in vivo induced regeneration for a variety of tissue and organs following
severe injury remains at the forefront of current tissue engineering investigations and provides
the motivation for this thesis. Typically, an analog of the extracellular matrix is utilized as a
template that, when properly formulated, induces regeneration of lost or damaged tissue.
Currently, successful regeneration has been induced in the skin and peripheral nerves (Yannas,
2001), while progress has been made in developing appropriate extracellular matrix analogs to
alter the typical organismic response to injury in a variety of tissues, including kidney, cartilage,
bone, central nervous system, and brain dura. These investigations, active for the previous three

decades, have primarily focused on identifying the optimal extracellular matrix analog
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components to block organized wound contraction and scar tissue formation while inducing
regeneration of physiological tissue (Yannas, 2001). The rationality and historical background of
developing bioactive scaffolds for tissue engineering applications, which served as the
motivation for identifying critical extracellular parameters within the scaffold which influence

cell behavior and construct bioactivity, will now be introduced.

1.2.1. Defect Scale

Treatment options for organ injury depend significantly on the scale of the defect. Microscopic
defects can be treated using a wide variety of soluble factors (i.e., herbs, potions,
pharmaceuticals, vitamins, hormones, and antibiotics). However, organ-scale defects present a
significantly larger wound site, require considerably different treatment practices, and constitute
the focus of this article. These defects, primarily created by disease or by an acute or chronic
insult that result in millimeter or centimeter scale wounds, cannot be treated with drugs because
the problem is the failure of a mass of tissue including cells, soluble proteins and cytokines, and
insoluble extracellular matrix (ECM). Significant loss of function in the affected tissue or organ,
termed the “missing organ,” leads to consequences such as lack of social acceptance in cases of
severe burns and facial scars, loss of mobility and sensory function in the case of neuroma, and
life-threatening symptoms in cases such as cirrhotic liver, large-scale severe burns, and ischemic

heart muscle.

1.2.2. Regeneration versus Repair

Certain organisms have the ability to regenerate significant portions of damaged tissue. An

example is the amphibian newt that regenerates functional limbs following amputation. The
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mammalian fetus has displayed the ability to regenerate damaged organs and tissue
spontaneously up to the third trimester of gestation; however, adult mammals do not typically
exhibit spontaneous regeneration following severe organ injuries (Mast, Nelson, et al., 1992;
Yannas, 2001). Instead, the adult mammal response to severe injury is closure of the wound by
contraction and scar tissue formation, a process termed repair. Cell-mediated contraction of the
wound site is observed in many different species to varying degrees at many organ sites (Yannas,
2001). Compared to the tissue which it replaces, scar tissue is mechanically weaker (Levenson,
Geever, et al., 1965), physically disfiguring, and can lead to the restricted motion of joints.
Regeneration is characterized by synthesis of a physiological (normal, functional) replacement

tissue in the wound site that is structurally and functionally similar to the original tissue.

The contractile fibroblast phenotype, termed the myofibroblast, plays a critical role in
determining the nature (repair or regeneration) of mammalian wound healing; the ubiquity of
fibroblast activity during wound healing and the use of scaffolds to modify their behavior in vivo
prompted their study in this investigation. During adult repair, myofibroblast-mediated organized
wound contraction and scar tissue synthesis is observed (Yannas, 2001). During early fetal
healing characterized by regeneration, differentiation of myofibroblasts has not yet occurred and
regeneration occurs in the absence of contraction. The data suggest that induced organ
regeneration in the adult may be encouraged by developing techniques to stimulate partial
reversion to early fetal healing. Additionally, the transforming growth factor-p (TGF-$) family
of molecules has been implicated in this ontogenetic transition between fetal regeneration and
adult repair response to injury. TGF-Bs are multifunctional cytokines with widespread effects on

cell growth and differentiation, embryogenesis, immune regulation, inflammation, and wound
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healing (Border, Noble, et al., 1995). In terms of their relationship with repair processes, TGF-B1
and TGF-B2 are known to promote scar, while TGF-B3 may reduce scar (Lin, Sullivan, et al.,
1995; Shah, Foreman, et al., 1995). As such, deficient levels of TGF-f1 and -B2 and increased
levels of TGF-B3 are observed in early gestational (“fetal” regenerative healing response)
compared to late gestational (“adult” repair healing response) mice. These results implicate
increased TGF-B1, -B2, and decreased TGF-B3 expression along with myofibroblast activity in
late gestation and post-partum fetal scar formation (Soo, Beanes, et al., 2003). The available
evidence suggests future experiments utilizing procedures for control of TGF- in conjunction
with other tissue engineering constructs that modify myofibroblast behavior, such as bioactive

scaffolds, to induce regeneration of tissues that are known to be non-regenerative.

1.2.3. Tissue Triad
There are three distinct tissue types, termed the tissue triad, which together define the structure

of most organs: the epithelial layer, the basement membrane layer, and the stroma (Figure 1.2)

(Martinez-Hernandez, 1988; Yannas, 2001).

Developmental and functional similarities between this triad in a variety of tissues and organs
such as skin and peripheral nerves have been observed, suggesting that it can be used as an
illustrative device to understand injury response in other organs as well (Yannas, 2001). A layer
of epithelial cells (the epithelial layer) cover all surfaces, tubes, and cavities of the body; this
layer is cell-continuous and avascular; unlike the basement membrane and stroma, the epithelial
layer does not comprise a significant amount of extracellular matrix (ECM). The basement

membrane is an acellular, avascular, continuous layer of ECM components separating the
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epithelial layer and the stroma. The stroma is cellular, contains ECM and connective tissue
components, is heavily vascularized, and provides a reservoir for nutrient uptake to and waste

removal from the basement membrane and epithelia.

basement membrane

gastrointestinal Zl=tm
exocrine systems  (SRECEREES _
cardiovascular

and
mesothelial
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smooth | fihers
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Figure 1.2. Schematic of the tissue triad structure observed in mammalian tissue (Yannas, 2001).

Following injury to a variety of tissues such as the skin, peripheral nerves, blood vessels, lung,
kidney, and pancreas, the epithelial and basement membrane layers regenerate spontaneously
when the stroma remains intact, while the damaged stoma heals through repair-mediated
contraction and scar formation processes (Oliver, 1953; Lehv and Fitzgerald, 1968; Vracko,

1972; Stemerman, Spaet, et al., 1977; Haber, Hanna, et al., 1985; Ikeda, Oda, et al., 1989;
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Yannas, Lee, et al., 1989; Stenn and Malhotra, 1992; Ferdman and Yannas, 1993; Uitto, Mauviel,

et al., 1996; Fu and Gordon, 1997; Yannas, 2001).

Understanding the injury response of the tissue triad has suggested a paradigm for inducing
regeneration in non-regenerative tissues: the repair mechanisms appear to be activated by
disruption of the stromal architecture, and proper replacement of the stromal layer is critical for
any regeneration to occur. As such, development of materials to replace the lost stromal
architecture has been a primary focus of studies of regenerative medicine over the past two

decades.

1.2.4. Methods to Treat Loss of Organ Function

Six approaches have been used to restore some level of functionality to a damaged tissue or
organ: transplantation, autografting, implantation of a permanent prosthetic device, use of stem
cells, in vitro synthesis of organs, and induced regeneration. The last three techniques are often

collectively referred to as “tissue engineering” (Lanza, Langer, et al., 1997).

1.2.4.1. Transplantation

Transplantation is widely used to replace complex tissues and organs, but is limited by two
significant factors. While transplantation of a select few tissues such as the eye and testis occur
without rejection, a significant challenge facing transplantation is the immunological barrier
between the donor and host. After transplantation, the donor organ is attacked and rejected by the
host’s immune system. The primary clinical method for preventing such rejection is the use of

immunosuppressive drugs for the remainder of the host’s life to suppress their immune system.
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However, immunosuppression also makes the host vulnerable to infections (Wickelgren, 1996).
A second major obstacle is the difficulty in finding immunocompatible donors and the shortness

of supply of suitable organs (Lanza, Cooper, et al., 1997).

1.2.4.2. Autografting

With autografting, the donor and the recipient are the same individual; a fraction of the tissue or
organ is harvested from an uninjured site and grafted at the nonfunctional site (Medawar, 1944).
Autografting removes issues related to immune response, but necessitates the creation of a
second wound site (donor site), subjecting the patient to a second severe trauma and additional
loss of functionality. Therefore, autografting is utilized only when sufficient autograft tissue is
available and when the loss of functionality or morbidity at the primary wound site outweighs
that at the harvest site, giving it limited applicability; typical applications of autografting are

following severe burns and peripheral nerve injuries in the hand.

1.2.4.3. Permanent Prosthetic Device

Permanent, prosthetic devices are typically fabricated from biologically inert materials such as
metals, ceramics, and synthetic polymers that do not provoke the immune response problems
inherent to many transplanted tissues. Even though these devices are fabricated from bio-inert
materials, interactions between the prosthesis and the surrounding biological environment still
lead to a number of unfavorable physical and biological manifestations. Specific examples are
the formation of a thick, fibrous scar tissue capsule around the implant (Rudolph, Van de Berg,
et al., 1992), stress-shielding of the surrounding tissue (Spector, Heyligers, et al., 1993), platelet

aggregation to implanted surfaces (Snyder, Watach, et al., 2002), and accumulation of wear
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particles both at the site of implantation and in the lymphatic system (Urban, Jacobs, et al.,
2000). The spontaneous remodeling process of the tissues surrounding the implant can also be
significantly altered, leading to further tissue degradation (Willert, 1977). These often-serious
side effects illustrate the difficulty of replacing bioactive tissues with bio-inert implants

fabricated from materials possessing drastically different material and mechanical properties.

1.2.4.4. Stem Cells

The pluripotent nature of stem cells offers a multitude of therapeutic possibilities (Kondo,
Wagers, et al., 2003; Lerou and Daley, 2005). Current efforts in stem cell research have focused
on understanding stem cell plasticity and ways of controlling stem cell differentiation (Wagers,
Christensen, et al., 2002; Wagers and Weissman, 2004). Previously, mesenchymal (Pittenger,
Mackay, et al., 1999), epithelial (Slack, 2000), and neural stem cells (Gage, 2000) have been
grown in vitro and studied. More recently, experimental investigations of stem cells have also
focused on utilizing hematopoietic and embryonic stem cells. In particular, techniques to harvest
and identify them (Christensen, Wright, et al., 2004; Surdez, Kunz, et al., 2005), expand and
differentiate them in culture (Wagers, Christensen, et al., 2002; Sherwood, Christensen, et al.,
2004; Daley, 2005; Lengerke and Daley, 2005; Passegue, Wagers, et al., 2005; Udani, Santarelli,
et al., 2005; Wang, Yates, et al., 2005), and re-implant them at an injury site (Udani, Santarelli,

et al., 2005; Kunisaki, Fuchs, et al., 2006) have been at the forefront of stem cell research

While few significant advances have been made to this point, stem cell technologies present a

great deal of promise. However, improved understanding of stem cell behavior and development

of stem cell-based technologies also raise a number of important ethical questions (Daley, Sandel,
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et al., 2005), consideration of which will play a significant role in the development of stem cell-

based tissue engineering solutions.

1.2.4.5. In Vitro Synthesis

In vitro synthesis requires the growth of a functional volume of tissue in vitro. In vitro synthesis
allows for total control over the culture environment such as soluble regulator content (i.e.,
growth factors, cytokines), insoluble regulator content (i.e., ECM proteins), and a variety of cell
culture medium and loading conditions. In order to develop large (critical dimension >1 c¢m),
bioactive scaffolds, it is important to metabolically support the cells within these constructs.
There are two mechanisms available for transport of metabolites to and waste products from cells
in a scaffold: diffusion, and with in vivo applications, transport through capillary networks
formed in the scaffold via angiogenesis. While angiogenesis becomes the limiting factor in vivo,
significant angiogenesis is not observed for the first few days after implantation, and is not
present at all in vifro. As a result, current tissue engineering constructs are size limited (<1 cm)
due to diffusion constraints. Improving metabolite influx is critical for larger, more complex
scaffolds. Additionally, the complexity of biological systems, specifically cytokine, growth
factor, and inter-cellular signaling needs throughout the volume of developing tissue have to date
precluded, with few exceptions such as in vitro culture of replacement heart valves (Rabkin-
Aikawa, Mayer, et al., 2005) and epithelial sheets for severe burn patients (Woodley, Peterson, et

al., 1988), the formation of complex tissues in vitro.

-41 -



1.2.4.6. Induced In Vivo Organ Synthesis (Induced Regeneration)

Induced organ synthesis in vivo relies on the processes inherently active in the wound site to
regenerate lost or damaged tissue and is the only methodology to date that has modified the adult
mammalian wound healing response to induce regeneration. A highly porous analog of the ECM,
also termed a scaffold, is utilized to induce regeneration at a wound site where the organism
would normally respond via repair processes. Induced organ synthesis was made possible by the
development of fabrication techniques to produce ECM analogs with well-defined pore
microstructure, specific surface area, chemical composition, and degradation rate (Yannas, Lee,
et al., 1989; Yannas, 2001). Its first application was the use of a collagen-glycosaminoglycan
(CG) scaffold (termed dermal regeneration template — DRT) that induced skin regeneration
following severe injury. The DRT displayed high biological activity when implanted into a full-
thickness skin wound and was capable of inducing regeneration of the underlying dermal layer of
skin as well as the epidermal and basement membrane layers (Burke, Yannas, et al., 1981,

Yannas, Lee, et al., 1989).

1.3. Biological length scales

When studying cell-biomaterial interactions, it is important to consider a wide range of length
scales and understand the relative contributions of each length scale. This is especially important
when designing and fabricating a standardized series of three-dimensional platforms for tissue
engineering applications. Like many biological entities, this range of prominent length scales for
biomaterials covers 10 orders of magnitude (1 — 10"'° m), where different structural features

influence distinct functional characteristics.
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At the angstrom and nanometer scale, the primary chemical structure and higher order
organization such as protein or crystal structure of the ECM or biomaterial influences protein
adsorption and cell attachment via integrin-ligand interactions and complexes. At the micron
scale, the local microstructural and mechanical environment surrounding individual cells
provides critical cues affecting individual cell behavior and construct bioactivity. At the
millimeter scale, interactions between the biomaterial and populations of cells as well as with the

entire tissue or organ influence construct bioactivity and cell behavior.

1.4. Studies of cell motility, traction forces, and contraction

Developing and utilizing appropriate constructs to measure cell motility and contraction is the
focus of this thesis. Cell contraction plays a critical role in organized wound contraction and scar
synthesis following injury while cell migration plays a critical role in many physiological
systems. Notably, migration of fibroblasts and vascular endothelial cells during wound healing,
metastatic tumor cells migration from the tumor mass to the circulatory system, and active cell

motility as a crucial component of embryonic development.

Cell motility into and within 3D tissue engineering constructs is a useful model system for
studying cell migration relevant to both physiological and pathological conditions. However,
such studies are also especially important to aid the design of future bioactive constructs because
the initially acellular scaffold must be rapidly cellularized either in vitro or in vivo;
understanding and controlling this process is a critical feature for the development of the next

generation of tissue engineering scaffolds.
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1.4.1. Cell motility and traction forces on 2D substrates

On two-dimensional substrates, migration speed and traction forces of individual cells have been
measured using a variety of experimental arrangements. Two-dimensional substrates allow easy
optical interrogation of cell behavior using light and fluorescent microscopy techniques to track
cell movement and measure the traction forces exerted on the underlying substrate. The nature
and strength of cell traction forces, for example are typically calculated from the observed local
deformation of the underlying substrate (Figure 1.3) while cell motility is assayed using time-
lapse imagine techniques that calculate the temporal movement of individual cells (Beningo and

Wang, 2002; Tan, Tien, et al., 2003).

Silicone membrane Silicone membrane with a Polyacrylamide membrane
regular dot pattern with fluorescent microspheres
Fig. 1.3a

— 1.75£-03(CM])
— 1.0PE+P6(DYN/CMSG)

Cell on membrane Deformation vectors Field of traction stresses

Fig. 1.3b

Figure 1.3. Experimental measurement of cell traction forces on flexible substrates from local
substrate deformation (Beningo and Wang, 2002).
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Substrate stiffness has been observed to significantly affect many cellular processes on two-
dimensional surfaces; in particular, migration speed, directional persistence, generated traction
force, DNA synthesis, and apoptosis have all been observed to be modified by substrate stiffness
and morphology (Pelham and Wang, 1997; Dembo and Wang, 1999; Pelham and Wang, 1999;
Lo, Wang, et al., 2000; Wang, Dembo, et al., 2000; Beningo, Dembeo, et al., 2001; Munevar,
Wang, et al., 2001; Wang, Dembo, et al., 2001; Beningo and Wang, 2002; Tan, Tien, et al.,
2003). Such experiments measuring cell behavior and processes on two-dimensional substrates
have provided valuable information concerning cell-ECM interactions; however, in order to
quantitatively interrogate the biochemical and biophysical parameters that affect cell behavior in

3D, a new generation of three-dimensional constructs needs to be developed.

1.4.2. Experimental measurement of cell behavior in 3D constructs

Quantitative studies of cell behavior in three-dimensional constructs require careful control over
substrate characteristics and the cell behavior assays. Cell mediated contraction experiments
using three-dimensional constructs (i.e., scaffolds, gels) have predominantly been made by
calculating an average cell-mediated contractile force from the gross deformation of a larger
construct due to a large cell population (Delvoye, Wiliquet, et al., 1991; Kolodney and
Wysolmerski, 1992; Eastwood, McGrouther, et al., 1994; Brown, Talas, et al., 1996; Chapuis,
Lucarz-Bietry, et al.,, 1996; Eastwood, Porter, et al.,, 1996; Brown, Prajapati, et al., 1998;
Eastwood, Mudera, et al., 1998; Jenkins, Redwood, et al., 1999; Freyman, Yannas, et al., 2001;
Freyman, Yannas, et al., 2001; Freyman, Yannas, et al., 2001; Freyman, Yannas, et al., 2002;
Sethi, Yannas, et al.,, 2002). These investigations have reported individual cell-generated

contractile forces ranging from 0.1 — 200 nN for a number of different fibroblast populations.

-45 -



Recently, three-dimensional cell motility has been investigated using a variety of tissue

engineering constructs (Figure 1.4) (Zaman, Trapani, et al., In preparation, 2006), typically

amorphous gels. Confocal microscopy is used to track cell position in three-dimensional space in

order to calculate cell motility; experimental results are then reported in terms of experimental

variables such as construct density or the density of ligands within the construct.
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Figure 1.4. Study of cell motility in a 3D Matrigel construct (Zaman, Trapani, et al., In

preparation, 2006).

These constructs have begun to allow study of cell behavior in three-dimensions. However, the

specific influence of construct parameters such as mechanical properties, composition,
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degradation characteristics, microstructure, as well as the influence of environmental factors
such as soluble regulator (i.e., growth factor, cytokine) content, cell culture conditions, and
exogenous loading is unknown. Standardized construct variants with well-characterized material,
microstructural, and mechanical properties present a platform appropriate for such quantitative

assays of cell behavior.

1.5. Measuring cell-mediated contraction and migration in 3D collagen-GAG

scaffolds

Quantitative and system-wide understanding of the independent and cooperative mechanisms by
which the ECM environment influences cell behaviors (i.e., contraction, motility, substrate
adhesion, viability, and remodeling) and by which intracellular mechanisms and structures
influence the ECM environment and surrounding cells provides a pathway for developing
advanced tissue engineering constructs. Current studies of cell behavior in 3D constructs have
provided a multitude of information regarding many different cell processes, but what is really
missing is a technique to independently control the compositional, mechanical, and
microstructural extracellular environment. The lack of standardization and characterization of the
constructs utilized for these investigations have made it difficult to extrapolate the results of
individual studies. Such a platform would make possible systems-biology type studies and
development of resultant quantitative models of cell behavior, providing an elegant framework

for designing future bioactive scaffolds.
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1.5.1. Choice of experimental construct

Collagen-based scaffolds provide a platform for quantitative studies of in vitro cell behavior.
These low-density, open-cell foams are biodegradable and are characterized by an interconnected
pore network defined by struts, providing an appropriate environment for in vitro and in vivo

tissue engineering applications.

Collagen is a significant constituent of the natural extracellular matrix (ECM), and scaffolds
made from collagen have been used in a variety of applications due to a number of useful
properties. Collagen scaffolds possess requisite hemostatic properties, low antigenicity, and
appropriate mechanical characteristics for use in tissue engineering applications (Yannas, 1972;
Yannas and Huang, 1972; Yannas, Burke, et al., 1975; Comninou and Yannas, 1976; Huang and
Yannas, 1976; Huang and Yannas, 1977; Silver, Yannas, et al., 1978; Silver, Yannas, et al.,
1979). Additionally, collagen scaffolds have been observed to promote cell and tissue attachment
and growth (Yannas, Lee, et al,, 1989; Yannas, 1990; Howe, Aplin, et al., 1998; Freyman,
Yannas, et al., 2001; Schoof, Apel, et al., 2001; Yannas, 2001; van Tienen, Heijkants, et al.,

2002).

In designing bioactive collagen scaffolds, four physical and structural properties must be
controlled to critical levels: the periodic banding of the collagen fiber structure must be
selectively abolished to prevent platelet aggregation, the chemical composition must incorporate
ligands appropriate for the binding of cells specific to the area of study, the mean pore size must
be bounded within lower and upper limits, and the degradation rate must allow the scaffold to

remain insoluble for a critical period (Yannas, 1997; Yannas, 2001).
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Scaffolds manufactured from a copolymer of collagen and glycosaminoglycan (CG copolymers)
possess a number of useful qualities for use as tissue engineering constructs: they can be
sterilized by both dry heat and chemical treatments, they have degradation rates that can be
adjusted within a wide range, and they can be fabricated from a number of macromolecular
constituents with a variety of pore structures. The work in this thesis has fabricated a series of
new type I collagen-glycosaminoglycan (CG) scaffolds. Distinct versions of this scaffold have
been used to regenerate skin and the conjunctiva, and have greatly enhanced peripheral nerve
regeneration across long gaps (Yannas, Lee, et al., 1989; Chang and Yannas, 1992; Chamberlain,

Yannas, et al., 1998; Yannas, 2001).

The original fabrication protocol for collagen-glycosaminoglycan scaffolds used for in vivo
tissue regeneration studies (Yannas, Lee, et al., 1989) results in a structurally heterogeneous
scaffold structure inappropriate for detailed in vitro studies of cell behavior. In order to utilize
the collagen-glycosaminoglycan scaffold as a construct for quantitative, in vitro investigations of
cell motility and contraction process, it is critical to produce a series of standardized scaffold
variants with a well-defined, uniform (homogeneous) pore structure characterized by equiaxed
(spherical) pores. Such a structure will present a consistent pore microstructure as well as a
uniform distribution of ligands to all cells within the experimental volumes under study, making

quantitative measurement of cell behavior possible.

1.5.2. Choice of cell types

Fibroblasts were primarily studied in this thesis due to the major role they play in the migratory

and contractile wound healing response. Ideally, human dermal fibroblasts would be used, but
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issues associated with obtaining human cells and the concern of infectious disease transmission
made their use impractical. Fibroblasts obtained from an animal source were also impractical for
quantitative studies of cell behavior within standardized CG scaffold variants due to the large
number of cells that were required for this study and the non-uniformity of the primary
fibroblasts obtained from animal to animal. Extensive culture of a single primary fibroblast cell
population to obtain a large enough cell stock was also impractical due to the instability of the

primary fibroblast phenotype during long terms culture (Freyman, 2001).

The use of a dermal fibroblast cell-line provided the ideal cell source for this investigation
because of the uniformity of the cell population and the stability of the fibroblast phenotype over
long periods of culture. The parental NR6 mouse fibroblast cell line, a 3T3 fibroblast-derivative
which lack endogenous receptors (Chen, Gupta, et al., 1994; Chen, Xie, et al., 1994) was utilized
for the majority of the cell behavior assays. The parental human DU-145 prostate carcinoma cell
line, a highly invasive and metastatic cell line, was utilized for one experiment comparing the
behavior of two cell types with known differences in motility and metabolic activity (Mamoune,

Luo, et al., 2003).

1.6. Thesis organization

The thesis is organized in the following manner:
§ Chapter 2 presents the development of a new fabrication protocol for producing a series
of CG scaffolds with distinct mean pore sizes, each with a homogenous pore
microstructure. An in-depth description of the lyophilization process applicable for

fabricating a wide range of porous biomaterials will also be presented.
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§ Chapter 3 examines the validity and sensitivity of thermal models to predict the final pore
structure of the CG scaffold from the thermal processing conditions. An isothermal
coarsening model incorporating a conductive mold with interface resistance will be

described.

§ Chapter 4 presents experiments, computations utilizing cellular solids theory, and
analyses of the specific surface area and permeability of a series of CG scaffold variants

under a variety of physiological conditions.

§ Chapter 5 details experiments, computations, and analyses of the mechanical properties
of a series of CG scaffold variants examining the effect of pore size, relative density,
crosslinking treatment, and hydration. Cellular solids modeling techniques will be further
used to illustrate its applicability for describing microstructural and mechanical properties

of porous biomaterials.

§ Chapter 6 makes use of the scaffold variants fabricated and characterized in the previous
three chapters to measure individual cell-mediated contractile forces generated within the
scaffold strut network and to determine the independent effect of scaffold stiffness and

microstructure on in vitro cell motility.
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§ Chapter 7 presents a summary of the conclusions from this thesis as well as an outline of
outstanding questions and corresponding research directions which can build upon the

results of the present work.

§ Appendices A and B describe the development of a series of collagen-based scaffolds
with engineered chemical and microstructural characteristics for peripheral nerve and
orthopedic tissue engineering applications. The scaffold fabrication design rules

developed in Chapters 2 and 3 will be used in detail to engineer specific microstructures.
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CHAPTER 2. Fabrication of Collagen-GAG Scaffolds with

Uniform, Controllable Microstructures

2.1. Introduction

Porous, three-dimensional scaffolds have been used extensively as biomaterials in the field of
tissue engineering for in vitro study of cell-scaffold interactions and tissue synthesis and in vivo
study of induced tissue and organ regeneration (Yannas, Lee, et al., 1989; Chang and Yannas,
1992; Nehrer, Breinan, et al., 1997; Chamberlain, Yannas, et al., 1998; Freyman, 2001; Freyman,
Yannas, et al., 2001; Freyman, Yannas, et al., 2001; Yannas, 2001; Zmora, Glicklis, et al., 2002).
Biologically active scaffolds used for these applications must meet a number of biophysical and
biochemical constraints. They must be biocompatible and, for in vivo applications, degrade in the
body at a rate that allows the scaffold to remain insoluble for the duration of the critical cellular
processes, a time period particular to each biological system; the products of degradation must
also be biocompatible. The chemical composition must incorporate ligands appropriate for the
binding of cells specific to each application. The average pore diameter must be large enough for
cells to migrate through the pores and small enough to retain a critical total surface area for

appropriate cell binding. And to allow for transport of cells and metabolites, the scaffold must
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have a high specific surface and large pore volume fraction (generally greater than 90%) as well
as an interconnected pore network (Yannas, 2001). These microstructural characteristics are
especially critical as they define the total surface area and special distribution of ligands

presented to cells.

Scaffold pore size has been shown to influence cellular activity. The optimal scaffold pore size
that allows maximal entry of cells (Chvapil, 1977) as well as cell adhesion and matrix deposition
has been shown to vary with different cell types (Doillon, Whyne, et al., 1986; Tsuruga, Takita,
et al., 1996), but typically ranges between 5 and 500 pm. Scaffold pore size has been observed to
influence adhesion, growth, and phenotype of a wide variety of cell types, notably endothelial
cells, vascular smooth muscle cells, fibroblasts, osteoblasts, rat marrow cells, chondrocytes,
preadipocytes, and adipocytes (LiVecchi, Tombes, et al., 1994; Wake, Patrick, et al., 1994;
Nehrer, Breinan, et al., 1997; Zeltinger, Sherwood, et al., 2001; Kuberka, von Heimburg, et al.,
2002; Salem, Stevens, et al., 2002; Borden, El-Amin, et al., 2003; Claase, Grijpma, et al., 2003).
A key component in defining overall construct bioactivity is scaffold microstructural
homogeneity or heterogeneity. Scaffold heterogeneity has been shown to lead to variable cell
adhesion and to affect the ability of the cell to produce a uniform distribution of extracellular

matrix proteins (Zeltinger, Sherwood, et al., 2001).

The shape of the pores that make up the porous scaffold must also be considered. Cells have
been observed to be extremely sensitive to the mechanical properties of the underlying substrate
(Lo, Wang, et al., 2000), and slight changes in the mean shape of the pores can result in

significant variation in the extracellular mechanical properties (Gibson and Ashby, 1997; Harley
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and Gibson, In preparation, 2006) and overall construct bioactivity (Chang and Yannas, 1992).
Changes in mean pore shape may also play a role in defining the areas of the scaffold available
or unavailable for binding and the predominant direction of cell migration as well as in the
geometrical organization of cells within the scaffold. As scaffold microstructural heterogeneity
has been observed to significantly influence scaffold bioactivity, the uniformity of the size and
shape of the individual pores that define the scaffold microstructure can also significantly
influence overall construct bioactivity. Tissues synthesized in a scaffold with non-uniform pore
architecture have shown inferior biomechanical properties compared to tissue synthesized in a
scaffold with a more uniform pore structure (Hollister, Maddox, et al., 2002). In some scaffolds
with equiaxed pores, cells aggregate into spherical structures, while in some scaffolds with a
more elongated (ellipsoidal as opposed to spherical) pore shape, cells align with the pore axis
(Zmora, Glicklis, et al., 2002). Because the scaffold pore microstructure significantly affects cell
behavior and overall construct bioactivity, it is important to be able to manufacture scaffolds

with a well-defined pore structure.

The objective of this study was to develop a technique to produce a series of CG scaffolds with
uniform and controllable pore microstructure in order to present cells in each scaffold variant a
uniform and consistent extracellular environment. To produce such scaffolds, the lyophilization
fabrication process (freeze-drying) was modified to improve scaffold microstructural
homogeneity. A detailed review of the prominent features of freeze-drying will help motivate

these modifications.
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2.2. Freeze-drying: A Technological Overview

Porous, collagen-glycosaminoglycan (CG) scaffolds are primarily manufactured using a freeze-
drying process (Yannas, 2001). The conceptual underpinning of freeze-drying is similar to many
techniques currently used to produce porous, open-cell materials: the pore microstructure is
defined by a removable phase that is distributed in three-dimensional space, termed a removable
template. The scaffold material is then distributed around the removable template which is then
eliminated from the construct using any number of steps appropriate for the template and
scaffold materials, resulting in the open-cell microstructure. Examples of this technique include
salt-leaching (RoyChowdhury and Kumar, 2006), colloidal crystal templating (Blanco, Chomski,
et al., 2000; Jiang, Bertone, et al., 2001; Yin, Lu, et al., 2001; Stachowiak, Bershteyn, et al.,
2005), and lost wax casting (Ott, 1994); these technologies have been utilized to produce many

different open-cell foam materials, including scaffolds for tissue engineering applications.

To fabricate CG scaffolds via freeze-drying, a collagen-glycosaminoglycan suspension is first
produced. Microfibrillar type I collagen is first mixed with acetic acid (0.05M); the low-pH (pH
3.2) acetic acid acts to swell the collagen fibers, destroying the quaternary structure as well as the
periodic banding of the collagen fibers. These structural modifications remove a large
component of the immunological markers on the collagen surface, reducing host immunological
response, and prevent platelet aggregation to the CG scaffold surface (Yannas, Burke, et al.,
1975; Yannas and Silver, 1975; Silver, Yannas, et al., 1978; Silver, Yannas, et al., 1979). A
glycosaminoglycan (GAG), typically chondroitin 6-sulfate, is then added to the swollen

collagen-acetic acid mixture. Spontaneous crosslinks are formed between the swollen collagen
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fibrils and the newly-added GAG, resulting in precipitation of the collagen-GAG content out of

solution and the formation of a collagen-GAG suspension in the aqueous acetic acid phase.

Fabrication of porous, CG scaffolds is best described using a graphical illustration of the phase
diagram of the CG suspension (Figure 2.1). In the chamber of a commercial freeze dryer, the
aqueous CG suspension is solidified (i: red arrow, Figure 2.1) at atmospheric pressure (Pam) to a
specified final freezing temperature (Ty) in a ﬁaold designed to define the final overall geometry
of the CG scaffold. For this investigation, stainless steel pans were used to make sheets of
scaffold. During solidification, the collagen-GAG content is localized between the growing ice
crystals in the aqueous (0.05M acetic acid) phase. Once complete, the solidification process
produces a continuous, interpenetrating network of ice crystals surrounded by fibers of collagen
and GAG (Hobbs, 1974; Kurz and Fisher, 1989; Freyman, Yannas, et al., 2001). Upon
application of a low enough pressure (Psy) via an applied vacuum, direct sublimation removes
the solidified aqueous phase (ice crystal) content (ii: green arrow, Figure 2.1), leaving a highly
porous scaffold structure where the scaffold microstructure is defined by the ice crystals formed
during solidification (Figure 2.1). The pore volume fraction and final pore microstructure of a
CG scaffold variant depends on the volume fraction of the precipitate in the CG suspension and

the underlying solidification processes during fabrication.

The formation of ice crystals in the CG suspension is influenced by the nucleation rate and the
rate of heat and protein diffusion. These processes are primarily influenced by the final freezing
temperature (T¢) and the heat transfer processes associated with freezing. The rate of nucleation
and diffusion are mediated by the degree of undercooling required to initiate solidification

(Hobbs, 1974). A larger undercooling temperature increases the rate of ice crystal nucleation and
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decreases the rate of heat and protein diffusion relative to the point of nucleation, leading to the
formation of smaller ice crystals and resulting in a CG scaffold with a smaller mean pore size
(Hobbs, 1974; Michel, 1978; Kurz and Fisher, 1989; Loree, Yannas, et al., 1989; Chang, Yannas,

et al., 1990; Chang and Yannas, 1992).
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Figure 2.1. Phase diagram of freeze drying process to produce CG scaffolds.

As CG suspension solidification defines the final pore microstructure in the CG scaffold,
improved scaffold microstructural uniformity extends from homogeneous heat transfer processes
and growth of equiaxed ice crystals within the CG suspension. Heat transfer, and therefore
solidification, is influenced by the level of contact between the mold and the freeze dryer
chamber; regions of non-contact between the mold and the freeze dryer chamber typically result
in regions of scaffold heterogeneity visible to the naked eye (Freyman, Yannas, et al., 2001;

O'Brien, Harley, et al., 2004). The large (16.9 x 25.3 cm area) stainless steel molds used to
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fabricate CG scaffolds have a tendency to warp slightly over time due to the extreme and rapid
freeze-thaw cycles associated with scaffold fabrication. A change of mold dimensions from the
standard large mold to a significantly smaller (12.5 x 12.5 cm area) mold, while maintaining a
constant thickness (18 gauge stainless steel), was tested to determine whether an improvement in
CG scaffold uniformity could be achieved. In addition to testing a change in the geometry of the
molds, a variety of modifications to the solidification profile used to fabricate CG scaffolds were

tested in an attempt to improve the uniformity of CG suspension solidification.

Fabrication of CG scaffold has typically utilized a rapid solidification (quenching) technique
(Figure 2.2), where the CG suspension is placed into the freeze dryer chamber after it had been
cooled to the final freezing temperature. This quenching process typically results in space- and
time-variable heat transfer through the CG suspension where any heterogeneity in heat transfer
will result in non-uniform solidification, leading to non-uniform nucleation and growth of ice
crystals and, ultimately, scaffold heterogeneity. In localized regions of poor contact between the
pan in which the suspension is frozen and the freeze dryer shelf, there is a lower rate of ice-
crystal nucleation than in neighboring full contact regions, giving increased variation in pore size.
Due to poor heat conduction and the increased temperature of the suspension at these points,
these areas have been termed ‘hot spots.” In previous studies using CG scaffolds (Freyman,
Yannas, et al., 2001), areas which appeared by visual inspection to be heterogeneous were
avoided in specimen selection. Selecting samples to avoid ‘hot spots’ introduces a subjective
aspect to using CG scaffolds for tissue engineering, and does not allow for a standardized, fixed
sample selection protocol. After solidification is complete, sublimation, typically at a pressure of

15 — 30 Pa for 17 hours, removes the solidified aqueous content, leaving the porous, CG scaffold
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with a heterogeneous pore microstructure characterized by pores with a non-uniform pore size

and shape (Figure 2.2).
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Figure 2.2. Freeze dryer temperature and pressure profiles during CG scaffold fabrication via
quenching.

A constant cooling rate technique is the major focus of this chapter. Historically, a similar
problem of modifying processing conditions to increase the homogeneity in solidified melts was
addressed by the steel industry, providing valuable information for improving the homogeneity
of our CG scaffold variants. Developing processing conditions to allow reproducible fabrication
of steels with equiaxed grains of uniform size was of critical importance. Homogeneous heat

transfer and careful control of the cooling rate of the molten metal was found to significantly
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improve steel grain-size homogeneity (Flemings, 1974); these processing considerations provide
the technological underpinnings for the improved fabrication protocols for producing structurally

homogenous CG scaffolds.

A modified version of such steel processing conditions has been tested by this investigation
(Figure 2.3). Instead of the rapid (quenched) solidification process typically utilized (Figure
2.2), the temperature of the freeze dryer and the CG suspension was cooled at a constant rate (R,
Figure 2.3) from room temperature to the final freezing temperature (Tf) over an interval of
critical duration, termed the solidification regime. The freeze dryer chamber was then held at Ty
for a period of time to allow solidification of the entire suspension to complete, termed here the
annealing regime in tribute to the metallurgical roots of this processing technique. A series of
different solidification rates were tested in order to identify the appropriate solidification rate (R)
to produce a CG scaffold with a homogeneous microstructure and equiaxed pores. It was
hypothesized that appropriate modification of the solidification rate - slower and more spatially
uniform than quenched cooling — will result in a scaffold with homogeneous microstructure.
After solidification is complete, sublimation at a pressure of 15 — 30 Pa for 17 hours removes the
solidified aqueous content, leaving the porous, CG scaffold with a heterogeneous pore

microstructure characterized by pores with a non-uniform pore size and shape (Figure 2.3).

In order to quantitatively measure in vitro cell behavior (motility, contraction) within the CG
scaffolds as a function of mean pore size it is important to be able to fabricate a standardized
family of CG scaffolds with a homogeneous microstructure and distinct mean pore sizes. To

produce scaffolds with different pore sizes, different final freezing temperatures were used with
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the constant cooling rate technique. It was hypothesized that by using the constant cooling rate
technique but decreasing the final freezing temperature will result in the fabrication of CG

scaffolds with a uniform microstructure but with smaller pores.
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This constant cooling rate fabrication technique has significantly improved the structural
uniformity of the CG scaffolds, and modulation of the final freezing temperature has resulting in
the fabrication of a series of CG scaffolds with a uniform microstructure but with distinct mean

pore sizes (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005).

2.3. Materials and Methods

2.3.1. Preparation of collagen-glycosaminoglycan copolymer suspension

The CG scaffolds were fabricated from a collagen-glycosaminoglycan (CG) suspension via
freeze drying (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005). The CG suspension
was produced by combining microfibrillar, type I collagen (0.5 wt%) isolated from bovine
tendon (Integra LifeSciences, Plainsboro, NJ) and chondroitin-6-sulfate (0.05 wt%) isolated from
shark cartilage (Sigma-Aldrich Chemical Co., St. Louis, MO) in a solution of 0.05M acetic acid
(pH 3.2). The collagen, chondroitin-6-sulfate, and acetic acid were mixed at 15,000 rpm in an
overhead blender (IKA Works, Inc., Wilmington, NC); the temperature of the suspension was
maintained at 4°C throughout mixing by a cooling system (Brinkman, Westbury, CT) to prevent
denaturation of the collagen fibers as a result of the heat generated by mixing. The final CG
suspension contained 0.5 wt% collagen and 0.05 wt% chondroitin-6-sulfate. The CG suspension
was then degassed under vacuum (15 Pa) at room temperature (20°C) for 60 minutes to remove
air bubbles introduced by mixing and was stored at 4°C until use. Immediately prior to use, the
volume of suspension was degassed for a second time, allowing the suspension to reach room

temperature (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005). CG scaffolds were
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fabricated using either the traditional rapid-freeze (quenching) (Figure 2.2) (Yannas, Lee, et al.,
1989; Chamberlain and Yannas, 1998) or the constant cooling rate (Figure 2.3) (O'Brien, Harley,
et al., 2004; O'Brien, Harley, et al., 2005) technique using either a large surface area (16.9 x

25.3cm) or small surface area (12.5 x 12.5 cm) 18-gauge, 304 stainless steel pan.

2.3.2. Quenched solidification

For scaffolds fabricated using the rapid-freeze (quenching) freeze-drying technique, the CG
suspension, originally at room temperature, is frozen in a 304 stainless steel pan (VirTis,
Gardiner, NY) by placing it into a pre-cooled freeze dryer (VirTis Genesis) at —40°C for sixty
minutes (Yannas, Lee, et al., 1989). The temperature of the freeze dryer shelf is maintained at a
constant temperature of -40°C via computer control and the pan is constructed from the same
alloy as the freeze dryer shelves to allow for more uniform heat transfer during freezing. The
frozen suspension is then sublimated under a vacuum (15 — 30 Pa) for 17 hours at a temperature

of 0°C (Yannas, Lee, et al., 1989; Chamberlain and Yannas, 1998).

2.3.3. Effect of mold dimensions and stiffness

To test the effects of the pan stiffness on the pore structure of CG scaffolds, two series of
scaffolds were produced following the standard quench freezing protocol, but in pans with two
distinct geometries. The first series of scaffolds were fabricated in the original large stainless
steel pans (16.9 x 25.3 cm), while the second series of scaffolds were fabricated in smaller (12.5
x 12.5 cm) stainless steel pans. Both the pans were made of the same 18 gauge 304 stainless
steel; geometrical differences resulted in a 2.78-fold reduction in pan area and an approximately

6-fold increase in pan stiffness for the smaller pan. The relative warping of the pans was
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determined by mapping the surface topology of the bottom of each pan using a dial indicator
(Starrett, Inc., Athol, MA). Two distinct sample selection protocols were utilized to select 5 pairs
of samples from each scaffold sheet for pore size analysis. Samples were either selected from
five fixed locations within the scaffold regardless of the apparent scaffold heterogeneity (i.e.,
areas containing ‘hotspots’ were not excluded from analysis) in a process termed ‘Fixed
Selection’ (Figure. 2.4), or samples were selected from five areas of the scaffold deemed by
visual inspection to be the most homogeneous (i.e., ‘hot spots’ were excluded) in a process
termed ‘Best Pick Selection.” Scaffolds produced in the smaller pans did not exhibit
heterogeneities visible to the naked eye; consequently, samples were removed for analysis using

only the ‘Fixed Selection’ technique.

Fig. 2.4a Fig. 2.4b

Figure 2.4. Schematic of CG scaffold sampling locations. Orientation of longitudinal and
transverse planes used during pore size analysis (Fig. 2.4a) as well as the locations where
samples were removed for analysis via the fixed selection protocol (1-5) and the location (e) of
the thermocouples during measurement of the freezing kinetics of the CG suspension (Fig. 2.4b).

2.3.4. Constant cooling rate solidification: Effect of varying the solidification rate
The cooling rate of the freeze dryer shelf was varied in order to test the effects of variable

freezing conditions on the final scaffold microstructure. With the constant cooling rate technique,
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the CG suspension was placed into the chamber of the freeze dryer at room temperature (20°C)
and the temperature of the chamber and shelf of the freeze dryer was then reduced (ramped) at a
constant rate via computer control to the final freezing temperature (-40°C) (solidification regime,
Figure 2.3); the temperature was then held constant at -40°C for 60 minutes (annealing regime,
Figure 2.3). The ice phase was then sublimated under vacuum (15 — 30 Pa) at 0°C for a period of
17 hours as has previously been described (Yannas, Lee, et al.,, 1989). The term "constant
cooling rate" refers to the constant cooling rate of the freeze dryer shelf and not to the cooling
rate of the CG suspension, which will be characterized separately. The CG suspension was
frozen at three distinct cooling rates, where the freeze dryer shelf temperature was ramped from
20°C to the final freezing temperature of -40°C in 65, 90 and 115 minutes. A fourth scaffold was
produced using the quenching technique previously described. Samples were removed for pore
analysis from all four types of scaffold using the ‘Fixed Selection’ protocol previously described.

All samples were made using the smaller (12.5 x 12.5 ¢cm) pans.

The temperature of the CG suspension was monitored at one-minute intervals until sublimation
at two locations in the suspension using a two-channel microprocessor thermocouple (HH22,
Omega Engineering, Stamford, CT). Two thermocouple elements (Type K Thermocouple,
Omega Engineering, Stamford, CT) were placed approximately 10 cm apart along a diagonal
between the opposite corners of the pan (Figure 2.4). The average freezing rate of the
suspension (in °C/min) for all freezing protocols was computed between the starting temperature
and -30°C. The lower limit of -35°C was used in this calculation because below that temperature,
the temperature of the suspension and the freeze dryer shelf tended to asymptotically approach

the final freezing temperature, and could not be modeled linearly. The liquid-solid transition time,
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corresponding to the time where liquid and solid coexist, is a measure of how rapidly the
suspension begins to solidify (Michel, 1978); it was measured as the time that the suspension
temperature remained between 0°C and -1°C following the initial supercooling condition

required to initiate ice crystal nucleation.

2.3.5. Fabrication of CG scaffold with different pore sizes

After identifying the appropriate solidification rate in order to produce CG scaffolds with a
uniform pore microstructure with equiaxed pores, the degree of undercooling reached (mediated
by the final freezing temperature) was varied in an attempt to produce uniform CG scaffolds with
equiaxed pores with distinct mean pore sizes. The degassed CG slurry was poured into the
smaller 18 gauge, 304 stainless steel mold (12.5 x 12.5 cm) (VirTis, Co., Gardiner, NY); the
mold was then placed into the chamber of a freeze dryer (Genesis, VirTis) at room temperature
(20°C). The temperature of the freeze dryer shelf and chamber was cooled at the constant rate
identified to produce a uniform microstructure to a series of distinct final freezing temperatures;
the shelf/chamber temperature was then held constant for 60 minutes at Tr to complete the
freezing process. Final freezing temperatures of -10°C, -20°C, -30°C and -40°C were used to
produce porous scaffolds of four different mean pore sizes. The ice phase was then sublimated

under vacuum (15 — 30 Pa) at 0°C for a period of 17 hours to produce the porous CG scaffolds.

The temperature of the CG suspension and the freeze dryer shelf was monitored during the
freezing process at one minute intervals at four locations in the suspension using a thermocouple
(HH22, Omega Engineering, Stamford, CT) as was described in section 2.3.4 (O'Brien, Harley,

et al,, 2004). The average freezing rate of the suspension in °C/min was determined as the
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average rate of freezing from the starting temperature of the suspension to a lower limit of 5°C

greater than the final temperature of freezing.

2.3.6. CG scaffold crosslinking

All CG scaffolds manufactured in this study were crosslinked via a dehydrothermal process after
freeze-drying to stiffen the collagen network by introducing covalent crosslinks between the
polypeptide chains of the collagen fibers without denaturing the collagen into gelatin (Yannas
and Tobolsky, 1967; Yannas, 1972). Crosslinking was carried out in a vacuum oven (Fisher
IsoTemp 201, Fisher Scientific, Boston, MA) at a temperature of 105°C under a vacuum of 50

mTorr for 24 hours (Yannas, Lee, et al., 1989; Chamberlain, Yannas, et al., 1998).

2.3.7. Analysis of pore structure

To determine the average pore size of the scaffolds, pairs of samples were removed from five
locations in each sheet of the CG scaffold using either the ‘Fixed Selection’ or ‘Best Pick
Selection’ protocols (see Section 2.3.3); for all analysis utilizing the smaller (12.5 x 12.5 cm)
molds, the ‘Fixed Selection’ technique was utilized. At each of the five locations, a sample was
taken from the longitudinal plane (10 x 10 x 3 mm thick square section from the plane of the
scaffold) and in an adjacent region from the transverse plane (10 x 5 x 3 mm thick rectangular
section from the plane of the scaffold) (Figure. 2.4). Each of these samples was cut from the top

surface through the entire depth of the scaffold (approximately 3.5 mm).

Each sample was embedded in glycolmethacrylate and serially sectioned longitudinally or

transversely on a Leica RM2165 microtome (Mannheim, Germany) at a 5 pm thickness. The
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sections were stained using aniline blue and observed on an optical microscope (Nikon Optiphot,
Japan) at 4x magnification. Three digital images of each longitudinal section and two images of
each of the smaller transverse sections were digitized using a CCD color video camera
(Optronics Engineering, Inc., Goleta CA). A total of 125 digitized images (25 images from each

of five locations per scaffold) were analyzed from each scaffold sheet.

The digitized images were analyzed using a linear intercept program in Scion IrnageTM software
(Scion Corp., Frederick, MD) to determine the mean pore size for each cross-sectional image
(Freyman, 2001). Briefly, the program calculated the number of times that a series of parallel
lines drawn across the image intercepted a pore wall. This process was repeated with the series
of lines rotated by 5° increments around the section. The linear intercept program utilized the
distance and angle measurements to construct a best-fit ellipse representing an average pore
cross-section for each analyzed region, and the mean intercept length was an average of the

major and minor axes of this reconstructed best-fit shape (Figure 2.5).

The mean pore size at each position within the scaffold was calculated from the average of the
results from the longitudinal and transverse planes at that location; the best-fit ellipses for
adjoining transverse and longitudinal sections were used to construct a best-fit ellipsoid. To
account for the effects of pores that were not sectioned through their maximal cross-section but
rather at an arbitrary angle, the ellipse major and minor axes were corrected by multiplying by
1.5 (Gibson and Ashby, 1997). The mean pore size of each scaffold was determined by

averaging the results from all analyzed regions.
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Figure 2.5. Linear intercept analysis of CG scaffold pore microstructure. Characteristic pore
microstructure (scale bar: 100 um) (A) and best-fit ellipse as reported by linear intercept analysis
performed by Scion Imaging software (B) of a CG scaffold fabricated via quenching. The
average mean pore size and pore aspect ratio was 124 pm and 1.3 (ellipsoidal pores) (Freyman,
2001).

2.3.8. Environmental scanning electron microscopy

Environmental scanning electron microscopy (ESEM) was used to qualitatively compare the
pore structure of the scaffolds produced by the original quenching technique and the constant
cooling rate technique. Cylindrical sections, 9 mm in diameter, were removed from the thickness
of the scaffold and stored in phosphate buffered saline (PBS, Sigma-Aldrich Chemical Co., St.
Louis, MO) prior to observation. The hydrated samples were removed from the PBS and placed
directly onto the sample holder attached to the Peltier cooling stage in the ESEM without the

need of prior sputter coating.

2.3.9. Micro computed-tomography
The three-dimensional structure of a CG scaffold manufactured using the original quenching
technique was analyzed using micro computed-tomography (MicroPhotonics, PA), to obtain a

separate quantitative measurement of mean pore size in order to confirm the scaffold pore
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analysis by the linear intercept method. Scans were performed on a Skyscan 1072 Micro-CT
system (Aartselaar, Belgium) with 100 keV x-ray source and a 12 bit cooled CCD camera.
Cross-sections were generated using a full cone beam Feldkamp reconstruction algorithm.
Morphological calculations were carried out on the reconstructed sections using the standard

Skyscan software package to calculate the mean pore size of the scaffold.

2.3.10. Statistical analysis

All statistical calculations were performed using the StatView statistical software package (v. 5.0,
SAS Institute, Inc., Cary, NC). Paired t-tests were performed to compare individual sets of data
to determine statistical significance. One-way analysis of variance (ANOVA) and pair-wise
multiple comparison procedures (Tukey Tests) were used to compare data groups. Error is
reported in figures as the standard deviation (StDev), the standard error of the mean (SEM =
StDev/n'"2), or as the coefficient of variance (CV = StDev/Mean) in order to compare the relative
variation in pore size between different scaffolds. A probability value of 95% (p < 0.05) was

used to determine significance.

2.4. Results

2.4.1. Influence of pan size on pore size

Visual inspection revealed that the CG scaffolds produced in the smaller stainless steel pan were
more homogeneous than those prepared in the larger stainless steel pan, with no apparent ‘hot
spots’ due to variable nucleation of ice crystals. Figure 2.6 shows the results of the pore size
analysis of scaffolds produced using the large and small stainless steel pans. One-factor ANOVA

indicated a significant effect of pan size and sample selection method on the pore structure (p <
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0.05). The mean pore size of scaffolds produced using the smaller pan (Fixed Selection) was
found to be significantly smaller (p < 0.05) than that of scaffolds produced in the larger, more
compliant stainless steel pan (both ‘Fixed Selection” and ‘Best Pick Selection’). The coefficient
of variance (CV) of the pore size of scaffolds produced in the smaller pans (‘Fixed Selection’)
was found to be significantly smaller (p < 0.05) than that of scaffolds produced in the large pan
(‘Fixed Selection’). However, when heterogeneous regions were avoided when selecting samples
from the large pan (‘Best Pick Selection’), the CV of the mean pore size of scaffolds was not
significantly different than that for scaffolds produced in the smaller pan (‘Fixed Selection’) (p =
0.09). Nevertheless, the use of the small pans removes a subjective element from the selection of
samples from the scaffolds. There was an overall improvement of scaffold homogeneity by using

the smaller pans.
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Figure 2.6. The effect of pan size and stiffness on scaffold mean pore size and homogeneity
(proxy: CV). No ‘hotspots’ due to variable nucleation were found in scaffolds manufactured in
the smaller stainless steel pan, and those scaffolds showed a smaller mean pore size with
increased scaffold homogeneity.
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Analysis of the surface topology of the pans was performed to determine whether there was a
difference in the pan geometry that could account for the improvement in scaffold homogeneity
observed in the scaffolds fabricated using the smaller pans. The average deflection at the center
of the pan for the larger, more compliant pans (254um) was considerably larger than for the
smaller, stiffer pans (80um). The relative pan warping of the larger and smaller pans was
determined by comparing the average standard deviation of the deflection of the pan along the
rows and columns of the grid used to measure the relative pan heights across the bottom. The
average standard deviation of the deflection of the pan for the larger pans (144.6 + 71.4 pm) was
significantly larger (p=0.002) than that of the smaller pans (45.7 £ 18.0 um). These results
suggest that the smaller pans are significantly less warped and show a smaller overall deflection
compared to the larger pans. The increased stiffness of the smaller pan is expected to reduce

warping from repeated freeze-thaw cycles.

2.4.2. Control of the rate of freezing of the CG suspension

Figure 2.7 shows the average temperature of the CG suspension during freezing for the
quenching and the constant cooling rate techniques. A larger absolute difference in slurry
temperature was observed between measurement locations during the freezing process (larger
error bars) for the quenching technique as compared to the constant cooling rate technique. One-
factor ANOVA indicated a significant effect of freezing technique on the temperature variation
throughout the pan (p < 0.0001). The constant cooling rate technique with a freezing time of 65
minutes displayed significantly improved freezing homogeneity compared to the quenching
technique (p < 0.0001) and the constant cooling rate technique with a freezing time of 105

minutes (p < 0.0001), but not compared to the constant cooling rate technique with a freezing

-73 -



time of 90 minutes (p = 0.52). Table 2.1 shows the results of measurements of the average

freezing rate of the slurry and the time required for the liquid-solid transition of the CG

suspension at the point of freezing.

—e— Quenching
~@- R =65 min
—a— R =90 min
—o—R =105 min

Temperature, °C

Time, min

Figure 2.7. CG suspension thermal profiles during solidification. Average temperature of the CG
suspension during freezing for the four freezing curves (R = length in minutes of the constant
cooling period during the freezing process).

Freezing Time Average Suspension Freezing = Liquid-Solid Transition
Rate, °C/min Time, min
Quenching 4.1 2
65 min 0.9 10.5
90 min 0.7 11
105 min 0.6 14.5

Table 2.1. Freezing rate of CG suspension and the liquid-solid transition time during
solidification.
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The quenching technique showed the most rapid freezing rate (4.1°C/min) with the shortest
duration at the liquid-solid transition (2min) while the constant cooling rate protocols had
significantly slower rates of freezing (0.9°C/min, 0.7°C/min, 0.6°C/min) and longer liquid-solid
transition times (10.5, 11, 14.5 minutes) for freezing times of 65, 90 and 105 minutes,

respectively.

2.4.3. Constant cooling rate solidification: Influence of rate of freezing on pore microstructure
The cellular structure of scaffolds produced using the constant cooling rate technique
(0.9°C/min) appears significantly more homogeneous throughout the entire scaffold than the

scaffold structure produced using the original quenching technique (Figure 2.8).

Fig. 2.8a

Fig. 2.8b

Figure 2.8. A series of longitudinal images selected via ‘Fixed’ selection protocol from a single
CG scaffold sheet produced using the quenching (Fig. 2.8a) and the constant cooling rate
technique that displayed the greatest freezing rate homogeneity (0.9°C/min) (Fig. 2.8b). The
constant cooling rate technique produced pores with a more uniform size and structure at each
sample point (locally), and also a more homogeneous nature throughout the scaffold (globally).
Scale bar = 300um.
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Although locally, pores often tended to be aligned in a particular direction, no consistency of
pore orientation was found between the five separate sampling locations in both the quenching
and the constant cooling rate techniques. When the scaffolds are compared, it is apparent that
using the new constant cooling rate technique, the pores are more uniform in size, have a
consistent pore structure, and show no obvious variation in mean pore size, pore structure, or
alignment throughout the scaffold, differing significantly from scaffolds fabricated using the
quenching protocol. Similar results were found for analysis of both the transverse and

longitudinal sections.

ESEM micrographs (Figure 2.9) indicate that the pore structure of the scaffold produced using
the quenching technique (4.1°C/min) is characterized by roughly parallel planes of collagen that
are separated by thin collagen struts while the pore structure of the scaffold produced using the
constant cooling rate technique (0.9°C/min) is characterized by more randomly oriented solid

collagen struts and membranes, corresponding to a more equiaxed pore structure.

Figure 2.9. ESEM micrographs of CG scaffolds produced using the quenching technique in the
large pans (Fig. 2.9a) and the constant cooling rate technique (0.9°C/min) in the small pans (Fig.
2.9b) (Pek, Spector, et al., 2004).
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When examined with the naked eye, all scaffolds produced using the constant cooling rate
techniques (0.9, 0.7, and 0.6 °C/min) appear to be homogeneous in nature throughout the entire
scaffold with no evident ‘hot spots.” The histomorphometric analysis of scaffolds produced using
the quenching and the constant cooling rate techniques indicate that scaffolds fabricated with the
constant cooling rate technique are more uniform than those produced with the quenching

technique (Figure 2.10).
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Figure 2.10. Average pore size for scaffolds fabricated with the quenching (4.1°C/min) and the
constant cooling rate technique (0.9, 0.7, 0.6°C/min) in the small stainless steel pans.

A significantly higher coefficient of variance (0.173) was found for the scaffold produced using
the original quenching technique (p < 0.05) compared to the three scaffolds formed using the
constant cooling rate technique. The scaffold produced by freezing at a rate of 0.9°C/min was
found to produce the most uniform scaffold, with a smaller coefficient of variance (0.128)

compared to those observed for the other two rates of freezing (values of 0.146 and 0.151 for
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freezing rates of 0.7 and 0.6°C/min respectively) (p < 0.05). In addition, scaffolds produced at a
freezing rate of 0.9°C/min were also found to have a significantly smaller mean pore size (p <

0.05) compared to the more rapid (4.1°C/min) and slower rates of freezing (0.7 and 0.6°C/min).

This study demonstrated that a freezing rate of 0.9°C/min, corresponding to a more controlled
freezing process than the original quenching protocol, produced a scaffold with a more
homogeneous structure than the other techniques studied. Further analysis was conducted to
determine whether uniform scaffolds could be produced consistently. Three scaffolds were
produced in the smaller stainless steel pans using a freezing rate of 0.9°C/min, with results shown
in Figure 2.11. No significant difference in mean pore size was found between the scaffolds (p =
0.257), and a CV of less than 0.167 was found for each sheet. This data indicates that a constant
cooling rate of 0.9°C/min consistently produces a more homogeneous scaffold than the standard

quenching technique.

80

40

Average Pore Diameter, ym

Figure 2.11. Sheet-to-sheet variability of the mean pore size of three CG scaffolds produced
with an average shelf freezing rate of 0.9°C/min.
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2.4.4. Pore structure and anisotropy
The mean pore size of scaffolds in the longitudinal and transverse planes, at five locations within
the scaffold is shown in Figure 2.12 for scaffolds made by the quenching (Fig. 2.12a) and the

constant cooling rate technique (0.9°C/min) (Fig. 2.12b) in the small pans.

The quenching technique produces a significant variation in the mean pore size between
locations throughout the scaffold (p < 0.001) and between the longitudinal (114.9 + 17.7um) and
transverse (102.7 + 18.6pm) planes (p < 0.05). For scaffolds produced by the constant cooling
rate technique, no significant difference in mean pore size was found at the five sample points
within each sheet (p = 0.177) or between the longitudinal (96.8 = 11.1um) and the transverse
planes (94.2 = 13.9 um) in the scaffold (p = 0.313). While scaffolds produced using the
quenching technique show a significant spatial variation of mean pore size as well as oriented
pores (significantly longer longitudinal than transverse mean intercept), scaffolds produced with
the constant cooling rate technique show no significant spatial variation in pore size as well as

equiaxed pores.

2.4.5. Micro CT Analysis

A section of a CG scaffold (Best Pick Selection) fabricated using the quenching technique in the
large stainless steel pans was analyzed via micro-CT (Skyscan 1072 Micro-CT system). A mean
pore size of 130 um was calculated from analysis of a series of scans. The result of this

calculation compares favorably with the mean pore size calculated from the linear intercept

method (132.4 pm).
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Figure 2.12. Analysis of the consistency of the pore microstructure at five locations (A — E)
within a single CG scaffold sheet in the longitudinal and transverse planes for scaffolds produced
using quenching (Fig. 2.12a) and the constant cooling rate technique (0.9°C/min) (Fig. 2.12b).
Scaffolds manufactured via quenching have mean pore sizes of 114.9 + 17.7 and 102.7 + 18.6
pum, while scaffolds produced via constant cooling have mean pore sizes of 96.8 + 11.1 and 94.5
+ 13.9 pum in the longitudinal and transverse planes, respectively.
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2.4.6. Constant cooling rate solidification: Influence of final freezing temperature on pore

microstructure

After identifying the optimal constant cooling protocol (0.9°C/min), four distinct CG scaffold
variants were produced by solidifying the CG suspension at a constant cooling rate from room
temperature (20°C) to four distinct undercooling levels (final freezing temperatures) of -10, -20, -
30, and -40°C. The undercooling temperature was then maintained for 60 minutes (annealing
regime, Figure 2.3) to allow solidification to complete. Constant sublimation processing
conditions (0°C, 15 — 30 Pa, 17 hours) were then applied to produce the porous CG scaffolds.
Figure 2.13 shows the average temperature of the freeze dryer shelf as well as the average
temperature of the CG suspension during freezing for the four freezing protocols. As expected,
the CG suspension approached the final temperature of freezing more rapidly when exposed to

greater undercooling (lower Ty) (Fig. 2.13b).

All CG scaffolds appeared to have a homogeneous pore structure with no obvious areas of non-
uniformity in pore size or structure when viewed with the naked eye prior to histological
examination. Such gross examination has previously sufficed to identify areas of heterogeneity
and homogeneity in scaffolds of this type (O'Brien, Harley, et al., 2004). Figure 2.14 shows the
effect of freezing temperature on the scaffold mean pore size. Scaffolds fabricated at a final
temperature of freezing of -40°C, -30°C, -20°C and -10°C were determined to have a mean pore
size of 95.9 pm, 109.5 pm, 121.0 um and 150.5 um, respectively. One-way analysis of variance
(ANOVA) showed the final temperature of freezing has a significant effect on the mean pore
size (p < 0.001). Post-hoc testing between the four different scaffolds indicated that there was a

significant difference in mean pore size between all groups (p < 0.05).
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Figure 2.13. Average temperature of the freeze dryer shelf (Fig. 2.13a) and the CG suspension
(Fig. 2.13b) during freezing for the four constant cooling rate freezing protocols.
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Figure 2.14. Effect of final freezing temperature on CG scaffold mean pore size. One-way
analysis of variance (ANOVA) showed that final freezing temperature has a significant effect on
the mean pore size (p <0.001) of CG scaffolds produced using this freeze-drying technique.

Figure 2.14 also shows the results of a more detailed pore analysis of the four different CG
scaffolds. The mean pore size of each scaffold was determined in both the longitudinal and
transverse (cross-sectional) planes of the scaffold in order to estimate the three-dimensional
geometry of the pores. In scaffolds produced at freezing temperatures of -40°C, -30°C, -20°C, no
significant difference was found between the mean pore size in the transverse and longitudinal
planes (p > 0.05). The coefficient of variance of mean pore size of scaffolds produced at final
temperatures of freezing of -40°C, -30°C, and -20°C was 0.128, 0.167 and 0.186, respectively,
indicating an equiaxed pore structure that has been previously reported for freezing to -40°C
(O'Brien, Harley, et al., 2004). However, a significant difference in mean pore size of the

longitudinal (163.9 + 31.6 um) and transverse (130.4 + 20.6 pm) planes (p < 0.05) was observed
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for CG scaffolds produced at a final temperature of freezing of -10°C. Consequently, scaffolds
produced at this temperature, while having the largest mean pore size, were found to have the
largest coefficient of variance (0.213). All four scaffold variants had a homogeneous pore
structure, with no significant variation in mean pore size, shape, or alignment throughout the

scaffold (p > 0.05).

Figure 2.15 shows a series of micrographs taken from scaffolds fabricated using different final
freezing temperatures. The increase in mean pore size as a result of increasing the final freezing
temperature is clearly evident. Pores were observed to be largely equiaxed with no obvious local

alignment of pore channel axes.

T, -10°C T,-20°C T,-30°C T, -40°C
151 pm 121 pm 110 um 96 nm

Figure 2.15. Light micrographs (transverse plane) of CG scaffolds fabricated at four distinct
final freezing temperatures. Scaffolds fabricated at a lower final freezing temperature exhibit a
smaller mean pore size. Scale bar = 100 pm.

The relative density (p/p) of the four CG scaffold variants was determined using the measured
dry density (p") of the collagen scaffold sheets and the known dry density of solid collagen (ps,

1.3 g/cm3) (Yannas and Tobolsky, 1967; Yannas, Burke, et al., 1980). The dry density of the
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collagen scaffolds was determined by measuring the dimensions of each sheet of scaffold using a
micrometer (Mitutoyo, Japan) and the mass of the scaffold sheet using an analytical balance
(Model CP124S, Sartorius, Germany). Results of microstructural analysis (mean pore size,
relative density) of the four CG scaffold variants are presented in Table 2.2. No statistically
significant difference in scaffold relative density was observed (p > 0.05), as would be expected

since all scaffold variants were fabricated from a constant CG suspension.

Ty, °C Mean Pore Size, pm Relative Density, p /p,
Mean + StDev Mean + StDev
-10 151432 0.0062 + 0.0005
-20 121 +23 0.0061 % 0.0003
-30 110+ 18 0.0059 + 0.0003
-40 96 + 12 0.0058 + 0.0003

Table 2.2. Mean pore size and relative density of the four CG scaffold variants.

2.5. Discussion

Collagen-GAG scaffolds manufactured using the original (quenching) freeze-drying technique
(Yannas, Lee, et al., 1989) show a characteristic heterogeneous pore structure with a large
variation in average pore diameter at different locations and orientations (in and out of plane) in
each sheet of scaffold. Control of the rate of cooling during fabrication and the use of smaller,
less warped stainless steel pans significantly improved the structural characteristics of the
scaffold: a more homogeneous microstructure with less variation in mean pore size throughout

the scaffold and no difference in mean pore size between the transverse and longitudinal planes

was observed.
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The structure of the CG scaffold is controlled by the final freezing temperature and the heat
transfer processes associated with freezing. Additionally, the direction of heat transfer and the
speed of heat transfer influence the shape of ice crystals; the existence of a predominant direction
of heat transfer leads to the formation of columnar ice crystals with the major axis aligned in the
predominant direction of heat transfer (Loree, Yannas, et al., 1989; Chang, Yannas, et al., 1990;
Chang and Yannas, 1992; Schoof, Apel, et al., 2001). Creation of a scaffold with an equiaxed
pore structure requires removing predominant direction of heat transfer from the freezing process.
Utilizing a solidification profile (constant cooling rate technique) that results in more
homogeneous heat transfer (Figure 2.7) has allowed fabrication of a series of CG scaffolds with

a homogeneous microstructure characterized by equiaxed pores.

When the quenching fabrication technique was used in conjunction with the larger, more warped,
stainless steel molds to produce CG scaffolds, ‘hot spots’ were created throughout the scaffold
due to areas of pan-shelf discontinuity. When these areas were included in the analysis of the
pore structure, a significantly larger mean pore size with a significantly larger co-efficient of
variance was found (Mean: 149.6 pm, CV: 0.275) than when the areas were avoided (Mean:
132.4 um, CV: 0.185), validating previous studies where these areas were avoided (Freyman,
Yannas, et al., 2001). Comparatively, CG scaffolds produced using the smaller molds (12.5 x
12.5 c¢m) showed no visual evidence of ‘hot spots’ to the naked eye. While a smaller mean pore
size and lower coefficient of variance (CV: 0.173) was observed with the scaffolds produced in
the smaller pans using the quenching technique, the improvements were not significantly
improved (p > 0.05) compared to selection of the “best” areas from scaffolds produced in large

pans with the quenching technique.
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As a second component of this study, a comparison was made between the quenching process
and a series of constant cooling rate freezing protocols. Three distinct constant cooling rates
were tested by cooling the freeze dryer from 20°C to -40°C over 65, 90, or 115 minutes,
corresponding to average slurry freezing rates of 0.9, 0.7, and 0.6°C/min, respectively. The
scaffolds produced using the constant cooling rate technique were observed to have a more
homogeneous pore structure than those produced using the quenching technique (Figure 2.9).
This result parallels the finding that the quenching process gives rise to a wide variation in
suspension temperature throughout the pan during freezing, while the constant cooling rate

process produces virtually identical suspension temperatures throughout the pan during freezing.

Scaffolds produced using a constant cooling rate of 0.9°C/min were found to have the most
homogeneous structure with the lowest coefficient of variance in pore size (0.128) and the
smallest difference in pore size between the longitudinal and transverse planes in the scaffold.
This freezing protocol also exhibited the greatest level of temperature uniformity during freezing
(Figure 2.7). A series of scaffolds were manufactured at this constant cooling rate (0.9°C/min) in
order to establish the reproducibility of this protocol. The scaffold pore size was found to be
consistent from sheet to sheet, the coefficient of variance was found to be consistently smaller
than under previous processing conditions, and no ‘hotspots’ were found in any of the scaffolds
manufactured with a constant cooling rate of 0.9°C/min. These results suggest that the constant
cooling rate technique establishes a more uniform temperature distribution throughout the
suspension during freezing, resulting in consistent ice crystal nucleation and growth and a more

uniform final scaffold structure.
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Figure 2.11 shows an in-depth comparison of the pore size distribution in two scaffold types: a
scaffold fabricated using the quenching technique and a scaffold fabricated using a constant
cooling rate of 0.9°C/min. CG scaffolds produced using the constant cooling rate technique
(0.9°C/min) showed significantly smaller variation in pore size throughout the scaffold and no
variation in mean intercept length between the longitudinal and transverse planes while the
scaffold manufactured using the quenching protocol had a considerably larger variation in pore
size throughout the scaffold and in the longitudinal and transverse planes. These results suggest
that there is reduced variation in pore size throughout the scaffold along with an equiaxed pore
structure when the scaffold is manufactured using the constant cooling rate technique
(0.9°C/min). ESEM micrographs of the scaffold pore structure (Figure 2.8) further support this
conclusion; in the scaffold produced using the constant cooling rate technique, the collagen
fibers (struts) are randomly arranged around approximately equiaxed pores while in the scaffold
produced using the original quenching technique, there are roughly parallel planes of collagen

membranes separated by thin collagen struts.

Overall, the pores produced using the new technique appear to be more equiaxed unlike the
elongated pores in scaffolds produced using the quenching technique. Additionally, while pore
orientation in scaffolds fabricated using the quenching technique in large pans (original
technique) was observed to be grossly random, pore alignment was observed locally, indicating
areas of directional heat transfer. However, the pore structure of the CG scaffolds produced using
the constant cooling rate technique was observed to be equiaxed with no local or global
alignment of pores, indicating the effects of local heat transfer phenomena were removed from

the fabrication process (Figures 2.8, 2.9, 2,12).
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The formation of individual ice crystals within a liquid medium is influenced by the nucleation
of ice crystals and the rate of diffusion associated with the liquid, both of which are mediated by
the final freezing temperature. Increasing the undercooling temperature while maintaining a
constant cooling rate has been observed to decrease the mean pore size of the resultant CG
scaffold without increasing scaffold microstructural heterogeneity (Figure 2.14). The four
different final freezing temperatures (-40°C, -30°C, -20°C and -10°C) produced four distinct
scaffolds with distinct mean pore sizes (96, 110, 121, 151 pm, respectively) and a constant
relative density (0.006) (Table 2.2). Each scaffold exhibited a homogeneous pore microstructure
and showed no obvious variation in mean pore size, structure, or alignment at distinct regions

within the scaffold.

For scaffolds produced at freezing temperatures of -40°C, -30°C and -20°, no significant variation
in mean intercept length was found between the longitudinal and transverse planes showing that
the pores formed in these scaffolds were uniform in shape as well as in size, i.e. scaffolds with an
equiaxed pore structure were produced. However scaffolds produced at a freezing temperature of
-10°C were found to have a significant variation in mean pore size between the longitudinal and
transverse planes (p < 0.05), suggesting that at this higher freezing temperature, columnar ice
crystals are formed rather than the more equiaxed ice crystals that form at the lower temperatures
of freezing. This result parallels previous studies that have shown that the direction and speed of
heat transfer during freezing influence the shape of ice crystals, and suggests that the elongated
ice crystals were formed due to a predominant direction of heat transfer during the freezing
process (Hobbs, 1974; Kurz and Fisher, 1989; Loree, Yannas, et al., 1989; Chang and Yannas,

1992).
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2.6. Conclusions

This investigation has shown that uniform CG scaffolds with an equiaxed pore structure can be
produced via lyophilization with the use of a constant cooling rate technique rather than a
quenching technique to freeze the CG suspension prior to sublimation. The constant cooling
technique establishes a more uniform suspension temperature throughout the pan during the
freezing process compared to the quenching technique, where the constant cooling rate that
produced the most uniform temperature distribution also produced the most uniform scaffold
structure. The most uniform scaffolds displayed approximately equiaxed pores, with no
significant pore size variation throughout the scaffold. A standard series of CG scaffolds with
constant relative density and a homogeneous pore microstructure has been fabricated using the
constant cooling technique solidifying the CG suspension to four different final freezing

temperatures, resulting in scaffolds with mean pore sizes ranging between 96 and 151 um.

These microstructurally homogeneous CG scaffold variants can now be utilized for quantitative,
in vitro studies of cell motility and contraction in ECM analogs where the extracellular
environment is known. To further describe the fabrication of CG scaffold via lyophilization, a
quantitative treatment of the mechanisms that influence CG suspension solidification, including
development of predictive thermal models relating CG suspension processing conditions
(cooling rate, Ty), will be discussed in Chapter 3. Further characterization of the specific surface
area, permeability, and mechanical characteristics of these CG scaffolds, along with cellular
solids modeling tools that can appropriately describe these scaffold variants will be discussed in

Chapters 4 and 5. Finally, Chapter 6 will describe the results of a series of in vitro experiments
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studying cell behavior (motility, contraction) in a series of these CG scaffold variants, where the

independent effects of CG scaffold microstructural and mechanical properties were studied.
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CHAPTER 3. Coarsening-Mediated  Solidification  is

Responsible for Defining the Pore Microstructure of Collagen-

GAG Scaffolds: Experimental and Thermal Modeling Results

3.1. Introduction

A number of critical microstructural criteria for the design of bioactive scaffolds have been
previously introduced. In this chapter, we return to consideration of the scaffold mean pore size
and structural homogeneity: the mean pore diameter must be large enough for cells (typically 5 —
30 pm in size) to migrate through the pores and small enough to retain a critical total surface
area for appropriate cell binding. Typical pore sizes of biologically active scaffolds range from
twenty to a few hundred micrometers, where scaffold mean pore size has been observed to
significantly affect cell behavior within the scaffold and overall scaffold bioactivity (Yannas,
Lee, et al., 1989; Yannas, 2001; O'Brien, Harley, et al., 2005). To allow for transport of cells and
metabolites the scaffold must also have a high specific surface and large pore volume fraction
(generally greater than 90%) as well as an interconnected pore network (Yannas, 2001). In the

design and use of collagen-glycosaminoglycan (CG) scaffolds (Figure 3.1), the structural
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features of the scaffold were required to be adjusted to provide the correct structural environment
for the cells, tissues, and processes under investigation (Yannas, Lee, et al., 1989; Chang and

Yannas, 1992; Harley, Spilker, et al., 2004; O'Brien, Harley, et al., 2005).

Figure 3.1. SEM image of collagen-GAG (CG) scaffold, mean pore size ~95 um, 99.4%
porosity (Pek, Spector, et al., 2004).

As previously described, CG scaffolds are primarily manufactured via freeze-drying, (Yannas,
2001), and the modeling the solidification kinetics during this process is the focus of this
investigation. Briefly, an aqueous suspension of collagen and glycosaminoglycan fibers that are
precipitated in acetic acid is solidified (frozen) in a freeze dryer, localizing the CG co-precipitate
between the growing ice crystals that likely nucleate on the collagen-GAG fiber content within
the suspension. Once complete, the solidification process produces a continuous, interpenetrating
network of ice crystals surrounded by fibers of collagen and GAG (Hobbs, 1974; Kurz and
Fisher, 1989). Sublimation removes the ice crystals, leaving a highly porous scaffold structure

where the scaffold microstructure is defined by the ice crystals formed during solidification
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(Figure 2.1). Suspension solidification is therefore responsible for the creation of a scaffold-ice
preform, where the size and shape of the ice crystals within the scaffold-ice preform define the

final pore microstructure of the sublimated scaffolds.

These CG scaffolds typically possess extremely high pore volume fractions (>95%) and exhibit
an open-cell pore structure. The pore volume fraction and the size of the pores have been
modified by altering the volume fraction of the precipitate in the suspension and by the
underlying freezing processes (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005; Harley,
Hastings, et al., 2006). Scaffold heterogeneity has been previously implicated in the inferior
performance of some scaffold materials (Zeltinger, Sherwood, et al., 2001; Hollister, Maddox, et
al., 2002) so it is of critical importance to be able to fabricate homogeneous scaffolds with a
defined and reproducible microstructure (i.e., mean pore size, shape). Therefore, an improved
understanding of the CG suspension solidification process and the effect of different thermal
processing conditions on the final scaffold microstructure will be an important step for the design
of future bioactive scaffolds. Mathematical models of the solidification process can guide the
selection of processing variables and conditions (i.e., solidification rate, undercooling

temperature) to produce the desired CG scaffold microstructure.

The motivation for this study is the result of previous investigations focused on identifying
improved processing conditions to produce a series of CG scaffolds characterized by a
homogeneous microstructure and equiaxed pores with distinct mean pore sizes described in
Chapter 2 (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005). The traditional thermal

processing conditions were modified to produce this series of uniform CG scaffolds (O'Brien,
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Harley, et al., 2004) with pore sizes ranging from 96 — 151 um (O'Brien, Harley, et al., 2005),
and have provided information suitable for the development of thermal models of the
solidification process responsible for defining the structural organization of the scaffold-ice

preform.

The rapid cooling associated with the quenching thermal processing (Figure 2.2) produced
spatially and temporally variable heat transfer, resulting in non-uniform solidification and
significant scaffold heterogeneity. The processing change from the quenched to the constant
cooling rate technique (Figure 2.3) was motivated by the observed solidification heterogeneities
due to the quenching process and work in the literature describing the development of processing
techniques to produce metals with equiaxed grains (Flemings, 1974). Equiaxed grains are
produced during casting by controlled and homogeneous coarsening: increased coarsening time
led to larger metal grains and uniform thermal conditions led to a more equiaxed grain structure
throughout the casting (Flemings, 1974). Implementation of the constant cooling rate thermal
processing conditions resulted in creation of equiaxed ice crystals within the scaffold-ice preform
following suspension solidification and the resultant fabrication of an homogeneous CG scaffold

microstructure with equiaxed pores following sublimation (O'Brien, Harley, et al., 2004).

By altering the degree of undercooling, uniform scaffolds with equiaxed pores of different mean
pore size (96 — 151 um) have been fabricated in a reproducible manner (Table 3.1) (O'Brien,
Harley, et al., 2005). However, a wider range of pore sizes along with an improvement in
scaffold uniformity is necessary for future experiments studying cell-scaffold interactions. A

quantitative treatment of the solidification process can also guide the fabrication of future
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scaffolds with novel microstructures in a predictive manner without the trial-and-error procedure
traditionally employed (O'Brien, Harley, et al., 2004). Development of a quantitative treatment
of the salient mechanisms of CG suspension solidification is the focus of this investigation.
While the freeze-drying process for fabricating CG scaffolds is composed of two distinct
processes, solidification and sublimation, suspension solidification is the focus of this
investigation. Solidification is responsible for defining the size, shape and distribution of ice

crystals in the scaffold-ice preform and hence the pore structure of the scaffold.

Ty, °C Mean Pore Size, pm Relative Density
-10 151 +32 0.0062 + 0.0005
-20 121 £23 0.0061 + 0.0003
-30 110 £18 0.0059 + 0.0003
-40 96 + 12 0.0058 = 0.0003

Table 3.1. Mean pore size and relative densities of CG scaffolds fabricated at different final
freezing temperatures (Mean + StDev).

3.2. Fabrication of collagen-glycosaminoglycan scaffolds via lyophilization

3.2.1. Preparation of the collagen-glycosaminoglycan (CG) co-polymer suspension

A complete description of CG suspension production is provided in Section 2.3.1 of this thesis.
The CG suspension was produced by combining microfibrillar, type I collagen (0.5 wt%)
isolated from bovine tendon (Integra LifeSciences, Plainsboro, NJ) and chondroitin-6-sulfate
(0.044 wt%) isolated from shark cartilage (Sigma-Aldrich Chemical Co., St. Louis, MO) in a pH
3.2 solution of 0.05M acetic acid (0.3% v/v glacial acetic acid) in distilled water. The collagen,
chondroitin 6-sulfate, and acetic acid were mixed in an overhead blender at a constant

temperature of 4°C to prevent collagen denaturation. The CG suspension was then degassed
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under vacuum (15 Pa) to remove air bubbles introduced by mixing (Yannas, Lee, et al., 1989;

O'Brien, Harley, et al., 2004).

3.2.2. Fabrication of CG scaffold with different pore sizes

The CG suspension was frozen using the previously described constant cooling rate technique
(Sections 2.3.4, 2.3.5) (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005). The CG
slurry was poured into a 304 stainless steel mold (12.5 x 12.5 cm) (VirTis, Co., Gardiner, NY)
that was then placed into the chamber of a freeze dryer (Genesis, VirTis) at room temperature
(20°C). The freeze dryer shelf was manufactured using the same 304 stainless steel and the
temperature of the shelf is actively maintained by pumping cooled refrigerant (silicone oil)
through the hollow shelf. The temperature of the chamber is cooled by cooling coils surrounding
the chamber, but is not maintained as accurately as the shelf: the temperature of the shelf is
maintained at the desired set-level during solidification while the chamber atmosphere is slightly
warmer than the shelf. The temperature of the freeze dryer shelf was cooled at a constant rate
(1.4°C/min) to the final freezing temperature (Ty); the shelf temperature was then held constant
for 60 minutes at T to maintain a constant level of undercooling and ensure completion of the

solidification process.

The ice phase was then sublimated under vacuum (15 — 30 Pa) at 0°C for a period of 17 hours to
produce the porous CG scaffolds (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005).
Final freezing temperatures of -10°C, -20°C, -30°C and -40°C were used to produce porous
scaffolds of four different measured mean pore sizes (151, 121, 110, 96 um, respectively) (Table

3.1) (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005).
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3.2.3. Thermal conditions during CG scaffold fabrication

The temperature of the CG suspension and the freeze dryer shelf was monitored throughout the
solidification process at one minute intervals at two locations in the suspension using a two-
channel microprocessor thermocouple (HH22, Omega Engineering, Stamford, CT). Two
thermocouple elements (Type K Thermocouple, Omega Engineering) were placed approximately
10 cm apart along a diagonal between the opposite corners of the mold. Thermal profiles of both

the freeze dryer shelf and the CG suspension were recorded throughout solidification.

Regardless of final freezing temperature, the temperature of the freeze dryer shelf followed an
identical thermal profile until the appropriate final freezing temperature was reached; once
reaching Ty, the shelf temperature was then held constant until the suspension was completely
solidified (Figure 3.2a). The temperature profiles of the CG suspension during solidification was
found to be qualitatively similar for each of the four temperature ramping protocols (Figure
3.2b); CG suspension supercooling (~ -5°C) was observed prior to the onset of solidification, at
which poirit the suspension temperature remained constant at ~0°C until the local solidification
surrounding the thermocouple was completed. Once local solidification was complete, the

scaffold-ice preform temperature cooled until it reached the final freezing temperature.
However the supercooling effect and overall temperature uniformity throughout the solidifying

CG suspension that was observed with the constant cooling rate technique was not observed with

the quenching technique (Figure 3.3).
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Figure 3.2. Average temperature of the freeze dryer shelf (Fig. 3.2a) and the CG suspension (Fig.
3.2b) during the four constant cooling rate freezing protocols.
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Figure 3.3. Average temperature of the CG suspension (Error bar: Half the difference between
two temperature readings) during solidification for scaffolds fabricated using the quenching and
constant cooling rate thermal processes.

The thermal conditions observed during the ramped solidification profiles (suspension
supercooling followed by solidification at ~ 0°C) is characteristic of both a low Biot number
system and a system where there aren’t any significant thermal gradients in the solidifying
suspension (Flemings, 1974). The low Biot Number and the homogeneous temperature profile
observed throughout the CG suspension during solidification (O'Brien, Harley, et al., 2005),
indicates that there is a high degree of nucleation taking place in an isothermal CG suspension,
resulting in the formation of a homogeneous populations of equiaxed ice crystals of consistent

size within the solidified scaffold-ice preform.
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The observed homogeneous pore microstructure with equiaxed pores of the CG scaffolds created
by the temperature ramping thermal processing conditions confirm the formation of equiaxed ice
crystals within the scaffold ice preform. The spatially non-uniform temperature profiles and the
lack of a supercooling effect in the solidifying CG suspension when the quenching thermal
profile was utilized is indicative of the formation of columnar, dendritic ice crystal growth (Kurz
and Fisher, 1989). Indeed, the pore microstructures of CG scaffold fabricated via quenching is
heterogeneous, with widely variable mean pore sizes and areas of decidedly oriented pores

(O'Brien, Harley, et al., 2005).

The average freezing rate (°C/min) of the suspension was determined between the starting
temperature of the suspension and a pre-defined lower limit. A lower limit of 5°C greater than
the final freezing temperature was established for this calculation; below this temperature the
suspension and freeze dryer shelf temperatures tended to asymptotically approach the final
freezing temperature and could not be modeled linearly. The local solidification time, the liquid-
solid transition time for the local environment surrounding the thermocouple element, was
measured as the time that the suspension temperature remained between 0°C and -2°C following

the initial supercooling event required to initiate nucleation (Figure 3.4) (Michel, 1978).

As expected, the suspension cooled via quenching exhibited a significantly faster local
solidification time when compared to those produced using the ramped freezing protocols.
Additionally, the local solidification time was observed to increase for scaffolds fabricated using
a warmer Ty, indicating that the suspension required a longer period of time to solidify when

warmer processing conditions were used (Table 3.2) (O'Brien, Harley, et al., 2005).
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in Table 3.2. Regression of the shelf temperature over that region determined 7(?) (Table 3.4).

Freezing Ty, °C | Shelf Cooling Average CG Local Solidification
Condition Rate, °C/min = Suspension Freezing Time, sec
Rate, °C/min
Quenching -40 n/a 4.1 120
Ramping -40 1.4 0.9 480
Ramping -30 1.4 0.9 510
Ramping -20 1.4 0.9 660
Ramping -10 1.4 0.9 1200

Table 3.2. Thermal processing conditions, average suspension freezing rate, and the
solidification time for the CG suspension during processing.
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3.3. Quantitative modeling of CG suspension solidification

A sequential series of models has been developed to quantitatively describe the solidification
processes associated with CG scaffold fabrication. First, the dominant heat transfer processes
responsible for suspension solidification were determined to guide selection of the most
appropriate solidification model. A model of the bulk solidification process was then
implemented to describe the local solidification time of the CG suspension based upon the
predominant mode of heat transfer, processing conditions, and the physical parameters of the
system. Finally, a coarsening model, predicting the final ice crystal size based upon the local
solidification time was developed. This model, relying on ripening and coarsening models
developed to quantitatively describe solidification and grain growth in metals and alloys, is a

predictive model of CG scaffold mean pore size based upon freezing conditions.

A table of all the relevant constants and experimental parameters required for the remainder of
the analysis has been compiled (Table 3.3). Parameters of the CG suspension are denoted with a
prime (i.e., k’, C,’) while parameters of the mold are not (i.e., k;, C,). For this analysis, the
material properties of the mold were those of bulk 304 stainless steel while the CG suspension
was approximated by water, an approximation made because the CG suspension is only 0.5%

w/w solid (collagen and GAG) and only 0.3% v/v acetic acid in distilled water.

3.3.1. Predominant heat transfer process responsible for solidification
In order to properly model the freezing process associated with fabricating porous CG scaffolds,
it is necessary to determine the predominant mode(s) of heat transfer during solidification. The

three modes considered in this analysis were conduction through the bottom of the mold (18
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gauge, 304 stainless steel pan) into the freeze dryer shelf (304 stainless steel), conduction
through the sides of the mold (18 gauge, 304 stainless steel pan) into the freeze dryer chamber

atmosphere, and convection from the CG suspension into the chamber atmosphere (Figure 3.5).

Parameter | Description Value
Tsuspen Mean temperature of CG suspension during freezing Tsuspen, °C
Ty Final freezing temperature of freeze dryer °C
Tsheir Temperature of freeze dryer shelf during freezing Tsnerss °C
Ty Temperature of freeze dryer chamber during freezing Toin, °C
/ Length of mold 0.127m
w Width of mold 0.127m
Ax Mold thickness (18 ga. Stainless steel) 0.00127m
Mg Depth of CG suspension in mold 0.00335m
A Area of bottom face of mold (0.127 m x 0.127 m) 0.016129 m”
vV Volume of CG suspension in mold (V' = M x A) 5.6x10-5m’
Ty Temperature of CG suspension as solidification commences 0°C
To Temperature of mold during solidification -40°C
Ts Temperature of suspension at mold-suspension interface variable
p’ Density of ice (solidified water) 918 kgm™
P Density of water 1000 kgm™
C,’ Specific heat of ice 2000 Jkg 'K
kK’ Thermal conductivity of ice 24 Wm'K™
a’ Constant; a’ =k’/(p’ C,’) 1x10°
Hy Heat of fusion due to solidification 334,000 Jkg’
k Thermal conductivity of 304 stainless steel 20.0 Wm 'K
p Density of 304 stainless steel 8060 kgm™
C, Specific heat of 304 stainless steel 503 Jkg 'K
h Heat transfer coefficient of CG suspension (water) 100 Wm™K™
Rair Convective heat transfer coefficient into still air 2-100 Wm K
d Mean pore size variable
d, Initial nucleate size variable
____________ t Time variable
_________ I Local solidification time = local coarsening time variable
M Location of liquid-solid interface during solidification variable
C,. Specific heat of water 4230 Jkg 'K

Table 3.3. Relevant parameters for modeling CG suspension solidification time with quenching.
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Figure 3.5. Schematic of the three modes of heat transfer during the freezing process:
conduction through the pan into the freeze dryer shelf (orange), conduction through the pan into
the chamber atmosphere (green), or convection into the chamber atmosphere (blue).

An order of magnitude description of the system was first constructed to identify the
predominant modes of heat transfer. Heat transfer out the sides of the mold can be neglected
compared to heat transfer out the mold bottom due to significant difference in scale between the
thickness of the suspension (3.5 mm) and the surface area of the suspension in the mold (125 x
125 mm) and because there are no chill plates on the sides of the mold. The interface heat
transfer coefficient at the top surface of the CG suspension/scaffold-ice preform is assumed
small compared with that at the chilled bottom of the mold (Poirier and Geiger, 1994), and so
heat transfer from the top surface should be neglected. The heat transfer during solidification
through the mold bottom (conduction-mediated), through the mold sides (conduction-mediated),
and from the top surface of the CG suspension/scaffold-ice preform (convection-mediated) was
then calculated to confirm these conclusions.

Conduction through the mold bottom:

o AT 7"5115 H_TSE
Equati0n3.1. Qcond,panzk'A'E=k'l‘W'L—h—!f
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Conduction through the mold side:

1 - AT Tsus n Tair
Equation 3.2. Q cond pansiae =K - 4 v =k-2- (l ‘M, +w- MS)-——WE—
Convection into the chamber atmosphere:

Equation 3°3° Qconvect = h ’ A ) (Zeuspen - T;he[f ) = h ' l we (I;uspen - T:shelf)

The temperature of the freeze dryer shelf is actively and accurately controlled while the
temperature of the freeze dryer chamber atmosphere is always warmer than the shelf during the
freezing process. As such (Tsugpen - Tsnet) > (Tsuspen — Tair ) during processing. Keeping the
temperature terms as variables in the equations describing heat transfer, the equations describing
the rate of heat transfer (Eq. 3.1 — 3.3) have been simplified. Conduction though the mold
bottom (254 WK™ - AT) occurs at a rate an order of magnitude greater than conduction through
the mold sides (28 WK™ - AT) and at a rate of two orders of magnitude greater than convection
into the chamber atmosphere (1.6 wK!- AT). Consideration of the difference between Tipeir and
Tair would only magnify this discrepancy between conduction through the bottom of the pan and
the remaining modes of heat transfer. For the remainder of the analysis presented in this report,
convection and conduction through the sides of the mold was neglected, and unidirectional heat
flow through the bottom of the mold was assumed to be the predominant mode of heat transfer

during solidification.
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3.3.2. Biot number and interface resistance

An appropriate thermal model to describe the mold characteristics and solidification conditions
needs to be implemented to describe the CG suspension solidification. A model incorporating a
conductive pan will be utilized in this analysis because the mold and freeze dryer shelf are made
from stainless steel; however, whether or not interface resistance needs to be incorporated to
appropriately model CG suspension solidification needs to be determined (Poirier and Geiger,
1994). The Biot number (Bi) of the CG suspension-mold system was used to determine whether
interface resistance (between the solidified suspension and the mold surfaces) should be included
in the analysis. The thermal profile observed within the solidifying scaffold-ice preform

suggested a low Bi (Section 2.3). To confirm this observation, Bi was calculated:

. h-Ax
Equation 3.4. Bi= I

For the CG suspension-mold system, Bi = 6.4 x 10® << 1, confirming the conclusion made from
the thermal profile of the CG suspension during solidification and additionally indicating that
thermal resistance within the solidifying CG suspension is negligible and that significant
interface resistance is presenf at the boundary between the solidifying suspension and the mold.
This suggests that a model describing the solidification of the CG suspension must incorporate a

conductive mold and interface resistance.

3.3.3. Model of CG suspension solidification in a conductive mold with interface resistance
Previous thermal models have been developed to describe solidification in a conductive mold
with interface resistance using a constant temperature cooling source (Poirier and Geiger, 1994).

However, in order to accurately describe the process of solidification exhibited during the

- 107 -



temperature ramping protocols, a conductive mold with interface resistance model that takes into
account the variable temperature of the shelf and mold (Shelf, mold temperature = Tp = T(?))
during solidification has been implemented. The heat leaving the suspension through the mold
and freeze dryer shelf is modulated via the heat transfer coefficient (#); the relative temperatures
of the CG suspension (7)), the scaffold-ice preform content forming within the suspension (7%),

and the mold (7x(?)) are predicted by the low value for the Bi: T);> Ts>> To(t) (Figure 3.6).

T A
/) !
-M"/‘d' Solid | Liquid
T /
’I‘M . a4 —= " ;
; |
7 I
i
/ >Inrerfac'e |
resistance :
/ |
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To(t) % / : Msolidiﬁed(t)
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Figure 3.6. Temperature distribution in the mold (pan, freeze dryer shelf, To(?)) and the CG
suspension during solidification via the temperature ramping protocol in a conductive mold with
interface resistance.

To appropriately model solidification, a description of the temperature of the mold/freeze dryer
shelf during the critical period of suspension solidification was determined (7T(?)). To do this, a

regression was performed on the experimentally measured temperature of the freeze dryer shelf
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during the period where solidification is taking place (Figure 3.4) to determine To(?) (Table 3.4).
A first order polynomial regression was used to describe the temperature of the freeze dryer shelf
for T¢ = -30, -40°C; however, because solidification takes longer for the cases where a higher
final freezing temperature was utilized, a second order polynomial regression was used to

describe the temperature of the freeze dryer shelf for T¢= -10, -20°C.

Ty, °C To(t), °C
-10 To(t) = 6x107(°Csec?)t* — 0.001(°Csec™!)-t — 9.3344°C
20 To(t) = 9x10(°Csec?)t* — 0.0002(°Csec ™)t — 16.605°C
-30 To(t) =-0.0128(°Csec™)t — 15.15°C
-40 To(t) =0.0125(°Csec™)-t — 15.804°C

Table 3.4. Temperature of the freeze dryer shelf (7o(t), Fig. 3.4) during CG suspension
solidification.

With a quantitative description of the freeze dryer shelf and mold temperature during
solidification, the conductive mold model with interface resistance was implemented including
To(t). The heat flux at the suspension-mold interface can be determined in terms of the thermal

conductivity and heat transfer coefficient of the suspension:

' T - T
Equation 3.5. ql,.o =k __ME_S_
Equation 3.6. ql,0o =h" (Ts -T, (t))
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Combining these two terms (Eq. 3.5, 3.6) allows the total heat flux from the suspension to be
described by equating the heat flux at the suspension-mold interface and the solid-liquid

interface:

— TM _To(t)
Ms  Yh+ M/E

Equation 3.7. 9|0 =94

The latent heat evolved at the solid-liquid interface (x = M(t)) can be described as:

\ aM
Equation 3.8. q x=Mg = p-Hf E

These two relations (Eq. 3.7, 3.8) were then equated because heat transfer through the liquid-

solid interface must equal heat transfer through the solid-mold interface during solidification:

M T, —T,(
T ot 1h+M/k

Equation 3.9. P

Solving the differential equation (Eq. 3.9), a relationship between the depth of solidification (M),

freeze dryer shelf and mold temperature (7o(%)), and solidification time (Z.) can be determined:

Sk . h-M
Equation 3.10. 6[ p'-Hf '[TM '"To(t)] ot = J(l + k' )aM

Assuming the boundary condition that M = 0 at t = 0 (the suspension is completely unsolidified

at the start of the model simulation):
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b, - T, o) = M M

Equation 3.11. p'-H 2.k

f 0

Using the material property and shelf temperature information necessary for the CG suspension
and each of the four distinct temperature ramping processes (Tables 3.2, 3.4), the local
solidification time (z.) for each of the thermal profiles was calculated using Eq. 3.11. The
calculated solidification times correlated excellently with the experimental observations (Figure
3.7), suggesting that the implemented conductive mold with interface resistance model properly
describes the macro-scale process of CG suspension solidification, and that this model (Eq. 3.11)
can be utilized to predict the local solidification time for a new series of thermal profiles for

fabrication of CG scaffolds.
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Figure 3.7. Experimentally observed vs. calculated (via conductive mold with interface
resistance model) CG suspension solidification times.
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3.3.4. Predictive isothermal coarsening model to describe scaffold mean pore size
Solidification of the bulk suspension relies on three major components: nucleation, crystallite
growth, and coarsening. During solidification, nucleation commences at a degree of supercooling
specific to each liquid suspension. Increasing the undercooling increases both the nucleation rate
and growth rate of the crystallites. However, it is the effect of coarsening that most significantly
influences the final crystallite size, as the final crystallite structure in the solidified bulk is much
coarser than the initial structure of nucleation sites within the melt (Flemings, 1974). Due to
coarsening, the initial spacing of nucleation points within the melt (liquid phase) has little
influence on the structure of the final casting (scaffold-ice preform in this system); a description
of ice crystal coarsening can therefore likely be used to describe the final size distribution of ice
crystals within the scaffold-ice preform. The remainder of this work describes:
1. Determining whether isothermal coarsening effects are predominantly responsible for the
difference in mean scaffold pore size created in CG scaffolds fabricated using the

constant cooling rate technique to distinct final freezing temperatures.

2. Creation of a predictive isothermal coarsening model to describe the final mean pore size
of the CG scaffolds using either the experimentally measured local solidification time
(Section 2.3, Table 3.2) or the local solidification time predicted using the conductive

mold with interface resistance model (Section 3.3).

The applicability of using coarsening to describe CG suspension solidification was first tested

via a basic ripening model that relates the final ice crystal size to the local solidification (or

coarsening) time. In this model, d is the final crystallite size after coarsening, d, is the initial
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crystallite size before coarsening, A4 is a system constant, and ¢, is the local coarsening time (the

local solidification time of the CG suspension, Table 3.2).

3 3
Equation 3.12. d —-d, =A4-t

The initial ice crystal size (immediately after nucleation) was neglected for these calculations
because the coarsened crystallite (d) is typically orders of magnitude larger than the initial
crystallite size (d,), a size difference only magnified by the cubic relationship, resulting in a

simplified ripening equation:

3
Equation 3.13. d =~ A-t,

The appropriateness of this ripening model was determined via regression between the
experimentally measured scaffold mean pore size (d) and local solidification times (¢.) (Table

3.1, 3.2) to determine the exponent (n) and goodness of fit (Rz) for the ripening relation:

Equation 3.14. d" =~ A-t,

Experimental results of this regression are shown in Figure 3.8. An exponent of 2.3 and a high
degree of correlation (R* = 0.9354) was observed between scaffold pore size and the local
solidification time. The good correlation between the experimentally measured and coarsening
model predicted exponent, n, strongly suggests that ice crystal coarsening processes are

responsible for determining CG scaffold pore microstructure (Flemings, 1974).
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Figure 3.8. Relationship between the measured local solidification time and the scaffold mean
pore size for CG scaffold system.

This simplified ripening relationship can be implemented to predict the scaffold mean pore size
based on processing conditions once a series of experimental data points are determined.
However, in order to develop an independent, predictive model to describe CG scaffold
fabrication, we implemented an isothermal coarsening model to predict scaffold mean pore size
based upon suspension solidification conditions. The same relation between solidification time
and coarsened ice crystal size exists using the isothermal coarsening model, whereas the cooling
rate increases, less time is available for coarsening, and the final solidified bulk displays smaller
crystallites. In addition, however, the isothermal coarsening model describes the material
constants that define the system constant (A) that was unknown in the ripening relationship. The
isothermal coarsening model utilized here is based upon the work of Flemings (Flemings, 1974):

p,H,-C '(l_k)'mL

M tc ~ * d3 - A"d3
Equation 3.15. =y DL ‘TL

-114 -



This model relates the crystallite arm spacing (CG scaffold mean pore size, d), and the
coarsening time (local solidification time, t;) via a system constant 4°. Here, the constant 4’ is
inversely proportional to the constant A utilized in the initial ripening model (4’ = 1/4), but can
be calculated based on system conditions. The system conditions required for calculating 4’ and

the calculated 4’ are listed in Table 3.5.

Variable : Description CG Suspension
Ds Density of solid 918 kg'm”
Hy Heat of fusion for solidification 334,000 J'kg
C; Weight fraction of solute 0.6%

k Assumed solidus slope 0.3
my Assumed liquidus slope 3°C/%

o Lig.-solid surface energy 0.033 J'm™
D Diffusion coefficient 2.5x10” m*s”
Ty Equilibrium liquidus temperature 273K
A’ Constant of proportionality 1.715x10" s'm”

Table 3.5. CG suspension material properties and constant of proportionality (4°) for the
calculation of scaffold mean pore size (d) using the isothermal coarsening model (Flemings,
1974; Poirier and Geiger, 1994).

Using the value of 4’ calculated for the CG suspension (1.715x10" s-m™), the isothermal
coarsening model was implemented to predict scaffold mean pore size. To do so, the isothermal
coarsening model relationship for the CG suspension system was plotted against the observed
local solidification time and mean pore size for each of the four ramped processing conditions
(Figure 3.9). The observed relationship was strikingly similar to that observed for a classic

example of isothermal coarsening: Al-Cu(4.5%) (Figure 3.9) (Flemings, 1974).
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Figure 3.9. Comparison between measured local solidification time and scaffold mean pore size
and prediction made using the isothermal coarsening model (Eq. 3.15, solid line) (Fig. 3.9a).
Relationship between local solidification time and mean dendrite arm spacing (size) in Al-
Cu(4.5%) (Eq. 3.15, solid line) (Fig. 3.9b).

Excellent agreement was observed between the isothermal coarsening model, calculated strictly

from the properties of the CG suspension, and the observed CG scaffold variants. Good
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agreement was also observed between the isothermal coarsening model predicted mean pore size
regardless of whether the experimentally observed solidification time or the calculated
solidification time (via the previously described conductive mold with interface resistance
model) was used. These results indicate that the isothermal coarsening model provides an
appropriate description of the CG suspension solidification during scaffold fabrication and when
coupled with the conductive mold with interface resistance model provides a methodology to

predict scaffold mean pore size based upon thermal processing conditions.

3.4. Discussion and Conclusions

In-depth analysis of the CG suspension solidification process has improved our understanding of
the kinetics and relevant mechanisms responsible for defining the architecture of the scaffold-ice
preform during solidification and the resultant CG scaffold microstructure following sublimation.
The preliminary figure describing the relevant pressure and temperature profiles of the constant
cooling rate technique (Figure 2.3) can now be more substantially described, including the
temperature and pressure of the freeze dryer shelf, the corresponding thermal profile of the CG
suspension, and the periods of ice crystal nucleation (i), coarsening (ii — iii), and sublimation (iv

- v) during CG scaffold fabrication (Figure 3.10).

Two thermal models have been developed to describe the solidification process related to the
fabrication of CG scaffolds via lyophilization. The predominant mode of heat transfer during
scaffold fabrication was found to be conduction from the CG suspension into the freeze dryer
shelf. The first model, describing CG scaffold processing as a conduction-mediated process in a
conductive mold with interface resistance and a ramped mold temperature (Eq. 3.11), accurately

predicts the CG suspension solidification time based upon processing conditions.
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An isothermal coarsening model (Eq. 3.15) was then implemented that accurately predicts CG
suspension ice crystal size (and hence scaffold mean pore size) based upon the local
solidification time of the suspension (either experimentally measured or predicted using the first

model).

These models correctly describe the observed phenomena that decreasing the final freezing
temperature while maintaining a constant freezing rate leads to more rapid solidification, reduced
coarsening time, and a smaller mean pore size (Harley and Flemings, In preparation, 2006). This
thermal model has since been applied in the fabrication of a new series of collagen-based
scaffolds for bone tissue engineering, where fabrication of a scaffold with significantly larger
mean pore sizes (400 — 500 pm vs. 96 - 150 um) were required; by significantly slowing the
freezing rate of the system and lengthening the local solidification time, the desired scaffold
microstructure was obtained (Harley, Lynn, et al., In preparation, 2006). These models provide
valuable insight for manufacture of future scaffolds through predictive modeling of the effects of
changes in the fabrication process such as the thickness of the suspension in the mold, the solid
content of the suspension, the freezing rate and final freezing temperature, the mold material

properties, and the use of nucleation agents.
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Figure 3.10. Thermal and pressure profiles of CG scaffold fabrication via constant cooling rate

technique. Freeze dryer temperature and pressure profiles, CG suspension thermal profile, and

relevant period of ice crystal nucleation (i), coarsening (ii — iii), and sublimation (iv — v).
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CHAPTER 4. Cellular Solids Modeling of Collagen-GAG

Scaffolds: Specific Surface Area, Permeability, and Mechanics

4.1. Introduction

The goal of tissue engineering is to develop cell, construct, and living system technologies to
restore the microstructure as well as functional mechanical properties of damaged or degenerated
tissue. Tissue engineering relies extensively on the use of porous scaffolds to provide the
appropriate microstructural, mechanical, and compositional environment to induce regeneration
of injured tissues and organs. Scaffolds are typically seeded with cells and occasionally growth
factors and are then either cultured in vitro to study cell behavior and tissue synthesis processes
or are implanted in various anatomical sites to induce regeneration of damaged tissues or organs.
The structurally isotropic CG scaffold variants with mean pore sizes ranging between 96 and 151
um, whose fabrication and microstructural characterization were described in Chapter 3, provide
a series of standardized, three-dimensional substrates for a variety of other tissue engineering
assays. In this chapter, the specific surface area and permeability under differential levels of
compressive stain of these substrates will be experimentally measured. Additionally, the

structural homologies between these CG scaffolds and low-density, open-cell foams provide the
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motivation for the development of cellular solids models to mathematically describe the
mechanics, specific surface area, and permeability of these scaffolds. Successful development of
such cellular solids models would significantly improve the fundamental understanding of the

extracellular environment presented to cells within these scaffolds.

Of the four structural requirements for the development of bioactive collagen scaffolds
previously described in Chapter 2 (abolishment of the collagen fiber periodic banding, chemical
composition, mean pore size, degradation rate), the existence of upper and lower bounds of the
mean pore size (Yannas, Lee, et al., 1989) was the initial motivation for the study of the specific
surface area of CG scaffolds. It has been hypothesized that the pores need to be large enough to
allow cells to migrate into the structure, where they eventually become bound to ligands
expressed on the scaffold, but small enough to establish a sufficiently high specific surface for a
minimal ligand density required for efficient binding of a critical number of cells to the scaffold
(Yannas, 2001). A preliminary test of the hypothesis that the extent of cell binding is controlled
by the mean pore size of the scaffold was attempted in this study. The density of bound cells was
determined as a function of scaffold mean pore size and specific surface area where the scaffold

structure was varied systematically.

While cell-scaffold attachment appears to play a critical role during in vivo synthesis of organs
(induced regeneration), it has also been used as a measure of cell viability for in vitro studies
(Assoian and Zhu, 1997; Howe, Aplin, et al., 1998; Luan and Diekwisch, 2002). Pore structure
has been observed to significantly affect cell binding and migration in vitro and influence the

rate and depth of cellular in-growth in vitro and in vivo (Wake, Patrick, et al., 1994; van Tienen,
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Heijkants, et al., 2002). Cell adhesion and activity have been observed to vary considerably with
cell type, scaffold composition, and pore size (Chvapil, 1977; Doillon, Whyne, et al., 1986;
Tsuruga, Takita, et al., 1996); additionally, scaffold mean pore size significantly influences cell
morphology and phenotypic expression (LiVecchi, Tombes, et al., 1994; Nehrer, Breinan, et al.,
1997; Kuberka, von Heimburg, et al., 2002). In porous silicon nitride scaffolds, endothelial cells
bind preferentially to scaffolds with pores smaller than 80 um while fibroblasts preferentially
bind to larger pores (>90 um). In poly-L-lactic acid (PLLA) scaffolds, vascular smooth muscle
cells preferentially bind to one range of pore sizes (63 - 150 um) while fibroblasts bind to a
wider range (38 - 150 pm) (Zeltinger, Sherwood, et al., 2001; Salem, Stevens, et al., 2002). A
number of cell types exhibit a preference for binding to scaffolds with pore sizes significantly
larger than the characteristic cell size, often utilizing a characteristic bridging mechanism where
adjacent cells act as support structures to assist bridging large pores; examples include
fibrovascular tissue in-growth into PLLA scaffolds, osteoblast adhesion to polylactide-co-
glycolide (PLAGA) scaffolds, and rat marrow cells binding to poly(ethylene oxide
terephthalate)/poly(butylene terephthalate) (PEOT/PBT) scaffolds (Wake, Patrick, et al., 1994;
Borden, El-Amin, et al., 2003; Claase, Grijpma, et al., 2003). Based upon the scaffold design
rules and a series of experiments, it is assumed that there is an optimal pore size for each specific
tissue engineering application. While a multitude of variables may significantly affect overall
scaffold bioactivity, it is hypothesized that the specific surface area influences the initial

bioactivity of the scaffold by defining the total ligand density available for cells to bind to.

However, in order to maintain scaffold bioactivity, it is important to metabolically support the

cells within the construct. The permeability of biological tissues and tissue-engineered scaffolds
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plays a significant role in the nutrient and waste transport within the structure. There are two
mechanisms available for transport of metabolites to and waste products from cells in a scaffold:
diffusion, and with in vivo applications, transport through capillary networks formed in the
scaffold via angiogenesis. While angiogenesis becomes the limiting factor in vivo, significant
angiogenesis is not observed for the first few days after implantation, and is not present at all in
vitro. Fluid flow, and therefore permeability, provides the means to transport nutrients to, and
waste away from, cells. The permeability of, and fluid mobility through porous materials are two
intrinsic properties describing the relative ease that fluids can flow through cellular materials
such as most tissue engineering scaffolds, and the permeability of a scaffold plays a significant
role in defining its bioactivity. In addition, as a result of the increasing complexity of in vitro
bioreactors and the physiological loading conditions scaffolds typically experience in vivo,

understanding scaffold permeability in the context of significant applied strains is also important.

Permeability (k, units of m?) is the single-phase fluid conductivity of a porous material and is an
intrinsic and quantitative parameter describing the scaffold structure independent of sample size
and the fluid used. Scaffold permeability is defined by a combination of five important
parameters: (1) porosity, (2) pore size and distribution, (3) pore interconnectivity (or tortuosity),
(4) fenestration (pore interconnection) size and distribution, and (5) pore orientation. The fluid
mobility (K, units of m*/Ns) of a scaffold is another intrinsic property defining fluid flow through
a porous material and is defined as the material permeability normalized by the viscosity of the

fluid (g, units of Pa-s):

Equation 4.1. K

Il
x| =
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In the tissue engineering literature describing characterization of a variety of biological materials
and three-dimensional constructs such as gels and scaffolds, both the fluid mobility (X) through
and permeability (k) of tissues and scaffolds are reported and are equally appropriate. While
permeability and fluid mobility are often used interchangeably, the units of the reported values
easily distinguish them (Permeability: m?; Fluid mobility: m*/Ns). In order to quickly compare
the mobility and permeability of many tissue engineering constructs and biological tissues, the

viscosity of water can be used (0.001 Pa-s).

The influence of fluid flow has been studied in a number of tissues including bone (Knothe-Tate
and Knothe, 2000), tumor tissue (Netti, Berk, et al., 2000; Znati, Rosenstein, et al., 2003) and
cartilage (Mansour and Mow, 1976). The permeability of articular cartilage is of interest because
of the fluid mechanics of joint lubrication (Mansour and Mow, 1976) and nutrient transport
(Maroudas and Bullough, 1968; Maroudas, Bullough, et al., 1968) of osteoarthritis. These studies
have reported that the permeability of cartilage tissue ranges from 0.1 to 2 x10™° m*/Ns (~0.1 to
2 x10"® m®) and that cartilage permeability is dependent on the composition, organizational
depth (Maroudas, 1968), and the mechanical loading of the sample (Mansour and Mow, 1976). It
has been shown that cartilage permeability decreases with increasing tissue depth as far as the
calcified layer. This decrease has been correlated with an increase in proteoglycans and to a
lesser extent an increase in collagen content. Scaffold and tissue permeability also influences
cyclical changes in biophysical stimuli due to fluid flow through the structure during mechanical
loading. Specifically, permeability affects the magnitude of pressure and fluid shear stresses
within the construct or tissue, both of which have been identified as potential stimuli for cellular

differentiation or functional adaptation (Hillsley and Frangos, 1994; Owan, Burr, et al., 1997;
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Prendergast, Huiskes, et al., 1997). Construct permeability has also been shown to influence the

degradation rate of biodegradable scaffolds for tissue engineering (Agrawal, McKinney, et al.,

2000).

The permeability of a scaffold is determined by a combination of microstructural factors
including percent porosity, pore size, geometry, and distribution, as well as pore
interconnectivity, fenestration size, and the orientation of pores with respect to flow direction (Li,
De Wijn, et al., 2003). Additionally, construct chemical composition can influence permeability.
Different biological compounds such as glycosaminoglycans (i.e., hyaluronate or chondroitin
sulfate) and collagen (Levick, 1987) have been shown to affect the permeability of many
different tissues. The salt:polymer ratio of synthetic polymer scaffold systems significantly
affects its permeability (Agrawal, McKinney, et al., 2000). Table 4.1 shows experimentally
measured values of permeability of a series of different tissue engineering scaffolds. Method 1
refers to direct measurement of construct permeability while method 2 refers to indirect
measurement of construct permeability. The direct method applies a known pressure to the
material, measures the flow rate, and calculates permeability according to Darcy's law. The
indirect method applies mechanical load to the material, and curve-fits the reaction force vs. time

curve to a theoretical model.

However, despite this previous research, very little data exists describing the permeability of
natural polymer scaffolds. Ramanujan et al. (Ramanujan, Pluen, et al., 2002) determined the
permeability of type I collagen gels in the context of transport within tumor tissue. These

collagen gels were prepared from 1 - 4.5% weight/volume solutions and polymerized by
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incubation; gel permeability ranged from 1 x 10™ to 10" m? (~0.1 to 1 x 10> m*/Ns). The
permeability of a polyacrylamide (carbohydrate) gel (1.8 - 3% weight/volume) has also been
reported, ranging from 0.004 to 0.013 x 10™% m* (~0.4 to 1.3 x 10™"! m*/Ns) (Grattoni, Al-Sharji,

etal,, 2001).

Ceramic and composite scaffolds
Material Porosity Method Permeability
Ceramic and composite scaffolds
Z-BCP; D-BCP; I-BCP
(Li, De Wijn, et al., 2003)

75%; 74%; 54% 1 0.01-0.35x10° m’

Coral; HA-CAM; HA-50

9 _2
(Li, De Wijn, et al., 2003) 1 0.05-0.35x10° m

Corraline hydroxyapatite
(Haddock, Debes, et al., 1999)
Synthetic polymer scaffolds
PGA-PLLA
(Beatty, Ojha, et al., 2002)
PLA/PGA
(Spain, Agrawal, et al., 1998)
PLA/PGA
(Agrawal, McKinney, et al., 2000) 80-92% 1 2-16.1 x 10° m*/Ns
(salt:polymer 3.5-14:1)
Natural polymer scaffolds
Collagen gel
(Ramanujan, Pluen, et al., 2002)
SIS
(Beatty, Ojha, et al., 2002)
Polyacrylamide gel
(Grattoni, Al-Sharji, et al., 2001)

1 1.7-8.6x10"° m?

77% 2 1.77 £ 0.99 x 10™"° m*/Ns

51-71% 1 1.82 + 3.65 x 10° m*/Ns

1-4.5% wiv 1 1x10-1x10" »’

2 17.09 + 8.95 x 10" m*/Ns

1.8 — 3% w/v 1 0.004 — 0.0013 x 102

Table 4.1. Permeability of a variety of tissue engineering scaffolds as reported in the literature.

Beatty et al. (Beatty, Ojha, et al., 2002) measured the permeability of small-intestinal submucosa
(SIS), a decellularized, natural extracellular matrix derived from the intestinal lining of pigs that
is used as a regeneration template for heart valves. SIS scaffold permeability, measured

indirectly, was estimated to be 17 x 10> m*Ns (~17 x 10"® m?). Agrawal et al. (Agrawal,
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McKinney, et al., 2000) measured the permeability of 50:50 PLGA scaffold systems and found
that permeability ranged from 2 to 16 x 10° m*/Ns (~2 to 16 x 102 m?), and was dependent on
the polymer:salt ratio. The permeability and porosity of these PLGA scaffolds was compared
over time as the scaffold degraded; changes in permeability and porosity were not found to be
similar suggesting a more substantial model of permeability is needed. Spain et al. (Spain,
Agrawal, et al., 1998) also characterized the permeability of PLGA constructs and reported
similar values. While there are studies characterizing the permeability characteristics of specific
synthetic and natural three-dimensional constructs and biological tissues, there is little in the
literature to suggest a systematic framework to describe construct permeability. Additionally, the
effects of compressive strain on scaffold permeability is an important feature to characterize
because many tissue engineering constructs are utilized in load-bearing applications that can

significantly influence both construct permeability and the resulting metabolite diffusion.

The objective of this study was to experimentally characterize and mathematically model
scaffold specific surface area as a function of pore size and scaffold permeability/fluid mobility
as a function of pore size and compressive strain of the four CG scaffold variants with
homogeneous pore microstructure and pore sizes ranging between 96 and 151 um. The initial
attachment of MC3T3 cells to the CG scaffolds was used as a proxy variable to measure the
relative specific surface area of the CG scaffolds. The MC3T3 cell line was chosen to study the
viability of an osteoblast-like cell in CG scaffolds for potential orthopedic applications (Kodama,
Amagai, et al., 1981). The fluid mobility of saline solution through the CG scaffold variants
under distinct levels of compressive strain was measured via Darcy’s law. Scaffold permeability

is hypothesized to be inversely proportional to its specific surface area due to the frictional
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effects of fluid flow by the struts that define the scaffold microstructure. The resultant cellular
solids models are capable of quantitatively describing the permeability and specific surface area
characteristics of a variety of scaffold microstructures in terms of scaffold mean pore size,
relative density, and applied strain. For the remainder of this study the permeability
characteristics of the CG scaffold system will be described in terms of its fluid mobility (units
m*/Ns) for tests conducted with saline solution. In order to compare the mobility (K) results
reported in this and many other studies with reported values of permeability (k) for many tissue
engineering constructs and biological tissues, the viscosity of water can be used (K = k/u; u =

0.001 Pa-s).

4.2. Cellular solids model of CG scaffolds

In nature, materials with a cellular (porous) structure are widespread, and extensive study and
modeling of the microstructural and mechanical properties of these materials has been performed
(Gibson and Ashby, 1997). Tissue engineering scaffolds often resemble low-density, open-cell
foams, with an interconnected network of pores defined by struts; cellular solids theory provides

a powerful tool to investigate and describe salient features of a scaffold.

The first critical component of ECM analog microstructure to consider is the open or closed-cell
nature of the scaffold: foams may be either open (with solid only at the edges of the polyhedra-
shaped pore) or closed (with solid membranes covering the faces of the pores). An open-cell pore
microstructure exhibits pore interconnectivity while a closed-cell microstructure exhibits
membrane-like faces between adjacent pores, effectively sealing the environment of one pore

from its neighbors. Pore interconnectivity is critical for scaffold bioactivity because cells need to
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be able to migrate through the construct and to interact with other cells in a manner similar to

that observed in vivo.

The relative density (p*/ps) is a second critical microstructural feature of ECM analogs to
consider. The relative density, also termed the solid volume fraction (SVF), of the scaffold is
calculated as the ratio of the scaffold density (p") to the density of the solid from which the
scaffold is made (p;). Porosity, also termed the pore volume fraction (PVF) of a scaffold, is
another variable often used in the literature to describe tissue engineering scaffolds. PVF is a

measure of how porous the scaffold is, and is related to the relative density and SVF:

*

Equation 4.2. P _SVF=1-PVF
P,

Together, relative density, the open- or closed-cell nature, and mean pore size define the amount
and relative distribution of solid material in the scaffold. When the pores are closed, too small, or
when the relative density is too large, cells are not able to migrate through the scaffold, a
significant impediment for a tissue engineering scaffold. An active ECM analog must possess an
open-cell pore structure with a relative density below a critical value that is characteristic of each
application, but is typically significantly < 10% (bioactive porosity typically > 90%). These
structural criteria, determined from the results of a number of experiments studying cell-scaffold
interactions, suggest that a critical number of cells are required within a bioactive scaffold

(Yannas, 2001).

Cellular solids modeling techniques can be utilized to describe both mechanical and

microstructural (i.e., specific surface area, permeability) properties of tissue engineering
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scaffolds. The remainder of this section will introduce appropriate cellular solids modeling
techniques to describe microstructural features while Chapter 5 will detail cellular solids

modeling and experimental analysis of the mechanical properties of CG scaffolds.

While dimensional arguments that rely on modeling the mechanisms of deformation and failure
in the foam, but not the exact cell geometry, can be used to describe many features of tissue
engineering scaffolds, it is also appropriate to utilize some cellular solids modeling techniques
that incorporate specific cell geometries in the form of particular cellular solids unit cells. There
are a wide variety of potential unit cells that have been utilized in the literature, notably
triangular, rectangular, and hexagonal (Figure 4.1) prisms, rhombic dodecahedra, and

tetrakaidecahedral (Figure 4.1).

In particular, the tetrakaidecahedral unit cell (a fourteen-sided polyhedron that packs to fill
space) offers a number of attractive features for describing structural parameters of the CG
scaffold (Figure 4.1). The pore structure of a variety of low-density foams has been observed to
have three distinct features (Williams, 1968): an average of approximately 14 faces per cell, an
average of 5.1 edges per face, and vertices that are nearly tetrahedral. These morphological
features are due to a minimization of the total surface area of the cells. The tetrakaidecahedron is
a polyhedron that packs to fill space, approximates the structural features of low-density foams
observed through experiment, nearly satisfies the minimum surface energy condition, and is

often used for modeling low-density foams (Thompson, 1887; Gibson and Ashby, 1997).
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1/3 for

Additionally, the value of the dimensionless measure of total edge length per (unit volume)
the tetrakaidecahedral unit cell is nearly identical to that observed for many random cellular
structures (Kraynik, Reinelt, et al., 2003), suggesting that the tetrakaidecahedral unit cell gives a

good representation of the total edge length and can be used to model the specific surface area

and permeability of random open-cell cellular structures such as the porous CG scaffold.

Figure 4.1. The geometry and packing of the hexagonal prism (left) and tetrakaidecahedral
(right) unit cells. The tetrakaidecahedral unit cell has been used to model the CG scaffold
microstructure.

4.3. Materials and Methods

4.3.1. Fabrication of collagen-GAG scaffolds

A complete description of the fabrication protocols of the four standard CG scaffolds used in this
investigation (Table 4.2) have been previously described in this thesis in Section 2.3.1 (CG
suspension), 2.3.4 (constant cooling rate solidification), and 2.3.5 (fabrication of uniform CG

scaffolds with distinct mean pore sizes).
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T,,°C Mean Pore Size, pm Relative Density
Mean =+ StDev Mean = StDev
-10 151+£32 0.0062 + 0.0005
-20 121 +£23 0.0061 + 0.0003
-30 110 +18 0.0059 + 0.0003
-40 96 + 12 0.0058 + 0.0003

Table 4.2. CG scaffold variants utilized for permeability and specific surface area investigation.

4.3.2. CG scaffold crosslinking

All CG scaffolds manufactured in this study were crosslinked via a dehydrothermal process after
freeze-drying to stiffen the collagen network by introducing covalent crosslinks between the
polypeptide chains of the collagen fibers without denaturing the collagen into gelatin (Yannas
and Tobolsky, 1967; Yannas, 1972). Crosslinking was carried out in a vacuum oven (Fisher
IsoTemp 201, Fisher Scientific, Boston, MA) at a temperature of 105°C under a vacuum of 50
mTorr for 24 hours (Yannas, Lee, et al., 1989; O'Brien, Harley, et al., 2004). Dehydrothermal
crosslinking also sterilized the CG scaffold variants due to the high heat and vacuum exposure,

rending the scaffold suitable for cell culture.

4.3.3. CG scaffold specific surface area study

4.3.3.1. Cellular solids model of CG scaffold specific surface area

The surface area per unit volume (SA/V), or specific surface area, of each scaffold was estimated

using a cellular solids model utilizing a polyhedral unit cell to determine the effect of mean pore
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size on the specific surface area of the CG scaffolds. For an open-cell foam with an
interconnected pore structure modeled using a polyhedral unit cell, the specific surface area can
be related to the mean pore size and the relative density (the density of the porous foam relative
to that of the solid it is made from) (Gibson and Ashby, 1997). We have used a
tetrakaidecahedral unit cell (a fourteen-sided polyhedron that packs to fill space) to model the
geometry of the CG scaffold (Section 4.2 provides further explanation of this choice). For an
open-cell tetrakaidecahedron with edges of circular cross-section, the specific surface area can be

described by the relation (Gibson and Ashby, 1997):

Equation 4.3. ” 7 ;:

In this relation, / is the edge length of the tetrakaidecahedron, p”is the density of the porous
scaffold, and p; is the density of the solid from which it is made. The relative density (o”po;) of
the CG scaffolds was determined by measuring the density of entire sheets of CG scaffold and
comparing that density with the known density of collagen (1.3 mg/mm’) (Yannas, 1972); the
relative density was measured to be constant (0.6%) for all four scaffolds variants (Table 4.1).

The specific surface area equation (/) can then be simplified:

e SA4 _ 0.258
quation 4.4. v ]

To calculate the mean spacing (equivalent to diameter) between opposite sides of this structure,
we assume that the internal volume is similar to that of a sphere of diameter d. Using this

assumption, the pore diameter can be calculated from the edge length by:
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Equation 4.5. d=278"-1

From this calculation, we estimate that the specific surface area (S4/V) of the four CG scaffold

variants used in this study is inversely related to the pore diameter (d) by:

S4_0.718

Equation 4.6. =
quation 7 d

4.3.3.2. Experimental measurement of CG scaffold specific surface area via cell attachment

Full thickness (approximately 3 mm thick) samples, 30 mm x 22 mm in size, were cut from the
four CG scaffold variants (Tf = -10°C, -20°C, -30°C, and -40°C) for the cell adhesion

experiments described below.

MC3T3-E1 mouse clonal osteogenic cells were maintained in a-MEM supplemented with L-
glutamine, 10% fetal bovine serum (FBS; Intergen, Purchase, NY, USA), penicillin (100 IU/ml;
Sigma), and streptomycin (100 mg/ml; Sigma). Cells were removed from the culture flasks to
seed the scaffolds using a trypsin-EDTA solution (Sigma, St. Louis, MO). Viable cell number
was determined prior to seeding by live-cell staining using 0.4% Trypan Blue (Invitrogen Co.,
Chicago, IL) and counting viable cells with a standard hemacytometer (Bright-Line, Hausser

Scientific, Horsham, PA) (Freyman, Yannas, et al., 2001).

Prior to seeding, the scaffolds were placed into wells of a 6-well tissue culture plate (Nalge Nunc
International, Naperville, IL). Each well was pre-coated with agarose gel (J.T. Baker, Philipsburg,

NJ) to prevent cells from migrating out of the scaffolds onto the tissue culture plate. The CG
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scaffold was seeded on both sides with 3 x 10° cells in a manner that has previously been
described (Freyman, Yannas, et al., 2001; Freyman, Yannas, et al., 2001). One milliliter of the
MC3T3-E1 cell suspension (3 x 10° cells/ml) was pipetted onto the surface of the dry scaffold.
The scaffold was then returned to the incubator for 10 minutes to allow for initial cell
attachment; the seeded scaffold was then turned over and an additional 1 ml of the cell
suspension was pipetted onto the reverse surface of the scaffold. The wells were then filled with
2 ml of the supplemented (L-glutamine, FBS, penicillin, streptomycin) a-MEM medium and
placed into a cell culture incubator and maintained at 37°C with 5.0% CO, for either 24 or 48

hours.

While some work suggests that high cell densities can prevent cell migration into scaffolds, the
cell density used in this experiment (9.1 x 10° cells/cm®) was consistent with previous
experiments in this laboratory using CG scaffolds for studies of cell-mediated contraction
(Freyman, Yannas, et al., 2001). The pore volume fraction of these CG scaffolds is extremely
high (99.5%) compared to many other scaffolds used for tissue engineering applications,
allowing for easier cell migration into the scaffold even with higher cell densities. The relatively
high cell density was chosen to provide a high density of integrins (cells) to allow a test of the
hypothesis that the density of available ligands increases with decreased pore size and that the

pore size affects cell attachment.
Following each adhesion experiment, the seeded scaffold was removed from the tissue culture

plate. Each sample was rinsed with Dulbecco’s phosphate buffered saline (Gibco, Grand Island,

NY) at 37°C to remove unattached cells and was then placed in a 2.0 U/ml solution of dispase
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(Gibco) for 30 minutes to digest the scaffold (Freyman, Yannas, et al., 2001; Freyman, Yannas,
et al., 2001). The remaining cells were then stained with 0.4% Trypan Blue and the number of

attached, viable cells was counted using a hemacytometer.

4.3.4. CG scaffold permeability study

4.3.4.1. Cellular solids model of CG scaffold permeability

A low-density, open-cell foam cellular solids model utilizing a tetrakaidecahedral unit was used
to model the permeability of CG scaffolds with variable mean pore size under variable applied
compressive strain. A quantitative, cellular solids model describing the permeability (k) of, or
fluid mobility (K) through, CG scaffolds in terms of scaffold mean pore size (d), individual strut
length (/), percent compression (¢), a dimensionless system constant (4°), and scaffold relative
density (p7/p;) has been developed from a series of known cellular solids relationships. The
permeability (k) of many open-cell foams has previously been reported in terms of mean pore
size (d) and relative density (p*/ps) (Brace, 1977; Gibson and Ashby, 1997):

2

Equation 4.7. k=dAd?. [1 - B—J
Py

This model can be modified to describe scaffold fluid mobility (K) using a single, system

constant (4”, A” = A’/u) with dimensions (Pa-s)™:

3 3
4 2( _p % 2 [, e %
Equation 4.8. K=—-d°|1-— =A"d- - |1-—

]
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The mean pore size of the compressed scaffold (dcompress) under a given applied compressive
strain (g,45p) can be defined in terms of the initial edge length of the unit cell used to describe the
scaffold microstructure (/) (Gent and Rusch, 1966). A relationship between applied compressive
strain and compressed mean pore size, modified from that proposed by Gent and Rusch (Gent
and Rusch, 1966) for this CG scaffold system with an observed Poisson’s ratio of 0, is presented

here:

Equation 4.9. d ompress <1 (1 - sapp)
Additionally, for the tetrakaidecahedral unit cell, scaffold mean pore size (d) can be related to the
average edge length of an individual strut (/) within the unit cell (Eq. 4.5) (Gibson and Ashby,
1997). Combining these relationships, a single model describing scaffold permeability (k) or
fluid mobility (K) in terms of a system constant (4’ or 4”), scaffold mean pore size (d), applied
compressive strain (g4,), and relative density (p‘/ps) that is valid for any low-density, open-cell
foam is proposed. These models are identical with the exception of the single, system constant

(47 =A"p):

d Y 5V
Equation 4.10. k= A"( ) ) (1 - 8)2 '(l - ————)

Y d 2 5 pt 2
Equation 4.11. K=A4"\ —— -(1—8) GJ1-L—
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4.3.4.2. Experimental measurement of CG scaffold permeability

The permeability of the four uniform CG scaffold variants (Table 4.1) was experimentally
measured in the laboratory of Prof. Fergal J. O’Brien (Trinity College and the Royal College of
Surgeons in Ireland, Dublin, Ireland) by Ms. Mary Waller (Waller, McMahon, et al., 2004;
O'Brien, Harley, et al., Submitted, 2005). A brief description of the experimental procedure
utilized by these co-investigators (FJO, MW) is provided here to explain how the measurements

were made.

A device (Figure 4.2) was constructed to measure the permeability of the scaffold variants under
different levels of applied compressive strain. The device was constructed from two (top and
bottom) brass plates, each with an attached 8mm inner diameter tube. A stainless steel mesh was
secured over the tube openings in both brass plates. The mesh, a medical-grade stainless steel
(Braun, Frankfurt, Germany) was adhered to the brass plates with a high-grade cyanoacrylate
glue (LocTite 401, Herts, UK). The mesh served a two-fold purpose: to physically support the
scaffold above the tube opening in the bottom plate, and to apply compressive strain to the
scaffold via the height-adjustable top plate. Stainless steel spacers of varying thickness (2—5 mm)
were placed between the two stainless steel meshes when the testing rig was assembled,
regulating the degree of applied compressive strain. Importantly, the mesh did not inhibit or
disrupt fluid flow through the rig. To secure the scaffold in place, the scaffold edges (away from
the tube openings) were clamped to the bottom stainless steel mesh using a silicone spacer which
also served as a leak-proof seal for the rig, preventing pressure loss. The inner diameter of the
silicone spacer (10mm) was slightly larger than that of the brass plate (8mm). Cylindrical

scaffold disks, 13 mm in diameter and 3.5 mm thick, were cut from each scaffold variant using a
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dermal punch (Miltex, York PA USA) and then submerged in saline solution for 24 hours prior

to testing in order to completely hydrate the scaffold.

8 mm

Pressure (fluid head)

Insert seaff

Compression
Spacer*

0 )
&,

_—~ Support mesh

Measure flow rate

Figure 4.2. The device utilized in this study to measure the CG scaffold permeability (fluid
mobility) (Waller, McMahon, et al., 2004).

Darcy’s law was utilized to calculate CG scaffold permeability, £, in terms of the volumetric
flow rate (Q, ml/s), the pressure difference across the sample (AP, N/m?), the length of the
specimen through which the fluid flows (/, m), the sample cross-sectional area in the direction of
flow (4, m?), and the viscosity (u, Pa-s) of the fluid used for the test.

=2k

Equation 4.12.
quation AP A

The degree of scaffold compression was controlled by the stainless steel spacers (2, 2.5, 3, or 5

mm thickness); these spacers maintained a constant separation distance between the top and
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bottom stainless steel meshes, and hence a constant level of compressive strain on the CG
scaffold, throughout the permeability test. The thickness of the scaffolds was 3.5mm, making
these spacers correspond to compressive strains of 40%, 29%, 14%, and 0%, respectively. The
tube extending from the top brass plate was then attached to a reservoir of saline solution
pressurized with a 1.2 m saline solution pressure head. The flow rate of the saline solution
through the scaffold was measured via the flow rate from the tube attached to the bottom plate of
the permeability device using a stopwatch (Oregon Scientific, Portland, Oregon, USA) and an

electronic scale accurate to within 0.05 g (Mettler Toledo, Greifensee, Switzerland) (Figure 4.2).

The permeability (k) and fluid mobility (K) of each of the four scaffolds under each level of
applied compressive strain was calculated using a modified version of Darcy’s law (Spain,
Agrawal, et al., 1998) incorporating the measured flow rate (Q), the saline solution viscosity (u),
the radius of the scaffold sample (r, 4 mm), the thickness of the scaffold sample (/), and the
height of the saline solution column (P, 1.2 m).

324.8(Q1- u)
k= :
r°P

Equation 4.13.

k _3248(01)

Equation 4.14. K= >
7] r°'P

4.3.5. Statistical analysis

All statistical calculations were performed using the StatView statistical software package (v. 5.0,
SAS Institute, Inc., Cary, NC). One-way analysis of variance (ANOVA) and pairwise multiple

comparison procedures (Dunn's Method) were used to compare groups of data. Paired t-tests
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were performed to compare individual sets of data to determine statistical significance between
24 and 48 hour groups using the same scaffold. Error is reported in figures as the standard
deviation (StDev), the standard error of the mean (SEM = StDev/n'?), or as the coefficient of
variance (CV = StDev/Mean). A probability value of 95% (p < 0.05) was used to determine

significance.

4.4. Results

4.4.1. Cell adhesion and cellular solids model calculated CG scaffold specific surface area

4.4.1.1. Effect of pore size on adhesion

Figure 4.3 shows the percentage of MC3T3-E1 cells seeded onto the matrix that were attached
to the four different scaffolds at both 24 and 48 hours post-seeding. One-way analysis of
variance (ANOVA) indicated that mean pore size of the scaffolds had a significant effect on cell
attachment after both 24 (p < 0.01) and 48 hours (p < 0.001). In the scaffolds with the smallest
mean pore size (Tr = -40°C) over 40% of cells seeded remained attached to the scaffolds and
viable at both 24 and 48 hours compared to approximately 20% of cells that remained attached to
the scaffolds and viable with the largest mean pore size (Tt = -10°C). No significant difference in
cell attachment was found between the intermediate scaffolds (Tf = -20°C, Tf = -30°C) with
approximately 30% of cells (31.1% and 27.5% respectively) remaining attached after both the 24

and 48 hour groups (p = 0.99, p = 0.89 respectively).
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Figure 4.3. Percentage of MC3T3 cells attached to the CG scaffolds at 24 and 48 hours post
seeding.

4.4.1.2. Effect of seeding time on adhesion

Paired t-tests indicated that there was no statistical difference between the percentage of cells
attached and viable at 24 and 48 hours-post seeding for any of the four groups of scaffolds (p >

0.05).

4.4.1.3. Cellular solids specific surface area calculation vs. cell attachment

The specific surface area of the scaffold for each of the four different mean pore sizes was
calculated using equation (4). Figure 4.4 shows a graph of percentage of seeded cells that
remained attached to the scaffold plotted against specific surface area showing strong linear
relationships (R? = 0.95, 0.91) between specific surface area and the percentage of attached cells

at 24 hours and 48 hours post seeding, respectively.
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Figure 4.4. Attached cell number plotted against specific surface area showing a strong linear
relationship at 24 (solid line) and 48 hours post seeding (dashed line).

4.4.2. CG scaffold permeability: Cellular solids model vs. experimental measurement

4.4.2.1. Experimental measurement of CG scaffold permeability

CG scaffold permeability (fluid mobility) was found to be on the order of 107" m*/Ns. While
expected since the scaffold in the dry state has a porosity of 99.5%, this is quite high when
compared to tissues such as cartilage (10" m*Ns) but several orders lower than that of
trabecular bone (10°® m*/Ns). Figure 4.5 and Table 4.3 show the experimentally measured
scaffold permeability values (mean + StDev) as a function of pore size and compressive strain.
One-way ANOVA tests revealed that scaffold permeability increased significantly with pore
size: K = 0.660 + 0.256 m*/Ns to K = 1.387 + 0.516 x10™"* m*/Ns for the 96 and 151pum pore size
scaffolds at 0% compression, respectively. Scaffold permeability was also observed to decrease

with increasing compressive strain; K = 0.660 + 0.256 x10™'° m*/Ns and 0.231 +0.180 x10"" m*
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/Ns for the 96um pore size at 0 and 40% compressive strain, respectively. Similar trends were

found for the other scaffold variants (Figure 4.5).
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Figure 4.5. Experimentally measured scaffold permeability (fluid mobility) as a function of pore
size and applied compressive strain.

4.4.2.2. Cellular solids model vs. experimental measurement of CG scaffold permeability

Power law regression analyses were performed between measured scaffold permeability (fluid
mobility) (K) and both the mean pore size (d) and applied compressive strain (¢). The first
regression (Figure 4.6) indicated a good correlation between K and & for 0% (R* = 0.9956),
14% (R? = 0.6811), 29% (R* = 0.6852), and 40% (R = 0.8499) compressive strain, in agreement

with the relationship between K and d proposed by the cellular solids model.
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Figure 4.6. Power regression between scaffold permeability (fluid mobility) (K) and mean pore
size (96 — 151 pm) for all four levels of applied compresswe strain (0 — 40%), testing the
relationship proposed by the cellular solids model: K a &.
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Figure 4.7. Power regression between scaffold permeability (fluid mobility) (K) and applied
compressive strain (¢: 0 — 40%) for all four scaffold variants (Mean pore size: 96 — 151 pm),
testing the relationship proposed by the cellular solids model: K o (/ - e).
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A power law regression was also performed between scaffold permeability (X) and (I — ), where
(I - ¢) corresponds to the remaining relative thickness of the compressed sample (Figure 4.7). A
good correlation was observed between K and (/ - ¢)* for CG scaffolds with mean pore sizes of
96 pm (R = 0.8911), 110 pm (R* = 0.9498), 121 um (R? = 0.9773), and 151 pm (R? = 0.9691),

again in agreement with the relationship proposed by the cellular solids model.

The mathematical modeling showed remarkable accuracy in predicting the permeability of the
constructs for all pore sizes and at each level of compression in a single model. Table 4.3 and
Figure 4.8 shows a comparison between the measured experimental results (Kp.,s) and the
predicted values obtained from the mathematical model (K., for the four distinct scaffold
variants at the four levels of compressive strain. The cellular solids model predictions for all

groups fit within the standard deviation of each experimentally measured value.

Mean Kmeas Kalc Kmeas Kcalc Kmeas Kcalc Kmeus Kcalc
Pore
Size, pm e=0% = 14% e =29% = 40%
96 0.598 + 0.564 0.568 + 0.417 0.365 % 0.284 0.222 + 0.203
0.117 0.146 0.114 0.166
110 0.714 + 0.735 0.396 + 0.544 0.260 + 0.371 0.197 + 0.265
0.240 0.196 0.097 0.136
121 0.902 + 0.898 0.532+ 0.664 0.324 + 0.453 0223+ 0.323
0.483 0.167 0.137 0.121
151 1.389 + 1.389 0.866 + 1.027 0.578 + 0.700 0.463 + 0.500
0.513 0.273 0.186 0.233

Table 4.3. Experimentally measured (Ky..,;, Mean + StDev) and cellular solids model derived
(Kcatc) fluid mobility of the four CG scaffold variants under four levels of compressive strain (g =
0, 14, 29, 40%). Units for K are 1 x 10 m*/Ns.
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Figure 4.8. Comparison between the experimental results (K,..s) obtained and the predicted
values obtained from the mathematical model (K., for CG scaffold permeability (fluid
mobility) under varying compressive strains.

4.5. Discussion

The specific surface area for each of the four CG scaffolds was determined using an open-cell
foam cellular solids model utilizing a tetrakaidecahedral unit cell. As all scaffolds were
fabricated from the same stock CG suspension, the density of ligands available for binding on
each scaffold is assumed to be proportional to the scaffold specific surface; the specific surface
area was calculated to be inversely proportional to the mean pore size (Eq. 4.6). The estimate of
the specific surface area of the CG scaffolds is remarkably consistent with the results from the
cell attachment study, showing a linear relationship between percent cell attachment and specific
surface area (Figure 4.4). The attached cell number increases linearly with specific surface area

for data taken both at 24 hours (R2 =(.95) and at 48 hours (R* = 0.91) post-seeding.
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No significant difference was observed in the percentage of cell attachment after 24 and 48 hours
(Figures 4.3, 4.4). This finding is consistent with the work of Freyman ef al. (Freyman, Yannas,
et al., 2001) who found that, although there was a significant effect of time on fibroblast
attachment in CG scaffolds similar to those used in this study in the first hours post seeding, by
22 hours maximum attachment had been reached. The fraction of MC3T3-E1 cells attached to
the CG scaffold over the range of pore sizes studied decreases with increasing mean pore size
and increases linearly with specific surface area, consistent with the increase in ligand binding

site density.

The permeability/fluid mobility of the CG scaffolds was found to be in the order of 10" m*/Ns.
The only previous permeability value found in the literature for a collagen material was for a
collagen gel (Ramanujan, Pluen, et al., 2002) (Table 4.1). The values for permeability with these
gels ranged from 1 x 10 to 1 x 10" m? (1 x 102 m*/Ns to 1 x 10™® m*/Ns). The CG scaffold
variants characterized in this study were 2 - 3 orders of magnitude more permeable than these
collagen gels, a result that makes intuitive sense due to the gel’s significantly lower porosity.
From a tissue engineering perspective, such differences in construct permeability suggest
significantly higher levels of metabolite diffusion will be observed in a scaffold structure as
compared to a gel, allowing increased cell proliferation and facilitating cell migration further into

the scaffold.
The results from both the experimental and the cellular solids modeling analysis reveal that

scaffold permeability/fluid mobility increased with increasing pore size, where scaffold specific

surface area was observed to decrease with increasing mean pore size (Figure 4.5, Table 4.3).
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These permeability results are also consistent with previous mathematical models describing the
permeability of low porosity (<90%) foams. The Carman-Kozeny mathematical model for foam
permeability (Levick, 1987) described a number of geometric factors that influence the
permeability of such foams: porosity, tortuosity (pore interconnectivity), pore size and
orientation, fenestration size and shape, and specific surface area. In this model, the specific
surface area influences permeability because it defines the total surface area within the scaffold;
frictional effects that disturb and impede fluid flow resulting in reduced construct permeability
are proportional to the scaffold surface area. While the Carman-Kozeny theoretical model has
been successfully applied to a number of materials, the model is not applicable to highly porous
materials (porosities greater than 90%), such as the constructs used in this study and most tissue
engineering scaffolds. The results from this study however, demonstrate that even in materials
with a high porosity, scaffold mean pore size defines the scaffold specific surface area which
likely influences the ability of a fluid to pass through it. In addition, the particular relationship
between scaffold permeability and mean pore size, K a o, that is predicted using the cellular
solids model is also observed experimentally, further validating the cellular solids model (Eq.

4.10, 4.11; Figure 4.6).

The results of the experimental and cellular solids modeling analysis also show that scaffold
permeability decreases with increasing levels of compressive strain (Figure 4.5, Table 4.3). This
result is similar to the relationship between compression and permeability described by Lai and
Mow (Lai and Mow, 1980) for articular cartilage. Other biological materials have also been
found to follow this relationship, including the human medial collateral ligament (Sander and

Nauman, 2003). The reason for this relationship in the collagen-GAG scaffolds is intuitive: as
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the material is compressed, the spacing between the collagen-GAG fibers decreases.
Furthermore, the porosity of the constructs will also decrease under compression. Both of these

factors would lead to the resultant increased resistance to fluid flow.

The particular relationship between scaffold permeability and compressive strain, k o (1 — &),
that is predicted using the cellular solids model is also observed experimentally, further
validating the cellular solids model (Eq. 4.10, 4.11; Figure 4.7). The relationship between
compressive strain and permeability in the collagen-GAG scaffolds will be useful in designing in
vitro bioreactor-based culture protocols and for designing constructs for in vivo studies where
significant loads may be applied to the scaffold. In a bioreactor we seek to apply the optimal
biophysical stimuli to encourage cells to differentiate to specific phenotypes or to produce
extracellular matrix formation. As the degree of compression to which a cell-seeded construct is
exposed influences the permeability of fluid through the construct, the relationship between
scaffold permeability with mean pore size, applied strain, and relative density will be used to
determine the optimal bioreactor conditions required for specific tissue engineering applications.
In addition, as constructs increase in size, it will be important to design appropriate
microstructure in the scaffold to allow maximal nutrient influx to support scaffolds implanted
into in vivo wound sites. Such utilizations of scaffold modeling tools and experimental
measurements of scaffold permeability for designing the microstructure of future scaffolds is

currently the subject of ongoing research in our laboratory.
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4.6. Conclusions

Previous speculation regarding cell activity within porous scaffolds has indicated that there exists
an optimal pore size, or range for each distinct cell type. A linear relationship was found between
cell attachment and specific surface area, indicating that over the range of pore sizes studied
(95.9 - 150.5 pum) short-term MC3T3 cell attachment is governed by the specific surface area
available for binding. The increasing cell attachment with decreasing pore size would not be
expected to continue as pore size would eventually drop to the point where cells could no longer
fit into the pores; however the MC3T3 cell type was chosen for this experiment due to its small
size so that cell size would not be a confounding factor. In order to properly identify an optimal
pore size for maximal cell attachment, future experiments are necessary utilizing uniform
scaffolds with a wider range of pore sizes. In addition, the use of a variety of cell types would
allow the study of how different cell types respond to scaffold structure. The permeability
characteristics of the uniform collagen-GAG scaffold variants, experimentally measured to
decrease with decreasing pore size and with increasing compressive strain, have also been
successfully modeled using cellular solids modeling techniques utilizing the same

tetrakaidecahedral unit cell used to model CG scaffold specific surface area.

The excellent comparison between experimentally measured and cellular solids model predicted
scaffold specific surface area and permeability validates the use of cellular solids modeling
technique utilizing a tetrakaidecahedral unit cell to describe many physical properties of the CG
scaffold cellular structure. These results also suggests that cellular solids modeling techniques
can be used as a predictive model of scaffold specific surface area and permeability for many

different scaffold architectures under a variety of physiologically-relevant loading conditions,
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and as a predictive model to describe the specific surface area and permeability characteristics of
future scaffold structures. Appropriate modeling tools that quantitatively describe scaffold
characteristics (i.e., permeability, specific surface area, mechanical properties) in terms of salient
microstructural features are advantageous for further advancement in the field of tissue
engineering, and it appears that cellular solids modeling techniques utilizing the
tetrakaidecahedral unit cell can accurately model CG scaffolds and have the potential to
quantitatively describe many other tissue engineering constructs. This information will be very
important in understanding and modeling cell interactions with three-dimensional structures and
in designing future bioactive scaffolds for use with specific cell types or in specific tissue

systems.

Chapter Reference

This chapter has been adapted from the following publications:

F.J. O’Brien, B.A. Harley, L.V. Yannas, and L.J. Gibson, “The effect of pore size and structure
on cell adhesion in collagen-GAG scaffolds,” Biomaterials, 26(4):433-441, 2005.

F.J. O’Brien, B.A. Harley, M.A. Waller, 1.V. Yannas, L.J. Gibson, and P.J. Prendergast, “The

effect of pore size on permeability and cell attachment in collagen scaffolds for tissue
engineering,” Submitted, Technol. Health Care, 2005.

B.A. Harley, F.J. O’Brien, M.A. Waller, P.J. Prendergast, I.V. Yannas, and L.J. Gibson, “Mean

pore size and compressive strain effects on the permeability of collagen-GAG scaffolds: cellular
solids modeling and experimental results,” Trans. Soc. Biomater., 32, 2006, Pittsburg, PA.

-153 -



CHAPTER 5. Mechanical Characterization of Collagen-GAG

Scaffolds

5.1. Introduction

Tissue engineering scaffolds act as a physical support structure and as an insoluble regulator of
cell biological activity. Many scaffold parameters have been shown to significantly influence cell
behaviors such as adhesion, growth and differentiation, notably scaffold microstructure (porosity,
mean pore size, pore shape, interconnectivity, specific surface area) (Yannas, Lee, et al., 1989;
Wake, Patrick, et al., 1994; Nehrer, Breinan, et al., 1997; Yannas, 2001; Zeltinger, Sherwood, et
al., 2001; O'Brien, Harley, et al., 2005) and mechanical properties (Young’s modulus) (Pelham
and Wang, 1997; Grinnell, Ho, et al., 1999; Schulz-Torres, Freyman, et al., 2000; Freyman,
Yannas, et al., 2001; Grinnell, 2003; Engler, Bacakova, et al., 2004; Jiang and Grinnell, 2005;
Peyton and Putnam, 2005; Yeung, Georges, et al., 2005; Zaman, Trapani, et al., In preparation,
2006). However, the influence of specific mechanical features is unknown. Despite the large
body of evidence suggesting that the mechanical properties of a scaffold are a significant factor
affecting its bioactivity, comprehensive mechanical characterization of most biomaterials is not

typically performed. In many tissue engineering studies, characterization of scaffold mechanical
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properties is only done in a cursory manner or not at all. The rapidly increasing use of scaffolds
has led to the need to better understand the role scaffold mechanical properties play in

influencing cell behavior and overall scaffold bioactivity.

Uniform collagen-glycosaminoglycan (CG) scaffolds with well-characterized and controllable
chemical, mechanical, and microstructural properties are an ideal platform for in vitro studies of
the effect of the extracellular matrix environment, particularly mechanical stiffness, on cell
behavior. The development of improved fabrication methods for CG scaffolds with a uniform,
equiaxed pore structure (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005) has been
described in Chapter 2 and Chapter 3. These scaffolds have been engineered such that well-
defined microstructural environments can be presented to individual cells within the scaffold.
However, characterization of the mechanical properties of these scaffolds has not yet been

performed.

Tissue engineering scaffolds often resemble low-density, open-cell foams, with an
interconnected network of struts. Both can be modeled as cellular solids. In Chapter 4 cellular
solids modeling was utilized to describe the specific surface area (O'Brien, Harley, et al., 2005)
and permeability (O'Brien, Harley, et al., Submitted, 2005) of the CG scaffold variants under
study in this investigation. The relationship between the microstructure and mechanical
properties of cellular materials such as engineering foams has been studied extensively (Gibson
and Ashby, 1997) and provides a model of the mechanical behavior of the CG scaffold variants.
Since the microstructure of our CG scaffolds is similar to that of open-cell foams, we expect

similar deformation mechanisms and stress-strain behavior.
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The objective of this study is to characterize the mechanical properties of the series of uniform
CG scaffolds with homogeneous microstructural characteristics that have been previously
described in Chapters 2 - 4 (O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005). Here, we
report the results of extensive tensile and compressive mechanical tests of the macroscopic
scaffold as well as bending tests of the individual struts making up the scaffold network. The
independent effects of hydration, pore size, crosslink density, and relative density on the
compressive mechanical properties of the CG scaffolds are also reported. The macroscopic
scaffold compression modulus and compressive strength are related to the individual strut
modulus using models for low-density, open-cell foams. Coupled with previous microstructural
characterization (O'Brien, Harley, et al., 2005), detailed mechanical characterization of these
scaffolds represents a pathway for standardizing and quantifying the extracellular environment of
the cells within these constructs. This characterization also allows quantitative in vitro
experiments of cell behavior (contraction, migration) in defined microstructural and mechanical

environments.

5.2. Cellular solids description of CG scaffold mechanical properties

Models describing the mechanical behavior of cellular solids such as open-cell foams are well
developed (Gibson and Ashby, 1997). Of greatest interest in the study of cell-mediated
contraction of CG scaffolds are the Young’s modulus and the compressive strength, as
fibroblasts have been shown to bend and buckle individual struts within the scaffold during
contraction (Freyman, Yannas, et al., 2001). Both the Young’s modulus and compressive

strength of elastomeric open-cell foams depend on the relative density (p/p;) of the foam (the
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density of the foam, p’, relative to that of the solid from which it is made, py), the Young’s
modulus of the solid from which the foam is made, E;, and a constant related to the cell geometry.
The complex geometry of foams (and of scaffolds) is difficult to model exactly; instead,
dimensional arguments that rely on modeling the mechanisms of deformation and failure in the
foam, but not the exact cell geometry, are used. Consider, for instance, the relative density of an
open-cell foam of similar geometry (on average), with an edge length characterized by a distance

/, and a thickness, . The relative density is given by:

* 2
p M, V. ¢l (t)

uati —_—=— 2 x—=C:| -
Equation 5.1. o, V' M, P

s

where M, is the mass of the solid, V" is the volume of the foam and V is the volume of the solid.
The relative density is proportional to (#/7)%, independent of the choice of cell geometry; C is a

constant of proportionality related to the cell geometry.

The stress—strain curve for a low-density, open-cell foam in compression is characterized by
three distinct regimes (Figure 5.1) (Gibson and Ashby, 1997). At low levels of strain the struts
bend, giving rise to a linear elastic regime. Additional strain results in elastic buckling, plastic
yielding or brittle crushing of the struts depending on the material characteristics of the struts; all
three mechanisms of strut failure continue at roughly constant load up to large strains, giving rise
to a stress plateau (termed collapse plateau). For CG scaffolds, elastic buckling of the struts is
expected to be the primary mechanism for this phenomenon. Finally, under increased strain, the
pores collapse completely throughout the material and the struts are loaded against one another,

leading to the final regime of densification.
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Figure 5.1. Schematic uniaxial stress-strain curve for an elastomeric cellular solid in
compression showing 1igear elastic, collapse plgteau, and densification regimes as well as the
linear elastic modulus (£ ) and plateau stress (o,; ) (Gibson and Ashby, 1997).

For cellular materials with low relative densities (< 30%), the linear elastic-collapse plateau
transition is typically observed at approximately 5% strain, while densification is not observed
until very large strains (> 80%). In tension, for small strains, the initial linear elastic response is
typically the same as is observed in compression. However, as the strain increases, the struts
become increasingly oriented in the direction of applied tension, resulting in an increased
material stiffness until tensile failure occurs. Extensive quantitative models have been developed
to describe the mechanical behavior of foams, encompassing the linear elastic, collapse plateau,
and densification regions (Gibson and Ashby, 1997). The linear elastic and collapse plateau
regimes of the scaffold under compressive testing are of greatest interest for studies of cell-

mediated contraction within CG-scaffolds.
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Scanning electron microscopy, as well as micro-computed tomography observations, on open-
cell foams indicate that at small strains within the linear elastic regime, the struts deform by
bending (Gibson and Ashby, 1997; Gioux, McCormack, et al., 2000; Nazarian and Muller, 2004).
The Young’s modulus of open-cell foams, E’, can be calculated using dimensional arguments

(Gibson and Ashby, 1997):

\2
Equation 5.2. E'= G (2—) -E,

where C; is a constant of proportionality related to the cell geometry and E; is the Young’s
modulus of the solid from which the foam is made. Data for a wide variety of open-cell foams -

indicates that C; ~ 1 (Gibson and Ashby, 1997).

At sufficiently high strains, the struts of an elastomeric open-cell foam buckle (Gibson and
Ashby, 1997). The compressive strength (also called the compressive plateau stress), o.;’, can be
estimated using dimensional arguments involving the critical load for buckling of a strut (Gibson

and Ashby, 1997):

\2
Equation 5.3. o, =C, (B—) -E,

where C; is another constant of proportionality. Data for a wide variety of open-cell foams
indicate that C, ~ 0.05, implying that the strain at which the cells start to collapse by elastic

buckling is 0.05. It is also important to note that both the Young’s modulus (E") and the
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compressive strength (o.;) of elastomeric open-cell foams vary with the square of the relative

density and are independent of the cell or pore size.

While the pore size does not influence the mechanical properties of cellular solids, pore shape
can significantly influence the isotropy/anisotropy of the scaffold. A more in depth description of
this phenomena has previously been published (Gibson and Ashby, 1997). For illustrative
purposes, a rectangular-prism unit cell with edge lengths of e,, e;, and e; (and shape-anisotropy

ratio R;; = e;/e;) will be utilized to explore its isotropic/anisotropic nature (Figure 5.2).

ES __ 2R,

* 3
o)
£ £33

Fig.5.2a Fig. 5.2b

Figure 5.2. An axisymmetric unit cell with R = 1 (e; = e, = e; = 1) (Fig. 5.2a); an axisymmetric
unit cell with R = 1.5 (e; = e; =1; e3 = h) (Fig. 5.2b).

The relative stiffness in two orthogonal directions can be defined by the Young’s modulus

anisotropy number (E,.;) (Gibson and Ashby, 1997):
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Equation 5.4. E,=—"-=

(E,; = 1). However, for even small discrepancies in edge length (R # 1), E,; rapidly diverges

from 1, suggesting that even small levels of structural anisotropy result in significant mechanical

anisotropy for the cellular solid.

5.3. Materials and Methods

5.3.1. Fabrication of CG scaffolds with different pore sizes

A complete description of the fabrication protocols of the four standard CG scaffolds with
distinct mean pore sizes used in this investigation (Table 5.1) have been previously described in

this thesis in Sections 2.3.1 (CG suspension), 2.3.4 (constant cooling rate solidification), and

E. - 3
: 1
(%, )

For structurally isotropic cellular solids, R = 1, the cellular solid will be mechanically isotropic

2.3.5 (fabrication of uniform CG scaffolds with distinct mean pore sizes).

T,,°C Mean Pore Size, pm Relative Density
Mean + StDev Mean + StDev

-10 151 +£32 0.0062 + 0.0005
-20 121 £23 0.0061 + 0.0003
-30 110 +18 0.0059 + 0.0003
-40 96 + 12 0.0058 + 0.0003

Table 5.1. CG scaffold variants utilized for permeability and specific surface area investigation.
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Scaffolds fabricated at -20, -30, and -40°C display a uniform pore structure with equiaxed pores
with no statistically significant difference in mean pore size between longitudinal (x-y plane) and
transverse (x-z, y-z planes) planes. Scaffolds fabricated at -10°C display a uniform pore structure
with slightly non-equiaxed pores: ellipsoidal pores with larger characteristic dimension in the

longitudinal plane (x-y plane).

The relative density (p/ps) of the CG scaffold variants was determined using the measured dry
density of the collagen scaffold sheets (p*) and the known dry density of solid collagen (p,: 1.3
g/cm3) (Yannas and Tobolsky, 1967; Yannas, Burke, et al., 1980). No significant difference in
scaffold relative density (scaffold density divided by the density of the solid from which it is
made) was found between the four scaffold variants, an expected result because all scaffolds
were fabricated from an identical CG suspension recipe which established the amount of solid in

the freeze-dried scaffold (Table 5.1) (O'Brien, Harley, et al., 2005).

5.3.2. Fabrication of CG scaffolds with different degrees of crosslinking

Two distinct crosslinking techniques were utilized following freeze-drying to modify scaffold
stiffness independent of pore structure: a physical, dehydrothermal-based (DHT) process and a
chemical, carbodiimide-based (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide — EDAC)
process (Figure 5.3). The DHT crosslinking treatment is carried out at a defined temperature
(typically 90°C < T < 160°C) in a vacuum oven (Fisher IsoTemp 201, Fisher Scientific, Boston,
MA) under a 50 mTorr vacuum for a defined length of time (Yannas, Lee, et al., 1989; Harley,
Spilker, et al., 2004; O'Brien, Harley, et al., 2004; O'Brien, Harley, et al., 2005); this treatment

induces the formation of covalent bonds between the polypeptide chains of the collagen fibers
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without denaturing the collagen into gelatin (Yannas, 1972). The degree of crosslinking can be
modulated by the length (time) and intensity (temperature) of the thermal treatment (Yannas, Lee,
et al.,, 1989; Harley, Spilker, et al., 2004). The standard crosslinking treatment for all CG
scaffolds in this study was DHT crosslinking at a temperature of 105°C for 24 hours. This
standard treatment was used on all the scaffolds for this study with the exception of those used in
the component that studied the effect of crosslink density on scaffold stiffness and should be

considered the default crosslinking treatment for all scaffolds unless otherwise noted.

The carbodiimide-based (EDAC) crosslinking agent acts as a catalyst for formation of collagen-
collagen and collagen-GAG crosslinks; as such, the cytotoxic EDAC chemicals are not
incorporated into the amide crosslinks and can be rinsed from the scaffold following crosslinking
(Osborne, Barbenel, et al., 1998; Pieper, Oosterhof, et al., 1999; Lee, Grodzinsky, et al., 2001).
Scaffolds are immersed in a solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC,
Sigma Aldrich Chemical Co.) and N-hydroxysuccinimide (NHS, Sigma Aldrich Chemical Co.)
for 30 minutes at room temperature; after crosslinking, the scaffolds are then washed in fresh
phosphate buffered saline (PBS, Sigma Aldrich Chemical Co.) to remove any remaining
chemical. The degree of crosslinking is modulated by altering the molar ratio of
EDAC:NHS:COOH. The relative amounts of EDAC and NHS are proportioned relative to the
density of carboxylic acid groups (COOH) per gram of collagen (1.2 mmol/gm) within the
scaffold and the weight of each scaffold sample being crosslinked (Olde Damink, Dijkstra, et al.,
1996). Greater crosslinking is achieved with higher ratios of EDAC and NHS to COOH (Olde

Damink, Dijkstra, et al., 1996).
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To study the effect of crosslink density on scaffold mechanical properties, a series of DHT and
EDAC crosslinking treatments of varying intensity were used to differentially crosslink portions
of the same scaffold sheet (mean pore size = 96 pm; relative density = 0.0058). Five distinct
crosslinking treatments of increasing crosslink density were created: non-crosslinked (NX), DHT
105°C for 24 hours (DHT105/24), DHT 120°C for 48 hours (DHT120/48), 1:1:5

EDAC:NHS:COOH ratio (EDAC1:1:5), 5:2:1 EDAC:NHS:COOH ratio (EDAC5:2:1).

o]
I + HN—Co ——= R—C—N—Col
PO | H
GAG OH o
carboxylic group on free amine on lysine
chondroitin-6-sulfate group of collagen
Fig.5.3a
T1
o
ﬁ NH
i + RI-N=C=N—R2 — J\ |
GAG” ~OH GAG 0--|CI
carboxylic group on
chondroitin-6-sulfate EDAC T
R2
R1 R1
o | 0 o l
Il NH NH
c |
GAG O—lC| + HO—N —_— GAG—ﬁ—O'—N + O=T
[0}
R ° |
R2 NHS R2
substituted urea
0 o)
GAG—ﬁ—O—'—N + HN—Col — GAG—CI-—'u-—COI + HO—N
(o) free amine group o]
O on collagen o)
Fig. 5.3b

Figure 5.3. Crosslinking mechanism between collagen and GAG induced by dehydrothermal
treatment (Fig. 5.3a) and by carbodiimide treatment (Fig. 5.3b) (Yannas and Tobolsky, 1967;
Lee, Grodzinsky, et al., 2001; Lynn, 2005).
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5.3.3. Fabrication of CG scaffolds with different relative densities

Four distinct scaffold variants with different relative densities were fabricated using a constant
thermal profile (Tr = -40°C) to test the effect of scaffold relative density on mechanical
properties. Increasing amounts of collagen and GAG were mixed together in 0.05M acetic acid
using the standard mixing process defined in section 2.1 while maintaining a constant
collagen:GAG weight ratio. A series of CG scaffolds were produced with relative densities of
0.006 (standard formulation, 1.0x), 0.009 (1.5x density), 0.012 (2.0x density), and 0.018 (3.0x
density). All scaffolds were then crosslinked via the standard dehydrothermal crosslinking
treatment (DHT105/24). SEM analysis confirmed that all scaffold variants maintained a

consistent pore microstructure.

5.3.4. Mechanical characterization of CG scaffolds

Unidirectional, unconfined compression and tension tests, both at a constant strain rate of 0.1%
strain/sec, were performed on dry and hydrated samples of the CG scaffold. Hydrated scaffold
samples were prepared by placing each sample in phosphate buffered saline (PBS, Sigma
Aldrich Chemical Co.) for 12 hours prior to testing to allow the scaffolds to become fully
hydrated (Harley, Spilker, et al., 2004). A series of scaffolds with different mean pore sizes (96,
110, 121, 151 pm), constant relative density (0.006), and constant crosslinking treatment
(DHT105/24) were tested in compression in both the dry and hydrated state to measure the
independent effect of scaffold microstructure on mechanical properties. The remainder of the
mechanical tests were then performed on either dry or hydrated scaffolds where at least one of
the initial series of scaffolds described above was tested in order to determine the relative effect

of the variable under testing (i.e., relative density, crosslinking density, isotropy) and where the

- 165 -



hydration state was determined based upon the variable being tested. For example, EDAC
crosslinked scaffolds are hydrated during the crosslinking process so the mechanical tests on

scaffolds with variable crosslinking density were all performed on hydrated scaffold sample.

Scaffold samples from one of the uniform scaffold variants with equiaxed pores (mean pore size:
96 um), constant relative density (0.006), and constant crosslinking treatment (DHT105/24) was
then tested in compression in the dry state in three orthogonal axes to determine scaffold
mechanical isotropy. A second series of scaffolds with constant mean pore size (96 pm),
constant relative density (0.006), and variable crosslinking treatment (NX, DHT105/24,
DHT120/48, EDAC1:1:5, EDACS:2:1) were then tested in compression in the hydrated state to
measure the independent effect of scaffold crosslinking on mechanical properties. A third series
of scaffolds with constant mean pore size (96 pm), constant crosslinking treatment (DHT105/24),
and variable relative density (0.006, 0.009, 0.012, 0.018) were then tested in compression in the
dry state to measure the independent effect of scaffold relative density on mechanical properties.
Finally, scaffold samples with a constant mean pore size (96 um), constant relative density
(0.006), and constant crosslinking treatment (DHT105/24) were tested in the hydrated state in

tension to measure the difference in the compressive and tensile behavior of these scaffolds.

Two distinct sample geometries were cut from CG scaffold sheets (125 mm x 125 mm x 3.4 mm)
and used during this experiment: disks and rectangular prisms. Arbitrary orthogonal axes were
assigned to the system for the course of this investigation: the x- and y-axes were defined to be in
the plane of the scaffold sheet while the z-axis was defined to be perpendicular to the plane of

the scaffold sheet. Cylindrical disk samples were cut from sheets of CG scaffold using dermal
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