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Due to increased life expectancy and needs of the baby boomer population, it is estimated that in
the United States alone, 1 million patients annually would require bone defect repair by 2020.
The solution for bone regeneration is bone grafting. Autografts, allografts and xenografts have

their disadvantages out weighing the benefits. Synthetic grafts are the latest alternative to
overcome most of these issues such as donor site morbidity, bone shortage, high costs,
transmission of infections, and ethical concerns. However, most current bone graft options fall
short of managing the tight rope between mechanical properties, scalability, vascularization and
porosity. Our lab has previously fabricated implants that have cortical sections modeled based on
the structure of osteons. This project focuses on building on that initial design and 3D printing
highly porous, pre-vascularized, osteoconductive and osteoinductive, load bearing scaffold for
bone regeneration. Presence of micro-pores and macro-pores are seen. Trabecular sections have
pores measuring 300-350 um which is known to support bone growth, and the whole scaffold has
pores approximately 5 pum in size which is favorable for vascularization. The scaffolds have good
mechanical strength and are further reinforced using structural posts made of hydroxyapatite.
Using 3D printing technology ensures greater control over the structure, porosity and pore size,



and also reduces time, effort and human error. Thus the results of this project display the ability
of a porous scaffold to develop new bone and vasculature while bearing physiological load that is

cost effective, scalable, easily reproducible and a clinical reality.
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CHAPTER 1 - Introduction

1.1 Bone structure, function and composition

Bone is a dynamic 3D structure made of the ultimate smart material, with rapid mineralization
properties. It is capable of self-healing and remodeling without leaving a scar and is highly
vascularized. %2 It provides structural support to the body, is load bearing, acts as mineral
reservoir, supports and protects the internal organs. 2 Apart from these basic functions, bones
are also involved with housing biological components required for hematopoiesis, and trapping

dangerous metals such as iron. [

Structurally, bone is categorized into a porous trabecular region and a highly compact cortical
region. ¥ The human skeleton comprises of only 20% trabecular bone, and 80 % of cortical
bone. 90% of the trabecular bone, however, comprises of pores, while only 20% of the cortical
bone is made of pores. This is why cortical bone has mechanical strength and stiffness compared
to that of trabecular bone. 2 Toughness (strength) of bone is due to the organic matrix composed
of type | collagen, whereas the stiffness (modulus) and viscoelastic behavior of bone is due to the
hydrated inorganic mineral phase composed of hydroxyapatite (HAp) and water. % This is also
why bone is a composite - due to the presence of the bone matrix that has the two parts, the

inorganic hydroxyapatite part (60-75%) and the organic part (25-30%) 2
1.2 Bone injury and healing

Bone formation and resorption are coupled processes. Bone remodeling is a process of continuous
resorption and neo-synthesis of bone that determines bone structure and quality. &4

Bone regeneration involves bone induction and conduction, interaction of different cell types,
intracellular and extracellular signaling pathways in a temporal and spatial sequence to optimize

and repair skeletal function without scar formation. ®° %1 An instance of bone regeneration is



fracture healing. Injured and damaged bone has the ability to heal naturally unless there is a
significant bone loss. '*1 When this fracture doesn’t heal correctly, bone regeneration fails,
surgical intervention and bone grafts are required.

Broken bones/fractures are one of the most common orthopedic problems, 6.8 million cases are
reported annually in USA. 2% Approximately 13% of tibial fractures are associated with delayed
or fracture non-unions. 511 Non-union or critical sized defect is a serious complication wherein
bone healing process is interrupted due to the fracture moving too much, has poor bloody supply
or gets infected. ™1 1 million cases of skeletal defects a year require bone grafts to achieve union.
[4]

Due to increased life expectancy and needs of the baby boomer population, it is estimated that in
the United States alone, 1 million patients annually would require bone defect repair by 2020. [
A wide range of orthopedic applications and skeletal reconstruction requires bone grafting. Some
of these defects are calvarial defects, anterior spine fusion, acetabular defects, cystic lesion femur
condyle metaphysis, ankle joint arthrodesis, osteolytic/traumatic long bone defects, ilial defects,
maxillary defects, zygomatic bone defects, trauma, infection, tumor resection, birth abnormalities,
osteoporosis, compromised regeneration and avascular necrosis. (36} [37-421. [61]. [78].

Factors such as location of defect, and patient habits such as smoking also determines bone
healing effectiveness after treatment. Smoking has been shown to cause revision requirement due
to non-unions. [

1.3 Bone Tissue Engineering

Langer and Vacanti define Tissue Engineering as an interdisciplinary field of research that
applies the principles of engineering and the life sciences towards the development of biological

substitutes that restore, maintain or improve tissue function. &%



Bone Tissue Engineering or BTE is a complex and dynamic process that initiates with migration
and recruitment of osteoprogenitor cells followed by their proliferation, differentiation, matrix
formation along with remodeling of the bone [62 %I The field of bone tissue engineering gained
prominence in 1980’s due to its advantages in regenerative medicine, and is gaining importance
with every new invention. B% It comes as no surprise that the orthopedic devices market will see
steady growth to cross 53 billion USD by 2024. !5 BTE is looked upon to provide alternate
solutions to problems such as stress shielding, low mechanical properties, vascular insult of
implant, improving synostosis between implant and tissue at the microscale, osteopenia and

subsequent re-fracture. This is especially useful in areas such as reconstructive orthopedics. [2%

The Bone Tissue Engineering paradigm highlights the most important aspects for bone
regeneration. The four pillars of the paradigm are a biocompatible scaffold, osteogenic cells to lay
down bone tissue matrix, morphogenic signals that help direct the cells to the desirable
phenotype, and finally, vascularization to meet oxygen and nutrient needs. These pillars are
required to accelerate cell homing, vascularization and bone formation at the defect site. 8

Of late, the fastest growing segments in the U.S. orthopedic biomaterials market are the stem cell
bone graft and concentrated bone marrow markets. Though DBM and synthetics have improved
in effectiveness, stem cell grafts are seeing the greatest growth within the orthopedic biomaterial
bone graft market. This is in large part due to the fact that stem cells offer the greatest
regenerative potential for healing bone. 121 This project utilizes stem cells to satisfy one of the

BTE paradigms.

1.3.1 Bone scaffold

Scaffolds are 3D porous solid biomaterials designed to degrade at a controlled rate, promote cell-
biomaterial interactions, cell adhesion, ECM deposition, and, transport of gases, nutrients and
regulatory factors. Scaffold degradation rate must match tissue growth rate in vitro as well as in

vivo. 49



Bone scaffolds are also the basis for osteoconduction without which no progress can be made.
Scaffolds must be also be biocompatible, which implies that the material shouldn’t demonstrate
immunogenicity or cytotoxicity, neither should it elicit an unresolved inflammatory response. The
scaffold’s biocompatibility is determined by its chemistry, structure, morphology, polymer
synthesis, scaffold processing, and sterilization conditions. 571 Surface properties of scaffolds
such as surface to volume ratio are very important for optimal cell adhesion. ®* An ideal bone
substitute has high osteoinductive and angiogenic potentials, biological safety, low patient
morbidity, no size restrictions, ready to access surgeons, long shelf life and reasonable cost. ]
The world scaffold element technology market was approximately 457 million dollars in 2013,
and by growing 13.4% annually, the market will expand to 1.063 billion dollars in 2020, which

shows the rising importance of this aspect of tissue engineering. (4

Osteoinductivity is the ability of a material to promote osteoprogenitor cells into osteoblasts.
However, it isn’t exclusively dependent on the biomaterial; it weighs equally on porosity and the
surficial properties like topography. 2 It also pays to remember that cells are inherently sensitive
to their surrounding topography at the micron and nanoscale such as grooves, wells, ridges and
other features. Thus, scaffolds should have appropriate porous and surface cues. It is important to
design scaffolds that are ‘non-uniform’. Uniform scaffolds do not support cell adhesion in the
center and therefore less bone is formed, which leads to implant failure due to weak mechanical
properties. (2% B31]

PLA is a degradable polymer that is known to exhibit bulk degradation properties and therefore it
is also imperative to study and maximize scaffold’s mechanical properties and sterilization to
prevent infection. ¢ The scaffold must have mechanical capabilities to bear the post implantation
load and stress, which new tissue being formed will ultimately bear. Further, the scaffold must
support a controlled interconnected porous network for optimal cell growth and vascularization.

This interconnected geometry ensures a large surface area for cell ingrowth, uniform cell



distribution, and formation of new blood vessels through the scaffold. 521 It also ensures that cells
are within 200 um from blood supply for mass transfer of oxygen, nutrients, and waste products.
561 Finally, a near-net shape scaffold design is preferred, with scalability in a manufacturing

scenario.

Thus the golden solution for BTE is to fabricate scaffolds that match the mechanical properties
and anisotropy of bone, 2 and recapitulate the complex temporal sequence and combination of

GFs involved in safe and stable bone formation in vivo. 2

It has been seen that complications arising from bone grafting treatments are highly correlated
with the site of the bone defect rather than the graft material. I Therefore it is crucial to develop
and test scaffolds for multiple locations. This is easily possible with rapid prototyping technology
such as FDM which is used in this project. The design can be scaled up or scaled down as per
requirement.

1.3.2 Bone porosity and vasculature

Vascularization has a strong correlation to the success of a bone graft — it is hypothesized as the
initiating factor in new bone formation, and is known to contribute towards bone development,
growth and repair. 4 One of the crucial steps in bone healing is angiogenesis or the formation of
blood vessels from existing ones. On the other hand, an excess of angiogenesis is harmful too. It

might lead to tumor progression. [l

In this project pre-vascularization is done by seeding scaffolds with HMECs as it has been
demonstrated by groups that endothelial cells can generate organized and well connected

endothelial vessels throughout 3 dimensional tissue constructs. 4

Angiogenesis is affected by scaffold porosity and pore size, growth factor transportation, cell
response to growth factors and most importantly growth factor control. Blood vessel infiltration

into scaffold is of utmost importance, if it is only a few pum in, it’s of no use as it leads to lesser or



lack of bone cells deeper inside the scaffold and healing doesn’t occur. This in turn implies that

the rate of scaffold degradation would not match the rate of bone growth. [®

Literature suggests different optimal pore sizes for different cells, 200-350 pum for
osteoconduction, and 5 um for neovascularization. 4 % Other pore related considerations
include pore shape, distribution, orientation, wall roughness, interconnectivity, volume etcetera.
531 As mentioned for osteoconduction, the minimum pore size is 100 pm, and ideal is 200-350
pum. However, it might be better to have both micro (less than 20 um) as well as macro pores

(more than 100 pm). ['7

1.3.3 Mechanical behavior of bone

One of bone’s basic functions is that of load bearing, and it is of critical importance to design
scaffolds with similar compression values. This ensures proper and optimal bone growth, quality

of care for patients, and avoiding re-fracture.

Bone’s ability to handle stress i.e. mechanical properties or strength depends on age and gender.
Fracture toughness or ability to resist micro crack resistance as well as propagation, increases till
35 years of age in males and 30 years of age in females and then starts decreasing. Bone mass
loss also compromises mechanical stability. Repetitive loading conditions cause fatigue damage
which results in fragile fractures; this could be due to traumatic load or non-traumatic load
(osteoporosis).

Fracture due to compression in cortical bone is dependent on mechanical properties, structure
and, bone tissue volume fraction. Young’s Modulus of cortical bone is 15-20 GPa and it’s
compressive strength is in the range of 100-200 MPa. Young’s Modulus of cancellous bone is
0.1-2 GPa and it’s compressive strength is 2-20 MPa.

One of the most important requirements of BTE is to have grafts with good mechanical properties

such as compressive yield strength or strength, ultimate compression strength and compressive



modulus or stiffness. It would be ideal to match that of human bone. However, increasing the
porosity decreases mechanical properties considerably. Therefore scaffolding options must
always try to better mechanical properties as well as vascularity while maintaining the optimal

balance. [

1.4 Current treatment options

The current treatments include autografts, allografts, material based grafts, distraction

osteogenesis, bone lengthening, bone cement filters, BMP and distraction osteogenesis. ©2 781

Grafting is required in orthopedic, oral and maxillofacial surgeries for skeletal reconstruction of
long defects with no potential to self-heal caused by trauma, infection, tumor resection, skeletal
abnormalities, compromised regenerative process in cases of avascular necrosis and osteoporosis.

Here other options such as bone lengthening would not work. 611

Autografts are hemocompatible, and non-immunogenic, but costly and cause donor site
morbidity, as well as surgical risks. Another consideration with respect to autograft usage is the
limited volume of harvestable iliac crest bone in skeletally immature patients (children). [
Allografts are mostly hemocompatible and are available in different sizes as per patient
requirement. However, there is shortage of supply and the concern of transmission of infections.
The current material options are Biological materials (e.g. ECM), Xenografts (e.g. Bio-
Oss/bovine bone granules), Natural polymers (collagen, fibrin, gelatin, silk), Bioceramics — Ca-P
based apatites such as HA, synthetic apatites such as beta-TCP, HA/TCP composites, and
bioactive glass. The other material based options are synthetic polymers - ester based such as
PLGA, PCL, and PLLA and non-ester based such as PEG, PUV, and Silicone. B¢ Xenografts
have been shown to have good metabolic activity and ALP expression. The disadvantage
however is at the decellularisation step where foreign cellular antigens can trigger an

inflammatory response and/or tissue rejection. !



Polymers are preferred for scaffolding due to their strength, rate of degradation, porosity, shape,
size, microarchitecture, attached to different functional groups easily to better offer an
osteoconductive environment, and, easy and controllable reproducibility. 5% PLA or Poly-lactic
acid is the synthetic biodegradable and biocompatible polymer used for fabrication of the scaffold
in this project. PLA is a FDA-approved Generally Recognized as Safe (GRAS) polymer that is
used in numerous resorbable surgical devices such as sutures, ligatures and meshes.

PLA is biodegradable because it can be cleared through the tricarboxylic acid cycle, as a
medically innocuous lactic acid. ¥ The possible disadvantages or challenges of using this
material is the bulk erosion process they undergo which might lead to failure of the scaffold and
abrupt acidic degradation products which then causes a strong inflammatory response. [43 44 41
With respect to degradation rates, among the saturated polyesters, PLA degrades slower than
PGA and PDLLA as it is more hydrophobic, but faster than PCL. Heterogeneous degradation
takes place in thick scaffolds, i.e. degrades faster on the inside than on the outside due to
neutralization of the carboxylic end groups on the PLA surface. In this case bulk erosion does not
happen as acidity release is limited. In bulk erosion however, there is autocatalysis due to the
carboxylic end groups which aren’t neutralized. ** 481 Thus, surface erosion is preferred over
bulk erosion as it usually occurs at a constant rate. The more the crystallinity, the lesser and
slower the bulk erosion and/or degradation. Upon implantation it might take up to 5 years for
complete absorption of PLA. [43:47]

HA is another material used in the whole scaffold, and is a CaP apatite that has been shown by
the lab to improve mineralization and mechanical properties. 2% This is due to low grain size
(nano), high crystallinity, and wet conditions — leads to higher stiffness, strength and fracture
toughness. Increasing the porosity reduces the mechanical properties and fracture toughness 1,

and further diminishes rapidly post implantation at a rate proportional to the in-vivo duration. &8



Equivalence of synthetic grafts to allograft has been shown, with both in-vitro as well as clinical
findings suggesting no statistically significant difference existed between the two to treat bony
lesions. The only difference was the presence of cell remnants observed in the in-vitro testing of
the allograft group, which could be related to risk of immunological response related to allograft
usage. [

1.5 Rapid prototyping (RP) as scaffold technology

Fabrication techniques usually used in BTE include TIPS (Thermally Induced Phase Separation),
LENS (heat laser metallic printing), RP (Rapid Prototyping) and electrospinning.

Different types of RP printing techniques are 3D printing or 3DP, Fused Deposition Modeling
(FDM), 3D plotting, Selective Laser Sintering (SLS), etcetera. For the purposes of this project
FFF/FDM i.e. Fused Filament Fabrication/Fused Deposition Modeling is used. The resolution is
determined by nozzle size which dictates scaffold’s microstructure design and porosity. Though
3D printing and came before FDM and are technically different, in today’s language it refers to
FDM.

In this method a controlled extruder is used to force out a filament material. This extruded
filament material is deposited on a build plate platform where the design is fabricated layer by
layer. The nozzle and the extruder are collectively called the “print head’. The print head moves
along the x-axis while the build plate moves along the Z axis. The Bowden tube leads the
filament from the feeder to the print head. The feeder is connected to the printer’s retraction
setting, filament is withdrawn or retracted, for example when a pore has to be formed.

The FDM printer used for this project is called the Ultimaker 2+. The picture below highlights
these features of the printer. The design file is saved in .stl format, and sliced using the software
Cura, and saved as a gcode. This gcode is then used by the Ultimaker to print the design.
Fabrication using SLS doesn’t require filaments which would be helpful in printing using new

materials in different ratios without casting and extruding into filaments. However, pore sizes is
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compromised as with SLS they are in the range of 1.75-2.5 mm as opposed to 200 um fabricated

using FDM. [2%

Print head
Nozzle

Bowden’s tube

Build plate

Feeder

Filament spool

Figure 1: The 3D printer.

The advantages of using rapid prototyping for bone scaffolding are numerous. Scaffolds can be

designed for one size and can be scaled up for big sized defects and scaled down for smaller

defects. The printer can be installed in the operation room in hospitals or clinics to print scaffolds

of exact dimensions during surgery.

Groups are using RP technology using a variety of materials including PLA. " The scaffold

fabricated for this project has porosity and dimensional values that has a significant competitive

advantage over existing scaffolds. [*¢]

Orthopedic medical devices fabricated using 3DP methods (additive manufacturing) have great

potential due to enhanced biocompatibility, customizability, and cost effectiveness. 6 Other

distinct advantages of using 3DP include easy fabrication of intricate surface textures and interior

geometries with reduced material waste generation. The biggest concern when 3DP devices or

scaffolds reach the manufacturing stage would be cleaning and sterilizing for incorporation into

the body. [
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Sterilization is usually a chemical (Ethylene oxide or supercritical CO2) or physical (UV, beta or
gamma radiation) processes. ?21 Autoclaving compromises structural integrity of PLA 1, Gas
sterilization using Ethylene oxide has disadvantages as models with porosities can trap the EO
gas used for sterilization, and lead to problems after implantation. [*%1 PLA is extruded for 3DP in
the range of 180-210 °C. Dry heat is recommended for materials with melting temperature less
than 170 °C and steam sterilization for those less than 121 °C as PLA doesn’t fit this criteria,
these methods are ruled out. 24 261 Spaking PLA scaffolds in glutaraldehyde (2.4%
glutaraldehyde solution with a pH of 7.5) for 20 minutes at 25° C is suggested for sterilization.
[24], [25].

The different possibilities with respect to sterilization are discussed in this white paper by Nelson
Laboratories. It is highlighted that due to the complex internal and external geometries, sterilants
might require more time to enter and exit the 3DP models. Models with porosities can trap the EO
gas used for sterilization, and might require a higher aeration time. On the other hand, sterilizing
a 3DP polymer model using radiation (gamma or electron beam) should also be carefully
evaluated for unwanted crosslinking and curing leading to model configuration changes.
Radiation sterilization is size and shape dependent, and even for the same polymer a 3DP version
is incomparable to a milled/molded version. *81 3DP with metal oxide leads to micro-void
formation which leads to reduced biocompatibility and safety. SLS printing with the same might
lead to some metal oxide sacrificial support unremoved from device before implantation which

could have toxic effects in the patient’s body. (¢!
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1.6 Aim of the Project

The aim of the project was to use rapid prototyping technology to develop biocompatible,
osteoinductive, osteoconductive, highly porous and pre-vascularized bone scaffolds with
desirable mechanical properties. The lab previously came up with the idea of fabricating cortical
part of the scaffold by mimicking the structure of the osteon, and this was done by
electrospinning technique. In this project, I design the scaffold to improve porosity and load
bearing capabilities, and fabricate it using rapid prototyping technology. The cortical part of the
scaffolds are pre-vascularized, and the cell studies are focused on achieving bone growth in the

trabecular portion on the scaffold, and vascular growth in the cortical portion of the scaffold.

Collagen
molecule

Cancellous bone

Collagen
Collagen fibril

fiber

Cortical bone

Osteon

0.5 um
1 nm
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 2: Bone macro, micro and nanostructure from J. —Y. Rho et al [*], used with permission.
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Figure 3: Designing cortical of whole bone scaffold by mimicking the structure of bone osteon

and mechanically reinforcing with hydroxyapatite columns. 741 [74]

C 6l omt @i

Figure 4: 3D printed scaffolds for bone regeneration, highly porous, load bearing and scalable.
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CHAPTER 2-Scaffold Fabrication and Characterization of Scaffold Structure,

Mechanical Properties and Cell Biocompatibility

2.1 Evolution of design and prototyping of scaffolds

Design ideas were implemented using Solidworks before selecting the final design. The design
decisions were driven by the need to maximize the number of pores while maintaining structural
integrity of the scaffold. The first design draft had a single layer of central mesh extruded to the
required height to represent the trabecular bone. It had side circles with gaps present that
represented the cortical part of the bone. A few side circles were shaped with smaller diameters to
host hydroxyapatite posts. This design is called ‘DIM1’° (Design 1, Mesh 1). This can be

observed in the figure 5 below. The square holes in the trabecular region were 0.9mmx0.9mm.

Figure 5: Representation of Design 1(D1M1)
This design was improved upon by increasing the frequency of pores on the mesh/trabecular
region, as well as creating multiple layers of mesh separated and supported by solid columns, and
called ‘M2°.The idea was to facilitate movement of cells, oxygen and nutrients within and
through the scaffold. The cortical portion is kept the same as in D1IM1.The new mesh and the
layer separation can be observed below in figure 6. This design is called ‘D1M2’ (Design 1, mesh

2).
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Figure 6: Representation of D1M2, with emphasis on increased number of gaps and the layer
separators.

However this design cannot hold, as the mechanical properties would not be favorable with small
columns supporting the entire number of layers of the trabecular/mesh region.

Another design idea was to fashion a two piece elliptical shaped scaffolds- the two pieces can
then be joined together to get one scaffold. Both pieces resembled the mesh portion described in
previous design (M2). This would ensure separate scaffolds that might be useful during cell
studies, wherein the cortical scaffold can be vascularized and the trabecular portion can then be
added to the pre-vascularized cortical portion. After being combined, the whole scaffold can be
seeded with HMSCs to induce bone formation. This kind of design has good utility. This design
can be seen in the Figure 7 below, and is called D2 (i.e. Design 2). The square holes in the
trabecular region of M2 were 0.9mmx0.9mm. The hollow cortical was 2mm in radius, while the

cortical sides for post had a thickness of 0.8mm.
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Figure 7: D2M1 (Design 2, Mesh 1), cortical (outside) and trabecular (inside) portion of the
scaffold.

The next design, D3 (with Mesh 1 as well as Mesh 2) had the same trabecular mesh portion, but
different cortical design, as can be seen in figure 8. This design was to have a division within the
cortical portion so as to have multiple/alternate flow paths to facilitate movement. But it wasn’t
printed as it did not address a lot of issues like mechanical integrity in the presence of a load,
porosity and didn’t seem like it would serve as a sheltered base to help in the attachment and
proliferation of vascular cells as required. There would not really be any control in the kind of
cells/fluids that could flow through, or the rate of flow, or the formation of blood vessels in a

preferred direction.

Figure 8: D3M1 (left) and D3M2 (right)
To overcome the shortcomings of the previous designs, the final design incorporates a 5 layer
mesh that it laid horizontally and vertically, alternatingly, thus creating a cross-section mesh
(M3). This mesh works upon the M1, but also increases pores on the side - M1 did not have any
outlets on its side. Unlike M2 the layers aren’t supported by columns. Therefore, higher porosity,
better mechanical integrity, and horizontal as well as vertical flow paths is achieved. This can be
observed in the Figure 9 below. The overall dimension for D2 was 9.75mmx9.195mmx5mm

(outside) and 4.5mmx3.9mmx5mm (inside) after scaling down by 50% and printing.
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Figure 9: M3 side view (left), M3 front view (middle), D2M3 ‘outside’ (right).
This mesh (M3) forms the trabecular portion of the scaffold. The cortical section forms layers
around the circular outline of the trabecular portion. It has long hollow cylindrical structures with
pores on its walls. The hollow cortical portions allow incorporation of hydroxyapatite posts as
required to enable better mechanical strength in vivo. The cortical side circles all have the same
diameters so any or all of them can be filled with hydroxyapatite columns as required. This final
design is called D4M3 (Design 4, Mesh 3) and can be seen in the figure 10 below. The design
specifications for this design are spacing between mesh struts 0.5mm, length of longest vertical
strut 0.0331701m, length of longest horizontal strut 0.03312608m, cortical diameter of 1mm,

cortical side pores 300um).

Figure 10: Schematic of D4M3, the final design.

Throughout the designing process the spacing of the mesh struts (horizontal and vertical columns)
were altered to maximize porosity. Cura was the software used for scaling and slicing the designs,
which then generates the gcode. The gcode was then uploaded on to the 3D printer to begin

printing, after the printing properties were suitably adjusted.
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2.2 Materials and Methods

PLA (Gizmo Dorks) is a commonly used thermoplastic polymer for additive manufacturing and
was selected because it’s prior FDA approval, biocompatibility, easy handling, availability and
fabrication, and required biodegradation duration. PLA scaffolds were printed using an Ultimaker
2+ 3D printer. They were designed using Solidworks (Dassault System) with emphasis on
porosity and pore size, and sliced using Cura Software.

2.2.1 Fabrication of scaffolds using PLA

The designs were 3D printed with PLA obtained from Amazon (clear/transparent or silver PLA).
The silver PLA was used till final design good quality print was achieved, post which scaffolds
for cell studies were printed using clear/transparent PLA.

The parameters for printing with PLA used were - nozzle temperature 180-210 °C, the build plate
temperature of 45-60 °C (altered according to print), and the material flow rate at 100%, brim and
initial layer speed at 30%, fan speed adjusted per print from 0-100%. The resolution is
determined by nozzle size which dictates scaffold’s microstructure design and porosity. The
nozzle size used for this project was 0.25mm.

2.2.2 Fabrication of scaffolds using materials other than PLA

An attempt was made to use PLLA as a filament material as well as a 1:1 PLA and
hydroxyapatite (HAp) filament. This would lead to using home-made filaments and provide
flexibility to use different compositions. A (7% w/v) PLLA was made using PLLA (MW =
152,000, Sigma Aldrich, St. Louis, MO, USA), Dichloromethane or DCM (Sigma Aldrich, St.
Louis, MO) and Dimethylformamide or DMF (Sigma Aldrich, St. Louis, MO). In the case of 1:1
PLA and HAp, PLA pieces (from the PLA filaments) and HAp (Synthetic nanopowder, <100nm,
Sigma Aldrich, St. Louis, MO, USA) were mixed with 3.4mL of Tetrahydrofuran or THF (Sigma

Aldrich, St. Louis, MO) (3.4mL/g total) and Dimethylformamide or DMF (1.1 mL/g). The
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magnetic stirrer of appropriate size was put into the beaker, sealed with white tape and parafilm
to prevent solvent evaporation, and placed on a magnetic plate. The next day the parafilm was
removed along with the magnet. The solution was cast on Bytac sheet and left undisturbed for 3
days post which it was cut into small pieces and extruded using the Wellzoom extruder. The
solutes used in the simulated body fluid (SBF), sodium chloride (NaCl), potassium chloride
(KCI), calcium chloride dihydrate (CaCl.H.0), magnesium chloride heptahydrate (MgCI2.H20),
sodium bicarbonate (NaHCOs3), and sodium phosphate monobasic(NaH2PO4) were purchased

from Fisher Scientific (Pittsburgh, PA, USA).

2.2.3 Pore formation

As mentioned in the introduction section, there must be presence of macro as well as micro pores
on scaffolds for premium functioning. This is done in three ways on the scaffold. The first is by
designing the mesh/trabecular portion of the scaffold with required strut spacing, and designing
pores on the sides of the cortical part of the scaffold. Thus, pores in the range preferred by
osteoblasts were introduced by virtue of design in the trabecular region. Micro pores and macro
pores were introduced by soak-freeze method. This involved soaking scaffolds in DI water for an
hour, and changing water after 30 minutes. The water was removed, post which the scaffolds
were frozen by placing in the freezer overnight. Initially, the scaffolds were placed in -80 °C
overnight. Later, experiments were carried out by placing scaffold in -20 °C overnight, -80 °C
overnight and in liquid nitrogen and it was found that the optimal sequence would be freezing in -
20 °C overnight as well as freezing in -80 °C overnight. A pure mesh scaffold with 4.5mm (long
radius), 3.9mm (short radius), and extrusion height of 5mm was used as seen in Figure 11 below.
Scanning Electron Microscopy or SEM was used to obtain pictures of scaffolds subjected to the
soak freeze technique and scaffolds not subjected to the soak-freeze. This was done to check for
presence and structure of soak-freeze induced pores, presence of designed gaps in the

mesh/trabecular region, and check the effect of soaking before freezing.
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The LEP -1100A Liquid Extrusion Porosimeter (PMI, Ithaca, NY) was used to check the range of
pore sizes introduced in scaffolds when they were soaked for an hour in DI water and kept
overnight in -20 degrees Celsius, -80 degrees Celsius and Liquid Nitrogen respectively.

2.2.4 Mineralization

Mineralization is the process by which calcium ions from simulated body fluid (SBF) attach to
the nucleation sites within the scaffold. SBF has calcium concentration similar to blood plasma,
and the addition of the inorganic content in the form of Ca ions improves the scaffold’s structural
integrity and osteoblastic differentiation. [ Mineralization is done to improve bone formation.
Static mineralization was carried out in 10 X SBF, and the scaffolds for sequential treatment,
degradation studies and cell studies were mineralized in this manner. The ingredients for SBF.
The mineralization procedure followed involved placing scaffolds in vials filled with 100:1 SBF
and NaHCO3 (17mL of SBF and 170 pL of NaHCO3) and placing the vials on a shaker. 2% For
sequential studies as well as the preliminary cell studies, involving rat fibroblasts and HMECs
respectively, mineralization was carried out for 3 hours, with solution being changed after 1 hour.
For the final cell study involving HMECs and HMSCs, as well as the whole scaffold compression
testing, mineralization was done for 10 hours with solution being changed after 1 hour. This was
done after tests showed mineral content is higher for scaffolds in 10 X SBF for 10 hours, beyond
which there is no further increase. It has also been shown by the lab previously that higher level
of minerals in the inside of scaffolds are seen for longer mineralization durations. [l

2.2.5 List of sequential pre-treatments

The final scaffold has to have high porosity, good mechanical strength and support bone
formation. Three pre-treatments were tried in different sequences, namely, soak-freeze,
mineralization and NaOH treatment to best judge which treatments are preferable. The Sodium
hydroxide pellets are from Fisher Scientific (Pittsburg, PA, USA). There are 8 batches based on

the sequence of these treatments. All batches were ultimately tested with respect to compression
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(n=4), ash weights (n=3) and Alizarin Staining (n=3). The batches were — B1 - ‘Control (no
processing)’, B2 - ‘Only Mineralise’, B3 - ‘NaOH+ Mineralise’, B4 - ‘Only NaOH’, BS - ‘Only
soak-freeze’, B6 - ‘Soak-freeze+Mineralise’, B7 -‘Soak-freeze+-NaOH+Mineralise’ and B8 -
‘Soak-freeze+NaOH’. Scaffolds in batches 3, 4, 7 and 8, were soaked in 0.1 M NaOH solution
for 5 minutes in vacuum, and then rinsed in DI water. The samples were then placed in 10xSBF
on a shaker for 3 hours, with solution being changed every hour, rinsed with DI water and
preserved in the desiccator 2! Soak-freeze involved soaking the scaffold for 1 hour in DI water,
changing water after half an hour, removing the scaffold from water and placing it in the -80 °C

overnight. Mineralization was done as mentioned in the previous section 2.4).

Batches

B1 - No processing

B2 - Mineralize

B3 - NaOH, Mineralize

B4 - NaOH

B5 - Soak-freeze

B6 - Soak-Freeze, Mineralize

B7 - Soak-Freeze, NaOH, Mineralize

B8 - Soak-Freeze, NaOH

Tablel: Batches highlighting different sequential pre-treatments tested on scaffolds.

Figure 11: Design of scaffold used for sequential pre-treatments and porosimeter testing.
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2.2.6 Mechanical Characterization

The Instron 5869 was used to test the scaffolds in compression until failure with a uniform strain
rate of 1 mm per minute. The data generated was analyzed to determine the yield stress,
compressive modulus and ultimate compression strength. During the sequence test, a pure mesh
scaffold with 4.5mm (long radius), 3.9mm (short radius), and extrusion height of 5mm was used.
Compression testing was done on whole scaffold (radius 12.88 mm, height 8.1mm and distance
between struts 0.5 mm.) that was not soak—frozen and mineralized (n=1). Compression testing
was also carried out on scaffolds that were soak-frozen overnight, and then mineralized for 10
hours (n=4). These latter scaffolds had two HAP posts inserted into the cortical. HAP has
previously been shown by our group to increase mechanical properties of scaffolds, and also
contribute towards increased bioactivity and mineral precipitation on scaffold. 2%

2.2.7 Alizarin Red Staining

Mineral deposition was characterized using Alizarin red stain (Alizarin red powder, Sigma
Aldrich). Scaffolds were first washed with PBS (Corning, Cellgro) once, then DI water. Then
they were incubated with a 40 mM Alizarin red solution for 10 minutes. The scaffolds were then
washed five times with DI water. They were then washed once with PBS, and incubated with
PBS for 15 minutes. PBS is removed, and Cetylpyridinium chloride or CPC (Sigma Aldrich) is
added to the scaffolds. Stain controls were made using CPC and Alizarin red stain, with a
decreasing concentration curve 4mM, 1mM, 0.25mM, 0.025mM,0.0025 mM, 0.00025 mM, and
0.000025mM. 100 pL triplicates is removed from standards as well as scaffolds and put in a 96-
well plate. Infinite M200 Pro plate reader and Icontrol software is used to read the plate at 652
nm and display absorbance.

2.2.8 Sterilization of Scaffolds

Scaffolds were subjected to sterilization before seeding. They were soaked in Glutaraldehyde

(2.4% glutaraldehyde solution with a pH of 7.5) followed by 30 minutes under UV light was used
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for the initial cell study with rat fibroblasts. 241 1?5 For the following cell studies the samples
were sterilized in 70% ethanol (Decon Labs) for 30 minutes followed by exposure to UV light for
30 minutes. 2]

2.2.9 Cell Seeding (Rat Fibroblasts, HMECs, HMSCs)

In the initial phase of the project, scaffold (Lmmx1mmx1lmm) was seeded with rat fibroblasts
from ATCC to check for biocompatibility and cell adherence. The scaffolds are sterilized and
mineralized before seeding. The seeding density was 20,000 cells per cm square. The media used
for this study was a-MEM (Life Technologies, Grand Island, NY, USA) with 10% Fetal Bovine
Serum or FBS (Sigma Aldrich, Atlanta, Georgia) and 1% Penicillin-Streptomycin (Sigma
Aldrich, Atlanta, Georgia). Presto blue (Thermo Fisher Scientific) assay was conducted on days 3

and 7. Imaging was done staining for DAPI and Phalloidin (Thermo Fisher Scientific).

Figure 12: Design of a simple scaffold used to check for biocompatibility.
As mentioned in the introduction, the experimental plan was to pre-vascularize the cortical
sections of the scaffolds by seeding them with Human Mammary Epithelial Cells or HMECs
(ATCC). A preliminary 21 day cell study was thus done using HMECs on scaffolds (trabecular
diameter as 10.6mm, cortical diameter as 1mm and extrusion of 5mm, n=4) as shown in figure 13
below. Before seeding, the scaffolds are mineralized. Before they are mineralized, the cortical
sections are filled with alginate (8% wt) and crosslinked with 0.1M Calcium chloride solution to
block mineralization in the cortical sections. The media used for this study was MCDB131 (Life

Technologies) with 1ug/mL hydrocortisone, 10mM glutamine, 10% FBS, 1% Penicillin-
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Streptomycin, and epidermal growth factor or EGF (10ng/mL). For the preliminary cell study the

scaffolds were seeded at P4 with a high seeding density of >100,000 cells per cm square.

Figure 13: Design of scaffold used for HMEC+HMSC study.
The final HMECs cell study was a 14 day study with scaffolds (trabecular diameter as 10.6mm,
cortical diameter as 1mm and extrusion of 5mm, n=30) seeded at P5 with a seeding density of
50,000 cells per cm square. The same procedure outlined for the preliminary HMEC cell study
was followed. Scaffolds (h=4) and TCP were fixed using 4% Paraformaldehyde or PFA (Sigma
Aldrich, St. Louis, MO, USA) for CD31 staining. The remaining scaffolds were decellularised by
following a protocol the lab came up with previously which involves placing the scaffolds in
liquid nitrogen and water bath, in that sequence followed by washing scaffolds with PBS. This is
done thrice (3x). The scaffolds are then placed in -80 °C freezer till the scaffolds will be used for

the HMSC cell study.

The final Human bone marrow derived Mesenchymal Stem Cells or HMSC (ATCC) study was
for a duration of 12 days. It had two groups of scaffolds, the pre-vascularized and decellularised
scaffolds from the HMEC study, and fresh non-vascularized mineralized scaffolds. Both the
scaffolds were sterilized as mentioned in 2.7. The scaffolds were seeded with cells at P3 and a
seeding density of 15,000 cells per cm square.

HMSCs were grown in osteogenic media - the Mesenchymal Stem Cell Growth kit, with
Mesenchymal Stem Cell Basal Medium Medium, L-Alanyl-L-Glutamine, 30% FBS, rh-IGF, rh-

FGF, 1% Penicillin-Streptomycin. (ATCC).
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This is done to support the cells in establishing an osteoblast like phenotype. During seeding on
scaffolds as well as subsequent feeding the media used was standard osteoblast media without
any osteogenic factors - a-MEM (Life Technologies) with 10% Fetal Bovine Serum or FBS and
1% Penicillin-Streptomycin. Scaffolds (n=8) and TCP from were fixed on Days 4, 8 and 12. This
was done for ALP and CD31 imaging. ALP kit was purchased from Sigma-Aldrich. CD31
primary monoclonal antibody and secondary Alexa Flour were purchased from Thermo Fisher
Scientific). All the images were obtained using Zeiss Microscope.

2.2.10 Degradation study

A degradation study was run for a duration of 8 weeks as PLA is known to show bulk

degradation.

Figure 14: Scaffold used for degradation study.
Scaffolds (2mm radius and extrusion of 5mm, n=4 per time point) printed with PLA were placed
in vials filled with 10 mL of phosphate-buffered saline (PBS) (pH 7.4). These vials were
incubated in vitro using a shaker at 37 °C for a duration of 8 weeks. The PBS solution was
replaced once a week. At specific time points — after week 0, after week 1, after week 4 and after
8 weeks - the scaffolds were removed and rinsed with DI water and tested for mineralization
(Alizarin staining) and compression properties.
2.2.11 Statistical Analysis of Data
All the data was reported as Mean + Standard deviation. One-way analysis of variance (ANOVA)
was used to determine if the differences between the groups were significant. A p value<0.05 was

considered to be significant.
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2. 3 Results and Discussion

2.3.1 Design and Printing of Scaffolds

The required designs and pore ranges were successfully produced and printed.

The initial designs were printed using silver/grey filament of PLA. Once the final designs were
locked down, transparent/ natural/ clear PLA was used. This translucent property combined with
the presence of pores enables easy procurement of better microscopic images. The duration for
printing each design varies based on the complexity and size of the design, and, the speed of
printing. The D2M3 pieces were printed in 45 minutes whereas the D4M3 was printed in 9 hours.
This was because the print speed was kept low for the entire print duration to maximize quality
and ensure good pore formation on the side of cortical portion. For designs of less complexity
speed can be increased from 30% (initial layer) to 80-100%, and therefore reduce duration per
print. Additionally, to get better quality prints, the ideas were designed in larger dimensions and

scaled down by 20-30% on the Cura software, before the software sliced it to generate a gcode.
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Figure 15: Printed cortical (left most) inner and trabecular outer (middle) sections and the

complete (right most) ‘D2M3’ bone scaffold.
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Figure 16: A picture of the final design D3M4 printed scaffold with emphasis on the pores
present on the cortical section.
2.3.2 Pore formation

Pore presence, structure and distribution was observed using SEM and porosimeter. Using SEM it
was possible to verify that the gaps between the struts in the trabecular/mesh region were printed
and in the range of 300-350 um as desired for osteoblast growth. This can be visualized in Figure
17. A clear difference was seen between scaffolds that were soaked before freezing and scaffolds
that weren’t soaked — there were no pores observed in the scaffolds that weren’t soaked in water.

This can be observed in Figure 18.
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EHT = 5.00kV Signal A = SE2 Date :16 Dec 2016
WD = 11.7 mm File Name = AK_66x_S12.4f Mag= 65X

EHT = 500KV Signal A = SE2 Date :16 Dac 2015 EHT= 500KV Signal A = SE2 Date :46 Dec 2016
WD =119 mm File Name = AK_200x_§22.4f Mag= 200X WD=119mm Flle Name = AK_03%_S2_pare2.tf Mag= 503X

Figure 18: SEM image (left image at 200x), (right image at 503x) water soak, frozen at -80 °C,
induced pores observed.
The data from the porosimeter seen in Figure 19, showed that scaffolds that were soaked and

placed liquid nitrogen produced a high number of pores in 3000-4000 um range.
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Figure 19: Pore sizes obtained when scaffolds soaked in water and dipped in Liquid Nitrogen.

Scaffolds that were soaked and placed in -20 °C also show a similar trend with higher number of

pores being formed in the range of 3000-4000 pm, as can be seen in figure 20 below.
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Figure 20: Pore sizes obtained when scaffolds soaked in water and placed in -20 freezer.
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However, the difference between liquid nitrogen and -20 °C lies in the fact that there are almost
no intermediate sized pores formed in -20 °C. This is a desirable feature for this project, and
coupled with the observation that the number of pores formed in -20 °C is higher than liquid

nitrogen, helps us choose -20 °C.
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Figure 21: Pore sizes obtained when scaffolds soaked in water and placed in -80 freezer.

As seen in figure 21 above, scaffolds soaked and placed in -80 °C induced higher number of pores
of about 5 um which is favorable for vascularization.

Thus, -20 °C as well as -80 °C together yielded the best case scenario of achieving micro-pores as
well as macro-pores. This was thus incorporated in the pre-treatment before the final cell seeding

with HMECs and HMSCs. Thus scaffolds were soaked in water, frozen in -20 °C, followed by -

80 °C, and then mineralized and sterilized before cell studies.
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2.3.3 Alizarin red staining

The presence and concentration of the mineral was estimated by checking the sample’s
absorbance at 652 nm using an assay plate reader. The standard curve obtained is used to convert
the absorbance values into concentration.

For the sequence test, the following data was gathered (Figure 22) which shows that, batches 3, 2
and 6 (in that order) corresponding to ‘NaOH and Mineralize’, ‘Mineralize’ and ‘Soak-freeze and
Mineralize’ have the highest concentration/mineral retention. Considering the importance of pore
formation by soak-freeze method, Batch 6 will thus be the preferred method with respect to

mineralization.

Pre-treatment options: Alizarin red concentration
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Figure 22: Alizarin concentration for the different experimental groups. The * denotes that the

difference is statistically significant.

For the degradation test, the following data was obtained (Figure 23), which shows that there is
good mineral retention for the first three time points with no significant difference, and will

definitely support bone formation in the scaffolds.



32
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Figure 23: Alizarin concentration for the different time points in the degradation study. The *
denotes that the difference is statistically significant.

2.3.4 Mechanical (Compression) Properties
The compression testing data on the different batches was done to determine the best pre-
treatment option. There was no significant difference between the batches. Each parameter
suggests different batches, however, the selection has to bear in mind that mineralization is a
requirement (for bone formation) as is soak-freeze (for desirable additional porosity). In the
whole bone scaffold, there is also the addition of hydroxyapatite posts to reinforce the scaffold
mechanically. Keeping this in mind, it is clear that the selection is to be done between batches 5-
8. After considering data from Alizarin testing to this decision making process, is was decided
that Batch 6 is the preferred pre-treatment. It can be seen in the graph below that batch 6 has very
good mechanical strength more than almost all options, and stiffness (modulus) comparable to

cancellous bone. Batch 6 has a modulus of 0.714+0.142 GPa, as seen below.
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Figure 24: Compressive modulus of different experimental batches (GPa).

It can be seen in Figure 25 below that the ultimate compressive strength of batch 6 is

255.541+108.693 MPa.
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Figure 25: Ultimate compressive strength of different experimental batches.

It can be seen in Figure 26 that the yield strength of Batch 6 is 17.72+7.003 MPa.
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Figure 26: Compressive yield strength of different experimental batches.
The mechanical results for the 9 week degradation study is presented below. No significant

difference was observed between the different time points in compression.
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Figure 27: Compressive modulus of scaffolds at different time points.
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Figure 28: Ultimate Compressive Strength of scaffolds at different time points.
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Degradation study: Compressive Yield Strength
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Figure 29: Compressive Yield Strength of scaffolds at different time points.
Whole scaffolds (n=4) were printed and two HAP posts were inserted into opposite ends of two
cortical sections as seen in the figure below. The yield strength was seen to be 20.6125+1.91
MPa, the ultimate compressive strength was 20.6125+1.91 MPa, and compressive modulus was
0.2357+0.06121 GPa. The mechanical properties could be low due to soak-freeze that induces
pores, as well as the remaining hollow cortical sections. The scaffold which was not soak-frozen
or mineralized, and didn’t have the two HAP columns was seen to have yield strength of 23.162

MPa, compressive modulus of 0.450 GPa, and compressive strength of 23.162 MPa.

Figure 30: The whole scaffold with two hydroxyapatite posts used for compression testing.
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Figure 31: Placement of our ‘mesh/trabecular’ scaffold’s stiffness and mechanical strength in

comparison with other material options reviewed in Rezwan et al (3]

2.3.5 Preparing and extruding filaments made of materials other than PLA

Cutting the PLLA after it was cast and allowed to dry was wax-like and would get suck on the
insides of the extruder. This was therefore, not usable. The 1:1 ratio of PLA and HAp formed
pieces that were then extruded at 140 °C. Some of the filaments produced were brittle, and some
were too flexible. When printing was attempted, one of the filament was usable in creating the
print of half a scaffold before the remaining part filament broke. For the flexible filament it was
hard to get the filament into the print head to the nozzle, and the though the heat of the print was
modified to the PLA+ HAp temperature of 140 °C (from that of PLA at 180-210 °C) after a few

minutes the filament ceased to flow through the nozzle and curled up within the print head.
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2.3.6 Cell Viability

During each cell study presto blue (10x) assay was performed at different time points to check
cell metabolism. The total ‘n’ varied between the different cell studies - but was n=4 per well
plate, per group was tested. For each time point scaffold wells, TCP (tissue culture plate with
cells) wells, and wells with only presto blue were analyzed. Presto blue assay is minimally toxic
and proper washing protocol was ensured pre and post the assay was performed. The time points
followed for preliminary HMEC cell study was Day 3, 7, 14 and 21 (Figure 32). The time points
followed for final HMEC cell study was Day 4, 8, 11 and 14, (Figure 33) and time points

followed for the final HMSC cell study was Day 4, 8 and 12 (Figure 34).
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Figure 32: Presto blue assay for preliminary HMEC study with PLA scaffolds and TCP.
HMEC cells on scaffolds are metabolically active through the time of this 21 day study. It is

interesting to note that on day 14 both cells on scaffolds as well as TCP begin to be more



metabolically active, and on day 21 the scaffold and cells show more metabolism than the TCP.
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As mentioned in the methods section, this preliminary study was done as maximum case scenario,

therefore the TCP might be less on day 3 due to high confluency, which also might explain the

scaffold behavior on days 7 and 12.
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Figure 33: Presto blue assay for final HMEC study PLA scaffolds and TCP.

It can be observed in this final 14 day HMEC study that the cells in the scaffold are definitely

increasingly proliferative over the time.
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Figure 34: Presto blue assay for final HMSC study PLA scaffolds and TCP.
It can be observed in this final 12 day HMSC study that the cells in the scaffolds are definitely
increasingly proliferative over the time. It is interesting to note that both the pre-vascularized and
non-vascularized scaffolds performed better than TCP. It also worth noting that the vascular
group on Day 12 has extremely high metabolic function.
2.3.7 DAPI and Phalloidin staining
The initial cell study with rat fibroblasts were conducted to assess cell adherence and
biocompatibility. DAPI (stains blue) and Phalloidin (stains green) stains were imaged as seen

below (Figures 35, 36 and 37) which confirms the presence of cell nuclei and actin fibers.
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Figure 35: DAPI and Phalloidin image (10x) on TCP, Day 7, seeded and fixed with rat

fibroblasts.

Figure 36: DAPI and Phalloidin image (10x) on scaffold, Day 7, seeded and fixed with rat

fibroblasts.
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Figure 37: DAPI image (5x) on scaffold, Day 7, seeded and fixed with rat fibroblasts.

2.3.8 Osteocalcin estimation using ELISA
Osteocalcin is a protein crucial to the mineralization of bone, and is characteristic of osteoblasts
differentiating to osteocytes. The Osteocalcin kit from Ray Technologies was used for this

ELISA.
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Figure 38: Osteocalcin ELISA result.
Over time non-vascularized scaffolds performed better than vascularized scaffolds in secreting
more osteocalcin. It is a late osteogenic marker along with Osteopontin and is believed to start
peaking at 21 days. The time points under consideration are Days 4, 8 and 12. This could explain
the relatively low concentration of Osteocalcin observed in the Elisa results.
2.3.9 VEGF estimation using ELISA
VEGF or Vascular endothelial growth factor is one of the most prominent angiogenesis
stimulatory molecules that induces endothelial cell migration and proliferation. The VEGF kit

from Ray Technologies was used for this Elisa.
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Figure 39: VEGF ELISA result.

It can be observed that pre-vascularized scaffolds out-perform the non-vascularized scaffolds and
TCP. This indicates that pre-vascularizing the scaffold enables more MSCs to differentiate into
the vascular lineage and produce VEGF.

2.3.10 Alkaline phosphatase (ALP) staining

Alkaline phosphatase (ALP) is a protein expressed during initial cell differentiation phase (Day 5-
14). It is an early bone marker that increases initially and then decreases when mineralization is
well progressed. 29 |t was observed that more ALP staining could be spotted easily on non-
vascularized scaffolds as opposed to vascularized scaffolds. Day 12 seemed to have more ALP

activity that Day 4 and Day 8.
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Figure 42: ALP stain image (20x) Day 4, non-vascularized scaffold seeded and fixed with

HMSCs (cut scaffold)
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Figure 43: ALP stain image (40x) Day 4, non-vascularized scaffold seeded and fixed with

HMSCs (cut scaffold)

Figure 44: ALP stain image (40x) Day 4, vascularized scaffold seeded and fixed with HMSCs

(cut scaffold)

Figure 45: ALP stain image (10x) Day 8, TCP seeded and fixed with HMSCs
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Figure 46: ALP stain image (20x) Day 8, non-vascularized scaffold seeded and fixed with

HMSCs (cut scaffold)

Figure 47: ALP stain image (20x) Day 8, vascularized scaffold seeded and fixed with HMSCs

(cut scaffold)
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Figure 48: ALP stain image (10x) Day 12, TCP seeded and fixed with HMSCs

Figure 49: ALP stain image (40x) Day 12, non-vascularized scaffold seeded and fixed with

HMSCs (uncut scaffold)

Figure 50: ALP stain image (40x) Day 12, vascularized scaffold seeded and fixed with HMSCs

(uncut scaffold)
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2.3.11CD31

CD31 is an integral membrane protein that is expressed on the surface of endothelial cells. It
mediates cell-cell adhesion and interactions involving angiogenesis. Scaffolds from Day 14 of
HMEC cell study were observed for CD31 and the presence can be seen in the pictures below. It
is clearly seen on the TCP image below, along with DAPI. Scaffolds from Days 4, 8, and 12 from
the HMSC study were also stained and can be observed below. DAPI stains blue, and CD31
stains pink. The presence of CD31 is higher in pre-vascularised scaffolds when compared with
non-vascularized scaffolds. Day 8 and Day 12 show more presence of CD31 as opposed to Day

4.

Figure 51: CD31 and DAPI fluorescent image (4x) on Day 14 seeded and fixed with TCP.
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Figure 52: CD31 and DAPI fluorescent image (10x) of scaffold seeded and fixed with HMECs

(Day 14). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).

Figure 53: CD31 and DAPI fluorescent image (10x) of non-vascularized scaffold seeded and

fixed with HMSCs (Day 4). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).



Figure 54: CD31 and DAPI fluorescent image (10x) of vascularized scaffold seeded and fixed

with HMSCs (Day 4). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).

Figure 55: CD31 and DAPI fluorescent image (10x) of non-vascularized scaffold seeded and

fixed with HMSCs (Day 8). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).
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Figure 56: CD31 and DAPI fluorescent image (10x) of vascularized scaffold seeded and fixed

with HMSCs (Day 8). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).

Figure 57: CD31 and DAPI fluorescent image (10x) of non-vascularized scaffold seeded and

fixed with HMSCs (Day 12). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).
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Figure 58: CD31 and DAPI fluorescent image (10x) of vascularized scaffold seeded and fixed
with HMSCs (Day 12). Left: CD31 (pink), DAPI blue. Right: Only CD31 (red).

2.3.12 Discussion
Groups B have reported 3D printed designs similar to the central ‘mesh’/’trabecular’ the bone
scaffold (with circular instead of rectangular struts), but to our knowledge no group has reported a
3D printed scaffold having a cortical and whole bone scaffold design such as ours. With respect
to printing, it is advisable to print the first layer at a safe speed less than or equal to 30%, and
adjust the fan speed and build plate temperature as required, and monitor the progress. For the
first print of a new design, it is recommended to monitor the print progress even after the first
layer as it helps avert possible problems. If this is not done, the print might fail and a lot of
material gets wasted depending on the size of the print. An additional consideration would be that
for printing bone scaffolds with emphasis on small dimensional pores size, shape and quality, it is
better to design in bigger dimensions and then scale down during slicing, rather than designing in
smaller required dimensions. Once the design print is executed perfectly, it is easy to print
multiple copies sequentially or together without continuous monitoring, depending upon the
complexity of the design. It is observed that for each type of filament (clear/natural/transparent),

the printing properties might have to be altered to get the required print quality.
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The gap between the rectangular struts in the trabecular/mesh/central portion of the scaffold is
300-350 um which is optimal for osteoblast growth.

The soak-freeze technique is a simple and effective idea where scaffolds are soaked before being
placed in a freezer. The scaffolds are thus first placed in -20 °C which induces formation of macro
pores, and then are placed in the -80 °C freezer which induces formation of micro pores. Of
special interest are the 5 um pores formed while in the -80 °C freezer that will support
vascularization, further tissue development throughout the scaffold and increased space for
mineralization throughout the scaffold.

The sequential pre-treatment method selected was that of soak-freeze and mineralize. No group
has reported soaking and freezing in two different temperatures sequentially to achieve pore
formation.

Another group has used liquid nitrogen and a -40 °C freezer for creation of pores, however, they
do not soak the scaffold prior to freezing; in order to enhance pore creation from the growth of
more ice crystals we soaked our scaffolds in water prior to freezing. ™

The compression testing from the sequential treatments with trabecular/mesh scaffold revealed
that the mechanical strength is good - the stiffness and mechanical strength is more than that of
human trabecular bone, and that of whole scaffold is comparable to the cancellous bone. Another
point of note is the fact that there is no difference between mechanical properties of the soak-
freeze scaffold reinforced with two hydroxyapatite posts and the scaffold without the soak-freeze
and posts. What this implies is that the decrease in mechanical properties induced by pore
formation in soak-freeze is compensated for by the addition of the two posts. Adding more HAP
posts, and designing some of the cortical sections to be solid instead of hollow should improve
the mechanical properties even more.

The degradation study shows that for the first five weeks there is no significant decrease in

mineralization, which implies that there is no compromise in bone growth support for more than a
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month. The mechanical properties do not decrease significantly up to nine weeks, which implies
that the mechanical integrity of the construct is the same for more than 2 months.

Stem cells are undifferentiated cells with a high proliferation capability; they are capable of self-
renewal, and multi-lineage differentiation regeneration of tissues. 3 They have varying degrees
of differentiation potential. MSCs respond to micro environmental changes and adjust their
pathway accordingly. Once cues from vascular cells have been introduced (through the
production of vascular tissue before decellularization, MSCs have the ability to integrate into the
forming vessels in the surrounding bone by differentiating along endothelial cell lineage. "1 This
is observed in the VEGF ELISA results which show that the pre-vascularized scaffolds ensure
MSCs to differentiate along the endothelial lineage.

Thus, a biomimetic environment is created. This VEGF data is complemented by the presto blue
data in the HMSC cell study which shows increased cell metabolism to exist in seeded scaffolds.
This is also seen by the data presented in the osteocalcin ELISA.

ALP staining and CD31 imaging show a positive presence thus reinforcing the presence of
vascular and bone cells respectively. Osteoinductive properties are observed by the HMSCs
differentiating into bone forming osteoblasts leading to osteogenesis. The scaffold design thus has
good osteoconduction and osteoinductive cues to attract the patient’s own stem cells after
implantation thereby eliminating the need for exogenous GFs and cell delivery. Load bearing
capabilities are shown by compression data. Vascularity is thus shown by presto blue, VEGF and
CD 31 data. Osteoconductive and osteoinductive properties are confirmed by presto blue,

Osteocalcin and ALP data.
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CHAPTER 3 - Conclusions and Future Direction

Conclusions

This project lead to the design and development of a pre-vascularized, load bearing, highly porous three
dimensional scaffold made of biodegradable and biocompatible material, promoting vascular ingrowth,

osteoblast adhesion, growth and differentiation, and bone tissue formation.

The scaffold design thus has good osteoconduction and osteoinductive cues to attract the patient’s own

stem cells after implantation thereby eliminating the need for exogenous GFs and cell delivery.

It addresses the issues faced by the current options such as autografts and allografts, as well as most

synthetic grafts.

Thus the bone scaffolds developed in this project is among the cutting edge bone grafting options available

today can be used to treat bone defects and restore function of traumatized and damaged bone.

Future Direction

From the CD31 data it can be understood that a higher seeding density (preferably around 50,000 cells per

cm square) would be more preferable.

Flow mineralization should be carried out on the scaffolds to assess the difference and advantages over

static mineralization followed in this project.

Bone scaffolds have to be in low oxygen tension in vivo as there is a lack of adequate vasculature (0-3%
oxygenation). In vitro testing conditions should be modified to accommodate this oxygen tension level to
get better corroboration with possible in-vivo results. €]

Minor design changes to the final scaffold wherein some of the cortical portions are printed as
solid instead of hollow to improve mechanical properties.

PLA has been shown to undergo bulk erosion which is not good for an implant — and therefore this has to

be investigated for the exact scaffold design.
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It is reported that MSCs co-cultured with osteocytes leads to higher calcium deposits and ALP expression,
and faster differentiation into bone cells. [ This could be considered for animal studies in the future while

implanting this 3D printed bone scaffold.

Chbfal, an early osteogenic differentiation marker could be tested — this coupled with the VEGF Elisa could
help assess the path taken by the MSCs more clearly early on in the cell study —i.e. if the seeded scaffolds

support a vascularization pathway more than a osteogenic pathway.

PLA can be mixed with HAp in different ratios — a 1:1 ratio was made, casted and extruded. Extrusion
worked for two of the batches, but printing was hard due to filaments snapping or curling up. Curing the
filaments by immersing in hot water at 120 °C helped make it less brittle. A lower concentration of HAp
could be casted with PLA and extruded as a filament, and then used to print the design. It is an iterative

process to see assess the optimal ratio suitable for printing.
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