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ABSTRACT

Osteoarthritis (OA) is the most common form of arthritis, often thought of as a disease of the
elderly, but post traumatic OA predominantly impacts younger individuals. Articular cartilage is
the tissue that coats the end of your bones in synovial joints. Since cartilage has limited healing
capacity, defects, or injuries to it progressively erodes down to the subchondral bone.
Unfortunately, current treatment options all have limitations, particularly for younger patients.
Cartilage has a specific zonal architecture that is distinguished by the different cell morphologies
and arrangements, biochemical composition, and mechanical properties. 3D bioprinting is a
tissue engineering technique that involves the simultaneous extrusion of biomaterials and cells to
fabricate constructs. The layer-by-layer nature of 3D bioprinting and the frequent use of
hydrogels as biomaterials make it a promising technique to engineer zonal articular cartilage.
The goal of this dissertation was to develop and use novel human reporter chondrocytes to
determine optimal combinations of biomaterials to 3D bioprint both the middle-deep and surface
zones of articular cartilage. Human articular chondrocytes were transduced with either a type Il
collagen promoter- or lubricin promoter-driven Gaussia luciferase. Upon promoter stimulation,
luciferase is secreted by the cells enabling a high-throughput, temporal, assessment of either type
Il collagen or lubricin. The human chondrocyte reporter system was combined with a Design of
Experiment approach which streamlined the process of biomaterial optimization. To 3D bioprint
the deep zone, an optimal combination of gelatin methacrylate (GeIMA) and hyaluronic acid
methacrylate (HAMA) was determined based on type 1l collagen promoter-driven luminescence,
chondrocyte mobility and biomaterial stiffness. While an optimal combination of GelMA and

oxidized methacrylated alginate (OMA) was determined for the surface zone based on lubricin



promoter-driven luminescence, lubricin secretion, and construct shape fidelity. Together these
results highlight the effectiveness of human reporter chondrocyte optimization for 3D bioprinting

zonal cartilage.
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CHAPTER 1: INTRODUCTION

Osteoarthritis

Osteoarthritis (OA) is the most common form of arthritis, negatively impacting millions of
individuals each year [1-3]. Articular cartilage has limited healing capabilities, therefore defects
to this tissue continue to degenerate over time. Several potential factors have been implicated as
causes of this degenerative joint disease including age, gender, family history of OA, systemic
inflammatory diseases or trauma [4]. Early diagnosis of OA poses a challenge however, as
changes to the cartilage at this point do not cause pain, due to the aneural nature of the tissue [5].
Thus, this disease is often not caught until the advanced stages. While OA has traditionally been
thought of as a disease of the elderly, ~12% of all OA cases are post traumatic osteoarthritis
(PTOA), which mainly affects younger individuals [6]. PTOA is one instance where early

intervention is possible [7].

Unfortunately, there are limited treatment options for younger individuals. Palliative care is the
first step, aimed at managing the pain and inflammation, however, surgical intervention is often
necessary. Surgical strategies include abrasion chondroplasty and microdrilling that are aimed at
stimulating spontaneous repair from the subchondral bone, but results are often fibrous cartilage
and highly variable [1]. Allografting has the limitation of available tissue and the risk of an
immune response [1]. Autografting involves taking healthy tissue from a secondary site, creating
lesions at the harvest sites [1]. Autologous-chondrocyte implantation utilizes healthy
chondrocytes isolated from the patient, which are then expanded in vitro and are then introduced

to the defect site under a periosteal flap either alone or embedded in a matrix (matrix induced



autologous-chondrocyte implantation) [1]. The drawbacks to these procedures are they involve
two separate surgeries, and still create a secondary surgical site where the healthy chondrocytes
are harvested [1]. Current treatments improve short term outcomes, but fully functional

restoration of articular cartilage is hard to achieve.

Articular Cartilage

Articular cartilage is a highly specialized connective tissue that coats the ends of the bones in
synovial joints. It functions as a frictionless surface for movement and assists in the distribution
of loads [8]. Cartilage is composed of only chondrocytes and extracellular matrix (ECM) making
it aneural, avascular and devoid of lymphatics [8]. Chondrocytes develop, maintain and repair
the ECM which is composed mainly of collagen and proteoglycans, saturated with water [8].
This microenvironment means chondrocytes rarely form cell-to-cell contacts for signaling, but
they do respond to stimuli including growth factors and mechanical [8]. Adult chondrocytes have
a limited ability to replicate, a significant factor contributing to articular cartilages’ limited

healing capacity.

Chondrocyte Mobility

Articular chondrocytes are typically considered to be immobile due to the dense ECM [9].
Previous studies have demonstrated that articular chondrocytes will migrate in response to
various stimuli in vitro [10-12]. These studies have mostly relied on 2D culture and only a few
have shown chondrocyte mobility in 3D culture [13-15]. Chondrocyte mobility has been

observed in a 3D “dot” of 4% type I collagen in response to nitric oxide [13], and in a mixture of



type | collagen and hyaluronic acid [14]. A cartilage defect wound healing model using a disc of
collagen type I and Il containing chondrocytes with a 5mm defect, showed migration into the
defect area over 4-weeks [15]. These studies indicate chondrocytes do have the capacity to move,
and this ability may be essential for defect wound healing, or integration of 3D bioprinted

implants.

Zonal Articular Cartilage Organization

Native articular cartilage has a very specific zonal organization that is important for
physiological function (Fig. 1) [16]. The zones can be distinguished by the different cell
morphologies and arrangements, biochemical composition and mechanical properties (Fig. 1)
[16]. Articular cartilage can be divided into four separate zones: surface, middle, deep and

calcified [8,17].

The surface or superficial zone constitutes about 10-20% of articular cartilage thickness and
functions to protect the deeper layers from shear stress [8,17]. In this layer both the collagen
fibers (type 11 and 1X) and chondrocytes are oriented parallel to the articulating surface [8,17,18].

There are a higher number of chondrocytes in this zone with a flat morphology [8,17].

The middle zone is the transition zone between the surface and deep zone [8]. The collagen
fibers have a more random orientation but are also thicker than in the surface zone [17]. It
constitutes 40-60% of articular cartilage thickness and functions as the first layer of resistances

to compressive forces [8,17]. However, most of the compression resistance comes from the deep



zone. This zone has the highest proteoglycan content, lowest water concentration, and the
chondrocytes have a rounded morphology arranged in columns perpendicular to the articulating
surface [8,17]. The largest diameter collagen fibers are found in this deep zone and are also

oriented perpendicular to the articulating surface [8,17].

The calcified zone is where the cartilage is secured to the subchondral bone [8]. It is separated
from the deep zone by a tide mark, but the thick collagen fibers of the deep zone are anchored
down into the bone [8,17]. The gradual change in matrix/tissue properties confer the ability to

cushion the joints and distribute load across the bone.

Lubricin
- (- D (= D | Surface
@D - (@ D@ > | Zone
== Type |l Collagen P
e e ¥ | Middle
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'_ //""'- Y .-_' - :\,
,.. . ._/; . \: ./_: - DEE‘p
\-..:_— = P — = . o Zone
F ) { y Vs V am
Calcified Cartilage | Calcified
“ Cartilage
- Bone

Figure 1: Zonal architecture of articular cartilage (Adapted from [19])



Extracellular Matrix (ECM)

Type Il Collagen

Articular cartilage structure and strength depends on the crosslinking of different collagens and
changes to their size and orientation depending on the zone they reside in [20]. Several types of
collagen are present throughout articular cartilage but, type 11 collagen is the most abundant,
comprising 90-95% of the total collagen [8,17,20]. Type Il collagen forms the core fiber network
by crosslinking with collagens 1X and XI [20]. This complex contributes to articular cartilage
resistance to compression and tensile properties [8]. Unfortunately, it is difficult to achieve
native levels of expression of type Il collagen in vitro [21,22]. Tissue engineered cartilage has
been documented to have type Il collagen content only 25% [23], 20% [21,24], or even 10%
[25,26] that of native tissue. This results in diminished biomechanical properties as compared to

native tissue, a problem that has yet to be resolved.

Aggrecan

Proteoglycans are the heavily glycosylated monomers that are the most abundant protein after
collagens [8]. Structurally these molecules have a central core protein which then has linear
glycosaminoglycan (GAG) chains attached [8,27]. Aggrecan is the most abundant proteoglycan
found in articular cartilage, and nearly 90% of its mass is comprised of chondroitin sulfated
GAG chains [27]. Aggrecan is found in between the collagen fiber complexes of the ECM and
its key role is creating osmotic swelling pressure by drawing water into the tissue [8,27]. The
GAG side chains have negatively charged anionic groups, which sodium ions attach to [27]. This
creates an ion concentration gradient, and an imbalance between cartilage and the surrounding

5



tissues, resulting in water being drawn into the cartilage tissue [8,27]. Aggrecan also creates a
stiff network with the collagen fibers, adding to the strength of the tissue [27]. The water swollen
matrix, along with additional structural support give articular cartilage its viscoelastic
mechanical property [27]. This means cartilage has structural resistance upon sudden impact, but

also retains its elastic behavior under sustained loads [27].

Lubricin

Chondrocytes in the surface zone of articular cartilage synthesize and secrete lubricin [8,17,18].
Lubricin is a proteoglycan, derived from the proteoglycan 4 (PRG4) gene, which functions as a
boundary lubricant and anti-inflammatory agent [28,29]. It has been shown to decrease the
coefficient of friction [30] and prevent synovial cell and protein adhesion to the cartilage surface
[31]. It is essential for fully functional articular cartilage, and mutations to the PRG4 gene result
in camptodactyly-arthropathy-coxa vara-pericarditis syndrome, a disease resulting in alteration
of the articular surface and cartilage degeneration [29,32]. Treatment with recombinant lubricin,
or lubricin mimetics have been shown to reduce the damaging effects of surgically induced OA
in rats [33,34] and OA in ovariectomized rats [35]. Increasing lubricin expression is a promising
method for treating OA. Especially because the surface zone of articular cartilage is the first area
impacted by cartilage defects [28,36,37]. Defects occur in the superficial layer, and continue to

erode down through each layer to the sub-chondral bone [17].



3D Bioprinting

Tissue engineering is an interdisciplinary field that aims to develop structural and functional
alternatives for native tissue [38,39]. The ideal tissue engineered cartilage construct will mimic
native ECM, encapsulate cells, and not only fill and maintain the defect space while the new
tissue grows, but also enable integration with the surrounding native tissue [40]. 3D bioprinting
has the potential to achieve an ideal tissue engineered construct through the simultaneous
extrusion of both living cells and biomaterials [41,42]. Extrusion based 3D bioprinting is the
most widely used type of 3D bioprinting for cartilage constructs [43]. Advantages of this method
include the ability to print patient specific bioactive scaffolds and recapitulation of native tissue
zonal architecture, because of the layer-by-layer printing process [41,44]. Post-fabrication cell-
seeding is not required, and tissue is therefore not hindered by limited cell penetration [45].
Since the cells are encapsulated within the biomaterial, material selection is an imperative first

step for 3D bioprinting.

Biomaterials

Properties of biomaterials used for 3D bioprinting directly impact cell viability, gene expression
and construct mechanical properties. Biomaterial printing requirements like temperature, time,
oxygen and nutrient availability need to be considered when choosing which materials to work
with [42,46]. Gelation or crosslinking methods also need to fulfill the basic requirement of
biocompatibility while still enhancing the mechanical properties and stability of the biomaterials
[46]. Hydrogels are the most common biomaterials used for 3D bioprinting cartilage [43].

Hydrogels are biocompatible and can be used to mimic cartilage ECM because of their water



binding [47]. Their biological properties can aid in cell adhesion, proliferation, migration and

differentiation, and their mechanical properties make them highly printable [17,48,49].

Gelatin Methacrylate (GelMA)

Gelatin is a hydrolysis product of collagen which contains cell adhesion arginine-glycine-
aspartic acid (RGD) sites, and target degradation sequences for matrix metalloproteinases
(MMP) that enable remodeling [50,51]. It is a natural polymer with low antigenicity and has
been shown to be resorbable in vivo [52]. The drawback of gelatin is that it melts at physiological
temperatures, however, methacrylation enables photocrosslinking and increases its stability and
mechanical properties. Gelatin methacrylate (GelMA) is synthesized through the reaction of
gelatin with methacrylic anhydride (MA) (Fig. 2) [50]. The reaction results in a methacryloyl
group substitution on the amine and hydroxyl groups of amino acid residues (Fig. 2) [50].
Differing degrees of substitution can be achieved through varying the amount of MA in the
reaction and adjusting the pH of the reaction [50]. Gelatin methacrylate (GelMA) is one of the
most frequently used biomaterials for 3D bioprinting cartilage because of its advantageous

biological properties and tunable mechanical properties [43].
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Figure 2: Synthesis of gelatin methacrylate and subsequent photocrosslinking (Adapted from

[531)

Hyaluronic Acid Methacrylate (HAMA)

Hyaluronic acid is an integral GAG of cartilage ECM, and is found abundantly in synovial fluid
[54]. It has been shown to provide cells with biochemical cues mediated by receptors CD44 and
RHAMM, and to regulate cell morphology, proliferation and migration [54]. It has also been
shown to promote stem cell differentiation towards the chondrogenic lineage [54]. Hyaluronic
acid can be easily modified to add methacrylate groups through a reaction with methacrylic
anhydride resulting in methacryloyl group substitution on the hydroxyl groups (Fig. 3) [55]. A
drawback to using HAMA alone is that it had no natural cell binding motifs, and limited cell
spreading has been observed [56,57]. In this dissertation, this was overcome by mixing GeIMA

and HAMA together.
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Figure 3: Synthesis of hyaluronic acid methacrylate (Adapted from [58])

Oxidized Methacryalted Alginate (OMA)

OMA is chemically modified alginate developed for its controllable mechanical properties
[59,60]. Alginate alone is not naturally degradable but the oxidation of alginate by sodium
periodate, prior to methacrylation alters the uronate residue conformations, making it more
vulnerable to hydrolysis and creating tunable degradation rates (Fig. 4) [60]. It has been shown
to be ideal for 3D bioprinting due to its shear-thinning and self-healing ability after calcium
crosslinking [61]. Secondary crosslinking through photocrosslinking of the methacrylate groups,
further increases the biomaterials’ stability after printing [61]. OMA has been shown to be

biocompatible and able to be printed with high fidelity [60-62].
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Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) Photocrosslinker

Methacrylation of the previously described materials enables photocrosslinking to increase
stability and stiffness. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) is a commonly
used photoinitator. The reaction occurs when the photoinitiator LAP absorbs light which
stimulates its decomposition and release of free radicals that then facilitate the crosslinking of the
methacrylate groups, by reacting with the carbon-carbon double bonds present on the
methacryloyl modification on the biomaterials (Fig. 2) [63]. An advantage of LAP is that it can
crosslink at 405nm (visible light), thereby reducing DNA damage by UV light [64]. Cells have

been shown to have high viability (~79%) in a 10% GelMA solution with 0.5% LAP [64,65].
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Engineered Human Articular Chondrocyte Reporter Cells

An essential aspect of chondrocyte culture is characterizing and quantifying chondrogenesis.
Unfortunately, end-point assays are typically performed to assess this. Relying on gPCR,
biochemical assays or histology are all beneficial but destroy the construct or cells in the process.
To allow for temporal assessment, ATDC5s were engineered through lentiviral transduction of
Gaussia luciferase under control of the COL2A1 promoter [22]. Gaussia luciferase is secreted
from the cells upon promoter stimulation making this a non-destructive, high-throughput, and
easy to use assay. The type Il collagen reporter system has been used and characterized in
ATDCS cells for micronutrient optimization of chondrogenic media [22]. This data when
combined with traditional end-point assays establishes a more in-depth characterization of the
chondrogenic response. Human articular chondrocytes were engineered to assess type Il collagen
[22,66] or lubricin [19] expression and this dissertation characterizes those matrix driven reporter

cells and demonstrates their use in biomaterial optimization.

Design of Experiment (DoE)

Design of Experiment (DoE) software (Design-Expert, Stat-Ease) was used in this study to aid in
streamlining the process of biomaterial selection for 3D bioprinting cartilage. The DoE is a well-
established technique for planning experiments using the minimum number of test groups to
generate the maximum amount of information [67,68]. Test groups are generated using statistical
modeling based on input parameters and the desired outputs. A mixture design approach is an

established [67-69] and efficient method to investigate optimal biomaterials. The key feature of
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a mixture design is that the sum of all components adds up to 100% [68]. Therefore, the factors
within the mixture cannot be changed completely independent of each other, the proportions to
one another will be between 0 and 1 [68]. A screening is used to investigate a large number of
mixtures, aiming to reveal which factors are the most important [68]. This method is
advantageous when optimizing biomaterial selection as it can reduce the amount of materials

used and the time it traditionally takes for optimization.

Dissertation Overview

Our overall hypothesis is that zonal articular cartilage specific ECM gene expression can be
stimulated by biomaterials, which can be studied and optimized using primary human
chondrocyte reporters. A challenge in 3D bioprinting is identifying and optimizing biomaterials
for desired gene expression. Traditional methods used to determine biomaterial impact on ECM
gene expression rely on end point assays. To test our hypothesis, primary human chondrocytes
were transduced with either type Il collagen promoter- or lubricin promoter-driven Gaussia
luciferase. In Chapter 3, an optimal ratio of GelMA and HAMA for the middle-deep zone of
articular cartilage was determined based on type Il collagen promoter-driven luminescence,
chondrocyte mobility and biomaterial storage modulus. In Chapter 4, an optimal combination of
GelMA and OMA for the surface zone of articular cartilage was determined based on lubricin
promoter-driven luminescence, biochemical and mechanical data. Together these results are the
building blocks for recreating the zonal architecture of native articular cartilage through 3D
bioprinting, while also demonstrating the advantages of using a DoE approach and the human

chondrogenic ECM reporter system.
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CHAPTER 2: MATERIALS AND METHODS

Human Chondrocyte Isolation

Human articular chondrocytes were isolated from discarded surgical tissue collected from two
patients during total joint replacement surgery with informed consent under IRB approved
protocols (Baylor College of Medicine, H-36683, H-36374). Discarded tissue < 3h post-
operation on ice in saline) was briefly stored in defined chondrogenic media (DMEM-HG
93.24% (Lonza), 1% 10°M dexamethasone (Sigma), 1% ITS+premix (Becton-Dickinson), 1%
Glutamax (Hyclone), 1% 100 mM Sodium Pyruvate (Hyclone), 1% MEM Non-Essential Amino
Acids (Hyclone), 0.26% 50mM L-Ascorbic Acid Phosphate (Wako), 0.5% Fungizone (Life
Technologies)). Cells were plated in non-adherent 96-well sterile plates (Greiner Bio), ~4h, room
temperature [RT]) [70]. Visually intact cartilage tissue was dissected from the femoral condyle
using sterile technique (~3cm x 1cm) and diced into pieces <Imm? in DMEM-LG (Hyclone).
Diced tissue was centrifuged (1 min, 100 RCF, RT), supernatant removed, and digested in
hyaluronidase enzyme solution (40 mL, 660 Units/mL in DMEM-LG/F12, Sigma,) for 30
minutes (37°C) on a nutating rocker and then centrifuged again. After the supernatant was
removed, collagenase type Il was added (40 mL, 583 Units/mL in DMEM/F12 with 10% FBS,
Worthington Biochemical Corp CLS2) for overnight digestion (15h). Remaining fragments were
removed (70 um Nitex filter) and the cell suspension diluted 1:1 with DMEM/F12 before
centrifugation (10 min, 700 RCF, RT). Cells were resuspended in growth media (DMEM/F12
supplemented with 10% FBS (mesenchymal stromal cell selected [71] and 1% penicillin-

streptomycin). Live cells were cryopreserved or transduced as described below.
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Engineering of Type Il Collagen Promoter-Driven Reporter Human Chondrocytes
(HuCOL2gLuc), PRG4 Promoter-Driven Human Chondrocytes (HUPRG4qgLuc) and GFP
Chondrocytes (HuChon-GFP)

Lentiviral plasmids (type Il collagen - HPRM22364-LvPGO02, lubricin - HPRM34762-LvPG02,
EX-EGFP-Lv105, psPAX2 and pMD2.G) were grown in E-Coli (GCI-L3, GeneCopoeia, Inc.)
and column purified (Qiagen Maxiprep) before co-transfection into HEK-293Ta cells
(GeneCopoeia, Inc.) [22]. Col2gLuc, PRG4gLuc or GFP pseudolentiviral particles were
collected from supernatant and concentrated by centrifugation (10,000 RCF, 4°C, overnight
[22]). Freshly isolated human chondrocytes were seeded (6,100 cells/cm?) in growth media and
allowed to adhere overnight to a 10cm cell culture dish. Chondrocytes were then incubated with
Col2gLuc, PRG4gLuc or GFP pseudolentiviral particles (multiplicity of infection (MOI) ~25) in
Opti-MEM (Gibco) containing polybrene (4 pg/mL) at 4°C for 15 min before placing at 37°C
overnight (5% CO2, 5% O», 17h). Following overnight incubation, pseudolentiviral particle
containing media was removed and replaced with growth media. Chondrocytes were grown to
70-90% confluence before trypsinization and seeding onto synoviocyte matrix coated flasks
[72,73]. Synoviocyte matrix coated flasks were used due to their ability to dramatically increase
cell yield while retaining chondrogenesis. HuCOL2gLuc cells were grown until at ~90%
confluence, cells were trypsinized, neutralized and cryopreserved in FBS (95%) with DMSO
(5%). HUPRG4gLuc cells were grown to ~90% confluence and then passaged onto synoviocyte
matrix coated flasks and isolated with puromycin (2 ug/mL) for 7 days. The remaining cells were
grown to ~90% confluence prior to being trypsinized, neutralized, and cryopreserved with FBS
(95%) and DMSO (5%). HuChon-GFP infected chondrocytes were assessed by microscopy

(Zoe™ imager, Bio-Rad) as shown in the results (Fig. 12E).
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Reporter Cell Aggregate TGFB1 Dose Response

HuCOL2gLuc or HUPRG4gLuc infected chondrocytes were assessed through dose response to
TGFp1 to establish the cells as chondrogenic reporters. Reporter chondrocytes were thawed from
frozen stocks, seeded onto synoviocyte derived matrix coated flasks and expanded to confluence.
At confluence, cells were trypsinized (0.25% Trypsin/EDTA, 5 min, 37°C), neutralized with
growth media, then centrifuged (5 min, 500 RCF, RT). Supernatant was removed and cells
resuspended in defined chondrogenic media (DMEM-HG 93.24% (Lonza), 1% 10°M
dexamethasone (Sigma), 1% ITS+premix (Becton-Dickinson), 1% Glutamax (Hyclone), 1% 100
mM Sodium Pyruvate (Hyclone), 1% MEM Non-Essential Amino Acids (Hyclone), 0.26%
50mM L-Ascorbic Acid Phosphate (Wako), 0.5% Fungizone (Life Technologies)). Cells were
plated in non-adherent 96-well sterile plates (Greiner Bio), TGFB1 added (0-100 ng/mL for
HuCOL2gLuc and 0-40 ng/mL for HuPRG4gLuc, Peprotech) and centrifuged into aggregates (5
min, 500 RCF, RT). Cell aggregates were incubated for 3 weeks with media exchange every 2-3
days (37°C, 5% CO2 and 5% O3). Conditioned media, containing the secreted Gaussia luciferase,
was assessed for luminescence every 2 days. On day 22, cell aggregates were divided between
histological, biochemical assessment or gPCR (HUPRG4gLuc aggregates only). Culture media
was saved and frozen (-20°C) on days 1, 10 and 22 from the HUPRG4gLuc cells for lubricin

ELISA.
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Reporter Cell gPCR Assessment

HuCOL2gLuc infected chondrocytes were cultured in a monolayer on 12-well cell culture plate
(Corning) for gPCR gene assessment. Cells were seeded (6,100 cells/cm?) in growth media and
allowed to adhere overnight. Then growth media was replaced with chondrogenic media
supplemented with 0-10ng/mL TGFf1. By day 5, luciferase assessment of culture media showed
a dose response in luminescence values. Cells were extracted for RNA analysis with lysis buffer
(Ambion PureLink RNA Mini kit) and the lysate frozen on dry ice and stored (-80°C, 1 week).
Cell aggregates (n = 5) from HUPRG4gLuc TGFB1 dose response were frozen in RNA lysis
buffer on day 22. Total RNA was isolated from lysates using column purification with on-
column DNA digest. RNA purity and integrity was assessed by RNA ScreenTape (Agilent
Technologies). cDNA was synthesized from RNA using a cDNA synthesis master mix (Maxima
H Minus, Thermo Scientific). g°PCR was performed (QuantStudio 7 flex, Applied Biosystems)
for gene expression of Hypoxanthine Phosphoribosyltransferase 1 (HRPT, reference gene,
forward primer: 5> ATTGACACTGGCAAAACAATGC 3’, reverse primer: 5°
TCCAACACTTCGTGGGGTCC 3, [72]), Gaussia luciferase (gLuc, 5’
ACGCTGCCACACCTACGA 37, reverse primer: 5 CCTTGAACCCAGGAATCTCAG 3’ [22])
and type Il collagen (COL2A1, 5 TGGAGACTACTGGATTGACCCCAACCAA 37, reverse
primer: 5 TCTCGCCAGTCTCCATGTTGCAGA 3’ [72]) or lubricin (PRG4, forward primer:
5 TTGCTCCTCTCTGTTTTCGT 3’, reverse primer: 5 ATACCCTTCCCCACATCTCCC 37).
Primers, SYBR green (Applied Biosystems, Thermofisher Scientific) and cDNA were mixed and
run using cycling parameters: 95°C for 20s then 45 cycles of 95°C 10s, 60°C 20s, 72°C 19s,

followed by melt curve analysis. CT values were normalized to HRPT expression and then gLuc
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vs. COL2AL1 and gLuc vs. PRG4 relative gene expression was plotted with 95% confidence

bands (GraphPad Prism).

Preparation of Biomaterial Combinations

Biomaterials for Middle-Deep Zone

GelMA (45-55% methacrylated, Cellink) and HAMA (30% methacrylated, molecular weight of
63 kDa via multi-angle laser light scattering, Sigma) stocks were made in Tyrode’s (Sigma)
containing 0.05% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Cellink). GelMA
stock (15% wi/v) was prepared with prewarmed Tyrode’s (~40°C) on a hotplate stirrer. HAMA
stock (2% wi/v) was prepared in Tyrode’s at room temperature. All stocks were stored in the dark
at 4°C until use. To prepare biomaterial combinations, hydrogel components were mixed at 40°C
using volume ratios (Table 1). Biomaterials were then cooled to ~37°C, the cell suspension
added and mixed by vortexing. The final cell concentration for all luminescence assays was 2

million cells/mL.

Biomaterials for Surface Zone

GelMA (58% methacrylated, 167kDa, Rousselot) and OMA were reconstituted in PBS
containing 0.05% LAP (Cellink). Stocks were made my combining the material with PBS in
Eppendorf tubes on a tube warmer at 50°C and shaken (800 rpm) until fully dissolved. To
prepare biomaterial combinations, calculated amounts of each stock were added to Eppendorf

tubes on the tube warmer at 50°C, with a quick vortex to fully combine. PBS containing 0.05%
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LAP was added if further dilutions were necessary. All stocks and combinations were made less
than 24 hours prior to use and stored in the dark at 4°C. To encapsulate cells, biomaterial
combinations were warmed on the tube warmer to 37°C, cells added and vortexed to mix. The
cell-biomaterial mixtures were either pipetted onto 96 well, white plates with a clear bottom for

the DoE screen and subsequent validation or added to barrels (Nordson) for 3D bioprinting.

Design of Experiment (DoE) Trial Design

DoE for Middle-Deep Zone

An optimal combined design (Design-Expert Version 13, Stat-Ease) was determined with two
mixture components: GelMA vol% and HAMA vol%, both 0-100%. Crosslinking time was a
numeric factor, set as hard to change, ranging between 15 and 60 seconds. A quadratic-by-
quadratic model with point exchange generated 18 total groups (Table 1). Groups were used for
dynamic mechanical analysis as described below by casting disc constructs (8mm diameter x
1mm height) in silicone/glass molds. Following casting, the constructs were crosslinked as
described below and then stored in Tyrode’s in the dark at 4°C overnight. Storage moduli were
analyzed using a linear regression model with no transformation to determine significant factors.
DoE generated groups were also used in a screen with HuCOL2gLuc reporter cells, and the
luminescence assay as described below. Analysis was completed using a linear regression model

after a log base 10 transformation.
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Table 1: Design of Experiment generated groups for middle-deep zone optimization

GelMA HAMA Crosslink
Number

(vol) (vol) (sec)
1 0 1 15
2 1 1 15
3 1 0 15
4 0 1 38
5 0 1 38
6 1 1 38
7 1 0 38
8 1 1 38
9 1 0 38
10 1 2 38
11 1 1 38
12 2 1 38
13 0 1 60
14 1 1 60
15 1 1 60
16 1 0 60
17 1 3 60
18 3 1 60
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DoE for Surface Zone

Stat-Ease, Design-Expert (Version 13) was used to generate testing conditions for screening
combinations of GelMA and OMA at different photocrosslinking times. A mixture model was
used in an optimal combined design generating a total of 60 conditions (Table 4). Constraints
were set so the final percentage of GelMA in the mixture was between 0-12%, OMA was 0-2%,
with the rest being PBS between 86-98%. The sum of the final percentages of GelMA and OMA
was set to be between 2-14%, and the total sum of GeIMA, OMA and PBS would always equal
100%. Crosslinking time was the numeric factor, ranging between 15-60s. To determine if the
addition of calcium prior to cell encapsulation had an impact on lubricin expression, calcium
inclusion was a categoric factor, resulting in groups with or without calcium (final concentration
1.8mM CaCl,). DoE generated testing conditions were combined with HUPRG4gLuc cells and
lubricin promoter-driven luciferase expression was assessed. Luminescence data was input into
the DoE software where it suggested a square root model. After transformation of the data to fit

the square root model, ANOVA analysis was used to identify the significance of the data.

3D Bioprinting

A BioAssemblyBot pneumatic extrusion 3D bioprinter (Advanced Solutions) was used to
fabricate all 3D bioprinted constructs. Biomaterials were printed using disposable, UV-blocking
amber cartridges (Nordson), SmoothFlow tapered tips (25G, Nordson) and a 35°C stage
temperature and the print settings shown in Table 2 or 3. Tissue Structure Information Modeling
(TSIM, Advanced Solutions) software was used to create 3D models. After printing, the

constructs were photo-crosslinked (Luck Laser, 405nm, 300mW). The laser was focused to an
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8mm beam diameter and positioned 3.5cm above the construct. Single layer prints were used for
both cell viability and mobility to obtain clearer images, and more readily quantify cell numbers.
For cell viability, 2mm x 6mm rectangular cuboids were printed in a single layer (~0.3mm
height). For mobility, 6mm x 6mm rectangular cuboids were printed in a single layer (~0.3mm
height, in three 2mm x 6mm sections, Fig. 6). Cylindrical constructs (8mm diameter x 1mm
height) were printed containing HuCOL2gLuc cells for the luminescence assay and final
mechanical characterization (the same dimensions used for DoE screen mechanical

characterization).

Table 2: 3D Bioprinting settings for middle-deep zone biomaterials.

GelMA (15%):HAMA (2%) Pressure  Acceleration Speed Ink Temp
(vol:vol) (psi) (mm/sec?) (mm/sec) (°C)

1:1 15-13 200 5 25

2:1 21-18 200 7 28

3:1 22-17 200 7 28

Table 3: 3D Bioprinting settings for surface zone biomaterials

Pressure Acceleration Speed (mmisec) Ink Temp
(psi) (mm/sec?) b (°C)

14% GelMA 16-14 100 9 24

14% GelMA, 2% OMA 33-18 100 5 25

16% GelMA 15-12 100 7 25

22



Mechanical Characterization

Dynamic Mechanical Analysis (DMA)

Before testing, discs were allowed to equilibrate to room temperature and the width and height
measured with calipers (Netzsch). Unconfined uniaxial compression testing was performed
(DMA 242E Artemis, Netzsch). Strain (10%, 100 um) was tested at frequencies of 0.1, 1 and
5Hz. All tests were completed at isothermal (room) temperature and discs were maintained in
Tyrode’s for the duration of the test. Storage modulus (E’), loss modulus (E”) and Tan delta were
measured for 30 minutes, and final values were calculated from the average values between 5

and 10 minutes, during the curve plateau.

Lap-shear

Static coefficient of friction and kinetic coefficient of friction were determined through a lap
shear test on disc constructs. Day 0 discs were cast in an 8mm diameter, 1mm high silicone
mold, while day 22 constructs were 3D bioprinted discs of the same dimensions containing
HuPRG4gLuc cells and cultured for 22 days. Constructs were frozen (-80°C) until use. Lap shear
testing was preformed using a TA.XTplusC texture analyzer (Stable Micro Systems). The
samples were adhered to a microscope slide (VWR) and placed securely into the top tensile
clamp (Fig. 5). A second microscope slide was secured into the bottom tensile clamp. The
sample was fully submerged in PBS for the duration of the test (Fig. 5). The sample was aligned
until it was touching the second microscope slide and then compressed by ~200um, creating a
normal force of 1.62N. Normal force was determined by a force sensitive resistor (DF9-40,

Yosoo Health Gear). The static force was determined by the peaks of the graph generated from a
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shear sine wave test, while the kinetic force was determined from the slope. The coefficient of

friction was calculated from the force generated on the graphs, divided by the normal force.

<+ TOp tensile clamp

< MliCrOscope slide
with Sample

e Samiple

Container
with PBS

Microscope slide

<= Bottom tensile clamp

Figure 5: Lap-shear test set up on the texture analyzer

Luciferase Assessment

After correlation between luciferase expression and target genes was established, luciferase
assessment was performed as a proxy to estimate type Il collagen or lubricin expression in both
the pipetted material DoE screen, and the 3D bioprinted discs. Constructs containing
HuCOL2gLuc cells were cultured for 22 days in defined chondrogenic media with 1ng/mL
TGFpB1 while constructs containing HUPRG4gLuc cells were cultured with 10ng/mL TGFp1,
with feeding every 2-3 days and sampling every 2 days to maintain a consistent timeframe
(~48h). For this assay, conditioned cell culture media (20 pl/well) was transferred into a white
96-well plate (Greiner Bio-One) and mixed with a stabilized luciferase assay reaction mix (50ul)
for final concentrations of 0.09 M MES, 0.15M Ascorbic Acid, and 4.2uM Coelenterazine.
Luminescence was read on a plate reader (Biotek Synergy H1 Hybrid Reader or PerkinElmer

EnVision 2104 Multilabel Reader).
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Cell Viability

Live/Dead staining was used to evaluate the viability of human chondrocytes (1 million cells/mL
final concentration) on days 0, 1 and 7. To quantify cell viability for the deep zone, uninfected
human chondrocytes from the same donor, at the same passage, as the HuCOL2gLuc reporter
cells and HuChon-GFP cells were used. GelMA (15% w/v):HAMA (2% w/v) volume ratios of
1:1, 2:1 and 3:1 were either 3D bioprinted, or pipetted (control) onto a BSA coated (3.15 mg/cm,
Alfa Aesar) 24-well plate (Corning) and cultured in growth media. Plates were BSA coated to
prevent cell adhesion. For the surface zone, HUPRG4gLuc cells passage 3 were used and groups
14% GelMA, 16% GelMA or 14% GelMA, 2% OMA were 3D bioprinted or pipetted (control).
At each time point, media was removed and the staining solution of calcein-AM (2M,
Invitrogen) in sterile PBS was added to each well. Samples were incubated for 25 minutes (37C,
5% COz). Imaging (4x magnification) was performed using a Pico Imager (Molecular Devices).
Images were processed and analyzed using ImageJ/Fiji with the Stardist plugin [74], with >100

cells quantified for each sample.

Cell Mobilit

HuChon-GFP cells were used to assess cell mobility. Three 2mm x 6mm sections were
bioprinted forming one construct (Fig. 6, final 6mm x 6mm). The Cells section contained
HuChon-GFP cells (1 million cells/mL final concentration) in GeIMA (15% w/v):HAMA (2%
w/v) mixtures at volume ratios of 1:1 or 2:1. The Spacer section was comprised only of
biomaterial to act as a spacer between the cells and chemoattractant, printed with the same

biomaterial volume ratio the cells were in. The final Chemoattractant section contained fibroblast
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growth factor 2 (100ng/mL, basic FGF, Peprotech) in the 2:1 volume ratio. The chemoattractant
was only added to the 2:1 ratio to eliminate any impact on diffusion rate by the material ratio. As
a positive control for 2D cell mobility, cells were seeded directly to the 12-well plate (Corning).
A separate control for directional mobility had all 3 bioprinted sections, except an extra spacer
was bioprinted in place of where the chemoattractant was in the other groups. Three replicates
were used for each group, and all constructs were cultured in growth media. Time lapse imaging
was performed with a Pico Imager (Molecular Devices) at 4x magnification; images were
captured every 20 minutes for 20 hours starting immediately after printing. Images were
analyzed with ImageJ/Fiji (Version 2.3.0/1.53q) and the Manual Tracking plugin. For each well,
all mobile cells were tracked, except for the positive control which had too many mobile cells to
track, 7 randomly chosen cells were tracked. Tracked results included distance, velocity, and

location (X, Y coordinates).

Cells :|2mm Cells Cells
6mm Spacer Spacer Spacer
Chemoattractant Chemoattractant Spacer
T Positive Directional
Control Mobility Control

Figure 6: Experimental set up for chondrocyte mobility assessment

Biochemical Assays

Two thirds of the 8mm x 1mm bioprinted discs were frozen (-20°C) until the time of the assay.
DNA, GAG and hydroxyproline (HDP) content were measured in samples from day 0
(immediately after printing) and day 22. Samples were digested overnight (65°C) in papain

(0.025 mg/mL papain in 50mM sodium phosphate, 2mM EDTA, 2mM cysteine) [75,76]. DNA
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content of the digest was measured using Hoechst dye (Ex365, Em460nm, SpectraMax iD5,
Molecular Devices) with calf thymus DNA (Sigma) as a standard. GAG content of the digest
was measured using the dimethyl methylene blue (DMMB) colorimetric assay [77]. DMMB
working solution (5ml of 3.2mg/mL DMMB dissolved in 200 proof ethanol added to 1L of
40mM glycine, 40mM NaCl at pH 1.5) was added to each sample and absorbance was read at
525nm with correction at 595nm (SpectraMax iD5, Molecular Devices) with chondroitin sulfate
(Seikagaku Biobusiness) as a standard [77]. For HDP, papain digested samples were acid
hydrolyzed overnight (10:1 vol/vol, 6M HCL, 110°C) and then dried overnight (70°C). Copper
sulfate (0.15M) and NaOH (2.5M) were added to each well and incubated (50°C, 5 minutes).
Samples were oxidized through incubation with hydrogen peroxide (6% H20>, 50°C, 10
minutes). Then sulfuric acid was added (1.5M H2SO.) before reaction with Ehrlich’s reagent
(10% w/v 4-dimethylamino benzaldehyde in 60% isopropanol, 26% perchloric acid, 14% MQ
water). Samples were incubated again (70°C, 16 minutes). Absorbance was read at 505nm
(SpectraMax iD5, Molecular Devices) and total content was calculated using a hydroxyproline
standard curve generated using hydroxyproline (Sigma). Samples of materials without cells were

used to subtract background generated by gelatin. Data was then normalized to day 0.

Histology

At the end of the 22-day culture period, a third of the 8mm x 1mm disc was fixed in 10% Neutral
Buffered Formalin (Epredia) for ~2 days. Samples were dehydrated and embedded in paraffin
wax (Leica Biosystems Embedder). Rehydrated sections were stained with Safranin-O (0.02%

Safranin O at pH 4.8 in water, Electron Microscopy Sciences) then counterstained with Fast
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Green (0.05% solution fast green in 96.5% 200 proof EtOH and 3.5% Glacial acetic acid, VWR,
Alfa Aesar) and Weigert’s Iron hematoxylin (Electron Microscopy Sciences) for evaluation of
sulfated GAG content. Immunohistochemistry was performed to evaluate type Il collagen
content. Pronase (Img/mL in 5mM calcium chloride in PBS for 10 minutes at RT, Sigma) was
used for antigen retrieval and tissue sections were blocked with BSA (3% w/v, Cohn Fraction V
Alfa Aesar). The type Il collagen primary antibody (1:200 in 1% BSA, DSHB, I1-116B3) was
incubated for 2 hours at RT and the secondary antibody (1:200 in 1% BSA, Biotinylated horse
anti-mouse, Vector Labs) was incubated for 1 hour at RT. Sections were then incubated for 30
minutes at RT with HRP-conjugated streptavidin (1:5000 in 1% BSA, Invitrogen), and staining
was developed using Vector VIP Peroxidase Substrate Kit (VWR). For lubricin, hyaluronidase
(10mg/mL in 20mM sodium acetate, Sigma) incubation at 37°C for 30 minutes was used for
antigen retrieval. Samples were blocked with 3% BSA. Primary antibody (1:400, 1% BSA,
Millipore MABT401) was incubated for 90 minutes at RT, and secondary antibody was
incubated for 30 minutes at RT. HRP-streptavidin incubation and stain development was the
same as for type Il collagen. All sections were then counter stained with Fast Green (VWR).

Images were taken using a Keyence BZ-X810 microscope.

Swelling and Degradation

3D bioprinted discs (8mm diameter x Imm height) were frozen (-80°C) in weighed Eppendorf
tubes (W), lyophilized and dry weights (Wi) were measured. Lyophilized discs were submerged
in ImL of chondrogenic media and incubated (37°C, 5% CO-) for days 1, 11 and 22. Media was

changed weekly. On days 1, 10 and 22 all media was removed, and swollen (Ws) weights were
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measured. After weighing, samples were frozen (-80°C) and lyophilized again and weighed
(Wa). To calculate the swelling ratio (Q) the swollen weight was divided by the initial weight (Q
= (Ws - Wy) / Wq - W) [60]. The percent mass loss was calculated by (((Wi - W) - (Wa - Wh)) /

(Wi - W) x 100 [60].

Lubricin (PRG4) ELISA

To quantify secreted lubricin, cell culture medium was collected from the TGFB1 dose response
on day 16 and from the 3D bioprinted disc constructs on days 1, 10 and 22. Cell culture medium
was frozen at -20°C until use. Enzyme-Linked ImmunoSorbent Assay (ELISA) kit (DuoSet
ELISA Ancillary Reagent Kit and Human Lubricin/PRG4 kit, R&D systems) was used following

manufacturer’s protocol. Lubricin content was calculated based on the standard curve.

Statistical Analysis

Design of Experiment analysis was completed as described previously using Design-Expert
(Version 13, StatEase). All other experiments were performed with 3-9 replicates (n = 3-9).
Quantitative results are shown as mean +/- standard deviation and statistical analyses were done
using GraphPad Prism 9.0 or Design-Expert (Version 13, Stat-Ease). HuCOL2gLuc screen data
was analyzed using ANOVA and Tukey’s multiple comparison. Cell viability data was analyzed
with a 2-way ANOVA and Sidak’s multiple comparison for analysis of printed vs pipetted
controls and Tukey’s multiple comparison for comparing printed conditions over time. DNA,
GAG, HDP and final storage modulus were analyzed with a 2-way ANOVA with Sidak’s

multiple comparison. The HuCOL2gLuc disc 3D bioprint and mobility were analyzed with an
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unpaired t-test. A value of p < 0.05 was considered statistically significant. For the
HuPRG4gLuc DoE screen, design of experiment analysis was completed as previously
described. For all other HUPRG4gLuc experiments, statistical analysis was completed using
GraphPad Prism (Version 9.0). All experiments had 3-9 replicates (n = 3-9) and results are

shown +/- standard deviation. A p value of <0.05 was considered statistically significant.
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CHAPTER 3: MIDDLE-DEEP ZONE ARTICULAR CARTILAGE

Overview

The hypothesis for this chapter was that an optimal biomaterial stiffness and/or combination of
GelMA and HAMA is necessary to stimulate chondrogenesis, and therefore type 11 collagen
production. To identify an ideal combination of GelIMA and HAMA for chondrogenesis, a novel,
primary human chondrocyte COL2A1-Gaussia luciferase reporter system (HUCOL2gLuc) was
developed. With this non-destructive, high-throughput temporal assay, Gaussia luciferase is
secreted from the cells and used as a proxy for measuring type Il collagen production.
GelMA:HAMA ratios were screened using the reporter system before proceeding to 3D
bioprinting. This method is efficient, saving on time and materials, resulting in a streamlined
process of biomaterial optimization. The screen revealed that the addition of HAMA to GelMA
improved chondrogenesis over GelMA (15%) alone). Storage moduli were measured using
dynamic mechanical analysis of the same GelMA:HAMA ratios and established an initial
threshold for chondrogenesis of ~30kPa. To determine if biomaterial storage moduli impact cell
mobility human primary chondrocytes transduced with green fluorescent protein (GFP) were 3D
bioprinted in either 1:1 or 2:1 ratios with storage moduli of 32kPa and 57.9kPa, respectively. We
found that reduced cell mobility, in the stiffer biomaterial had higher type 1l collagen expression,
than the softer material with more cell mobility. Finally, after 3D bioprinting with HuCOL2gLuc
cells we successfully identified an optimal combination (2:1) of GelMA:HAMA and photo-

crosslinking time (38s) for chondrogenesis.
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Stimulation of Type |l Collagen by TGFB1 in Primary Human Chondrocytes

TGFB1 dose response was used to characterize the engineered primary human chondrocytes
transduced with a type Il collagen Gaussia luciferase construct (HuCOL2gLuc) derived from
two donors. Dose dependent increases in luminescence are shown for day 8 (Fig. 7A) and day 17
(Fig. 7B). The excitatory concentration producing a half-maximal response (EC50) was
calculated to be 0.780 ng/mL for day 8 and 2.702 ng/mL for day 17. Dose response curves for
donor 2 had similar EC50 values of 0.142 ng/mL for day 7 (Fig. 26S) and 1.868 ng/mL for day
21 (Fig. 26S). Biochemical and histological analysis was performed on HuCOL2gLuc reporter
cells to characterize their ability to produce extracellular matrix proteins. There was a TGFp1
dose dependent increase of DNA (Fig. 26S), GAG (Fig. 7C), and GAG/DNA (Fig. 26S). Which
was also supported by Safranin-O staining (Fig. 7F-H). HDP (Fig. 7D) and HDP/DNA (Fig. 26S)
expression was consistent across groups. However, histology for type Il collagen showed a
TGFB1 dose dependent increase in staining intensity (Fig. 71-K). This data is consistent with the
dose dependent increase in luminescence, indicating the HuCOL2gLuc reporter cells reflect type
Il collagen expression. This is further supported by gPCR analysis for COL2A1 and gLuc. As
COL2A1 gene expression increased so did gLuc (Fig. 7E). Based on the maximal luminescence

signal, donor 2 HUCOL2gLuc cells were used for all subsequent experiments.
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Initial Mechanical Characterization of GelMA:HAMA Constructs

Dynamic mechanical analysis (DMA) was used to measure the moduli (storage modulus (E’),
loss modulus (E”) and tan delta) of 18 different biomaterial ratios (GelMA:HAMA) after varying
photocrosslinking times that were generated by the DoE software (Table 1). Storage moduli
increased as the amount of GelMA increased and as crosslinking time increased (Fig. 8A). Three
GelMA:HAMA ratios were too soft to be tested: 0:1 15s, 1:1 15s, and 1:3 60s. HAMA alone
(0:1, at 38s and 60s) had the lowest storage moduli tested resulting in 6.9kPa and 11.9kPa,
respectively. GelMA:HAMA 2:1 38s and 3:1 60s had the highest storage moduli tested at
57.9kPa and 60.6kPa, respectively. Residual data was normally distributed (Fig. 8B). It was
found that the mixture of materials had a significant impact on the storage modulus (p=0.0006,
ANOVA), but crosslinking time did not (p=0.0714, ANOVA). The opposite trend was observed
for tan delta (Fig. 27S) in which shorter crosslinking time, and increased amount of HAMA
increased tan delta. However, neither crosslinking time (p=0.2589) nor material mixture
(p=0.1151) had a statistically significant impact. There were no trends observed for the loss

moduli (Fig. 27S), and neither crosslinking time (p=0.9677) nor material mixture (p=0.3208) had

a significant impact.

A B Normal Plot of Residuals
60 , »
i a5
o 40+ £ 20
El 3 0
3 4
-3 20 e .g 70 *
2 o | o
W 50 -
%n * 30 L]
[ 20 . ‘a l;
& E 21 :
5 10
Z 5
80 1
0 1
. H 1
C: Crosslink (sec) u A: GelMA (vol) 2 4 o0 1 2 3

[1] 3
:H =
1 B HAMA (va) Externally Studentized Residuals
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HuCOL2gLuc Screen of GelMA:HAMA Material Combinations

HuCOL2gLuc reporter cells were used to identify combinations of GelIMA:HAMA that
stimulated type Il collagen expression. The combinations of GeIMA:HAMA tested were
generated by the DoE software (Table 1). These were the same 18 groups that underwent DMA
assessment. Luminescence results for days 8 (Fig. 9A) and 22 (Fig. 9B) are shown with similar
trends. HAMA alone (0:1) at all crosslinking times had significantly lower luminescence
compared to all groups except 1:3 60s on day 8, and both 1:2 38s and 1:3 60s on day 22 (Fig. 9A
and B). At the shortest crosslinking time (15s) luminescence was highest in GelMA alone (Fig.
9A and B). After 38s crosslinking the 2:1 ratio had the highest luminescence (Fig. 9A). Group
3:1 60s had significantly higher luminescence compared to GelMA alone on both days (Fig. 9A
and B). Response surface analysis shows a clear peak in chondrogenic stimulation around the 3:1
ratio, at all crosslinking times (Fig. 9C). The normality plot (Fig. 9D) demonstrates the fit of the

data and therefore the validity of the analysis used.
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Figure 9: Biomaterial composition and storage moduli impact type Il collagen production

To determine if biomaterials improved luminescence compared to traditional 3D cell aggregates,
HuCOL2gLuc cells were seeded as aggregate cultures and luminescence assessed over 22 days.
Temporal analysis of chondrogenic response showed an initial peak in luminescence on day 8
with an uptick at day 22 (Fig. 10A, 28S). All groups except 1:3 60s and HAMA alone after all
crosslinking times had higher luminescence as compared to the cell aggregate control (Fig. 10A,
28S). However, when luminescence data is normalized to day 1 this trend changes (Fig. 29S).
Groups 1:3 60s, and HAMA alone at 15s and 38s were similar to the cell aggregate control,
while HAMA alone at 60s had higher luminescence (Fig. 29S). To analyze the impact of storage
modulus on luminescence, cumulative luminescence vs. storage modulus was plotted (Fig. 10B).
The softest materials tested, HAMA alone (0:1 38s and 60s) had the lowest level of
luminescence. Above ~30kPa, there is a similar cumulative luminescence value for all groups

(Fig. 10B).
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Human Chondrocyte Viability in 3D Bioprinted Constructs

GelMA:HAMA ratios of 1:1, 2:1 and 3:1 after 38s crosslinking were chosen for subsequent 3D
bioprinting assays. To ensure the materials and 3D bioprinting process were biocompatible, cell
viability was quantified on days 0, 1 and 7 (Fig. 11). As a control, the same biomaterial
combinations were pipetted directly onto the plate. High cell viability was observed for all
groups on all days, at 90% or higher (Fig. 11). On day 0 and day 1, viability was higher in the
printed group at 1:1 (99%) than the pipetted (93-96%), this was also true for 2:1 on day 1 (100%
for printed and ~96% for pipetted) (Fig. 11A). However, by day 7 all groups had similarly high
percent viability (above 90%). To determine if cell viability changed over time, bioprinted

material ratios were compared across all three time points (Fig. 11B). While the 1:1 and 3:1
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groups remained consistent, the 2:1 group had a significant decrease by day 7 (~90%) as
compared to day 0 (100%) and day 1 (99%). Representative images of all bioprinted groups on

day 0 and day 7 are shown (Fig. 11C).
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Figure 11: Primary human chondrocytes show high viability in 3D bioprinted constructs

Human Chondrocyte Mobility Within 3D Bioprinted Constructs

To determine the effect of biomaterial storage moduli on cell mobility, ratios of GelMA:HAMA
ratios of 1:1 and 2:1 after 38s crosslinking were 3D bioprinted with HuChon-GFP cells
encapsulated in the biomaterials. These ratios were chosen since 2:1 had a storage modulus of
57.9kPa, and 1:1 was roughly half at 32.0kPa. Expanded HuChon-GFP cells were fluorescent

(Fig. 12E) and were readily visible within 3D bioprinted biomaterials (Fig. 12F). Timelapse
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images over 20 hours showed that human primary chondrocytes are mobile in 2D in vitro
culture, as demonstrated by the positive control (Fig 12A-C). In the biomaterials cells were
minimally mobile, the 1:1 ratio had significantly more mobile cells (~2.5) compared to 2:1 (~1,
Fig. 12A). Mobile cells also moved further (~26um, Fig. 12B) and faster (~1um/min, Fig. 12C)
in the 1:1 ratio. Directionality of cell movement was also assessed and the 1:1 group had more
variability in the movement (Fig. 12D). Overall, the softer material (1:1) had a higher level of

cellular mobility as compared to the stiffer (2:1) material (Fig. 12).
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3D Bioprinted Discs Containing HuCOL2gLuc

Based on the luminescence and stiffness results generated from the HuCOL2gLuc DoE screen
the 2:1 and 3:1 38s groups were chosen for 3D bioprinting. HuCOL2gLuc reporter cells were
encapsulated in GelIMA:HAMA ratios and bioprinted into discs then photo-crosslinked for 38s.
To assess type Il collagen expression, luminescence was measured over 22 days. Data was
normalized to day 1 due to an initial difference in the raw luminescence data between the two
groups (Fig. 30S). Luminescence peaked on day 3 (Fig. 13A, 30S). The 2:1 ratio had
significantly higher luminescence at day 8 (~0.5 RLU) and day 22 (~0.4 RLU) when normalized
to day 1 as compared to the 3:1 (Day 8 ~0.3 and day 22 ~0.2, Fig. 8B). Biochemical analyses
were used to quantify the amount of DNA, GAG and HDP in the bioprinted constructs. DNA
content was similar (1.3-2.3ug) between both groups at both time points (Fig. 14A). However,
there was a significant increase in GAG production in the 2:1 group on day 22 (~7ug) as
compared to day 0 (~2.5ug), while there was no increase in the 3:1 group (Fig. 14B). The 2:1
group also had significantly more GAG expression as compared to the 3:1 group on day 22
(~3ug, Fig. 14B). These trends were also observed in the ratio of GAG/DNA (Fig. 14C).
Histology on day 22, for both GAG (Fig. 14E) and type Il collagen (Fig. 14F) shows only minor
staining, predominantly pericellular. The minimal staining is consistent with amount of staining
observed in the cell aggregates at a similar TGFB1 dose (Fig. 7F and 71). There was a notable
decrease in HDP of both groups from day 0 to day 22 (Fig. 14D). This correlated with a decrease
in storage modulus from day 0 to day 22 in both groups (Fig. 15A), with a statistically significant
decrease in the 2:1 group (~37 to 22 kPa). The storage modulus on day 0 increased with

increasing frequency for both groups, but this increase was not observed on day 22 (Fig. 15B and
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C). This trend was also observed in the complex modulus (Fig. 31S), loss modulus (Fig. 31S)

and tan delta (Fig. 31S).
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CHAPTER 4: SURFACE ZONE ARTICULAR CARTILAGE

Overview

The hypothesis for this chapter was that an optimal combination of GeIMA and OMA will
improve lubricin expression, stiffness will modulate expression, and that combination can be
optimized with human primary chondrocyte reporters. To test this, human chondrocytes were
transduced with a PRG4 (lubricin) promoter-driven Gaussia luciferase, allowing for temporal
assessment of lubricin expression. A lubricin promoter-driven expression Design of Experiment
screen and subsequent validation identified 14% GelMA/2% OMA as a combination for further
study. Stiffness did not have a significant effect on lubricin expression in the range tested (E’ 10-
50KPa). This combination (14% GelMA/2% OMA\) as well as 14% GelMA and 16% GelMA
were 3D bioprinted. Lubricin expression (ELISA) and shape retention over the 22 days in culture

determined the 14% GelMA/2%0OMA to be the optimal combination.

Stimulation of Lubricin by TGFB1 in Human Primary Chondrocytes

To characterize human primary articular chondrocytes engineered with a PRG4 promotor driven
Gaussia luciferase (HUPRG4gLuc), cell aggregates were cultured with varying doses of TGFp1.
Luminescence increased in a TGFB1 dose dependent manner, as shown by the response curves
for days 10 and 22 in Figure 16A. The excitatory concentration producing a half-maximal
response (EC50) was 2.505 ng/mL on day 10 and 4.189 ng/mL on day 22 (Fig. 16A). Lubricin
secretion also had a TGFB1 dose dependent increase, with an EC50 of 4.260 ng/mL (Fig. 16B),

very similar to the luminescence EC50. This is further supported by gPCR gene expression
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analysis which correlated PRG4 expression with gLuc gene expression (Fig. 16C). There was a
TGFB1 dose dependent increase of both DNA (EC50 = 2.764 ng/mL, Fig. 16D) and GAG/DNA
(EC50 = 4.801 ng/mL, Fig. 16E), which is supported by Safranin-O staining (Fig. 17). While
hydroxyproline (HDP) per DNA (Fig. 16F) was consistent across groups, immunohistochemical
staining for type Il collagen showed an increase in staining intensity with an increase in TGFp1
(Fig. 17). Lubricin immunostaining showed an increase in staining intensity as TGFB1
concentration increased (Fig. 17). Together these results support using luminescence as a proxy

for lubricin expression, while confirming the engineered cells are still chondrogenic.
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DoE Screen of GelMA and OMA Combinations for Lubricin Expression

To identify optimal combinations of OMA and GelMA for lubricin expression, HUPRG4gLuc
cells were mixed within biomaterial combinations generated by the DoE (Table 4). Sixty
different combinations, at different crosslinking times, with or without the addition of calcium
chloride were tested. At all timepoints the mixture of the biomaterials had a significant impact on
luminescence (p <0.001, ANOVA), while crosslinking time and calcium chloride were not
significant factors. Day 22 luminescence is shown on 3D surface plots in Figure 4. Groups that
contained only OMA had the lowest luminescence (Fig. 18A). Increasing GelMA to 6%,
increased luminescence (Fig. 18B), with the shortest crosslinking time (15s) and no OMA having
the highest luminescence. Luminescence further increased, by increasing GelMA to 12% (Fig.
18C). In the groups that had 12% GelMA (Fig. 18C), luminescence increased as the final
percentage of OMA increased, with the highest luminescence expression in 12% GelMA/2%

OMA. Data was normally distributed as shown in Figure 18D.
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Validation of the DoE Screen

Validation of the DoE screen results was performed using the HUPRG4gLuc cells cultured in
combinations of GelMA and OMA. All biomaterial groups had higher luminescence than the cell
aggregate control (Fig. 19A), indicating the mixing of chondrocytes in biomaterials increased
lubricin expression. Day 22 luminescence data is shown in Figure 19. To validate the lack of
effect of crosslinking time, the optimal group from the screen, 12% GelMA/2% OMA was
retested at the three crosslinking times (15s, 38s and 60s). Crosslinking did not have a significant
effect on luminescence (Fig. 19B). Since the highest final percentage of both GeIMA and OMA
had the highest luminescence in the screen, both were further increased, and luminescence was
assessed. Increasing the final OMA percentage to 4% did not significantly impact luminescence

at either crosslinking time (Fig. 19C). Increasing the final GeIMA percentage to 14%, while
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keeping OMA consistent at 2% did significantly increase luminescence as compared to 12%
GelMA/2% OMA at both crosslinking times (Fig. 19D). To determine if this increase in
luminescence was solely due to increasing the GelMA percentage, 14% GelMA alone was
compared to 14% GelMA/2% OMA at both crosslinking times (Fig. 19E). The group containing
2% OMA had significantly higher luminescence as compared to 14% GelMA alone at 15s
crosslinking, but not 38s (Fig. 19E). The 14% GelMA/2% OMA group after 15s crosslinking
was consistently the group with the highest luminescence starting on day 10 (Fig. 19A). DNA
content stayed consistent across all 14% GelMA groups (Fig. 32S), but GAG/DNA was
significantly higher in 14% GelMA/2% OMA group at both crosslinking times (Fig. 32S). Based
on the luminescence, DNA and GAG data the 14% GelMA/2% OMA at 15s was determined

optimal for lubricin expression.
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Figure 19: 14% GelMA/2% OMA had the highest lubricin expression
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Cell Viability

Cell viability was assessed in groups 14% GelMA/2% OMA, 14% GelMA and 16% GelMA to
ensure the bioprinting process and biomaterials were biocompatible. Groups were either 3D
bioprinted or pipetted and viability was quantified on days 0, 1 and 7. On days 0 and 1 cell
viability was significantly decreased in all 3D bioprinted groups, as compared to their respective
pipetted controls (Fig. 33S). By day 7, the 14% GelMA and 16% GelMA printed groups still
have significantly lower cell viability as compared to their pipetted controls, but the 14%
GelMA/2% OMA printed group was significantly higher than the pipetted (Fig. 33S). On day O,
the 16% GelMA printed group had the lowest viability at only 54%, but it significantly increased
to 72% by day 7 (Fig. 20). The 14% GelMA printed group cell viability significantly decreased
over 7 days from 77% to 61% (Fig. 20). Finally, the 14% GelMA/2% OMA group stayed

consistent across all 7 days at around 72% viability (Fig. 20).
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Figure 20: Cell viability results for 3D bioprinted HUPRG4gLuc cells
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3D Bioprinted Disc Construct Containing HUPRG4gLuc Cells

The 14% GelMA/2% OMA after 15s crosslinking had the highest luminescence in the validation,

and improved GAG deposition, therefore it was used for 3D bioprinting disc constructs
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containing HUPRG4gLuc cells. As controls 14% GelMA and 16% GelMA with 15s crosslinking
were also printed into discs. Luminescence was assessed over 22 days (Fig. 21). The 16%
GelMA group had significantly higher luminescence starting on day 3 as compared to the other
two groups (Fig. 21A). Day 10 and Day 22 have the same trend with 16% GelMA having

significantly higher luminescence, and no difference between the 14% GelMA/2% OMA and

14% GelMA groups (Fig. 21B).
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Figure 21: 16% GelMA had the highest luminescence in 3D bioprinted disc constructs

DNA and GAG content were quantified from constructs on day 0 and day 22. DNA content
stayed consistent in both 14% and 16% GelMA, but the 14% GelMA/2% OMA had a significant
increase by day 22, as well as having significantly more DNA than both the 14% and 16%
GelMA groups on day 22 (Fig. 22A). The 14% GelMA/2% OMA and 16% GelMA had a
significant increase in GAG by day 22, while 14% GelMA did not (Fig. 22B). The 14%

GelMA/2% OMA on day 22 had significantly more GAG than both other groups (Fig. 22B).
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GAG/DNA significantly increased for all three groups by day 22 and the 14% GelMA/2% OMA
had significantly more GAG/DNA than the 14% GelMA group (Fig. 22C), which was consistent

with the GAG/DNA from the validation (Fig. 32S).

Secreted lubricin content was quantified by ELISA from culture media on days 1, 10 and 22.
Lubricin concentration increased from day 1 to day 10, reflecting the luminescence results (Fig.
22D). On day 10, 14% GelMA/2% OMA and 16% GelMA had significantly more lubricin than
the 14% GelMA group (Fig. 22D). On day 22, the 14% GelMA/2% OMA and 16% GelMA
groups still had significantly more lubricin than the 14% GelMA group, but 14% GelMA/2%
OMA also had significantly more than 16% GelMA (Fig. 22D). The 16% GelMA group had a

significant decrease in secreted lubricin content from day 10 to day 22 (Fig. 22D).

Lubricin content retained in the biomaterials and type Il collagen content was assessed by
immunohistochemistry (Fig. 22E). The 16% GelMA group had more lubricin staining than either
other group, while 14% GelMA had very minimal staining (Fig. 22E). The 14% GelMA group
also had less type Il collagen staining (Fig. 22E). The type Il collagen staining in 16% GelMA
was darker, but more pericellular as compared to the 14% GelMA/2% OMA group where it is

lighter but more spread out (Fig. 22E).
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Mechanical Characterization of Disc Constructs

To determine if hydrogel mechanical properties had an impact on lubricin expression, discs were
cast and tested on a dynamic mechanic analyzer (DMA). The moduli generated were plotted vs
cumulative luminescence from the validation. There was no trend for either storage modulus or
loss modulus (Fig. 34S) with the R? values being 0.2670 and 0.1319, respectively. This data
indicates these mechanical properties of the biomaterials tested, generated by DMA, play a

minimal role in lubricin expression.

DMA analysis was also carried out to characterize 3D bioprinted discs containing HUPRG4gLuc
cells on day 0 and 22 for biomaterials after 15s crosslinking. On day 0, both 14% GelMA and
14% GelMA/2% OMA had a storage modulus of ~30kPa (Fig. 23A). The storage modulus for
16% GelMA storage modulus was significantly higher than the other groups at ~60kPa (Fig.
23A). By day 22, the 14% GelMA group had decreased in size too much to be reliably tested.
The 16% GelMA storage modulus significantly decreased by day 22 to ~24kPa (Fig. 23A).
While the 14% GelMA/2% OMA storage modulus decreased to ~12kPa, but this change was not
statistically significant (Fig. 23A). These trends are consistent for the loss modulus, tan delta,

and complex modulus (Fig. 35S).

Lap shear testing was completed on both day 0 and day 22 constructs to determine the coefficient
of friction. For both the kinetic (Fig. 23B) and static (Fig. 23C) coefficient of friction on day 0,
there was no significant difference between the groups. As with the DMA testing, 14% GelMA

was too small and thin by day 22 to be reliably tested. By day 22, both the 14% GelMA/2%
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OMA and 16% GelMA groups had a significant decrease in the static (Fig. 23C) and kinetic
(Fig. 23B) coefficient of friction to ~0.03. There was a significant difference in the static

coefficient of friction on day 22 between the 14% GelMA/2% OMA (0.01) and 16% GelMA

groups (0.005, Fig. 23C).
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Figure 23: Storage modulus and coefficient of friction decrease over 22 days

Shape Fidelity of the Bioprinted Constructs

Over the course of the 22 days in culture, the 14% and 16% GelMA groups noticeably decreased
in size, while the 14% GelMA/2% OMA retained its shape. To quantify the size, images were

taken on day 22 (Fig. 24A) and the surface area was measured. Both 14% and 16% GelMA had a
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significantly smaller surface area as compared to the 14% GelMA/2% OMA group (Fig. 24B).
Yet, the swelling ratio stayed consistent for all groups over the 22 days (Fig. 24C). All constructs
loss about ~12% of their mass on day 1 and ~25% by day 22 (Fig. 24D). No group lost

significantly more than either other group at any time point.
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CHAPTER 5: DISCUSSION

Defects to articular cartilage often result in osteoarthritis (OA). While OA has traditionally been
thought of as a disease of the elderly, the incidence of post traumatic OA (PTOA) is most
common in younger individuals [6]. Unfortunately, there are limited treatment options for
younger patients. A potential solution is 3D bioprinting. 3D bioprinting can be used to fabricate a
cartilage construct that mimics the zonal architecture of native tissue, stimulating repair of the
defect site. However, one challenge of 3D bioprinting is biomaterial selection and optimization.
There are many 3D bioprinting materials available and while their material and biocompatibility
characteristics such as printability and cell viability are well established, we sought to take a
more biological phenotype outcome-based approach and characterize the articular chondrocyte
extracellular matrix response. By using our novel human articular chondrocyte reporter cells, we
were able to determine the chondrogenic response to biomaterials. We identified an optimal
biomaterial combination for both the middle-deep and surface zones of articular cartilage based

on ECM driven luminescence, mechanical properties, shape fidelity, and biochemical assays.

Reporter Chondrocyte Characterization

This dissertation presents the first examples of primary human articular chondrocytes as
phenotypic reporter cells. This was achieved by improvements in isolation, preservation, and
transduction of primary human chondrocytes. Previously, ATDC5s were transduced with a type
Il collagen promoter-driven Gaussia luciferase and used for micronutrient optimization of
chondrogenic media [22]. A secreted Gaussia luciferase reporter enables a non-destructive

temporal assessment of type Il collagen or lubricin expression over 22 days through conditioned
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media assessment at feedings. Type 1l collagen was used as a proxy for middle-deep zone
chondrogenesis since it is both the main component of articular cartilage, and it is difficult to
achieve native levels of expression in vitro [21]. Lubricin was investigated as it is an essential
proteoglycan for articular cartilage function and treatment with lubricin mimetics have been

shown to reduce the damage of PTOA in rats [33-35].

A TGFB1 dose response was used to characterize reporter cells in cell aggregate culture and to
confirm they retained their chondrogenic capacity after the transfection process. TGFB1 is a
known stimulator of type Il collagen [18,78-81] and lubricin [18,28,82] expression. TGF1
binds to a serine threonine-protein kinase receptor consisting of two type | (ALKS5) and two type
Il (TGFBRII) subunits (Fig. 25) [28,79]. This stimulates the phosphorylation of the Smad2 and 3
which then forms a complex with Smad4 (Fig. 25) [28,79]. This complex translocates into the

nucleus and activates transcription of target chondrogenic genes [28,79].
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Figure 25: TGFfL signaling pathway (Adapted from [79])
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HuCOL2gLuc and HUPRG4gLuc reporter cells both showed a TGFB1 dose dependent increase
in luminescence. This luminescence correlated with either type 1l collagen or lubricin expression
through gPCR gene expression analysis, immunohistology staining and ELISA for lubricin.
Quantification of the DNA content of the aggregates allows us to determine if the changes in
luminescence are due to an increase in cell number or a reflection of the cells actually producing
more type Il collagen. Determining the GAG content and safranin-O staining confirm the
production of GAG and homogenic chondrogenic capacity of the cells in the biomaterials. While
GAG production is not as difficult in vitro as type 1l collagen, we do not want to increase type Il
collagen production at a detriment to GAG production. Together these results support using
luminescence as a proxy for type Il collagen or lubricin expression, while also confirming the
genetically engineered cells are still chondrogenic. Chondrogenicity is a concern when using a

primary chondrocyte where population doublings are a limiting factor [72,73,83].

Streamlining Biomaterial Optimization

For the first time, we demonstrate the advantages of using human primary phenotypic reporter
cells for biomaterial optimization. This approach was successfully used to measure type Il
collagen [22] and lubricin expression within biomaterials. This study was further enabled by
using a DoE approach. The DoE software generates test conditions using statistical modeling to
reduce the number of conditions tested, while still having a good overview of the design space. A
mixture design approach is an established [67-69] and efficient method to investigate how
biomaterial properties are affected by altering the composition and crosslinking times. Since 3D

bioprinting is a laborious process and utilizes significant amounts of biomaterials, reporter cells
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were mixed within DoE generated groups, pipetted onto a 96 well plate and then crosslinked.
The luminescence data produced from the screen was analyzed using the DoE software to further
define optimal conditions. The combination of the reporter cells and DoE creates an efficient
method to optimize biomaterial combinations and crosslinking time before proceeding to 3D
bioprinting. To test all of the DoE generated groups without the reporter cells would use a
significant amount of materials and cells. For perspective, to 3D bioprint the 12 replicates in the
GelMA/OMA disc bioprinting 850ul of biomaterials per group was used and a total of 1.1x10’
cells between all three groups. Three replicates were saved for day 0 histology, biochemical and
mechanical assessment, but the other 9 were cultured for the 22 days. The alternative would be to
have specific time points and rely solely on end-point assays. To have a minimum of 6 replicates
(3 for histology/biochemistry, and 3 for mechanical) for 4 time points (ex. days 0, 1, 11 and 22)
about 1.7mL of biomaterials and 2.2x10" cells would be used, double what was used in this
dissertation. That is only for the 3 groups used for the 3D bioprinting, it would be significantly
more if all 60 groups from the DoE were not screened prior to bioprinting. That method also only
produces results for 4 time points, while the reporter cells are assessed for luminescence at about
10 time points. It also does not include the amount of biomaterials used to determine the print
settings (~1.5mL of each combination). It is unrealistic to 3D bioprint with all of the DoE

generated groups, but that means optimal combinations may be missed or left untested.

Optimized GelMA:HAMA Ratio for Middle-Deep Zone Articular Cartilage

GelMA and HAMA were chosen as the biomaterials for this study since their individual material

characteristics are well established, both are commercially available and widely used in cartilage
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tissue engineering [43]. Several studies have combined the two for 3D bioprinting of cartilage
[84-93] to investigate numerous concepts including sterilization techniques [86], cell density and
patterning [85], cell types [89], and printing techniques [84]. The significance of our work is this
is the first study to determine an optimal ratio of GelMA and HAMA for type Il collagen

expression in human cartilage 3D bioprinting.

Storage Modulus Threshold for Chondrogenesis

Acrticular cartilage functionality is dictated by its mechanical properties therefore, it is
unsurprising that assessment of these properties in biomaterial constructs is a significant area of
research [43]. However, mechanical testing of constructs is most often performed prior to
encapsulation of cells and without 3D bioprinting [43]. A few studies have compared mechanical
properties from day 0 vs. end point to demonstrate how matrix deposition increases mechanical
stiffness [94-96]. Those studies present initial stiffness as a baseline to improve upon, instead of
a necessary characteristic of the biomaterials. One study has determined the minimal initial
stiffness required for chondrogenesis to be 7-33kPa of chondroitin sulfate containing hydrogels
with a mixture of adipose derived stem cells and neonatal calf chondrocytes encapsulated [97].
Another study determined ~30kPa Young’s modulus to be ideal for human articular
chondrocytes embedded in silk/fibrin hydrogels [98]. Due to the variety and inconsistencies in
mechanical testing however, it is difficult to make comparisons between studies [99], and as such
it has yet to be determined conclusively what initial storage modulus is required for
chondrogenesis. Our results confirmed that a storage modulus threshold of ~30kPa needs to be

reached to promote middle-deep zone chondrogenesis. Storage moduli were significantly

61



affected by the mixture of GelMA:HAMA.. Importantly, the HuCOL2gLuc reporter cells
provided a rapid and easy method to identify correlations between type 11 collagen expression

and biomaterial mechanical properties.

GelMA:HAMA Stimulation of Type Il Collagen

Using HUCOL2gLuc reporter cells we assessed type Il collagen expression via luminescence in
DoE generated material ratios. Previous studies showed poor cell spreading and adhesion in
HAMA [56,57], we postulate this as an explanation for the low type Il collagen expression in the
predominantly HAMA groups. Interestingly, the addition of HAMA to GelMA improved type 1l
collagen expression over GelMA alone at the same crosslinking times. This is likely due to
hyaluronic acid providing biochemical cues and being a GAG present in native cartilage tissue

[54] in combination with the cell adhesion sites found in gelatin [50,51].

Hyaluronic acid predominantly binds to the CD44 receptor on chondrocytes [54,100-102].
Activation of this receptor has been shown to be involved in a variety of intracellular signaling
pathways including the internalization of hyaluronic acid, cell migration, proliferation, and
adhesion to ECM components [100]. Hyaluronic acid has also been shown to stimulate TGF3
MRNA expression [101]. It has been postulated that hyaluronic acid stimulated synthesis of
ECM components is through induction of TGFf or through an autocrine signaling mechanism
[101]. The side chains of hyaluronic acid are capable of binding multiple receptors at once [100].
It is unclear if gelatin is capable of stimulating type Il collagen, other than GelIMA being used so

frequently for cartilage 3D bioprinting, but that could simply be due to its ease of use.
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However, as previously stated gelatin is a hydrolysis product of collagen which also contains
sites for MMP degradation [50,51]. Chondrocytes do secrete MMPs [103], so it is possible the

degraded gelatin provides the amino acids used to generate type Il collagen.

However, there was a complex interplay between biomaterial composition, storage moduli and
photocrosslinking on chondrogenesis. GelMA alone after 15s photocrosslinking had similar
luminescence to the 2:1 38s and 3:1 60s, despite a storage modulus of ~35kPa as compared to
~60kPa in the 2:1 38s and 3:1 60s mixtures. This has important implications for the field as there
are a significant number of biomaterials currently available, along with different crosslinking
methods, whose use in combination has not yet been studied. Using the high-throughput method
described in this dissertation to screen material combinations can streamline the process and help

save on time and materials.

Cell Mobility in GeIMA:HAMA

Cell mobility was used to further characterize the cell response to the biomaterials. Native
chondrocytes are generally considered to be relatively immobile due to the dense ECM, one of
the reasons believed to cause the limited healing capacity of cartilage [104] Yet cell mobility is a
hallmark of tissue remodeling and repair. It could be expected that, with chondrocyte ECM
production and remodeling of the 3D bioprinted materials, cell mobility would increase. Mobility
has been shown in vitro both in 2D with bovine chondrocytes [10,11] or ATDC5s [12] and 3D

culture with bovine [13] rabbit [14,15] chondrocytes. But what about cells embedded in a 3D
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printed bioink? To our knowledge, this is the first study measuring primary human chondrocyte
cell mobility within a 3D bioprinted cartilage construct. We assessed cell mobility for the first 20
hours after 3D bioprinting in either 2:1 or 1:1 ratio of GelIMA:HAMA after 38s crosslinking.
These ratios were chosen to further understand the role of storage moduli on cell mobility as the
storage moduli of 1:1 was about half that of 2:1. Perhaps unsurprisingly, our results showed the
material with the higher storage modulus had significantly less cell mobility. Critically, the 2:1
ratio was one of the ratios with the highest type Il collagen expression. This implies that
chondrocytes favor an environment that restricts cell movement for chondrogenesis, particularly

type 1l collagen expression, potentially because it is a closer mimic to native cartilage.

It should be noted however, that only a very small fraction of the total cells in the constructs,
regardless of the material ratios, demonstrated mobility. It is possible that some cell movement
was missed because of the difficulties in imaging a 3D construct, like imaging the full depth of
field with clarity. This could also be because of the short time frame the cells were imaged. We
only assessed mobility for the first 20 hours after bioprinting, and it is likely there was a lag
period in cell movement and growth. It is possible that later time points would have a higher

number of mobile cells as they produce more ECM and remodel the biomaterials.

3D Bioprinted GelMA:HAMA

Disc constructs were 3D bioprinted with the HuCOL2gLuc reporter cells. GeIMA:HAMA ratio
of 2:1 with 38s photocrosslinking was chosen because it had one of the highest storage moduli

tested and was among the highest cumulative luminescence in the screen. While 3:1 with 38s
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crosslinking was chosen because there was a trend of luminescence increasing in the GeIMA
only group as crosslinking time decreased. Since 3:1 has a higher ratio of GelMA than 2:1 it was
expected that the luminescence would increase if the crosslinking time was decreased from 60s
to 38s. This also maintained a consistent crosslinking time between groups. Both groups had a
cell viability of above 90% at all time points, which is above the 70% threshold required to have
a successful implant [105]. We therefore identified the 2:1 ratio as having the best chondrogenic

response.

Strikingly, despite good luminescence over the 22 days for both groups, storage moduli
decreased by day 22 as compared to day 0. This trend was also observed with the complex
moduli, loss moduli and tan delta. All moduli on day 0 increased with increased frequency,
however by day 22 they stayed consistent across all frequencies, indicative of a loss or reduction
of viscoelasticity. Based on the frequency dependent storage moduli on day 0 the materials were
more viscoelastic, but the constructs lost this property by day 22 [106]. This observation is likely
due to an imbalance of ECM production and material degradation i.e., the chondrocytes degraded
the material faster than they produced ECM. There are several factors that likely contributed to
these results: 1) The slower rate of ECM production could be due to a decreased chondrogenic
capacity of the cells. While we showed that the HuCOL2gLuc reporter cells maintained their
chondrogenic capacity, it should be noted that, the chondrocytes used were sourced from elderly
patients undergoing a total joint replacement. However, the type of cells used in this study could
be either a cell source or the target population for treatment of osteoarthritis, therefore it is
important to assess biomaterial effect on these cells. 2) Cell density could be an explanation for

the decrease in storage moduli. In this study, the final cell density was 2 million cells/mL. This
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density was chosen for the DoE screen to achieve a total of 50,000 cells/well, the same number
used to seed cell aggregates, and was maintained for consistency in the subsequent 3D
bioprinting. While this is a lower cell density than often reported in the literature, it is still within
range for 3D bioprinting with human articular chondrocytes [107-109]. 3) The low TGFp1
concentration (1ng/mL) used in the chondrogenic media. Low TGFB1 was chosen for this study
so any stimulatory effects of the biomaterials, including through the TGFB1 pathway, would be
evident and can be attributed to the biomaterials, not masked by a maximal stimulus produced by
higher levels of TGFB1. As such ECM production rate was reduced. 4) The initial threshold for
chondrogenesis might be higher than we determined. Our results showed that an initial storage
modulus of ~30kPa was necessary for chondrogenesis but ~60kPa was the highest storage
modulus determined, only double our determined threshold. It is possible that by increasing the
initial storage modulus, material degradation and ECM production may be reduced or prevented.
5) Degradation of the bioink reduced the stiffness of the material to levels below the threshold,

resulting in reduced chondrogenicity during the 22-day culture.

However, if the goal is to increase the compressive stiffness of the biomaterials over the 22-days,
optimizing for aggrecan expression would likely be more advantageous over type Il collagen
expression. Much of the compressive strength of articular cartilage comes from the proteoglycan
content and therefore water retention [8,110]. The GAG chain on proteoglycans cause osmotic
swelling within the tissue, when pressure or load is present on the joint the fluid flows out, but
once the load is removed it flows back in [8]. It has been shown the compressive stiffness
increases with increasing GAG content, while no specific correlation has been made with

collagen content [110]. However, since these molecules form a specific interconnecting network
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within cartilage this is likely more complicated and results from an interplay of the two with the

GAG/collagen ratio being important in tissue engineered cartilage [21,75].

Deep Zone Optimization Conclusions

This study successfully identified an optimal combination of GeIMA and HAMA for middle-
deep zone chondrogenesis using HUCOL2gLuc phenotypic reporter cell type 11 collagen
expression, biomaterial storage moduli and cell mobility. The HuCOL2gLuc reporter cells
provided fresh insight on the storage modulus threshold required for chondrogenesis by
correlating type Il collagen expression with storage modulus of the same biomaterials. It was
also determined that there is less chondrocyte mobility in the stiffer biomaterials and that
reduced mobility correlated with increased chondrogenesis. Together these results indicate that a
composite biomaterial with a higher storage modulus and less cell mobility, improved

chondrogenesis.

A limitation of this study was using the biomaterials as a ratio, instead of working in final
percentages within the DoE software. This meant that the only percentage of GelMA tested
without the addition of HAMA was 15% w/v and the only percentage of HAMA tested without
GelMA was 2% w/v. The 2:1 ratio had a 10% w/v GelMA and ~0.66% w/v HAMA, but those
final percentages were never tested individually. It could be that diluting GelMA down to 10% is
what improved luminescence and not the addition of HAMA, and without testing 10% GelMA
that is unknown. It is unlikely, given the positive qualities of HAMA, but this oversight was

remedied in the optimization for the surface zone.
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Optimization of GeIMA and OMA for Surface Zone Articular Cartilage

For the surface zone cartilage, we used gelatin methacrylate (GelMA) and oxidized
methacrylated alginate (OMA). GelMA is a commonly used biomaterial for 3D bioprinting of
cartilage [49,84-88,95,96,111-120], used in about 35% of cartilage 3D bioprinting papers since
2012 [43]. While GelMA has advantageous properties, we sought to control the degradation rate
and study its chondrogenic capacity when mixed with OMA. Alginate is another frequently used
biomaterial, but has the distinct drawback of not being naturally degradable in humans [60] nor
having any cell adhesion sites [121]. One method to accelerate the degradation rate of alginate is
oxidation, making it more vulnerable to hydrolysis [60]. To further create a biomaterial with
tunable degradation rates, oxidized alginate was methacrylated adding a secondary location for
hydrolytic degradation [60]. Previously, OMA containing human bone marrow-derived
mesenchymal stromal cells has been 3D bioprinted in complex geometries with high resolution
and high cell viability [61]. Our study is the first-time mixtures of GelMA and OMA were 3D
bioprinted with primary human articular chondrocytes. Previously, we hypothesized that an
imbalance in ECM production and material degradation rate contributed to a decrease in material
storage modulus overtime [122]. By combining GelMA and OMA we hypothesized this would
improve the stability of the construct, while still providing the biochemical cues necessary for

lubricin expression.
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GelMA/OMA Stimulation of Lubricin

To determine which combination of GeIMA and OMA was beneficial for lubricin expression, an
initial DoE screen was performed. Groups that were OMA alone had the lowest luminescence.
Since OMA is chemically modified alginate it has no cell binding motifs and is not a component
of ECM like HAMA or GelMA. These results showed that OMA alone does not stimulate
lubricin expression, but with the addition of GelMA, lubricin expression increased. The highest
final percentage of GelMA and OMA in the screen, 12% and 2% respectively, had the highest
lubricin expression. Therefore, in subsequent studies, the final percentages were further
increased. It was found that increasing the final percentage of OMA from 2% to 4% (with 12%
GelMA) was not beneficial for lubricin expression, however increasing GelMA from 12% to
14% was. In the screen 12% GelMA/2% OMA had higher lubricin expression as compared to
12% GelMA alone, and in the validation 14% GelMA/2% OMA had higher lubricin expression
as compared to 14% GelMA alone in the final week. This indicates that while increasing GelMA
to a higher percentage increased lubricin expression, the addition of OMA was still beneficial.
This could be because OMA is acting to stabilize construct and allowing for continual lubricin
expression for the full 22 days, while the GelMA alone had faster degradation and limited

lubricin expression in the final week.

Interestingly, unlike with type Il collagen expression, storage modulus had no impact on lubricin

expression. When storage modulus was plotted vs. cumulative lubricin luminescence there was

no correlation between the two. This could be because lubricin does not play a role in
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contributing to the structural stiffness of articular cartilage, unlike type 11 collagen. Or it could be

that we were not within the storage modulus range to determine this impact.

3D Bioprinted GelMA/OMA

Based on the luminescence and GAG/DNA results of the validation, the 14% GelMA/2% OMA
after 15s crosslinking was chosen for subsequent bioprinting. While 14% GelMA and 16%
GelMA (also 15s crosslinking) were also 3D bioprinted as controls either for the effect of
GelMA alone or for the total hydrogel content respectively. Luminescence data showed that
increasing the final GelMA percentage increased the lubricin expression, since the 16% GelMA
group had the highest luminescence. However, 14% GelMA/2% OMA secreted more lubricin
from the construct as shown by ELISA, while the 16% GelMA group retained more within the
construct as shown by immunohistochemistry. This is consistent with lap-shear data that showed
the 16% GelMA group had a significantly lower static coefficient of friction as compared to 14%
GelMA/2% OMA. More lubricin was still present in the 16% GelMA construct effectively
reducing the coefficient of friction. This could be because lubricin has been shown to adsorb to
type 11 collagen [123]. While lubricin was shown to adsorb to three types of collagen surfaces:
denatured, amorphous and fibrillar, and therefore binding did not depend on the molecular or
supramolecular structure of collagen [123]. It is possible that lubricin was able to bind more
readily to the 16% GelMA because had a higher concentration of gelatin, a hydrolysis product of

collagen.
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The lubricin immunohistochemical staining was rather sparse overall, and this could be due to
lubricin also being secreted. It could also be due to the cell density within the construct. The cell
density was kept consistent from the screen through the bioprinting, originally chosen to
compare between the cell aggregate control and the biomaterials. However, the surface zone of
articular cartilage has a cell density at about 150 million cells/cm? of adult cartilage tissue [124],
and mimicking that in vitro may increase lubricin expression. It should also be noted that the
chondrocytes used in this study were a mixed population, not exclusively surface zone
chondrocytes. It has been shown that even with TGFf stimulation, middle and deep zone
chondrocytes had barely any lubricin expression [28]. Incorporating solely surface zone

chondrocytes may result in higher and more evenly distributed lubricin expression.

3D Bioprinted Construct Shape Fidelity

One of the requirements for an ideal tissue engineered articular cartilage construct is it needs to
not only fill the defect space but maintain that space while new tissue forms [40]. Meaning that
the 3D bioprinted construct must retain its shape while forming cartilage tissue. All 3D
bioprinted groups lost about 25% of their mass over the course of 22 days in chondrogenic
media, without cells present. However, when bioprinted with articular chondrocytes
encapsulated there was a noticeable decrease in size in both the 14% and 16% GelMA groups,
while the 14% GelMA/2% OMA group retained its shape. Both the 14% and 16% GelMA
groups had a significantly smaller surface area by day 22 as compared to 14% GelMA/2% OMA.
This could be because 14% GelMA/2% OMA had a higher GAG content by day 22 and the type

Il collagen appeared more dispersed throughout the construct. This stabilizing effect is likely
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because of the presence of OMA and its controllable degradation rate. It is possible that by
adding 2% OMA to 16% GelMA we could see more lubricin secretion and construct stabilization
over the 22 days, however higher final percentages of biomaterials increases the difficulty in
handling/bioprinting. Finding the balance between biomaterial degradation and tissue formation
will continue to be a challenge in tissue engineering, but biomaterials like OMA can facilitate

finding that equilibrium.

Surface Zone Optimization Conclusions

This study successfully determined an optimal combination of GeIMA and OMA for lubricin
expression supporting surface zone articular cartilage 3D bioprinting using our novel
HuPRG4gLuc reporter cell system. Combining DoE with the HUPRG4gLuc cells created a more
streamlined and systematic approach to test biomaterials for 3D bioprinting. While the 16%
GelMA group had the highest lubricin promoter-driven luminescence, it also retained more
lubricin within the construct vs. 14% GelMA/2% OMA. The 14% GelMA/2% OMA group had
higher lubricin secretion and better shape stability over the 22 days in culture. Together these
results support that the 14% GelMA/2% OMA after 15s crosslinking is an optimal combination

for lubricin expression and 3D bioprinting of surface zone articular cartilage.

Overall Conclusion and Future Directions

This dissertation showed that combinations of biomaterials can stimulate specific ECM gene

expression to recreate zonal articular cartilage, which was determined by using primary human
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chondrocyte reporter cells. The results of this study have determined an optimal combination of
GelMA:HAMA for type Il collagen expression and GelMA/OMA for lubricin expression. This

supports my overall hypothesis that zonal articular cartilage specific ECM gene expression can

be stimulated by biomaterials, and they can be studied and optimized using primary human

chondrocyte reporters.

With these final combinations the next step would be to determine the impact of increasing cell
density. This would likely increase both type 11 collagen and lubricin expression. Once an
optimal cell density has been determined for each section, then the surface zone will be 3D
bioprinted on top of the deep zone. This dual layer construct can then be assessed for both
lubricin and type Il collagen expression. Then to engineer a full thickness osteochondral
construct, the next step would be to determine the optimal biomaterials for the calcified cartilage
section. However, the type Il collagen expression in the GelMA:HAMA ratio could be improved
upon. To pursue a balance between material degradation and ECM production, OMA could be
added to this combination to slow the overall degradation rate. HAMA could also be added to the
GelMA/OMA mixture to further improve the lubricin expression since lubricin has been shown
to interact synergistically with hyaluronic acid [125]. To optimize the stiffness of the
biomaterials or further determine the impact of stiffness on chondrogenesis, engineering reporter
cells for aggrecan expression would be beneficial. Constructs could be bioprinted containing

aggrecan promoter driven Gaussia luciferase and stiffness measured by DMA.

A difficulty with 3D bioprinting is the time it takes to print, even the simple disc constructs in

this study. While we were able to maintain a high viability in the GeIMA:HAMA combinations,
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the viability with GeIMA/OMA was slightly decreased. This could be attributed to the longer
time taken to print a higher number of constructs. The time cells spend with the biomaterials is
time spent without nutrients and limited oxygen. However, using temperature sensitive materials
like GelMA requires time to reach an optimal bioprinting temperature. To simplify the 3D
bioprinting process determining how long chondrocytes can reside within biomaterials before
viability and chondrogenesis are negatively impacted would be beneficial. Alternatively,
supplementing the PBS with glucose or some other cell nutrients when making the biomaterials

could also improve viability during longer printing times.
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APPENDIX A: SUPPLEMENTAL DATA FOR MIDDLE-DEEP ZONE
RESULTS
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APPENDIX B: SUPPLEMENTAL DATA FOR SURFACE ZONE RESULTS
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Table 4: Design of Experiment generated groups for surface zone optimization

GelMA OMA Crosslinking  Calcium
Group .
percent percent time (s) (yes/no)

1 0 2 15 Yes
2 0 2 15 No
3 0 2 38 Yes
4 0 2 38 No
5 0 2 60 Yes
6 1 1 15 Yes
7 1 1 15 No
8 1 1 38 Yes
9 1 1 60 Yes
10 1 1 60 No
11 2 0 15 Yes
12 2 0 15 No
13 2 0 38 Yes
14 2 0 38 Yes
15 2 0 38 No
16 2 0 60 Yes
17 6 2 15 Yes
18 6 2 15 No
19 6 2 38 Yes
20 6 2 38 No
21 6 2 60 Yes
22 6 2 60 No
23 6.5 1 38 Yes
24 6.5 1 38 Yes
25 6.5 1 38 Yes
26 6.5 1 38 No
27 6.5 1 38 No
28 6.5 1 38 No
29 6.5 1 38 Yes
30 6.5 1 38 Yes
31 6.5 1 38 Yes
32 6.5 1 38 No
33 6.5 1 38 No
34 6.5 1 38 No
35 6.5 1 15 Yes
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15
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15
15
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60
60
15
15
38
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No
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