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ABSTRACT

Delayed fracture healing is the improper healing of fractures within a reasonable amount of time
and is estimated to impact a sixth of all fractures that occur annually in the United States®. While blood-
and imaging-based bone turnover biomarkers have been thoroughly investigated throughout the healing
process of bone, there is still a lack of understanding on how well these biomarkers can predict union in
individual patients. Although conventional radiography is the most common clinical practice for assessing
bone healing progression, this imaging technique—as well as the other imaging methods used—fails to
discern the in vivo mechanical environment of bone, and therefore the likeliness of union or nonunion.
There is a need to identify mechanical biomarkers that could better differentiate between patients who
undergo typical healing progression versus delayed fracture healing. In order to identify these
mechanical biomarkers, a 3D in vitro cell culture platform that recapitulates the micromechanical
environment must be developed and tested. Success of this in vitro platform relies on the generation of
rigorous testing protocols for assessing stiffness and fluid flow within this organoid system. This study
aims to develop an experimental and computational pipeline for mechanically characterizing 3D printed
(3DP) scaffolds—Voronoi, IsoTruss, and Truncated Octahedron (TO) geometries—that will be the
foundation for future studies to explore patient-specific mechanical biomarkers in these bone tissue

engineered scaffolds

A dynamic mechanical analysis (DMA) strain sweep was performed on the scaffolds (n=6 for 4-

and 7-day 3T3 fibroblast seeded Voronoi and TO scaffolds, n=4 for 4- and 7-day seeded IsoTruss scaffolds,



n=3 for 4- and 7-day soaked controls for each geometry) to measure storage modulus, loss modulus, and
the damping coefficient. The Voronoi geometry increased significantly in storage modulus when seeded
for seven days compared to four days (p=0.0293). There was also an overall significant decrease in
stiffness when the scaffolds were seeded versus non-seeded (p<<0.001). Dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) was performed to produce fluid flow experimental validation
data, and this provided insights on the micromechanical environment of the IsoTruss scaffold that were
consistent with the computational fluid dynamics (CFD) simulation model. The CFD model was used to
calculate wall shear stresses (WSS) for various inlet velocities (0.05, 0.10, 0.15, 0.20, and 0.25 mm/s),

with 0.15 mm/s producing WSS best within the range of extracellular matrix formation.

DMA, DCE-MRI, and CFD all confirmed mechanical characteristics of the IsoTruss geometry that
were unique to its specific micromechanical architecture. Out of all scaffolds tested, the IsoTruss
geometry achieved the maximum (3.47 MPa) and minimum (0.0631 MPa) storage modulus. The
computational analysis pipeline revealed that the patterns observed in the DMA experiments could be
caused by buckling due to the fourteen-strut intersections and printing infidelity issue related to the
IsoTruss geometry. The protocol developed herein for the experimental and computational analyses
done on the scaffolds in this thesis will be used in the future on bone organoids to study individualized

fracture healing.
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GENERAL AUDIENCE ABSTRACT

Delayed fracture healing and nonunion are prevalent clinical complications with devastating
impacts on patient quality of life. The current clinical methods for evaluating bone healing fail to discern
the in vivo mechanical environment of bone, and therefore the likeliness of union or nonunion. There is
a need to identify mechanical biomarkers that could better differentiate between patients who undergo
typical healing progression versus delayed fracture healing. In order to identify these mechanical
biomarkers, a 3D in vitro cell culture platform that recapitulates the micromechanical environment must
be developed and tested. This study aims to develop an experimental and computational pipeline for
mechanically characterizing 3D printed (3DP) scaffolds—Voronoi, IsoTruss, and Truncated Octahedron
(TO) geometries— that will be the foundation for future studies to explore fracture healing on an
individual, patient-specific level. For experimental characterization, a dynamic mechanical analysis was
performed on the scaffolds to measure stiffness and the rate of energy storage and dissipation. Dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI) and a computational fluid dynamics (CFD)
simulation were conducted to characterize the internal stresses on the scaffolds and optimize them for
bone material generation. DMA testing revealed that the Voronoi geometry increased significantly in
storage modulus when seeded for seven days compared to four days. DMA, DCE-MRI, and CFD all
confirmed mechanical characteristics of the IsoTruss geometry that were unique to its specific

micromechanical architecture.
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Chapter 1: Introduction

1.1 Introduction and Background
Nonunion or delayed fracture healing is a prevalent clinical complication with a devastating

impact on patient quality of life. Bone fracture occurs when applied loading causes the bone to break,
and delayed fracture healing is when the fracture does not heal properly or completely within a
reasonable timeframe (> 2-3 months). The extreme of delayed fracture healing is called non-union, when
boney union fails to occur. These are challenging injuries to treat and lead to significant financial burden
and reduced quality of life for the patient®3. An estimated 5 to 10 percent of all fractures that occur each
year in the United States exhibit delayed fracture healing, with one sixth of those resulting in nonunion®.
There are several factors that can contribute to non-union, such as the age, lifestyle, and health of the
patient, as well as the location, severity, and type of fracture®. As such, identifying patients at risk of

delayed fracture healing or nonunion is a significant challenge.

Clinically, bone healing is assessed using medical imaging, typically x-ray or computed
tomography, and blood biomarkers that give systemic characterization on bone turnover. Bone-turnover
biomarkers such as procollagen type | N-terminal propeptide (PINP), procollagen type | C-terminal
propeptide (PICP), osteocalcin, and alkaline phosphate are well-understood to represent bone
formation®; however, there is not widespread agreement over how these biomarker levels predict
nonunion®. Several studies indicate how biomarkers predict the individual likelihood of bone fracture,
but not bone healing’. Given the complexity of bone healing, links to the immune response, levels of
trauma, and delay of care have been made to healing outcome®, Existing biomarkers for healing
progression and imaging modalities fail to discern which patients experience delayed fracture healing

or proceed to nonunion. Current detection strategies such as radiolucency in planar x-rays and reported

1



pain by the patients do not account for the in vivo mechanical environment®°, though studies have also
shown a positive relationship between mechanical loading and bone healing!"*2. Current preclinical
models for bone fracture healing rely on 2D cell culture and animal experiments, each with their own
limitations regarding translation to patients®3. 3D tissue culture systems such as organoids and 3D-cell
culture models provide an in vitro tissue culture platform that allow for the prolonged study of human
cells in an environment that mimics conditions in which tissue operates inside of the body*. Before
addressing this need for a better system to research fracture healing on an individual patient level, we
must first have a method for mechanically evaluating the 3DP scaffolds that will be the basis for the bone

organoid.

1.2 Motivation
The purpose of this study is to develop an experimental and computational pipeline for

characterizing patient-specific mechanical biomarkers that indicate individual healing capacity using 3DP
bone cell culture models. In order to progress with these 3DP scaffolds as a tool to study fracture
healing, we must be able to evaluate their ability to recapitulate healing bone mechanical properties and
the bone micromechanical niche. As such, we need an experimental and computational analysis pipeline
capable of high-throughput evaluation of the stiffness of full scaffolds as well as the micromechanical

stresses within the internal structures induced during static and perfusion culture.

Experimental Pipeline

Dynamic mechanical analysis (DMA) is a method used to characterize the mechanical properties
(storage modulus, loss modulus, and damping) of materials through cyclic loading. We do not currently
have a procedure in place for testing 3D printed scaffolds, nor have we collected or analyzed preliminary
data. These are important measurements because they will tell us how the cell seeding process is

impacting scaffold stiffness and enable us to measure changes in scaffold stiffness over time that may be
2



reflective of extracellular matrix formation (i.e. the formation of osteoid). We will also use the measured
storage modulus to compare the stiffness of the scaffolds throughout the seeding and cell culture

processes to healing trabecular bone.

Computational Pipeline

The computational side of my thesis is motivated by the need for optimization of our perfusion
culture conditions for the scaffolds in future studies utilizing fixed flow rate bioreactors. This system of
perfusion cell culture will require decisions to be made on inlet velocity of media that can first be
evaluated via computational fluid dynamics (CFD) modeling. Characterization of the micromechanical
environment within our target scaffold geometries has not yet been performed. Using CFD modeling, our
goal is to compare the internal stresses acting on the structure at different flow rates to known stresses
that encourage the development of extracellular matrix in other in vitro studies. Through this
computational pipeline we will have a way of mapping the velocity and direction of fluid flow to calculate
wall shear stresses and inform perfusion bioreactor decisions. Before performing long term perfusion
culture with human cells, it is important to understand the micromechanical environment of our target

scaffold geometries under review.

As previously discussed, the larger societal issue of delayed fracture healing and nonunion are
significant medical problems. By creating an experimental and computational pipeline for evaluating 3DP
bone organoid structure and micromechanical environment within a perfusion bioreactor system, future
studies can be performed using patient primary cells to better understand non-union progression and
improve treatment plans in human patients. | am highly motivated by the potential for this research to

allow for the further study of mechano-regulation in fracture healing.



1.3 Introduction of Aims and Hypothesis

1.3.1Am1
My first aim is to characterize cell proliferation and progression of extracellular matrix (ECM)

formation and maturation using dynamic mechanical analysis (DMA).

Hypothesis: Pore size, microarchitecture of 3DP bone scaffolds, and days seeded will mediate mechanical

properties determined via DMA.

Approaches and Outcomes: The three scaffold geometries (Fig 1.1, 10mm x 10mm x 10mm), Truncated
Octahedron (TO), IsoTruss, and Voronoi, will be 3D printed using vat photopolymerization and a novel 50
wt% epoxidized soybean oil acrylate (ESOA) and 50 wt% PEGDA photopolymer resin (provided by a
collaborator in Materials Science Engineering/Chemical Engineering at Virginia Tech). The scaffolds will
be seeded with immortalized murine fibroblast cells (MC3T3-E1,1x10° cells/scaffold) and cultured for 4
and 7 days under static conditions. Confocal microscopy will be used to confirm successful cell adhesion
and proliferation and to analyze cell distribution. DMA testing in compression will be performed,
including a strain sweep at a frequency of 0.1 Hz starting with a dynamic amplitude (DA) of 0.2 mm (4%
strain) and increasing by 0.1 mm until reaching 1 mm DA (10% strain). Storage modulus, loss modulus,
and tan(delta) will be recorded. The storage modulus data will be important in determining how pore
size and microarchitecture impacts scaffold elastic mechanical properties, which is expected to increase
with culture time. Assessments about print fidelity can also be drawn from this data. From this study, we
will develop robust mechanical testing and imaging protocols and determine the optimal geometry for

recreating the bone microenvironment.
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Figure 1.1: Ideal CAD geometries. A) Voronoi, B) IsoTruss, and C-D) TO structures are printed by Dr. Whittington's lab.

1.3.2 Aim 2
My second aim is to develop a validated computational model to simulate fluid flow and

optimize wall shear stress (WSS) within the 3D printed scaffolds.

Hypothesis: Testing a range of inlet velocity flow rates will produce WSS in the range of ECM formation,

allowing for the optimal rate to be chosen for future perfusion systems.

Approaches and Outcomes: Computational Fluid Dynamics (CFD) modeling will be used to perform a
virtual fluid shear test on idealized computer automated design (CAD) geometric models of the scaffolds,
simulating 3D culture conditions (COMSOL). This analysis will reveal how variations in pore distribution,
pore size, and fluid flow impact the biomechanical properties of the different geometries, with peak WSS
and WSS distribution as our metric of interest as they are tied to ECM mineralization in bone cell-seeded
3D scaffolds'>!¢, The CFD analysis will be validated against dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) data, which can be used to measure the vector field of fluid flow velocity
within the scaffolds'’. Here, scaffolds will be modified to fit in a 12 mm diameter transwell insert,
maintaining the same internal structures as in Aim 1. CFD model optimization will be performed until the
shear velocities achieve a wall shear stresses on the order of extracellular matrix formation, and the
resulting velocity magnitude and direction fields will be compared to the results of the DCE-MRI analysis.

Through this simulation, the inlet velocity for perfusion cell culture of the scaffolds will be optimized.



Chapter 2: Literature Review
The following literature review was conducted to better understand the researched principles

related to bone biomechanics pertaining to my thesis. Specifically, | investigated literature to complete
my understanding of the physiological and mechanical properties of bone, fracture healing, clinical
prevalence and assessment of fracture healing, alternative methods for assessing fracture healing, and

bone organoids.

2.1 Physiological and Mechanical Properties of Bone
Bone is a major component of the human musculoskeletal system, and serves the human body

with several functions vital to life. Before conducting any research on bone biomechanics, it is important
to first understand the micromechanical environment of human bone. Bone serves several functions to
human beings: it protects organs, provides structure for the body, facilitates movement through
locomotor functions, and serves as a reservoir for vital nutrients!®2°, There are two major tissue-level

components, namely cortical and trabecular bone.

Cortical bone makes up about 80% of adult bone, and serves as a structural material that
encapsulates and protects the bone marrow space due to its denser composition®® (i.e. low porosity, ~ 2
to 10%2). Since cortical bone forms the outer shell of individual bones, there are two surfaces that make
up the cortical bone compartment—the periosteal and endosteal surfaces. The outer periosteal surface
plays an important role in repairing fractures in bone’s surface®®, and will become important later when
discussing the fracture healing process. The periosteum is further broken up into two surfaces: a fibrous
outer layer and the inner cambium, or cellular, layer??. Osteoprogenitor cells are located in the cambium
layer, which are important in the formation of new bone??. The endosteum, although not distinguishable
using an electron or light microscope, is where bone marrow and bone surface meet?. At the

microstructural level, osteons in cortical bone is made up of layers of mineralized tissue (interstitial



lamellae) and osteons (concentric lamellae). The osteons make up the Haversian system, which form
cylinders with a 200 mm diameter and 400 mm height®®. There are generally 5 to 15 lamellae that orient
concentrically to form a Haversian system?2. At the center of the Haversian system, is a blood vessel,
which is important in supplying bone with a large portion of the body’s cardiac output (about 10 to 20

percent)?. The structure of cortical bone is represented in Figure 2.1.
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Figure 2.1: Schematic showing a section of cortical bone and Haversian system (adapted from [5]).

The remaining 20% is composed of trabecular, also called cancellous, bone. Much more porous
than cortical bone (high porosity, average of 79.3%%3), trabecular bone has a spongy composition, as
seen in Figure 2.2, and is located within the cortical shell at the ends of long bones and is also on the
inside of irregular and flat bones?*. Trabecular bone is much more active metabolically because there is
less mineralization and more surface area than in cortical bone?. Plates and rods make up trabecular
bone microstructure, which have an average thickness ranging from 50 to 400 mm?8, and pores that are
around 1 mm thick?. The plates and rods are arranged in a pattern that gives this bone compartment a
spongy look. Human bones vary in the proportion of trabecular and cortical bone composition due

largely in part to the physiological loading demands at different anatomical locations—there is relatively



more trabecular bone found in vertebrae rather than long bones where the cortices are thick, for
example®®, These intricate characteristics of trabecular bone are challenging to model, but their role in

the function of bone make it critical to accurately model this architecture.

Figure 2.2: Cross section of human long bone (adapted from [5]).

In both cortical and trabecular bone, collagen fibers, hydroxyapatite mineral crystals, non-
collagenous proteins, and water make up the basic building blocks of the tissue. The alternating
orientation of collagen fibers in adjacent lamellar layers in adult bone increases bone’s strength®. In
immature or newly formed bone, collagen fibers are arranged in a random pattern called woven bone,
which is not as strong as lamellar bone!®?2, Woven bone is associated with growth and bone healing, and

is therefore found in areas of the skeleton where remodeling is occurring?2.

The smaller scale composition of bone is also important to understanding its mechanics. Bone is
mostly made of mineral, at about 50 to 70%, followed by organic matrix (20-40%), water (5-10%), and
lastly lipids (less than 3%)*. Most of the 50-70% that is mineral is calcium hydroxyapatite (Figure 2.3)%819,
Type | collagen fibers (Figure 2.3) make up the organic matrix, which includes proteoglycans,

glycoproteins, phospholipids, phosphoproteins, and g-carboxylated proteins!®??, The mineral and



collagen matrix provide bone with two important structural qualities: stiffness and toughness,

respectively®®.
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Figure 2.3: Organization of bone from whole bone to hydroxyapatite and collagen molecules (adapted from [4])

When discussing the mechanical properties and values of bone, | will focus on trabecular bone
because that is the type of bone that we will be modeling using 3DP porous scaffolds in this thesis. There
are many factors that impact the mechanical properties of trabecular bone, such as the anatomical
location of the bone and the age and health of the subject?*. Because of this, trabecular bone is largely
heterogeneous in terms of mechanical properties. Figure 2.4, adapted from Keaveny et al., captures the
range in elastic moduli within the human tibia. This heterogeneity directly impacts the interpretation of
data collected from our 3DP scaffolds, as one geometry could be a better model for trabecular bone

from one anatomical site than another.
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Figure 2.4: Left: cross section of human tibia with compressive elastic moduli (MPa) values labeled at various regions (adapted
from [7]). Right: For reference to the calculations in the left, a human tibia from Cristofolini et al. shows the same cross section
from the proximal end of the tibia®s (adapted from [8]).

Although there is a wide range of elastic moduli measurements just within the tibia cross section
(4 to 433 MPa), there is even greater variation across the entire skeleton. Studies have quantified these
variations across the skeleton by age?®, direction (vertical versus horizontal)?®, and anatomical location?.
This dramatic variation in stiffness from one location of the skeleton to another demonstrates how
important the role of anatomical site plays in the biomechanical properties of bone. The principle that
guides this pattern is Wolff’s Law, which in simple terms states that bone grows where it is needed and
decreases where it is not. For trabecular bone, the microarchitecture reorganizes in order to perform
best mechanically as a result of the loading it experiences?. Aside from anatomical site, age also plays a
large role in trabecular bone biomechanics. Within the spine, after about 20 years old, there is an 11
percent decrease in ultimate trabecular stress each 10 years?* which is associated with a loss in bone
density. Trabecular bone in the spine loses almost half of its density from 20 years to 80 years old?.
Another mechanical characteristic of bone that has an impact on the geometry is the anisotropic nature
of modulus?*. This means that the modulus of trabecular bone changes depending on the direction in
which it is tested. All of these properties become critical in the design and evaluation of bone models

that aim to recapitulate the micromechanical structure of bone. Bone is not a specific enough structure
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to model—the location, orientation, porosity, condition, and several other factors of bone must be

considered for the model.

2.2 Fracture Healing
A significant application of the research | am conducting for this thesis is in the assessment of

strain mediated fracture healing. Specifically, the identification of mechanical biomarkers that could
potentially indicate proper healing of fractured bone. Bone fracture can be defined as a stress-induced
break in bone tissue®®. Fracture healing, or union, is when the original mechanical stiffness and strength
are restored to the bone?. Understanding the process that bone undergoes when repair is necessary is
vital in order to investigate potential indicators of nonunion. The healing process of bone (Figure 2.5) can
be broken down into four separate phases: the inflammatory response, soft callus formation,

ossification, and remodeling®.
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Figure 2.5: Schematic summary of the four fracture healing phases (adapted from [15])

The inflammatory response is the body’s first step in recognizing and beginning to repair
damaged induced in fractured bone tissue, and plays a critical role in determining how the rest of the
healing process progresses!. Within the inflammatory phase, the main actions that are accomplished
are granulation tissue and hematoma formation and the recruitment of cells and cytokines needed to
initiate repairs3»%3. As a result of the stress on the bone tissue (i.e. mechanical stimulus), cytokines such

as interleukins-6 (IL-1), interleukins-6 (IL-6), and tumor necrosis factor (TNF-a) signal for the beginning of
11



the repair process®33, These cytokines initiate the recruitment of mesenchymal stem cells which
differentiate into the cells that will ultimately form bone—osteoblasts*3. Polymorphonuclear neutrophils
(PMNs) and bone-specific macrophages, called osteomacs, are part of the inflammatory response and
facilitate homeostasis by eliminating debris and dead cells from the fracture area3!. The soft callus that
forms in this stage is predominantly cartilaginous tissue that grows around the bone, stabilizing the
fracture and connecting the broken segments of bone®*3>. This soft callus will ultimately be mineralized
and transformed into new bone material through a process called ossification3®. There are two ways that
this ossification occurs: endochondral and intramembranous ossification3%2, Inside of the fracture gap or
space between bone fragments, the cartilaginous callus that was just formed transforms into mature
bone via endochondral ossification®; here, the cartilaginous callus is slowly replaced by unorganized
mineralized tissue (i.e. woven bone). In contrast, the direct formation of hard callus at the fracture site
occurs during intramembranous ossification, in which osteoblasts are differentiated from
osteoprogenitor cells and begin to produce osteoid (unmineralized extracellular matrix) that quickly
transforms into woven bone3!. Finally, in both cases, the woven bone formed during ossification is
remodeled into lamellar bone during the remodeling phase®. This complex process makes it difficult to
assess bone fracture healing dynamics in vivo, and to differentiate at which stages certain mechanical

properties can be observed.

Delayed Fracture Healing

Although there is variance on the time frames in which the four stages of bone healing can
occur, the process usually takes about a month and a half to two months for long bone fractures to
heal®. Delayed fracture healing occurs when the bone does not heal within the standard amount of
time, however this time frame can vary by anatomical location, surgical procedure, and even be adjusted
based on patient age or the presence of comorbidities. The US FDA defines nonunion as nine months
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after injury in which the fracture has not healed or three stagnant months with no indications of

progression towards healing®.

2.3 Clinical Prevalence and Assessment of Fracture Healing
Clinical Prevalence

Improper fracture healing, or delayed fracture healing, can lead to nonunion and is a serious
prevalent clinical complication with a significant impact on quality of life. These are challenging injuries
to treat and lead to significant financial burden and reduced quality of life for the patient?3. Among the
lifetime costs related to injuries, fractures make up the largest portion of the costs at 24 percent®. In the
United States, six million fractures are estimated to occur annually, and about 5 to 10 percent of all
fractures that occur each year in the United States experience delayed fracture healing. One sixth of
cases experiencing delayed fracture healing will progress to nonunion (approximately 50,000-100,000
cases)*. There are several factors that can contribute to non-union, such as the age, lifestyle,
medications, and health of the patient, as well as the location, severity, and type of fracture®. Although
bone mass decreases as adults age, in the United Kingdom, 35 to 44 year olds experience the peak
incidence for nonunion %°. There are several methods that clinicians use to evaluate the progression of
these fractures in patients, with varying equipment (Figure 2.6) and professional opinions on best ways

to come to clinical diagnoses.

Figure 2.6: Example equipment of conventional x-ray*t, ultrasound*2, and computed tomography*3.
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Conventional Radiography

Radiography is a qualitative analysis and is the most commonly used method of clinically
evaluating fracture healing. The metrics that radiography is able to capture are cortical bridging,
trabecular crossing, fracture line loss, and formation of callus tissue3. These metrics are calculated by
observing how callus tissue has formed at the location of the fracture by tracking changes in
radiolucency or brightness of the bone tissue*. Although this method is affordable and accessible, there
are concerns with how well the qualitative data correlates to healing and mechanical strength of the
bone3% %4, Research shows that of all metrics taken in radiography, cortical bridging most accurately

depicts what is happening mechanically®.

Despite this, there is no established “gold standard” for assessing the healing progression of
bone fracture3#>48, Further, it is possible that there are discrepancies between clinical standards for
evaluating fracture healing (radiograph) and micromechanical standards for evaluating fracture healing®®.
For example, the information that a radiograph tells us about the state of a fracture could disagree with
what is happening on a histological level in the patient’s bone. Additionally, there are inconsistencies
with how physicians define the nonunion timeline3®*, In a study conducted by Bhandari et al. (2002),
444 orthopedic surgeons from around the world participated who specialized in trauma were polled, and

a range of 1 to 8 months was utilized to classify delayed fracture healing. This range was 2 to 12 months

for nonunion®.

To complicate clinical diagnosis, a single radiograph might not capture the patient’s progress in
healing, or bone strength. As such, multiple radiographs of the same fracture taken at different time
points gives physicians a better idea of bone strength. Panjabi et al. (1989) present supporting evidence
for this concept in their study in which physicians were presented with one set of radiographs versus two

sets of radiographs. The physicians tended to under-evaluate the healing progression of the fracture
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when given one set of radiographs; however, the physicians more accurately evaluated the relative
progression of healing when there were two sets to compare®. Note, radiographs alone do not provide
ample information for assessing bone healing. Further, the use of radiography in evaluating fracture
healing is further complicated by the widespread variation among fracture pattern, location of fracture,

and the patient®.

Patient Self-Evaluation

Although not a type of sophisticated imaging technique, a very important factor in the
evaluation of fracture healing is symptoms of pain at the fracture site for the patient. Physicians perform
evaluations on patients that include palpations to determine tenderness and will ask for reports of pain
at each visit®. In a study conducted by Morshed et al. (2008), pain in weightbearing and pain during
palpitation were the two most commonly used criteria during clinical examinations to determine fracture
healing®. There are limitations, however, to this evaluation of healing. Often times, pain can be
independent from whether or not the fracture is healed. Pain in a completely healed fracture of the
tibial shaft can persist for about three years after the fracture*. Additionally, all patients are different
and can either have trouble expressing the degree of their pain or be more sensitive to the pain than
other patients. This is a useful tool to be used in combination with other imaging techniques and is not

used alone to determine healing status.

Ultrasound

Ultrasound is a method of fracture healing evaluation that has recently grown in popularity**.
Ultrasound uses high-frequency waves produced through tissue in order to create images of the tissue
being analyzed***°. Its main benefit, compared to conventional radiography;, is that ultrasound can detect
callus formation much earlier, which reflects the potential for ultrasound to be used as an indicator of

nonunion®%°?,
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In a study conducted by Ricciardi et al. (1993), they found that there is a significant correlation
between healing progress of bone based on calcification in the periosteal apposition and the intensity in
which the ultrasound waves are echoed. Furthermore, they were able to detect callus formation via
ultrasound before radiographs demonstrated any indication of callus formation activity. For example,
Moed et al. (1998) were able to use ultrasound to determine fracture healing, or union, at an average of
only 6.5 weeks compared to the average 19 weeks it takes to determine with radiography®l. While this
correlation establishes an important link between ultrasound imaging and healing status ultrasound

could not quantitatively characterize healing mechanics alone®.

Unlike other imaging sources that use ionizing radiation, ultrasound does not image through
cortical bone®2. As such, ultrasound imaging tracks changes in external hematoma and callus formation.
The hematoma caused by a fracture shows up dark on an ultrasound because it is hypoechogenic. During
calcification, the region begins to produce a heavily contrasted boundary that is clear via ultrasound>2.
These changes in echogenicity take place before bridging callus forms and leads to the mineralization

that can be seen later on radiographs.

While ultrasound has significant benefits to detecting union early on in the healing process,
there are limitations to the images produced by ultrasound. Hard tissue that develops during fracture
healing cannot be visualized very efficiently using ultrasound®?. There is also a certain level of skill
required to operate ultrasound equipment, making it heavily dependent on the technician conducting
the imaging®2.

Computed Tomography
Computed tomography (CT) is most beneficial in its ability to reconstruct 3D images of the

scanned region for quantitative analysis®. Through these 3D reconstructions, bone density and volume
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of callus tissue can be measured to provide insights on stiffness and strength in torsional loading of long
bones3%>3, Boer et al. (1998) was able to use this callus density and subsequent measurements acquired
through CT to predict the level of fracture consolidation®. Figure 2.7 depicts a series of scans and

reconstructions of a tibial fracture, four weeks from the incident.

DENSITY

(STEP  17)

Figure 2.7: From den Boer et al., this is an example of a 3D reconstruction of a tibial fracture using CT. A) the CT reconstruction in
3D view; B) the center cross-section of the fracture in which the callus has been segmented (black); C and D) the same
reconstruction with the callus segmented (gray) with (C) and without (D) the bone. E) the pixel density frequency distribution
(adapted from [41]).

Furthermore, Bhattacharyya et al. (2006) found that CT was very accurate in diagnosing union
and nonunion. For 35 patients, CT had an accuracy of 89.9% in detecting nonunion; however, the
specificity was lower at 62%%. In this study, physicians using CT occasionally declared a fracture that was
healed as a nonunion (3 instances), but CT was overall very useful to confirm fracture healing®. The low

specificity of CT imaging is one of the most significant limitations of CT in evaluating nonunion.

Blood Testing
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Research has also been done on the role of blood testing to evaluate fracture healing.
Deficiencies in calcium and vitamin D can contribute to delayed fracture healing, and after fracture-
causing injuries the skeleton can undergo calcium mobilization in non-fractured bones in response to
such deficiencies®. Calcium plays an important role in bone health in that it is an important mineral that
contributes to the strength of bones, while also regulating levels of blood calcium?®®. Vitamin D
contributes as a regulator of calcium levels, which plays important roles in bone reabsorption and
remodeling®. As both of these are important factors in fracture healing, they can be tested to give
physicians an idea of the response the body undergoes to heal a fracture. Unfortunately, this lacks
specificity to the fractured region and alone cannot be used to indicate progression to healing. Another
study conducted by D’Amelio et al. (2010) analyzed the levels of osteoblasts precursors, osteoclast
precursors, bone formation markers, TGFB1, and PTH immediately after fracture and then about two
weeks after fracture®. They found that the osteoblast and osteoclast precursor levels did not change in
the blood while the fracture was healing, but there was an increase in TGFB1%*. TGFB1 is a growth factor
that stimulates the increase of osteoblast precursors, and additional study of how TGFB1 correlates to

progression of healing could reveal significant insights on evaluating union and nonunion>*.

2.5 Alternative Methods for Assessing Fracture Healing
Animal models

When physiologic behavior of animals match that of humans, animal models can be extremely
useful in better understanding human anatomy or conducting research before using human tissue.
Considering the limitations of clinical imaging in predicting non-union, we look to practices that
researchers use to improve these systems. For nonunion, specifically, small ruminants (sheep and goats),
rabbits, rats, and mice are commonly used to study healing progression®. The repair rate of bone for

small ruminants is on a more relevant scale to humans, taking about 32 weeks to one year®>. While this is
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beneficial in that it mimics human behavior, a rat with a shorter repair time could be better suited to a
lab-based study constrained by time®. There are many factors to consider when choosing an animal
model that best fits a particular study. Gao et al. (2023) surveyed the animal models used to study
fracture healing and concluded that about 53.5 percent of models use mice®” (Figure 2.8). Note that
fracture studies include research not only on fracture healing but also on fracture mechanics and bone
strength. Gao et al. cite mouse, canine, and non-human primates as three species that have commonly

been used to study nonunion and fracture healing.

Animal Models to Study Fracture Healing
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Figure 2.8: Break down of animal species that are used in fracture-related research studies (adapted from [22]).

Limitations of Animal Models

While models for fracture healing have been studied for mice>®*™8, rats>®, rabbits®, canines®*°,

and non-human primates®®’, there are several limitations to these models when studying the
micromechanical environment of bone. A limitation to using animal models to study fracture healing and

nonunion is that, while they can model certain factors that might encourage nonunion, they cannot be
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fully patient-specific models. They reveal principles of bone healing that are generally applicable to
humans, but a single model does not take into account the individual factors that influence healing
progression. Additionally, the fractures in most of these models are not naturally-occurring and must be
induced in the animal. While they are useful in studying physiological bone healing, they lack a predictive
aspect to nonunion research. In vivo animal models are also limited in that many components of the
bone metabolism process are dependent on the species'*®8. This means that some animal models do not
translate well to humans. The environmental conditions of animals versus humans is another important
factor with regards to fracture healing®. Mechanical stimulus plays a significant role in the bone repair,
and the musculoskeletal differences between animals (quadrupeds) and humans (bipeds) directly
impacts these mechanical forces that their skeletons take on. In consideration of these limitations, as

well as ethical factors, better models using cell culture systems should be explored.

Cell culture

Cell culture systems allow for the prolonged study of cells in an environment that is consistent
with the goals of the research. 3D in vitro cell culture systems have been developed to study how bone
forms and ossifies via established cell lines as well as using patient primary cells®. Cell cultures of human
bone cells are able to mineralize into extracellular matrix (ECM) when maintained with -glycerol
phosphate, calcium, and ascorbic acid’®. Along with ECM formation, Robey and Termine (1985) also
found that type | collagen and osteonectin were biosynthetically produced in the culture’®. This study
was conducted early on in the development of 3D bone cell culture systems and provided much promise
on bone cell metabolism research. Additionally, by using human bone cells for culture, the individual,
patient-specific aspect of 3D culture systems was highlighted. While 2D cultures are limited in the fact
that they cannot recapitulate the microenvironment of human bone; Figure 2.9 summarizes the pros and
cons of 2D and 3D cell culture systems in bone healing research (created by Ehnert et al)®8. They
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identified one of the most important limitations of existing in vitro models, which is that it is difficult, if
not impossible, to exert mechanical stimulus. A solution to the lack of rigidity for mechanical stimulus in
3D culture systems is the integration of a structural component to the culture (i.e. 3D culture or

organoid) that mimics the organization of bone.
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Figure 2.9: Compilation of pros and cons of 2D in vitro cell culture systems for studying fracture healing (adapted from [56])

2.6 Organoids

Organoid Composition

Organoids provide an in vitro tissue culture platform that allow for the prolonged study of
human cells in an environment that mimics in vivo®. To some degree, organoids must replicate the
structure and function of the tissue being analyzed” . The use of organoids to research human tissue is
fairly recent, with the first organoid developed in 2009, Currently there are several different structural
components that have been explored in order to provide the 3D culture systems with a surface in which
bone cells can grow on. lordachescu et al. (2021), for instance, seeded osteoblasts and osteoclasts onto
micro-trabeculae from a femoral head’. Ceramic materials have also been used as scaffold materials:
Papadimitropoulos et al. (2011) synthesized porous, cylindrical structures from hydroxyapatite/beta-
tricalcium phosphate’. They found that when co-cultured with stromal vascular fraction and CD14+

cells, there was osteoclast activity and matrix deposition’. Park et al. (2021) developed a novel
21



structural material that they call demineralized bone paper (DBP)’*. This DBP is composed of cortical
bone that has been demineralized and cut into thin slices and unmineralized bone extracellular matrix’®.
Silk fibroin is another common material for biocompatible scaffolds’’6. Beyond material selection,
researchers have taken several different approaches to create structural components on which to seed

bone cells in order to replicate the micromechanical environment of human bone.

Organoid Design Considerations

From a geometric perspective, trabecular bone porosity, permeability, surface morphology, as
well as strut thickness, size, and shape must be accounted for”’. For example, the ceramic scaffolds
mentioned above created by Papadimitropoulos et al. were solid cylinders with 80% porosity, a height of
4 mm, and diameter of 8 mm?3. However, controlling for porosity only captures a small portion of the
complexity of trabecular bone morphology. Several fabrication methods have been used to produce
scaffolds, such as solid free-form,”® electro-spinning,”® and 3D fiber deposition”””°. All of these factors
must balance the biological environment it is creating for cells with the mechanical architecture that the
material and design allows’. These design choices about porosity, morphology, size, fabrication, etc. are
important because they determine the environment in which the cells being seeded into the scaffolds
will grow. The process in which cells differentiate is greatly affected by the topological and biochemical
environment’’. This is another factor that makes 2D culture systems unsuitable for mimicking the

complex bone matrix.

In a study on design considerations for scaffold design, Hollister (2005) illustrates the impact of
pore shape and volume fraction on the mechanical properties and permeability of a bone scaffold
(Figure 2.10). With greater volume fraction, the modulus of the scaffold increases and the permeability

decreases”. These properties of a unit cell can be applied across larger-scale scaffold design to maximize
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characteristics that are important in a particular study. In a study conducted by Moroni et al. (2006), a
scaffold with pores of differing size and shape were tested via dynamic mechanical analysis (DMA). DMA
testing demonstrated a decrease in dynamic stiffness and increase in tan delta, a measure of viscous
damping, as the porosity of the tested scaffolds increased”. Porosities from 28.9% to 91.2% were tested,
with the storage moduli ranging from an average of 13.7 MPa to 0.262 MPa, respectively’. This agrees
with Hollister’s analysis that the more scaffold there is relative to pore space, the stiffer the material
gets. DMA is a useful tool in analyzing organoids because it can be modified to fit physiological
conditions of the particular tissue being tested’. Rather than a force-to-failure mechanical test, a DMA
test allows for repetitious movement that simulates motion such as walking where there is loading and

unloading.
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Figure 2.10: Impact of pore shape and volume fraction on elastic modulus and permeability of representative unit cells. The
dotted lines in B and C represent the sphere-shaped pore, and the solid lines represent the cylinder-shaped pore (adapted from

[64]).

Another mechanical stimulus that can be applied to scaffold can originate from the flow of

solution through the scaffold to form wall shear stresses (WSS). The most common way to induce these
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stresses is by using a perfusion bioreactor system in which solution is cycled through the scaffold at a
controlled rate. Vetsch et al. (2017), studied the WSS required for osteogenic differentiation by applying
two flow rates (0.001 m/s and 0.061 m/s) to silk fibroin scaffolds®®. They found that the smaller flow rate
promoted early stages of fracture healing; whereas the faster rate produced WSS at 0.55 to 24 mPa and
promoted osteogenic differentiation and the formation of ECM**. Similarly, Zhao et al. (2019) analyzed
the WSS produced on a silk fibroin scaffold at an inlet velocity of 0.0005 m/s, and were able to achieve
WSS on the order of ECM formation’. Figure 2.11.11 shows Zhao et al.’s simulation of WSS on the
surface of the scaffold at different fluid velocities. As a result of their simulations, they were able to
determine the percentage of surface area in which the scaffolds underwent a WSS in the range required
to induce mineralization’®. This figure serves as an excellent visual representation of the force that fluid
flow can produce in the micromechanical environment of an organoid. These forces have significant
implications on osteogenic differentiation and, therefore, will have a major impact on the success of a

scaffold in mimicking the micromechanical environment of bone.
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Figure 2.11: WSS and fluid velocities that induce mineralization in silk fibroin scaffolds (adapted from [65])

The organoid models mentioned in this section demonstrate the complex requirements to mimic

the structure of trabecular bone in vitro. Bone is a constantly changing tissue that requires specific
24



architecture and mechanical stimulation to function properly. This literature review captures the deep
complexities of bone and fracture healing as well as the challenges researchers face in developing

models in which bone can be robustly studied.
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Chapter 3: Aim 1

3.1 Preamble
The following chapter is a collaborative paper in preparation for journal submission. Contributing

authors are Elizabeth Hunt, Sera Choi, Zahra Bahranifard, Ed Shangin, Dr. Abby Whittington, Dr. Caitlyn
Collins. | performed all DMA testing in this paper, and my specific contributions include the fracture
healing and DMA testing background, DMA methodology, DMA results, and discussion and conclusion

points related to mechanical analysis and pore size distribution.

Paper title: Dynamic micromechanical characterization of 3D printed bone in vitro models manufactured

via vat photopolymerization

3.2 Introduction

Bone fractures are common and can occur because of injury, disease, or result from congenital
disorders?. Typically, fractured bones are able to rebuild and repair if damage and fragment separation is
sufficiently small, often classified in comparison to an experimentally determined critical size defect?.
However, above this critical size, healing may be impaired, and use of a tissue scaffold has been shown to
be beneficial in promoting healing by replacing the lost bone and minimizing the size of the defect?. Even
with the use of bone grafts or tissue engineered scaffolds, bone healing is not guaranteed, resulting in
delayed healing or even nonunion. Delayed fracture healing and nonunion are prevalent clinical
complications with devastating impact on patient quality of life. These are challenging conditions to treat
and lead to significant financial burden and reduced quality of life for the patient as the diagnosis of
nonunion can be as late as one year post-fracture*®. Bone tissue scaffolds are often created to be
implanted into the body and mimic the body’s internal environment to provide structural support for
cells and promote migration, proliferation as well as nutrient and gas exchange. In such engineered

constructs, the scaffold provides a significant portion of these cues; however, it is difficult to successfully
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imitate each one of these cues in a single, replicable scaffold. Aside from the physiologic functions, there
are also design aspects to consider such as pore size, geometry, and overall dimensions as these®3. In
addition to these shape characteristics, the mechanical properties such as storage modulus, loss
modulus, and energy dissipation (tand) properties of the material and ultrastructure have been shown to
impact cell viability and osteointegration®. All of these structural, material, and mechanical properties
need to be accounted for when producing effective bone tissue engineered scaffolds. However, creating
large (~ 1 cm) bone tissue scaffolds with fine geometric feature sizes (struct thickness ~200-400 um; pore
size ~250-450 um) and uniformly distributed porosity using traditional stochastic techniques such as
porogen leaching and gas foaming is not feasible as these methods generate randomly formed pores
without any specific order or size gradation and ultrastructure?®. This discrepancy has led to conflicting
reports on the optimal pore size and geometry.

To overcome these drawbacks, it is necessary that reliable and precise printing methods and
scaffold materials are explored for the advancement of bone tissue engineering and successful
implantation. Vat photopolymerization (VP), an additive manufacturing method, possesses the capability
to produce intricately designed geometries with exceptional precision and at relatively quick speeds??.
These qualities render VP an appealing choice for constructing scaffolds used in tissue engineering
applications. However, there is a scarcity of biocompatible printable materials that permit cell
attachment and are of low enough viscosity for printing. Moreover, the few reported materials are not
commercially available nor are they designed to replicate the bone microenvironment.

Current preclinical models for bone fracture healing rely on 2D cell culture and animal
experiments, each with their own limitations regarding translation to patients!2. Additionally, current
detection strategies for delayed healing or nonunion such as radiolucency in planar x-rays and reported

pain by the patient do not account for the in vivo mechanical environment34, though studies have
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shown a positive relationship between loading and bone healing®>¢. 3D tissue culture systems such as
organoids and 3D-cell culture models provide an in vitro tissue culture platform that allows for the
prolonged study of human cells in an environment that mimics conditions in which tissue operates inside
of the body"’. In order to develop such a platform for assessing individual patient risk factors for non-
union, three different 3D scaffold geometries were chosen—IsoTruss, Truncated Octahedron (TO), and
Voronoi. Each geometry was chosen for its unique structural features: the IsoTruss for its high strength-
to-weight ratio, enhanced mechanical stability, and similarity to traditional tissue scaffolds documented
in previous literature; the Truncated Octahedron for its uniformity, porosity, and potential to promote
uniform vascularization; and the Voronoi for its ability to mimic natural bone microenvironments. This
study aims to characterize the mechanical properties manufactured using a novel, osteoconductive resin
via vat photopolymerization (VP) and analyze their ability to facilitate cell proliferation throughout each

scaffold.

3.3 Methods and Materials
Resin Formulation

A mixture of 50 wt% epoxidized soybean oil acrylate (ESOA, Sigma-Aldrich) and 50 wt%
polyethylene glycol diacrylate (PEGDA, Sigma-Aldrich, MW = 575 g/mol) was used to formulate the resin
for printing. Note, a 1 wt% diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide photoinitiator (TPO, Sigma-
Aldrich) and 0.20 wt% 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene UV absorber (BBOT, TCI Chemicals)
were also added. These additions were to promote initiation of photopolymerization ensuring effective
curing during 3D printing and to absorb any excess UV light that could penetrate deeper into the resin

resulting in over-cure of the already cured layers, respectively.
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Scaffold Printing

Model scaffolds of three different geometries (Voronoi, Truncated Octahedron, and Isotruss)
were designed using nTopology (Figure 1.1). Scaffolds were created with an Autodesk Ember 3D printer,
a VP bottom-up platform. The printer has a build area of approximately 40 x 64 mm with a maximum
part height of 134 mm and a projected pixel size of 50 um. The light source operated with a 5-watt
power output and emitted light at a wavelength of 405 nm for an average of 2.5 seconds per layer. Every
layer was 0.1 mm for a total dimension of 10 mm for the entire scaffold. The burn-in layers were
removed and then the scaffolds were washed in 70% isopropyl alcohol (IPA) and additionally cured using
a UV lamp (405 nm) for one minute.

Cell Seeding & Analysis

Prior to cell seeding, the scaffolds underwent sterilization using 70% ethanol for one hour
without agitation, followed by three successive static washes (30 min each) with phosphate buffered
saline (PBS, pH 7.4). A final wash was carried out using media made of aMEM and supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin-amphotericin (all from Thermo-Fisher).

An average of 1 x 10° NIH 3T3 fibroblasts (murine) were seeded on each tissue scaffold and left
to attach for 30 minutes before adding 1 mL of media. A set (n = 4/geometry) was left to continue
culturing for 4 and 7 days after seeding. The media was changed every two to three days. Subsequently,
each sample was immersed for five minutes in 1 mL 10% formalin fixation solution. They were then
rinsed with PBS for two minutes and then immersed in 1 mL of a post-fixation solution of 10% formalin
for 20 minutes to fix the cells. Scaffolds were then rinsed again in PBS for one minute. Afterwards, they
were stained with DAPI and Rhodamine Phalloidin dyes (both obtained from Thermo-Fisher) for an hour

in the dark, and finally left in deionized water for a few hours.
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The scaffolds were cut in half and examined using a laser scanning confocal fluorescence
microscope (Zeiss Axio Observer.Z1) with 10x objective (Plan-Apochromat 10x/0.45 M27, Zeiss) and 60
um diameter pinhole to assess spatial cell distribution and proliferation immediately after seeding and
following 4 and 7 days of culture. The confocal images were tiled using a 5 x 5 (4000 um x 4000 pm) and
z-stacks were captured for a total of images 38 slices with a depth of 201.6 um (5.45 um slice thickness).
An automatic filter (Zen Black) was applied to eliminate background fluorescence caused by the
scaffolds’ autofluorescence at 461 nm. Subsequently, Imagel was employed to further eliminate any
residual background fluorescence improving the precision of the cell nuclei counting process. After
seeding the scaffolds and incubating them in the culture media for multiple days, noticeable swelling
was observed in the IsoTruss scaffolds, while limited swelling was observed in the other two geometries.
The scaffolds emitted blue autofluorescence during imaging with the confocal microscope, which
interfered with the DAPI channel and being able to count nuclei (Figure 3.3). The rhodamine channel was
used to validate the presence and proliferation of cells by tracking actin.

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA, ElectroForce 3200) was performed on seeded (n =
6/geometry for 4- and 7-day of culture) and unseeded (n = 1/geometry) scaffolds via cyclic compression
using a strain sweep to analyze how microstructure impacts the organoid storage modulus (E’), loss
modulus (E”), and damping coefficient (tan ). The strain sweep was conducted at a frequency of 0.1 Hz
starting with a dynamic amplitude of 0.2 mm (4% strain) and increasing by 0.1 mm until reaching 1 mm
dynamic amplitude (10% strain). All testing was performed submerged in a 1x concentrated phosphate-

buffered saline (PBS, pH 7.4) solution at 37 °C (Figure 3.1).

36



Figure 3. 1: DMA compression testing setup (ElectroForce 3200) outfitted with a temperature controlled water bath filled with 1x
concentrated phosphate-buffered saline (PBS, pH 7.4) solution at 37°C.

Statistical Analysis

Mechanical data was analyzed using a three-way ANOVA test (Python) to determine significant
differences between geometry, time soaked, and whether or not the scaffolds were seeded with cells. An
additional two-way ANOVA post hoc analysis was also performed to determine significant differences
between individual groups (a = 0.05). Cell count data were compared using a two-way ANOVA test

through R Studio.

3.4 Results
Printing

After printing, each scaffold type closely resembled its modeled geometry (e.g. Figure 1.1) and
their 10 mm cubic dimensions, as seen in Figure 3.2. For the three geometries the average printing time
was two and a half hours. However, during the printing process, challenges were encountered with the
IsoTruss geometry. Approximately half of the total printed IsoTruss scaffolds, after undergoing the
printing, washing, and curing steps were rendered malleable and fragile. As a result, the IsoTruss

geometry had two fewer replicates (n = 4) compared to the Truncated Octahedron and Voronoi
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geometries (n = 6). Average pore diameters were 579, 397, and 662 um for the Voronoi, IsoTruss, and TO

scaffolds, respectively, within range of the targeted print size.

Figure 3. 2: Representative scaffolds printed with 50% wt. ESOA and 50% wt. PEGDA in three different geometries: Voronoi (A);
IsoTruss (B); and Truncated Octahedron (C & D) lattice structures.

Cell Seeding, Proliferation, and Counting

In the IsoTruss scaffolds, significant spatial-dependent proliferation was evident, with peripheral
regions exhibiting more substantial cell growth by the seventh day (Figure 3.4A). The cell counts at the
outermost regions (-1200 to -400 and 1200 to 2000 um) were markedly higher on day 7 compared to day
4. However, the overall progression from the 4 day to the 7 day culture period did not demonstrate the
expected increase in cell counts. This stagnation in growth suggests a potential plateau in cellular
activity. Truncated Octahedron scaffolds showed a remarkable increase in cell proliferation at the 7 day
mark across all distances, with the central region (-400 to 400 um) displaying a significant rise in cell
count compared to the 4 day culture (Figure 3.4B). Voronoi scaffolds exhibited the most pronounced
effect of culture duration on cell proliferation, with all regions, particularly the periphery, showing a

higher cell count at day 7 (Figure 3.4C).
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Figure 3. 3: Voronoi (A & B), IsoTruss (C & D), and TO (E & F) scaffolds DAPI (top) and Rhodamine (bottom) stained after seeding
for seven days with 3T3 cells.
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The two-way ANOVA conducted on the Isotruss scaffold indicated no significant effect of
'Distance' on the dependent variable (F(4, 30) = 1.076, p = 0.386), suggesting that different locations
within the scaffold did not significantly affect cell behavior. However, 'Days' showed a highly significant
effect (F(1, 30) = 70.240, p < 2.36e-09), indicating that the time after cell seeding significantly impacted
the measured outcome. The interaction between 'Distance' and 'Days' was not significant (F(4, 30) =
0.815, p = 0.526), suggesting that the effect of time on the dependent variable did not vary significantly
across different scaffold locations.

In the case of the Truncated Octahedron scaffolds, the two-way ANOVA indicated highly
significant effects of both distance (F(4, 50) = 58.25, p < 2e-16) and days (F(1, 50) = 508.17, p < 2e-16),
along with a significant interaction between these factors (F(4, 50) = 28.86, p = 1.88e-12). These findings
suggest a strong spatial and temporal influence on cell outcomes, with the interaction highlighting the
complexity of cell responses to scaffold characteristics over time.

For the Voronoi scaffolds, significant effects were observed for distance (F(4, 50) = 10.003, p =
5.01e-06) and days (F(1, 50) = 232.806, p < 2e-16), as well as for their interaction (F(4, 50) = 8.558, p =
2.43e-05). These results demonstrate a significant spatial and temporal impact on cell behavior, with an
important interaction effect suggesting that the influence of one factor is contingent on the level of the
other.

Dynamic Mechanical Analysis

Some of the IsoTruss scaffolds (n = 2) failed prematurely during the DMA testing due to
inconsistencies in the printing, these were excluded from further analyses. For the remaining scaffolds,
average storage modulus increased from day 4 to 7 of static culture (Table 3.1), and generally decreased
for each scaffold as oscillation strain increased (Figure 3.5). The stiffest storage modulus achieved overall

was reached by a 7-day cultured IsoTruss scaffold (2.70 MPa). Note, variation in the storage modulus for
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the 7-day IsoTruss scaffolds was the highest (1.27 MPa). A three-way ANOVA test conducted on the

storage moduli of seeded and controlled non-seeded scaffolds (n = 3 for each geometry and days

seeded), revealed a significant difference in stiffness between seeded and non-seeded scaffolds (p =

0.000453). Two-way ANOVA post hoc analysis further revealed that the Voronoi scaffolds had the only

significant and consistent increase in storage modulus between 4- and 7-day cultures (p = 0.0293), which

is illustrated in Figure 3.6.

Table 3. 1: Storage modulus (MPa) of the three scaffold geometries for 4- and 7-day cultures and soaked controls (mean+SD)

Day Seeded with n IsoTruss TO Voronoi
cells?

0 No 1 1.08 0.46 0.91
No 3 2.18+0.91 1.49+0.31 1.09£0.14

4 Yes 6 0.80 +0.53* 0.64 £ 0.40 0.55+0.25
No 3 1.24+£0.39 1.85+0.47 0.88+0.21

7 Yes 6 0.81+1.27* 0.69 £ 0.35 1.19+0.57

*n = 4 for IsoTruss 4- and 7-day culture mechanical testing
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Figure 3. 5: Storage modulus (MPa) vs. oscillation strain (%) for Voronoi, TO, and IsoTruss scaffolds.
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Figure 3. 6: Average and standard deviation storage modulus (MPa) vs. oscillation strain (condition number) for Voronoi four
(left) and seven (right) day seeded scaffolds. The condition number for oscillation strain refers to the dynamic amplitude being

assessed, starting at 2 mm and increasing by 1 mm for each condition.

The peak storage modulus for the Voronoi 7-day cultured scaffolds is 2.26 MPa. The peak storage

modulus is achieved by a 4-day cultured scaffold for the TO geometry at 1.28 MPa at 2.14% oscillation

strain. Trends in loss modulus were consistent among the Voronoi and TO scaffolds, with a general

increase with increased oscillation strain. On average, the loss modulus of IsoTruss scaffolds decreased at

higher oscillation strains, leading to an average tané of 0.0613 at 2% strain, which is over 2 times greater

than Voronoi (0.0227) and TO (0.0297) at the same strain. Figure 3.7 highlights this distinction between

the IsoTruss scaffolds compared to the Voronoi and TO.
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Figure 3. 7: Tan delta vs. oscillation strain (%) for Voronoi, TO, and IsoTruss scaffolds.
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3.5 Discussion

This study aimed to explore the influence of scaffold geometry on cell distribution and
proliferation in the context of bone tissue engineering, with an emphasis on the structural and
mechanical properties of the scaffolds post-seeding. Our results indicate that scaffold geometry has a
profound impact on cell behavior, as well as on the mechanical properties of the scaffolds, which varied
with storage moduli within the range of soft fracture callus tissue. Scaffold stiffness varied, with storage
moduli on the order of soft fracture callus tissue after seeding (fracture callus moduli: 0.5-1000 MPa®).

Despite the limited number of samples available for mechanical testing, trends emerged that
provided insight into the effects of cell seeding on scaffold stiffness. The IsoTruss scaffolds demonstrated
a maximum storage modulus among 7-day seeded scaffolds, yet exhibited significant variability with the
rest of the 7-day samples being softer than the average Truncated Octahedron (TO) and Voronoi
scaffolds. The variability and instances of softness in IsoTruss scaffolds may be attributable to
inconsistencies in printing parameters or the curing process, with some scaffolds being too soft for DMA
testing. These findings align with the cell distribution data, where IsoTruss scaffolds showed non-uniform
cell distribution and a marked increase in cell proliferation from the center towards the periphery which
was significantly more pronounced by day 7, which could be attributed to the cells’ mechanotransducive
responses to the more malleable sections. The high standard deviation rate is most likely due to those
varied malleability rates for each scaffold (Figure 3.4A). The contrast in damping factor between IsoTruss
scaffolds and TO and Voronoi scaffolds indicates that the different geometries have an impact on the
micromechanical environment of the scaffolds. Energy is being absorbed and dissipated by the IsoTruss
scaffolds much faster, which could indicate a buckling movement by the struts of the scaffolds that is not

mimicked in the other two geometries.

43



The Truncated Octahedron scaffolds showed a dynamic pattern of cell distribution over time,
with a distinct peak in cell count at mid-range distances from the center on day 4, with the peak
becoming less distinct by day 7 as cell counts leveled across distances. The reduced variability on day 7
points towards an evening out of cell distribution, which may be due to cells filling the spaces more
uniformly as they proliferate (Figure 3.4B). The initial peak suggests that certain features of the scaffold's
geometry at these distances may be particularly conducive to initial cell attachment or proliferation.

The Voronoi geometry supported significant cell proliferation, with the highest cell counts
observed at the outermost distance range on both day 4 and day 7, which may be related to the
scaffold's mechanical stability and consistent microenvironment (Figure 3.4C). This indicates that the
Voronoi geometry could provide an environment that supports or encourages cell growth, particularly in
the peripheral regions.

A possible limitation to the DMA procedure is that it assumes uniform shape of the scaffolds in
order to calculate storage modulus, loss modulus, and tand. Because storage modulus is the force
divided by cross-sectional area (CSA), the dimensions of the scaffolds is important here. Although all
scaffolds are printed with consistent dimensions that are used in these calculations, factors such as
swelling and printing infidelity can alter the CSA of the scaffolds. This limitation arose when a stiffer
IsoTruss sample was visually larger than the other samples. The data can be normalized, however,
through a simple scaling multiplication of the ideal cross sectional area (0.0001 m?2) divided by the
measured CSA. This normalization was conducted for one control IsoTruss scaffold that was substantially
larger than the others. In the future, all samples should be measured and normalized to their own CSA.

Collectively, these results underscore the importance of an integrated approach in scaffold
design, where both the geometric and mechanical aspects are optimized to support cell behavior

conducive to tissue regeneration. It suggests that scaffold geometry is a critical factor in determining cell
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distribution and proliferation, which has significant implications for the design of future scaffolds for
bone tissue engineering. A scaffold's ability to support uniform cell growth and distribution is crucial for
the successful integration and functioning of the engineered tissue. The observed spatial effects on cell
behavior within the Truncated Octahedron and Voronoi scaffolds, and the significant temporal effects
across all scaffold types, emphasize the importance of considering both the initial scaffold design and the
dynamic nature of cell growth over time. Further spatial analysis of the cell distribution may also provide
insight into the differences observed between scaffold geometries and culture time. The results of this
study represent a successful first step at generating an organoid that recapitulates the micromechanical
environment of healing bone. The investigated scaffold geometries 3DP via VP using the novel ESOA and
PEGDA resin resulted in successful cell adhesion, proliferation, and extracellular matrix deposition,
providing valuable insight into the structure/function relationship of pore shape and bone organoid

mechanical properties.

3.6 Conclusion

The current study analyses the cell proliferation and mechanical properties of three different
scaffold geometries after being seeded for four and seven days with 3T3 fibroblast cells. This analysis will
eventually lead to a bone organoid platform in which individual patient risk factors for non-union can be
studied. After successful cell adherence, dynamic mechanical analysis confirms that the storage moduli
of the scaffolds are within range of soft fracture callus tissue. More data will be collected with additional
scaffolds, as well as unseeded scaffolds soaked for four and seven days as control groups. Future studies
related to this research will involve computational fluid dynamics to investigate extracellular matrix-

forming wall shear stress produced by fluid flow.
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Chapter 4: Aim 2

In order to begin optimization of fluid flow, we turn to computational modeling to determine the
distribution of wall shear stress (WSS) acting across the 3D scaffold surfaces. Average WSS values of 0.55
mPa to 24 mPa have been shown to drive mineralization in in vitro bone cell culture®®. As such, my
second aim seeks to develop a validated computational model to simulate fluid flow within an organoid,
such that the predicted WSS values can be used to determine optimal perfusion flow conditions. This
aim can be broken down into two parts: (1) the generation of validation data using dynamic contrast
enhanced magnetic resonance imaging (DCE-MRI) to quantify flow velocity and direction throughout the
3D scaffolds, and (2) the modeling and computational fluid dynamics (CFD) simulation of laminar flow
through the 3D scaffolds.

4.1 Methods and Materials

4.1.1 DCE-MRI Validation Data
To perform DCE-MRI analysis, the porous scaffolds needed to be filled with a hydrogel that

would prolong the flow of contrast through the scaffold for the entire duration of the scan (~ 12
minutes). The highly porous scaffolds are a challenging material to fill completely, without any air
pockets in the large pores; so, three different methods were tested for filling the scaffolds. These include

a pour over method, desiccator method, and pressure differential method.

Hydrogel Preparation

To secure the 3DP scaffolds within the tissue culture inserts and reduce the rate of fluid flow
through the porous scaffolds, a methodology for photoHA/collagen hydrogel preparation, developed in
the Munson Lab by Jen Hammel, was adapted and performed. This hydrogel was used for the scaffolds
filled via the pour over method. First, the collagen solution was prepared by combining 1318 pl of
collagen [, 30 pl of 1N NaOH, 1278 ul of sterile water, and 292 pl of 10x concentrated phosphate buffered

solution (PBS). Next, 1460 pl of basal vasculife media, 2920 pl of 1% PhotoHA, and 58.4 pl of LAP (lithium
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phenyl-2,4,6-trimethylbenzoylphosphinate) were added to the collagen solution and mixed using a 100

pL volume pipet.

For the pressure differential and desiccator methods, a gelatin hydrogel which did not require
UV curing was used. The hydrogel was prepared by mixing 0.5 g of gelatin from porcine skin (Sigma-
Aldrich®, gel strength ~ 300 g bloom, Type A) with 9 mL of DI water. A few ratios of gelatin to water were
tested (data not included) before deciding on this balance as it formed a hydrogel that was easy to pour
and solidified in a suitable timeframe. The gelatin powder was poured into slightly warmed DI water
(37°C) while mixing at a slow speed on a stir plate. The solution had to be stirred slowly to reduce the
introduction of air bubbles into the hydrogel. After stirring and warming for 30 minutes, all of the gelatin
was dissolved and the hydrogel was ready to be used. Once removed from the stir and heat plate, the

hydrogel had to be poured immediately in order to avoid premature solidification.

Transwell/Scaffold Filling — Pour Over Method

The imaging for MRI fluid flow analysis is done in a Millicell® Standing Cell Culture Insert
(diameter = 12 mm, pore size = 8.0 um). For the scaffolds to fit inside and fill the inserts, they must have
a 10 mm diameter and 3 mm height. Our 3DP geometries have not yet been generated for cylindrical
scaffolds. As such, 10 mm x 10 mm x 10 mm cubes were manually trimmed with a scalpel to fit the cell
culture insert. After trimming, the scaffolds were rinsed with deionized (DI) water to eliminate any

debris.

Approximately 100 uL of photoHA/collagen hydrogel solution was added to the transwells
already containing the scaffolds, to fill the open pores and reduce the chances of fluid diverting around
the scaffold rather than passing through it. The filled inserts were cured with a 385 nm lamp and placed

in an incubator for 30 minutes. Trial and error was utilized on some test samples (n=2) to modify the
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hydrogel filling procedure prior to curing to improve penetration of the hydrogel throughout the
scaffolds using the pour over method. In order to settle the hydrogel better in the scaffold pores, the
transwell was agitated by manually shaking the well plate and evacuation of air bubbles was attempted
by using a syringe to pull trapped air from within the scaffold up to the surface where it could be scraped

off.

Transwell/Scaffold Filling — Desiccator Method

For this method, the scaffolds were cut into 3 mm tall slices, and remained in their square shape.
After slicing, the scaffolds were placed into a 24 well plate and soaked in 10x PBS solution for at least 2
hours to try to reduce surface tension and adhesion of air bubbles during filling (Figure 4.1). Once the
hydrogel was ready to pour, the scaffolds were transferred to wells without PBS solution with forceps.
The hydrogel was taken directly from the stir and heat plate to be poured over the scaffolds, filling each
well so that the scaffold was completely submerged. After pouring, the well plate was agitated by
manually shaking it in order to bring any large air pockets to the surface and settle the hydrogel to the
bottom of the scaffolds. Immediately after shaking, the well plates were placed in the desiccator for 1

hour at a pressure of 9.8 PSI.

Figure 4.1: Scaffold slices soaking in 10x PBS solution.
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Transwell/Scaffold Filling — Pressure Differential Method

Finally, a syringe pump and tubing were used to generate a pressure differential across the
scaffolds to pull the air bubbles out of the hydrogel/scaffold mixture. This procedure was performed in
transwell inserts (Costar®, diameter = 6.5 mm, pore size = 3.0 um), so the scaffolds needed to be
trimmed into a cylindrical shape. Rather than measuring and trimming manually, the polyester
membrane was removed from one transwell insert and it was used as a punch to get an accurate size
scaffold (Figure 4.2). After punching through the center of a 10 mm x 10 mm x 10 mm cube, the cylinder

was cut into 3 mm high individual cylinders.

Figure 4.2: 6.5 mm diameter scaffold punch made from transwell insert.

The cylindrical scaffolds were then rinsed with 10x PBS to clear any debris and soaked in 10x PBS
for at least 2 hours in a transwell plate. After soaking, the scaffolds were placed into the 6.5 mm
transwell inserts so that they fit snuggly in the bottom. Flexible tubing with a 6 mm diameter was then fit
around the transwell insert containing the scaffold, and the other end of the tubing was fit onto a 60 mL
syringe (Figure 4.3). Once both ends of the tubing were sealed, the prepared hydrogel was taken directly
off the stir and hot plate and poured over the scaffold using a smaller 5 mL syringe for more control.
After the hydrogel settled, air was carefully extracted through the polyester membrane by slowly pulling
out the syringe plunger (Figure 4.3). If there were still visible air bubbles remaining in the scaffold, more

50



hydrogel was poured over the scaffold and pulled through using the syringe plunger. Once the scaffold

was completely filled, the tubing was first removed from the syringe and then the transwell insert. Filled

scaffolds were then left to cure in transwell plates.

Figure 4.3: Pressure differential method setup. The air bubbles in the tubing show the air pockets being pulled through the
membrane and into the tubing.

Scaffold Evaluation

Scaffolds were evaluated for air pockets with three methods: visual evaluation, MRI grayscale
intensity, and microscopy. Visual evaluation was the first indicator of air pockets trapped within the
scaffold after filling. They appeared as lighter regions, usually within the center of the scaffold. Air
pockets were also visible via MRI in which the grayscale intensity depicted regions with air pockets.
Lastly, brightfield and DAPI microscopy scans were also taken to assess the presence of air in the

scaffolds.

DCE-MRI
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DCE-MRI, an imaging technique used to measure interstitial fluid flow by tracking the movement
of contrast agents (gadolinium) through hydrogel?® was utilized to measure fluid velocity and direction
through our hydrogel-filled scaffolds filled via the pour over method (n=2 for Voronoi, n=1 for IsoTruss).
DCE-MRI was only performed on these scaffolds due to MRI maintenance and repairs. This methodology
is described in detail by Kingsmore et al. Briefly, 200uL of 1:100 gadolinium contrast agent was applied
to the surface of the hydrogel-filled scaffolds using an infusion rate of 500 pL/min; T2 sequence MRI
imaging was then performed using a field of view of 19.2 mm x 22 mm, image size of 192 x 220 pixels,
spatial resolution of 0.1 mm/pixel, temporal resolution of 2 min 54 s and 300 ms with 5 s for
adjustments, and slice thickness of 3 mm. A single baseline scan was taken before adding the gadolinium
contrast, and then four subsequent post-scans were taken 30 s after gadolinium injection. The resultant
images were then processed using a custom Matlab code developed by Kingsmore et al. The DCE-MRI
analysis assumes that the flow velocity of gadolinium through the scaffold and hydrogel is equal to the
fluid velocity flow within the hydrogel. Through the proportional relationship that MRl signal intensity
has with gadolinium concentration, the velocity field (magnitude and direction of fluid flow) is calculated
using their computational model by tracking changes in pixel intensity from baseline through each
follow-up image. Thus, tracking the flow of contrast through the scaffold over time and enabling the back

calculation of fluid flow velocity and direction throughout our complex porous scaffolds.

Echo Microscope

In order to evaluate the pressure differential method for effectively filling the scaffolds, imaging
of the scaffolds was performed on the Echo Revolution microscope (n=1 for each geometry). The
scaffolds were stained with DAPI from a prior experiment (Chapter 3, Section 3.3), so imaging was done

in both the fluorescent DAPI and Trans (brightfield) channels using 10x magnification. All regions of the
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scaffolds were inspected for air pockets, and sample captures were taken at various locations throughout

the three samples.

4.1.2 CFD Model
For the CFD model methodology and results, | will focus on the IsoTruss geometry because we

were only able to generate validation DCE-MRI data for the IsoTruss geometry due to machinery

maintenance and repair.

Saffold Geometry

Three different options were explored as starting points to form the 3D solid models of the
IsoTruss scaffolds: the original stereolithography (STL) files that the scaffolds are printed from, STL files
formed on Fiji from confocal microscope scans, and 3D CAD models generated in SolidWorks. The format
that was ultimately imported into COMSOL to run the simulations was a 3D manufacturing format (3MF)

modeled from a solid body formed in SolidWorks from the original, ideal STL IsoTruss file.

In order to model this geometry, the ideal STL IsoTruss file was first imported into SolidWorks,
and converted into a SolidWorks part file (PRT) by drawing and extruding a 10 mm x 10 mm x 10 mm
cube over top the structure. The STIL file was subtracted from the solid cube to generate a PRT file for
the pore space of the scaffold. To return to the structure, another cube was formed and the subtraction
function was repeated (resulting body shown in Figure 4.4A). This 3D body was trimmed to the smallest
repeating unit, and measurements were taken on SolidWorks of the dimensions to create a custom
model of the unit cell (Figure 4.4B). This smoothed out the surfaces, eliminating the intricate triangles
(seen on the struts of Figure 4.4A). Because the model simulates movement of fluid around the struts,
the 3D body imported into COMSOL was the resulting pore space (Figure 4.4C-E). 3MF files were the
most compatible with COMSOL, so the final pore space model was trimmed into slices and saved as 3MF

files to be imported into COMSOL.
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Figure 4.4: Portion of IsoTruss ideal CAD rendering (A), modeled basic unit of IsoTruss struts (B), and three views of pore space
around basic unit struts (C-D).

Setup in COMSOL

Once an importable version of the geometry was created, the simulation was set up in the
COMSOL software. The first step was to choose the type of study being conducted—in this case it was a
stationary laminar fluid flow simulation. Because we wanted to mimic the flow of solution through a
scaffold in a bioreactor setting, the flow rate will not change throughout the culture, so stationary flow
maintains a constant inlet velocity throughout the simulation. The selection of laminar flow, as opposed
to turbulent flow, was based on a few different factors. The type of flow is calculated by determining the
Reynolds Number (Re), where p is fluid density, v is velocity, L is characteristic length, and p is dynamic

viscosity (Eq. 1).

_ inertial forces _pvL (1)

viscous forces
For laminar flow, Re is less than 2000, and for turbulent flow it is greater than 4000. The Re calculated for

this simulation was very small, indicating laminar flow through the pores of the scaffolds. Additionally,
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we want to achieve laminar flow through the scaffolds in the bioreactor system, which made this the

best choice for the simulation.

Once the type of simulation was chosen, the COMSOL GUI guided the setup and simulation,
starting with the geometry. After importing the particular slice being simulated, COMSOL converted the
3MF file to a solid body and then there were a few modifications that needed to be made to ensure the
dimension and direction were correct. For these simulations, the built-in COMSOL library material that
was most similar to the material that will be used in the bioreactor (PBS) was water, so that was selected

as the material in the pore space.

With the 3D body set up, the physics of the laminar flow simulation could be developed. An
assumption that was made in the laminar flow model is that there was incompressible flow in the liquid.
This is a valid and accepted assumption for most liquids, and assumes that the density of the fluid is
constant throughout the simulation, which was true for this study. Equations 2-4 are the Navier-Stokes
governing equations used for this simulation, where p is equal to fluid density, u is equal to the fluid

velocity, and p is equal to fluid pressure.

p(u-VYu=V-[-pl+ K|+ F (2)
pV-u=0 (3)
K = u(Vu + (Vvu)’) (4)

The next selection made was the boundary source of inlet and outlet velocity. Two simulations
were conducted, one with flow coming from the top boundary only and one with flow coming from the
top and side boundary. The outlet boundary that was selected for both simulations was the bottom

surface.
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In selecting average velocities to simulate in this model, it assumed that the velocity was fully
developed at the inlet and moved from the selected top boundary of the unit to the bottom. Five inlet
velocities were simulated: 0.05, 0.10, 0.15, 0.20, and 0.25 mm/s. For each inlet velocity, the simulation

had to be re-computed. A coarse mesh was created for this 3D body.

COMSOL Simulation and WSS Calculation

After the simulation was completed, the results were manipulated to display various calculations
or derive additional metrics to display. The metrics chosen to display after the simulation was completed

were velocity, direction, and WSS. WSS (t) was calculated with the following equation:

T=YuU (5)
where y is the shear rate and . is the dynamic viscosity. On COMSOL this calculation was completed by
adding a 3D plot group and creating an equation from the simulation results and predefined material

characteristics (for p).

4.2 Results
Image Clarity

The collected DCE-MRI images were inspected for clarity to determine the success of the
hydrogel fill and ensure fidelity of the data for later analyses (Figure 4.5. One of the Voronoi scaffolds is
depicted in Figure 4.5a large gap (black cavity) throughout the majority of the scaffold, which is the
result of a large air pocket in the center of the scaffold. This issue was present in all MRI imaged
scaffolds, with varying degrees of severity. The IsoTruss scaffold had small central air pockets; however,
they were much less severe than the air pockets in the Voronoi scaffolds. Within the IsoTruss image data,
there were MRI image slices of the hydrogel-filled scaffold that were uninterrupted by the presence of

air. For these slices, the struts of the IsoTruss scaffold were clearly visible across the image, represented
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by the black/dark grey lines. For all captured MRI-images, the lighter gray/white regions demonstrate
areas where the gadolinium contrast had illuminated the photoHA/collagen hydrogel as it flowed

through or around the scaffolds.

Figure 4.5: Voronoi (left) and IsoTruss (right) MRI scans.

After sitting in the desiccator, the scaffolds filled via the desiccator method had clear air pockets
still remaining in the structures that were visually noticeable. Because of this, additional imaging was not
necessary to evaluate this procedure. Pouring and agitating the hydrogel and scaffolds was not adequate

for properly filling the scaffolds, and the desiccator was not able to remove the air.

Brightfield and DAPI scans of the scaffolds filled using the pressure differential approach
revealed uniform filling with no aggregate small or large bubble clusters for any geometry (Figure 4.6). In
the brightfield scans, the lighter gray regions match up with the blue stained regions on the DAPI scans,
confirming that the lighter regions represent scaffold struts in the brightfield scans. The black specs that
are clearly visible in the DAPI scans represent small/micro-air bubbles present in the gelatin hydrogel.
This trapped air is a product of the hydrogel production method, confirmed by their homogenous
distribution throughout the scaffolds, and do not represent a failure of the filling method. Moreover,
these micro-air bubbles do confirm that in the DAPI scans, air pockets would be represented by large

black spots. The various scans do not show evidence of large air pockets created as a result of the
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hydrogel not fully penetrating throughout the scaffold and into each pore. The scans confirm that the
pressure differential method successfully eliminated air pockets in the three geometries tested and

imaged.

100 pm

Figure 4.6: Example brightfield (left) and DAPI (right) echo microscope scans of IsoTruss (top), Truncated Octahedron (middle),
and Vooronoi (bottom) scaffolds with gelatin hydrogel fill via pressure differential method. Light gray regions on the brightfield
scans represent scaffold struts, and blue regions on the DAPI scan represent scaffold struts.

DCE-MRI Direction and Velocity

Due to the air pockets in both Voronoi samples subjected to DCE-MRI imaging, only the
sequential DCE-MRI images of the IsoTruss scaffold were included for further assessments. The DCE-MRI

analysis produced direction and velocity vector fields, representing the movement of gadolinium
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contrast through the scaffold. Because of the presence of air pockets, it was difficult to discern what
movement was a result of air pocket/bubble displacement and what movement was due to the scaffold
geometry. Despite this, the velocity streamlines (magnitude) and velocity direction were computed for

an entire IsoTruss 2D slice (Figure 4.7.

Figure 4.7: 2D MRI image slices overlayed with velocity streamlines (left) and direction streamlines (right) within a IsoTruss
scaffold undergoing diffusion flow (infusion rate of 500 uL/min)

Because of the relatively larger scale of the scaffold and hydrogel, the median velocity and
direction quantitative data for the whole scaffold does not reveal much about the movement of fluid
throughout the geometry. For more relevant data, an independent analysis was performed on a portion
of the scaffold representing a unit cell of the IsoTruss scaffold (Figure 4.8). The average velocity in this
portion was 0.689 um/s, and the average direction of flow was 168°. The magnitude of velocity was
higher at the top portion of the diagonal strut, while velocity was near the intersection of the two

pictured struts at the bottom of the diamond shape.
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Figure 4.8: DCE-MRI streamline analysis of single unit geometry slice. The purple box outlines the region involved in the analysis,
which is one unit cell of the IsoTruss geometry. Yellow/brighter regions indicate higher velocity; whereas, red/darker regions
indicate lower velocity.

COMSOL Velocity Direction and Magnitude Calculations

Pictured in Figure 4.9 and 4.10 are the graphed results of the simulation at an inlet velocity of
0.15 mm/s. According to this simulation, depicted in Figure 4.9A and 4.10A, velocity is greatest towards
the center of the pores, and around the strut when flow is coming from the top and being divided
around the strut. A bias towards the left side is seen in the bottom images in which a side inlet boundary

is introduced. Additionally, a greater maximum velocity is achieved in the simulation with two inlet

boundaries.
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Figure 4.9: Velocity direction field streamlines of IsoTruss scaffold slice with an inlet velocity of 0.15 mm/s coming from top
boundary (A) and top and front left boundary (B). Note, the scale bars have different magnitudes, but the same color scale.
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Figure 4.10: Velocity magnitude map in slices of IsoTruss scaffold slice with an inlet velocity of 0.15 mm/s coming from top
boundary (A) and top and front left boundary (B).
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Wall Shear Stress Surface Calculation

Figure 4.11 represents the WSS surface calculation for a central, diagonal strut in the IsoTruss
scaffold. This simulation was able to successfully complete the calculation, and graphically represent the
results on the surfaces of the imported geometry. The slowest inlet velocity (0.05 mm/s) produced a
maximum WSS of about 8.5 mPa; whereas, the fastest inlet velocity (0.25 mm/s) produced a maximum
WSS almost 5x greater than that of the slowest. The introduction of an inlet boundary on the side

surface did not appear to have an impact on the magnitude of WSS produced on the central strut.

Figure 4.11: Surface WSS (mPa) map for central IsoTruss unit geometry slice at various inlet velocities (mm/s): A) 0.05 mm/s; B)
0.10 mm/s; C) 0.15 mm/s; D) 0.20 mm/s, and; E) 0.25 mm/s. The scale bar is consistent for each WSS map.

4.3 Discussion
This study achieves several objectives that had not been previously accomplished: 1) DCE-MRI

was performed and used to analyze fluid flow through complex geometries for the first time; 2) sample
preparation was optimized to ensure even distribution of hydrogel throughout the three scaffold
geometries; and 3) a CFD model of an IsoTruss unit cell was developed that replicates patterns observed

in experimental DCE-MRI fluid flow analysis.

The DCE-MRI analysis confirms that this methodology can be adapted to hydrogel-filled scaffolds in

order to collect velocity and direction data. Up to this point, DCE-MRI has not been performed on a 3D
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rigid structure with distinct microstructural features, making this study the first step in developing a
protocol and collecting preliminary data for future works. The imaging of the scaffolds visually represents
how the introduction of a scaffold structure to a hydrogel manipulates the movement of particles
through the transwell, and the velocity direction and magnitude plots reveal insights of the internal

structures of the scaffolds that were previously unknown.

The additional analysis on the smaller region of the scaffold reveals more relevant insights that
impacted decisions made in the CFD simulation. At the corner intersection/node, there are fourteen
struts meeting at one point, which creates a bottlenecking effect that could explain the observation of
slower fluid flow at the bottom half of the diagonal strut. The other geometries do not have
intersections with this much activity, so these large intersection points have an impact on the velocity
magnitude and direction. Another important insight this analysis reveals is that fluid moves towards the
diagonal strut from the center of the pore, and not just from the top. Again, this is most likely due to the
modified movement required to get around the thick intersection points. This observation became
important during the CFD analysis in selecting the inlet flow boundaries. Rather than having flow move
from the top to bottom boundary, considerations were made to investigate the impact of flow from
multiple directions. The outlet boundary remained constant for both simulations because the DCE-MRI
data did not conclusively reveal if fluid was moving out of the region in any direction other than
downward. When compared to the DCE-MRI results, the velocity magnitude and direction from the
COMSOL simulation was more realistic when flow came from more than one direction. In such a complex
structure, it is difficult to make assumptions about where the flow comes from in such a small unit
geometry, which highlights the importance of imaging techniques in better understanding complex

structures and flow mechanics.
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This simulation reveals important insights on the selection of inlet velocities for a perfusion
bioreactor system in future studies. WSS from 0.55 mPa to 24 mPa can induce the formation of ECM
from bone cells?!, and the inlet velocity that best achieves this range is 0.15 mm/s. For comparison,
some inlet velocities used in other fluid-induced WSS studies are 0.4 mm/s?2, 0.5 mm/s%, and 1 mm/s*°,
with a higher extreme being 61 mm/s'°. Because this simulation only achieves the higher range of WSS
for ECM formation in one small region of the strut, a higher inlet velocity could be justified to achieve
higher WSS on more surface area. A limitation of the CFD analysis was that the complex geometries
could not be completely replicated in the COMSOL software, and creating a modifiable replica of the
geometry was a challenge. While the CFD analysis is limited by the MultiPhysics capabilities in the
COMSOL software, the impact that changing the inlet boundaries has on the flow velocity vectors does

reflect how making modifications based on collected data are able to improve the results.

The original goal of Aim 2 was to develop a validated computational model that simulates fluid
flow and optimizes WSS within an organoid. The completed COMSOL CFD analysis effectively calculates
WSS on a IsoTruss scaffold unit cell, accounting for resin material properties, fluid properties, and varied
inlet velocities. While the validation data is sparce due to MRI machinery maintenance and repairs, the
developed CFD model was validated against experimental DCE-MRI data, confirming the utility of the in
silico model at recapitulating the in vitro model conditions. While the work done outlined in this chapter
provides a platform for validating a computational model, limitations in the experimental data collection
process and computational bandwidth pivoted my research into focusing on protocol development
rather than validation of full-size IsoTruss, Voronoi, and Truncated Octahedron scaffold CFD simulation
data. As the first person collecting this type of data for the three scaffolds being analyzed, | was able to

lay a foundation for a more complete analysis with access to more resources.
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This protocol development involved hydrogel formula and filling optimization. Several types of
hydrogels were explored in this thesis to fill porous 3DP scaffolds. The hydrogel made from the gelatin
from porcine skin performed best for this procedure as it did not require photocuring nor does it contain
collagen. The photo curing required for the photoHA/collagen hydrogel could impact the mechanical
properties of the scaffolds, as they are photo cured in the fabrication process. Despite the benefits of
using the porcine skin hydrogel, several challenges persist regarding preparation of the material: (1) the
gelatin sets quickly, so it is important that the scaffold samples are prepared and ready as soon as the
hydrogel comes off of the stir plate; (2) the method for preparing this hydrogel introduces homogenously
distributed micro-bubbles (Figure 4.6). Future studies should explore available methods for eliminating

these air bubbles to further optimize the hydrogel prep and filling procedure.

The pour over method for filling the scaffolds, as demonstrated by the MRI scans, was clearly
inadequate for the complex scaffold geometries included in this thesis; further, the added pressure of a
vacuum desiccator was insufficient to clear air bubbles from the scaffolds. With such intricate
architectures, more pressure and agitation were needed to fully integrate the hydrogel to all pores of the
scaffold. The desiccator method procedure could have been limited by the fact that the wells that the
scaffolds were sitting in were too big for the scaffold slices. Originally, | thought that if the scaffolds were
submerged with hydrogel in a larger well, it would help to fill out the pores from more directions than
just the top; however, it seems like the hydrogel traveled away from scaffold rather than into it. There
was no evidence of air pockets in any of the scans taken of the scaffolds using the pressure differential
method, indicating that all air bubbles created as a result of filling pore space were extracted through
the permeable membrane. The transwell inserts used in DCE-MRI with the permeable bottom surface

allows for this process to be successful, as pulling air through the bottom is the best technique for
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extraction. This technique also requires minimal resources that are inexpensive and reusable, allowing

for the procedure to be performed accessibly in the future.
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Chapter 5: Conclusion

5.1 Synthesis
This master’s thesis describes the development of a pipeline for analyzing ECM formation and

mineralization in 3D printed scaffold via dynamic mechanical analysis (DMA) and computational fluid
dynamics (CFD). Further, proof-of-concept validation data was generated using dynamic contrast-
enhanced MRI (DCE-MRI), confirming that fluid flow velocity and direction data can in fact be collected
on hydrogel-embedded stiff scaffold structures. Three scaffold geometries—Voronoi, IsoTruss, and
Truncated Octahedron (TO)— were investigated for their utility in fracture healing research, yielding
robust structural and mechanical (storage modulus, loss modulus, and tan delta) characterization data.
Finally, the COMSOL simulation-validated DCE-MRI data generated within this thesis will be critical for
characterizing the velocity magnitude and direction of flow within future scaffolds, as well as in the

optimization of the wall shear stress (WSS).

Not only does this thesis provide a pipeline for mechanical characterization of the scaffolds but it
also provides initial insights into how the scaffold geometries compare in terms of mechanical stiffness
following cell culture. There is a wide range of storage moduli of trabecular bone fracture callus, and the
average stiffnesses of the scaffolds were at the bottom of this range. Voronoi samples were significantly
stiffer when seeded for seven days compared to four days, and the presence of cells in the scaffolds did
have a significant impact on storage modulus. The IsoTruss scaffold absorbed and dissipated energy
much differently than the Voronoi and TO scaffolds, as demonstrated by the higher average damping
coefficient. This suggests a possible buckling movement occurring within the scaffold, which the
micromechanical analysis through DCE-MRI and CFD could give more insight on in future studies. More
samples need to be tested to validate these findings, but they serve as a good starting point for scaffold

comparison.
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| was able to work around the complex IsoTruss geometry by creating my own slices of a unit cell
of the scaffold in order to simulate WSS on a characteristic strut within a pore of the IsoTruss scaffold.
The resulting WSS was a result of a realistic inlet velocity of fluid that simulates perfusion through a
bioreactor. This validated model can be used in future cell culture experiments to optimize fluid flow and

WSS through these geometries.

Though impactful, the preliminary DCE-MRI data collected is not publishable due to air pockets
in the hydrogel-filled scaffolds. Motivated by this challenge, | developed an SOP to prepare scaffolds for
imaging in a way that eliminates air pockets and processed the collected data to serve as proof-of-
concept for future studies. As a result, velocity direction and magnitude data were acquired for the
IsoTruss geometry. Up to this point, DCE-MRI imaging has only been done on hydrogels, making this the
first set of collected DCE-MRI data on a rigid structure. On the large scale of the scaffold, there are
detectable patterns that seem to be true throughout the scaffold. For example, fluid moves from the
center of the pores towards the struts, and as it flows down the strut there is apparent bottlenecking at
the intersection of struts. This points out a possible limitation of the IsoTruss scaffold that is consistent
with the DMA results and overall scaffold observations. This scaffold is the only geometry in which at
each internal intersection, fourteen struts meet at one point. This creates large “knots” in the structure,
where fluid flow is slowed down. This micromechanical observation confirms the higher tané values for
IsoTruss calculated through DMA testing and with this closer look at the scaffold, our original explanation
of buckling is supported. Additionally, the IsoTruss scaffold is the only geometry in which consistent
printing fidelity issues are observed. For each scaffold within the tested IsoTruss groups (four-day
seeded, seven-day seeded, four-day soaked, seven-day soaked) there has consistently been one scaffold
in each group that is much stiffer than the others. The crowded intersections/nodes in this scaffold may

create fidelity problems, necessitating stricter fabricating and curing parameters to produce consistent
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scaffolds than the other geometries. The DCE-MRI data that was analyzed for just a small portion of the
scaffold became important in determining where flow comes from in the COMSOL simulation. When the
inlet boundaries were changed to better fit the data found in the DCE-MRI analysis, the results of the

simulation became much more realistic and consistent with the DCE-MRI data.

As a response to the problems observe in collecting DCE-MRI data, | developed protocol that will
avoid these problems in the future. Although a simple concept, the pressure differential method |
created using a syringe and tubing around the transwell insert was very successful at eliminating air
pockets in the scaffolds. This method will be incorporated into the sample preparation process in the

future when collecting DCE-MRI or DCE-CT data.

5.2 Future Work
The immediate next steps for this project are DCE-MRI sample prep and data collection for all

three scaffold geometries. This will involve performing the pressure differential scaffold filling technique
on cylindrically printed scaffolds with 12.5 mm diameters. Additionally, more IsoTruss samples should be
printed, seeded, and DMA tested for four- (n=2) and seven-days (n=2) so that each group has the same

sample size.

5.2.1 Fracture Healing Prediction
For the Bone Organoid project, these two aims | completed are just the beginning of a long-term

study that will investigate delayed fracture healing on an individual patient basis. The project is
motivated by the fact that current clinical practices and imaging techniques do not reliably assess the
patient risk of experiencing delayed fracture healing or nonunion. The goal is to explore an in vitro
option for analyzing individual capacity for bone healing—the bone organoid. The three scaffold

geometries—IsoTruss, Voronoi, and TO—will be the foundation from which to expand the organoid
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development, and the preliminary data | collected will inform decisions moving forward with these

structures.

There is yet to be a bone organoid developed that effectively recapitulates the complex
micromechanical environment of bone. Additionally, mechanosensitivity cell markers, which could be
critical in understanding individual bone healing capacity, have not been identified. The bone organoid
we have begun to develop aims to address these gaps in knowledge and allow for a platform that can be
mechanically stimulated and micromechanically studied. The objective of this larger project is to induce
strain stimulated ECM formation and develop mineralized tissue in an environment in which it can be
guantitatively measured. With this system, steps can be made towards patient-tailored treatment plans

to intervene early on delayed fracture healing and nonunion.

5.2.2 Bone to Breast Metastasis
Another application of the bone organoid in development is in the study of metastatic breast

cancer. A common site where breast cancer metastasizes is bone; however, this migration of cancer cells
is not completely understood. Characteristics of cancer cells that increase survival and proliferation have
not been linked to bone metastases. Studying the interaction of cancer cells with ECM formed in a bone
organoid could reveal insights as to why the cancer commonly metastasizes there. The in vitro
environment provided by a bone organoid allows for the study of cancer cell interaction with bone cells
to identify how glycosylation impacts mechanical characteristics of the organoid. This future study could
provide insights that lead to potential therapies for metastatic breast cancer, improving the lives and

outcomes for patients.
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INTRODUCTION

Nonunion or delayed fracture healing i1s a prevalent clinical
complication with a devastating impact on patient quality of life, leading
to significant financial burden for patients'. Despite knowledge of the
mechanobiology behind bone healing, we lack the ability to discern
bone healing capacity in individual patients. Existing biomarkers for
healing progression and clinical imaging modalities fail to discern
which patients experience delayed fracture healing or proceed to
nonunion. Current preclinical models for bone fracture healing rely on
2D cell culture and animal experiments, each with their own limitations
regarding translation to patients®. Additionally, current detection
strategies such as radiolucency in planar x-rays and reported pain by the
patients do not account for the i vivo mechanical environment™* though
studies have shown a positive relationship between loading and bone
healing®. 3D culture systems such as organoids provide an in vitro tissue
culture platform that allow for the prolonged study of human cells in an
environment that mimics in vive®. To develop such a platform for
assessing individual patient risk factors for non-union, this study aims
to manufacture porous 3D scaffold geometries using a novel,
osteoconductive resin via vat photopolymerization (VP) and analyze
their ability to mimic the in vive bone micromechanical environment.

METHODS

Resin Formulation: A mixture of 50 wi% epoxidized soybean oil
acrylate (ESOA, Sigma-Aldrich) and 30 wi% polyethylene glycol
diacrylate (PEGDA, Sigma-Aldrich, MW = 373) was used to formulate
the resin for printing. To promote curing, 1 wi% diphenyl(2.4.6-
trimethylbenzoyl)phosphine oxide photomitiator {Sigma-Aldrich) and
0.20 wi% 2, 3-bis(5-tert-butyl-benzoxazol-2-yl jthiophene UV absorber
(TCI Chemicals) was added.

Scaffold Primting & Sterilization: Three scaffold geometries
(Voronoi, IsoTruss, and Truncated Octahedron (TO)) were designed
(nTopology, Figure 1) with 489, 476, and 554 pum average pore

diameters, respectively, and printed using a VP bottom-up platform
(Autodesk Ember). Five burn-in layers underwent UV exposure (5 W,
i = 405 nm) for 25 s per layer, and the rest of the model layers were
exposed for 2.5 s per layer. Every layer was (1.1 mm thick for a total of
10 mm for the entire scaffold. After printing, the bum-in layers were
removed and the scaffolds were washed in 70% isopropyl alcohol (IPA)
and UV cured for one minute.

Prior to cell seeding, scaffolds underwent sterilization using 70%
ethanol for 1 he, followed by 3 washes with phosphate buffered saline
(PBS) and a final wash using media made of aMEM and supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomyein-
amphotericin ( Thermo-Fisher).

Figure 1: Yoronoi (A), IsoTruss (B), and TO (C & D) lattices.

Cell Seeding & Analysis: Murine fibroblasts (1 x 10° NIH 3T3)
were seeded on each scaffold (n = 6/geometry) and cultured in media
under static conditions for 4 and 7 days, with media exchange every 2-
3 days. Subsequently, each sample was immersed for 5 minutes in 1 mL
10% formalin fixation solution, rinsed with PBS, and immersed in 1 mL
of a post-fixation solution of 10% formalin. Scaffolds were then rinsed
in PBS for 1 minute and stained with DAPI and Rhodamine Phalloidin
dyes (Thermo-Fisher) for 1 hr in the dark before storage in deionized
water at 4°C.

For assessment of the structural fidelity and biocompatibility, the
scaffolds were cut in half and examined using a laser scanning confocal
fluorescence microscope (Zeiss Axio Observer.Z1) with 10x objective
(Plan-Apochromat 10x/0.45 M27, Zeiss) and 60 pm diameter pinhole.




Consistent processing and analysis of image stacks (voxel size
0.85x0.85x5.4 pm) were employed to assess cell nuclei spatial
distribution within the scaffolds and the pore distribution within the
scaffolds following image segmentation (Imagel).

Dynamic Mechanical Analysis: Dynamic mechanical analysis
(DMA,  ElectroForce 3200) was performed on  the seeded
(n=f/geometry/day culture) and unseeded (n=1/geometry) scaffolds via
cyelic compression using a strain sweep to analyze how microstructure
impacts the organoid elastic modulus (E’, storage modulus), viscous
modulus (loss modulus), and damping coefficient (tand). The strain
sweep was conducted at a frequency of 0.1 Hz starting with a dynamic
amplitude of 0.2 mm (4% strain) and increasing by 0.1 mm until
reaching | mm dynamic amplitude (10% strain). All testing was
performed submerged in a Ix concentrated phosphate-buffered saline
(PBS, pH 7.4) solution at 37 °C.

Sratistical Analysis: Mechanical data was analyzed for deseriptive
statistics (python) using paired t-tests to determine significant
differences between the 4-day and 7-day cultured scaffolds (o=0.035).

RESULTS

After 4 and 7 days of seeding, confocal microscopy confirmed
successful cell adhesion and proliferation, with cells well distributed
throughout all three scaffold geometries (Figure 2). Average pore
diameters were 379, 397, 662 um for the Voronol, IsoTruss, and TO
scaffolds, respectively, within range of the targeted print size.

100 pm
GO0 pm
G000 pm
400 pm
300 pm
0 um

Figure 2: Voronoi structure (A, DAPQ), cell nuclei distribution (B,
Rhodamine), and pore thickness distribution map (C).

Some of the IsoTruss scaffolds (n=2) failed prematurely during the
DMA testing due to inconsistencies in the printing, these were excluded
from further analyses. For the remaining scaffolds, average storage
modulus increased from day 4 to 7 of static culture (Table 1). The
stiffest storage modulus achieved overall was reached by a 7-day
cultured IsoTruss scaffold (2.70 MPa) Note, variation in the storage
modulus for the 7-day IsoTruss scaffolds was the highest. The Vorono
scaffolds had the only significant and consistent increase in storage
modulus between 4- and T-day cultures (p=0.0293).

Table 1: Storage modulus (MPa) of the three scaffold geometries
for 4- and T-day cultures (mean < 5D).

Dray n TsoTruss T Voronai
L[] 1 1.0s k46 091
4 ] 0800 53" 64040 0.55440.25
7 ] 0.81&1.27™ DL 35 1. 1940057
*n=4 for lsoTruss 4- and T-day culture mechanscal testing

The peak storage modulus for the Voronoi 7-day cultured
scaffolds 1s 2.26 MPa. Both of these peaks for IsoTruss and Voronoi are
reached at the first strain sweep condition of 2% strain, or a dynamic
amplitude of 2 mm. The peak storage modulus is achieved by a 4-day
cultured scaffold for the TO geometry at 1.28 MPa at 2.14 % oscillation

strain. Trends in loss modulus were consistent among the Voronoi and
TO scaffolds, with a general increase with increased oscillation strain
(Figure 3). On average, the loss modulus of IsoTruss scaffolds
decreased at higher oscillation strains, leading to a tand of 0.0613, which
15 over 2x greater than Voronoi (0L0227) and TO (0.0297) at 2% strain.
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DSCUSSION

Scaffold stiffness varied, with storage moduli on the order of soft
fracture callus tissue after seeding (fracture callus moduli: 0.5-1000
MPa)’. Despite the limited number of samples available for testing,
trends were observed on how seeding impacted scaffold stiffness.
IsoTruss scaffolds achieved the maximum storage modulus of all 7-day
seeded scaffolds; however, the rest of the T-day IsoTruss seeded
samples were significantly softer than the average TO and Vorono
scaffolds. Vorono scaffolds had more consistent mechanical properties,
while still achieving the second highest value for storage modulus.
Further, Voronoi scaffolds had the most consistent increase in modulus
with longer culture times, which may suggest the more consistent
formation of extracellular matrix. Note, however, the range between 4-
and 7-day seeded Voronoi scaffold storage moduli is limited. A portion
of the lsoTruss scaffolds were too soft to perform DMA testing on,
which could be due to inconsistencies in either the printing parameters
or the curing process. As such, the remaining IsoTruss samples may
have also been impacted by the same inconsistencies that prevented
testing of the rest of the samples, contributing to the significantly higher
damping detected in the IsoTruss specimens. Further spatial analysis of
the cell distribution may also provide msight into the differences
observed between scaffold geometries and culture time. The results of
this study represent a successful first step at generating an organoid that
recapitulates the micromechanical environment of healing bone. The
investigated scaffold geometries 3DP via VP using the novel ESOA and
PEGDA resin resulted in successful cell adhesion, proliferation, and
extracellular matrix deposition, providing valuable insight into the
structure/function relationship of pore shape and bone organcid
mechanical properties.
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Appendix B: BMES Abstract

This abstract, in which | am the first and presenting author, was accepted to the Biomedical Engineering
Society (BMES) Annual Conference on August 23, 2023 for a poster presentation. BMES took place in
Seattle, Washington from October 11-14, 2023.

Abstract title: Dynamic micromechanical characterization of 3D printed bone organoids manufactured
via vat photopolymerization
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DYNAMIC MICROMECHANICAL CHARACTERIZATION OF 3D PRINTED BONE
ORGANOIDS MANUFACTURED VIA VAT PHOTOPOLYMERIZATION
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(1) Department of Biomedical Engineering and Sciences, Virginia Tech, Blacksburg, Virginia, USA
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(3) Department of Chemical Engineering, Virginia Tech, Blacksburg, Virginia, USA
(4) Department of Materials Science and Engineering, Virginia Tech, Blacksburg, Virginia, USA
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INTRODUCTION

MNonunion or delayed fracture healing is a prevalent clinical complication with a devastating impact on patient gquality of life. These are challenging
injuries to treat and lead to significant financial implications for the patient'. Despite our knowledge of the mechanobiology behind bone healing, we
lack the ability to discern bone healing capacity on an individual patient basis. Further, there are no routine lab tests or imaging modalities currently
available that provide reliable assessment for risk mitigation of such undesired outcomes. Current preclinical models for bone fracture healing rely on
20 cell culture and animal experiments, each with their own limitations regarding translation to patients”. 3D culture systems such as organoids provide
an in vitro tissue culure platform that allow for the prolonged study of human cells in an environment that mimics conditions in which tissue operates
inside of the bodv®. In order to develop such a platform for assessing individual patient risk factors for non-union, this study aims to characterize the
mechanical properties of three different 3D scaffold geometnes manufactured using a novel, osteoconductive resin via vat photopolymerization (VP)
and analyze their ability to mimic the microstructural environment of human bone.

MATERIALS & METHODS

Porous scaffolds (n=13, 10x10x10mm, 0.5mm avg. pore diameter) were 3D printed {3DP) via vat photopolymenzation (VP, Autodesk Ember 3D
Printer) with IsoTruss, Truncated Octahedron (TO), and Voronoi lattice geometries using a 30% wt. epoxidized soybean oil acrylate (ESOA) and 50%
wt. polyethylene glycol diacrylate (PEGDA) resin. To confirm biocompatibility, scaffolds were seeded with 3T3 fibroblasts (1x10° cells/scaffold) and
cultured for 4 (n=2/geometry) and 7 days (n=2/geometry). Cell adhesion and proliferation were visually assessed using confocal microscopy following
DAPI and rhodamine phalloidin staining. Dynamic mechanical analysis (DMA, ElectroForce 3200) was performed on the seeded and unseeded
im=1/geometry) scaffolds via cyclic compression using both a frequency and strain sweep to analyze how microstructure impacits the organoid storage
modulus, loss modulus, and tan{delta). The frequency sweep began at 0.1 Hz and ended at 10 Hz using a logarithmic scale and remained at a dynamie
amplitude of 0.2 mm (4% strain). The strain sweep was conducted at a frequency of 0.1 Hz starting with a dynamic amplitude of 0.2 mm (4% strain)
and increasing by 0.1 mm until reaching 1 mm dynamic amplitude (109 strain). All testing was performed submerged in a 1x concentrated phosphate-
buffered saline (PBS, pH 7.4) solution at 37 *C. All data was analyzed for descriptive statistics and plotted using Python.

RESULTS

After 4 and 7 days of seeding, confocal microscopy confirmed successful cell adhesion and proliferation, with cells well distributed throughout
all three scaffold geometries. A trend for decreasing storage moduli with increasing oscillation strain was observed for each scaffold geometry,
indicating damage accumulation at elevated strain levels. At a 2% oscillation strain, the measured storage modulus ranged from 0.27 to 2.70 MPa, 0.40
to 1.28 MPa, and 0.52 to 2.26 MPa for the seeded IsoTruss, TO, and Voronoi geometries, respectively. At the same oscillation strain, the unseeded
IsoTruss and Vorono scatfolds had similar storage moduli of about 1 MPa, while the unseeded TO scaffold was lower at 0.46 MPa. Compared to the
unseeded TO scaffold, the seeded TO scaffolds were consistently stiffer or as stiff at each oscillation strain percentage. In contrast, the relative stiffness
of the seeded and unseeded ls0Truss and Voronoi scaffolds was less consistent.
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Figure 1. A) IsoTruss: B) Truncated Octahedron; C) Voronoti scaffold structures: D) Storage modulus (MPa) vs. oscillation strain (%) plots for
IsoTruss, Truncated Octahedron, and Voronoi structures.

DISCUSSION
All three scaffold geometries resulted in an organoid that promoted cell adhesion and proliferation. Scaffold stiffness varied, with storage moduli

on the order of soft fracture callus tissue (fracture callus indentation moduli: 0.5-1000 MPa)*. As such, all three geometries achieved an ideal structural
stiffness prior to culture. Despite the limited number of samples available for testing, trends were observed on how seeding impacted scaffold stiffness.
Following 3D culture with fibroblasts, the TO scaffolds were the only geometry to have consistently higher storage modulus. However, these scaffolds
were the softest overall. Meanwhile. two-fold increases in stiffness were observed in some of the Voronoi and IsoTruss scaffolds after 7 days, suggesting
substantial formation of extracellular matrix by the adherent cells. Further testing at extended culture time is needed to determine the ideal scaffold
geometry for modeling bone fracture healing.

CONCLUSION

The results of this study represent a successful first step at generating an organoid that recapitulates the micromechanical environment of healing
bone. The investigated scaffold geometries 3DP via VP using the novel ESOA and PEGDA resin resulted in successful cell adhesion, proliferation,
and extracellular matrix deposition. providing valuable insight into the structure/function relationship of pore shape and bone organoid mechanical

properties.
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Appendix D: Scaffold Testing SOP

The Scaffold Testing SOP details the steps from beginning to end of the DMA data collection process. It is
the process | used for all scaffold testing, and is specific to the Whittington Lab’s 3D printed IsoTruss,
Voronoi, and Truncated Octahedron Scaffolds.

Scaffold Testing SOP
Prepared by Elizabeth Hunt
June 2023

Preparing PBS Solution

1. Prepare 3 L of 1x concentrated phosphate-buffered saline (PBS) solution for the water bath:
a. Prepare 10x concentrated PBS solution: add contents of PBS packet and DI water to
1 L of beaker, mix on stir plate until all of the particles have dissolved
b. Fill 1 L bottle with 900 mL of deionized (DI) water
Measure 100 mL of 10x concentrated PBS solution in a graduated cylinder and pour
into the 1 L bottle with the DI water
d. Storing extra:
= Store extra solution in the fridge after clearly labeling the capped bottle with
the contents, date, and your name
e. Using stored solution that has been stored:
= [f there are any crystals that have formed after refrigeration, heat and stir on
a stir plate until dissolved
=  Prepare solution using same steps as above

Setting Up Water Bath

1. The compression platen and submersible 22N load cell must be removed from the lower
extension shaft before placing water bath onto the crosshead and the crosshead should be
lowered to allow for enough room to place the water bath through the gap
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The hole on the bottom of the water bath must be aligned with the lower extension shaft by
coming through the back of the machine (to avoid tangling the heating cords)

Lower the bath on top of the lower extension shaft until it rests on top of the crosshead with
the draining spout facing forward as seen in the figure below

83



Screw in the four screws to fasten the mounting clamps around the lower crosshead on each
side of the water bath

Screw the submersible 22N load cell onto the lower extension shaft and then screw the
compression platen on top of the load cell

Replace the front cover onto the water bath, aligning the 8 screws and tightening firmly so
that water does not leak out, but not too tight to strip the screws

Insert the temperature probe into the top center hole as shown in the figure below

8. Once everything on the water bath has been fastened and tightened so that no liquid can

9.

leak out, the solution can be poured into the top of the water bath
All 3 L of the solution already prepared should be poured into the water bath so that both
platens and the temperature probe are submerged

10. The lower crossbar can be raised so that the top platen is submerged and there is about a 15

mm gap between the top and bottom compression platens

Heating Solution in Water Bath and Setting Up Sample

1.

If not already powered on, flip on each of the switches on the power boxes to the left of the
machine and open up WinTest on the desktop

o Click enter when the “Login to WinTest” box pops up asking for a username and

password

To open 22N load cell project file: File > Open Unsecure Workspace > Project... > 20-
068_22N.prj
At the far right of the Test Setup window, select the DMA button under Applications — this
will open up the DMA window where testing will be done
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8.

10.

11.

o Again, click enter when the “Login to DMA” window pops up asking for a username
and password
To open up the organoid project file: File > Open > organoid_DMA _training.tst
Unless the ElectroForce has been used for a different test, the compliance compensation
should be complete already (if not, see DMA Setup SOP)
In the Specimen Insertion window, select the “Temp” radio button under Ramp to and enter
37 Cin the window (shown in figure below)
o If “Temp” is not an option, make sure that “Include Temperature Control” is checked
in the Waveform Setup box
To begin heating the water, hit the Ramp to 37C button
o To check that it is heating properly, go back to the WinTest window and the
temperature window should be increasing and the Temp cmd window should read
37C
o This process takes a long time (about 30 to 45 minutes?)
o Make sure that the water bath covers are on top of the bath to keep heat in

Ramp to
) Dizp

(7 Load
® Temp

L

b oweer Power |

| Ramp to 37 C |

Once the temperature reaches about 36 C, drop the scaffold that will be tested first into the
water bath to bring it to temperature
Once the temperature reaches 37 C, use gloves and the long forceps to place the scaffold so
that it is centered on the top platen (it should float, so it’ll be positioned along the top
platen; however, if it does not float position it on the bottom platen)
Zero the load by hitting the “Tare Load Channel” button in the Specimen Insertion window
on the DMA setup screen

o This should make it so that in compression, the 22N load cell window reads a

negative force — that is okay

Come into contact with the sample by selecting the Load radio button under the Ramp to in
the Specimen Insertion window, and enter -0.10 N in the box like in the figure below
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) Temp

010 N

Mover Power |

| Ramp to 010N |

12. Ensure that Mover Power is on (if power is on, the Mover Power button will be green, if it is
not green, push the button to turn power on)

13. Select the “Ramp to -0.10 N” button to come into contact with the specimen

14. Visually check the specimen to make sure it is in contact with both platens and centered on
the platforms

15. Enter the Specimen ID that is currently inserted in the Specimen ID box at the bottom left of
the DMA Window

Running Tests

1. Now that the solution is heated to body temperature and the scaffold is inserted properly,
the first test is ready to begin

2. Open the first condition file by selecting the “Open Condition File” button at the bottom
right of the DMA Window

3. Select the file called “Bone_Organoid 5 31 22N_Freq_Sweep.cyc

4. The inputs should not need to be adjusted, and should read as follows in the figure below

Waveform Setup - Bone_Orgnoid_5_31_22N_Freq_Sweep.cyc

Stepped “ Inciude Temperature Control

Hald only on first step

Hald Value [N] Hold Yalue Dwell [sec)
[oso00 | [200 |
Force Track % Dwell at Mean (sec]  Dwel at Temperature (min)
125 \ 0.00 | |0 o |
Dpnamic Amp. [mm] Temperature [C]
(02000 | EX
Step Variables Step
|Frequen:y [Hz) v| O Linear
Start Stop Puoints Per Decade
X ~| [w ~| [ ® Logithmic
Step Yarables Step
| Nane e | @) Linear
Starting Delta Mumber of Conditions
|U | |U | |U ) Logrithmic

Test Complete Settings

Ayial
(®) Power OFf

O Heid
() Advanced

5. Select the “Next” button at the bottom right, and this window will pop up:
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10.

11.

12.
13.

14.

& DMA Control Panel

File Change Help

DMA Test Monitor

State:  Idle

Specimen Type = Rectangular Current Disp: - 3010665
Frequency =0.1000 Hz Current Load: 0.93
Dipnamic Amplitude = 02000 mm Current Temp: 0.0
Force Track =12500 %

Temperature Level = 370 C

Test Duration =Ma

Time Remaining = MNA

Condition 1 of 21

| Scope .. || Setup... | Maower Power | Start Test |

6/14/2023 1:12:57 PM

For this test, the frequency sweep, there will be 21 conditions and as the test progresses, the
condition that is currently being tested will display as “Condition x of 21”

If the “Mover Power” button is not green, hit the button to turn the power on

Hit the “Start Test” button to begin testing

After the first condition is complete, a Trios window will open and begin to display the data
as the test progresses

Once the test is over, the Trios window with the data can be closed, but make sure to save
the data under a clear name that describes the test and which specimen is being tested
Return to the DMA Test Setup window by selecting the “Setup...” button

Before starting the next test, place next specimen into the heated solution to bring to temp
Perform the second test, the Strain Sweep, by opening Condition File called
“Bone_Organoid_5 31 22N_Strain_Sweep.cyc” the same way the frequency sweep file was
opened

Again, nothing should need changing, and the test inputs should look like the following:

Waveform Setup - Bone_Orgnoid 5 31 22M_Sirain_Sweep.cyc

Stepped “ Include Temperature Cantral

Hold only on first step

Frequency [Hz] Hold Walue [M] Hold Yalue Dwell [zec]
01000 | [050m0 | [200 |
Force Track % Duwell at Mean [gec]  Dwell at Temperature [min]
o ] o]
Temperature [C]
37.00
Step Yariables Step
| Drynarnic Amplitude ) ~ | @ Linear
Starting Delta MNurnber of Conditions
[0z | [ [E] O Logrithmic
Step Yariables Step
| Mone > | (®) Linear
Starting Delta MNurnber of Conditions
|D | |g | |D () Logrithic

Test Complete Settings

Aial
(®) Power O

(O Hold
() advanced
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15. Repeat steps 5 through 10 with the Strain Sweep test file — as shown in the figure below,
there are 9 conditions for the Strain Sweep
& DMA Control Panel - X
File Change Help
DMA Test Monitor
State: Idle
ooy Catom e Cunen Lo 298
E;l::::m;?ailwkwplilude 2?2250300 gm Current Temp: 0.0
Temperature Level = 37.0 C
Tow Aot _NA
Condition 1 of 9
scopel.. || Setup.. [ stanTes |
6/14/2023 1:1 2:05 PM
16. Repeat these steps to load and test the scaffolds until all have been tested, placing
completed scaffolds back into the well it came from
Cleaning
1. All cleaning should be done wearing proper PPE (gloves, lab coat, goggles)
2. After unloading the last scaffold, the well plate should be closed, labeled clearly, and put in
the refrigerator
3. Drain the solution with the spout by releasing the solution into a container larger than 3 L
o Hold the container the whole time the water bath is draining to prevent spills
4. Dump the solution in the sink
5. If there is still some solution left in the water bath, wipe as much as you can up with paper
towels before lifting the water bath off of the lower extension shaft
o It will probably help to unscrew the front screws and take off the front window to
help with cleaning and taking off the water bath
6. Unscrew the compression platen and submersible load cell and spray with 70% ethanol and
set to dry on a paper towel
o Be careful not to damage the load cell with excessive pressure
7. Lift the water bath off the extension shaft and bring behind the machine and around to the
left of the power boxes to be cleaned
8. Spray the metal extension shafts and top compression platen with 70% ethanol and wipe
down
9. Wipe the water bath down with soapy water and rinse with DI water being careful not to get
the heating cords and plates wet
10. Lay it upside down to dry on a paper towel
11. Any metal materials that have been used should be rinsed with DI water then wiped down
with 70% ethanol and either air dry on the rack above the sink or on a paper towel
12. Any surfaces that were worked on should be wiped down with 70% ethanol
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