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ABSTRACT

When organs and tissue fail either due to pre-existing disease progression or by accidental
damage, current state of the art treatment involves the replacement of the damaged or diseased
tissue with new donor derived organs/tissue. The limitations of these current approaches include
a limited supply of tissue for treatments and the immune response of the patient’s own body
against the new implanted tissue/organs. To solve these issues, tissue engineering aims to
develop artificial analogs derived from a patient’s own cells instead of donor tissue/organs for
treatment. To this end, a promising approach, known as scaffold-based tissue engineering, is to
seed engineered constructs or scaffolds with cells to form artificial analogs, which then develop
with time into new tissue/organs for implantation. The mechanical properties of the scaffold play
a critical role in the success of scaffold-based treatments, as the scaffold is expected to provide a
temporary support for the generation of new tissue/organs without causing failure at any time
during the treatment process. It is noted that due to the degradation of scaffold in the treatment
process, the mechanical properties of the scaffold are not constant but change with time
dynamically. This raises two scientific issues; one is the representation of the time-dependent
mechanical properties and the other one is the monitoring of these properties, especially in the in
vivo environments (i.e., upon the implantation of scaffolds into animal/patient bodies). To
address these issues, this research is aimed at performing a novel study on the modelling and in

vivo monitoring of the time dependent mechanical properties of tissue engineering scaffolds.

To represent the time-dependent mechanical properties of a scaffold, a novel model based on the
concept of finite element model updating is developed. The model development involves three
steps: (1) development of a finite element model for the effective mechanical properties of the
scaffold, (2) parametrizing the finite element model by selecting parameters associated with the
scaffold microstructure and/or material properties, which vary with scaffold degradation, and (3)
identifying selected parameters as functions of time based on measurements from the tests on the
scaffold mechanical properties as they degrade. To validate the developed model, scaffolds were
made from the biocompatible polymer polycaprolactone (PCL) mixed with hydroxyapatite (HA)
nanoparticles and their mechanical properties were examined in terms of the Young modulus.
Based on the bulk degradation exhibited by the PCL/HA scaffold, the molecular weight was
selected for model updating. With the identified molecular weight, the finite element model
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developed was effective for predicting the time-dependent mechanical properties of PCL/HA

scaffolds during degradation.

To monitor and characterize scaffold mechanical properties in vivo, novel methods based on
synchrotron-based phase contrast imaging and finite element modeling were developed. The first
method is to represent the scaffold mechanical properties from the measured deflection. In this
method, the phase contrast imaging is used to characterize the scaffold deflection caused by
ultrasound radiation forces; and the finite element modelling is used to represent the ultrasonic
loading on the scaffold, thus predicting the mechanical properties from the measured deflection.
The second method is to characterize the scaffold degradation due to surface erosion, which
involves the remote sensing of the time dependent morphology of tissue scaffolds by phase
contrast imaging and the estimation of time dependent mass loss of the scaffolds from the sensed
morphology. The last method is to relate the elastic mechanical property and nonlinear stress-
strain behavior to the scaffold geometry, both changing with time during surface erosion. To
validate the above methods, scaffolds was made from varying biomaterials (PLGA and PCL)
and their mechanical properties (degradation, mass loss, and elastic modulus) were examined
experimentally. The results obtained illustrate the methods developed in this research are

effective to monitor and characterize scaffold mechanical properties.

The significance of this research is that the model developed for the scaffold mechanical
properties can be used in the design of scaffolds with the desired mechanical properties, instead
of the trial and error methods typical in current scaffold design; and that these novel monitoring
methods based on synchrotron imaging can be used to characterize the scaffold time-dependent
mechanical properties in the in vivo environments, representing an important advance in tissue

engineering.
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CHAPTER 1
INTRODUCTION

1.1: Background

One of the unaddressed challenges in medicine is the treatment of tissue/organ damage from
disease or injury. In the ideal case, disease mechanisms would be interrupted and or reversed
long before the need for the replacement of tissue and or organs, but in the case where the
damage is caused by accident or injury there is no logical way to avoid tissue/organ replacement,
and the current state of the art understanding of many disease processes is insufficient to arrest or
control their progression. Current treatment methods rely on the replacement of damaged or
diseased tissue with donor supplied replacements, which suffer from patient immune system
rejection, necessitating the use of immunosuppressive drugs and/or other treatments that leave

the patient vulnerable to infection.

Possible future treatments to the problem of replacement organs/tissue can be broadly defined as
either 1) dependent on artificial implantable devices that perform the function of the unviable
tissues/organs, or 2) biological in nature. With regards to the first approach, many mechanical
devices such as artificial hearts and implantable heart-lung machines have been proposed and
designed, with some having reached a rather advanced state of development. For example,
damage to the nervous system both peripheral and central has encouraged the invention of
electrodes and electrode arrays designed to bridge gaps in the nervous system or even stimulate
nerves or the brain itself in an attempt to allow man-made devices the ability to replace the

functionality of living systems in the body.

The biological approaches to this issue can be further subdivided into two categories. The first
possibility is to use xenographic methodologies so as to provide an inexhaustible supply of
genetically modified rejection free organs from animals or possibly even fully human organs
grown directly in genetically modified organisms. The second possibility is classical tissue
engineering that involve either cells alone, scaffolds alone, or their combination. Cell alone

treatments provide cells with the environmental signalling necessary to command them to

1



reorganize and expand into desired tissue and organs. This field is closely aligned with
embryology, since what is being attempted is the control over a process that already occurs
during natural human development. The ultimate goal would be a type of bioreactor that could
incubate a patient’s own genetically compatible cells in something akin to an artificial womb and
coax them into becoming the desired tissue or organs necessary for patient treatment. These
methods require a deeper understanding of the fundamental inner workings of cells and biology

in general and therefore may take considerable time to reach fruition.

Simpler near term possible approaches have also been proposed. The method known as scaffold
alone tissue engineering supplies a substrate or prosthetic extracellular matrix that simulates the
behavior of the existing extracellular environment within which cells are naturally embedded.
Once this prosthetic is implanted into the wound area, cell populations within the scaffold
eventually exist due to cell migration from the surroundings. While such methods have shown
some success in treating injury and disease, there is a limit to how thick such scaffolds can be
while still offering a realistic chance that cells will be able to migrate into the new extracellular
matrix substitute. Cell and scaffold approaches provide readymade populations of cells already
pre-seeded into the scaffold, which eliminates the need for migrating cell populations. Scaffold-
cell tissue engineering has already been successfully applied to simple tubular structures and
hollow organs like bladders and kidneys, but very complex three dimensional organs have yet to
be regenerated using this method. Nevertheless, this approach to the replacement of tissue/organs
holds great promise. This process involves the construction of an artificial extracellular matrix,
often referred to as a tissue scaffold, which is then seeded with patient derived cells. The cells
are expected to organize and proliferate inside the porous structure of the scaffold, until they
form new functioning tissue/organs. Simultaneously, the scaffold itself is expected to gradually
degrade with time and eventually be completely absorbed by the body. In this report, reference to
the tissue scaffold or just scaffold will refer to the unseeded construct itself, while tissue

engineering construct or construct will refer to the seeded scaffold.

The mechanical properties of the construct are critical to its proper function. In some treatment
plans, the scaffold will be implanted into the body after seeding, and will be expected to

temporarily fulfill the mechanical function of the tissue it replaces. In situations where the



scaffold is initially incubated in vitro, the seeded cells may require mechanical stimulation,
which the scaffold must successfully bear. If the scaffold displays permanent deformation under
the loading it experiences in its operating environment, then it has experienced failure. Likewise,
a scaffold that displays an unacceptable magnitude of deformation or fracture/breakage during
the treatment period must be redesigned to eliminate this unacceptable behavior. It is also known
that the mechanical stimulation given by a cells’ surroundings influences the behavior of those
cells, so the mechanical properties of a scaffold will have a critical influence on the local
mechanical environment experienced by the cells, which will influence their metabolic and
differentiation behavior. All of the above issues highlight the necessity to design scaffolds with

controllable and known mechanical properties.

The tissue scaffold at all points in time during the treatment process will display a certain
deflection response when it is subjected to loading. Various features of this response can be
quantified as specific mechanical properties of the scaffold. For instance, the deflection of a
scaffold given a certain magnitude of load is known as the stiffness of the scaffold. Whether the
scaffold is incubated by itself in a bioreactor and subjected to artificial loads to control seeded
cell behavior, or is implanted directly in the body and expected to temporarily fulfill the
mechanical function of the tissue it is replacing, the scaffold mechanical behavior is very
important. The ideal scaffold design would not be physically damaged by loading or deform
permanently at any time during the treatment period. In order to realize this ideal design, realistic
models that capture the relevant features of the scaffold must be developed.

One fundamental issue present is the difference in behavior of the scaffold in vitro and in vivo. In
order to quantify this difference, one may explore all of the fundamental mechanisms that are
contributing to this difference in behavior, or alternatively, a black box phenomenological
approach may be taken where experimentation in vivo provides the information required for
scaffold modelling. In this latter approach, scaffolds implanted within the body would need to be
monitored with time to evaluate their degradation. Since explantation of the scaffold at certain
intervals of time for evaluation may corrupt or alter the scaffolds, and only provides global
measurements of scaffold qualities without difficult procedures like physical histological slicing,

an in vivo imaging based method of scaffold evaluation holds promise as an improvement over



the current state of the art. This thesis therefore considers signals generated by the scaffold in the
living body that may be measured externally to quantify various scaffold design parameters as
functions of time in a biological environment that is difficult to replicate artificially in the

laboratory.

1.2: Research Issues

Two fundamental issues exist in scaffold based tissue engineering, which are addressed by the
research presented in this thesis. The two broad issues are 1) the selection or development of an
appropriate model for the specific scaffold behavior that is of interest, and 2) the development of
experiments and methods to acquire information about scaffold behavior. The first issue is
defined as the modelling of the behavior of tissue scaffolds and the regenerating tissue within
them. The second issue is the experimental identification of the parameters in an appropriate

model so that it has the ability to represent the true in vivo behavior of the scaffold.

Designing a system as complex as a tissue scaffold through experiments alone would be
challenging, as it would require an unrealistic number of experiments necessary to blindly
identify the ideal design for a tissue scaffold, considering the significant number of parameters
that influence scaffold behavior. A more realistic approach is to gain an understanding of
scaffold behavior and properties from limited experiments, and then to employ this information
to assemble a mathematical representation of scaffold behavior. This simplified, scope specific,
mathematical representation can then be utilized to design scaffolds with the desired behavior
and properties through optimization, and this final optimized design can then be validated

experimentally.

In tissue engineering, the use of composite materials is becoming more common, which results in
a need for models that consider the composite nature of the scaffold. Composites combine the
traits of many different constituents to give an effective material that acquires some of the
qualities of its individual phase materials. For example, in bone tissue engineering, the
exceptional resistance to fracture of bone is replicated somewhat by bone tissue scaffold material
by combining a hard brittle ceramic phase such as Hydroxyapatite with a soft compliant phase



like Polycaprolactone. In this manner the scaffold is attempting to emulate natural bone, where
soft collagen is reinforced by Hydroxyapatite ceramic. In addition, artificial analogs to the
internal loading schemes found in living tissue to stop crack propagation are beginning to be
considered for tissue scaffold applications. This raises a need for the development of tissue
scaffold degradation models which include multiple structural levels, and the influence of

composite material microstructure on degradation.

The realm of experimental design for scaffolds is further complicated by the fact that the in vivo
environment does not behave exactly like the simplified in vitro table top models that are often
used to quantify the behavior of new scaffold designs. For example, various enzymes may be
present in the living environment that may not be taken into account in simplified degradation
studies in buffered saline. In addition, mild inflammation or other responses of the body to the
existence of the scaffold may change its chemical environment and accelerate degradation. The
cells within the scaffold also produce metabolic waste products which would normally be
handled by the body’s natural acid base control systems. Since the natural pH balancing
mechanisms of the body take a certain amount of time to neutralize the metabolic waste
products, these substances have a window of opportunity to influence scaffold degradation. The
solution to these increased complexities to the degradation modelling of the scaffold is to
ultimately run degradation experiments on select scaffold designs in vivo through animal testing.
This raises the issue of how to ideally monitor the scaffold inside the living environment, which
would be preferable to the difficulties associated with scaffold removal before characterization.

Once a realistic mathematical model of scaffold degradation and mechanical performance has
been obtained, the next step in the development of a model is to estimate its parameters with
experimental evidence collected from the true in vivo behavior of the scaffold during the
treatment process. Methods for the in vivo monitoring of tissue scaffolds are needed to collect the
data required to allow tissue scaffold degradation models the ability to predict scaffold behavior
in the body. One promising method to monitor the elastic property of the scaffold, which is
related to other interesting properties such as crystallinity and molecular weight, is to remotely
palpitate the scaffold with an ultrasonic radiation force, and use some imaging technique to

measure the deflection of the scaffold while it is being loaded by the ultrasound beam. Since



safety concerns limit the ultrasound intensity allowed within the body, the magnitude of the
stiffness that is measurable by this method depends on the resolution of the deflection detecting
method. The attenuation of high frequency sound waves in the body limits the use of high
resolution ultrasound to characterize deflections below a certain size. Even the use of x-rays to
visualize the deflection caused by the relatively small ultrasound force on a significantly stiff
target scaffold may fail in observing any noticeable movement. There is therefore a need to

discover a way to detect the faint movements generated by this method of palpitation.

In addition to the elastic property of the scaffold, the full stress-strain behavior of the scaffold is
of interest. There is however no way in which an ultrasound beam of allowable power can
deform a scaffold into the plastic region and conduct a full stress-strain test on the scaffold in
vivo. There is therefore a need for some other signal which is observable from a distance outside
of the body to carry enough information to reconstruct the nonlinear stress-strain behavior of the
scaffold. This is an ongoing area of research; to identify ways in which to determine the
elasticity, yield point, and elongation at failure inside the body from some remotely observable

parameter.

Finally, another very important quality of scaffolds undergoing degradation is their mass.
Current methods of mass characterization during degradation involve marking the scaffold
material with some type of identifying substance as a tracer or the full removal of the scaffold so
that it can be studied outside of the body. Neither of these approaches are ideal. It would be very
useful if a signal related to mass loss that can be detected outside of the body could be found.

Further to this goal, a search for such a signal is conducted.

1.3: Research Objectives

The time dependency of the mechanical properties of tissue scaffolds complicates the design of
these devices. In addition, the operating environment of the scaffold makes experimental
monitoring of the scaffold without its physical removal challenging. These two issues lead to the

following research objectives: 1) develop a model that predicts the time dependent Young



modulus of a tissue scaffold, and 2) develop experimental methods to monitor the scaffold

remotely.

The first objective of this research is vital because it will allow the design of scaffolds to meet
specific time dependent mechanical property requirements with a more practical computer model
based scaffold development process instead of an experimental less guided approach to scaffold
design. This objective will be accomplished in a four step process: 1) model development, 2)
model parameterization, 3) model updating, and 4) model validation. In model development a
model based on finite element homogenization and finite element rate-diffusion is developed to
represent the time dependent modulus of the scaffold. Geometric and/or chemical parameters in
the model are then chosen for updating in the parameterization step. Tissue scaffolds are then
fabricated and degraded, and their mechanical properties with time are characterized by load-
displacement testing. The parameterized model is then updated at each considered time step, and
the updating parameter is represented as a time dependent function. The finite element model
with the ability to represent the time dependent Young modulus is then validated with
experimental data from the degradation of a scaffold with different geometry, but made from an
identical material and degraded under the same conditions.

The second objective is significant because there is a need to be able to remotely monitor a
scaffold’s properties in situations where it is not practical to remove the scaffold for testing or
directly place instruments on the scaffold to characterize its properties with time. There are three
time dependent characteristics of the scaffold that are of interest: 1) the change in Young
modulus from the degradation of the bulk scaffold material, 2) the change in Young modulus of
the scaffold from surface erosion, and 3) the mass loss of the scaffold with time. The first
characteristic of the scaffold will be determined by deflecting a scaffold with an ultrasonic
radiation force and estimating its effective Young modulus from the measured deflection. The
second and third objective will be accomplished by experimentally determining the morphology
of the scaffold with time by synchrotron radiation phase contrast imaging. The changes in the
volume of space occupied by the tissue scaffold material with time can be determined through
imaging and be related to mass loss and changes in Young modulus due to a reduction in the

amount of scaffold material present.



1.4: Organization of Thesis

The first chapter of this thesis is a general introduction to the concept of tissue engineering and
the research issues addressed by this work. The second chapter is to review the current state of
the art in both time dependent and time independent scaffold modelling. In particular, various
analytical and numerical approaches to scaffold mechanical property modelling are introduced.
A review of common approaches for modelling scaffold degradation is also presented. Finally,
current state of the art in in vivo monitoring was presented and discussed. The current state of
the art in in vivo monitoring involves the tagging of the scaffold material with tracer material that
is then tracked via some means in the body, or by the full explant of the scaffold and the

characterization of the scaffold degradation outside of the body.

The third chapter examines the modelling of the time independent and time dependent
mechanical properties of a semi-crystalline polymeric ceramic composite scaffold for bone tissue
engineering applications. A detailed model is developed by considering all of the structural
levels of the scaffold. Measurements of scaffold elastic property with time were then employed
to estimate the parameters of the model instead of tabletop experiments for identifying individual
parameters separately. This model with the so identified parameters was then validated for

different but similar geometric configurations.

The use of ultrasound for remote measurement of the scaffold stiffness and issues associated
with the uniqueness, stability, and existence of a solution to this inverse problem are considered
in the fourth chapter. The use of the Fourier transform of a spacially periodic optical signal for
deflection characterization is also presented.

Estimating the stiffness and mass changes with time from geometry when scaffolds degrade via
the surface degradation pathway is considered in the fifth and sixth chapters. They introduce the
possibility of utilizing surface degrading materials in the construction of the mechanical support
skeletons of hybrid scaffolds for cartilage tissue engineering, which could then be characterized
in vivo through phase contrast geometry monitoring. Particularly in the fifth chapter, morphology
monitoring of the scaffold in situ is employed to measure the mass loss of a scaffold with time



from imaging data. The mass loss measured from imaging data was then validated by comparing
its predictions for mass loss from the direct measurement of mass loss by weighing. The
parameters of a time dependent model for scaffold surface degradation were then estimated from
the mass loss with time as inferred from the imaging data.

In the sixth chapter, this morphology measurement technique is extended and employed to
estimate the decline in the scaffold’s stiffness. By visually examining the scaffold with time it
was possible to relate the time dependent geometry of the scaffold to its effective stiffness. In
addition, the nonlinear stress-strain curve was also reconstructed with some success from

geometry data obtained through imaging.

The seventh chapter of the thesis is a general discussion to unite all of the separate studies
together and describe how they mutually complement each other and achieve the previously
established research objectives. The eighth chapter presents the conclusions drawn from this

work and some future avenues of research.



CHAPTER 2

A BRIEF REVIEW OF THE MODELING OF THE TIME
DEPENDENT MECHANICAL PROPERTIES OF TISSUE

ENGINEERING SCAFFOLDS”
*This chapter has been published as "Bawolin, N. K., Zhang, W. J., Chen, X. B., 2010, A Brief

Review of The Modeling of the Time Dependent Mechanical Properties of Tissue Engineering
Scaffolds, Journal of Biomimetics, Biomaterials, and Tissue Engineering. vol. 6, p. 19-33.”
According to the Copyright Agreement, "the authors retain the right to include the journal article,

in full or in part, in a thesis or dissertation™.

2.1: Summary

Many methodologies have been proposed and executed to model both time independent and time
dependent tissue scaffold behavior. In this paper these methods are reviewed and their
applicability to the research in this thesis are considered. In essence this paper was a search for
an appropriate modelling approach that could then be applied in the research presented in the
following chapter. It was of interest to see if any existing models could be adopted from the
literature to model the particular system of a Hydroxyapatite reinforced Polycaprolactone matrix
composite scaffold ideal for bone tissue engineering.

Of all of the models reviewed, the diffusion based models that consider the diffusion of
hydrolysis causing mediums into the scaffold held the most promise of having predictive power;
i.e., the ability to predict scaffold degradation for different scaffold geometry, once the model
parameters have been estimated from experiment. The concept of Finite Element model updating
was also proposed as a method to consider the time dependent behavior of the scaffold. In
classical vibration based Finite Element Model Updating, the modes of vibration are
characterized and related to scaffold properties, which are updated with time to match the
changing modal data of the scaffold. The primary strength of this method is that it theoretically
has a signal that can be characterized in vivo (the modes of vibration). It also tests the whole
scaffold, and derives model parameters from this experimental data. This allows every effect on
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scaffold properties to be included in the estimation of parameters, some of which may be
overlooked if the model parameters are just estimated from individual independent experiments

related to specific phenomena.

An ideal approach to model the elastic property of the scaffold at every moment in time has been
identified. Finite element based homogenization with periodic boundary conditions is not only
significantly more computationally efficient that fully detailed finite element modelling, it is also
executable with well-established commercial software like ANSYS. In addition, the time
dependent model based on detailed simulation of mass transfer within the scaffold allows models
to be predictive and capable of replicating the behavior of the actual scaffold even when
geometry is changed, so long as the scaffold material and the biological environment remain the
same. Finally, full scale testing of the scaffold is proposed as a way to estimate the models in the
time dependent and time independent models of scaffold elasticity, so as to include the effects of

scaffold manufacturing on the estimated parameters.

2.2: Introduction

One of the most promising approaches to the development of artificial tissue substitutes relies
upon the utilization of an artificial prosthetic of the extra-cellular matrix, known as the tissue
scaffold. This construct provides support for the attachment of cells, which are then expected to
proliferate, differentiate, and organize eventually into new tissue. Two primary approaches to the
regeneration process may be pursued after scaffold fabrication, cell seeding, and the inclusion of
other factors; 1) transplantation into the in vivo environment immediately or after a brief period
of incubation, and 2) long term incubation in vitro followed by implantation after substantial or
total tissue growth and scaffold dissolution. In the former, the implanted scaffold is expected to
perform tissue functions temporarily and gradually allocate functionality to the tissue during its
degradation. If the tissue function is structural support, the mechanical properties displayed by
the scaffold become critical design aspects, and should ideally match those of the surrounding
tissue throughout the treatment period.
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The tissue scaffold is a classic multiphase system, consisting of a scaffold occupied volume, and
a porous region either occupied by tissue, fluid, empty space, or some combination thereof. The
effective mechanical properties of the entire construct are a function of the properties of the
constituent phases and their respective volume fractions, all of which may be functions of time.

Two primary processes are at work in the scaffold during treatment; scaffold degradation and
resorption, and the gradual growth of tissue in the pores of the scaffold. While the former drives
a mechanical property decline in the scaffold occupied regions of the construct, the latter tends to
increase the mechanical properties of the porous region. If these two competing trends are not
carefully balanced by the scaffold design, the effective properties of the construct will vary with
time, leading to a suboptimum outcome. The ideal would be for the behavior of the regenerating
tissue in the pores and the scaffold backbone to result in a relatively constant value for the
effective properties, and that this be equal to those of the surroundings. The design for such a
device could be ascertained by an ad hoc experimental method, costly in both time and
resources, or theoretical methods, employed to model the behavior of the scaffold during tissue

regeneration and scaffold degradation, could guide the design process.

There are three general types of degradation behavior that have been observed experimentally for
tissue scaffolds composed of polymeric materials. These three degradation pathways are 1)
surface erosion, 2) bulk degradation, and 3) internal degradation. These behaviors are illustrated
in Fig. 2-1.
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Figure 2-1: Scaffold degradation behaviors

The possible scope of scaffold models can be divided into six broad categories: 1) the construct’s
effective mechanical properties at a particular time, given the known properties of its
constituents and the geometry of its microstructure; 2) the bulk degradation of the scaffold
component of the construct; 3) surface degradation of the scaffold component of the construct; 4)
changes to the crystallinity of the construct with time; 5) the regeneration of tissue within the
scaffold’s pores; and 6) both the tissue regeneration and scaffold dissolution and the dependence
of both on each other. Previous work by the author and collaborators [1] has successfully
demonstrated objectives 1) and 2).
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2.3: Models of the Mechanical Properties of Tissue Scaffolds

Models of tissue scaffolds take in as input the various chemical, material, and geometric
parameters of the tissue scaffold, such as pore geometry, crystallinity, molecular weight, and the
mechanical properties of the scaffold material, and give as output the effective mechanical
properties of the tissue scaffold. Since the tissue scaffold can be considered as a traditional
multiphase material, and additionally a material with a periodic microstructure, the various
methods in the literature that have been developed to consider composites may be used to predict
the properties of tissue scaffolds. These composite methods may be divided into two broad
categories; 1) analytical approaches, and 2) numerical approaches.

2.3.1: Analytical Models
The simplest model of a composite material is known as the rule of mixtures. In this model, the
property of interest for each of the constituents of the composite is multiplied by its volume

fraction, and the sum is the predicted property of the mixture [2].

Pc = vaf + Pme (2-1)

where P. is the property of the composite P, that of the filler, and P, that of the matrix. V; and

V,, are the volume fractions of the filler and matrix respectively. This average is known as the

Voit average, and is valid for isostrain conditions of loading. For isostress conditions of loading,
the effective property of the composite is given by the Reuss average modulus,

PP
- ftm (2.2)
P,vi + P v,

c
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An extension of these models is the Takayanagi model for dispersed phases. This model
considers the composite as a series of springs which are arranged in a series-parallel or parallel-
series arrangement, as shown in Fig. 2-2. For the series-parallel model, the effective property is
given by

1 —
== 4 s 2.3)
P AP, +(-A)P, P,

and for the parallel-series model, the expression is

p- ,{ﬂ n 1;_<”J +{1-2)P, (2.4)

Figure 2-2: Takayanagi Models a) Series-Parallel, and b) Parallel-Series
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Homogenization methods all attempt to replace a heterogeneous material where the material
properties are location dependent with an equivalent homogeneous material that displays
approximately identical behavior to that of the heterogeneous material. The properties of this
equivalent material can be predicted from the volume averaged stresses and strains in the

composite’s constituents [3].
n

G=) V0, (2.5)
r=1

where o is the average stress in the equivalent homogenized material, v, is the volume fraction
of constituent r and the overbar indicates a volume average. &, is therefore the volume averaged

stress in each of the composite’s material phases. In a similar manner strain in the equivalent

homogenized material is expressed as,
n

E=) V& (2.6)
r=1

For each phase in the composite, a constitutive relationship exists between the strain and stress in

the material phase.

=C. ¢ (27)

where ¢, is the stiffness tensor for the constituent. For the effective composite material, the

stiffness is related to the average stress and strain fields in the composite,
c=C¢ (2.8)

From this expression it is apparent that an effective stiffness matrix for the composite can be

determined if the volume average strain and stress in the composite is known or can be

16



computed. The volume average strain inside each constituent may be related to the average strain

in the composite through,
g =A¢Z (2.9)

where A, is the concentration tensor for phase r. The sum of the concentration tensors for each

constituent multiplied by the constituent’s volume fraction gives the identity matrix I.

SV A =l (2.10)

Equations (2.5-2.10) may be combined to give the effective stiffness matrix of the composite as a

function of the stiffness matricies of the composite’s constituents.

C=C, +ivr(cr ~-C,)A (2.11)

r=2

From (2.11) it is apparent that the effective stiffness matrix of the composite can be determined

from the constituent stiffness matricies if A_is known, and equation (2-9) provides a way for its
calculation. Various methods for the calculation of A lead to different methods for

homogenizing. These methods are introduced and reviewed in [4]. While it is possible to

calculate A for simple geometries, numerical solutions must be employed for irregularly shaped

inclusions.

Another analytical method for the calculation of effective properties is known as the Halpin Tsai
method [5]. The analytical solutions for effective properties of composites reinforced with

inclusions with simple geometries were rearranged into a general form,
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where ¢ is a shape factor that takes into account the geometry of the filler and ¢ is the filler

volume fraction. With fillers of irregular geometry, it is challenging to find analytical

expressions for A . In these cases it is usually necessary to turn to numerical methods for

homogenization.

2.3.2: Full Body Finite Element Analysis

In this approach to the problem, the finite element method is employed to evaluate
computationally, the behavior of the tissue scaffold. A finite element model of the entire scaffold
is assembled, which includes every structural detail of the scaffold, from the geometry of the
pores, to the inclusion of various microstructure details in the scaffold material itself, such as the
inclusion of small particles or various material phases. Once such a model is established,
deflection boundary conditions may be applied to the model to represent the effect of a material
property test, such as a load deflection or beam bending. An example of this method is found in
the work of Milan, Planell, and Lacroix [6] where a virtual load displacement test on a
cylindrical scaffold is conducted to predict the mechanical properties of the scaffold and the

internal mechanical environment within the pores during scaffold loading.

This method, while intuitive and accurate, requires considerable computational resources in
order to encompass all of the structural details of the scaffold. In order to reduce the
computational burden, a representative section of each structural level in the scaffold may be
separately analyzed to give its effective mechanical properties, allowing each structural level to

be replaced by an equivalent continuous phase. This procedure is known as homogenization.
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2.3.3: Standard Mechanics Homogenization

The standard mechanics approach to homogenization takes a representative piece of
microstructure and subjects it to a compressive or tensile test, calculating the average stress after
each small increment of displacement experienced by the body. This yields a complete stress-
strain curve which is taken as the effective behavior of the microstructure [7]. An isolated section
of the whole however does not behave identically in situ. This is demonstrated in [8] by
increasing the size of the chosen representative volume. The mechanical properties estimated
from the study of each representative volume gradually reach an asymptote as the size of the

chosen RV increases, as illustrated in Fig. 2-3.

2.3.4: Representative Volume FE Model with Periodic Displacements

The ideal homogenization method will give an accurate prediction for the in situ behavior of the
microstructure by the analysis of the smallest possible unit cell. Ideally, the unit cell should be
one periodic component of the microstructure. In order to analyze only one periodic cell and still
achieve an accurate prediction for the behavior of the cell when it is surrounded by its neighbors,
the boundary conditions chosen for the analysis must be similar to the actual boundary

conditions experienced by the cell.
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Figure 2-3: Effective modulus by the FE standard mechanics method, and the asymptotic

homogenization method, as a function of RV size [8].

Periodic boundary conditions allow the cells to be tiled together to create the global body
without gaps or overlapping, which is a good average representation of the behavior of all of the
unit cells within the global body during global body elongation or compression. In [9] a square

unit cell is subjected to the following displacement boundary conditions,

U —u =5 (x, =%, ) (2.13)

where i, j =1, 2,3, S;is the average RV strain, Uj is the displacement of the point under

consideration in the X; direction, X; are the Cartesian coordinates of the point on the RV
boundary, and K +and K — indicate whether the point under consideration is in the positive or

negative X; direction. The average stress and strain are then determined from the FEM model by,
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where §ij and Sij are the average and local strains respectively, 'F,J is the average stress, and Tij 5
the local stress. By calculating the average stress in the body while consecutively applying six
separate average global strains S_ij , by applying the appropriate deflection boundary conditions as

given by (2.13), the effective stiffness matrix of the scaffold may be determined.

E Cy gz (E“ 9 §15 (Elﬁ %1
-[22 Ca 923 924 925 925 §22
I33 _ Cys 934 935 935 S133 (2.16)
Ty Cu Cps Cyg |5y
T, Symm Csy Cs [|Su
T 666_ S

Once the stiffness matrix is known, the effective compliance matrix may be calculated from its
inverse. The effective mechanical properties of the scaffold such as its Young modulus and

Poisson ratio in various directions are then determined from the compliance matrix [10].

2.3.5: Asymptotic Homogenization
Asymptotic homogenization replaces the strain in a body with an asymptotic series, which
represents the strain in the global composite body as a average strain at the highest structural

level plus rapidly varying strains caused by the microstructure levels of the composite.

u® =u’ +e'ut +&u” + &% + ... (2.17)
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where u‘ is the total displacement, u? is the displacement on the most macroscopic level, u', i =
1,2,... is the displacement at increasingly more microscopic levels, and ¢ is the scale size

between adjacent structure levels

Inserting this representation of the strain into the differential equations describing the behavior of
a deforming solid and solving the resulting equations with a numerical method, such as the finite
element method, allows the effective behavior of the global body to be estimated from the known
mechanical properties of the constituent phases [11]. This method also assumes that the
deflections on the boundary of the unit cell are periodic, leading to estimates for effective

properties superior to those given by the standard mechanics approach to homogenization.

2.4: Time Dependent Models of Tissue and Tissue Scaffolds

Time dependent models of tissue scaffolds can be thought of as time independent models for
which the parameters change with time. These time dependent parameters in turn are also
functions of various geometric variables and material properties, and the qualities of the

degradation environment.

2.4.1: Models of Scaffold Degradation and Declining Mechanical

Properties

The degradation of the scaffold framework of the tissue engineering is often a less complex
process than the response of tissue, therefore initial approaches to the computer simulation of
tissue scaffold behavior with time have neglected the tissue response and have focused only on
the degrading scaffold.

The approach taken by Wilson , Bossnar, and Kholes [12] rests upon the assumption that
scaffold degradation, characterized by mass loss, is independent of cell growth and tissue

behavior, and may be represented as an empirical exponential expression of the form,
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M (t) = SCM +[GAG], [L—e ™= )+

2.18
[Collagen], (1— gtk )+ [Scaffold |, e /"= (2.18)

where M (t) is the time dependent mass of the tissue construct, SCM is seeded cell mass,

[GAG]., is the steady state concentration of extracellular matrix glycosaminoglycans,

[Collagen |, is the steady state concentration of collagen, [Scaffold | is the steady state

concentration of the scaffold material, and Ty , Tcoliagen:@Nd Tsearrolg are time constants for the

accumulation of extracellular matrix components and the scaffold mass loss. These time
constants were estimated in this study from the experimental measurement of mass loss and
accumulation for both seeded and unseeded scaffolds. Briefly, at appropriate time intervals,
seeded scaffolds were removed from incubation, digested, and subject to biochemical analysis to
ascertain the mass of the accumulating collagen and glycosaminoglycans. The unseeded
scaffolds were characterized for mass loss by simple dry and wet weight measurements.

While this model does not give estimates for the mechanical properties of the tissue scaffold with
time, it is apparent that an experimental approach could possibly relate the mass loss of the
scaffold due to degradation and the mass accumulation in the pores of the scaffold to the

effective mechanical properties of the tissue construct.

The primary limitations of this model are that the time constants for extracellular matrix
accumulation and scaffold mass loss are complex functions of geometry and material properties.
A model such as this lacks predictive power due to its reliance on the estimation of parameters
from experimental evidence. Such parameters, once identified are not guaranteed to be relevant
if the geometry of the scaffold changes. In addition, this model’s focus on mass loss neglects the
possibility of bulk degradation, where the decline in mechanical properties of the scaffold may
proceed with little to no mass loss or changes in geometry. The limitations of simple empirical
models has led to the development of mechanistic or phenomological models for scaffold

degradation.
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In the work of Mohammadi and Jabbari [13], a Monte Carlo based algorithm is used to simulate
the hydrolytic breaking of polymer chains, yielding predictions for the average molecular weight
and molecular weight distribution in the scaffold construct with time. This algorithm seeds the
individual elements within a partitioned porous scaffold volume with polymer chains, where
polymer chain length is randomly selected from the Schultz—Flory distribution. Once polymer
chain seeding is accomplished, a randomly selected polymer chain is sundered after a given time

interval, resulting in the formation of two new chains and a degradation byproduct.

By representing the time between chain scissions in each element as a function of byproduct
concentration, the catalyzing effect of degradation byproducts on the degradation process was
included in this model. Furthermore, once the chain length of the polymer reaches a certain
minimum length, it is assumed free to diffuse out of the scaffold body, leading to estimations for

mass loss with time.

While this model gives a time history of the molecular weight of the scaffold, it does not
translate the molecular weight decline into predictions for the mechanical properties of the
scaffold. This particular model’s use of bulk elements for interior regions of the scaffold, where
byproducts are assumed to accumulate, and surface elements where catalyzing byproducts are
released from the scaffold neglects the mass transport of degradation byproducts through the
scaffold, and the effect this mass transport may have on degradation. In addition, this model does
not include the effect of crystallinity on the degradation process even though the authors argue
that this may be included by adjusting the probability of chain scission in the elements to account

for the impermeable inert nature of the polymer crystalline phase.

In the work of Wang, Pan, Han, Sinka, and Ding, [14] a model for scaffold degradation is
formulated which takes into account the transport of degradation byproducts and their influence
on the degradation process. Briefly, the model consists of a phenomological representation of the

hydrolysis degradation process,
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drR _dC, _ k,C.C, +k,C.C,C," (2.19)
dt dt

where k, and k, are the non catalyzed and catalyzed rate constants respectively, C.is the ester

bond concentration in the polymer phase of the scaffold, C, is the water concentration in the

polymer, C, is the monomer end group concentration in the polymer, and Nis the monomer

disassociation term which is related to the moles of hydrogen ions released per mole of
degradation byproduct dissolved in water. The molecular weight at any given point of time is

related to the ester bond concentration by

e = W (2.20)

where Ceo and l\/lwO are the initial ester bond concentration and the initial molecular weight.

The primary shortcomings of this model are that it does not move from molecular weight
predictions to predictions of mechanical properties. Furthermore, the model neglects the
important process of crystallization and the time dependency of the transport properties of the

scaffold.

An extension of the above model may be found in the work of Han and Pan [15]. In this
modification, an additional feature is added to include the time dependent crystallinity of the
scaffold, and the effect of this process on the transport properties of the scaffold. Utilizing the
fundamental equations of Avrami, the modification calculates the production of new nucleation
sites in the scaffold and assumes that new spherulites of crystal growth begin at these new sites.
The increase in nucleation site concentration within the scaffold, created by the scission of
polymer chains, is determined by,
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where N is the concentration of nuclei in the scaffold (moles/ m3), ¢ is the probability, assumed
to be unity, that at any given time nuclei will initiate new crystal growth, X, is the crystallinity,

whose increase is engulfing nuclei in the body, N, is the initial concentration of nuclei in the

body, which is assumed to be zero at t=0, and dR is the increase in the concentration of the
monomer byproducts of degradation. Once the increase in nucleation sites is calculated, a
spherulite is assumed to begin its gradual growth at most of the new nucleation points, where the
number of nucleation sites that result in new crystal growth are calculated from the probability of
growth initiation at new sites. The volume of the spherulites are then allowed to expand until a
radius limit is reached. The extended volume of crystal, or the volume of crystal if no

impingement occurs, is then determined [15].

X =

ext

Vsingle(t _T)Nndr (222)

O )

where VSingIe(t —T)is the total crystal volume, at time t, of all of the spherulites nucleated at time

rand N, is the number of nuclei at t. Assuming a spherical shape for the growing crystals, the

achievable radius ris constrained by the molecular weight of the polymer. The following is used

as an approximation of the radius of each spherulite with time,
S (-1
r=r.,ll-e ™ (2.23)

where I, is the maximum possible radius for each spherulite, and  is the crystal growth rate for

the polymer at the operating temperature of the scaffold. The extended volume is therefore,
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The extended volume of the crystal may then be related to the change in crystallinity of the

scaffold. Avrami’s theory of crystallization yields the actual transformed volume fraction with

impingement chrom the transformed volume fraction with no blockage or impingement from

surrounding growth X, .

dX
dX

c :(1_ Xc)l (2.25)

ext

where the impingement factor A is a fitting parameter for situations where the nucleation points

are not randomly distributed, or the crystal growth factor . is not equal in all directions [16].

The transport properties are determined in this model by a separate finite element analysis of a
cubical representative volume. The addition of a new phase into the representative volume
changes the effective diffusion coefficient of the FEM model, whose predictions are ultimately
fitted to an empirical surface, which is used to estimate the effective diffusion coefficient of a

two phase material.

Deff = Dslow + (1'3\/fast2 - O'3\/fast3 XDfast - Dslow) (226)

where Dy is the effective diffusion coefficient of the two phase composite, Dy, is the

diffusion coefficient of the more impenetrable phase of the material and D, is the diffusion

coefficient of the more pervious phase.
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The primary weakness of this model is again the lack of a prediction of mechanical properties
from the estimated molecular weight. The inclusion of the crystal phase adds another dimension
to the modeling of the mechanical properties, since the properties displayed by both the crystal
and amorphous phases of the polymer must also be considered. This model also assumes
isotropic transport properties, and neglects the influence of inclusion shape on the effective
diffusion coefficient of the scaffold material. The use of a simple empirical expression to give
the effective transport properties leaves much possible improvement. The use of random walking
algorithms or empirical approaches such as the Maxwell Garnett approximation may yield better
modeling of the transport properties of the scaffold [17]. This particular model also neglects the
diffusion of water in the scaffold, with the possibility of a water concentration gradient, or the
absorption of water by a hydrophilic phase of the scaffold, which may be important parameters
influencing the degradation.

The authors Wang et al. [18] developed a model based on their previous work which proposes an
entropy spring model for the scaffold material. This model, assuming that the scaffold polymeric
material is completely amorphous, represents the Young Modulus of the scaffold material as an
entropy spring, where the increase in entropy from strand length reduction leads to a decline in
the stiffness of the polymer with molecular weight. This publication also considers the use of
simple experimentally derived relationship between average molecular weight and Young
Modulus. Their previously devised degradation model [14] is then utilized to predict the
molecular weight distribution inside the device, as well as the distribution of Young Modulus
with time. In the work of Arosio et al., a degradation model for a drug delivery device is
considered where the authors have linearly related the decline in molecular weight of the device
to its expected Young Modulus and bending strength [19]. No attempt however is made to relate
the yield strength, elongation at yield, or other interesting mechanical properties to the molecular

weight.

In [20] a probabilistic model is employed to model the hydrolysis reaction and decide at what
time intervals to scission the polymer chains in each small volume element in the model. The

autocatalysis due to monomer migration is represented with a rate-diffusion model that modifies
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the probability of chain scissioning in each element based on its time dependent monomer

concentration.

In all of the above time dependent degradation modeling approaches, a dynamic model is
developed which yields the molecular weight of the degrading polymer with time. With the
exception of a small number of the models reviewed, [18,19] these molecular weights are not
translated into mechanical property predictions for the scaffold or the scaffold material. The
possible addition of other material phases to the scaffold material leads to the need for
modifications to the existing theories to consider the simultaneous degradation of multiple
polymeric phases in the scaffold device, and the use of multiscale homogenization techniques to

find the effective mechanical properties of these multiphase materials at each time point.

2.4.2: Models of Tissue Regeneration and Behavior

Ultimately, models of scaffold degradation should be coupled with models of tissue growth on
the scaffold. A vast number of cell behavior models may be found in the literature, the problem
being relevant to fields as diverse as tumor treatment to agriculture. The following is a small
sampling of the state of the art of cell and tissue behavior modeling.

The first issue that must be considered is simply the distribution of cell concentration within the
scaffold as a function of time. The number of cells present in a tissue engineering scaffold is not
just a function of the proliferation and death of seeded cells on the scaffold, but must also include
the migration of cells from the scaffold surroundings in vivo. In the work of Anderson and
Chaplain [21], the problem of the migration of endothelial cells from the surroundings was
considered, with an emphasis on the modeling of tumor induced angiogenesis. In this model, the
number of cells increases or decreases at a specific location at a rate established by chemical
signals. The cell migration is assumed to be the sum of a random walk, a motion induced by the
concentration gradient of tumor angiogenesis factor (TAF), and motion induced by the chemical
gradient of cellular fibronectin. Their model gives the concentration of endothelial cells n at a

specific point as a function of TAF concentration c, and fibronectine concentration f.
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where D, is a diffusion coefficient representing the random movement of cells caused by no

particular stimuli, },is a chemotaxis parameter representing the cell behavior in response to

TAF, k, is a parameter representing the decline in cell TAF sensitivity as TAF concentration

increases, and P, represents the sensitivity of cells to fibronectine. The concentration of

fibronectine with time is a function of the fibronectine production rate per cell @ and the amount

of fibronectine consumed by each cell, which is represented by the parameter £ . The

concentration of TAF is assumed to decline with time due to cell consumption represented by the
parameter A . This model represents a clear method for determining the movement of cells from
the external surroundings into the scaffold as a function of chemical stimulation, and may also
accurately model the migration of cells within a scaffold.This approach, however, does not
consider cell proliferation or death, or the possibility of non-chemical or mechanical stimulations
for cell migration. In the work of Kelly and Prendergast [22], the concentration of cells is

represented as,

O(lj—: =D'V®n' + P'(S)n' =K' (S)n' (2.30)

where n is cell concentration, i represents cell type, D represents the migration of cells as a
quasi-diffusion process, P is the proliferation rate which is a function of chemical and

mechanical stimulation S, and K is the cell death and differentiation rate. In this model, the
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stimulation S is chosen to be the strain y experienced by the cells, and the fluid velocity v in the

tissue.
S= %% (2.31)

where | and m are experimental parameters determined from mesenchymal stem cell (MSC)
differentiation experiments. When S achieves a certain value, MSCs are assumed to differentiate
into bone, cartilage, or connective tissue. A quadratic relationship is assumed to hold between

cell population growth or decline and the strain experienced by the cells.
P'(S)n' —K'(S)n" =a' +b'S, +¢'S,’ (2.32)

where a, b, and c, are experimentally determined parameters for each cell type in the scaffold.
While this model does consider the proliferation, differentiation and migration of cells, it does
make simplifying assumptions such as ignoring the effect of chemical signaling in cell migration.
The approach taken here has the potential to be expanded by inclusion with the previous
approach to yield cell concentration within a scaffold as a function of both chemical and

mechanical stimulation.

In the work of Checa and Prendergast [23], a cubic volume is filled with a lattice, where each
lattice point is considered to be a possible cell location. Each point is surrounded by 6 neighbor
points which are considered possible locations for new cells generated by mitosis. After mitosis,
two lattice points are selected at random and filled with new cells. If no new lattice points exist,
then mitosis/proliferation is prohibited. In order to model cell migration, cells are randomly
assigned a new lattice position from the six possible neighboring positions after a fixed time
interval related to the cell type, and if all lattice positions are occupied, cell migration is
prohibited. In order to determine cell differentiation, the mechanical stimulation found in [22] is
employed with an addition. A model similar to that in [21] is used to consider the infiltration of
blood vessels into the cubic tissue volume, and the concentration of blood vessels is used as an
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additional parameter to control the differentiation of the cells in the cubic volume. The

capillaries are assumed to follow the path pioneered by the infiltrating endothelial cells. The

steps in the developed algorithm are illustrated in Fig. 2-4.
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Figure 2-4: Modeling of Cell differentiation proliferation and death within a cubic tissue

volume [22]
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The drawbacks of this modeling approach are that it neglects the possibility of mechanical or
chemical stimulation to the migration, proliferation, and death of the cells. The model also
comprises a large number of parameters which are collected from a variety of experiments
carried out under a variety of conditions on different animals. This may be an area where a
unique contribution may be made from the field of structural dynamics. If the modes of vibration
or other mechanical properties of a scaffold could be measured with time and related to the
various parameters, it should be possible to estimate a best unique set from the domain
encompassing all possible parameter values from a single experiment, ensuring that all parameter

estimates are for the same experimental conditions.

2.4.3: Models of Simultaneous Scaffold Degradation and Tissue

Regeneration

In the work of Adachi, Osako, Tanaka, Hojo, and Hollister [24], a model of both scaffold
degradation and tissue regeneration is proposed for bone tissue engineering. In their model, the
hydrolysis of a polymer scaffold is driven by the concentration of water at each point within the
scaffold, and a linear relationship between molecular weight and polymer stiffness is utilized to
give the spatial distribution of Young Modulus in the scaffold. In this model the volume
occupied by tissue, scaffold and fluid are discretized, and the driving force for scaffold
dissolution, water concentration, is calculated within the scaffold with time. The molecular
weight distribution within the scaffold is then determined at each time step and related linearly to
the Young modulus of the scaffold material at each spatial point within the scaffold. The external
loading of the scaffold results in a strain distribution within the scaffold pores that becomes the
impetus for new tissue regeneration. When molecular weight is reduced to a certain level, that
specific portion of the scaffold is assumed to be able to diffuse out of the scaffold body leading
to mass loss. The primary limitations of this model are that it does not consider the influence of

cell diffusion into the scaffold, and its influence on tissue growth.

In the work of Sanz-Herrera, Garciia-Aznar and Doblare [25], a tissue engineering scaffold’s
degradation, and the regeneration of bone tissue in the scaffold pores is modeled. The movement
of MSC, osteoblasts, and endothelial cells into the scaffold is represented as a simple diffusion

process driven by only the concentration gradients of the various cells into the scaffold. The
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degradation of the scaffold is considered to be a simple hydrolysis process where only water
concentration controls the degradation rate. In this model, the concentration of cells in the
scaffold as well as mechanical stimulation control the rate of tissue regeneration. In both of these
works, the developed models must be further validated experimentally both in vivo and in vitro.

The tissue regeneration and scaffold degradation are mutually dependent on one another. The
mechanical stimulation of tissue on its scaffold substrate is known to affect the behavior of the
regenerating tissue, and concurrently, the regenerating tissue is known to generate metabolic
waste products which increase the acidity of the surroundings, leading to enhanced hydrolysis in
the scaffold. Future research must clarify the metabolic production rate of cells as a function of

loading, and the effect of metabolic waste products on the degradation of the scaffold.

2.5: Unresolved Issues in Modeling of Time Dependent

Mechanical Properties of Tissue Scaffolds

Of the models reviewed, only three considered the scaffold tissue regeneration and scaffold
degradation simultaneously [12, 24, 25]. Of the three only two utilized a mechanistic approach
with predictive ability [24, 25]. These predictive models are limited by the neglect of the
influence of cell metabolic byproducts on scaffold degradation. The hydrolysis of the scaffold in
these models is considered to be a function of the concentration of water within the scaffold

alone.

The issue of model parameter identification has also been made in the literature [22]. In many
cases, computational models entail the identification of a host of parameters from the literature
or from other experimental models, where the resulting parameters have been measured or

inferred at a variety of experimental conditions.

Many of the current manufacturing methods employed for scaffold fabrication require first the
construction of the scaffold and then cell seeding, because the scaffold manufacturing method is
not biocompatible. The cells are then expected to be drawn into the pre-wetted scaffold by

capillary action, which often results in unsatisfactory cell distribution [26]. Since the initial cell
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distribution will have an effect on tissue development [27], it is a critical parameter influencing
the mechanical property history of the scaffold. One possible resolution to this issue would be to
have the scaffold supply cues to the cells, resulting in their migration to specific parts of the
scaffold [28]. An alternative to this is a biocompatible manufacturing method which would allow
the cells to be either distributed evenly in the scaffold or positioned at specific locations within

the scaffold during fabrication.

In many of the models, the use of homogenization and the averaging of potential is employed to
determine the effective diffusion coefficients for cell migration and mass transfer within the
scaffold. This process of averaging results in an approximation to the effective diffusion
coefficients of a multiphase material. It is likely that random walk simulations may give better
predictions for the mass transport properties of the scaffold [29]. Ultimately, validation of
diffusion models will likely need to employ the ability of nuclear magnetic resonance
spectroscopy to observe the internal motion of the various diffusing species within the scaffold
[30].

With the increasing use of complex multiphase scaffold materials composed of many separate
polymeric and ceramic constituents, there exists a need for the simultaneous simulation of the
hydrolysis degradation of multiple polymeric phase materials, where each phase may display

different degradation behavior.

Most of the existing models for scaffold degradation that do predict the mechanical properties of
the scaffold with time are limited to the consideration of linear mechanical properties alone, and
do not allow for the influence of strain rate on the properties or the prediction of the entire stress-

strain curve of the scaffold.

Since the ultimate objective is to have mathematical models that can predict scaffold behavior in
the human in vivo environment, any model that is eventually adopted will have its parameters
estimated to match experimental evidence from the in vivo behavior of scaffolds left to degrade
and regenerate tissue in this specific environment. One must consider how the behavior of the

scaffold can be experimentally evaluated inside such surroundings. Explanting the scaffold will
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not be acceptable in this case, so there is therefore a need for methods which can evaluate the
scaffold behavior externally without scaffold removal. In addition, there is a need to be able to
monitor a scaffold’s performance with time once it has been implanted in the body. If it was
somehow possible to perfectly replicate the living environment in an artificial bioreactor, directly
measuring the tissue scaffold mechanical properties with time would be possible. The problem is
that the mechanical properties of incubated tissue increase with time in the bioreactor, but then
stop at a stage far below the performance native tissue displays inside the body. The perfect
replication of the living environment artificially is exceedingly difficult. There are therefore
advantages currently to implanting a scaffold into the living body and allowing the natural
environment to influence the regeneration of tissue in the scaffold directly. There have even been
proposals to incubate tissue scaffolds in an in vivo bioreactor. In this proposal a bioreactor is
directly implanted into the living environment to take advantage of the totality of the body’s cell
differentiation signals and environmental details [31,32,33]. Even in this case, the ability to

remotely infer the scaffold properties with time would be useful.

2.6: Future Research Directions

A possible experiment to determine the influence of metabolic cell by-products on degradation
would involve monitoring the pH change of bioreactor growth medium with time and correlating
this change with hydrogen ion production of the cells. By performing such tests at various
loading conditions, the influence of strain rate and straining frequency on cell proliferation and
metabolic waste production rate could be elicited. The production of metabolic waste would also
be inferred from these experiments as a function of cell number. By measuring the initial and
final cell numbers and pH of the growth medium, a relationship between tenocyte or chondrocyte
number and hydrogen ion production may be established. Cell experiments must also identify the
sensitivity of the proliferation rate to the concentration of growth factor which may be included
in the scaffold. Finally, the extracellular matrix (ECM) excretion rate per cell must be
ascertained as a function of strain and growth factor concentration. Once these
phenomenological models are assembled with estimated parameters, the accumulation of the

developing ECM layer on the inner surface of the scaffold pores can be estimated.
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In the field of structural mechanics, the concept of FEM model updating is employed to estimate
the various parameters in FEM models of a particular system by forcing agreement between
experimental evidence and model predictions [34]. In classical FEM model updating, the model
output that is related to the model parameters are the frequencies and amplitudes of the modes of
vibration, but the general concept should be applicable for a variety of different model outputs.
In this approach, a variety of seeded scaffold properties would be characterized with time during
scaffold degradation and tissue regeneration, and the various parameters of the FEM model
updated with time to force agreement between model and experiment. In order to ensure a unique
solution, the parameter change during each time step would be forced to be a minimum, or the
number of simultaneously monitored mechanical properties of the scaffold would be selected to
match or exceed the number of parameters for updating. By estimating all of the various
parameters in the scaffold degradation and tissue regeneration models simultaneously with the
same experiment, the parameters so estimated are all determined under the same experimental
conditions. If this method of inferring scaffold parameters from the observed modes of vibration
via FEM model updating is combined with Ultrasound or Magnetic Resonance imaging of the
scaffold modes of vibration under ultrasonic stimulation, this process may allow another way for

in vivo monitoring of the tissue scaffold.

Using Polylactic Glycolic Acid (PLGA) dissolved in a Dimethyl Sulfoxide/Water solution, a
more biocompatible solvent/polymer solution for tissue engineering, the scaffolds manufactured
using PLGA and Iron Oxide (10) will employ simultaneous scaffold manufacture and cell
seeding. Briefly, the dissolved polymer mixed with 10 nanoparticles is dispensed into a 3-d
structure, layer by layer via pneumatic pressure extruded direct printing. The strands may be
loaded with dissolved growth factor protein by dissolving said material into the DMSO with the
PLGA before scaffold layer construction. The individual layers may also be incubated in laminin

solution to adjust the scaffold surface properties.

After each layer is fabricated, gamma radiation sterilized, and possibly freeze dried to give a
porous nanoscale microstructure, cell solution containing Tenocytes or Chondrocytes will be
dripped onto the manufactured scaffold layers, and these individual layers will be incubated to

promote cell attachment. Once seeding is accomplished with sophisticated control over growth
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factor concentration and distribution, the individual layers will be positioned layer by layer and

fused together by Cyanoacrylate adhesive or by PLGA/DMSO mixed with iron oxide.

The technology for manipulating and actuating plate like surfaces has already been pioneered for
the manufacture of electronics. Using a vacuum or magnet based gripping mechanism, a
manipulator may seize each layer and precisely position it for fusion with the previously

positioned and fused layers.

Once the scaffold is manufactured and seeded, the entire construct is immersed in growth
medium and subjected to a sinusoidal time dependent load, utilizing a Bose Biodynamic
mechanical testing instrument. At appropriate intervals, the construct will be characterized for
stiffness and yield, and then unloaded. It is also proposed that the scaffold be removed from the
medium and the wet weight of the scaffold be measured. The wet weight can then be a measure
of mass accumulation from cell growth and ECM excretion. Parameters which cannot be
estimated by separate experimentation can be estimated using the FEM model updating

approach.

2.7: Conclusions

The mathematical modeling of tissue scaffold time dependent properties is gradually becoming a
useful tool for the development of tissue constructs. The problem of model parameter value
selection and the consideration of the effect of cell metabolic products on scaffold dissolution are

two critical issues that have not yet been addressed.

A method from the field of structural dynamics may prove to be a useful tool in the evaluation of
scaffold degradation and tissue regeneration by allowing the various parameters in scaffold
degradation and tissue growth models to be simultaneously inferred from experimental

observations of a degrading scaffold.

The influence of pH change from cell metabolic activity and colony number has not previously

been considered in the modeling of tissue scaffold degradation, yet it is a critically important
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parameter that must be quantified if computer models of simultaneous scaffold degradation and
tissue regeneration are to become useful tools for the design of clinically viable tissue

engineering scaffolds.
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CHAPTER 3

MODELING MATERIAL-DEGRADATION-INDUCED
ELASTIC PROPERTY OF TISSUE ENGINEERING

SCAFFOLDS"

*This chapter has been published as "Bawolin, N. K., Li, M. G., Chen X. B., Zhang, W. J., 2010,
Modeling Material-Degradation-Induced Elastic Property of Tissue Engineering Scaffolds,
ASME Journal of Biomechanical Engineering, vol. 132, p. 111001-1 to 111001-7.” According to
the Copyright Agreement, "the authors retain the right to include the journal article, in full or in

part, in a thesis or dissertation™.

3.1: Summary

The mechanical properties of tissue scaffolds play a fundamental role in scaffold behavior during
treatment. It is therefore critical to understand the mechanical behavior of the scaffold at all
times during the treatment period. Further to this aim, a mathematical model was constructed of
the linear elastic property of a tissue scaffold for a specific type of material; a composite blend of
the soft compliant biodegradable plastic Polycaprolactone matrix, and hard ceramic
Hydroxyapatite reinforcing inclusions. This model included all of the structural levels of the
scaffold, and considered some novel effects such as solvent plasticization of the scaffold matrix
material. The parameters in this model were estimated from experimental evidence and the

model was then validated with additional experimental data.

A novel static model of a tissue scaffold elastic property was developed that considered a
complex composite material with many separate structural levels. The Maxwell Garnett approach
found in electric engineering for the prediction of mixture properties was employed to model the
effective diffusion coefficients of the scaffold material. A heat treatment approach to adjusting
the initial crystallinty of the scaffold was explored. Finally, a time dependent model of tissue
scaffold elasticity degradation was developed and its parameters estimated. This model was then

validated for a different scaffold geometry.
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In more detail, a Polycaprolactone biomaterial was dissolved in the organic solvent chloroform,
mixed with hydroxyapatite bone ash nanoparticles and then dispensed into a three dimensional
structure which solidified as the volatile solvent evaporated, leaving behind a solid three
dimensional nanoparticle reinforced porous scaffold structure. These scaffolds were compression
tested and their measured stiffness employed to estimate the parameters of the static scaffold
model of stiffness. The model was then validated in the following manner; 1) transversely
isotropic scaffolds were created with specific known geometric parameters and compression
tested to determine their Young moduli, and 2) model predictions were compared to the

experimental measurements of stiffness.

Tissue scaffolds with a specific strand radius and strand spacing were then degraded at body
temperature in phosphate buffered saline. The static model was employed to inversely determine
the molecular weight of the scaffold from measurements of the scaffold stiffness at various
specific times during the degradation process. This knowledge of how the molecular weight
changed with time was then employed to estimate the parameters in a separate time dependent
degradation model of the scaffold. Finally, the time dependent model was employed to estimate
the time dependent stiffness of a scaffold assembled out of the same
polycarolactone/hydroxyapatite biomaterial but with a different strand spacing and radius. This
fulfilled the research objective of creating a model that could simulate the degradation of
unseeded tissue scaffolds fabricated out of a specific biomaterial when they are immersed in

phosphate buffered saline and incubated at body temperature.

It is possible to construct relatively simple models of scaffold degradation that can successfully
represent the behavior of the scaffold with time. A calibration set of scaffolds can be degraded
and tested at various time points to give data on the degradation behavior of the scaffold
material, which allows all of the effects of manufacturing to be included in the collection of
experimental data about the material degradation properties. Once this information is available, it
can be employed to estimate the parameters in a model, which then becomes geometry
independent. As long as the material and the biological medium remain the same, the model is

able to predict the behavior of scaffold with different strand diameters and strand spacing.
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3.2: Introduction

The limitations of existing treatments for organ and tissue failure have led to the development of
tissue engineering, which aims to discover methods to create artificial tissues and organs. One
promising method is the use of a tissue engineering scaffold to provide temporary support and
guidance for seeded cells, eventually forming new tissue to replace the damaged or diseased ones
[1]. In this method, the mechanical properties the scaffold used play a crucial role in the success
of the treatment. If the scaffold stiffness is much greater than that of the surrounding tissue, the
majority of the load is born by the scaffold, leading to the eventual absorption of the tissue
surrounding the scaffold, which will result in implant detachment [1]. Stiffness in excess of the
surrounding tissue will also lead to tissue damage and inflammation, due to a foreign body
response from the immune system [2]. The foreign body reaction proceeds first with monocyte
attachment to the implant surface and their differentiation into macrophages, which then excrete
Cytokines for communication to the other cell types involved in the foreign body reaction.
Eventually, foreign body giant-cells (FBGCs) surround the implant in fibrotic scar tissue, and the
FBGCs begin to release oxygen radicals, enzymes, and acidic products, which chemically attack
the implant, leading to its degradation and failure [3]. Macrophages show a demonstrable
selective preference for high modulus substrates [4]. Conversely, if the scaffold implant has
much greater compliance than the surrounding tissue, the scaffold will experience unacceptable
deflection under the loading environment in the implant area. To avoid these undesirable
situations, the elastic properties of the scaffold should be near those of the surrounding tissue [2].
Maintaining the stiffness of the scaffold matching with the surroundings is complicated by the
dynamic nature of scaffold behavior [2]. The scaffold is simultaneously degraded by the body,
and reinforced by new tissue generation. Ideally, these two processes would be balanced so that
the increase in stiffness from the regeneration of the tissue would compensate for the reduction
in stiffness due to scaffold dissolution, approximately maintaining the effective stiffness of the
scaffold constant. For this, knowing the mechanical properties of the scaffold as applied to in

vitro cell culture or to in vivo implantation becomes an important issue.

Existing studies on the time dependent properties of scaffolds tend to consider only the effect of
polymer hydrolysis on the molecular weight of the scaffold [5, 6, 7]. A few tried to proceed from

molecular weight to the mechanical properties of the scaffold of amorphous polymer [8, 9]. In
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these studies, however, the effect of the crystalline phase on the mechanical properties was
neglected. Many models with the exception of those in references [5] and [6] do not consider the
catalyzing effect of the monomer byproducts of scaffold degradation. No existing present study,
to the authors’ knowledge, models the degradation of polymer/ceramic composite materials.
Current models also combine both the modeling of the scaffold and the time dependent change in
scaffold molecular weight, which result in parameter estimation processes that require significant
computer resources. Many of the existing models utilize experiments to estimate the various
parameters in the models in order to reproduce experimental data. The applications of those
parameters to predict the behavior of other devices with different geometry have not been
reported yet. Finally, the mass transport parameters from models, such as that in [8], utilize
empirical expressions fitted to the output of FEM models. It seems likely that more accurate
diffusion models be possible based on the random walk algorithm or the Maxwell Garnett
expression. Moreover, the models reviewed in the above cannot currently contend with devices
that possess separate physical structural levels and separate material constituents on each level.
These issues are addressed in the present study by performing a three step process to model the
time-dependent mechanical properties of a tissue engineering scaffold.

The three steps in this study are: 1) construct a time independent finite element (FE) model for
the linear elastic properties of a tissue scaffold, 2) parameterize the FE model by selecting
parameters associated with the scaffold microstructure and/or material properties, which vary
with scaffold degradation; and 3) identify selected parameters as functions of time based on
measurements of the tests on the scaffold mechanical properties as they degrade for given
biological conditions. Thus, the finite element model developed with the so-identified time-
variable parameters will allow for prediction of the mechanical properties of tissue scaffolds for
given biological conditions. To validate the resultant model, scaffolds were made from the
biocompatible polymer Polycaprolactone (PCL) mixed with Hydroxyapatite (HA) nano-

particles; and their mechanical properties were examined in terms of the Young Modulus.

In the present study, the time independent models were adopted from the literature. The novel
contribution rests on the integration of existing models with the model updating technique in

order to predict the time-dependent elastic property of tissue engineering scaffolds, with its
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experimental validation. Notably, while the stress-strain mechanical properties of the tissue
scaffold are highly nonlinear with respect to strain and also strain rate dependent, these nonlinear
effects were neglected and only the initial linear elastic stress-strain behavior of the scaffold was
considered in the present work. Furthermore, while the modeling approach enacted in this study
may be later expanded to consider tissue regeneration as well, this approach was initially only

applied to the study of scaffold degradation alone.

3.3: Modeling the Time-Dependent Mechanical Properties

3.3.1: Finite Element Modeling of the Effective Mechanical Properties of

Scaffolds

Various methods can be employed to mathematically evaluate the effective Young modulus of
tissue engineering scaffolds. The most intuitive method is to assemble a FE model of the entire
system, which includes all of the details of the microstructure and the overall shape of the global
scaffold body [10]. Such a model would then be subjected to boundary conditions that simulate
standard experimental procedures such as Tensile, Compressive, or three point bending
mechanical tests [10] [11]. However, such an approach requires significant computational power
to encompass both the microstructure of the scaffold, and the dimensions of the global scaffold

body.

To simplify the analysis, representative volumes (RV) of each heterogeneous structural level can
be analyzed individually to determine its effective or averaged properties. Each level is then to
be replaced by its equivalent homogeneous material. In this study, the particular case of a
scaffold composed of a semi-crystalline polymer reinforced with spherical inclusions is
presented. Such a tissue scaffold displays three unique structural levels, which must each be
homogenized to predict the scaffold’s effective properties. These three structural levels are 1) the
semi-crystalline polymer, 2) the ceramic reinforced composite material, and 3) the scaffold pore
microstructure. The first two structural levels are homogenized with analytical Halpin Tsai

models, and the third is evaluated by a finite element homogenization approach.
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Treating the semi-crystalline polymer as a composite material with crystal and amorphous

phases, an analytical Halpin Tsai model, with an inclusion shape parameter estimated from

experiment, was employed in this study to find the effective modulus ( Esc) of the polymer for

given molecular weight and crystallinity. The inclusions were assumed to be elliptical, and the
transverse and longitudinal elasticity from the Halpin Tsai model were averaged, by using the
approach of Fornes and Paul [12], to give an effective modulus for a randomly oriented elliptical
reinforcement,

E.. =0.184E, +0.816E, (3.1)

where E,_and E, are the effective longitudinal and transverse young moduli of a unit cell with a

longitudinally oriented elliptical inclusion, and Eg is the effective Young modulus of the unit

cell if the elliptical inclusions have a random orientation. These moduli are calculated from the

Halpin Tsai models,

1+5.6[ (E. /(abM,,)) -1 ]Xc

(E. /(abM,,)) +5.6 ,

L[ (Ec/(@M,)-1 |y (3:2)
(E. /(abM,,)) +5.6 ) ©

E, =abM,,

o ) 2,
L[ (Ec/@bM,) -1, (33)
(E. /(abM,,))+2 ) €

E, =abM,,

where E. is the Young modulus of polymer crystal, X is the polymer crystallinity, M, is the

molecular weight of the polymer, d is a solvent plasticization parameter, and b is the linear
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relationship between the molecular weight of the polymer and the Young modulus of the

amorphous region of the semi-crystalline polymer.

This semi-crystalline polymer is modified by the addition of a reinforcement phase, which is
selected to improve the mechanical properties and biocompatibility of the semi-crystalline
polymer. This improvement to the mechanical properties is represented by another Halpin Tsai

model, where the shape parameter £ is that for spherical inclusion geometry.

1+2nV,
ECP= e 1_77V|
E, /Esc—l
=_—1__=5C = 3.4
T E, /Esc"'g (3:4)
& =2+40v,"

where Egp is the composite modulus, E, is the inclusion modulus, and v, is the inclusion volume

fraction.

An RV of a single isolated scaffold pore, shown in Fig. 3-1, was meshed using the commercial
finite element software ANSYS (ANSYS Inc., USA). The meshing was accomplished by
initially defining cubic volumes within the RV that could be meshed with a mapped hexahedral
mesh. The remaining irregular sections of the RV were meshed with tetrahedral elements. This
RV could then be subjected to simulated mechanical properties tests by the application of
appropriate boundary conditions (BCs). However, the application of these BCs would not
account for the effect of the neighboring unit cells, and would not be a good approximation to the
actual boundary conditions experienced by each RV in situ [13]. Since the scaffold is a periodic
array of RVs, to avoid overlap between neighboring RVs and have each RV display the same
deformation shape, the BCs on the RV boundary must be periodic [14]. The RVs may then be
tiled together to form the macroscopic object with no overlap or gaps, better approximating the
behavior of the actual unit cells in the macroscopic body. The following expressions are the
periodic BCs for a square RV [14],
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LS S_ij(XjK+_XjK_) (3.5)

where Uj is the displacement on the boundary, Sj;is the average strain in the RV, and the

subscripts « . and « - indicate opposite sides of the RV. The average properties of the RV are

assumed to be equal to the effective properties of the scaffold,

1
Si=y j s,V (3.6)
\Y

_ 1
=y J T,dV (3.7)

where T is the average stress in the RV, and V is the RV volume. If the scaffold obeys

Hooke’s law, the average stress and strain in the RV are related to the scaffold effective stiffness

matrix C .
T_ll CTll (ELZ (213 (214 (ELS (E.G gl.l
-Ii22 C22 923 C_:24 C_:25 (326 S_ZZ
-E'JS — C33 834 (535 C_:36 8_33 (38)
T23 C44 C45 C46 S23
-F?)l Symm 655 C_:56 S_31
T.) L Ces J(S12

If a known average strain is applied to the RV using (3.5), which results in all strains but 3_11 in
(3.8) becoming equal to zero, the average stress in the body may then be used to calculate the
first column of matrix C . In a similar fashion, all of the columns of C may be determined. The
pore geometry of the rapid prototyping scaffold is illustrated in Fig. 3-1. Once C is known for

such a geometry, its inverse, the effective compliance matrix D , easily yields the transverse and
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longitudinal effective Young modulus Eland |§3, and the effective scaffold Poisson ratios v, ,

and V [15].

3.3.2: Parameterizing the Finite Element Model
The FE model parameterization should first identify all of the time dependent parameters in the
model associated with the scaffold microstructure and/or material properties, which vary with

scaffold degradation.

The tissue scaffolds degraded in vitro displayed bulk degradation, which was the focus of this
study. In bulk degradation, water and degradation byproducts form a uniform concentration
gradient within the scaffold and the scaffold molecular weight is uniformly diminished by
hydrolysis, causing a gradual reduction in the mechanical properties of the scaffold material [1].
After a length of time, the polymer strands are sufficiently scissioned that their reduced length
permits them to diffuse out of the scaffold body, resulting in mass loss. Prior to this time, the

length of the polymer chains is large enough to prevent mass transport out of the scaffold.
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Figure 3-1: Representative volume of a scaffold

3.3.3: Model Parameter Identification and Updating

In the field of structural design, analysis, and dynamics, FE models used to model the system
often give only a poor approximation to actual system behavior due to less accurately estimated
model parameters. These model parameters are therefore updated with experimental data so that
the model better represents the actual behavior of the system [16]. In model updating, the system
is represented as two sets of coordinates in two spaces; 1) the model parameter space, and 2) the
model output space. The finite element model is the instrument utilized to map from one space to

the other, i.e., the parameters of the finite element model pP= [ pm]T where m is the



number of considered parameters in the FEM model, form a point in model parameter space,

which is mapped to a point in model output space O= [0,,0,,..,0,]" viaa function f ((3) where

n is the number of effective scaffold properties predicted by the FEM model. While the
prediction of behavior is equivalent to mapping point P in parameter space to point O in
output space, model updating is equivalent to mapping in the opposite direction. This mapping
procedure is represented mathematically by the following expression [17],

AO =[S]AP (3.9)

where movement in the output space AO is related to movement in the parameter space AP . If

the function f relating G to P is nonlinear, the sensitivity matrix [S] for each small movement

in parameter space must be calculated to linearize the stepped mapping of P toS . Once O is

known, then this iterative mapping process allows for the eventual determination of P from its

initial values P, .

If the number of model output parameters measured for updating is at least equal to the number
of updating parameters, the estimates for the selected updating parameters should be unique and
rank sufficient. If there are more updating parameters than measured model output parameters,
rank sufficiency for unique estimates of updating parameters can still be achieved by forcing the
difference between the updated parameter values and their initial values to be a minimum. Based
on the above, the FE model of the tissue scaffold presented previously was updated based on
measurements of the tests on the scaffold mechanical properties as they degrade for given
biological conditions, as presented in the following section. The FE model with the so-identified
time-variable parameters will allow for prediction of the mechanical properties of tissue
scaffolds for given biological conditions. Furthermore, this approach possesses some advantages
over other methodologies, such as the voxel finite element method. These advantages will be

further elaborated upon in the discussion.
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3.4: Experiments and Results

3.4.1: Scaffold Fabrication

The biocompatible polymer Polycaprolactone (PCL) was dissolved in Chloroform (25%v/v) to
form a polymer solution which was then mixed with Hydroxyapatite (HA) nanoparticles (Sigma
Aldrich, Canada) in a 22%v/v fraction of HA/solution. The material was dispensed with
pneumatic pressure through a needle into a series of layered patterns with a direct printing fluid
dispensing machine (C-720, Asymtek). These patterns are then dispensed layer by layer to
gradually build a porous 3D structure. When such a manufacturing method is employed the
strand self weight often leads to strand collapse, preventing the formation of overhanging
structures [18]. This issue is resolved by either supporting the overhanging structures with a
sacrificial layer, or by selecting a material with yield strength sufficient to support its own
weight. The yield strength of the biomaterial employed in this study allowed the construction of
overhanging structures without permanent deformation or collapse of the strands. The scaffolds
manufactured for material testing, as seen in Fig. 3-2, have a controlled microstructure illustrated
in Fig. 3-3. An initial group of scaffolds for model validation were manufactured with a strand

spacing of X =Y = 700um, and elliptical cross section major and minor radii of R, = 150 um, and
R,= 147 pm. A second group of scaffolds fabricated for parameter estimation, had a strand
spacing of X =Y = 1000 um, and elliptical cross section major and minor radii of R, = 174 um,

and rR,= 170 um.

After fabrication and before degradation, the scaffolds were heated to 90 °C and held for 30
minutes in order to transition the PCL into a purely amorphous state. The scaffolds were
immediately taken from heat and subjected to air cooling at -50 °C for several hours in an
attempt to freeze the amorphous microstructure. The success of the heat treatment process was

then observed by differential scanning calorimetry (DSC).
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Figure 3-2: Scaffold sample with a size of 5x5x5 mm for mechanical property testing

The initial scaffold batch experienced no statistically significant decrease in crystallinity after
heat treatment, but the second group experienced a reduction of over 14%. Both of the scaffold
groups experienced recrystallization during quenching. It is possible that the larger pore size of
this second scaffold group led to better heat transfer and cooling, supporting less crystallization.
The crystallinity of the two scaffold batches after heat treatment were 48.6% and 40.3%
respectively.

3.4.2: Parameter Identification and Updating

The time independent model for the semicrystalline polymer (3.1-3.3) was fitted to experimental
measurements of the modulus of Polycaprolactone in the wet state for various crystallinities and
molecular weights. The best fit
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Figure 3-3: Microstructure of scaffold

with the experimental measurements was achieved for E; = 365.25 MPa, = 0.025, and b=

0.0035. The plasticization parameter was identified from the observed difference between the
elasticity of melt cast and solution cast PCL. Equations (3.1-3.3) with these identified parameters
were substituted into the Halpin Tsai model for spherical inclusion reinforced composite (3.4),
where the stiffness of Hydroxyapatite was taken to be 81.4 GPa [19]. With a known volume

fraction of HA/polymer after solvent evaporation of v, = 40% v/v, the combined semicrystalline

polymer and composite Halpin Tsai models give a prediction of 152.6 MPa for the Young
Modulus of the composite. The Poisson ratio of the composite Vp is calculated as volume

fraction weighted average of the Poisson ratios of the constituent phases in the composite.

Vep = (1= Xya)Vse + XV (3.10)
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where Vgc and v,,, are the Poisson ratios of the semicrystalline PCL polymer and the

Hydroxyapatite ceramic respectively. The Poisson ratio of Hydroxyapatite is 0.25 [20], and the
Poisson ratio of semicrystalline PCL is 0.33 [21]. From (3.10) the effective Poisson ratio of the

composite is determined to be 0.29. The two mechanical properties Ep , and Vep , once

calculated, become the material property inputs into the FEM homogenization model as outlined
in (3.5-3.8). The end result of this FEM based homogenization process for a scaffold with a pore
geometry like that in Fig. 3-1 is an estimate for the scaffold’s effective Young modulus and

Poisson ratio in both the x and z directions.

The parameters that influence these four mechanical properties may be divided into two
categories; (1) geometric parameters, as depicted in Fig. 3-1, such as strand spacing X ,Y ,and

Z , and elliptical strand cross section major and minor radii, R, and r,, and (2) material

property parameters such as crystalinity X , the average molecular weight M, of the polymer

phase of the scaffold, the volume fraction of Hydroxyapatite x ., , and the Poisson ratio Vof the

HA !

scaffold composite material.

Since PCL degrades by a bulk mechanism in vivo, it is not expected that the geometric
parameters of the scaffold will change greatly with time [22]. This was confirmed by measuring
the strand radii and spacing with time via optical microscopy. No significant changes in
geometry were observed during degradation. Additionally, the nanoparticles of Hydroxyapatite

are expected to suppress the formation of additional crystal phase during degradation,

maintaining X ¢ at a constant value [23]. This was confirmed by monitoring the crystallinity of

the scaffolds during degradation, which was measured using Differential Scanning Calorimetry.
The crystallinity of both the validation and updating scaffolds during degradation is illustrated in
Fig 3-4. Finally, the dry weight of the scaffold was measured during degradation, with no

significant changes observed over the 19 week degradation period.

The parameter chosen for updating is therefore the average molecular weight of the amorphous

phase of PCL, which is the only parameter which is expected to change with time.
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Since the geometric parameters of the scaffold are constant, the updating process now becomes a

mapping from a point in output space O= [E,, E3,v1,v3]T ,to the input space point P =MW,

O= [E. Es, V11V3]T = {S}MW (3.11)

where {s} is the sensitivity vector. This sensitivity vector is then linearized by

incrementing M, by a small value and observing the change in the output point of the
FEM model over many steps. The algorithm iterates in the direction that decreases the
difference between the model predictions and the experimental measurements of E;until

further iterations no longer lead to improvement.
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Figure 3-4: Crystallinity of updating and validation scaffolds with time
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Experiments were conducted to measure the change in E;with time. The degradation of the
scaffolds was induced by incubating the scaffolds in phosphate buffered saline at 40°C over a
period of 18 weeks. The temperature of the in vitro degradation study was chosen to be 40°C,
since it has been reported that the in vivo and in vitro degradation of PCL are identical at 40°C
[24].

Experimental measurements of E; were taken with a testing machine (1020, Instron) at the

conditions of 2 mm/min, and 36% relative humidity at specific points in time (t =1, 6, 13,
and 18 weeks), for a scaffold with a strand spacing of 1000pm manufactured with a needle
of radius 205pm. For each data point at least two scaffolds were subjected to compression

testing. The error bars for each average value in Fig. 3-5 are = one standard deviation.
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Figure 3-5: Longitudinal compressive modulus of scaffolds with time
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These experimental measurements of E;with time were utilized in FEM updating to yield the

updating parameter MW as a function of time t, as illustrated in Fig. 3-6.
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Figure 3-6: Molecular weight estimates for Updating Scaffolds from FEM model updating

The hydrolytic degradation of a biodegradable polymer can be represented mathematically as

[31,

—dC,/dt=dC,/dt =kC, +k,CC, " (3.12)

where dC,,/dt s the change in ester bond concentration, C, with time, dC,, / dtis the increase

in monomer concentration with time, Cm is the monomer concentration, Nis the byproduct

dissociation term, which is the ratio of the concentration of reaction products to the concentration

of reactants, and k, and k, are the non catalysed and catalysed rate constants respectively.

61



The average molecular weight is related to the current and initial ester bond concentration

through,

C./C, =M, /M, (3.13)

where C,yand My, are the initial ester bond concentration and molecular weight.

The concentration of monomers in the scaffold is a time dependent parameter that is dependent

on the diffusion coefficient D,, of monomers inside the scaffold body.

dc,_ /dt = d;:tm +div(D,grad(C,)) (3.14)

As monomers are produced during degradation, the amorphous polymer region of the scaffold

increases in porosity. This increase is estimated as [5],
pzl_(Ce+Cm)/Ce0 (3.15)

where Ceo is the initial ester bond concentration.

The Maxwell Garnett approximation was employed to calculate the effective diffusion

coefficient for the monomers with time [25]. For the polymeric porous amorphous region of the

scaffold, the effective diffusion coefficient for monomers D,,j1|O is calculated from,

3(Dp_Da)p
®~ "% ""D 12D,-(D,-D,)p

(3.16)
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where Dp is the diffusion coefficient of the inclusion phase, i.e., the pores, D, is the matrix

diffusion coefficient, and o is the porosity as calculated from (15). The diffusion coefficient of

monomers in the pores is assumed to be that of monomers in water, or 1.23 m?/s [26], while the
diffusion coefficient of monomers in amorphous polymer D, is taken as 3.6 x 10°° mm%hr [27].
An effective diffusion coefficient for the semicrystalline polymer D, is then calculated from

D,, . For the special case where impervious inclusions act as reflective surfaces for the diffusant,

(3.16) was adjusted as in [25] to account for an impervious crystalline phase, which is given a

diffusion coefficient of zero.

p, - D= {1_ } (317)
1-Xo|™ 2+ X,

Finally, the effective diffusion coefficient for the composite material Dcp is calculated from D,

and the volume fraction of hydroxyapatite, which is considered to be impervious to water.

D, = s {1— 3XHA} (3.18)
=X, |~ 2+ X,

The geometry of a scaffold pore was assembled in ANSYS, and the analogy of heat diffusion

was employed to estimate Cm in both position and time. Equations (3.12-3.18) were solved at

each time step in each element, yielding a history of the average molecular weight of the scaffold
with time. The parameter values n = 1, k; = 0.00019 hr?, and k, = 0.0011 hr *mm?®/mole were
chosen to force the best possible agreement between the time dependent representation of the

scaffold average molecular weight and the results in Fig. 3-6.
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3.4.3: Model Validation

Once the updating parameter M, is known as a function of time, the finite element model with

the identified time dependent elastic properties for the scaffold material was utilized to estimate
the stiffness of a fluid dispensing assembled scaffold with a strand spacing of X =Y = 700um,
and a strand radius of 150um, after 1, 6, and 13 weeks of degradation, and this prediction was

compared to the actual stiffness measured during this incubation time.

The stiffness of the PCL/HA scaffold as a function of time as determined by the model is
illustrated in Fig. 3-7, plotted alongside the experimentally measured values. The model
predictions and experimental values are within experimental error. The coefficient of
determination R? was calculated and employed to further evaluate the model’s agreement with
experimental evidence. The calculated value of R? = 0.77 suggests acceptable agreement

between model and experiment.

3.5: Discussion

The ability to evaluate preliminary scaffold designs computationally before manufacture and
final testing would represent a major development in the field of tissue engineering, aiding
greatly in the eventual development of viable products for clinical practice. The current study
performed the back calculation of various parameters of a scaffold from the solution of the
inverse problem, when supplied with easily obtained property measurements from the fully

assembled scaffold.

64



Model vs Experiment

40

35 7

30

25

T~ .
................
lllllllllllllllllll | — M |
T .

10

Young Modulus in Z-dir (MPa)

Time (Weeks)

Figure 3-7: Experiment and simulation results of the elasticity modulus of HA/PCL

scaffolds

Also, this demonstrated ability to inference the molecular weight from measurements of the
scaffold elasticity may allow for the inference of properties that are difficult to measure in vivo
from more easily obtained measurements of related parameters. For example, the in vivo
measurement of scaffold modes of vibration may be possible even if the imaging method
employed is unable to distinguish tissue from scaffold. The mass accumulation in the pores of
the scaffold, and possibly even the scaffold geometry itself, should be inferable from such

measurements.

The finite element model updating approach provides some advantages over other methods such
as the voxel based finite element method presented in [28, 29]. The elements on the boundary
surfaces of the various material phases in the scaffold created by this approach match the
irregular geometry of the scaffold and do not need to be divided or smoothed at boundary

surfaces like the boundary hexahedral elements in image based meshing approaches [30]. In
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addition, examples in literature [29] of the voxel FE approach required more than a million
elements for model predictions to be within 15% of experimental measurements. In the current

study, models of less than 16,000 elements achieved similar agreement with experiment.

The scope of this study was limited to an initial consideration of only the bulk degradation of the
scaffold. In addition to this limitation, a further relevant simplification to the present study was
that only the linear elastic behavior of the scaffold at a specific rate of strain was considered. The
current study also neglected geometric nonlinearities from large displacements. Additionally,
many scaffold materials display surface degradation as well, where both the geometric
parameters of the scaffold and the mechanical properties of the scaffold material are time
dependent. The presented approach can be extended to include this effect by selecting the
geometric parameters in the time independent model as updating parameters. In addition, when
the scaffold is seeded with appropriate cells, these will proliferate in response to chemical and
physical stimulus, extrude ECM, and generate metabolic wastes, which will diffuse into the
scaffold body. These pH raising byproducts of the metabolic process have a significant effect on
the degradation of the tissue scaffold. The scaffold degradation and cell proliferation/ECM
production are complex interdependent processes which ultimately must be modeled if useful
mathematical simulations of tissue scaffold degradation and regeneration are to become a reality.
The presented approach is also applicable to the study of both processes simultaneously, which is

currently being validated in the authors’ lab.

3.6: Conclusions

In this study, an approach based on the concept of finite element model updating was applied to
model the time-dependent mechanical properties of a rapid prototyping manufactured scaffold.
This approach involved the development of a FE model for the effective mechanical properties
of the scaffold, parameterization of the FE model, and the identification of selected parameters as
functions of time based on experimental measurements. This approach was validated
experimentally by means of scaffolds made from PCL mixed with HA nano-particles.
Experimental measurements of the scaffold elasticity degradation with time show agreement

with the predictions from the FE model with updated parameters. This indicates that the FE
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model updating method is a promising way to predict the time dependent properties of degrading
tissue engineered scaffolds. This represents a significant achievement in tissue engineering, as it
suggests that one may design/determine a scaffold microstructure with time dependent

mechanical properties appropriate for a given application.
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CHAPTER 4

CHARACTERIZATION OF MECHANICAL
PROPERTIES OF TISSUE SCAFFOLDS BY PHASE
CONTRAST IMAGING AND FINITE ELEMENT

MODELING
*This chapter has been published as "Bawolin, N. K., Dolovich, A. T., Chen, X. B., Zhang, W.

J., 2015, Characterization of Mechanical Properties of Tissue Scaffolds By Phase Contrast
Imaging and Finite Element Modeling, ASME Journal of Biomechanical Engineering, vol. 137,
p. 081004-1 to 081004-8.” According to the Copyright Agreement, "the authors retain the right

to include the journal article, in full or in part, in a thesis or dissertation".

4.1: Summary

In order to gain a better understanding of how tissue scaffolds behave in vivo, experiments will
have to be conducted within the living environment to characterize the tissue scaffold behavior
with time. One promising approach to this monitoring is called elastography. Briefly, this
method involves striking a scaffold with an ultrasonic radiation force to remotely provide
loading to the scaffold. Ultrasound is used both to move the scaffold and to measure the resultant
deflection of the scaffold. Since force balances can be inserted into tissue analogs and measure
the ultrasonic force directly, and this force can also be mathematically modelled, it is reasonable
to assume that the loading the ultrasonic beam will apply to the scaffold can be determined. All
that is then required to know the material properties of the scaffold from a distance is to measure
the deflection of the scaffold under loading. Since ultrasound beams of high frequency which
would have good resolution are attenuated greatly by the body, x-ray imaging is proposed along
with a phase contrast imaging method to measure the deflection. X-ray methods promise to be
able to render the body transparent and detect deflections far smaller than those detectable by
ultrasound imaging. A primary safety limit on the intensity of the ultrasound beam in the body

constrains how much force may be applied to the scaffold. If the scaffold is stiff enough, the

72



deflections will not be observable. The limit on scaffold stiffness is a function of the resolution

of the deflection measuring technique employed.

The movement of tissue scaffolds remotely can be employed as a method of phase contrast. This
imaging method was applied for the first time to image scaffolds. The movement of the scaffold
under an ultrasonic load was then employed to measure the stiffness of the scaffold. A finite
element model of the scaffold was developed and the loading induced by the ultrasound beam
upon the scaffold modelled. A method for deflection detection traditionally used in the field of
micro-electromechanical systems was adopted for the first time in the study of tissue scaffolds,
and was successfully utilized to measure the deflections of a scaffold deformed under ultrasound
loading. The inverse problem was then considered and the minimum amount of unique loading
conditions to determine material properties from deflection was determined. In the particular
case of a cantilever beam like scaffold deflecting in the presence of an ultrasonic radiation force,
a numerically complex iterative process to identify the material properties of the scaffold was
discovered to be unnecessary. In some situations, the stress distribution in the body is not a
function of material properties and is known a priori. When this is the case, the following steps
give predictions for the elastic properties of the scaffold: 1) boundary deflections of the scaffold
are imaged and then employed to find the average strain in the scaffold, 2) a stress matrix that is
independent of the material properties is inverted, and 3) it is then employed with the average
strains to rapidly give estimates for the material properties of the scaffold with a non-iterative

calculation.

Image subtraction with movement induced by ultrasonic radiation forces was employed as a
phase contrast X-ray imaging technique to visualize a tissue scaffold in a liquid medium with a
similar density to that of tissue. The periodic microstructure of the scaffold was utilized to detect
its movements after it was deformed by a force applied by an ultrasound beam. In detail, the
scaffold’s sinusoidal profile of intensity in the horizontal direction before and after loading were
moved from the spacial domain into the frequency domain. The phase of this signal was then
calculated before and after loading. This signal experiences a phase change after loading, and

this phase change can be related to the horizontal displacement of the scaffold.
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Once the deflections of the scaffold were characterized, a model of scaffold loading from
ultrasound was created so that the loading condition of the scaffold was known beforehand.
Inverse problem theory calculations were performed to find the number of loading conditions
that are necessary to provide a unique and stable estimate for scaffold material properties. A
finite element model of the microstructure of the scaffold was then adopted to act as a
regularization device and allow the material property estimates to be obtained from a single
loading condition. It was discovered that for certain loading conditions, stress in the body is not
a function of material properties and is therefore also known beforehand. This allows the use of a
simple non iterative calculation to give the material properties of the scaffold from the strain
data. The measured deflections and known load were then employed to estimate the material
properties of the scaffold. These estimates were then validated with compression testing of the
scaffold.

This paper demonstrated the use of ultrasonic radiation force remote palpitation with deflection
detection by x-ray imaging as a method for the in vivo monitoring of the linear elasticity of tissue
scaffolds. This method has clear advantages over other proposed approached to monitoring bulk
degradation remotely. Specifically, the method is able to monitor scaffolds with large initial
stiffness which prevents their deflection from being detectable with traditional methods like sum
of square errors algorithms. This work suggests that cantilever like scaffolds of high stiffness
appropriate for bone tissue engineering could be monitored in vivo even at the earliest stages of
scaffold degradation, providing information on the differences between scaffold degradation in
the living environment and their degradation in simple analogs to the living environment like

phosphate buffered saline solution or tissue culture medium baths.

4.2: Introduction

A fundamental problem in regenerative medicine is the replacement of the function of damaged
tissue and/or organs. Many possible avenues exist for the resolution of this problem, with
solutions being both medical and engineering based. Tissue and organ replacement with
manmade devices is the first obvious possibility [1,2,3], though without an ability to self-repair.

The lifespan of implantable heart replacement pumps, dialysis machines, heart lung replacement
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machines, and the like are limited, with repair and replacement entailing surgery. In addition,
some organ functions are not currently understood well enough to allow the straightforward
design of direct technological replacements. These limitations have led to the search for
biological methods for the replacement of damaged organs and tissue. Efforts are underway to
affect the immune system so as to prevent rejection directly [4], but these methods, even if
successful, will not address the issue of donor tissue scarcity. The ideal biological approach will
generate an unlimited supply of tissue for transplant that is not rejected by the patient. This leads
to the field of xenotransplantation, where another species is used as an inexhaustible tissue/organ
source and the patient’s immune system is adjusted, or the donor animal is genetically modified

to produce human like tissue/organs [5].

While xenotransplantation may at some point fulfill its promise, it would be ideal to ultimately
be able to derive replacement tissue/organs from a patient’s own cells alone and not have to rely
on an animal source. The existing methods proposed to regenerate tissue/organs from a patient’s
own cells may be classified into three groups; 1) methods that employ cells alone, 2) methods
that employ unaided scaffolds, and 3) methods that utilize both scaffolds and cells [6]. The
ability to influence and direct cells to spontaneously regenerate into whole organs is a capability
that may need several decades to develop. Unaided scaffolds have demonstrated some success in
encouraging regeneration, but are limited by the distances over which cells can migrate [6]. This
leaves the final approach, cells and scaffolds combined, as the best near term biological approach
to address tissue and organ failure [6].

In this cell and scaffold approach, a scaffold is seeded with cells, which then organize and
proliferate into new tissue. The scaffold biodegrades, leaving behind nothing but new tissue. The
degradation behavior of the scaffold is related to its performance during the treatment period,
since the gradual reduction in scaffold mechanical properties influences the loading of the tissue
developing in the scaffold pores, which is known to have an effect on the behavior of seeded
cells [7]. In some cases the scaffold is expected to temporarily fulfill the mechanical function of
the tissue it replaces and therefore must exhibit assured minimum and maximum mechanical
properties, i.e. a minimum yield strength and appropriate Young modulus during the whole

treatment process [8].
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The state of the art for experimental characterization of tissue scaffold degradation is in vitro
degradation at body temperature in a biological medium like phosphate buffered saline.
However, the observation of degradation is complicated by poor agreement between simple
tabletop experiments and full in vivo studies [9].

While animal implantation and degradation is currently the standard in the study of in vivo
degradation, multiple animals must be sacrificed at each time point, and the tissue construct must
be explanted for study, leading to multiple possible avenues for error. In addition, gravimetric
mass loss measurement and mechanical testing of the explant do not allow location dependent
properties to be measured directly. The information given by these techniques is the average
quality over the full volume of the scaffold. Methods for monitoring the geometry and
mechanical properties of scaffold and regenerating tissue in vivo by imaging methods are a
promising approach for addressing the limitations of current methods for characterizing in vivo

mass loss, mechanical property evolution, and time dependent morphology.

The imaging method known as ultrasonic force impulse elastography may permit the
characterization and visualization of tissue scaffolds in vivo. This method employs two
ultrasound beams; 1) a beam for the characterization of tissue deflection, and 2) a beam for the
transfer of momentum to the sample, which results in a steady radiation force. This method’s
primary limitation is that attenuation may prevent the deflection measuring ultrasound beam
from reaching deep into the body. In addition, higher resolution measurement requires shorter
sound wavelengths, which are more readily attenuated by the body. While there are existing
studies on the use of magnetic resonance imaging for the detection of displacements induced by
ultrasound for the characterization of mechanical properties in vivo [10], to the authors’
knowledge no publications exist on the use of in line phase contrast x-ray imaging to

characterize tissue scaffold deformation from ultrasound radiation forces.

In this study, a constant acoustic radiation force delivered by a piezoelectric probe deforms a
scaffold in a homogeneous approximation to the in vivo environment. Propagation based phase
contrast imaging at a photon energy of 20 KeV is then utilized to visualize the scaffold at rest

and in the deformed state, and the measured deformation is then compared to predictions given
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by the forward solution of an FE model. The inverse mapping from the model is employed to
estimate modulus from displacement. These estimates are validated by comparison to
experimental modulus from compression testing. The FE model is then validated by comparing
its predictions to measured scaffold deflection.

4.3: Methodology

4.3.1: Scaffold Fabrication

Polydimethylsiloxane (PDMS) precursor from BASF was dispensed by an Envisiontech
bioplotter to form a three-dimensional porous scaffold structure as illustrated in Fig. 4-1. The
PDMS precursors polymerize once exposed to airborne water vapor into long chain PDMS. The
strand diameter and spacing between strands for these samples was measured by optical
microscopy to be 410 £ 6 um, and one millimeter respectively, with 6 um being the standard

deviation. The cross section of the beam like scaffold was 0.5 cm x 0.5 cm =0.25 cm2 and they
possessed a length of 3 centimeters. Additional 0.4 cm x 0.4 cm x 0.4 cm cubic scaffolds were
fabricated for compressive testing. The coordinate system employed in this work is illustrated in
Fig. 4-1.
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c)

Figure 4-1: a) PDMS Scaffolds Employed for Ultrasonic Radiation Force Bending and
Imaging, b) PDMS Scaffolds Employed for Compressive Testing, and c¢) Coordinate System

This initial experiment employed a very conservative scaffold design in order to guarantee
visibility during imaging, with almost unrealistically large strand sizes and pore dimensions.
Preliminary imaging revealed that the resolution achievable even when imaging through a two
centimeter thick water filled tank was sufficient to resolve features on the order of 20 um. It
seems plausible that this method would be capable of imaging scaffolds with microstructural
features on the order of 50-100 um in size. The future inclusion of an insertion device on the
same beamline will ensure that future iterations of this experiment will have even greater
resolution. As an additional aside, PDMS was chosen as the scaffold material due to its extended

lifespan in the body. This almost inert scaffold would allow the effect of tissue regeneration on a
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seeded tissue engineering construct Young’s modulus to be isolated and considered apart from
the scaffold, without any interfering contribution to mechanical properties from scaffold

degradation.

4.3.2: Mathematical Modeling of Ultrasonic Radiation Force

The scaffold was remotely deformed by an ultrasonic radiation force. This force arises from the
transfer of momentum from an absorbed sound wave into a target, resulting in a steady
distributed load inside the scaffold. In order to derive the material properties of the scaffold from
observed deflection, the loading of the scaffold must be approximately known. While this could
be measured by some mechanism affixed to the scaffold itself, another approach is to determine
loading theoretically. Theoretical expressions for the acoustic radiation pressure and force are
derived from the nonlinear equations of fluid dynamics. In [11] simplified expressions valid for
plane waves are derived, employing the concept of successive approximations pioneered by

Nyborg in 1965. The series expansion of the pressure p density p and velocity u of a wave are

given by,
Y Po P P,
P =Pt P [T P | (4.1)

u(x,t) 0 u (xt) ) Lu,(xt)

The pressure p, density p, and oscillatory velocity u of a decaying travelling wave may be
described, neglecting higher order terms, as an amplitude multiplied by a decaying and

oscillatory function,

p(x,t)= P, +U,Cop, eXP(— ax)cos(a)t - Cﬁ x] (4.2)
0
p(xt)=p, +%exp(— ax)cos(wt—cﬁxJ (4.3)
0 0

79



u(x,t)=u, +u, exp (- ax)cos(a;t—?x} (4.4)

0

where ¢, is the equilibrium condition speed of sound in the medium (m/s), a is the attenuation

-1
coefficient (m ), x is spatial position

(m), and o = 2xf , where f is frequency. By Newton’s Second law of motion, it is known that a
force is equal to the change in momentum. The mean change in momentum in a unit of volume

gives the volume radiation force F', which is given by

ou ou  ou ou 1 ou?
<Pa>:<p(a+“&)>:<p[a+zaj> (43)

where angular brackets denote average over time, and x is position in space. The time average of

the change in oscillatory velocity over time is zero, therefore

< 8_u>: 1o zg(lpuzexp(—ZaX))
Pa) " \A27ax )| " ax\ 27

(4.6)

where I is intensity. Intensity is the energy per volume of the wave multiplied by its wave speed

| = (_ po<u>2)co = (% ,Oouo2 eXp (—20{)]00 (4.7)

For this particular system, the forward problem is initially considered. For the assumption of
plane waves, the body force generated by impinging sound F (N/m®) [12, 14] is given by (4.6),
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where a is the effective attenuation coefficient of the scaffold in m™, I is the intensity of the
ultrasound beam at the scaffold, and c is the effective speed of sound in the scaffold material.
Since the scaffold is a composite, composed of both empty space and the surrounding medium,
the attenuation and speed of sound of the scaffold are given as volume averages of the properties
of alcohol and PDMS. For example, the speed of sound in natural rubber and alcohol is
approximately 1600 m/s and 1482 m/s respectively [13]. The scaffold has a porosity of 17%, so
the speed of sound is estimated to be 1580 m/s within the scaffold. Likewise, the attenuation of
sound in alcohol is 51 x 10 m™*Hz2[15], which for a frequency of 1 MHz is 0.051 m, and the
attenuation in the particular type of PDMS employed was assumed to be similar to that of natural
rubber, i.e., 15 m [15], leading to an attenuation of 11.26 m™ for the composite. Placing the

above values into (4.6) yields,

F=R* (4.8)

where R = 0.014 s/m?.

A finite element model of the beam like scaffold was produced with the commercial software

ANSYS, with a model geometry for the scaffold as shown in Fig. 4-2.
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Figure 4-2: Finite Element Model Geometry and Exaggerated Scaffold Deflection under

Ultrasonic Loading

The model consists of a beam constrained at one end and subjected to a location dependent body
force. The number of elements in the model is 1000 and they are of the type Solid186, which is a
20 node three dimensional solid element. The ultrasonic radiation force was applied as a
distributed nodal force in the model. To consider the distance of each element from the source,
sound intensity is calculated for each node in the model, and the surrounding volume is
employed to calculate a force for each node from (4.8). The path lengths from the source were
partitioned into lengths traveled in water and lengths traveled in scaffold. Employing the
attenuation coefficients of both scaffold and water, the sound intensity at each node within the
scaffold model is calculated. For any given scaffold material properties, the FE model will now
predict scaffold deflection caused by the calculated loading from the ultrasonic source.

4.3.3: Imaging
Many phase contrast imaging methodologies have been developed or are in the process of being
developed for the characterization of tissue scaffolds/tissue, and could characterize the deflection

of the scaffold under known loading. In the review paper [16] a description of various
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methodologies is given along with a discussion of the strengths and weaknesses of the reviewed
approaches. Two imaging methods are candidates for this study to identify scaffold deflection

under a steady acoustic radiation force. A schematic of both methods is illustrated in Fig. 4-3.
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Figure 4-3: Beamline Arrangements for a) DEI [12], and b) PIC [13]

The first method, propagation based in line contrast (PIC), does not involve an analyzer crystal,

which avoids micro-radian actuation complexity. In addition, acquiring the image is very simple;
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the detector is moved away from the object until destructive interference effects provide
acceptable contrast between phases. The method relies on the speed of light variance between
different materials, i.e., if parallel beams of light initially in phase take unique paths through the
sample, encountering different thicknesses of different phases, they will no longer be in phase
after emergence from the sample, and will destructively interfere with each other. These
reductions or increases in intensity provide contrast between phases of similar density which are
indistinguishable in conventional x-rays based on absorption [17]. A disadvantage of this method
is that the contrast depends on photon energy and the distance between the detector and the
sample. Tissue and bone have smaller x-ray absorption coefficients for higher photon energies,
so a balance must be struck between image quality and dosage. This is especially true with
computed tomography which requires multiple exposures as the specimen is rotated in the beam,

which allows the reconstruction of a three dimensional image.

Another method of imaging that is not based on absorption is diffraction enhanced imaging/
multiple image radiography (DEI/MIR). An analyzer crystal inserted between the sample and the
detector measures the angular distribution of the photons emerging from the sample using the
principal of Bragg diffraction. As the crystal is rotated through an angular range, the number of
photons diffracted by the crystal is measured by the detector. This yields a rocking curve, and the
comparison of this curve before and after sample insertion gives the refraction and the scatter
from the presence of the sample. Refraction results in a horizontal shifting of the rocking curve,
while scatter increases its horizontal width. Measuring the rocking curve in each pixel of an
image gives refraction and scatter contrast images rather than a traditional x-ray absorption based
image [18]. In traditional DEI only two points on the rocking curve are employed, while MIR
includes many sampling points along the rocking curve to obtain data on scatter and refraction.
When the scaffold material and its surrounding environment have similar density, x-ray
absorption coefficients, and similar indices of refraction, the geometry of the scaffold is the
source of refraction contrast. The circular cross sections of the individual strands of the scaffold
microstructure behave like lenses for x-rays, generating great contrast at the strand/water
medium boundary. This method has the advantage of providing acceptable contrast at high
energy, providing a lower dose than PIC, but suffers from high sensitivity to noise. The
percentage of the energy reflected by the main beam is sensitive to the angle of the analyzer
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crystal, which allows the detection of the very small changes in angle experienced by x-rays as
the pass through the sample. Unfortunately this sensitivity also causes the percentage of the
beam diffracted by the crystal to the detector to vary greatly with time due to analyzer crystal
vibration. This may be suppressed somewhat by active feedback control of the analyzer crystal.
An additional measure that may be taken to combat noise is long exposure times, which has the
effect of averaging the photon count in each pixel of the image. DEI also suffers from a need to
take many images of a sample as the analyzer crystal is moved. This leads to the possibility of
motion artefacts. Also, x-ray scatter is not expected to be a significant source of contrast for the
specific scaffolds employed in this study, and the difference between the refractive indices of
alcohol and PDMS is sufficient to suggest that propagation based methods are likely ideal for
this particular application. While DEI/MIR may be acceptable for future iterations of this study,
especially if the scaffold material displays an index of refraction similar to its surroundings, for

this preliminary experiment PCI was chosen over the more complex DEI/MIR method.

Scaffolds were immersed within an alcohol filled four centimeter thick polystyrene tank, which
represented the in vivo environment, and affixed to its floor. Alcohol was employed in order to
suppress the formation of bubbles on the scaffolds. Imaging was accomplished with a charge-
coupled device (CCD) camera (HAMAMATSU C9300, 4000x2672 pixels) with an effective
pixel size of 6 um. The resolution of a similar imaging setup was less than 18 um, as measured
by 28 line per mm resolution testing phantom [19]. The x-ray photon energy was set at 20 KeV.
The detector was located 35 cm from the sample bearing tank. An ultrasound machine delivered

2
a 2.0 W/cm intensity 1 MHz continuous beam into the sample, with the end of the sample
positioned directly in the path of the ultrasound beam, and the transducer of the ultrasound

machine approximately two centimeters from the centre of the sample.

The scaffold was initially imaged with the ultrasound off. A dark image was acquired with the
beamline shutters shut, and then another image was taken of the beam with no sample, which is
known as a blank. Finally, an image was taken of the sample. The image of the sample was then
normalized with the other two images by the expression,
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_ Usample Idark
normalized — |

| (4.9)

blank — Idark

After five separate images were collected and normalized with expression (4.9), these
normalized images were averaged together. All image calculations were performed with the
software ImageJ and Matlab. Once this first averaged and normalized image was captured with
no ultrasound beam, the ultrasound machine was turned on and a new set of images obtained.

These images were then normalized and averaged in the same manner described above.

4.3.4: Image Analysis

The displacement of the free end of the sample when the ultrasound beam was applied was
measured by subtracting the deformed and undeformed images from each other. Fig. 4-4
illustrates these two images, one before ultrasound is initiated and one afterwards. The third
image in Fig. 4-4 is the subtraction of the two previous images. If the scaffold has been moved
by the ultrasound beam, the subtraction of the images of the strained and unstrained state should

result in an outline of the scaffold in the direction of motion.
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Figure 4-4: Subtraction of Image With and Without Ultrasound Radiation Force to Reveal

Scaffold Displacement in the Direction of the Ultrasound Beam.

It is apparent from the resultant images that the scaffold has indeed been deflected by the
ultrasonic radiation force in the direction parallel to the beam. Successive images taken without
ultrasound give a blank result, indicating that the deflection observed must be from the
ultrasound beam alone. It is also observed in the images that the thickness of the outline near the
end of the beam is greater than that nearer to its fixed base which is to be expected if the scaffold
is behaving as a beam under deflection from a distributed load. Also, the addition of a second
transducer or the repositioning of one to a 45 degree angle with the sample may allow
displacement in two dimensions, which may be another useful phase contrast imaging approach
for scaffold visualization. Some previous work related to this deflection induced phase contrast is
present in the literature [20], but to our knowledge the application of this methodology for the

imaging of a tissue scaffold is novel.

The thickness of the outline at the top of the sample was measured with ImagelJ. The calculated
average displacement at the end of the scaffold was 62 + 8 um for a set of four scaffold samples,
where 8 pum is the standard deviation for the four displacement measurements. An additional
method was also employed to measure scaffold displacement known as square sum of errors
(SSE). In this method each pixel in the undeformed image is associated with some of its
neighbors, which form a unique identifier. This unique identifier is then searched for in the
deformed image to find the new location of the pixel. A test parameter for each pixel in the
deformed image is calculated and the one with the minimum value is taken as the new location

for the pixel in question. This coefficient y (X,y) is calculated with the following expression,

i=s j=t

) =Y Y [U(x+s,y+t)—D(x+s,y+t)[ (4.10)

i=1 j=1

where s and t are the dimensions of the mask matrix w composed of the pixels around the one of

interest in the undeformed image, x and y are locations within the deformed image D, and U is
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the undeformed image. This equation in essence tries to find the s x t piece in the deformed
image that matches a specific s x t piece taken from the undeformed image. The mask in this
study was chosen to be 200 pixels wide and 20 pixels in height. Deflection at the top of the beam
was measured for each of the four scaffold samples. For this method of deflection detection, the
measured movement of the scaffold was 56 + 7.5 um for a set of four scaffold samples, where
7.5 um is the standard deviation for the four displacement measurements. The two methods of

estimating deflection give predictions that are within 11% of each other.

Another method may be employed to evaluate the deflection of a scaffold with a periodic
microstructure [21]. The pixel intensity values over a straight horizontal line for such a scaffold

take on the form of a sine wave, as shown in Fig. 4-5.
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Figure 4-5: Gray Scale Intensity Value Along Horizontal Line in Planar Image of Scaffold

with Periodic Microstructure

The areas of greater x-ray intensity are the pores, while the lower intensity regions are where the

struts of the scaffold are located.
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Taking the Fourier transform of these pixel values leads to a phasor with a specific magnitude
and phase angle, i.e., the Fourier transform has a specific real and imaginary component. The

continuous Fourier Transform is given by,
F(s) = j f (x)e 127 dx (4.11)

where s is the frequency of the periodic structure of the scaffold, and x is horizontal position in
the image. A one dimensional discrete (discretized) section of the deformed and undeformed
images are considered. A finite domain L is selected for values of x, and a finite number of

discrete points N are sampled in this domain.
dx=L/N =Ax (4.12)
The discrete Fourier Transform is therefore given by,

i=N-1

Fdiscrete(s) = Z I (Xi )e_jZﬂSiXi AX (413)
i=0

In space, the frequency is the reciprocal of the wavelength of the periodic structure or the
number of wavelengths present divided by the domain size L. If n is defined as the number of

wavelengths in L, then
—j2ns,x, =—j27(n/ NAX)iAX) = —j2zin/ N (4.14)

The discrete Fourier Transform can now be written as,

i=N-1

L —j27n
Fdiscrete(s) = N Z I (Xi)e 2N (4.15)
i=0
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The following expressions give the real and imaginary part of the Fourier phasor.

Re{F(n)}= ﬁiz_fﬁ (x,)cos(2zin/ N) (4.16)
Im{F(n)}zﬁi__NZjll (x,)sin(2zin/ N) (4.17)

To determine an appropriate value for N, we consider the Nyquist criterion that states that the

sampling frequency should be greater than twice the maximum frequency in the sampled data.

S

periodic

:n/L’ Ssampling = N/L’ N > 2n (4.18)

If the scaffold is shifted horizontally in space, this leads to a change in the phase angle of the
phasor, or a change in the relative sizes of its imaginary and real components. This change in
phase angle may be related to the horizontal distance over which the scaffold has moved. The
Fourier Transform of the signal in Fig. 4-5 is illustrated in Fig. 4-6, where magnitude is the
absolute value of the complex number with real and imaginary components given in (16) and
7).
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Figure 4-6: Magnitude Component Fourier Transform of Intensity Signal

With this method of image analysis, the deflection of the scaffold was calculated from the
experimental data to be 58 + 13 um, where the error is given as the standard deviation of the
measured deflections for four samples. The phase angle of the signal increased by 0.06 radians as
the scaffold deformed. An increase in phase angle was expected as the intensity profile of the
scaffold was shifted to the left. The magnitude of this phase change, which is about 0.04,
corresponds to a shift to the left of about sixty microns.

4.3.5: Near Subpixel Movement

As the stiffness of the scaffold increases, the size of the deflections that may be observed with a
given ultrasonic beam intensity decreases. In order to facilitate the detection of very small
deflections, the periodic microstructure of the scaffold and the Fourier transform are employed.

Briefly, samples of tissue scaffold were mounted and irradiated with ultrasound as before, but the
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intensity of the ultrasound was reduced to half a Watt.

The method of subtracting images resulted in no appreciable outline of the scaffold from
deflection, and the application of SSE gave no appreciable deflection. When the SSE was
employed to compare an image to itself, the algorithm found a new location with an SSE
parameter of zero, which is identical to the starting location. When the SSE algorithm was
applied to this particular case, the SSE parameter was nonzero, but the minimum still occurred at
the starting location. The SSE algorithm is therefore not able to measure deflection when the
changes to the two images, undeformed and deformed, are minor. The images of the scaffold
were then evaluated with Fourier analysis as introduced previously, giving a predicted deflection
of 7.9 £ 0.5 um, where 0.5 um is the standard deviation of deflection measurements for four
samples. The observed phase angle increase was about 0.005, and an increase in phase angle was
again expected for a shift to the left by the image.

4.3.6: Estimating Material Properties from Deflection and Known Load

Figure 4-4 demonstrates that the deflection of the boundary of the scaffold is observable via PIC
imaging. Now that deflection and loading are known, the material properties of the scaffold can
be estimated. A direct approach is to iterate the material properties of the scaffold in an FE
model of scaffold deflection, and at each iteration compare estimated deflections to those
measured experimentally. This approach will give a solution, but is computationally complex.
Alternatively, the known deflections on the boundary may be applied and the material properties
in the model iterated until the known loading condition is achieved. Since the estimation of the
material properties of the scaffold from deflection and known loading is an inverse problem, and
the scaffold is an anisotropic material with several material property parameters, the uniqueness,
stability, and existence of these estimates must be considered to determine if they can be
obtained from the known deflection and loading. Relating the volume averaged strains and
stresses in the scaffold to each other through the material properties allows the uniqueness,

stability, and existence of a solution to the inverse problem to be examined.
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4.3.7: The Orthotropic Case
With known volume averaged strains ¢ in the X, y, and z directions from boundary displacements,

Orthotropic Hooke’s law in compliance form can be written as,
{e}=[clis} (4.19)

where {& } is a 6x1 vector of strains, {5 }is a 6x1 vector of stresses, and [C ]is the Compliance

matrix. The Compliance matrix is a function of the Young moduli in the X, y, and z directions of
the material, and of the Poisson ratios. The form of the compliance matrix for an orthotropic

material can be found in [24].

In linear inverse problem theory, the following represents a system of linear equations,
7}=[x1b} (4.20)

where {y}is a vector of experimental observations, and {b} is a vector of the parameters that are

to be estimated. By rearranging (4.19) into the form of (4.20), the material properties, now

represented by a vector of estimated parameters {5} can be determined by simply inverting[X ].

Also, in (4.20) the matrix [x ]does not need to be square. Multiple loading conditions can be

included by adding them to {y} and[x ]. The unknown in (4.20), {5} can then be solved using

the least squares estimate.

In order to manipulate (4.19) into the form of (4.20), the following relationships between stress

and strain are written,

(O-x )i 0~ (O-y )i A _(Uz )i O = (gx )i (4.21)
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_(Gx)iq4+(6y)iq2_(az)iq5:(gy)i (4.22)

(0,49 (o, s +(0, )0 = (&,) (4.23)

whereq, = 1/E , q,= 1/Ey, q,=1E,, q,= vxy/EX, 05 =V, /Ey, g, =V, /E,, Eis Young modulus, v
is Poisson ratio, the subscripts x, y, and z represent material properties directions, i represents

different loading conditions from the ultrasonic beam, and o is the volume averaged stress. The

equations (4.21-4.23) may be rewritten in matrix form,
Aj=¢ (4.24)

When the Young moduli and Poisson ratios are estimated from the known £ one must consider
the possibility that many different combinations of material properties may give the known & ,
i.e., there is no unique solution for the material properties. By examining the rank of matrix A in
(4.24), it is apparent that three separate loading conditions from the ultrasound beam, imaged
individually to characterize deflection, would allow the Poisson ratios and Young moduli of the
scaffold to be estimated uniquely.

4.3.8: The Transversely Isotropic Case

Substituting the Compliance matrix for a Transversely Isotropic material into (4.20) gives the
relationship between stress and strain for Transversely Isotropic materials [24]. This standard
engineering matrix form is then manipulated into a standard linear parameter estimation
problem. With known average strains in the x, y, and z directions, the following equations may

be written,
(e )a-(0,)a-(o,) 0 =(s,) (4.25)
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~(0,) 8 +(0,) 0 —(0,)a, =(e,) (4.26)

- (Gx )i Q- (Gy)i q, + (O_z )i 0, = (gz )i (4.27)

whereq, =1/E,q,=1/E , q,= va/Ey, andq,=v,/E,

In a manner identical to the analysis of the Orthotropic case, the rank of A indicates a stable and
unique solution for only two distinctive loading conditions. One must also consider that all three
average stresses and average strains must be nonzero and larger in magnitude than the noise in

the system for useful estimates of material properties to be possible.

4.3.9: Direct Inversion to Determine Material Properties

If the stress distribution in the body is not a function of the material properties, then an iterative
approach to finding the material properties from deflection and loading is unnecessary. The
stresses in the body are determined by employing arbitrary values for the material properties of
the scaffold and solving the FE model of deflection for the known loading condition. To test the
sensitivity of the stress distribution within the scaffold as a function of material properties, a
numerical test was performed with the scaffold FE model. The Monte Carlo method (with Latin
Hypercube experimental parameter selection) of sensitivity analysis with ANSYS was employed
to select, at random, values for the material properties of the scaffold material. The model was
then solved, and the stresses in the beam determined for an identical loading condition during

each run. The stress distribution was found to be almost unrelated to the material properties,
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meaning that only the average strain and the deflection of the body are strongly related to the
material properties in this particular system. The known measured deflections of the scaffold
from the imaging data were applied to the FE model’s exterior nodes, giving volume average
strains within the beam. The known average stress values were then employed with the known
volume averaged strains to estimate scaffold stiffness. With the known strain and stresses, the
material properties in the x-direction were estimated to be Ex = 0.412 MPa and vxy=0.047. A one
percent error introduced into the strain data produced a less than 0.8% change in the estimates
for the material properties in the x-direction, indicating that this estimate for scaffold properties
is stable. Thus with a single loading condition, the material properties of the scaffold can be

determined in the x-direction from the deflection imaging data.

Since only one shearing stress and normal stress are relevant in the cantilever beam, there is not
enough information present to estimate the scaffold material properties in both the x-y and z
directions. If the material properties in the z direction are desired as well, they must be inferred
from an FE model of the tissue scaffold porous structure. An FE model of a similarly
manufactured scaffold was adopted from the literature [25] and employed in this study to infer
scaffold properties in the z-direction from the known modulus in the x-y directions. This addition
of supplementary information to estimate the modulus from those known in the x-y directions is
a form of regularization. For example, the model of the pore gives a modulus in the x-direction
of 0.412 MPa when the stiffness of the scaffold material itself is 1.7 MPa. This stiffness for the
material when placed in the FE model of the pore, gives an estimate of 0.310 MPa for the
stiffness of the scaffold in the z-direction. If the four separate displacement measurements, one
for each sample, obtained experimentally with the SSE deflection measurement technique
described previously, are each individually utilized to estimate the scaffold stiffness, four
separate estimates are obtained giving 412 + 97 kPa as the stiffness in the x-y direction, and 310
+ 65 kPa as the stiffness in the z-direction, where the error is plus or minus one standard

deviation.

The above strongly suggests that, in some loading cases that could be arranged in the body, an
iterative approach to determine material properties from known deflection and loading is not

necessary. However, cases where the stress distribution is only a function of geometry and the
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ultrasound source output, do not all give sufficient nonzero stresses to estimate all of the material
properties in a transversely isotropic or an orthotropic scaffold from known strain. In these cases,
additional information from FE analysis of the scaffold pore geometry is necessary. One case in
which sufficient stress and strain information is present for direct inversion, and stress is not
related to material properties, is a simple cubic scaffold compressed biaxially by ultrasound. The
only limitation to this arrangement for in vivo scaffold property estimation, is the scaffold
stiffness constraints induced by the imaging system’s resolution (its ability to characterize
deflection). The beam in bending case has the advantage that the end deflection of the beam is

sufficiently large that its observation is usually possible.

4.4: VValidation

4.4.1: Compressive Testing of Scaffolds

Now that the stiffness of the scaffold has been estimated from the measured deflection and
calculated loading, this estimate is validated by comparison to direct stress-strain data. The
PDMS scaffold is a transversely anisotropic material, which displays different young moduli in
the directions perpendicular and parallel to the stacked scaffold layers. These two Young moduli
were measured under compression at a strain rate of 10 mm/min with an Instron Universal
Material Testing machine. Three samples were employed per test, giving average stress-strain

curves, which are illustrated in Fig. 4-7.
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Figure 4-7: Average Compressive Stress-strain Curve for PDMS Scaffold in both the x-dir
and the z-direction

From the results of the compressive test, it is estimated that the Young modulus of the scaffold in
the z-direction perpendicular to the layers is 345 + 33 kPa, and 364 + 28 kPa in the x-y direction
parallel to the layers, where the error interval is the standard deviation of the three samples. An
F-test reveals that these measured values for modulus are equivalent to those estimated from

imaging.

4.4.2: Validation of FE Model of Scaffold Pore

The accuracy of the FE model of the tissue scaffold pore that was employed for regularization
was considered. An FE model of an individual pore of the scaffold was created, and the
application of periodic displacement boundary conditions was employed to estimate its
mechanical properties. Employing the methodology in [25], the homogenization process

predicted the following effective material properties for the scaffold with pure PDMS having a
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Young Modulus of 2 MPa, a strand radius of 205 um and a strand spacing of 1000 um; 1) Ex =
Ey = 418 kPa, 2) Ez = 265 kPa, 3) Gxy = 40.6 kPa, 4) Gxz = Gyz = 94.4 kPa, 5) vxy = vyx =
0.045, 6) vyz = 0.26, and 7) vzx = 0.16. The estimated effective transversely isotropic stiffness
matrix for the scaffold is given as,

(440 40 78
40 440 78
78 78 290
Cl= kPa 4.28
[C] 94 (4.28)
94
- 41_

There is uncertainty in the scaffold’s strand diameter and strand spacing, which was measured by
optical microscopy to have a standard deviation of £ 8% for strand spacing and * 2% for strand
diameter. With this error, the model Young Moduli predictions have a standard deviation of +
19%. This error interval is determined by propagating the error of the strand diameters and strand
spacings to the estimates for scaffold material properties through the FE model of the scaffold
pore. This can be achieved using the probabilistic design application in ANSYS. The numerical
model predictions for Young modulus therefore agree with experimental measurements within
experimental and model error. The F-test is again utilized to suggest that the two mean values for
moduli, one from the finite element model and one from the compression testing of the scaffolds,

are in agreement.

4.4.3: Validation of FE Model of Ultrasonic Loading and Deflection

Employing the load-displacement test measured material properties, the deflection of the scaffold
subjected to a 2 W intensity ultrasound beam was predicted with the FE model. A convergence
study was conducted by increasing the number of elements within the model and observing the
change in model predictions. The form of the observed pattern demonstrated that the use of
convergence acceleration by means of the Scalar Epsilon Algorithm by Wynn to extrapolate the
end deflection of the beam with multiple runs of the model with a coarse mesh is justified, since
the parameter of interest displayed exponential decay. The model was run with 950, 1620, and
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2597 elements, giving predictions for end deflection of 75, 71, and 68 microns respectively. The
Scalar Epsilon Algorithm execution gave a prediction of 50 microns for the end deflection of a
finite element model with an infinite number of elements. The model with 21,000 elements took
a noticeable amount of time to run even though the problem is linear. This suggests that three
runs of coarse mesh models and convergence estimation with the Scalar Epsilon Algorithm gives
similar predictions to those given by more computationally demanding FE models with a finer

mesh.

The finite element model was run again with the ultrasonic beam intensity changed to 0.5 W, and
the Scalar Epsilon Algorithm was used to extrapolate model predictions to an infinite number of
elements. The power output of the therapeutic ultrasound machine was within + 30% of the
displayed power output, and the model predictions for deflection were therefore 12 + 4 um. The
4 um standard deviation comes from probabilistic design simulations in ANSY'S where the
ultrasound power output and the geometric variables are represented as Gaussian distributed

design parameters.

4.5: Conclusions

This study has explored the possibility of measuring displacements in an imaging environment
similar to that in vivo where the implant density and that of its surroundings are similar. In
addition, the use of a steady state radiation force for sample deflection has been demonstrated,
with measurable displacement successfully imparted to the sample. The forward modeling
problem, a function that can map from material properties of the scaffold to predictions of its
deflection under the influence of an ultrasound beam, has been solved. The developed mapping
was found to estimate the deflection of the scaffold with acceptable accuracy. A preliminary
analysis of the inverse problem indicates that three separate loading conditions are required to
provide a unique estimate for the stiffness matrix of the scaffold in the orthotropic case, and that
two are required when the scaffold is transversely isotropic. Furthermore, the stress distribution
in the scaffold is weakly related to material properties in the specific applied boundary

conditions employed in this study, allowing the scaffold properties to be estimated by the direct
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inversion of the stress matrix 4. Furthermore, Fourier analysis of the intensity signal from a

tissue scaffold with a periodic structure can be employed to measure its deflection.

4.6: Future Work

In this particular case of a fixed beam like scaffold bending under a distributed load, a question
arises as to how great the rotation of the scaffold segment under study can be before the analysis
from Fourier analysis no longer is valid. Further research is required to explore this important
question. In addition, this approach to scaffold remote material property characterization should
be applied to a fully orthotropic tissue scaffold. Finally, the use of Fourier analysis and periodic
structures should be applied to situations where the deflections of the scaffold are fully sub-pixel
sized to clearly demonstrate Fourier analysis with periodic structures based deflection

characterization.
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CHAPTER 5

SYNCHROTRON BASED IN SITU
CHARACTERIZATION OF TIME DEPENDENT MASS
LOSS FROM EROSION BASED DEGRADATION"

*This chapter has been submitted as "Bawolin, N. K., Chen, X. B., 2016, Synchrotron Based In
Situ Characterization of Time Dependent Mass Loss from Erosion Based Degradation, Journal of
Functional Biomaterials.” According to the Copyright Agreement, "the authors retain the right to

include the journal article, in full or in part, in a thesis or dissertation”.

5.1: Summary

In the particular case of surface erosion in tissue scaffold degradation, the fundamental properties
of the parent material, especially the molecular weight, remain constant throughout the
degradation period. All that changes, when scaffolds display this type of degradation, is the
internal geometry of the tissue engineering construct. This is significant because it clearly
indicates that the mechanical properties of such a tissue scaffold are only a function of a quality
which can be observed remotely without removing the scaffold from the body. This indicates
that tissue scaffolds of this type may be observed by phase contrast x-ray imaging, and
reconstructions of the scaffold geometry will allow its material behavior to be ascertained.

Planar images of Polycaprolactone tissue scaffolds and Polylactic Glycolic Acid were obtained
via synchrotron imaging and employed to characterize the remaining volume of parent material
left in the scaffold with time. From these volume estimates and known tissue scaffold parent
material density, the mass at each time point during degradation was ascertained. A finite
element model of erosion was then created, and its parameters estimated from the image based

estimates of scaffold mass loss with time.
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In this paper, a set of tissue engineering scaffolds manufactured by a rapid prototyping method
and cylindrical implants were incubated in an environment that would result in surface
degradation. These surface degraded cylindrical implants and rapid prototyping manufactured
tissue scaffolds were then imaged via synchrotron x-ray radiation to characterize their time
dependent morphologies. From this information, the mass of the scaffolds and implants were
estimated from changing geometry. The mass loss of the scaffolds and implants were then
validated using conventional gravimetric methods to directly measure the reduction in mass with
time for both the scaffolds and cylinders. The estimates for scaffold and implant mass loss as
given by geometry monitoring agreed well with the actual direct measurements of mass loss with

time.

The scaffold material/degradation medium chosen display surface degradation alone. This has
been confirmed in the research of others via the use of gel permeation chromatography, which
demonstrates no relevant change in scaffold material molecular weight with time. Mathematical
models of the surface degradation of the implants and scaffolds were therefore created, and the
parameters in said models were estimated from the experimentally measured mass loss. The
mass loss model recreated the geometry of the cylinder or a single pore of the rapid prototyping
manufactured scaffold in the finite element modelling software ANSY'S. The analogy between
heat conduction and diffusion is employed by ANSY'S to model the three dimensional transport
of chemical species, by merely changing the element option keys to alter elements for heat
transfer into elements for conducting diffusion analysis. A set concentration of Sodium
Hydroxide and Water is applied to the outside surfaces of the scaffold, and the model then solves

the transport equations with the finite element method.

This study demonstrated the remote monitoring of scaffold mass through a signal that can be
detected in the living environment with synchrotron radiation imaging methods. This information
was then employed to successfully estimate the parameters of a degradation model, which was
then able to successfully follow the behavior of the actual scaffolds and cylindrical implants with

time.
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The degradation behavior of a tissue scaffold or implant is critical to its lifespan and
other related features including mechanical strength and mass transport
characteristics. This paper presents a novel method based on synchrotron imaging to
characterize the time dependent mass loss from the erosion based degradation.
Specifically, the surface eroding degradation of cylindrical and rapid prototyping
manufactured implants within a representation of the living body was monitored in
situ by synchrotron based imaging; and the time dependent geometry of the implants
was then employed to estimate their mass loss with time based on the mathematical
models of surface erosion with the identified model parameter of k3 . Acceptable
agreement between experiment and theory was observed for the estimated model
parameters for cylindrical solid PLGA implants, and rapid prototyping manufactured
scaffolds. This novel study suggests that geometry evaluation by x-ray diffraction
enhanced imaging in situ/in vivo may allow a better understanding of the difference
between simplified in vitro experimental representations of degradation and the actual

behavior in the environment.

5.2: Introduction

Tissue engineering is a field of research that has as its central goal the development of
methods for the replacement of damaged and/or diseased tissue. One of the most
promising state of the art methods for creating new tissue is scaffold based tissue
engineering. In this treatment process, an artificial matrix, known as a tissue scaffold,
is seeded with patient derived cells, forming what is known as a tissue engineering
construct. This construct is then either directly implanted within the body, or
incubated within an artificial simulacrum of the living environment for a time before
implantation. The cells seeded within the scaffold self organize into new
tissue/organs, while the underlying scaffold degrades and is usually absorbed and
excreted by the body. A critical factor in the design of the tissue scaffold is its
degradation behavior, which controls the device’s lifespan in the body and other
related features such as its mechanical strength and mass transport characteristics,

which are both functions of time. Synthetic and natural polymers display two general
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types of degradation behavior; 1) bulk degradation and 2) surface degradation. Within
the category of bulk degradation there are two additional degradation pathways; 1)

uniform degradation and 2) heterogeneous degradation [1].

Part of the volume of the tissue engineering construct is occupied by the tissue
scaffold material phase, and the remaining volume is filled by a fluid, seeded cells,
and developing tissue. In Fig. 5-1 (a), an example of a unit cell of a tissue engineering
scaffold is presented, while Fig. 5-1 (b) , 5-1 (c), and 5-1 (d) illustrate the scaffold
material occupied volume in the unit cell, the tissue/cells/fluid occupied volume, and

the interface surface between these two volumes, respectively.

d)

Figure 5-1: Tissue engineering construct unit cell a), scaffold material occupied volume b),

tissue/cells/fluid occupied volume c), and interface surface between the two volumes d).

In surface degradation as schematically shown in Fig. 5-2 (a), the scaffold material
strongly resists infiltration by the liquid degrading medium, resulting in a steep
gradient of medium concentration within the scaffold material, with maximum
concentrations occurring very near the interface surface between the scaffold material
occupied volume and the volume occupied by tissue/cells/fluid. Each location within
the scaffold material occupied volume is some distance from the interface surface. For
locations within the scaffold material occupied volume close to the interface surface,
the concentration of the degrading medium is high, while far from the interface
surface, deep within the scaffold material, the concentration of the degrading medium

is less.
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Degradation time

Degradation

Figure 5-2: Surface degradation (a), homogeneous bulk degradation (b), and

inhomogeneous bulk degradation (c) [1].

The degradation chemical reaction (hydrolysis) therefore proceeds at a much higher
rate at the interface surface than in the interior of the scaffold material occupied
volume, with the molecular weight of the scaffold material only declining at or near
the interface surface, which is exposed directly to the degrading medium in the
tissue/cells/fluid occupied volume. Once the molecular weight at or near the internal
surface of the pore decreases to a critical level, the polymer chains diffuse from the
interface surface of the scaffold into the fluid/cell/tissue region. This erosion process
changes the geometry of the scaffold material occupied region while leaving the
molecular weight, and therefore the mechanical properties, of the scaffold material
occupied region of the device unchanged. In essence, small sheet like layers of the
scaffold material are dissolved and stripped away, revealing a fresh surface which

then in turn is attacked by the degrading medium. Over time the scaffold material
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occupied volume decreases in size as the scaffold material is gradually dissolved, and
the in solution scaffold materials disposed of by the body. Examples in the literature
of scaffolds that display this behaviour may be found in references [2-4]. This
degradation behaviour may be highly desirable, especially in the case of hybrid
scaffolds, where a framework provides the needed mechanical behavior for the
scaffold and a separate hydrogel based scaffold structure contains and organizes the
cells. Since the molecular weight, crystallinity, and mechanical properties of the
scaffold material remain constant during degradation, only initial molecular weight
and initial geometry control degradation and the effective properties of the tissue
engineering construct. In addition, the use of a surface degrading polymer for the
construction of hybrid scaffolds also introduces the possibility of the mechanical
support structure also serving as a drug delivery platform to provide the cells within
the hydrogel component of the construct with necessary stimulation with growth

factors, nutrients or other possibly beneficial agents.

In contrast, materials that display bulk degradation, as illustrated in Fig. 5-2 (b),
permit the medium to easily diffuse throughout the entire scaffold interior, resulting in
a significant concentration of medium throughout the entire scaffold. All of the
regions of the scaffold are therefore degraded simultaneously, and if random chain
scission succeeds in producing a chain of sufficient shortness, it diffuses out of the
scaffold. In this manner, mass is removed throughout the entire bulk volume of the
scaffold during the degradation process. In [5-7] the scaffolds under study display this

type of degradation behavior.

When a polymer chain is scissioned it releases a monomer waste product, which acts
as a catalyzing agent for the hydrolysis reaction. If the diffusion coefficient of this
monomer waste product is sufficiently high within the scaffold material, the
concentration of monomers within the scaffold is low and does not contribute greatly
to device degradation. If, however, the diffusion coefficient of the monomer in the
scaffold material is sufficiently small, the monomer waste products will build up

within the scaffold, and degradation within the core of the device will be much higher
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than at the device interface surface, where the monomers can escape into the fluid
filled pore. As illustrated in Fig. 5-2 (c), eventually, the interior of the device will be
hollowed out. Devices that display this type of degradation behaviour were considered
in [8].

The degradation behavior of tissue scaffolds is usually experimentally characterized
by in vitro tabletop degradation experiments, where a tissue scaffold sample is
immersed in phosphate buffered saline (PBS) and incubated at body temperature [9].
While these experiments provide some useful data about degradation, the PBS
medium does not perfectly represent in vivo degradation. To achieve closer agreement
between in vivo and in vitro degradation experiments, media that includes enzymes
and cultured cells have also been employed in degradation testing [10, 11]. It is not
yet practical or cost effective to perfectly replicate the living environment in vitro by

representing every biological and chemical effect found in the body artificially [12].

The differences between in vivo degradation, and in vitro degradation in PBS, can be
characterized by animal testing [13]. Once the desired degradation time is reached, a
minimum of three animals would be sacrificed for each time point, and the average
molecular weight, mass, and mechanical properties of the implant are then measured
[14-16]. This approach requires a large number of animals to evaluate even a small
sample size. This analysis of the explant can also only measure the average properties
of the entire extracted device; i.e. location specific properties are not measurable [17].
This limitation can be overcome by adopting image based methods to evaluate
degradation and mass loss [17]. Any imaging method that can characterize the
geometry of the implant, either in vivo or ex vivo, would be able to visualize surface
degradation and infer the resultant mass loss. However, even if imaging based
methods are utilized to characterize surface degradation induced sample mass loss, ex
vivo imaging methods still require the removal of the implant from the animal
[18,19,20], which results in some variability from the act of removing the sample and
the variation between animals. In [21] the changing density and morphology of bone

is evaluated in vivo by X-ray micro computed tomography (u-CT) scans, raising the
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possibility that a similar procedure may allow the same type of experimental
evaluation to be performed for tissue scaffolds. Unfortunately, this absorption based
method has difficulty distinguishing soft tissue from the background, and is only
viable because the x-ray absorption characteristics of bone provide sufficient contrast
with the soft tissue surroundings. This limitation may be overcome by in vivo/in situ
image based methods that can provide sufficient contrast to visualize the low density
polymeric scaffold devices against a tissue background with similar x-ray attenuation

properties.

Diffraction enhanced imaging (DEI) is a well-developed imaging method that show
promise as a way to monitor implants when they are surrounded by material with
similar densities and absorption properties in vivo [22]. This imaging method
measures the change in the angle of the X-ray photons as they pass through the
sample by diffracting them off of a crystal before they arrive at the photon detector.
DEl is also able to image samples at high x-ray energies, and since the absorption
coefficients of tissue and bone decrease with increasing photon energy, imaging at
higher x-ray energies lowers the absorbed in vivo dose, which is a significant
advantage over other competing imaging methods. In conventional absorption based
imaging, lowering the photon energy increases the amount of photons which are
absorbed by the sample, which increases the contrast between the sample and the
background. This increases the Signal to Noise ratio (SNR) and the resolution [23]. In
the DEI method, the SNR is not only related to photon energy but also to the
properties of the analyzer crystal [24]. It may therefore be possible with DEI to
employ higher x-ray energy to reduce the radiation dose from imaging and still
achieve the same SNR as lower photon energy absorption based imaging methods.
DEI also generates images based on beam refraction rather than absorption, allowing
regions of interest of similar density to the background to be visualized [25]. The
beam-line configuration of the DEI imaging method is illustrated in Figure 5-3, where
it is compared to that of conventional radiography synchrotron based absorption x-ray

imaging.
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Figure 5-3: DEI/MIR and conventional radiography beamline experimental setups.

In this study, we hypothesize that the DEI imaging method can be employed to
characterize the geometry of implants as they erode, and to then infer their mass loss
with time. By rotating the sample in the x-ray beam, and imaging the sample at
multiple times during this rotation, computed tomography may be employed to
reconstruct the scaffold geometry with time. The volume of the remaining scaffold
material can be measured at multiple time points during its degradation, and the mass
loss inferred from the known density of this scaffold material. While theoretically, it
should be possible to detect the porosity that develops in bulk degrading polymers
[26], the resolution requirements for this task are not available. Therefore, this method
is limited to the consideration of surface degrading tissue scaffolds.

The particular approach proposed above, while possible, raises unresolved issues. In
living biological samples, the allowable radiation dose would restrict the number of

points in time during the degradation that could be characterized by full computed
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tomography image reconstruction [27]. Computed tomography imaging also requires
a significant amount of time, on the order of 18 hours or more, especially if high
resolution is required [27]. This is especially problematic in situations where the
degradation rate is high enough that the mass of the scaffold or drug delivery device
changes significantly during the time required to characterize the scaffold volume
through imaging. In this work, planar images of the outer surface of the scaffold are
employed to determine the average strand diameter of the scaffold with time, and the
degradation is then assumed to be uniform throughout the scaffold. The change in
strand diameter is employed to estimate the volume of the scaffold with time, and its
mass at a specific time is then inferred form this volume and the known density of the

scaffold material.

Once in situ/in vivo degradation data of a scaffold manufactured from a specific
material in a specific environment is known, it may be of interest to predict the
performance of the scaffold as a function of initial geometry. A scaffold can then be
designed to meet specific mass loss requirements for specific applications. This may
be accomplished inefficiently experimentally, or through the development of a model
of scaffold degradation to guide the design process. To represent the mass loss, a
model is adopted from the literature [28] with the parameters to be identified by
means of experimental data capture via DEI.

In this study, scaffolds are manufactured out of a representative biomaterial and
degraded in a medium that causes surface degradation to the selected biomaterial. The
scaffold is then imaged in a low radiation dose manner in situ by DEI imaging to
estimate the remaining volume of the scaffold with time. From the volume change and
the known density of the biomaterial, the mass loss of the scaffold is estimated with
time. These estimates are then validated by comparison to gravimetric mass loss
measurements. A mathematical model of scaffold mass loss is then fitted to this
experimental data. This model may then be used as a design tool to calculate the
required initial scaffold geometry to achieve specific mass loss behavior for scaffolds

composed of the same material and degraded in the same environment.
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The polymer Polycaprolactone was chosen as the material employed for rapid
prototyping scaffolds, and the degradation medium was chosen to be a 5M base
solution of Sodium Hydroxide at a temperature of 55°C. Sodium Hydroxide is chosen
as the degradation medium because Sodium Hydroxide ions do not diffuse readily into
a wide range of polymer materials, which results in surface degradation behavior [29,
30]. The degradation of devices is also significantly accelerated compared to that
experienced in Phosphate Buffered Saline. This particular selection of degradation
medium and material can act as a demonstrative system to represent a variety of
biologically relevant and general polymer analysis combinations of material and
degradation media. To represent an implant with different geometry manufactured out
of a different material degraded by a less aggressive degradation medium, PLGA

cylinders were degraded as well in a 1M solution of Sodium Hydroxide at 55°C.

In the work of [31] a cylindrical surface eroding polymer implant 4 mm in length with
a diameter of 3 mm composed of poly-trimethylene carbonate (PTMC) is degraded
within a rabbit animal model. The observed experimental degradation of the PTMC
implant by enzymatic surface degradation is related to the degradation of PCL in a 5M
solution of NaOH at 55°C, and the degradation of PLGA in a 1M solution of NaOH
at 55°C. This allows for the creation of device designs experimentally by employing a
representative material/degradation medium that experiences rapid degradation. The
behaviour of these analogous devices composed of PCL or PLGA can then be

employed to estimate the behaviour of devices composed of PTMC in vivo.

5.3: Experiments and Methods

PLGA 50:50 with a viscosity based molecular weight of 100,000 Daltons was
purchased from Lactel Corporation. The polymer was raised to an appropriate
temperature in a furnace and cast into cylindrical Teflon molds 1 cm high and 0.8 cm

in diameter. The samples were removed from their molds with a metal punch and the
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surfaces of the plastic cylinders were machined via lathe to achieve consistent sample

geometry. 24 samples of PLGA were produced.

Polycaprolactone with an initial number average molecular weight of 80,000 Daltons
was purchased from Sigma Aldrich and dispensed into three dimensional tissue
scaffolds with an Envisontech bioplotter. The polymer was extruded as a melt at 200°
into strands of 500 pum diameter spaced 800 um apart. Each layer of strands was
dispensed 700 pum above the previous layer. These dimensions were verified by
optical microscopy, where dimensions were measured with a microscope camera and

the software Paxit. The overall dimensions of each scaffold were 5 x 5 x 5 mm.

The sample initial weights were measured and the PLGA and PCL samples were
immersed in solutions of NaOH and incubated at 55°C. The PLGA implants were
immersed in a 1 Molar solution while the PCL samples were degraded in a 5M
solution. Preliminary experiments [32] revealed that these highly basic mediums and
elevated temperatures induced accelerated degradation and induce surface degradation
in the PLGA and PCL samples. The PLGA samples were degraded for 54 hours with
samples removed at t =0, 12, 24, 30, 36, 42, 48, and 54 hours. For PCL, the scaffolds
were removed and characterized att = 0, 5, 20, 25, 30, 35, and 45 hours. All samples
were then reweighed and placed in a 2 cm thick ethanol/water filled tank and imaged
at the Canadian Light Source (CLS) Biomedical Imaging and Therapy bend-magnet
beam-line (BMIT) at an energy of 40 keV. Three images of each sample were taken;
one at the peak of the rocking curve and two at opposite sides of the rocking curve at
half intensity. This particular beamline is equipped with a (2,2,0) cut silicon
monochromator and analyzer crystal. A copper filter was applied to remove the
(2,2,0) reflection leaving only the (4,4,0) reflection at 40 keV to proceed through the
sample. The diameter of the deposited strands that make up the layers of the rapid
prototyping manufactured scaffold were measured with ImageJ software at twenty
separate locations on the scaffold, and these measurements were employed to estimate
the remaining volume of the scaffold at each time point.
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The semicrystalline PCL samples were not expected to experience crystallization
during their degradation in NaOH, since degradation is confined to the interface
surface of the scaffolds. But Differential Scanning Calorimetry (DSC) was still
performed to ensure that the PCL crystallinity had not changed with time during
degradation. The DSC method melts samples of the scaffold and evaluates the heat
absorbed by the scaffold during its phase change, which is the conversion of its
ordered crystalline phase into a fully amorphous microstructure. By comparing the
enthalpy required to transform the samples to their fully amorphous state to that
required for a fully crystalline sample, the crystallinity of the scaffold may be
obtained [33]. The treatment of the samples involved heating from room temperature
to 100°C at a heating rate of 10°C/min and a return to room temperature after
stabilization. The phase change initiated at a transition temperature of 60°C which is
typical for PCL.

5.4: Modelling

To mathematically represent mass loss, the phenomenological model found in the

work of Han and Pan [28] is adopted. Briefly, a hydrolysis reaction reduces the

molecular weight of a degrading polymer at some rate R which represents the number

of polymer chains cut per interval of time.

R=-dC,/dt=k.C,C, +
k,C.C,C.."* +k,C.C,C..Cruon

e-wTm e-wTm

(5.1)

M, /M, =C,/C,

This rate of chain destruction is dependent upon the concentration of ester bonds Ce,
the concentration of water Cw, and the concentration of any media that may change
the local pH of the surroundings. These may include the acidic byproducts of
degradation Cr or some substance present in the surrounding medium, such as basic

sodium hydroxide Cnaon. It may also include the byproducts of metabolism generated
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by the cells seeded in the scaffold. In the particular degradation conditions selected for
this study, the degradation rate from the presence of water and weak acidic
degradation byproducts is much less pronounced than that induced by the presence of
the sodium hydroxide. Therefore, the simplified model of degradation may only
consider this chemical species and its mass transport inside the implant. The

hydrolysis rate parameters for water and monomers k; and k, may be ignored leaving
only k,as an unknown parameter in the degradation model that must be estimated

from the experimental data. The terms above the concentration of monomers and
sodium hydroxide are dissociation terms, relating concentration to the amount of the
species that dissociates in solution. The diffusion coefficient of the species within the
implant increases with time due to the increase in the porosity of the material. The
porosity of the polymer is approximated by,

p=1-C,IC,, (5.2)

and the effective diffusion coefficient of the degrading polymer is estimated by the
Maxwell Garnett expression for the effective properties of a mixture, when the
inclusions of the second phase in the mixture are spherical [34].

3D, -D, )p

=D,|1+
D,+2D,-(D, -D,)p

ap a

(5.3)

where D is the diffusion coefficient in the pores, D, that in the amorphous phase of

the material, and p the time dependent porosity of the amorphous polymer phase. At a

critical molecular weight, the polymer is assumed to become soluble in the degrading
medium and diffuse out of the implant. For PLGA this critical molecular weight has
been experimentally determined to be 15,000 Daltons [35]. For PCL this critical
molecular weight is 5000 Daltons [36]. In each element of the model, the scission rate

is calculated, and a random parameter is assigned as the fraction of scissions that have
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produced polymer chains less than the critical molecular weight in size. The mass loss

in each element is then calculated as,

My N (5.4)

where M, is the mass at time t, M is the initial mass of the element, and N,and N,

are the number of polymer chains in each element with molecular weights greater than
the critical molecular weight respectively. For PLGA, the diffusion coefficient of
NaOH was chosen to be similar to that of a carboxyl monomer in an amorphous
polymer; 3.6x10”7 cm?/hr. For PCL, the diffusion coefficient of NaOH was chosen to
be higher, since the PCL displayed bulk degradation. A value of 8.29 x 10 cm?/hr
was chosen, which is equal to the measured diffusion coefficient of water in PCL. In
order to estimate the unknown parameter in the model, an objective function was

defined and minimized.

t=k

Obj(ks) = > abs(M g, (t) = M e (1)) (5.5)

t=0

where t is degradation time, k is the time at the end of sample degradation, M, ,(t) is

the experimentally measured mass loss as a function of time, and M., (t) are the

time dependent model predictions for mass loss.

5.5: Results and Discussion

Monitoring of PCL scaffold crystallinity yielded the following results, illustrated in
Fig. 5-4, which indicate that there is no appreciable crystallization of the sample
during surface degradation.
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Figure 5-4: Crystallinity of PCL scaffolds with time

Monitoring of the geometry was employed successfully to measure changes in the
diameter of the PCL tissue scaffold layer by layer strands, and the diameters of the
PLGA cylinders, and to correlate these changes with mass loss in a challenging
environment where the samples are surrounded by a medium of similar density and x-
ray absorption characteristics. A representative example of the DEI images gained of

the scaffolds and implants are shown in Fig. 5-5.
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Figure 5-5: DEI image of PLGA cylinder a), and PCL tissue scaffold b)

In order to estimate mass from the images, the program ImageJ was employed to
measure an average strand/cylinder diameter in the scaffold/implant. These average
diameters were then utilized to estimate the remaining volume of the scaffold/implant,
with the known density of PCL or PLGA giving the remaining mass from the image

based time dependent volume estimate.

The experimental data from both this approach and traditional gravimetric analysis
were in acceptable agreement, with a percent error of less than 9% observed between

the two methods, as illustrated in Figures 5-6 and 5-7.

Once experimental data on the mass loss with time was available, the parameters of
the finite element model of mass loss were adjusted using the Cyclic Coordinate
Descent Algorithm [37] until the best agreement between model predictions and the
actual observed behavior was obtained. The objective function (5) reached a minimum
value of 47.1 for the PLGA implants and a minimum value of 33.3 for the PCL
scaffolds. When these minimum values for (5) were obtained, the free parameter ks
was set to 3.74 hrifor the PLGA cylinders and 0.28 hr! for the PCL scaffolds. These
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model parameters are valid for devices manufactured out of PLGA and PCL and
degraded in 1M and 5M NaOH solutions at a temperature of 55°C respectively.
These models with the identified parameters were able to return the observed mass
loss in the experimental data. The geometry of the devices as predicted by the mass
loss model are presented in Figures 5-8 and 5-9, where red regions indicate full
absorption, green indicates partial degradation, and blue regions retain their initial
molecular weight. The maximum observed difference between model predictions and

experiment was 20%.

The degradation of PCL and PLGA cylindrical implants in NaOH at 55°C was

simulated mathematically with the above estimated values for k,, and the implant

geometry found in [31]. It was found that the 20% mass loss in vivo for PTMC
implants after 8 weeks is expected to occur in the analogous accelerated degradation
system of PCL/NaOH at 55°C after 36 hours, and after 9 hours for PLGA/NaOH at
55°C. These results suggest that a PLGA or PCL scaffold in NaOH can be employed
as an analogous system to PTMC in vivo without the need for an approximately 56
day period to evaluate each potential scaffold design. This experimental approach to
scaffold design may be of interest if the scaffold degradation is influenced by both the
area of the interface surface and the movement of the degradation medium. If the
degradation medium is not static but rather in motion, the current mathematical
degradation model is unable to consider the resultant enhancement to the degradation
of the scaffold or the possibility of heterogeneous rather than uniform degradation. In
this case, an experimental study of the scaffold degradation with an analogous system
may allow this effect to be explored for multiple scaffold geometries within a

practical degradation time.

Finally, the developed degradation model was fitted to the in vivo experimental data

found in [31]. The degradation model was able to successfully represent the mass loss

of a PTMC implant when k, = 0.00144 hr, as illustrated in Fig. 5-10, with an R?
value of 0.957. The model with this value for the free parameter k,was then employed
to simulate the degradation of a PTMC rapid prototyping scaffold. The model’s
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estimate for the lifespan of such a scaffold in the living environment is presented in
Fig. 5-11.

Mass Loss from Gravimetric and Synchrotron Imaging Measurement Methods for PLGA
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Figure 5-6: Mass loss for PLGA cylinders characterized by DEI imaging and traditional
gravimetric experimental methods
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Comparison of Model Predictions and Image and Gravimetric
Experimental Data
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Figure 5-7: Mass loss for PCL scaffolds characterized by DEI imaging and traditional
gravimetric experimental methods for model validation, and the predictions of model when
ks =0.28 hr.

Figure 5-8: Geometry after a) 1, b) 8, ¢) 16, d) 24, e) 32, f) 40, g) 48, and h) 60 hours of
degradation for PLGA cylinders.
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Figure 5-9: Geometry after a) 1, b) 5, ¢) 10, d) 15, e) 30, and f) 45 hours of degradation for
PCL rapid prototyping scaffold samples.
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Experimental and Predicted Mass Loss for PTMC Implants in Rabbit
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Figure 5-10: Experimental measurements of mass loss for PTMC cylindrical implant and

mass loss model predictions when k,=0.00144 hr,
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Predicted Mass Loss with Time for PTMC Rapid Prototyping Scaffold
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Figure 5-11: In vivo degradation behavior of PTMC rapid prototyping scaffold within
rabbit as predicted by mass loss model with k,=0.00144 hr.

It is clear from Figures 5-6 and 5-7 that the geometry signal of the scaffold is
sufficient to remotely infer the mass of the scaffold without having to explant the
device, as is the traditional method for mass loss monitoring. Furthermore, there is no
need to add substances or tracers, radioactive or otherwise, to the scaffold to track the
movement of mass in the body, as is necessary for some of the other approaches to
monitoring mass loss in vivo [38, 39]. However, since the volume of an object is
proportional to its dimensions to the third power, any error in the measurement of the
geometric parameters of the scaffold will be magnified in the prediction of mass from
geometry measurements. The resolution of the imaging system must therefore be
sufficient to achieve an acceptable error in the estimation of scaffold/implant mass.
The existing imaging system was capable of estimating mass within 25% of the actual

mass as characterized by gravimetric methods. The way is now clear to begin
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applying this approach to examining the in vivo surface erosion of devices and
comparing these observed results to those obtained in simple analogs to the living

environment such as phosphate buffered saline or cell culture medium immersions.

5.6: Conclusions and Future Work

Diffraction enhanced imaging was successfully employed to visualize PLGA and PCL
devices in an imaging environment similar to that of a living body, where both the
density of the surroundings and implant are similar. Monitoring of the geometry with
time allowed the volume and hence the mass of the implant to be estimated as a
function of time. These estimates of mass agreed reasonably with the directly
measured mass loss. This data was then able to allow the estimation of the parameters
in a mass loss mathematical model. Future work will include the application of this
method to implant structures that display bulk degradation, where the initial formation
of interior voids will be the critical state employed to estimate model parameters. In
addition, the next stage in the validation of this approach for mass loss
characterization is the evaluation of a PTMC rapid prototyping fabricated scaffold in
vivo with the same imaging methodology outlined in this study. Also, the use of leave
one out cross validation for parameter estimation, with an averaging of the estimations
for the parameter k3, and the use of a smaller step-size may improve agreement

between the FE models and experiment.
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CHAPTER 6

REMOTE DETERMINATION OF STIFFNESS OF
SCAFFOLDS DURING SURFACE DEGRADATION BY
GEOMETRIC PARAMETER MEASUREMENT WITH
TIME VIA SYNCHROTRON RADIATION IMAGING®

*This chapter has been submitted as "Bawolin, N. K., Chen, X. B., 2016, Remote Determination
of Stiffness of Scaffolds During Surface Degradation by Geometric Parameter Measurement

With Time Via Synchrotron Radiation Imaging, ASME Journal of Biomechanical Engineering.”
According to the Copyright Agreement, "the authors retain the right to include the journal article,

in full or in part, in a thesis or dissertation™.

6.1: Summary

Tissue scaffolds fulfilling certain geometric requirements will display degradation behavior
known as surface erosion. If the material is sufficiently thin and/or the hydrolysis inducing
medium cannot diffuse readily into the scaffold, only the outer surface of the scaffold will be
destroyed and abolished by the surrounding liquid medium. The scaffold will therefore degrade
layer by layer, its internal volume protected from the medium by material that prevents contact
by all but the outermost layer of scaffold material with the degrading medium. When this
degradation mode dominates, the mechanical properties of the scaffold become dependent solely
on the geometry of the internal struts in the scaffold composed of the parent material. Since
geometry can be characterized successfully by synchrotron x-ray imaging, The external
observation of the scaffold in the living environment can be achieved, and from this data the
stress-strain behavior of the scaffold can be inferred.

A finite element model of tissue scaffold stress-strain behavior was updated with time with
geometry data obtained from the imaging of a degrading scaffold. Imaging as achieved in a
challenging imaging environment similar to that found in the in vivo environment. A surface

erosion model was then fitted to the experimentally observed shape of the scaffold inner
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structure. Since Polycaprolactone (PCL) scaffolds were semicrystalline, they did not display very
pronounced nonlinear behavior. A non-biodegradable but biocompatible scaffold was therefore
constructed out of a biomaterial that displayed relatively generic nonlinear behavior with initial
linear behavior, yielding, and then strain hardening. Nonlinear finite element models were then
employed to relate the image based measurements of scaffold internal strand diameter to the

complete large deformation nonlinear material behavior of a scaffold.

PCL scaffolds were degraded in an environment established to induce surface degradation. The
scaffolds were then imaged by synchrotoron radiation to characterize the geometric properties of
the scaffold with time. The internal scaffold morphology was then related to mechanical
behavior through finite element modelling. These predictions for stress-strain behavior were then
validated by compression testing of the actual scaffold. For PCL scaffolds and the nonlinear
case, the imaging data derived predictions for elastic property agreed with experiment with an R?
value of 0.9 in the z-direction, and an R? value of 0.7 in the x-y plane. In the nonlinear case
tissue scaffold models with parameters measured by imaging gave very good agreement in the z-

direction, but x-direction predictions of nonlinear behavior were only within 25% of each other.

Measurements of internal tissue scaffold geometry with time for surface eroding scaffolds were
related to the material stress-strain behavior of the scaffolds in the transverse and longitudinal
directions. Finite element models with geometric data from imaging as inputs successfully
reconstructed the stress-strain curves of the transversely isotropic scaffolds in both primary
directions. In the nonlinear case, the full stress-strain curve with yielding and strain hardening
was reconstructed from the model, but acceptable agreement between the FE model predictions
with imaging data input and the actual stress-strain curves was only achieved in the longitudinal

direction.

6.2: Introduction

Iliness and injury that results in damage or failure of organs and tissue requires for treatment a
replacement of the lost tissue/organ. The challenge of replacing damaged or diseased tissue for
the effective treatment of illness or injury has led to the proposal and development of the tissue
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scaffold with cells based tissue engineering procedure. This treatment assembles an artificial
scaffold to act as a prosthetic extracellular matrix (ECM), and seeds this construct with human
cells. Over time, the artificial ECM degrades and is absorbed and replaced by a true ECM
manufactured by the proliferating cells in the scaffold [1]. The behavior of scaffolds has been
shown to differ in the in vitro and in vivo environments [2]. The mechanical properties of the
scaffold play an important role in the behavior of a tissue engineering construct (TEC) [3], which
introduces the need for a method to characterize these properties of the scaffold during the

treatment timeframe.

In the work of Frier et al., [4] implants were degraded within a Winstar rat and then surgically
explanted after the sacrifice of the animal at various time periods during the treatment period, the
authors noted that various different animal models give different degradation behaviour. The in
vivo degradation behaviour was observed to be significantly faster than in vitro degradation with
the rat implanted sample displaying about 70% of the initial molecular weight after two weeks
while samples in vitro still retained upwards of 95% of their initial molecular weight. By 28
weeks the molecular weight of the two samples are essentially identical, indicating that both
degradation rates eventually become similar. In the work of Kenley et al., [5] implants are
incubated in vivo and in vitro and the pH of the in vitro environment is decreased until the two
rates of degradation are identical. The in vivo experiment again employed a mouse model and
involved the sacrifice of the animal and the removal of the device at certain times during the
treatment process. In [6] another in vivo study involved the direct removal and analysis of
scaffolds after implantation, and observed faster molecular weight decline in vivo than that
observed in vitro. This was speculated to be the result of metabolic waste byproducts produced
by cells encapsulating the implant, the accumulation of acidic degradation byproducts in the
vicinity of the scaffold, and by the presence of enzymes that were not present in the in vitro

degradation medium.

From the above studies, it is possible to identify some shortcomings with the methods employed
to characterize in vivo degradation. The methods in question do not allow the direct
measurement of position dependent characteristics and instead only give the overall averaged

properties of the whole scaffold. These methods also do not permit the sequential measurement
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of the same specimen which guarantees that a specific degradation environment is being
maintained. One must also consider the effect of removal and processing on the scaffold
properties before they are measured. For example, in [7] the in situ measurement of tissue
properties a significantly different measured value for mechanical properties of tissue than when
the tissue was excised and characterized in vitro. This is possibly due to the inability to perfectly
replicate the living environment outside of the body. It is also likely that living tissue displays
different behaviour than dead tissue and that the preconditioning of tissue for in vitro evaluation
changes the mechanical properties of tissue [8].

In [9] scaffolds created via solvent casting and particle leaching were implanted in rats and
removed after degradation. The scaffolds were dissolved in solvent and evaluated with Gel
Permeation Chromatography to measure their molecular weight decline with time. Some of the
scaffolds were then frozen and sectioned histologically to characterize some of the location
dependent properties of the scaffold over an eight week period. It is known that histological
sectioning of a scaffold to obtain location specific properties introduces deformations in the
scaffold due to cutting [10,11], and that the process of trying to compensate for this damage with
imaging data and computational reconstruction is not straightforward. In order to overcome these
limitations, in situ in vivo techniques have been proposed and employed to evaluate the

characteristics of scaffolds without its removal from the body.

In [12] a radioactive scaffold is implanted into a rat and allowed to degrade. The excretions of
the rat are then monitored and the radioactivity observed is related to scaffold mass loss.
Theoretically, this mass loss could then be related to molecular weight and therefore, material
properties of the scaffold with time. The drawbacks of this method are the possibility that the
tracer may influence the properties of the scaffold, radiation dosage issues, and the rather indirect
way in which the signal detected outside of the body is related to the mechanical properties of
the scaffold. In [13] fluorescent additions to the scaffold allow the optical tracking of mass
within the body of a rat. This technique has some limitations regarding allowable tissue depth

and the need to add fluorescing materials to the scaffold, possibly influencing its behaviour.
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In the work of [14] magnetic resonance is employed to measure the sound wave speed through
tissue to determine its elasticity. The limitations of this approach include the inconvenient
presence of strong magnetic fields around the subject and possible resolution restrictions due to
magnetic field strength limitations. It should be noted here that x-ray imaging could fill the same
role as magnetic resonance imaging in this method, if the data acquisition rate was sufficient to
observe the movement of sound waves through the sample. In [15,16] a method known as
photoacoustic imaging is employed to monitor a scaffold in vivo. The scaffold is rapidly heated
with electromagnetic radiation and its expansion and contraction result in sound waves which
can be measured and used to reconstruct an image of the scaffold. The intensity of the
electromagnetic radiation used to rapidly heat the scaffold in vivo is constrained by safety issues,
limiting the energy in the ultrasound wave given off by the vibrating scaffold, and therefore the
depth of tissue this signal can pass through before it is undetectable. This method therefore
suffers from significant depth and resolution limitations. It does however possess the advantage
of employing readily available instrumentation that could easily be employed in a clinical

setting.

In the work of Kim et al., [17] and Yu et al.,[18] the scaffold is deformed within a mouse by a
load externally applied to the mouse body. The deflections induced in the scaffold are then
quantified by ultrasonic measurement. Such an approach as this is subject to limitations on the
ability to apply a known force internally within the body from external loading. The resolution
and penetration depth of the ultrasonic imaging employed to characterize scaffold deformation
are also significant limitations to this method. In [19] a tissue scaffold was incubated in a
simulation of the in vivo environment and ultrasound was employed to observe the scaffold
deflection from a pulsatile fluid pressure. A pressure sensor upstream characterized the load
applied to the scaffold. While it is possible that knowledge of the initial scaffold mechanical
properties could be employed to ascertain the loading environment from initial deflection
measurements, the inability to directly measure the loading of the scaffold is a significant

limitation to this approach.

Another very popular in vivo characterization technique found in the literature is the use of x-ray

computed tomography for the assessment of scaffold geometry [20-22]. In [20] iron and ceramic
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based scaffolds for bone tissue engineering are evaluated in vivo with x ray analysis and the
absorption of the scaffolds is related to mass loss in vivo. It is unlikely that this approach will be
applicable for soft tissue engineering where the scaffold and background possess similar density.
In [21] micro-tomography is employed to track tissue scaffold morphology and tissue ingrowth
after the scaffold is removed from the in vivo environment and dried in order to give sufficient
absorption contrast to visualize the scaffold. In [22] tissue scaffolds were removed from a mouse
model after degradation, and sectioned histologically to evaluate tissue accumulation and
scaffold degradation. Dried samples were also imaged via computed x-ray tomography to
characterize scaffold degradation and tissue development. In the above studies, the limitations on
scaffold depth for in vivo visualization are significantly reduced. It is straightforward to utilize x-
ray imaging and computed tomography to evaluate scaffolds and implants that display
significantly different density than their surroundings, which usually is related to the atomic
number of the elements the scaffold material is composed of. In the case of hydroxyapatite
scaffolds, the presence of Calcium results in high contrast between soft tissue and scaffold,
similar to that observed in conventional x-ray radiography between bone and surrounding tissue.
When the scaffold has a density near that of the surroundings, imaging via x-rays with
attenuation as the only source of contrast becomes difficult. Fortunately x-ray techniques exist

which rely on more than just absorption/attenuation to generate an image.

The technique known as in-line propagation based phase contrast (IPC) relies on the dependence
of the speed of light in a material on its index of refraction. The x-ray beam enters the target with
every parallel beam of light in phase, but as they take different paths through different
thicknesses of various phases within the object being imaged, the formerly in phase waves of
light are rendered out of phase, and begin to destructively interfere. This destructive interference
leads to differences in intensity which reveal the boundaries of regions of differing refractive
index within the imaged object. Since refraction is caused by both geometry and the movement
of light from one phase to the other, as well as by density, this imaging method is capable of
visualizing scaffolds within the body, the shape of the scaffold components aiding in their
visibility to this particular imaging method [23, 24, 25,26]. The IPC method suffers from some
drawbacks. Unfortunately the optimum contrast is achieved at a specific imaging x-ray energy
and x-ray detector to sample distance. Another method that may be employed to collect
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experimental data on geometry change due to bioerosion is the diffraction enhanced imaging
method/multiple image radiography (DEI/MIR). In this method, an analyzer crystal is placed
between the beam emerging from the sample and the x ray detector. It is known from Bragg’s
law that a silicon crystal will diffract a beam of x rays at a critical angle. As this analyzer crystal
is rotated, the percentage of the x ray beam falling on its surface that is reflected by the crystal
into the detector will change [27, 28]. The ratio of incident photon count to reflected photon
count as a function of crystal angle is known as the rocking curve of the imaging system, and a

typical rocking curve is illustrated in Fig. 6-1.
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Figure 6-1: Experimentally measured rocking curve for the (3,3,3) reflection of silicone

analyzer crystal [29]

By examining the rocking curve of each pixel of the detector before and after a sample has been
placed within the beam, the absorption, refraction, and scatter of the sample can be characterized.
Absorption is just a decrease in the height of the rocking curve after the insertion of an object

into the beam, refraction causes the centre of the rocking curve to move, and scatter is an
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increase in the width of the curve. Calculating the rocking curve before and after the insertion of
the sample is accomplished by taking multiple image captures as the analyzer crystal is rotated.
The absolute minimum number of images is three, and it is usually sufficient to image at five
points along the rocking curve; i.e. at the intensities of 0.25, 0.5, and 1 on both the low angle and
high angle tails of the rocking curve. From these images, the rocking curve in each pixel of the
detector can be assembled and used to calculate a value for refraction, absorption and scatter.
These values for each pixel can then be employed to generate images based on absorption, x ray
refraction, and x ray beam spreading. Two of these images, the refraction and scatter images, do
not depend on density for contrast genration, and therefore may be used to visualize scaffolds

which have similar density to their tissue surroundings.

A new method is now developed for monitoring the mechanical proeprties of tissue scaffolds in
vivo. In the case of surface degrading scaffolds, the surface morphology of the tissue scaffold is
characterized with time with synchrotron radiation based imaging. In particular the phase
contrast imaging method employed is multiple image radiography/ diffraction enhanced imaging
(MIR/DEIL), and propagation based in line phase contrast imaging (PCI). The characterized
changing morphology of the scaffold is then related to its mechanical properties with finite
element modelling. This new approach allows the full stress strain curve of the scaffold to be
inferred indirectly in situ without its removal from the body. This proposed method is an
improvement over existing state of the art in the following ways; 1) it places very little restriction
on the location of the scaffold since the energy of the photons used for imaging is very high, and
2) it does not require the scaffold and the surroundings to have significantly different absorption
contrast as is required in micro-CT, and 3) it is able to monitor seperately the supporting surface

degrading skeleton in a hybrid tissue scaffold and the cell bearing hydrogel phase.

In this study, the phase contrast and diffraction enhanced imaging methods are utilized to
observe the morphology of a surface degrading scaffold, and these imaging characterized
geometric parameters are then mapped to predictions for the elastic property and nonlinear
stress-strain curve of the scaffold with time. The elastic property and stress-strain behavior as
estimated from imaging and numerical modelling is then validated by direct experimental

measurement via stress strain testing.
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6.3: Methods

6.3.1: Material and Degradation Medium

While ultimately the material used in the creation of skeletal frameworks for hybrid
polymer/hydrogel TECs will be a material that displays surface degradation in an aqueous
medium, such as the Polyanhydride or Polytrimethylene Carbonate family of biomaterials, the
material chosen in this study is the same as in [30], the Polycaprolactone/NaOH system. Since
Polycaprolactone (PCL) is a brittle material and displays linear stress-strain behavior, a material
that exhibits nonlinear behavior known as FullCure720 was chosen for the experiment to
demonstrate the inference of nonlinear scaffold behavior from imaging measured geometric
parameters. The PCL scaffolds were immersed in a 5M solution of NaOH and incubated at 55°C
for 45 hours for the evaluation of degradation from imaging data. PCL scaffolds were removed at
0, 5, 10, 15, 20, 25, 30, 35, 40, and 45 hours, and then rinsed with deionized water.

6.3.2: Scaffold Fabrication

Polycaprolactone (M, of 80,000 Daltons) was purchased from Sigma Aldrich and fashioned into
three dimensional porous scaffolds via an Envisiontech bioplotter rapid prototyping machine.
This device consists of a Cartesian actuator with an end effector which consists of a molten
polymer reservoir and an extrusion needle. The molten polymer is extruded through the needle
and employed to construct the three dimensional tissue scaffold layer by layer. The scaffolds
were 4 X 4 x 4 mm cubes with an initial strand diameter of 424 + um and a strand spacing of
800 + um. The scaffold and the coordinate system employed for material property directions is

shown in Fig. 6-2.
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Figure 6-2: PCL tissue scaffold a) and b) coordinate system utilized

In order to characterize the stress strain behaviour of PCL directly, to provide input to the FE
scaffold model, three solid cubes of PCL with 1 cm length sides were also fabricated using the
bioplotter. In order to test the estimation of material properties from x-ray imaging in the
material and geometric nonlinear case, compression samples of FullCure720 tissue scaffold
material and full tissue scaffold samples were assembled using a Polyjet rapid prototyping
machine. The FullCure720 scaffolds had a strand diameter of 348 + 44.9 um and a strand
spacing of 892 £+ um.

6.3.3: Imaging

The imaging for this study was performed at the Canadian Light Source Biomedical Imaging and
Therapy Beamline (BMIT). Phase contrast imaging (PCI) was performed with a bend magnet
source at an energy of 20 KeV, with the detector positioned 35 cm from the sample, while
diffraction enhanced imaging (DEI) was performed at a photon energy of 40 keV. The samples
were immersed in a water/detergent mixture, with the detergent added to eliminate the formation
of bubbles on the scaffolds. This approximation of the living environment caused the scaffold to
be indistinguishable from the background when employing conventional x-ray imaging, which
was simulated by reducing the distance between the detector and sample to less than 3 cm. Even

in this case, the quality of imaging exceeds that of a conventional x-ray tube due to the unique
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characteristics (superior photon intensity and collimation) of the synchrotron x-ray source. Once
imaging was complete, the software ImageJ was employed to measure the average scaffold strut
diameter with time. Distances in the images were determined by pixel count, with the conversion
factor between distance in um and pixel number determined by measuring a known geometric

parameter. In this case it was the known strand spacing of 800 um. Examples of PCI and DEI

images acquired during this study are shown in Fig. 6-3.

Figure 6-3: a) DEI image of scaffold and b) PCI image of scaffold

6.3.4: Differential Scanning Calorimetry

Surface degrading scaffolds display a thin degradation zone near the surface of the scaffold
material that is exposed to the degradation medium. While it is expected that the crystallinity of
the bulk scaffold material will remain constant during the degradation process, it was necessary
to confirm this assumption and ensure that crystallinity change would not have a significant
effect on scaffold surface degradation. The scaffold crystallinity was evaluated by differential
scanning calorimetry (DSC), with a specific enthalpy of 81.6 J/g [31] for a fully crystalline

sample. The heating history of the samples was a steady rise in temperature at a rate of
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10°C/min. from room temperature to 100°C. The transition of the crystalline phase to a fully

amorphous state occurred at about 60°C.

6.3.5: Compressive Testing

An Instron 4505 test instrument was employed to compress the PCL and FullCure720 scaffolds
at a strain rate of 10 mm/minute. Three scaffold samples of each type were tested. To capture the
transversely isotropic stiffness parameters of the scaffolds, they were tested along both the z-axis
and along the x-axis, as defined in Fig. 6-2. In order to determine the mechanical properties of
the nonporous scaffold bulk material, solid blocks of PCL and FullCure720 were assembled with
the Envisiontech bioplotter and subjected to a load displacement test at a crosshead speed of 10

mm/minute.

6.3.6: Finite Element Modelling

Tissue scaffolds are very complex heterogeneous composite materials that possesses several
structural levels. For example, at the smallest length scale, the scaffold consists of individual
polymer chains. At the next higher structural level, the amorphous randomly oriented polymer
chains and the crystalline folded chains are arranged in a specific microstructure. This spherulitic

structure of the semicrystalline polymer is shown in Fig. 6-4, as imaged by optical microscopy.

146



Figure 6-4: Spherulite microstructure of tissue scaffold material PCL

Following the semicrystalline structure of the scaffold bulk material in length scale, there is then
the porous scaffold structure itself, and finally, at the largest lengthscale, is the entire scaffold
body, contoured to fit the wound area. Ideally, a finite element model of the scaffold would be
able to encompass all of the length scales in the scaffold and model every structural detail, no
matter how minute, in a single finite element model, but computational limitations make this
approach difficult. A way around this difficulty is to represent each structural level as its own
model and find the effective properties for each structural level. Each structural level can then be
regarded as an equivalent homogeneous material. The model of the next structural level can then
consider the previous structural level as a simplified homogeneous material and not include all of
the geometric and material property details of the previous structural level. To accomplish this
homogenization, a representative volume (RV) of the scaffold was modelled in ANSYS with
periodic deflection boundary conditions and subjected to a computational load displacement test.
An image of this finite element model for a single pore of the rapid prototyping scaffold is
illustrated in Fig. 6-5.
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Figure 6-5: Finite element model of an isolated individual tissue scaffold pore

Periodic deflection boundary conditions were established in ANSYS by writing a script in the
APDL language to force the deflections of corresponding nodes on opposite sides of the RV to
be identical. The volume averaged strain and stress at each strain load-step in the RV were

calculated by the following expressions [32];

S :lj'sijdv (6.1)
V \%

T, =3jTu.dv (6.2)
V \

where S_ij is the average strain in the RV, fl is the average stress in the RV, and V is the RV

volume.

In the following manner a theoretical prediction for the stress strain curve of the scaffold was

created. At each time step, the model was run three times with increasing element number, and
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the prediction at an infinite number of elements was extrapolated using the Scalar Epsilon
Algorithm of Wynn [33]. In order to evaluate the mesh quality of the finite element model,
convergence and mesh refinement studies were conducted. The model predictions were plotted
with respect to increasing element number, and the convergence of the solution was considered.
The results of this study are shown in Fig. 6-6, and it is apparent that the model predictions are

converging.
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Figure 6-6: Convergence of FE predictions for stiffness

Similarly, the influence of a refined mesh at suspected points of stress concentration on model
predictions was considered. Mesh refinement Increases the number of elements in regions
suspected of displaying rapidly changing stress values, in order to more accurately capture the
actual mechanical behavior of the scaffold. In Fig. 6-7, the effect of mesh refinement is

illustrated.
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Figure 6-7: Mesh refinement effect on Young Modulus predictions

This observed behavior of the model suggests that the modelled microstructure of the scaffold
pores does not concentrate stress sufficiently to require an exceptionally fine mesh to accurately

represent the stress distribution.

6.4: Results

6.4.1: Differential Scanning Calorimetry

As expected, the crystallinity of the PCL scaffold material remained the same within
experimental error during the entire 45 hour long degradation period. Before the start of
degradation the crystallinity of the PCL scaffolds was 49.1 + 2.9%, and at 45 hours the
crystallinity was 44.9 + 2.7%. As expected, changes to the Young Modulus of the scaffold are
therefore singularly the result of geometry changes, with negligible contribution from changes in
the bulk crystallinity or molecular weight of the scaffold material. These results are presented in
Fig. 6-8.
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Figure 6-8: Crystallinity of PCL scaffolds with time

6.4.2: Compressive Testing
The following stress strain curves were observed for the PCL and FullCure720 bulk materials.
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Figure 6-9: Stress-strain curves of PCL
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Figure 6-10: Stress-strain curves of FullCure720 material

It is observed that the semicrystalline polymer PCL displays brittle behavior, while the

FullCure720 material yields and then experiences strain hardening. The PCL scaffolds are

expected to therefore display essentially linear stress-strain behavior, while the FullCure720

scaffolds will have a nonlinear stress strain curve. The stress-strain curves of the FullCure720

and PCL scaffolds are presented in Fig. 6-11.
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Stress Strain Behavior of PCL and FullCure720 Scaffolds
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Figure 6-11: Stress-strain behavior of PCL and FullCure720 scaffolds

6.4.3: Imaging and Scaffold Elastic Property Estimation
The following geometric changes in the average strut diameter of the PCL scaffolds were

observed with time and are presented in Fig. 6-12.
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Figure 6-12: Observed geometry of scaffold changing with time

These observed changes to the diameter/radius of the tissue scaffold’s strands (struts) were
entered in the finite element model of the scaffold’s stiffness properties, yielding predictions for
the scaffold properties with time. These predictions of stiffness were then compared to actual
direct measurement of the scaffold stress-strain curve via compressive load-deflection testing.

These results are illustrated in Figures 6-13 and 6-14.
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Figure 6-13: Comparison between theoretical Young Modulus from imaging data and FE
analysis and direct mechanical testing of stiffness for the scaffold stiffness along the x-
direction
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Figure 6-14: Comparison between theoretical Young Modulus from imaging data and FE
analysis and direct mechanical testing of stiffness for the scaffold stiffness along the z-

direction.

The R? values of image and FE analysis derived stiffness and the actual material testing
measurements of scaffold stiffness are R?=0.746 for elastic properties in the Z-direction, and
R?=0.885 for elastic properties in the X-direction. The actual elastic properties of the scaffold

were estimated with acceptable accuracy by the use of imaging data and FE modelling.

6.4.4: Nonlinear Stress Strain Behaviour from Imaging

The strand diameter of the FullCure720 tissue scaffolds were measured to be 348 £ 44.9 um. A
finite element model of the FullCure720 scaffolds with 27 unit cells, 85,524 Solid95 elements,
and periodic large deflection boundary conditions was then executed in ANSYS to predict the
nonlinear stress-strain behavior of the scaffolds in the longitudinal and transverse directions.
This predicted behavior was then compared to that given by stress-strain testing. These results
are presented in Fig. 6-15. The R? value of FE model predictions to experimental nonlinear
stress-strain behavior in the Z-direction was 0.929. The FE model therefore gives acceptable
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agreement between theory and experiment when predicting scaffold stress strain curves in the Z-

direction.
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Figure 6-15: Comparison of predictions of nonlinear FE model with imaging data derived

geometry and experimental results from stress-strain test

6.5: Discussion and Future Work

The morphology changes of tissue scaffolds with time were monitored remotely by synchrotron
imaging and employed as the input of finite element models to give estimates for the effective
stiffness of a tissue scaffold experiencing surface erosion/degradation. Planar two dimensional
images of tissue scaffolds were taken in a challenging environment similar to that encountered in
vivo, and with the assumption that surface degradation was uniform throughout the scaffold, the
average diameter of the scaffold’s strands was measured. From these direct measurements of
geometry, the scaffold elasticity was estimated by numerical modelling of the scaffold with time

dependent known geometric parameters. The model estimates for elasticity of the scaffold with
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time were then compared to direct experimental measurement of the scaffold elasticity. In this
way it was demonstrated that the remote measurement of a parameter that can be characterized
while a scaffold is within the living environment could be combined with mathematical

modelling to estimate a tissue scaffold quality that cannot always be measured directly in vivo.

This preliminary study utilized planar two dimensional imaging only. While this limits the dose
necessary to characterize the tissue scaffold geometric changes, it also assumes that surface
degradation is uniform throughout the entire porous scaffold structure. Full three dimensional
computed tomography (CT) image reconstruction would give a more powerful measurement of
what parts of the scaffold still remain and contribute to its overall effective mechanical properties
at any given time-point during scaffold degradation. In addition, in some cases of surface
degradation, an intermediate region sheaths the fully undegraded component of the scaffold. The
dimensions of this region, its contribution to the mechanical properties, and whether this region
can be identified via a DEI or absorption based signature should be considered in future studies.
In addition, future studies should also focus on the imaging of the second phase of the scaffold,
the cell bearing hydrogel. The volume fraction occupied by tissue in this phase may be estimated
by imaging and employed to predict the mechanical properties of this part of the scaffold with

time as well.

6.6: Conclusions

Current state of the art hydrogel scaffolds for cartilage engineering do not possess ideal
mechanical properties for this application. One possible way to enhance the mechanical
properties of these scaffold types is the hybrid scaffold approach where a polymeric skeletal
structure provides the mechanical support necessary to temporarily replace and provide the
functionality of cartilage, while a separate hydrogel component of the scaffold provides the
biocompatible ideal environment for regenerating cartilage tissue. In this way, the design of the
biological and structural components of the scaffold are decoupled from each other and may be
altered to suit a wide range of values without influencing or interacting with the performance of
each other. Furthermore, surface degrading scaffolds are of interest because of their simple

straightforward degradation behavior and the fact that the changing geometry of such scaffolds

159



can be visualized through in vivo imaging methods. In this study, a tissue scaffold material, with
a limited diffusion rate in relation to the degradation medium, experienced hydrolytic surface
degradation with time, and were imaged at specific time points during the degradation period.
From this geometric data, which can be measured in very challenging imaging environments
where the surroundings and target are of the same or nearly the same density, estimates for the
stiffness property of the scaffolds with time were made. These estimates were then validated by
an alternative method of scaffold Young Modulus characterization, clearly demonstrating a
viable method for in vivo prediction of scaffold stiffness from characterized scaffold geometry.
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CHAPTER 7

GENERAL DISCUSSION

Organ failure currently does not have an ideal medical amelioration. While donor organs may in
some cases be available, current state of the art requires immunosuppressive drug therapies to

control the tendency of the body to reject donor tissue as foreign. A wide variety of medical and
engineering efforts have been directed at this particular problem, and one of the most promising
methods that may in the future yield fully functional organs derived from a patient’s own cells is

called scaffold based tissue engineering.

The mechanical properties of the tissue engineering construct play a vital role in its proper
behavior during the treatment time period. In some treatment approaches, the scaffold will be
immediately implanted after cell seeding, and will be required to provisionally fulfill the
mechanical function of the tissue it is replacing for a time. In situations where the scaffold is pre-
treated by a period of in vitro incubation, the seeded cells within the scaffold may require
mechanical signals to achieve the desired cell behavior, which the scaffold must successfully
endure at all times during its time in the bioreactor. If the scaffold is permanently deformed
under its operational loading environment, it is considered to have failed. Likewise, a scaffold
experiencing unacceptable magnitudes of deformation or possibly fracture/breakage during the
treatment period must be redesigned to eliminate this unacceptable performance. It is also known
that the mechanical stimulation given by a cell’s surroundings will have an effect on the behavior
of those cells, so the mechanical properties of a scaffold will strongly influence the local
mechanical environment experienced by the cells, which will influence their metabolic and
differentiation behavior. All of the above issues highlight the necessity to design scaffolds with

controllable and known mechanical properties and time dependent behavior.

While the design of scaffolds can theoretically be achieved by an unguided random approach
consisting of a vast number of experiments both in vivo and in vitro to determine the influence of
the vast number of existing scaffold design parameters on the scaffold’s ultimate success at
inducing tissue and organ regeneration, such a process would involve such a vast amount of

direct experimentation that it is for all intents and purposes an impractical proposition. The
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performance of the scaffold must be quantified in the form of validated mathematical models and
these models used to guide the design process and identify promising candidate designs from the

enormous number of possibilities.

There are two broad research issues of significance that can be readily identified. The first is the
creation of an acceptable mathematical model of scaffold behavior at both a single specific
instant in time and as a function of time within the body. The mechanical properties that are of
interest must be identified and then a time independent model of the scaffold must be created.
This model’s time dependent parameters must then themselves be represented as time dependent
mathematical models to consider the growth of new tissue and the degradation of the scaffold.
Once this mathematical model is created, its parameters must be determined from experimental
evidence, which raises an interesting problem. The behavior of the scaffold within the body does
not conform to the behavior of the scaffold under simple tabletop degradation environments.
This means that in vivo experimentation will be necessary to fully capture and model the true
behavior of the scaffold in its full design environment. This leads to the question of how to
obtain appropriate experimental in vivo evidence to estimate the parameters in the model of
scaffold performance.

The research objectives of this thesis were twofold; 1) to thoroughly model the time independent
and dependent elastic property of a tissue scaffold for bone tissue engineering, with an emphasis
on the composite nature of this scaffold, and 2) following this, to consider and validate various
methods for collecting experimental data in vivo for parameter estimation. For a rapid
prototyping manufactured Hydroxyapatite/Polycaprolactone tissue scaffold suitable for bone
tissue engineering applications, absent any regenerating tissue, the parameter controlling
hydrolysis based degradation was estimated to be ki1 =0.00019 h™‘from experimental stress-strain
test measurements of scaffold stiffness with time. The parameter controlling self-catalyzing
hydrolysis was found to be k2 = 0.0011 h™* mm? /mole. With these identified parameters the
mathematical model of degradation was able to accurately predict the time dependent stiffness
parameter of the scaffold when the scaffold geometry was changed. Specifically, an independent
set of scaffolds with unique geometry parameters were degraded over time, and the time

dependent measurements of their modulus were employed to estimate the parameters in a model
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of scaffold degradation. This model with now estimated known parameters was then validated by
employing it to model the degradation of a scaffold with a different strand spacing and diameter.
The coefficient of determination R? was calculated to evaluate the model’s agreement with
experimental evidence. The calculated value of R?=0.77 between model and experiment
indicates that the model is able to predict the modulus of the scaffold with time with acceptable
accuracy. The success of the model in simulating the behavior of this new set of scaffolds
indicates that the model is valid for any rapid prototyping scaffold composed of the same
material in the same degradation environment that has individual layers oriented 90 ° to each
other. The model is able to consider the changes to degradation rate induced by different strand
spacing and strand diameter. This research demonstrates that if the scaffold stiffness is
experimentally known with time for a single geometry, this data can be used to estimate the
parameters in a degradation model and be used to predict scaffold behavior for different model
geometry parameters. It is strongly inferred from this work that if an in vivo method can be
employed to measure the scaffold properties with time, a model can be created that will be a
useful design tool and allow the degradation of other scaffold geometries to be accurately
modelled.

In order to model the actual in vivo behavior of scaffolds in the human living environment, the
scaffold will need to be monitored with time. Conventional methods for this characterization that
involve the use of potentially dangerous radioactive tracers or fluorescing dyes that can possibly
change the nature of the scaffold are not ideal, and the current practice of removing the scaffold
at various time points surgically is not possible in a clinical setting with human patients. When
the scaffold is outside of the body before transplantation, it is possible to fully characterize the
linear and nonlinear scaffold stress-strain behavior and relate it to scaffold geometry parameters
and the chemical parameters of the tissue scaffold material like its molecular weight. With the
relationship of these parameters to scaffold mechanical performance well known, the ability to
measure just a single property like geometry and elastic modulus in vivo allows, through a
mathematical model, the prediction of a wide range of scaffold properties such as its molecular
weight, and nonlinear stress-strain behavior. With this understanding, a method was then sought

to remotely characterize the tissue scaffold with time inside the body.
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The idea of ultrasound based remote deformation of the scaffold by ultrasonic radiation forces
and deflection characterization by x-ray imaging was explored as a possible way to measure the
elastic property of the scaffold, predict its molecular weight with time, and estimate its nonlinear
behavior from this chemical parameter. In this proposed approach to scaffold characterization
within the body, a source of acoustical energy results in a steady state force on the scaffold,
causing its deformation. These deflections, in turn, are identified and their magnitudes
characterized by comparing x-ray images of the scaffold in both the initial and deformed
configuration. From these deflections and an understanding of the load being exerted on the
scaffold, the material properties can be determined. To the author’s best knowledge this is the
first example of deflection measurement by diffraction enhanced x-ray imaging or propagation
based phase contrast imaging being combined with ultrasonic remote palpitation to determine the
moduli and Poisson ratios of a tissue scaffold. The scaffold moduli were determined to be 412 +
97 KPa in the transverse direction and 310 + 65 KPa in the longitudinal direction, which were

within 12% of the values measured by compressive testing of the scaffold.

The allowable intensity of ultrasound within the body is limited by tissue heating constraints,
which limit the magnitude of ultrasonic force that can be safely applied to the scaffold in vivo.
The deflection of scaffolds exceeding certain stiffness will become very difficult to detect using
conventional image analysis techniques like square sum of errors. The use of periodic structural
components of the scaffold and Fourier analysis of transverse samples of images before and after
deformation shows promise as a way to detect sub-pixel sized scaffold deflections. This method
was successfully demonstrated, and accurately measured the known moduli of the scaffold from
deflection under a steady state ultrasonic radiation force. Furthermore, it was determined that
only a single unique loading condition is required to find a unique and stable estimate for the
properties of a transversely isotropic scaffold, and that three unique loading conditions are able
to estimate the properties of a fully orthotropic scaffold. It now should be possible to utilize this

method in the study of scaffold degradation in vivo.

While it is possible that stiffness measurements of the scaffold can be related to molecular
weight decline and therefore mass loss, there is a more direct way to evaluate mass loss in vivo if

the scaffold is displaying primarily surface erosion degradation behavior. The outward geometry
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of scaffolds and implants that display surface degradation can be visualized within the body
without implant/scaffold removal. This suggests that imaging data can be employed to estimate
the parameters in surface degradation models so that they can represent the behavior of the
scaffold in vivo. To demonstrate this in vivo monitoring method, tissue scaffolds were subjected
to surface degradation and their geometries imaged with time during the degradation process.
Scaffold mass and stiffness were inferred from imaged geometry and models, and these
inferences were then validated by directly measuring the weight and load displacement behavior
of the scaffolds with time. A proof of concept experiment also demonstrated the inference of the
nonlinear stress-strain behavior of the scaffold from imaging based geometry characterization.
Taking a representative sample of scaffold locations and imaging strand diameter to find an
average value for the whole scaffold allowed mass and modulus to be estimated within 20% of
the actual values. Full reconstruction of the stress-strain curve of a scaffold from imaging data
was accomplished, with the experimentally characterized behavior within 25% of the Finite
Element model with imaging acquired geometry data. Full three dimensional computed
tomography reconstruction would allow both estimates of mass loss and mechanical
characteristics to be improved in the future. The model of surface degradation had one unknown
parameter ki, which was estimated from imaging data to be 3.74 hr* for a Polylactic Glycolic
Acid cylinder, and 0.28 hr-*for a rapid prototyping method manufactured tissue scaffold

composed of Polycaprolactone.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

Many illnesses and injuries will remain untreatable unless a way is discovered to either
regenerate lost tissues and organs or replace them with manmade equivalents. The seeding of
cells onto biocompatible biodegradable extracellular matrix analogs is a promising method for
achieving this end. Modelling, in as much detail as is required, the scaffold behavior and its
degradation would help in the design of improved scaffolds. Of special importance are the
complexities associated with degradation with a complex environment like the body as opposed
to what is generally seen in basic salt water pH controlled surroundings or even cell culture

medium.

The research in this thesis can be broadly separated into two categories; 1) modelling of tissue
scaffolds, and 2) the design of in vivo experiments. In the modelling component of this research,
models for the degradation of tissue scaffolds experiencing bulk degradation and surface erosion
were created encompassing specific degradation environments and scaffold materials. In the case
of bulk degradation, the model developed is unique in that it includes most of the structural
levels of the tissue scaffold in question as well as the influence of manufacturing such as the
plasticization of the scaffold caused by solvent residue. In the case of surface erosion, the model
IS unique since it considers an accelerated degradation environment that can be related to the
actual degradation of a realistic scaffold in future work. In the second part of this research, the
design of in vivo monitoring techniques was considered in an attempt to find creative ways to
possibly follow degradation in the body with in vivo imaging and characterization techniques. A
novel method was developed which utilizes x-ray deflection characterization along with
ultrasonic remote palpitation and finite element modelling with regularization to characterize the
transversely isotropic linear elastic properties of a scaffold remotely in a challenging imaging
environment where the scaffold and the surrounding medium had almost identical absorption
contrast. In addition, the morphology of a scaffold characterized in a simulation of the in vivo
environment was successfully able to predict the linear and nonlinear stress-strain behavior of an

anisotropic scaffold and its mass loss. This information was then successfully employed to
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estimate the parameters of surface degradation models, which then were able to with reasonable

accuracy predict the mass loss and stress-strain behavior of the scaffold with time.

Future work can be divided into two broad categories; 1) the modelling of more complex
scaffold geometries and materials with the inclusion of the tissue in the mechanical model and
the consideration of large deflections and nonlinear and strain rate dependent material properties,
and 2) the consideration of other signals that may be present in degrading tissue scaffolds that
can be detected in vivo and utilized to estimate the parameters of mathematical degradation
models.

Polymeric biomaterials consist of multiple benign biocompatible monomers bound together into
large long chain molecules. These molecules interact with each other in polymer chain networks
to give the large scale mechanical properties of polymeric biomaterials. In the case of semi-
crystalline materials these polymer chains form into amorphous disordered and ordered
crystalline regions, which then form into the well-known spherulite microstructure. The
reinforcement of biocompatible polymers with material property enhancing composite particle
phases should consider the interaction of the inclusions with the matrix and also model the
influence of reinforcing particle size distribution and shape on the properties of the scaffold
composite biomaterial. In addition, future work should consider the dynamic properties of the
tissue scaffold as well with the aim of matching those found in the natural tissue being replaced
or repaired. These intricacies were not considered in the current work, but will need to be
considered for more complex and detailed future scaffold design.

As to signals that may be of interest as possible ways to characterize scaffolds in vivo, the
formation of internal voids due to trapped acidic degradation by-products in bulk degrading
scaffolds should be visible via synchrotron imaging, and the onset of this stage of degradation
would allow the estimation of the parameters in a finite element model of scaffold to be tuned
until the models displayed behavior like that observed in experiment. In addition, the wave speed
of ultrasound through tissue is directly related to the speed of sound in the scaffold. An imaging

system capable of collecting data at a frame-rate sufficient to capture the motion of the sound
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wave through the scaffold could characterize the speed of sound in the scaffold, and from this

measure its modulus.

In addition, the above mentioned methods of diffraction enhanced imaging and the Fourier
analysis of moving periodic structures to detect deflection have as a weakness the fact that the
noise produced in the living environment by blood circulation, heart rate and respiration will
overwhelm any in vivo signal. Motion detecting methodologies will need to be employed pixel
by pixel, to detect movement and move pixels back to their original locations in the image, in
order to filter out the effect of target motion from ordinary everyday biological processes.
Alternatively, the possibility exists of employing new techniques in the field of suspended
animation, where the test animal would be cooled and its blood temporarily replaced with
cryogenic saline. In this state, there would be a window of opportunity of a few hours in which to
image the animal and palpitate the scaffold remotely with ultrasound and detect faint deflections

without any interference from blood flow, diaphragm movement, or a heartbeat.
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