DEVELOPMENT OF PORCINE TISSUE ENGINEERED CARTILAGE
FOR PRE-CLINICAL STUDIES

A Dissertation
Submitted to
Temple University Graduate Board

In Partial Fulfillment
of the Requirements for the Degree
DOCTOR OF PHILOSOPHY

by
Jessica M Falcón
August 2020
Examining Committee Members:

Nancy Pleshko, Ph.D., Thesis Advisor, Bioengineering
Peter Lelkes, Ph.D., Bioengineering
Mary Barbe, Ph.D., Department of Anatomy and Cell Biology
Theresa Freeman, Ph.D., Department of Orthopedic Research,
Thomas Jefferson University
i
Stephen Thomas., Ph.D., External Reader, Department of Health and Rehabilitation Sciences

ABSTRACT

Damage to the hyaline articular cartilage that cushions joints is exceedingly common
worldwide, whether caused by traumatic injuries or degenerative pathologies that can lead to the
onset of osteoarthritis. Clinically, cartilage lesions are treated with surgical procedures that
attempt to restore the architecture of the hyaline tissue. Unfortunately, the current treatment
options often result in the undesired formation of fibrocartilage, a type of cartilage with
mechanical properties that are inferior to those of hyaline cartilage. The ability to withstand
constant mechanical load is the primary function of articular cartilage, and therefore, critical to
restore. The field of cartilage tissue engineering aims to address the limitations of current
treatment options by generating restorative tissue with cartilaginous protein composition and
concomitant mechanical competency of native hyaline cartilage. Efforts to recapitulate
functional cartilage often include approaches that start with cells seeded on a scaffold. Scaffolds
are employed to provide the mechanical structure while cells execute the formation of the
extracellular matrix. Furthermore, adult mesenchymal stem cells (MSCs) are used in
combination with chondrocytes, the single cell type of cartilage, to enhance chondrogenic
composition. Given the possible adult MSC sources, such as bone marrow, adipose tissue or the
synovial membrane, it is important to select the source that will yield maximum cartilage
differentiation. However, the multi-lineage differentiation capacity of MSCs is also their intrinsic
limitation. Stem cells undergoing differentiation to cartilage formation can transition into bone, a
process known as hypertrophy, which yields changes in chondrocyte function and subsequent
undesired deposition of mineralized matrix instead of a normal chondral matrix.
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The overarching hypothesis of this thesis is that using cartilage-specific MSCs from the
synovial membrane, a tissue adjacent to the articular surface, will generate cartilage with
superior properties when compared to tissue derived from other cell sources. This hypothesis was
tested in the following four aims: First, to assess the in vivo response of tissue engineered
cartilage generated from gold standard bone marrow-derived MSCs in a preclinical minipig
model; second, to compare the chondrogenic capacity of synovial MSCs and bone marrow
MSCs in scaffold-free and scaffold-based engineered cartilage; third, to challenge scaffold-based
engineered cartilage with a hypertrophic environment and evaluate the response; and fourth, to
explore the use of a hypoxia-simulating agent for the enhancement of chondrogenic
differentiation. Together these studies contribute to the identification of an optimal cell source
for cartilage tissue engineering to be used in translational preclinical models.
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CHAPTER 1: INTRODUCTION

1.1 Cartilage Composition and Function

Articular cartilage is a highly specialized, load-bearing connective tissue located on the
surface of diarthrodial joints. Its primary principal function is to provide the necessary
lubrication for a frictionless and smooth surface that supports bone movement and rotation.
Forces are transmitted across the joint by the pressure over the area in contact with the opposing
cartilage surface [1]. Articular cartilage tissue is avascular in nature, which hinders its ability for
intrinsic self-repair. Compositionally, articular cartilage is highly hydrated and densely packed
with extracellular matrix (ECM) proteins, and is typically 2 to 4 mm thick [2]. Chondrocytes are
the single cell type that are dispersed throughout the tissue at various concentrations.
Chondrocyte physiology and control of matrix turnover are impacted by a variety of influences,
including soluble mediators such as growth factors, and biophysical factors such as mechanical
loading in the joint. The ECM is comprised primarily of collagens, proteoglycans, and lesser
amounts of non-collagenous proteins[2]. Together, these proteins retain water within the ECM,
which ultimately maintain the essential biomechanical properties of articular cartilage.
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Figure 1: Structure of articular cartilage demonstrating the cellular organization in the zones and the
collagen fiber architecture [3].

Articular cartilage can be divided into zones in which chondrocyte phenotype, collagen
alignment and spatial distribution of proteins vary (Figure 1) [3]. These zones are known as the
superficial zone, the middle zone, the deep zone, and the calcified zone [2]. Each zone plays a
role in maintaining functionality. In addition to zonal hierarchy of overall structure, each zone
also varies at the matrix composition level based on proximity to chondrocytes, collagen
diameter and alignment, and relative amounts of collagen, proteoglycan and water. The
composition of articular cartilage yields its unique mechanical anisotropic viscoelastic
properties. The zonal architecture of articular cartilage supports its principal function –
mechanical properties that support load and movement.
The superficial zone (surface is approximately 10-20% of cartilage thickness) protects the
deeper layers from shear stresses. The most notable variations between the zones of cartilage is
the organization of the collagen network. The superficial zone is primarily made of collagen type
II and IX, which are tightly packed and aligned parallel to the articular surface. The aligned
orientation of collagen impact the high tensile strength from joint loading [4]. Chondrocyte
concentration is high in this zone with a flattened phenotype. Below the superficial zone is the
middle or transitional zone (about 20-70% of thickness), which is the bridge between the
superficial and deep zone (30-40% of thickness) [4]. Proteoglycans and thicker collagen fibrils
reside in the middle zone, and chondrocytes are found at low density and with a spherical
2

phenotype. The collagen fibers in the middle zone are randomly oriented which aids in the
transition to the deep zone where collagen fibers are oriented perpendicular to the subchondral
bone [4]. The collagen network prevents cartilage from swelling as the proteoglycans retain
water which is necessary for compressive strength [5]. The function of the deep zone is to
provide resistance against compressive forces and can do so because the collagen fibril
arrangement is perpendicular to the subchondral bone. Proteoglycans increase in concentration
from the articular surface downwards. Therefore, the deep zone has the highest proteoglycan
concentration. The variations in proteoglycan distribution impact mechanical properties.
Specifically, the compressive modulus decreases from the superficial surface down to the deep
zone [6]. Chondrocytes are parallel to the collagen fibers and perpendicular to the joint. The deep
zone is separated from calcified cartilage by the tide mark. This zone anchors the collagen fibrils
of the deep zone to bone, securing the cartilage to the subchondral bone. In this zone the
chondrocytes are hypertrophic. Hypertrophy is further discussed in the following sections of this
thesis.
Surrounding that chondrocytes is the pericellular matrix (PCM) that together create the
chondron (Figure 2) [7]. Studies suggest the primary role of the PCM is to relay biomechanical

Figure 2: Transmission electron microscopy (TEM) visualizing the chondrocyte within the pericellular matrix,
territorial, and extracellular matrices [7].
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and biochemical signals to the chondrocyte[8]. Healthy PCM is required to main cartilage
homeostasis [9]. The PCM contains collagen type VI; however, the primary macromolecules are
proteoglycans [10]. Hyaluronan (HA), specifically, plays a central role in the organization of
cartilaginous extracellular matrix, as it is the backbone of the cartilage proteoglycan aggregate
[11]. Aggrecan is a large, chondroitin sulfate-rich aggregating proteoglycan [11]. Mechanical
integrity is compromised without the adequate tethering of aggrecan to HA, which occurs
through the cell-surface glycoprotein CD44 [12]. Healthy chondrocytes will continuously
synthesize HA [13]. HA degradation, however, is still controversial. Some studies found that HA
turnover is proportional to the turnover of aggrecan [14], while others indicate greater turnover
of HA [15].
Surrounding the pericellular matrix is the territorial matrix made from collagen fibers that
create basket-like networks around the chondrocytes [2]. The primary collagen type is II, but
collagen type IV and XI are present in lesser quantities [16]. Collagen type II is fibrillar and
similar to collagens I and III in that the molecule consists of uninterrupted helical domain 300
nm in length [16]. The triple helix of type XI collagen cross-links to type II collagen and forms
the template for heterotypic fibrils [17], [18]. The interterritorial region is known for its
randomly oriented large collagen fibrils [19]. Collagen fibrils are very fine in the interterritorial
region, with collagen type XI present to facilitate interactions with proteoglycans and
chondrocytes [20]. This region contributes to the structural zones, starting with the superficial
zone. Articular cartilage can withstand chronic high cyclic loading and deformation [21]. The
development and maintenance of cartilage are directly related to the impact of mechanical
loading on chondrocytes and the extracellular matrix [1]. During development, mechanical
loading modulates the topography and contours of the tissue, including the changes in thickness
4

[22]. Specifically, stretching the collagen fibrils gives cartilage its shear stress response, while
collagen arrangement and orientation give rise to the tensile force resisting properties.
Compressive stiffness is reinforced by the tensile strength of the collagen extracellular matrix
basket-like network. An interesting study by Lou et al., found that type II collagen is stiffer than
hyaluronan at the molecular level [23].
Anatomically, the compressive modulus changes throughout the tissue dependent on
depth and location in respect to the joint [24]. The compressive modulus of the deep zone of
cartilage is 27 times greater than at the superficial layer [25]. It has been well established that the
mechanical gradient derives from the compositional changes of the ECM. Bulk cartilage
mechanics have been established under dynamic loading [26], [27]. Local mechanical behavior
has been investigated through custom-made compression testing devices to elucidate the depthdependent properties of cartilage and chondrocytes [28], [29].
1.2 Cartilage Pathology
Focal articular cartilage defects are common in the
knee as evidenced by their documentation in 60% of
patients undergoing arthroscopies [30]. Lesions are
primarily found on the medial femoral condyle (Figure 3)
[31]. The consequence of chondral defects is primarily joint
pain, swelling and the eventual onset of osteoarthritis (OA).
In addition to patient-experienced pain, there is also an
economic impact on the healthcare system and mental well-

Figure 3: International Cartilage Repair
Society knee cartilage lesion mapping
system [31].

being of the patients [32]. The healthcare system bears economic load by the consumption of
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resources from the constant clinical assessments, pain management and treatment efforts [33].
Patients can become economically distressed by medical bills and/or the inability to work due to
pain. For example, laborious occupations such as military and firefighting may not be feasible
[34], [35]. Therefore, there remains a major motive to advance the treatment options for chondral
defects. An optimal treatment option for chondral lesions would restore the hyaline cartilage in
the area of the defect that is also integrated with the adjacent healthy cartilage tissue. Full
thickness articular cartilage defects have very little regenerative potential.
The surgical methods used to treat focal cartilage defects can be divided into palliation
strategies (chondroplasty and debridement), repair strategies (drilling and microfracture [MFx]),
or restorative strategies (autologous chondrocyte implantation [ACI]) and osteochondral
autograft transfer system (OATS) [36]. The surgical procedure is primarily driven by the size of
the defect and surgical history. For example, failed MFx treatments prior to ACI are associated
with significantly greater failure rate when compared to ACI as a first-line treatment [37].
Defects of <2 cm2 are commonly treated by MFx, while lesions that are 2-4 or >4 cm2 are treated
by ACI[36]. MFx is a marrow-stimulating technique that is considered to be minimally invasive,
low cost and results in limited surgical morbidity [38]. A limitation of the MFx procedure is the
composition of the repair tissue that often results primarily in the formation of fibrocartilage,
with only 10% of hyaline cartilage [39].
More modern strategies such as autologous matrix-induced chondrogenesis (AMIC), an
approach that uses a collagen membrane in conjunction with MFx to stabilize the blood clot and
drive repair, resulted in no differences of clinical metrics between AMIC and MFx
treatments[40]. Regenerative strategies for larger lesions, <2cm2, include ACI and matrix6

assisted ACI (MACI). The first regeneration approach, ACI (Figure 4), was established in 1994
and entails isolating healthy cartilage tissue from the low weight bearing region, expanding
chondrocytes in vitro, then reintroducing the cells back into the defect [41]. OATS are
commonly used for medium sized legions[42].

Figure 4:Schematic of the clinically approved approaches procedures to restore cartilage tissue [42].

A more advanced regenerative approach is MACI, which adds to ACI by inclusion of a
matrix in which the expanded chondrocytes are embedded prior to reimplantation [43]. Both
procedures carry the disadvantage of the 2-stage surgical approach, the first surgery for cell
isolation, and the second for implantation. Furthermore, the repair tissues, as a result of the
procedures, do not produce uniformly collagen type II-rich hyaline cartilage, but rather a
combination of hyaline cartilage, fibrocartilage and fibrous tissue, comprised of collagen type I.
Roberts et al. examined sixty five full depth biopsies of 58 patients 8-60 months after treatment
by ACI and found that 65% of the repair tissue was predominantly fibrocartilage (collagen type
7

I), 15% were hyaline (mostly collagen type II), 17% were mixed morphology and 3% were
fibrous [44]. Improvements to ACI are aimed at developing a scaffold for the chondrocytes that
help enhance mechanical properties of the regenerative tissue. In 2016, the Food and Drug
Administration approved MACI for commercial use [45]. Commercially available products such
as NeoCartÒ use a bilayer collagen type I/III scaffold along with chondrocytes [43]. Global
clinical trials addressing defected cartilage tissue are underway (ClinicalTrials.gov Identifier
NCT03219307 and NCT02837484) (clinicaltrails.gov).
Chondral defects are often deemed as an indicator of the onset of OA. Houck et al.
conducted a systematic literature review to identify studies which evaluated clinical/radiological
outcomes of patients with chondral defects that were diagnosed by arthroscopic surgery or
magnetic resonance imaging (MRI) and were left untreated for a minimum of 2 years before
follow up[46]. The results of the literature review concluded that patients with untreated focal
defects of the knee joint were more likely to experience progression of cartilage damage;
however, they did not demonstrate the development of radiographically evident OA within 2
years of follow up [46]. OA presents primarily in the knee and hip, leading to pain caused by
degrading bone and cartilage, and subsequent bone to bone contact. Pain during movement due
to bone contact leads to disability and day-to-day discomfort. OA is the most common
musculoskeletal disorder and it affects about 10-15% of the global population [47]. OA
prevalence is expected to double from 2014 to 2020 due to the ageing population and escalating
rise in obesity [48]. Due to its prevalence, osteoarthritis has a profound personal and societal
impact. With increasing age females are at higher risk of developing osteoarthritis of the hand,
foot and knee than males [48]. In addition to sex, race has been found to also be a risk factor.
African Americans are more likely to develop both knee and hip OA than other races [35]. In
8

addition to the aforementioned risk factors, repetitive motion due to occupation should also be
considered. For example, laborious work such as military work and firefighting, are associated
with a higher risk of developing OA [34].
Microscopic changes that occur during OA progression include changes in extracellular
matrix composition and water content, and chondrocyte phenotype modulation (Figure 5) [49].
These alterations result in tissue degradation and loss of mechanical integrity. Degradation
begins at the joint surface, where the majority of mechanical forces occur, and progresses to full
thickness loss [50]. At the cellular level, OA is characterized by an imbalance in matrix
degradation and matrix synthesis by chondrocytes[50]. At the onset of OA, there is an
overproduction of extracellular matrix by chondrocytes. However, the matrix developed is not
comprised of the same matrix proteins found in healthy adult tissue. For example, chondrocytes
become active in order to remodel the matrix by increasing water content. Eventually, matrix
degradation overwhelms matrix synthesis and inhibits rehabilitation. Aigner et al. found that
chondrocytes undergoing OA progression begin to re-express a type of collagen type II (collagen

Figure 5: Schematic of the progression of OA [47].

type IIA), which is typically produced during fetal development and often results in a
hypertrophic phenotype [51].

9

1.3 Diagnosis and Treatment of Osteoarthritis
OA can be defined pathologically, radiographically, or clinically. Early identification of
OA is critical to improving clinical outcomes by proceeding with the appropriate intervention
[52]. The conventional method of diagnosing OA is through imaging techniques. Radiographs
are used to visualize bony changes in the joint cavity, such as reduction in joint width space
(JWS) and the presence of osteophytes, commonly known as bone spurs, while MRI and
ultrasound (US) can depict the soft tissue [53]. Radiographic results are graded using the
Osteoarthritis Research Society International classification score to evaluate osteophytes and
joint space narrowing (JSN) [54]. MRI exploits image contrast to visualize soft tissue and can
capture bone marrow edema-like lesions, subchondral cyst-like lesions, and subchondral bone
attrition [53].
Treatment options for OA vary upon diagnosis. Minimally invasive treatment options for
late stage OA include intra-articular injections of a variety of compounds directly into the joint.
Corticosteroid injections are used to reduce inflammation and joint pain [55]. HA injections are
used to help replenish depleted HA concentrations [56]. Moseley et al. found that the outcomes
after arthroscopic lavage or arthroscopic debridement were no better than patients receiving a
placebo procedure [57]. These findings may suggest that ultimately, widespread cartilage
degeneration may require a total joint replacement. Canovas et al. found that patients reported
improved quality of life after total knee arthroplasty [58].
1.4 Stem Cells for Cartilage Tissue Engineering
The imbalance between donor demand and donor supply for organ transplants led to the
revolutionary field of tissue engineering. Tissue engineering aims to be the alternative solution to
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the limited donor supply by generating functional tissue and organ replacements in a laboratory
setting, including for repair of cartilage. Tissue engineering focuses on three branches of
development: 1. Identifying the adequate cell source for the intended tissue, 2. Developing
scaffolds that support cellular function, and 3. Mediating differentiation via growth factors,
bioreactors, etc.
There are several established methodologies for fabricating tissue engineered constructs
and complex organs, each with their own strengths and limitations [59]. The typical approach
involves a scaffold made of either native or synthetic material followed by deposition or
inclusion of cells that integrate and populate the scaffold. The simple molecular composition of
articular cartilage is deceptive and leads one to believe that cartilage tissue engineering might be
a simple task. Hydrogels are often used as a scaffold for cartilage tissue engineering. For
example, Burdick et al. introduced a method to covalently crosslink methacrylate HA for the
encapsulation of cells and subsequent development of tissue engineered cartilage [60], [61].
Using hydrogels as the scaffold to engineer cartilage, as was done in this thesis, is often a
homogenous approach. Cells are spatially distributed homogenously throughout the hydrogel and
biological signals, such as transforming growth factor-beta (TGF-ß), are delivered through the
media. The homogenous approach does not represent the native architecture of cartilage.
However, the complex architecture of articular cartilage with each zone having a particular ECM
concentration/orientation and chondrocyte phenotype has proven difficult to recreate in vitro.
Engineering cartilage with biomimetic zones that replicate the chondrocyte phenotype by
cartilage zones is cumbersome, but efforts described in a review of the literature by Klein et al.
are underway [4]. For example, Kisiday et al. devised a self-assembling peptide, KLD-12, as a
3D scaffold for encapsulation of chondrocytes to maintain chondrocyte phenotype and cell
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attachment within the hydrogel [62]. Additional efforts to recapitulate the zonal architecture of
cartilage includes work by Kim et al., where engineered cartilage was fabricated with tri-layers
that mimic the depth-dependent cellular organization and functional properties of cartilage by
using zonally-isolated chondrocytes co-cultured with mesenchymal stem cells [63].
Chondrocytes are the resident cells of articular cartilage and the obvious first choice for
cell sourcing. But, the challenging task of expanding chondrocytes without dedifferentiation
motivates the use of an alternative cell source, mesenchymal stem cells [64]. The difficulty of
isolating and expanding autologous chondrocytes limits their cell source potential [64].
Mesenchymal stem cells (MSCs) are lineage restricted, multipotent, undifferentiated cells that
have a limited potential for self-renewal , but have been proven capable of expansion through
several passages without losing the ability to undergo chondrogenic, adipogenic and osteogenic
differentiation [65]. The International Society of Cellular Therapy has identified minimal criteria
for defining multipotent mesenchymal stem cells, such as the expression of surface markers
CD105, CD73 and CD90, as measured by flow cytometry, and the absence of hematopoietic
markers CD45, CD34 CD11b, CD19 and HLA class II [66].
MSCs can be isolated from various tissue types including bone marrow, adipose tissue,
skin, skeletal muscle and synovial membrane. The main challenge of using MSCs in cartilage
differentiation is maintaining chondrocyte phenotype and preventing their transformation into
bone progenitors, a process known as hypertrophy. Maintaining terminal differentiation into
chondrocytes and mediating the deposition of collagen type II and a rich proteoglycan matrix is
critical for success. Terminal differentiation is a tightly regulated process which results in
expression of cell-specific transcription factors provided through chondrogenic media as
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previously described [67]. The primary ingredient of the serum-free culture media that directs
chondrogenic differentiation is transforming growth factor-beta (TGF-ß) [68]. Members of the
TGF-ß superfamily of ligands also includes bone morphogenic proteins (BMPs), and a tight
regulation of these growth factors manages the differentiation of MSCs to chondrocytes [69].
Cross-talk between TGF- ß and BMPs, specifically BMP-6, strengthens chondrogenesis through
initiating the chondrogenic commitment of mesenchymal stem cells [70]. For MSCs undergoing
chondrogenic differentiation, successful differentiation can be achieved when chondrogenic
transcription markers are expressed. The Sox family of proteins, specifically Sox9, is a master
regulator of chondrogenesis. Sox9 facilitates the expression of the cartilage matrix protein
collagen type II [71] which is a terminal differentiation marker for chondrogenesis.

Figure 6: Adult stem cells can be derived from various tissues in the body and can differentiation into
chondrogenesis (C), osteogenesis (O), myogenesis (M), or adipogenesis (A). In the heatmap, the differentiation
capacity is visualized by color ranging from low differentiation (blue) to high differentiation (red) [67].
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Dr. Julia Polak’s work in the field of tissue engineering and embryonic stem cells
contributed to the recognition of co-culture systems, both indirect and direct, as a method to
enhance the differentiation of stem cells to the targeted tissue [72]. Co-culture systems of MSCs
and chondrocytes have been extensively investigated [73]. Bone marrow-derived MSCs
(BMSCs) are widely used stem cell source in regenerative medicine. However, the origin of
MSCs can influence their differentiation potential (Figure 6), and therefore should be a
considered factor when tissue engineering cartilage [74]. Bari et al. characterized MSCs from
human synovial membrane (SYN) and found that SYN-derived cells can be expanded with
limited senescence and differentiate into the three lineages (chondrocytes, adipocytes, and
osteocytes) [75]. SYN-derived MSCs are the resident MSCs closest to the articular cartilage
surface and have displayed enhanced potential to differentiate into chondrocytes, and thus are
one of the best candidates for articular cartilage repair [76]. The synovium is a fluid-filled joint
cavity that surrounds the articular cartilage and functions as the stem cell niche [77]. Jones et al.
discussed that chondrocytes and SYN-MSCs share a similar genetic profile in which collagen
type II expression is high and collagen X expression is low [78]. Furthermore, both cell types
produce glycosaminoglycans (GAGs) [79]. SYN-MSCs show potential of being the optimal cell
source for cartilage tissue engineering and are the focus of this thesis.
Various scaffold types and fabrication methods have been explored to advance the field
of cartilage tissue engineering. Sophisticated methods are required to generate cartilage that is
mechanically functional with the ability to withstand the levels of compression experienced by
native tissue during articulation in the joint. In order to achieve the mechanical competency of
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native cartilage, it is likely that the zonal composition must be replicated. One promising method
is 3D bioprinting cartilage to incorporate the zonal characteristics of the tissue. Costantini et al.
3D bioprinted a hydrogel for cartilage tissue engineering comprised of gelatin methacrylamide
(GelMa), chondroitin sulfate amino ethyl methacrylate (CS-AEMA) and hyaluronic acid
methacrylate (HAMA) which replicated the three zones found within native cartilage [80]. Each
polymer was embedded with bone marrow MSCs prior to bioprinting a three-dimensional meshlike grid. The 3D printed approach also generated cartilage tissue that was rich in collagen type
II [80]. Interestingly, Costantini also found that overly cross-linked meshes resulted in the bone
marrow MSCs undergoing hypertrophic differentiation, suggesting that a too cross-linked matrix
hinders cartilage commitment[80]. Additional approaches include generating osteochondral
tissue equivalents that represent the cartilage layer and the interface of the subchondral bone in
an effort to engineer a tissue that will better integrate into the subchondral bone upon
implantation. Fedorovich et al. used a 3D fiber deposition technique to engineer a cell-laden,
heterogenous hydrogel osteochondral tissue [81]. The fiber deposition approach allowed for
tuning the fiber spacing or the angle of the fibers which resulted in scaffolds with differing
porosity and elastic modulus. Porosity influenced the elastic modulus of the scaffolds,
specifically by increasing or decreasing the elastic moduli via smaller and large pours. To
recreate the subchondral interface, chondrocytes and osteogenic progenitors were encapsulated
in the appropriate zones that match cellular position in native cartilage [81].
In line with the concept of tunable fibers, the work herein used methacrylated hyaluronic
acid (MeHA) hydrogels as the scaffold to engineer cartilage. The primary hydroxyl groups on
the HA backbone are easily modified to include functional groups for covalent cross-linking, in
our case, a methacrylate [82]. The advantage of using a tunable cross-linking agent yields
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scaffolds with varied mechanical properties. Specifically, the percent of primary hydroxyl groups
that become methacrylated (referred to herein as percent modification), determines the
mechanics and network density of formed MeHA hydrogels [82]. Furthermore, Burdick et al.
found that varying the HA macromer molecular weight resulted in moduli ranging from 2 to 100
kPA [60]. Erickison et al., explored the impact on BMSCs encapsulated in MeHA hydrogels
with HA percentage ranging from 1, 2 and 5% [83]. Although the 5% group reported
significantly upregulated collagen type II collagen mRNA expression and highest proteoglycan
content, the 5% group resulted in inferior bulk mechanics in comparison to the other conditions
due to a lack of homogenous deposition of matrix [83]. Interestingly, the lowest group resulted in
the highest equilibrium compressive modulus (0.12 MPa) and dynamic modulus (1.05 MPa) after
6 weeks of in vitro culture.
A significant portion of the progress made in the field of cartilage tissue engineering can
be attributed to the advances in biomaterial scaffold technology. The work completed in this
thesis and by many others have made progress in the field with HA-based scaffolds and
therefore, HA remains a strong lead as a scaffold for cartilage tissue engineering.
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1.5 Hypertrophy
A major challenge in stem cell-based tissue engineering is terminal commitment of the
desired cell type.

Figure 7: Representation of hyaline, fibro and hypertrophic cartilage and the respective main fibrous collagen
component [73].

Clinically, hypertrophic cells form as a result of ACI, generating both hypertrophic and
fibrocartilage rather than hyaline cartilage (Figure 7) [84]. MSCs have the ability to differentiate
into various lineages, and regulating their differentiation is essential to their successful utility. A
difficultly in using MSCs for cartilage tissue engineering is the differentiation past chondrocytes
into hypertrophic bone-like cells that are found in the growth plate. Physiologically, hypertrophic
chondrocytes experience the effects of Runx2 targets, such as increases in cell volume, and
increased regulation and deposition of collagen X, matrix metalloproteinases (MMPs),
specifically MMP13, and vascular endothelial growth factor (VEGF) [85]. Pelttari et al. found
that the hypertrophic induction in vitro resulted in in vivo calcification in mice, indicating that in
vitro cartilage made from MSCs is more transient than stable [86]. Preventing hypertrophy can
potentially be resolved by sourcing MSCs from tissue adjacent to cartilage, thereby potentially a
superior cell source, compared to other MSCs, for cartilage tissue engineering purposes. Dickhut
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et al. investigated the hypertrophic tendencies of human SYN-MSCs compared to BMSCs and
adipose tissue derived MSCs (ADMSCs) when implanted in severe combined immunodeficiency
(SCID) mice. They found that MSCs derived from synovial membrane had lower alkaline
phosphatase (ALP) activity during chondrogenesis and lesser calcification compared to the other
MSC types [87].
In addition to the adequate cell source, culture conditions such as oxygen tension levels
have been investigated for preventing hypertrophy. Zhu et al. found the human MSCs
encapsulated in methacrylated HA (MeHA) hydrogels cultured under hypoxic conditions
expressed significantly lower levels of hypertrophic marker mRNAs, such as type X collagen,
MMP13 and ALP [88]. Furthermore, co-cultures between chondrocytes and MSCs have shown
to mediate chondrogenesis and truncate hypertrophy. Bian et al. also used MeHA hydrogels with
human BMSCs cultured with human chondrocytes at a ratio of 4:1. The co-culture groups
resulted in significantly lower collagen type X immunohistochemical staining than in MSCs
alone [89].
Chondrocytes are under constant mechanical load. A study by Bian et al. reported that
tissue engineered cartilage generated from human MSCs encapsulated in 1% MeHA cultured
under dynamic load for 70 days increased the mechanical properties, proteoglycan and collagen
content, while simultaneously reducing hypertrophic markers [90]. Compressive loading was
applied in vitro in an unconfined compression impermeable loading platen for 4 hours/day at 5
days/week. Dynamic compressive loading began 3 days after encapsulation and continued to the
end of the study [90]. To induce hypertrophy, Bian et al. used the same protocol as used for the
hypertrophy study of this thesis. Constructs were first cultured in chondrogenic media for 2
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weeks prior to introducing hypertrophic induction media (reduction dexamethasone, addition of
triiodothyronine [T3] and 10 mM of ß-glycerophosphate). The mechanical loading had a
significant impact on the hypertrophic outcome of the tissue engineered cartilage. Compared to
the control group (no mechanical loading), hypertrophic markers including collagen type X,
matrix metalloproteinase 13, alkaline phosphatase and mineralization were significantly reduced
[90].
In addition to mechanical loading, small interference RNA targeting has proven to be a
potential means to inhibit hypertrophic protein synthesis. Histone deacetylase 4 (HDAC4) plays
a predominant role in regulating chondrocyte hypertrophy [91]. HDAC4 represses chondrocyte
hypertrophy via inhibition of runt-related transcription factor 2 (RUNX2). RUNX2 regulates the
expression of collagen type X and MMP-13, therefore, inhibiting RUNX2 via siRNA for
HDAC4 can be a targeted approach to manage the expression of hypertrophic markers [91].
Shimizu et al. also found that targeting HDAC4 by siRNAs suppressed MMP-13 gene
transcription in a rat osteoblastic line[92].
1.6 Current Methods to Qualitatively and Quantitatively Evaluate Engineered Cartilage
Developing tissue engineered cartilage is a cumbersome task and therefore requires
multiple analysis methods to confirm the development of functional tissue. Throughout the
process, samples are sacrificed and examined at many time points for quality control of
chondrogenic markers. Biochemical assays are commonly used to quantify bulk proteoglycan
and total collagen content. Specifically, engineered constructs are digested with proteinase-K
followed by analysis of sulfated GAG (sGAG) via dimethylmethylene blue (DMMB) dye
binding, while collagen is quantified from analysis of hydroxyproline via the chloramine-T assay
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[93]–[95]. In addition to biochemical assays, histological assessment is employed to
qualitatively assess extracellular matrix deposition in tissue sections. Alcian blue is a very
commonly used stain because the blue color intensity correlates with the deposition of sGAG,
such as proteoglycan [96]. Picrosirius red is used to visualize collagen and to exploit the
birefringent property of collagen fibrils [97], [98]. Picrosirius Red is primarily used for
assessment of collagen type I and II but it has been suggested that collagen type II in cartilage
appears as green (thinner fibers) and collagen type I appears orange to reddish (thicker
fibers)[99]. To further differentiate between distinct collagen types, immunofluorescent staining
with antibodies is used to target specific proteins thereby distinguishing between collagen types
[100]. Bulk cartilage mechanics have been established under dynamic loading [26], [27]. Local
mechanical behavior has been investigated through custom-made compression testing devices to
elucidate the depth-dependent properties of cartilage and chondrocytes [28], [29]. Each method
described thus far is terminal and destructive. Albeit necessary, sacrificing highly needed
samples depletes the already limited pool of tissue engineered cartilage.
1.7 Vibrational Spectroscopy for Assessment of Cartilage Composition
Fourier transform infrared (FTIR) spectroscopy is a tool based on vibrations of molecular
bonds that can be utilized to evaluate the composition of a variety of tissues and materials,
including tissue engineered constructs. FTIR has an extensive history of successful application to
assess biological tissue composition and structure [101]. FTIR analysis is a useful tool for
assessing tissue engineering constructs as it can provide key information while maintaining the
construct intact without the use of external labeling or end-point assays [102]–[105].
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The infrared (IR) light range is located between the visible light and microwave regions
of the electromagnetic spectrum. Molecules absorb IR at particular frequencies that are specific
of their structure by triggering a vibrational excitation due to a change in the dipole moment
within a molecule’s chemical bond. There are several types of molecular vibrations: symmetric
and asymmetric stretching and bending (scissoring and rocking)[106]. The vibrational degree of
freedom can be calculated for linear molecules using 3n-5 (n = number of atoms) and 3n-6 for a
non-linear molecule[106]. The FTIR spectra are the result of a process in which an IR absorption
is recorded as an interferogram, measured by a detector to sum all of the interferograms in the
various IR wavelengths, and finally undergoes Fourier transform to obtain a spectrum [107],
[108]. The FTIR spectrum is demonstrated by intensity (usually as absorbance) versus
wavenumber (cm-1), the reciprocal of wavelength. Vibrational spectroscopy in the fingerprint
region of the mid-infrared (400-4000 cm-1) spectra provides specific information about
molecular vibrations of functional groups, which give rise to absorption bands that are related to
composition and concentration [95], [109].
There are different modes of FTIR data collection, including imaging and attenuated total
reflection (ATR). FTIR imaging is advantageous for gathering information of the spatial
distribution of extracellular matrix proteins deposited in tissue engineered cartilage at micron
level resolution, allowing for a spatial mapping and quantification of ECM throughout the tissue
[110]. ATR is advantageous for obtaining quick bulk measurements of a sample when spatial
mapping is not necessary, as this approach is very straightforward and requires little to no sample
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preparation [111]. For spectral analysis, there are several validated metrics to assess specific
tissue composition [112].
For FTIR imaging, the spectrometer is coupled to an optical microscope, and referred to
as Fourier-transform infrared imaging spectroscopy (FT-IRIS). The addition of the optical
microscope allows for the generation of collection of spatially-defined hyperspectral IR images

Figure 8: Hyperspectral IR image of bovine articular cartilage from an entire histological section at 6.25-micron
resolution. The scale indicates the range of collagen content for each pixel from low (blue) to high (red) [93].

at a pixel resolution of 6.25 micron to 50 micron while simultaneously capturing a microscope
image (Figure 8) [113]. Furthermore, the IR array detector can characterize tissues that are
heterogenous and can be applied to detect changes in the distribution of tissue composition
(Figure 9). FT-IRIS is an attractive tool not only for its label-free protein detection but for its

Figure 9: FTIR images of collagen content and PG content. Scale indicates protein range from low (blue) to high
(red) [95].
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ability to yield both qualitative and quantitative information related to the structure of the tissue
or engineered construct.
ATR functions by targeting a beam of IR light onto a crystal, where the sample is
deposited. This interaction yields an evanescent wave that penetrates microns deep into the
sample surface (Figure 10) [114]. The attenuated light reaches the detector which results in a
generated spectrum. In the application of ATR, samples do not require preparation, thereby
delivering immediate results [115].

Figure 10: Schematic of a typical attenuated total reflectance cell [97].

Healthy and diseased cartilage has been widely characterized by FTIR [101], [113],
[116]. The FTIR spectrum of proteins has two specific recognizable features. Amide I (15941718 cm-1) and amide II (1492-1594 cm-1), which arise from the C=O stretching and C-N
stretching/N-H bending vibrations from the peptide backbone, respectively [101]. The primary
proteins found in cartilage have been extensively researched [101], [105], [117]. Boskey et al.
described the primary absorbances of articular cartilage at 1338 cm-1 (1326-1356 cm-1) from
collagen CH2 side-chain vibrations [118] and at 856 cm-1 from proteoglycan sugar ring C-O
vibration (Figure 9) [101], [119]
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The collagen side chain absorbance ratio to the Amide II band has been shown to be
reflective of the integrity of collagen in cartilage [120]. The ratio of 1660 cm-1 to 1690 cm-1 has
been attributed from the pyridinoline (Pyr) cross-link of collagen, deemed “mature”, and from
dehydrodihydroxyllysinornorleucine (DHLNL), respectively. DHLNL, a precursor to Pyr, is
considered as “immature [121].” However, this parameter is still under investigation, and the
ratio of 1660/1690 cm-1 is generally used to indicate collagen maturity [101], [122].
Spectral Data Processing and Analysis
Spectral features can be challenging to resolve in a raw IR spectrum due to bands from
multiple vibrational models superimposing on one another. To extract qualitative and
quantitative information from the spectra, univariate techniques have been established and
require some spectral processing [101]. Savitzky-Golay second derivative filters with a
smoothing function are often applied to raw spectra as a de-noising filter combined with an
approach for peak resolution [123].

Figure 11: Illustration of raw overlapping spectra followed by the resolved spectra post second derivative

The second derivative resultant spectra are baselined, and the peaks are aligned to the
center of the raw spectrum absorbance peak, therefore resolving the overlapping bands (Figure
11). Additionally, second derivative peak height intensities can be used to quantify the amount of
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a particular component in tissues[95]. In order obtain the highest spectral signal-to-noise ratio, it
is important to determine the optimal number of smoothing points for each data set individually.
Too many smoothing points can result in loss of important signals, and too few can leave excess
noise in the spectra and hinder analysis.
After spectral processing, the data are analyzed using a variety of approaches. Given that
the intensity of spectral absorbances correlate to amount of specific molecular components,
integrated areas and second derivative peak heights of specific absorbances can be calculated as
a reflection of composition [113]. Specifically, the Beer-Lambert law correlates the absorption to
concentration of specific chemical components [124]. For cartilage tissue, Camacho et al.
established the concentrations of collagen and proteoglycans application of univariate analysis to
FTIR spectra [113].
1.8 Preclinical Models for Cartilage Tissue Engineering
An important step in progressing the use of engineered tissue as a treatment for chondral
defects is rigorous preclinical models to test engineered cartilage efficacy. Important similarities
between the chosen animal model and humans include cartilage thickness and composition, joint
mechanics and OA disease progression [16]. Large animals such as pigs, horses and goats
closely resemble the human standard, although costs associated with large animals are
considerably higher over small animals. One commonly used model is the Yucatan minipig
[17][18]. The anatomy of the porcine knee joint is markedly similar to that of humans [19].
Porcine models are preferential over ruminant animals such as goats or sheep as they can orally
ingest administered pain medication [19]. Anatomically, the Yucatan minipig has a cartilage
thickness of about 1-2mm, similar to that of humans [20]. In addition, their large joint size
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allows for several surgical defects to be created in each knee. Aside from studying the healthy
tissue in porcine models, Ahern et al. investigated animal models in the context of injury [125].
The study compared single site cartilage defects across murine, lapine, ovine, canine, porcine,
caprine, equine, and human subjects, using cartilage thickness as the metric and found that only
large animals adequately reflected cartilage defects in humans [126].
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CHAPTER 2: HYPOTHESIS AND SPECIFIC AIMS

The use of tissue-specific mesenchymal stem cells for tissue engineering applications is a
nascent field. This Ph.D. thesis focuses on investigation of synovial-derived mesenchymal stem
cells (SYN-MSCs) as a primary cell source for scaffold-based engineered cartilage tissue.
2.1 Hypothesis
SYN-MSCs are articular cartilage specific and therefore will undergo chondrogenic
differentiation in a more decisive manner compared to traditionally used bone marrow-derived
mesenchymal stem cells (BMSCs) in scaffold-based tissue engineering applications.
2.2 Specific Aims
1. Evaluation of tissue engineered cartilage comprised of standard BMSCs in a
preclinical model of cartilage repair.
This aim will yield insight into the in vivo outcomes of BMSC use to engineer scaffoldbased cartilage constructs and the quality of associated repair tissue.
2. Investigation of chondrogenic differentiation variance in engineered cartilage derived
from either SYN-MSCs or BMSCs, both in a scaffold-free and a scaffold-based environment.
2A: Evaluation in 3D scaffold-free pellets.
2B: Evaluation in 3D scaffold-based hydrogel constructs. This Aim will
determine the similarities and differences in chondrogenic differentiation between two
stem cells types, SYN-MSCs and BMSCs, through use of traditional 3D culture in the
form of cell pellets as well as in a 3D hydrogel scaffold.
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3. Determination of hypertrophic resistance of SYN-MSCs compared to BMSCs in
scaffold-based engineered cartilage.
The goal of this Aim is to validate that SYN-MSCs undergo less undesirable
hypertrophic induction compared to BMSCs, thereby emphasizing the potential use of
SYN-MSCs for in vivo preclinical studies of osteoarthritis.
4. Investigation of the use of a hypoxia-simulating chemical to boost chondrogenic
differentiation of SYN-MSCs.
4A. Evaluation in 3D scaffold-free pellets.
4B: Evaluation in 3D scaffold-based hydrogels.
This Aim will assess whether the use of a hypoxia-simulating chemicals in in
vitro culture will optimize stem cell differentiation prior to in vivo preclinical studies.
These Aims will be addressed in Chapters 3-6 of this thesis. Together, these individual
studies and their results yield insight into the benefits of SYN-MSCs, as well as the need for
further research into cell sourcing for cartilage tissue engineering with the intent of treatment of
chondral defect
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CHAPTER 3: PRE-CLINICAL MODEL FOR ARTICULAR CHONDRAL DEFECTS
Chapter 3 is a manuscript in preparation for submission to the Journal of Experimental
Orthopaedics. The studies in Chapter 4 pertain to Aim 1.
3.1 Abstract
Hyaline articular cartilage is a tissue at the end of long bones that functions to absorb and
distribute mechanical loads. Articular cartilage lacks the ability to self-repair due to its avascular
nature. Once damaged, the resultant chondral defects present as both a challenge to patients and
clinicians alike. Chondral defects can progress into expensive and painful pathologies such as
osteoarthritis hindering the quality of life of affected individuals. Physicians have limited
treatment options depending on the disease state and size of the injury, as well as patient-specific
parameters that limit candidacy for treatment. In this study, we investigated the regenerative
potential of tissue engineered cartilage to treat chondral defects in Yucatan mini-pigs, an
accepted pre-clinical model for cartilage studies. Cartilage was engineered using a co-culture
system of bone marrow mesenchymal stem cells and chondrocytes encapsulated in a hyaluronic
acid-based hydrogel. Healing response of the tissue engineered cartilage was compared to goldstandard microfracture and to native cartilage controls. While the implant was unsuccessful
compared to the healthy native tissue, the robust metrics were defined using modalities for both
pre- and post-implantation. The results of this study indicate that much work remains in the field
of regenerative medicine for articular cartilage and brings to light the many challenges of
recapitulating a cartilaginous tissue.
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3.2 Introduction
Articular cartilage is intrinsically limited in self-repair because of its avascularity, and
the limited proliferation and regenerative properties of chondrocytes[3]. Without remediation,
chondral and osteochondral lesions caused either by injury or pathologies can lead to irreversible
total joint destruction. Tissue deterioration caused by trauma or pathology often results in
functional impairment of the tissue, joint pain and degenerative osteoarthritis[127].
The clinical management of articular cartilage defects is challenging. Focal chondral
defects occur in up to two-thirds of patients who underwent knee arthroscopy suggesting the
commonality of the pathology [128]. One obstacle faced by clinicians is the lack of treatment
options for younger patients who present with chondral defects but are not candidates for total
knee arthroplasty based on age. Therefore, an alternative treatment approach for isolated
chondral defects that results in the restoration of hyaline cartilage would be a major step towards
overcoming some of the clinical challenges.
The current surgical methods used to address focal cartilage defects can be characterized
by palliation strategies (chondroplasty and debridement), repair strategies (drilling and
microfracture (MFx), or restorative strategies (autologous chondrocyte implantation [ACI] and
matrix-associated chondrocyte implantation) [36], [129] Surgical approaches are often
determined by the size of the legion. For example, lesions of < 2 cm2 are commonly treated by
microfracture, while lesions that are 2-4 or > 4 cm2 are treated by ACI[36]. Microfracture is a
marrow stimulating technique that can be applied using a minimally invasive approach, is low
cost and results in limited surgical morbidity [38]. MFx has been used for two decades and is
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considered the gold-standard procedure for cartilage repair; therefore, all new treatments are
compared against microfracture outcomes. A study in 2004 investigated biopsies taken after
MFx procedures and found that the procedures resulted in only 10% hyaline cartilage formation,
while the majority of tissue was rather inferior fibrocartilage [39]. Case et al., reported that
histological assessment of MFx repair tissue resulted in primarily fibrocartilage, and occasionally
a hybrid repair tissue comprised of variable amounts of proteoglycans and collagen type II,
which would indicate a more hyaline cartilage [130]. A more recent level one meta-analysis of
cartilage repair procedures by Riboh et al., found that microfracture and advanced surgical
interventions had similar re-operation rates and functional outcomes at 2 years postprocedure[131].
The first regeneration approach, autologous chondrocyte implantation (ACI), was
established in 1994. It entails harvesting healthy cartilage tissue during arthroscopy, expanding
the isolated chondrocytes in vitro, and then reintroducing the cells back into the defect [41],
[132] A more modern regenerative approach is matrix-induced autologous implantation (MACI),
which improves on ACI by inclusion of a matrix scaffold in which the expanded chondrocytes
are embedded prior to reimplantation [43]. Furthermore, the repair tissue as a result of the
procedures do not produce uniformly rich collagen type II hyaline cartilage, but rather a
combination of hyaline and fibrocartilage. Even modern approaches such as autologous matrixinduced chondrogenesis (AMIC), an approach that uses a collagen membrane in conjunction
with MF to stabilize the blood clot and drive repair, resulted in no differences of clinical metrics
between AMIC and MF treatments[40]. Both procedures are regenerative strategies to chondral
defects that are greater than 2 cm2. One disadvantage is the 2-stage surgical approach; the first
surgery for cell isolation, and the second for implantation. Although there has been success with
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microfracture with 80% of patients rating themselves as improved after MFx in one study [133],
there remain two major limitations of MF. Microfractures are limited to defects smaller than 2
cm2 and generally result in repair tissue that is predominantly fibrocartilage [39], [134]. With
respect to ACI procedures, Roberts et al. examined sixty five full depth biopsies of 58 patients 860 months after treatment by ACI and found that 65% of the repair tissue was predominantly
fibrocartilage (collagen type I), while only 15% was hyaline, as determined by the presence of
primarily collagen type II [44]. The inferiority of mechanical properties of fibrocartilage
compared to hyaline was confirmed in a nanoindentation study by Franke et al [135], where it
was demonstrated that the contact stiffness of fibrocartilage was 10 times lower than that of
hyaline cartilage.
Generation of tissue engineered cartilage (TEC) is a potentially viable regenerative
strategy for the treatment of chondral defects. Tissue engineering is the multi-disciplinary
approach that brings together materials science and biology to engineer tissue that aims to
recapitulate native tissue properties[136]. Mesenchymal stem cells (MSCs) are often used in
combination with biomaterials to engineer cartilage tissue [82], [137]. MSCs exhibit important
anti-inflammatory and immunomodulating properties that are advantageous for clinical use, in
addition to their ability to undergo chondrogenesis [138].
An important aspect in advancing the use of cartilage engineered tissue as a treatment for
chondral defects is the use of rigorous preclinical models to test TEC efficacy. Important
similarities between the chosen animal model and humans should include cartilage thickness and
composition, joint mechanics and osteoarthritis disease progression[139]. Large animals such as
pigs, horses and goats closely resemble the human standard although costs associated with large
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animals are considerably higher compared to small animals. One commonly used model is the
Yucatan minipig, [140], [141] as the anatomy of the porcine knee joint is markedly similar to
that of humans[142]. Porcine models are preferential over ruminant animals such as goats or
sheep as they can orally ingest administered pain medication[142]. Anatomically, the Yucatan
minipig has a cartilage thickness of about 1-2mm, similar to that of humans[143]. In addition,
their large joint size allows for several surgical defects to be created in each knee.
In this study, we assessed the regenerative capability of engineering cartilage using bone
marrow derived mesenchymal stem cells (BMSCs) co-cultured with chondrocytes encapsulated
in a hyaluronic-based hydrogel. This is the first study of this kind, where scaffold-based cellular
cartilage constructs were investigated in this animal model. Tissue-engineered cartilage
constructs were implanted into trochlear groove chondral defects of three Yucatan mini-pigs for
three months. Outcome metrics included histological and ICRS II scoring, mechanical
indentation testing and spatial composition assessment by vibrational spectroscopy.
3.3 Methods
Overall Approach
The Yucatan minipig is advantageous for short-term studies due to its relatively thick
cartilage (1-2 mm) which allows for stable implantation of tissue engineered cartilage without
the need of additional suturing and covering[144]. In additional to cartilage thickness, the large
porcine stifle joint allows for multiple defects per knee. For this study, we employed three
Yucatan minipigs for a short term 3-month study to investigate the efficacy of tissue engineered
cartilage for the treatment of full thickness chondral defects. A co-culture of BMSCs and
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chondrocytes was used as this approach has been shown to produce a better cartilaginous matrix
than use of BMSCs alone[73].

Figure 12: Schematic detailing the experimental approach. Tissue-engineered cartilage was generated from a coculture of BMSC and chondrocytes encapsulated in a 1% MeHA hydrogel. Experimental constructs were implanted
in Yucatan minipigs after 3 weeks

Chondrocyte and BMSC Cell Isolation
Porcine articular chondrocytes were obtained via an overnight collagenase digestion
(Worthington Biochemical) from juvenile porcine condyles (Animal Biotech). BMSCs were
isolated from the bone marrow aspirate of Yucatan mini pigs (Sinclair) by density gradient
centrifugation[145]. BMSCs and chondrocytes were expanded to passage 3 in growth media
consisting of DMEM high glucose (Gibco, Invitrogen) with 10% fetal bovine serum (Hyclone)
and 1% Penicillin-Streptomycin-Fungizone (PSF) (Lonza).
Tissue Engineered Cartilage (TEC)
BMSCs and chondrocytes (ratio of 4 MSCs to 1 chondrocyte) were photoencapsulated in
1% methacrylated, at a 28% methacrylation rate, HA (MeHA), 2 mm thickness, at a
concentration of 40 million cells/mL of MeHA as previously described[67]. The constructs were
cultured in chemically-defined media (Dulbecco’s modified Eagle’s medium, 1% ITS+Premix,
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50 µg/mL L-proline, 0.1 µM dexamethasone, 0.9 mM sodium pyruvate, and antibiotics)
supplemented with ascorbate (50 µg/mL) and 10 ng/mL transforming growth factor-b3 at 37°C
and 5% CO2 as previously described [67]. Culture media was replaced twice per week.
Constructs for in vivo studies were cultured for 3 weeks prior to implantation for 12 weeks on an
orbital shaker. In vitro control tissue-engineered constructs (referred to as IVCTEC) were
cultured for 3 weeks, or for an additional 12 weeks, equating to a total of 15 weeks, to mirror the
in vivo study timeline.
Large Animal Study
All animal studies were performed in the animal facility of our collaborators at
University of Pennsylvania. Three castrated male juvenile Yucatan minipigs were used for this
study (6 months old, Sinclair Bioresources). Protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of the University of Pennsylvania prior to bilateral surgical
procedures. Alendronate (40 mg/day) was administered orally for 2 weeks prior to surgery and
for 4 weeks post-implantation to truncate subchondral remodeling[146].
Bilateral chondral defects were created by following a minimally invasive surgical
protocol to access the porcine trochlea [147]. Four cylindrical full-thickness 4-mm defects were
made per knee. A microfracture (MFx) procedure was performed on one defect per knee to
serve as a control [148]. The remaining 3 defects per knee were treated with the engineered
cartilage constructs resulting in n=18 engineered cartilage implants. Tissue-engineered cartilage
were secured with fibrin sealant (TISSEEL, Baxter) prior to closure. The animals were housed
and recovered under veterinary care. They were euthanized 12 weeks after implantation. Pain,
antibiotic, and anti-inflammatory medicine was administered as needed.
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In vitro Control Tissue Engineered Constructs (IVCTECs): Histology
IVCTECs were formalin fixed and snap frozen prior to cryo-sections (n=3 per timepoint
3- and 15 weeks). Samples were sectioned at 8 µm on plus slides and stained for proteoglycan
with Alcian blue (Kit, Richard-Allen Scientific), cell nuclei and extracellular proteins with
hematoxylin and eosin and collagen with picrosirius red (Kit, Polysciences Inc)[96], [97].
IVCTECs: Biochemistry
IVCTECs were weighed wet, lyophilized for 48 hours, reweighed dry, and digested in 0.5
mg/mL Proteinase-K at 60°C overnight (n=3 per timepoint) at weeks 3 and 15. Wet weights
were used to normalize the biochemical data. The sulfated glycosaminoglycan (sGAG) content
was measured using the dimethylmethylene blue (DMMB, Sigma Chemicals) dye-binding assay.
The overall collagen content was assessed by measuring the orthohydroxyproline content via the
dimethylaminobenzaldehyde and chloramine-T assay[94][149].
IVCTECs: Mechanical Assessment
IVCTECs were harvested for mechanical analysis (n=3 per timepoint, weeks 3 and 15).
Mechanical testing was performed on a custom-designed computer-controlled mechanical testing
apparatus as previously described [150]. The testing apparatus consisted of a linear variable
differential transformer (Model HR100; Schaevitz) controlled by a stepper micrometer
displacement actuator (Model 18515; Oriel Corp.) to measure the displacement. A load 622 N
cell (Sensotec; 0.01 percent precision) was used to measure the reaction force. The unconfined
compression testing was performed on the constructs and the equilibrium modulus was derived
from a stress relaxation test (10% strain, 1000s relaxation). After equilibration, the dynamic
modulus was measured using five sinusoidal cycles of compression at 1 Hz and 1% strain
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amplitude. The equilibrium modulus and dynamic modulus were calculated using a Microsoft
excel macro as previously described [67].
Large Animal Study (LAS): Mechanical Assessment of Repair Tissue
In vivo defects were removed by harvesting osteochondral trochlea samples and using a
band saw to separate the four defects prior to mechanical analysis. Two proximal native cartilage
segments served as healthy controls for each knee. Samples were first used for mechanical
testing then prepared for histology and vibrational spectroscopy analysis. Samples were
embedded in polymethyl methacrylate (PMMA), cartilage side up, to allow for indentation
testing. Indentation testing was performed on an Instron 5848 electromechanical system with a 1
mm-radius spherical indenter. Four stepwise indentations of 100 microns each were performed,
each followed by 600 seconds of relaxation. Equilibrium stress values were collected at 100micron indentation. The maximum load during indentation and equilibrium load at the end of
relaxation were recorded.
LAS: Histology Assessment of Repair Tissue
Explants from animal studies were fixed in 4% paraformaldehyde for 24 hours. Samples
were decalcified for 8 weeks by placing the samples in 50mL conical tubes with 15-20 mL of
decalcification solution (Formical-2000) with replacement of solution every week. Decalcified
samples were processed for histology and embedded in paraffin wax. Samples were sectioned at
8 µm for histological assessment and at 5 µm for vibrational spectroscopy assessment. Crosssections with the largest defect diameter were then stained with Safranin-O (0.2%)/fast green
(0.02%) or Alcian blue/picrosirius red and imaged under bright field or polarized light. Polarized
light microscopy exploits the birefringent properties of collagen [98]. Four blinded independent
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observers scored control and defect sections using the ICRS II Histological Assessment Scale,
which is comprised of 14 subscores that reflect features related to repair of tissue [151]. Two
subscore parameters were not included due to 1) Lack of polarized light images and 2) Lack of
formation of tidemark in juvenile Yucatan mini pigs. The remaining 12 subscores were averaged,
to generate an overall score. Subscores ranged from worst to best (0-100%) and were averaged
among the four observers.
LAS: Imaging Spectroscopy for the Assessment of Spatial Protein Composition of Repair Tissue
Explant samples from animal studies were imaged using a Spotlight 400 imaging
spectrometer (Perkin Elmer) with a spectral resolution of 8 cm-1, a spatial resolution of 25 μm,
and 2 co-added scans. Spectral images were then imported into ISys 5.0 software (Malvern
Instruments) , background corrected, and processed. A Savitzky-Golay second derivative filter
with 11 smoothing points was applied to the spectra. Peak height ratios were determined by
ratioing the 1338 cm-1 peak that arise from collagen to the 1656 cm-1 Amide I total protein peak
and ratioing the 856 cm-1 proteoglycan peak to the same Amide I peak[113]. Collagen maturity
was assessed by ratioing 1660 cm-1 to 1690 cm-1 as previously described[122].
Statistical Analysis
Results of parametric measures were reported as means and standard deviations.
Comparison between TECs, MFx or control tissue were assessed by a one-way ANOVA and
Tukey’s HSD, considering p < 0.05 for significance at one time point of 3-months. In vitro
controls were compared by weeks of culture, 3 and 15 weeks. Results of nonparametric measures
(ICRS scores) were assessed using a Kruskal-Wallis test, considering p < 0.05 for significance.
A power analysis was performed prior to initiating in vivo studies. Based on our previous work
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and power analysis, 7 implants are required to statistically evaluate mechanical testing
(indentation) and histological outcomes with an alpha value of 0.05, and a power of 0.80, a total
of 7 independent samples will be required to complete these studies. This thesis represents one of
two animal studies.
3.4 Results

IVCTECs: Histology
Figure 13: Histological
staining of Alcian blue for
proteoglycan deposition and
picrosirius red for collagen
deposition on in vitro
controls at week 3 and 15 ;
scale bar = 200 µm

Proteoglycans and collagen were assessed in the in vitro controls by Alcian blue and
picrosirius red, respectively (Figure 13). The deposition of proteoglycans was evident throughout
the tissues at weeks 3 and week 15 alike. Collagen deposition was evident in the in vitro controls
for weeks 3 and 15 with similar deposition throughout the tissue.
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Figure 14: A. Biochemical assessment of engineered cartilage for
proteoglycans using the DMMB assay. B. Biochemical assessment of
engineered cartilage for total collagen. Statistical difference between in
vitro controls from week 3 to week 15 (*p<0.05)

IVCTECs: Biochemistry
As expected, proteoglycan and collagen content was greater in week 15 in vitro controls
compared to week 3 in vitro controls (Figure 14A,B).

40

IVCTECs: Mechanical Assessment
Week 15 in vitro controls demonstrated both higher equilibrium and dynamic modulus
than the week 3 in vitro controls, which mirrored the compositional assessment in these
constructs (Figure 15A,B).
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Figure 15:A. Equilibrium modulus of engineered cartilage. Statistical
difference between in vitro controls from week 3 to week 15 (*p<0.05)
B. Dynamic modulus of engineered cartilage. Statistical difference
between in vitro controls from week 3 to week 15.

41

ICRS II Grading of Repair Tissue

Figure 16: A. Histological staining (Safranin O/fast green) for proteoglycans (red) and counterstained with fast
green (green) of the cartilage defects and healthy native cartilage control. Defects were filled with either a
microfracture (MFx) or tissue engineered cartilage, scale bar = 1 mm. B. Average of 12 ICRS II parameters.
*p<0.05 vs. cartilage control but no statistical difference between MFx and TEC. C. Range of ICRS II matrix
staining results. *p<0.05 vs. cartilage control but no statistical difference between MFx and TEC.

Sample histology of native cartilage, and of the best, median and worst repair for
microfracture and engineered cartilage repair are shown in Figure 16A. As expected, native
tissue had the highest combined ICRS II score (Figure 16B) and matrix staining score (Figure
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16C). Microfracture and tissue-engineered treated defects had lower scores than control tissue
(Figure 16B,C). Furthermore, there was no statistical difference between the microfracture and
tissue -engineered cartilage groups in the combined ICRS II score or the matrix staining score
(Figure 16B,C). Interestingly, there was a greater variability in the matrix staining score for the
microfracture group compared to the tissue engineered group, which reflects the heterogenous
repair response (Figure 16C).
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Histology of Repair Tissue

Alcian blue and picrosirius red staining were used to visualize extracellular matrix
deposition of proteoglycan and collagen, respectively[96], [97] The repair tissue of the MFx and
TEC groups exhibited fibrous tissue, as evidenced by the collagen oriented towards the
subchondral bone, seen in both the bright field and polarized images (Figure 17). In addition,
some hyaline cartilage was present to a lesser degree, as evidenced by the proteoglycan staining.
In the native control tissue, bands of proteoglycan presented on the surface and tidemark areas
(Figure 17). Qualitatively, the fibrotic response appeared similar between the microfracture
group and the tissue engineered cartilage group based on brightness of the polarized images. In
the microfracture group, proteoglycan appeared to remain on the surface of the defect while in
the tissue-engineered cartilage group, proteoglycan staining appeared to migrate down towards
the subchondral bone, indicating nonuniform proteoglycan deposition, possibly hyaline cartilage,
in this region of repair tissue. Overall, the proteoglycan deposition pattern was heterogenous
within the repair tissue of both the MFx and TEC groups.
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Figure 17: Histological staining (Picrosirius red/Alcian blue) for proteoglycans (blue) and collagens (red) of the
cartilage defects and healthy native cartilage control. Defects were filled with either a microfracture control or tissue
engineered cartilage (dotted line indicating defect area). Polarized images visualize fibrotic tissue formation beneath the
defect area. Scale bar = 1 mm

Vibrational Spectroscopy for Compositional Assessment of Repair Tissue

Spectral imaging was used to demonstrate the composition and spatial distribution of
proteoglycan and collagen through the healthy control and defects, through acquisition of raw
and second derivate spectra (Figure 18A,B). The proteoglycan and collagen deposition in the
histology sections mirrored the spectral imaging for each group (Figure 18C). MFx and TEC
groups show clearly marked subchondral bone remodeling. Remodeling is illustrated by the
subchondral abnormalities found in the MFx and TEC groups compared to the undisrupted
subchondral bone of the native control group. The defect area and remodeling are brought into
focus by the surrounding dotted line. Furthermore, the dotted line encircling the repair tissue
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highlights the intensity of the mature collagen fibrils which reach from the surface of the defect
down into the subchondral bone.

Figure 18: A. Spectral imaging was used to demonstrate the composition and spatial distribution of
proteoglycan and collagen through the healthy control and defects. B. The second derivative of the spectra
were obtained to enhance resolution of underlying and overlapping peaks for greater specificity, shown
inverted here to make peaks positive C. Spatial distribution of proteins was compared to Safranin-O staining.
Dotted line indicating defect area and subchondral bone remodeling. Scale bar = 1 mm
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Mechanical Assessment of Repair Tissue

The equilibrium stress was higher in the native control compared to the microfracture and
tissue engineered cartilage groups. However, there was no difference between the MFx and TEC
groups (Figure 19A). The indentation testing results showed the greatest range of equilibrium
stress values in the untreated control group (14.16 -696 kPa). However, a large range was also
observed in the microfracture group (0.49 - 15.56 kPa). Variability within the MFx repair tissue
was further evidenced by the ICRS II matrix score (Figure 19B) and the mid/deep zone scores
(Figure 19B).

Figure 19: A. Equilibrium stress of native control, microfracture (MFx) and tissue engineered cartilage (TEC).
Statistical differences with native tissue but not between MFx and TEC (*p<0.05). B. Grey boxes indicate the matrix
score while green boxes are the mid/deep zone average. Caption. Scale bar = 1 mm
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3.5 Discussion

In this study, we investigated the regenerative potential of tissue engineered cartilage to
treat chondral defects in Yucatan mini pigs. Cartilage was engineered using a co-culture system
of bone marrow mesenchymal stem cells (BMSCs) and chondrocytes encapsulated in a
hyaluronic acid-based hydrogel. The healing response of the tissue engineered cartilage was
compared to microfracture and healthy cartilage controls. The most notable result of our study
was the variability in repair tissue in both the microfracture and tissue-engineered cartilage
groups. Additionally, there was no statistical difference between the microfracture and tissueengineered cartilage repair tissue in the histological scoring metric or mechanical evaluation,
suggesting equivalent subpar performance.
Focal chondral defects are not only prevalent but also a strain on the healthcare system.
Patients experience chronic pain and a profound negative impact on their mental well-being[32].
Economic stress is placed on both the patient and healthcare system. The healthcare system bears
economic load by the consumption of resources from the constant clinical assessments, pain
management and treatment efforts[33]. Patients can become economically distressed by medical
bills and/or the inability to work due to pain. For example, laborious occupations such as active
military deployments and firefighting may not be feasible [34], [35]. Given the negative impact
of chondral defects, there is a lot of motivation to find suitable treatment options that restore
functional hyaline cartilage.
Franke et al., (124) used the mini pig model to examine the repair response of a cellloaded scaffold for the treatment of large partial-thickness defects. The study found that after 26
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weeks of scaffold implantation, a stable fibrocartilage had formed which had a mechanical
stiffness that was 10-fold lower compared to the healthy hyaline cartilage [135]. Their results are
in line with the results of this study which found a 50 times greater equilibrium stress in the
healthy hyaline tissue when compared to its MFx and TEC counterparts at a 3-month timepoint.
In contrast, a recent study by Hede et al found that the treatment of cartilage defects with
CARGEL Bioscaffold, a chitosan-based biomaterial, improved repair tissue compared to MFx
treatment in preclinical minipig model [152]. However, CARGEL did not lead to the formation
of hyaline cartilage.
Here, we implanted TECs that were grown in vitro for three weeks. The large increase in
both protein content and mechanical competency by week 15, raises question how more mature
15-week constructs would have performed in vivo. Previous studies have addressed the question
of an optimal timepoint for implanting constructs [150], [153], [154]. There are still outstanding
questions as to whether timing should be based on an optimal cellular activity rate, or matrix
maturity, or mechanical properties that most closely match those of native cartilage. We didn’t
assess cellular activity here, but clearly the matrix composition and mechanical properties of
construct were closer to native tissue at week 15. However, the mechanical properties of our
TEC were still by an order of magnitude lower than native cartilage.
Yucatan mini pigs were employed as the preclinical model for this study. Large animal
studies are critical for testing the efficacy of tissue-engineered cartilage. The mini pig joints
resemble human joints in a variety of parameters. Specifically, mini pig cartilage thickness
ranges from 1-2 mm, similar to humans[143]. The primary function of articular cartilage is to
mitigate load-bearing and minipigs manage this similarly to humans[155]. Furthermore, porcine
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models have been established as a suitable model for human immunological and inflammatory
response to infection[156]. The major limitation of the Yucatan mini pig model is the notable
subchondral bone resorption and remodeling in both the microfracture and TEC treated groups
despite bisphosphonate treatment to hinder the resorption [146], [157]. A very important factor
to consider when interpreting the results of this study is that the minipigs employed were
juvenile and had not reached skeletal maturity. The advantage of using a juvenile model as
opposed to an adult minipig is the ability to create bilateral defects over unilateral defects
resulting in an increase of number of samples. However, juvenile minipigs are undergoing bone
remodeling and resorption of the articular cartilage as they progress towards skeletal maturity.
Pfeifer et al., described the age-related subchondral bone remodeling in minipigs by creating full
thickness chondral defects in both adult and juvenile minipigs and reported greater alterations in
the subchondral bone in juveniles compared with adults [158]. However, the repair tissue
showed more intense signal of collagen type II in the juvenile group compared to the adult
minipigs.
The greatest variability in scores was demonstrated by the MFx group for matrix
staining. The variability can be in part a result of the subchondral modeling and vascularization
in the repair tissue. The mechanical results can be impacted by several properties of the repair
tissue including subchondral remodeling, distribution of deposited proteoglycan and presence of
fibrotic tissue. Manzano et al. developed a computational model to analyze and quantify the
effects of variations in thickness, radial properties and variations of the mechanoelectromechanical properties of articular cartilage [159]. The model was also used for assessing
the efficacy of biomaterials for cartilage tissue engineering, specifically, the heterogenic
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properties (Young’s moduli and proteoglycan distribution) of repair tissue which varied in depth
but also in radial direction, in line with the results found in our study.
Additional histological assessment of MFx and TEC repair tissue visualized the
differences in proteoglycan deposition by Alcian blue between the groups, and the similar
deposition of collagen by picrosirius red. Proteoglycan staining appeared to infiltrate down the
side of the defect in the TEC repair tissue, indicating active chondrocytes laying down cartilage
matrix. However, neither the MFx and TEC repair tissue mirror the proteoglycan and collagen
organizational pattern found in hyaline cartilage. Proteoglycan staining of the MFx group
remained in the surface, albeit faint, leaning toward the pattern of healthy cartilage composition.
The variability in proteoglycan deposition in both MFx and TECs groups is furthered evidenced
by the spectral assessment for PG. Proteoglycan migration is clearly seen in the Safranin-O
image and further realized by the PG peak height ratio spectral assessment. Polarized light
microscopy brings forth the similar collagenous pattern between the MFx and TEC groups.
Tissue that is void of proteoglycan and only contains collagen is likely fibrous tissue, as hyaline
cartilage tissue would have the presence of proteoglycan. The repair tissue is predominately
comprised of yellow to orange, red fibrils which is indicative of collagen type I and mature thick
fibrils in both the MFx and TEC groups [98], [99]. Furthermore, spectral assessment for collagen
maturity resulted in the same pattern of relatively more mature fibrils compared to immature
fibrils as indicated by the accumulation of red pixels throughout the defect are and fibrous
tissue[122][95]. The histological and spectral assessment for collagen indicates that MFx and
TEC resulted in the formation of fibrous tissue rather than the intended highly structured hyaline
tissue.
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It is well established that the extracellular matrix proteins collagen and proteoglycan give
rise to the tensile and compressive strengths of articular cartilage[43]. The histological and
spectral results of this study and their evaluation of PG and collagen may explain the mechanical
response of the MFx and TEC groups. The group with the least amount of mechanical variability
and greatest mechanical properties was the healthy controls which was expected as the native
cartilage architecture was not disrupted. Both the MFx and TEC groups experienced vast
remodeling and subchondral bone resorption as evidenced by the histological images and ICRS
II scoring. Some MFx and TEC defects had proteoglycan staining on the surface of the defect,
bridging the gap between adjacent healthy tissue, while other defects showed no proteoglycan
staining but rather fibrotic tissue, based on the picrosirius red staining of collagen and absence of
proteoglycan staining. Similar variations in repair tissue quality have been found in previous
studies, and have been attributed to lack of hyaline tissue formation and subchondral bone
remodeling [160]. Furthermore, given the inferior mechanical competency of fibrotic tissue, the
fibrotic tissue in the MFx and TEC groups likely contributed to the lowered mechanical stress
values. Defects in which proteoglycan appeared distributed throughout the repaired defect, albeit
not in the spatially appropriate place that reflects the architecture of hyaline cartilage, could have
contributed to the mechanical resistance as evidenced by the higher end of the equilibrium stress
values, in line with previous worked published by Manzano et al. [159]
The results of this study highlight the challenge of engineering a seemingly simple tissue
that contains only one cell type. The goal of cartilage tissue engineering is to generate a
functional replacement tissue, or, a tool to promote regeneration, for the ultimate treatment of
chondral lesions. This study underscored the work that remains to translate bench work science
to clinical practice. An important takeaway was the similarity between the MFx and TEC repair
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tissue. However, further work on optimizing tissue engineered constructs is warranted to move
the field to optimal outcomes. For example, mechanical stimulation during in vitro growth prior
to implantation, or, immobilization of the joint after implantation to allow for healing prior to
mechanical load, should be considered as methods to improve the tissue healing[90]. The
duration of healing of chondral defects in humans is not well defined; therefore, there is typically
a restricted or non-weight bearing phase to protect the tissue[161]. Specifically for rehabilitation
of defects on the trochlear groove, patients are placed in a brace with range of motion restriction
for up to 8 weeks to prevent the median ridge of the patella from engaging with the trochlear
groove thereby limiting compression and shear forces at the defect site [161]. In our study,
animals resumed load bearing activities between 1-4 hours post-surgery. Inclusion of an
immobilization period post-surgery to prevent an immediate return to mechanical load should be
strongly considered as a method to improve the outcomes of repair tissue treated with tissue
engineered cartilage.
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CHAPTER 4: COMPARISON OF SYN-MSC AND BMSCs IN SCAFFOLD-FREE AND
SCAFFOLD-BASED TISSUE ENGINEERED CARTILAGE
Chapter 4 is a manuscript in preparation for submission to the PLoS One. The studies
described in Chapter 4 pertain to Aim 2.
4.1 Abstract
The study and work accomplished for this chapter were motivated by the need to identify
a superior cell source for cartilage tissue engineering. Mesenchymal stem cells (MSCs) are ideal
cell types to employ because of their tunable multi-lineage properties. Studies have indicated that
tissue-specific MSCs can result in better cell commitment in some engineered tissues; however,
this hypothesis has not yet been verified in cartilage engineering. In this study, we compared two
candidate stem cell types for cartilage tissue engineering: cartilage-specific synovial derived
MSCs (SYN-MSCs) and the clinically used, gold standard bone marrow MSCs (BMSCs), either
cultured alone or in combination with chondrocytes. A notable finding of this work is that SYNMSCs deposited greater amounts of extracellular matrix collagen than BMSCs, both in scaffoldfree pellets and in scaffold-based tissue engineered cartilage (single culture and in co-culture).
BMSCs outperformed SYN-MSCs in terms of mechanical competency, while proteoglycan
formation was similar in SYN-MSC and BMSC samples. Differences in mechanical competency
can be potentially attributed to mineralization changes of the BMSC tissue-engineered cartilage,
as described in Chapter 5 of this thesis. Our results suggest that although SYN-MSCs produced
more collagen, both stem cells would be suitable cell sources. Given the limited cartilaginous
output differences between the two cell sources, the ability to use either stem cell sources
expands the pool of cell sources for cartilage tissue engineering.
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4.2 Introduction
The goal of tissue engineering is to generate tissue constructs that optimally recapitulate
the native organ composition and function. Stem cell-based therapies combined with biomaterial
technologies are a fundamental pillar of regenerative medicine and tissue engineering. Selection
of the appropriate cell source is imperative to achieve favorable results and create a functional
tissue. To recapitulate articular cartilage, we aimed to determine which stem cell source would
lead to fully committed chondrocytes based on their matrix production, SYN-MSCs and/or
BMSCs. While BMSCs are already widely accepted in clinical practice, SYN-MSCs may have a
better chondrogenic capacity [74], [78], [162].
Adult MSCs are understood and defined by the International Society for Cellular Therapy
by their (1) ability to adhere to plastic, (2) ability to proliferate and differentiate into multiple
lineages (chondrogenic, osteogenic, adipogenic), (3) expression of CD105, CD73 and CD90, and
(4) absence of CD45, CD34, CD14 or CD11b, CD79a or CD19 and human leukocyte antigen
(HLA)-DR surface molecules [66][163]. Tissue-specific MSCs play an important role in tissue
homeostasis, being called upon for tissue remodeling and repair. Specifically, their role is to
replace mature cells that have been damaged due to a variety of causes, including injury,
senescence or disease [164]. Stem cells reside within tissues of the body and differentiate
towards their resident tissue. Previous research has established SYN-MSCs as the resident tissuespecific stem cell for articular cartilage [87], [165], [166], meaning that when surface cartilage is
injured, SYN-MSCs are the cells that play a role in tissue repair. In 2001, De Bari et al. isolated
and characterized MSCs from human synovium of human adult patients and found that these
SYN-MSCs could be expanded in monolayer with limited senescence and multi-lineage
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differentiation capacity [75]. Therefore, exploring tissue-specific stem cells such as SYN-MSCs
for cartilage engineering applications could result in identification of the optimal cell source.
Given the identification of SYN-MSCs as cartilage-specific, it is important to assess their
chondrogenic capacity, as compared to MSCs sourced from other tissues. Sakaguchi et al.
investigated differences in chondrogenic differentiation between MSCs derived from bone
marrow, synovium, periosteum, skeletal muscle and adipose tissue [165]. Their results
demonstrated that in chondrogenic pellet experiments, pellets generated from bone marrow-,
synovium-, and periosteum-derived cells performed similarly with a slight improvement in SYNMSC as evidenced by pellet size, >1 mm in diameter, and toluidine blue staining of
proteoglycans. Their work suggested that SYN-MSCs were a superior cell source for cartilage
repair [165].
BMSCs are widely used in clinical practice because of their relative accessibility and
ethical acceptance. BMSCs have been extensively utilized in various preclinical and clinical
treatments, albeit in a two-step approach required to first extract the cells, and then a second
surgery to reintroduce them into the injury site [167]. BMSCs are often isolated from bone
marrow aspirates from the iliac crest [168]. The procedure takes approximately 15 to 45 minutes
and recovery is swift [169]. In the United States, BMSCs used for clinical applications are
required to be cultured according to the good manufacturing practice (GMP) regulations. A
recent clinical study by Lamo-Espinosa et al. (Clinical Trials. Gov identifier: NCT02123368)
found that a single intraarticular injection of in vitro expanded autologous BMSCs is a safe
procedure that resulted in long term clinical and functional improvement of knee osteoarthritis
[170].
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Our study was motivated by the clinical outcomes of BMSCs and cartilage-specific
identification of SYN-MSCs. Isolation of SYN-MSCs and subsequent expansion would be
similar to the procedures for BMSCs, except isolation from the joint space. Although we
explored single stem cell chondrogenesis for the engineered cartilage, previous studies have
established the chondrogenic superiority of the co-culture (stem cells cultured with
chondrocytes) approach[73]. Therefore, we hypothesized that SYN-MSCs co-cultured with
chondrocytes can perform similarly or better than BMSCs co-cultured with chondrocytes in
generating both scaffold-free and scaffold-based tissue-engineered cartilage. Our results support
the notion that SYN-MSCs are useful for chondrogenic applications; however, BMSCs resulted
in comparable engineered cartilage. Therefore, both SYN-MSCs and BMSCs remain viable cell
sources for cartilage tissue engineering.
4.3 Methods
Overall Approach
The objective of this study was to examine chondrogenic differences between stem cells
isolated from two porcine sources, bone marrow aspirate and synovial tissue. Porcine tissues
were investigated based on the ultimate application, which would be in a porcine chondral defect
model. SYN-MSCs and BMSCs were then evaluated for chondrogenic capacity based on matrix
production in two 3D co-culture environments, pellets and scaffold-based engineered cartilage.
The two stem cell types were subjected to the same chondrogenic induction media and identical
in vitro cell co-culture conditions with chondrocytes, and outcomes were assessed by the same
approach.
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Chondrocyte and Stem Cell Isolation
Porcine articular chondrocytes were obtained via an overnight collagenase digestion
(Worthington Biochemical) from juvenile porcine condyles (Animal Biotech) as previously
described[150]. SYN-MSC were isolated from the synovial membrane of the same animal via an
8-hour collagenase digestion[171]. BMSCs were isolated from the bone marrow aspirate of
Yucatan mini pigs (Sinclair) by density gradient centrifugation[145]. BMSCs, SYN-MSCs and
chondrocytes were expanded to passage 3 in growth media consisting of DMEM high glucose
(Gibco, Invitrogen) with 10% fetal bovine serum (Hyclone) and 1% Penicillin-StreptomycinFungizone (PSF) (Lonza).
Stem Cell Differentiation
Prior to encapsulation, we tested the capacity of isolated SYN-MSC and BMSCs to
differentiate into the three mesenchymal lineages to confirm multipotency.
a.

In vitro chondrogenesis: micromass cultures using 0.5 x 106 MSCs

were grown in chondrogenic media, consisting of Dulbecco’s modified Eagle’s
medium (DMEM), 1% ITS+Premix, 10 ng/mL transforming growth factor-β3, 50
µg/mL L-proline, 50 µg/mL ascorbate, 0.1 µM dexamethasone, 0.9 mM sodium
pyruvate, and 1% PSF. Controls for the chondrogenic condition were MSCs from
identical passage cultured in maintenance media (DMEM, 10% FBS, 1%
PSF)[172]. Proteoglycan formation was detected by Alcian blue stain.
b.

In vitro adipogenesis: 1.0 x 105 MSCs were plated in 24-well tissue

culture plates or 6 well plates and induced with adipogenic media consisting of
DMEM/F12, 3% FBS (Hyclone), 1% PSF, 2 µM rosiglitazone, 17 µM
58

pantothenate, 33 µM biotin, 1 µM dexamethasone, 500 µM
isobutylmethylxanthine and 20 nM insulin. Controls for the adipogenic condition
were MSCs from identical passage cultured in maintenance media (DMEM, 10%
FBS, 1% PSF)[173]. Lipid droplet formation was tracked by Alexa 488 Bodipy
stain.
c.

In vitro osteogenesis: 1.0 x 105 MSCs were plated in growth media

in 24-well tissue culture plates or 6 well plates. After 3 days, the cells were
cultured for 21 days in the presence of 100 nM dexamethasone, 5 mM ßglycerophosphate and 50 µM ascorbic acid (Sigma Aldrich). Controls for the
osteogenic condition were MSC from identical passage cultured in maintenance
media (DMEM, 10% FBS, 1% PSF)[172]. Mineralization was assessed by
Alizarin red stain.
SYN-MSC Surface Marker Characterization by Flow Cytometry
Flow cytometry was performed using the BD Accuri C6. Briefly, passage 3 cells were
detached with 0.25% trypsin, fixed with BD Cytofix Fixation buffer, and incubated with the
following antibodies: PE-conjugated monoclonal mouse anti-human CD105 (LSBio), Alexa
Fluor 647 mouse anti-pig CD45 (Bio-Rad), Alexa Fluor 488 mouse anti-human CD11b
(Southern Biotech), - and APC mouse anti-human CD90 (BD). Analysis was performed three
times with cells derived from three separate donors, and all antibodies featured porcine
reactivity. Unstained cells and appropriate isotype controls (BD) were used to establish
positivity.
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Pellet Study
Co-cultures of BMSCs or SYN-MSCs and chondrocytes (ratio of 4 MSCs to 1
chondrocyte) were centrifuged in a 15-mL conical tube at a concentration of 0.5 x 106 cells/mL
and cultured in chondrogenic media. Media was changed three times per week. Pellets were
harvested at day 14, day 21 and 28 for data analysis.
Tissue Engineered Cartilage (TEC)
Single stem cell cultures (SYN-MSCs or BMSC) and co-cultures of BMSCs or SYNMSCs and chondrocytes (ratio of 4 MSCs to 1 chondrocyte) were photoencapsulated in 1%
methacrylated HA (MeHA) hydrogel disks (4 mm diameter, 2 mm thickness) at a concentration
of 40 million cells/mL of MeHA and cultured in chondrogenic media as previously described
[67]. Culture media was replaced twice per week and cultured on an orbital shaker. TEC were
harvested at weeks 4 and 6 for data analysis.
Histology
Pellets and TEC were formalin fixed and snap frozen prior to cryo-sections (n=3). Samples were
sectioned at 8 µm on Plus slides and stained for: proteoglycan with Alcian Blue (Kit, RichardAllen Scientific), cell nuclei and extracellular proteins with hematoxylin and eosin, collagen type
II using anti-collagen type II antibody (Millipore-Sigma), and collagen with Picro Sirius Red
(Kit, Polysciences Inc) [96], [97].
Biochemistry
Pellets were weighed wet, lyophilized for 48 hours, reweighed dry, and digested in 0.5
mg/mL Proteinase-K at 60°C overnight (n=3). Wet weights were used to ratio biochemical data.
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The glycosaminoglycan (GAG) content was measured using the dimethylmethylene blue
(DMMB, Sigma Chemicals) dye-binding assay [94].
TEC followed the same sample preparation (n=3). In addition to glycosaminoglycans, the
overall collagen content was assessed by measuring the orthohydroxyproline content via
dimethylaminobenzaldehyde and chloramine-T assay. We found that the traditional biochemical
assay for collagen was not sensitive to the amount of collagen produced by the pellets, however.
Attenuated Total Reflection (ATR)
Collagen content of pellets was analyzed by Fourier transform infrared (FTIR)
spectroscopy using the attenuated total reflectance (ATR) sampling method. Data were collected
from three pellets per stem cell group and harvest day, with 10 spectra collected per pellet.
Pellets were removed from the conical tubes, washed 3 times with PBS and immediately placed
on the ATR crystal. Spectra collection took approximately 30 seconds per spectra, for a total of 5
minutes to collect 10 spectra of each sample[111]. Spectral data were collected using a Nicolet
iS5 FTIR spectrometer equipped with an iD7 ATR accessory (Thermo Scientific), from 600 to
4000 cm-1 using 32 co-added scans at a resolution of 8 cm-1. A Savitzky-Golay second derivative
filter with 11 smoothing points was applied to the raw spectra. Bulk collagen content was
quantified by ratioing the 1338 cm-1 absorbance peak to the Amide II total protein absorbance
peak. The Amide I peak is not typically used to assess protein content in ATR data as a large
water absorbance overlaps the peak.
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Imaging Spectroscopy
TEC samples were cryosectioned at 30 μm thickness onto low-e microscope slides
(Kevley Technologies). Spectral imaging data were collected in transflectance mode using a
Spotlight 400 imaging spectrometer (Perkin Elmer) with a spectral resolution of 8 cm-1, a spatial
resolution of 25 μm, and 2 co-added scans. Spectral images were then imported into ISys 5.0
software (Malvern Instruments) and background corrected and processed. A Savitzky-Golay
second derivative filter with 11 smoothing points was applied to the raw spectra. Peak height
ratios were determined by ratioing the 1338 cm-1 collagen peak to the 1656 cm-1 Amide I total
protein peak and ratioing the 856 cm-1 proteoglycan peak to the same Amide I peak[174]. The
peak height ratio provides a quantification for the relative amounts of collagen and proteoglycan,
respectively, present in the samples.
Mechanical Assessment
At weeks 4 and 6, TEC samples were harvested for mechanical analysis (n=3). All
mechanical tests were performed on a Bose ElectroForce 3230 (Bose) using a 1000 g load cell as
previously described [67]. The thickness and diameter of the constructs were measured prior to
testing. The unconfined equilibrium compressive modulus was derived from a stress relaxation
test at 10% strain followed by 1000 s relaxation. After equilibration, the dynamic modulus was
determined based on five sinusoidal cycles of compression at 1 Hz (1% strain amplitude). The
equilibrium modulus and dynamic modulus of each construct were calculated in a custom macro
in Microsoft Excel and previously described[67].

62

Statistical Analysis

Results of outcome parameters were reported as means and standard deviations.
Differences in change over time (weeks or days) and stem cell types (SYN-MSCs or BMSCs)
were assessed by a two-way ANOVA and Tukey’s HDS test, considering p < 0.05 for
significance.
4.4 Results
Stem Cell Differentiation
To assess the multipotency of the SYN-MSC and BMSC lines, cells in the control media
were compared to the differentiation media using a series of stains, shown in Figure 20. Both
SYN-MSCs and BMSCs underwent differentiation with similar results. SYN-MSC results are
presented as examples in this thesis for visualization. SYN-MSCs in chondrogenic media were
compared to cells in control media using an Alcian Blue stain; cells in the chondrogenic medium
exhibited proteoglycan deposition, evidenced by the blue conglomerates. Similarly, staining with
Alizarin red was used to assess osteogenic differentiation in the cells treated with osteogenic
media compared to the control. The presence of red stain suggests mineralization present in the
cultures containing osteogenic media. Biodipy stain, a lipophilic fluorescent dye, and
fluorescence microscopy were used to assess adipogenesis in the cells treated with adipogenic
media compared to the control. Lipid droplet formation is evident in the adipogenically induced
cells, as evidenced by the green fluorescence in the zoomed in image. The positive Alcian Blue,
Alizarin red, and Biodipy stains in the induced cultures, and absence of staiing in the control
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cultures suggest successful differentiation of the mesenchymal stem cells into chondrocytes,
osteocytes, and adipocytes respectively.

Figure 20: Mesenchymal stem cells derived from bone marrow and synovial membrane were differentiated into 3
lineages (chondrogenic, osteogenic and adipogenic) to demonstrated multi-lineage potential. Chondrogenesis was
determined by proteoglycan deposition and visualized with Alcian Blue. Osteogenesis was measured by mineralization
using Alizarin Red. Adipogenesis was detected by Bodipy staining for lipids. Zoomed image provides a closer look into
lipid droplet formation.
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SYN-MSC Epitope Profile
SYN-MSC surface markers were assessed to confirm the MSC profile as recognized by
the International Society for Cellular Therapy [66][163]. CD90 and CD105 are established
positive markers, while CD11b and CD45 are established as negative markers. As shown in
Figure 21, nearly all of the SYN-MSCs were negative for both CD11b and CD45 (Figure 21A,
B), and positive for both CD90 and CD105, established MSC surface markers (Figure 21C).

D.

E.

F.

Figure 21: Nearly all of the SYN-MSCs (99.9% and 99.8%) were negative for both
CD11b and CD45 (Figure 21A and Figure 21B) and positive for both CD90 and
CD105 (Figure 21C) established MSC surface markers. Figure 21D is the unstained
control, Figure 21E represents the isotype control and Figure 21F a representation of
the surface profile of one of the three isolations indicating 98.8% double positive for
CD105 and CD90.
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Pellets: Qualitative Histology
We employed various histological stains to visualize the extracellular matrix in the pellet
cultures(Figure 22). The deposition of proteoglycan and collagen was evident in both SYN-MSC
and BMSC co-culture pellets. Proteoglycan appeared more accumulated in the center of the
pellets, while collagen concentrated in the exterior of the pellets. While picrosirius red showed
heterogenous distribution of collagen, immunofluorescence specifically identifies this as
collagen type II in the pellets. Collagen type II staining was consistent with picrosirius red
images.
Figure 22: Representative
histological images of each pellet
culture group. Alcian blue was used
to visualize deposited proteoglycans
and picrosirius red to stain
collagen. Scale bar for Alcian blue
and picrosirius red images = 200
microns. Histological images shown
are supplemented with
corresponding images of
immunofluorescent staining for type
II collagen (green), with cell nuclei
(blue) stained with DAPI. Scale bar
for immunofluorescence images =
100 microns.
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Pellets: Bulk Quantification of Collagen by ATR
We used ATR spectroscopy for the assessment of deposited collagen in the pellets
engineered with SYN-MSCs or BMSCs. The differences in the Amide I peak heights were not
considered here, as there was likely water absorbance overlapping in that spectral region. The
collagen peak in the SYN-MSC pellets appeared clearer in the spectra (Figure 23A) and were
statistically (p<0.05) more intense (Figure 23B) when compared to the pellets made with BMSCs
at both day 21 and day 28. This indicated the presence of a greater amount of collagen in the
SYM-MSC pellets. Differences in collagen content were found from Day 21 to Day 28 in both
stem cell groups as indicated by # for p<0. 05.
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Figure 23: A. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of cartilage pellets for
SYN-MSC and BMSC co-cultures at days 21 and 28. The second derivative of the spectra were obtained to enhance
resolution of underlying and overlapping peaks for greater specificity, shown inverted here to make peaks positive.
B. Quantification of relative collagen to total protein (using the 1338/1656 cm-1 peak height ratio) for bulk content
of the cartilage pellets after culture for 21 or 28 days. There is a statistically significant reduction of collagen
content in the BMSC co cultures at 21 and 28 days as well as change over time. *p< 0.05, #p<0.05.
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Pellets: Biochemical Assessment
SYN-MSC and BMSC pellets were assessed for differences in proteoglycan content by
the sGAG assay. The stem cell type did not have a statistical impact on bulk proteoglycan
deposition at day 21 or day 28 when compared between SYN-MSCs and BMSCs (Figure 24).

Figure 24: Quantification of bulk proteoglycan in cartilage pellets generated by
SYN-MSC and BMSC at days 21 and 28 (using the DMMB assay). No statistical
differences among groups.

TEC: Single Cell Type Biochemical Assessment
Tissue engineered cartilage generated from BMSC in single culture produced statistically
greater (p<0.05) bulk proteoglycan content at weeks 4 and 6 compared to its SYN-MSC single
cultured TEC counterpart (Figure 25A). Single culture BMSC TECs also produced statistically
greater (p<0.05) bulk collagen content at week 4, but not at week 6 compared to single culture
SYN-MSC TECs (Figure 25B). Interestingly, the SYN-MSC group deposited greater collagen
from week 4 to week 6 (p<0.05), but the BMSC group did not increase over time.
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Figure 25: Quantification of bulk proteoglycan in cartilage tissue engineered cartilage (TEC)
generated by single cell types, SYN-MSC or BMSC, at weeks 4 and 6 (Figure 25A). *p< 0.05.
Quantification of bulk collagen in cartilage tissue engineered cartilage (TEC) generated by
single cell types, SYN-MSC or BMSC (Figure 25B), at weeks 4 and 6. *p< 0.05. Collagen
content increased from week to week 6 for the SYN-MSC group but not the BMSC groups
#
p<0.05.
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TEC: Single Cell Type Mechanical Assessment
The equilibrium modulus of tissue engineered cartilage (TEC) generated by single BMSC
was statistically greater (*p< 0.05) at week 6 that of SYN-MSC TECs (Figure 26A) and from
week 4 BMSCs (#p<0.05). The dynamic moduli of TE) generated by single cell types, SYNMSC or BMSC were statically indistinguishable among the groups and at the different time point
s studied (Figure 26B).
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Figure 26: Equilibrium modulus of cartilage tissue engineered cartilage (TEC) generated by single cell types, SYNMSC or BMSC, at weeks 4 and 6. BMSC had a statistically greater (*p< 0.05) equilibrium modulus at week 6
compared to SYN-MSC only TECs (Figure 26A). Increase from week 4 to week 4 BMSCs but no change in SYNMSC over time (#p<0.05). Dynamic modulus of cartilage tissue engineered cartilage (TEC) generated by single cell
types, SYN-MSC or BMSC (Figure 26B). No statistical differences among groups
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TEC: Co-culture Qualitative Histology
The presence of proteoglycan and collagen was clear in the co-culture TECs (Figure 27).
Interestingly, collagen stain seemed to be qualitatively more intense in SYN-MSC cultures than
in BMSC. Immunofluorescence staining appeared to have greater fluorescent signal of type II
collagen in the SYN-MSC group, potentially reflective of greater collagen type II formation in
the extracellular matrix.

Figure 27: Representative histological images of the engineered cartilage using cocultures of stem cells and chondrocytes at week 6. Alcian blue was used to visualize
deposited proteoglycans and picrosirius red to stain collagen. Scale bar = 200 microns.
Histological images shown are supplemented with corresponding images of
immunofluorescent staining for type II collagen (green), with cell nuclei (blue) stained
with DAPI. Scale bar for immunofluorescence images = 100 microns.
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TEC: Co-culture Spatial Distribution of Proteins and Quantification
Spectral imaging was utilized to evaluate the spatial distribution and relative amounts of
proteoglycan (Figure 28A and Figure 28B) and collagen (Figure 28C and Figure 28D) across the
co-culture TECs. The SYN-MSCs had the highest concentration of both collagen and
proteoglycan that appears most prominently at week 6. The ring of collagen encircling the
constructs may be indicative of a fibrous collagen capsule, as been observed in other engineered
cartilage constructs [175]. Collagen was more evenly distributed throughout the BMSCs.
Proteoglycan, however, was unevenly distributed. SYN-MSCs produced more collagen at week
6 than its BMSC counterpart and from week 4 to week 6. No statistical differences in PG content
between cell types at each time point, however, there was an increase from
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BMSC W6

Figure 28A: Spatial distribution
of proteoglycan to total protein
in cross-sections of engineered
cartilage using co-cultures of
stem cells and chondrocytes
after 6 weeks of culture. Figure
28B: Quantification of relative
proteoglycan to total protein
after culture for 4 or 6 weeks.
There is a statistically significant
increase of PG content for the
BMSC engineered cartilage at
week 4 to week 6 (#p<0.05).
Figure 28C: Spatial distribution
of collagen to total protein in
cross-sections of the engineered
cartilage using co-cultures of
stem cells and chondrocytes.
Figure 28D: Quantification of
relative collagen to total protein
after culture for 4 or 6 weeks.
There is a statistically significant
reduction of collagen content for
the BMSC engineered cartilage
at both time points and from
SYN-MSC at week 4 and week 6
(#p<0.05). In A and C, protein
concentration is represented by
the color bar, with red indicating
higher quantity. *p< 0.05.

TEC: Co-culture Biochemical Assessment
Similar to the results found in the pellet study, proteoglycan content was not different
between TECs made with SYN-MSCs or BMSCs, however, there was an increase in PG content
from week 4 to week 6 in the BMSC group (#p<0.05) (Figure 29A). The most notable difference
was in the collagen assay, where SYN-MSCs deposited statistically more collagen than the
BMSC group at week 6 and increased in collagen content from week 4 to week 6 (Figure 29B).
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Figure 29: Quantification of bulk proteoglycan in the engineered cartilage using co-cultures of stem cells and chondrocytes at weeks
4 and 6 (Figure 29A). No statistical difference between stem cell types, however, an increase from week 4 to week 6 in PG in the
BMSC groups (#p<0.05). Quantification of bulk collagen in the engineered cartilage using co-cultures of stem cells and
chondrocytes at weeks 4 and 6 (Figure 29B). There is a statistically significant reduction of collagen content for the BMSC
engineered cartilage at week 6, and growth from week 4 to week 6#. *p< 0.05.
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TEC: Co-Culture Mechanical Assessment
The equilibrium moduli of SYN-MSC and BMSC engineered cartilage were statistically
equivalent at a given time point (Figure 30A). Interestingly, the dynamic modulus of the tissues
(Figure 30B), were statistically greater between BMSCs and SYN-MSCs at week 6 (*p<0.05).
There was also an increase in modulus from week 4 to week 6 in both stem cell types (#p<0.05).
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Figure 30: Equilibrium modulus (kPa) of engineered cartilage using co-cultures of stem cells and chondrocytes at weeks 4 and 6
(Figure 30A). No statistical difference among groups. Dynamic modulus (kPa) engineered cartilage using co-cultures of stem cells
and chondrocytes at weeks 4 and 6 (Figure 30B). Engineered cartilage comprised of BMSC co-cultures were statistically higher at
week 6 than SYN-MSCs. *p< 0.05 for significance. Both stem cell types demonstrated an increase in dynamic modulus from week 4
to week 6 (#p<0.05).
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4.5 Discussion
The study described in this chapter was motivated by the knowledge that a suboptimal
stem cell type for regenerative engineering can impact the functional outcome of the resultant
tissue. Proper cell sourcing is imperative to a successful outcome. Of importance similar to stem
cell type, is stem cell health. In this study, we explored the differences between cells isolated
from two sources, synovial-derived MSCs and bone marrow MSCs. However, a crucial factor in
the decision of which cell to use is the inherent health of the origin tissue. Although SYN-MSCs
are cartilage-specific, isolation from a diseased tissue could potentially limit their use. For
example, SYN-MSCs that were isolated from a disease state synovial membrane may not result
in functional engineered cartilage. In that case, BMSCs could potentially be the superior source.
The conditions of this study did not include disease state but rather focused on differences in the
in vitro performance of stem cell types from 2 presumably healthy tissues. Co-culture systems
with chondrocytes were used in both the scaffold-free pellet and the scaffold-based engineered
cartilage, because of the prior knowledge that interactions of primary chondrocytes and MSCs
support improved chondrogenesis [176]. The results of our single cell type TEC demonstrated
lower proteoglycan and collagen content, while co-culture TEC contained more than double the
amount of proteoglycan and collagen. The robust protein deposition of the co-cultured TEC
yielded much higher mechanical properties than the single cell type TEC, which demonstrated
lower equilibrium and dynamic modulus. Although there was a clear benefit of using the coculture system, neither system reached the biochemical composition of native cartilage for
collagen content, which is normally between 12-24% by wet weight. Interestingly, co-cultured
TEC did reach similar proteoglycan content which is typically between 3-6% by wet weight for
normal cartilage [177].
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The most notable trend in our comparison between SYN-MSCs and BMSCs was
consistent in both scaffold-free pellets and scaffold-based TEC, namely that SYN-MSCs
deposited more collagen than BMSCs. This result was evident in each assay used to assess
collagen deposition. Pellet studies demonstrated the increase in SYN-MSC collagen by ATR,
which circumvented the sensitivity limitation in traditional biochemical assays. The intensity was
qualitatively demonstrated both in the resultant spectra, and also in the quantified peak height
ratio of collagen to total protein. In the TEC, analysis by immunostaining, spectral imaging and
biochemical assays showed that SYN-MSCs deposited qualitatively and statistically more
collagen than BMSCs.
The difference in collagen production between SYN-MSCs and BMSCs is a critical
factor when considering which stem cell type is superior for cartilage tissue engineering.
Collagen plays a key role in cartilage and contributes to the primary function of cartilage,
biomechanical competency. Our histological results indicated that the deposited collagen is type
II, the primary collagen type found in articular cartilage. This is an important finding, as
differences in biomechanical properties between cartilage with collagen type I and type II have
been assessed, and collagen II was found to be optimal [23]. Interesting, the co-culture
biochemical results for proteoglycan indicated statistical equivalence between groups, however,
single cell engineered cartilage comprised of BMSCs only resulted in statistically more
proteoglycan at weeks 4 and 6 compared to TECs engineered from only SYN-MSCs. The
differences in terms of proteoglycan outcomes between single cell TEC and co-culture TECs
can be a result of donor variation, or, the normalizing effect of chondrocytes co-cultured with
stem cells on chondrogenesis and subsequent proteoglycan deposition.
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MSCs are used for regenerative medicine because of their multi-lineage differentiation
potential. However, the tunability of MSCs is also their limitation. MSCs are very sensitive to
biological cues such as growth factors, cytokines and other small molecules. Changes in the
microenvironment can impact and derail the differentiation outcome. For example, the
extracellular matrix deposited by stem cells may not always mirror the extracellular matrix of the
target tissue. The primary result of our study was the trend that SYN-MSCs deposited more
collagen than BMSCs in both pellets and tissue engineered cartilage, but the percent wet weight
of collagen was still not close to that of native cartilage. Cartilage is comprised of approximately
two thirds dry weight collagen [178], and approximately 12-24 % wet weight collagen [149]. In
a disease state such as osteoarthritis, collagen homeostasis and the integral framework are
disrupted [178]. The principle motivation of the regenerative medicine field is to restore function
of diseased tissue, which in the case of osteoarthritis is articular cartilage. A primary measure of
successful engineered cartilage would be to restore the collagen framework. Treatment of
diseased articular cartilage with SYN-MSCs could restore the collagen framework because of
their propensity to deposit collagen type II.
The use of SYN-MSCs for cartilage tissue engineering has been widely explored. The
results of our epitope profile study indicated an MSC surface protein profile of the isolated SYNMSCs, thereby confirming the cells used in this study were MSCs.
Shirasawa et al. investigated the optimal chondrogenic conditions when culturing human
SYN-MSCs and BMSCs [79]. Their results found that SYN-MSC pellets had a greater
chondrogenesis potential over BMSCs determined by SYN-MSC by weight of pellet. DNA
concentration decreased over time, but the increase in weight suggests that the weight originated
77

from deposited extracellular matrix. They also found that SYN-MSCs and BMSCs expressed
similar surface epitopes and proliferation rates, but pellets generated from SYN-MSCs were
significantly larger and heavier [79]. Shirasawa et al. found that SYN-MSC pellets were
populated by two distinct fibroblastic cell types while BMSCs contained spindle-shaped and
large flat cells. Ogata et al. explored taking the isolation of MSCs to a deeper extent by isolating
only highly enriched and purified MSCs using specific markers, LNGRF+ (low-affinity nerve
growth factor receptor) and THY-1+ (CD90) using flow cytometry [179]. Both SYN-MSCs and
BMSCs were isolated with SYN-MSCs expressing more LNGRF+ and THY-1 surface markers.
The purified SYN-MSCs had an elevated colony-forming ability over BMSCs in addition to
being 1.2-folder larger in weight after three weeks of chondrogenic differentiation [179].
An interesting study by Gale et al. employed hypoxia as an additional tool to commit
SYN-MSCs to chondrogenesis over BMSCs [162]. Pellets were engineered using either SYNMSCs or BMSCs isolated from equine samples and assessed after 28 days of culture. Pellets
were maintained in normoxia (21% O2) or hypoxia (5% O2). Gale et al. found that normoxic
BMSCs pellets were larger and round than normoxic SYN-MSC, contrary to the previous studies
discussed. Hypoxic pellets performed similar to normoxic BMSCs [162]. The most notable result
found by Gale et al., was that COL10A1, the gene for collagen type X, which is found in
hypertrophic chondrocytes, was significantly downregulated in SYN-MSC pellets compared to
BMSC pellets. Contrary to Gale et al.’s results, Bae et al. found that hypoxia significantly
increased proliferation of SYN-MSCs compared to normoxic conditions [180]. Consistent with
Gale et al., Bae et al., found the unwanted COL10A1 gene was down regulated under hypoxia
compared to under normoxia.
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Hypertrophy is an undesired side effect of MSCs differentiating past chondrocytes and
into bone. Therefore, a truncated propensity to undergo hypertrophy carries an important
implication for the use of SYN-MSCs as the cell source for regenerative treatment. The results in
Chapter 5 of this thesis examine the differences in hypertrophic response between SYN-MSCs
and BMSCs in engineered cartilage. Furthermore, the increased dynamic modulus of BMSC
TECs at weeks 4 and 6 can be potentially attributed to spontaneous mineralization, as discussed
in Chapter 5. Additionally, large range values could possibly be from mineralization but was not
investigated here in this set of samples.
In addition to the superior chondrogenic output of SYN-MSCs based on collagen, our
study resulted in another important understanding. Aside from collagen deposition, SYN-MSCs
and BMSCs performed similarly in both scaffold-free pellets and scaffold-based engineered
cartilage. These results call into question the superiority between SYN-MSCs and BMSCs and
question if BMSCs remain the optimal cell source. Although the hypothesized outcome was that
SYN-MSCs would result in increased matrix production and mechanical properties compared to
BMSCs, SYN-MSCs were primarily better in terms of collagen deposition; however, BMSCs
did have higher mechanical properties. The contribution to greater mechanical performance may
be spontaneous mineralization as described in Chapter 5. Overall, both cell types performed
similarly to one another in the scaffold-free and scaffold-based environment. On initial
evaluation, these results may not seem favorable, however, upon further speculation, the results
yield two equally viable stem cell sources: SYN-MSCs and BMSCs. Isolating SYN-MSCs from
an osteoarthritic joint may not yield comparable engineering cartilage to SYN-MSCS derived
from healthy joints. Dicarlo et al. addressed this question in a very important study which
compared SYN-MSCs isolated from healthy and osteoarthritic subjects for differences in
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phenotype, morphology, differentiation potential and capability to activate normal Peripheral
Blood Mononuclear Cells (PBMSCs)[181]. SYN-MSCs isolated from OA subjects had a
propensity to differentiate into osteoclasts.
In the effort to engineer cartilage for regenerative purposes, using the appropriate cell
source is critical for successful outcomes. Our in vitro results described in this Chapter
implicated SYN-MSCs as the superior cell source for chondrogenesis over BMSCs, considering
the greater collagen formation in the extracellular matrix. However, stem cells were isolated
from healthy donors and their chondrogenic performance reflected that. Clinical settings will
vastly differ from a controlled in vitro experiment. Patients in need of a regenerative medicine
solution for impaired cartilage will most likely contain a diseased synovial membrane, limiting
their autologous re-introduction into the patient. Alternatively, if disease state SYN-MSCs can be
reprogrammed during the expansion process, this would remove the BMSC isolation procedure
as SYN-MSCs can be isolated during a routine arthroscopy. Shimomura et al. found that
autologous synovial MSCs in five human patients resulted in successful patient outcomes 24
months postoperatively [182]. Successful regenerative medical solutions rely on a steady source
of multi-lineage stem cells. Our results indicated that although SYN-MSCs deposited more
collagen, all other chondrogenic outcomes performed similarly between SYN-MSCs and BMSCs
except in mechanical evaluation. Given the increased mechanical properties of BMSC
engineered cartilage, it would be interesting to exploit the advantage of each stem cell type by
engineering cartilage produced by a combination of SYN-MCS, BMSCs and chondrocytes. The
need for tissue engineering solutions are immediate and two stem cell populations that can
differentiate into cartilage expands the available cell sources.
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CHAPTER 5: SYNOVIAL MSCs ARE MORE RESISTANT TO HYPERTROPHY THAN
BONE MARROW MSCs IN SCAFFOLD-BASED ENGINEERING CARTILAGE
Studies in Chapter 5 have been submitted to the Journal of Orthopaedic Research and are
under review. The results discussed in this chapter pertain to Aim 3.
5.1 Abstract
The primary objective of this study was to demonstrate differences in the onset of
hypertrophy in tissue engineered cartilage generated from two mesenchymal stem cell (MSC)
sources: synovial derived MSCs (SYN-MSCs) and bone marrow derived MSCs (BMSCs).
BMSCs are widely used and clinically accepted for chondral repair; SYN-MSCs have been
identified as cartilage-specific stem cells. We investigated the potential advantage of using
cartilage-specific MSCs to avoid an undesired onset of hypertrophy. Our results indicate that
engineered cartilage developed from SYN-MSCs or BMSCs performed similarly in terms of
chondrogenic capacity, equally depositing cartilaginous matrix proteins (collagen type II and
proteoglycan). The primary difference between the two engineered cartilage groups was that
BMSCs exhibited statistically greater mineralization when compared to SYN-MSC, both in
control (spontaneous mineralization) and hypertrophic groups (induced mineralization). These
results suggest that SYN-MSCs may represent a better choice of precursor cell in tissue
engineered solutions for cartilage repair due to the resistance of these cells to prevent/slow
hypertrophic induction and mineralization.
5.2 Introduction
Articular cartilage has a high incidence of damage attributable to common injuries and
deterioration from disease states[183]. One effort in the clinical approach to cartilage repair is
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the use of tissue engineered cartilage. A major challenge of engineered cartilage development is
the ability to obtain commitment of the seeded cells to tissue-specific native cell types, and their
subsequent matrix-producing capabilities. In particular, isolated chondrocytes are known to
dedifferentiate during the expansion process [184]. Mesenchymal stem cells (MSCs) have the
ability to differentiate into various lineages and regulation of differentiation is essential to their
successful utility. However, differentiation of MSCs into chondrocytes can subsequently result in
hypertrophy and mineralization, in a manner similar to growth plate chondrocytes.
Physiologically, chondrocyte hypertrophy results in increased cell volume, deposition of
collagen type X, release of matrix metalloproteinases (MMPs; specifically MMP13), and
vascular endothelial growth factor (VEGF)[85]. Peltarri et al., found that hypertrophic induction
of chondrocytes in vitro resulted in calcification after transplantation into mice [86].
Prevention of hypertrophy in tissue engineered constructs is a major problem and
multiple studies have attempted to control this by using a variety of scaffolds, culture conditions
and cells, alone or in combination. Zhu et al., found that human BMSCs encapsulated in
methacrylated hyaluronic acid (MeHa) hydrogels expressed significantly lower levels of
hypertrophic marker mRNAs such as type X collagen, MMP13 and ALP[88]. Co-cultures
between chondrocytes and BMSCs have shown to mediate chondrogenesis and truncate
hypertrophy. Bian et al., used MeHa hydrogels with human BMSCs co-cultured with
chondrocytes at a ratio of 4:1, resulting in significantly lower collagen type X levels than
BMSCs alone [89]. Furthermore, tissue-specific MSCs, such as synovial-membrane derived
MSCs (SYN-MSCs) are an alternative to the commonly and clinically used bone marrow derived
(BMSC)s. In support of SYN-MSCs as the superior cell source for cartilage tissue engineering,
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Shirasawa et al., compared SYN-MSCs and BMSCs in pellet culture and found that SYN-MSC
pellets expressed less COL10A1 than BMSC pellets [79].
The current study aimed to evaluate differences in hypertrophic induction between SYNMSCS and BMSCs co-cultured with chondrocytes in a three-dimensional scaffold. Our results
indicated that SYN-MSC and BMSC co-cultures performed similarly with respect to matrix
production, with the exception of BMSC co-cultures mineralize to a significantly greater extent
than SYN-MSC co-cultures. This is an important finding for the cartilage tissue engineering
field, as evaluation of resistance to induced hypertrophy in vitro is a potential predictor of how
the stem cell types would perform in vivo, and for subsequent related clinical success.
5.3 Methods
Overall Approach
Cartilage was engineered using two different cell sources, SYN-MSCs or BMSCs, in cocultures with chondrocytes. The chondrocyte to MSC ratio was kept the same between both
groups, as was chondrocyte isolation, to limit variability between engineered tissue. Engineered
cartilage was grown for two weeks in chondrogenic media prior to hypertrophic induction. The
study was repeated three times to achieve biological triplicates with n=3 (technical repeats) per
condition and time point. Hypertrophic induction was modeled after established methods[185].
SYN-MSC and BMSC groups were harvested for analysis on the same day to prevent any
advantages in extended growth between groups. The engineered cartilage was assessed for
cartilaginous outcomes to confirm chondrogenesis followed by assessment of the response to
hypertrophic induction.
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Chondrocyte and Stem Cell Isolation
Porcine articular chondrocytes were obtained via an overnight collagenase digestion
(Worthington Biochemical) from juvenile porcine condyles (Animal Biotech). SYN-MSC’s were
isolated from the synovial membrane of the same animal via an 8-hour collagenase digestion as
previously described [150], [171] BMSCs were isolated from the bone marrow aspirate of
Yucatan mini pigs (Sinclair) by density gradient centrifugation[145]. BMSCs, SYN-MSCs and
chondrocytes were expanded to passage 3 in growth media consisting of Dulbecco’s modified
Eagle’s medium (DMEM) high glucose (Gibco, Invitrogen) with 10% fetal bovine serum
(Hyclone) and 1% Penicillin-Streptomycin-Fungizone (PSF) (Lonza).
Tissue Engineered Cartilage (TEC)
BMSCs or SYN-MSCs and chondrocytes (ratio of 4 MSCs to 1 chondrocyte) were
photoencapsulated in 1% MeHA hydrogel disks (4 mm diameter, 2 mm thickness) at a
concentration of 40 million cells/mL of MeHA as previously described [67]. Engineered
cartilage was cultured at 37°C and 5% CO2 and on an orbital shaker for induced dynamic culture,
in chondrogenic media, consisting of DMEM, 1% ITS+Premix, 10 ng/mL transforming growth
factor-β3, 50 µg/mL L-proline, 50 µg/mL ascorbate, 0.1 µM dexamethasone, 0.9 mM sodium
pyruvate, and 1% PSF. Culture media was replaced twice per week.
Hypertrophic Induction
To induce hypertrophy, constructs (n=3 per condition and time point) were first cultured
in chondrogenic media for 2 weeks. Media was then switched to hypertrophic induction media
containing 1 nM dexamethasone, 1 nM triiodothyronine/T3 and 10 mM β-glycerophosphate
from day 15 through day 42 of culture[185].
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Histology: Collagen, Proteoglycan and Mineralization
TEC were formalin fixed and snap frozen prior to cryo-sectioning (n=3). The constructs
were cryosectioned at 10 μm thickness using a CM3050 S Research Cryostat (Leica), placed on
Superfrost Plus microscope slides (Fisher Scientific) and stained with Alcian blue (RichardAllen Scientific), hematoxylin and eosin, and fluorescent-labelled antibodies anti-collagen type
II or anti-collagen type X (Millipore-Sigma). Immunofluorescent images were captured on a
laser scanning confocal microscope (FV1200, Olympus). Picro Sirius Red was used to visualize
collagen (Polysciences Inc). Alizarin red, a histological dye that reacts with calcium and other
cations in tissue, was used to stain for calcium deposition (Sigma-Aldrich). It creates a red color
in the tissue in the presence of calcium, which appears during mineralization[186]. A specimen
with a darker red appearance indicates a greater amount of calcium present and therefore a
greater amount of mineralization. Alizarin red images were collected on a stitching microscope
(Olympus DP26) at 10x magnification, and ImageJ used to quantify mineralization, as previously
described [187]. Images were converted to 8-bit, grayscale then into binary images with the
black pixel threshold set to 175. Black pixels correspond to areas of calcium deposition. Percent
area of calcification was calculated by ratioing the number of black pixels to total number of
pixels.
Biochemistry
Tissue engineered cartilage were weighed wet, lyophilized for 48 hours, reweighed dry,
and digested in 0.5 mg/mL Proteinase-K at 60°C overnight (n=3). Wet weights were used to ratio
biochemical data. The glycosaminoglycan (GAG) content was measured using the
dimethylmethylene blue (DMMB, Sigma Chemicals) dye-binding assay[94]. In addition to
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glycosaminoglycans, the overall collagen content was assessed by measuring the
orthohydroxyproline content via dimethylaminobenzaldehyde and chloramine-T assay [94][149].
Mechanical Assessment
At various time points (week 4 and 6), samples were harvested for mechanical analysis
(n=3). All mechanical tests were performed on Bose ElectroForce 3230 (Bose) using 1000g load
cell as previously describe[67]. The thickness and diameter of the constructs were measured. The
unconfined equilibrium compressive modulus was derived from a stress relaxation test at 10%
strain followed by 1000 s relaxation. After equilibration, the dynamic modulus was determined
using five sinusoidal cycles of compression at 1 Hz (1% strain amplitude). The equilibrium
modulus and dynamic modulus of each construct were calculated in a custom macro in Microsoft
Excel.
Imaging Spectroscopy
TEC were cryosectioned (n=3) at 30 μm thickness using a CM3050 S Research Cryostat
(Leica) onto low-e microscope slides (Kevley Technologies). Samples were imaged using a
Spotlight 400 Fourier transform infrared (FTIR) imaging spectrometer (Perkin Elmer) with a
spectral resolution of 8 cm-1, a spatial resolution of 25 μm, and 2 co-added scans. Spectral
images were then imported into ISys 5.0 software (Malvern Instruments) and background
corrected and processed. A Savitzky-Golay second derivative filter with 11 smoothing points
was applied to spectra. Peak height ratios were determined by ratioing the 1338 cm-1 peak that
arise from collagen to the 1656 cm-1 Amide I total protein peak, and ratioing the 856 cm-1
proteoglycan peak to the same Amide I peak[113]. The peak height ratio provides a
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quantification for the relative amounts of collagen and proteoglycan, respectively, in the
samples.
Statistical Analysis
Results of outcome parameters were reported as means and standard deviations.
Differences in condition (control or hypertrophic) and stem cell types (SYN-MSCs or BMSCs)
were assessed by a two-way ANOVA and Tukey’s HDS test, considering p < 0.05 for
significance.
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5.4 Results
Spatial Distribution of Collagen
At week 4, both stem cell control groups exhibited collagen deposition on the periphery
of the construct (Figure 31A). Hypertrophic SYN-MSCs also accumulated collagen on the
periphery of the construct, while hypertrophic BMSCs showed collagen deposition throughout
the engineered tissue. Quantification of spectrally-determined relative collagen content indicated
statistically greater collagen between the control and hypertrophic conditions for both SYNMSCs and BMSCs at week 4 (#p<0. 05) but no statistical differences amongst groups at week 6
(Figure 31C).
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Figure 31: Spatial
distribution of collagen
to total protein. Protein
concentration is
represented by the color
bar with red indicating
higher quantity over
blue. B. Quantification of
relative collagen to total
protein using peak height
ratios at week 4.
Comparison between
parameters by a one-way
ANOVA and Tukey’s
HSD test for
significance, #p< 0.05 for
significance.
C. Quantification of
relative collagen to total
protein using peak height
ratios at week 6. No
statistical differences
among groups.
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Qualitative Histology of Collagen
After four weeks of culture, the control SYN-MSCs appeared to qualitatively have more
collagen than the control BMSC group, which is consistent with observations in the spectral
imaging data (Figure 32). In the hypertrophic groups, collagen is presented throughout both the
SYN-MSC and BMSC tissue engineered cartilage at both weeks 4 and 6. As fibril thickness
increases, the image color changes from green to yellow to orange to red[98].

Figure 32: Polarized images of picrosirius red histological images. The green color indicates thin collagen fibrils,
yellow to red color indicates thicker collagen fibrils. Qualitative differences in brightness between the hypertrophic
and control groups are evident.
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Biochemical Assessment of Collagen
There were no statistical differences at either week 4 or week 6 among the collagen
content of the SYN-MSC and BMSC control groups or hypertrophic groups (Figure 33A and
Figure 33B).

Figure 33: Graphical representation of hydroxyproline assay for
quantification of total collagen. A. Quantification of total protein
deposition between SYN-MSC and BMSC control and hypertrophic
groups at week 4. No statistical differences among groups. B:
Quantification of total protein deposition between control and
hypertrophic groups at week 6. No statistical differences among groups.
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Collagen Type II Assessment

Control and hypertrophic groups were examined for collagen type. Collagen type II was
distributed throughout the constructs at Week 6 in both the SYN-MSC and BMSCs groups
(Figure 34A and Figure 34B). The SYN-MSC hypertrophic group appeared to have more intense
staining for collagen type II than its hypertrophic BMSC counterpart (Figure 34C and Figure
34D).

Figure 34: Collagen type II assessment for the control and hypertrophic groups at week 6. Visibly
homogenous staining observed in the SYN-MSC control group. Qualitatively more intense staining
observed in the SYN-MSC hypertrophic group compared to control. Faint intensity of the staining is
observed in the BMSC control and hypertrophic groups.
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Spatial Distribution of Proteoglycans
Proteoglycan was distributed throughout the engineered tissue in both the control SYNMSC and control BMSC groups at week 4 (Figure 35A). In the hypertrophic groups at week 4,
proteoglycan appears to accumulate on the periphery of the SYN-MSC constructs but
accumulates throughout the BMSC constructs. At week 6, proteoglycan was spatially distributed
throughout the tissue in all control and hypertrophic groups. There were no statistical differences
in relative proteoglycan amount between the control and hypertrophic groups at week 4 (Figure
35B) but there was a statistically greater amount in the BMSC hypertrophic constructs compared
to its SYN-MSC hypertrophic counterpart (Figure 35C).

Figure 35: Spatial distribution of
proteoglycan to total protein.
Protein concentration is
represented by the color bar with
red indicating higher quantity over
blue. Figure 5B: Quantification of
relative proteoglycan to total
protein using peak height ratios at
week 4. Proteoglycan peak: 856
cm-1 and total protein (Amide I) is
1656 cm-1. No statistical
differences among groups. Figure
5C: Quantification of relative
proteoglycan to total protein using
peak height ratios at week 6.
Comparison between parameters
by a one-way ANOVA and Tukey’s
HSD test for significance, *p< 0.05
for significance.
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Histological Assessment of Proteoglycans
Distribution of proteoglycan within the engineered tissue was visualized with Alcian Blu.
Both control groups exhibited Alcian Blue staining distributed throughout the tissue. At week 4,
very little staining was apparent in the SYN-MSC hypertrophic group, while the BMSC
hypertrophic showed robust staining (Figure 36). The most notable difference in Alcian blue
staining was in the week 6 BMSC hypertrophic group, where visible gaps in the matrix are seen.

Figure 36: Representative Alcian Blue stained histological images of each group to visualize deposited
proteoglycans. At week 6, proteoglycan amount appears similar among groups. Arrow indicates example of
hypertrophic cell.
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Biochemical Assessment of Proteoglycans
There were no statistical differences at either week 4 or week 6 between the SYN-MSC
and BMSC control groups or hypertrophic groups in bulk PG content (Figure 37A and 37B).

Figure 37: Graphical representation of DMMB assay for quantification of proteoglycans.
A: Quantification of proteoglycan deposition between stem cell control and stem cell
hypertrophic groups at week 4. No statistical differences among groups. B: Quantification
of proteoglycan deposition between stem cell control and stem cell hypertrophic groups at
week 6. No statistical differences among groups.
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Mechanical Assessment
BMSC control groups exhibited statistically greater equilibrium and dynamic moduli
when compared to the SYN-MSC control group (Figure 38B and 38D). The equilibrium and
dynamic moduli were significantly higher in the BMSC hypertrophic group compared to the
SYN-MSC counterpart at week 4 (*p<0.05) and between the BMSC control and hypertrophic
group (#p<0.05) (Figure 38A and 38C). There was an increase in equilibrium and dynamic
modulus week 6 between SYN-MSC and BMSC control groups (*p<0.05) and between the
BMSC control and hypertrophic group (#p<0.05) (Figure 38B and 38D).
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Figure 38. A. Equilibrium modulus (kPa) between stem cells types and experimental groups. Hypertrophic induced
BMSC group had a statistically higher equilibrium modulus compared to SYN-MSCs hypertrophic group (*p <
0.05) and between the BMSC control and hypertrophic group (#p<0.05). B. Statistical difference between BMSC
control group at week 6 and SYN-MSC and between BMSC control and hypertrophic group. C. Dynamic modulus
(kPa) of SYN-MSC and BMSC control and hypertrophic groups. Hypertrophic induced BMSC have a higher
dynamic modulus over the SYN-MSC counterpart. D. Dynamic modulus (kPa) at week 6.
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Visualization of Collagen Type X
Collagen type X was assessed for both stem cell hypertrophic groups at week 6 (Figure
39). Both groups stained positive for collagen type X, but qualitatively, it appeared that the
BMSC hypertrophic group may have more collagen type X than its SYN-MSC hypertrophic
counterpart.

Figure 39: Collagen type X staining of hypertrophy induced SYN-MSC and
BMSC groups at week 6. Accumulation of collagen type X appears to be
around the cell periphery. Qualitatively greater collagen X deposition is
evident in the BMSC hypertrophic group.
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Mineralization
The most notable finding of this study were the differences in mineralization between
SYN-MSCs and BMSCs. SYN-MSC groups visibly mineralized less than BMSCs, in both the
control and hypertrophic groups (Figure 40A). BMSC mineralization area was statistically
greater (*p<0.05) in both the control and hypertrophic conditions compared to SYN-MSCs at
week 4 (Figure 40B) and between control and hypertrophic groups of the same cell type
(#p<0.05). At week 6, percent area mineralization increased for the BMSC group between control
and hypertrophic conditions (#p<0.05) and between cell type hypertrophic groups (*p<0.05).
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Figure 40. A: Alizarin Red images were quantified using ImageJ to calculate percent area of
mineralization between non-hypertrophic controls and induced hypertrophic groups. B: Graphical
representation of mineralization area of control and hypertrophic groups at week 4. We see a statistical
difference in both the SYN-MSC and BMSC hypertrophic and control groups. C. Graphical representation
of mineralization area of control and hypertrophic groups at week 6.. Scale bar = 500 µm
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5.5 Discussion
The primary objective of this study was to investigate the potential advantage of using
synovial-derived mesenchymal stem cells for cartilage tissue engineering to ultimately treat
symptomatic cartilage lesions. The objective was motivated by one of the known disadvantages
of current clinical treatments, the onset of unwanted graft hypertrophy [188]. Engineering
cartilage that can resist the onset of hypertrophy could be a potential solution to this clinical
limitation. A previous study established that SYN-MSCs demonstrate less propensity towards a
hypertrophic phenotype when compared to BMSCs in scaffold-free pellet studies[189]. Here, we
developed a scaffold-based tissue-engineered cartilage using a co-culture system of chondrocytes
and one of two stem cell types, SYN-MSCs or BMSCs. The scaffold, methacrylated hyaluronic
acid, is a widely used hydrogel for cartilage tissue engineering[189]. Differences in the
hypertrophic potential of the engineered cartilage created using each stem cell type, as well as
the engineered cartilage composition for each stem cell type, were evaluated based on the
deposition of cartilaginous extracellular matrix proteins (collagen type II and proteoglycan) and
mineralization.
Interestingly, the non-hypertrophic control groups for SYN-MSC and BMSC-derived
engineered cartilage produced a similar matrix. Both stem cell types produced engineered
cartilage that deposited collagen type II, proteoglycans and displayed an increasing trend of
mechanical competency over time. This is in line with another study [190], as well as some of
our previous work (unpublished data). The primary and most notable result of this study,
however, was the response to mineralization in the BMSC control and hypertrophic groups. Both
control and hypertrophic BMSC groups consistently mineralized to a greater extent than the
control and hypertrophic SYN-MSC groups. These results indicate that spontaneous
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mineralization was exhibited in the BMSC control group after 4 weeks in culture. The lack of
spontaneous mineralization of the SYN-MSC group supports the further exploration of SYNMSCs as a cell source for cartilage tissue engineering. In fact, one study explored the use of
SYN-MSCs in the clinical space, which was up until recently predominately focused on the use
of BMSCs[182].
One of the approaches used to assess these compositional differences was FTIR
spectroscopy for evaluation of the spatial distribution of collagen and proteoglycan. FTIR
spectroscopy is a powerful analysis tool that is sensitive to chemical absorbance band specificity
of proteins, and can be used to quantify data from spectral chemical images [95]. In addition to
the quantifiable data, infrared spectral imaging is an alternative to traditional histology that does
not require the addition of external contrast agents [191]. Differences were found between
treatment groups and cell types in both distribution and relative content of the major components
of the engineered cartilage. However, perhaps most notable was the deposition of collagen on the
periphery of the engineered constructs, which has also been observed in polyglycolic acid (PGA)based engineered cartilage[175]. Spatial distribution of collagen, including the type of collagen,
in traditional in vivo repair cartilage has been described previously[44]. However, the
distribution in engineered cartilage may differ substantially. Although collagen fibril thickness is
not a traditional indicator of collagen type, it can be used for collagen type identification and
collagen maturity[98]. Here, we qualitatively assessed fibril maturity by polarized light
microscopy and found orange-fibrils in the hypertrophic groups, which indicates greater fibril
thickness[98]. Junqueria et al., investigated differences in the birefringent properties of collagen
type I, II and III and found that collagen type I presented as yellow, orange or red while collagen
type II presented as a combination of green, yellow and orange [99]. Presumably, collagen type I
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is secreted on the periphery of the construct creating a collagen capsule, as has been previously
observed [192], [193], although this was not investigated here.
This highlights a challenge of using stem cells for tissue engineering cartilage, i.e. the
deposition of undesirable collagen type I along with collagen type II, during chondrogenic
induction. A potential advantage of using tissue-specific stem populations such as SYN-MSCs to
recapitulate native tissue is their inherent role in tissue generation. As visualized in
immunofluorescent images, the engineered cartilage deposited collagen type II in all four groups,
indicating active chondrocytes and suggesting the differentiation of stem cells into functional
chondrocytes. Although we did not investigate collagen type X in the control groups, it was
found in the hypertrophic groups. Collagen type X is understood to be the framework for ectopic
mineralization, and can be found deposited both on the inside and the outside of cells [194].
Mechanically, the equilibrium and dynamic moduli of SYN-MSC constructs was lower
than that of BMSC constructs, in spite of no apparent differences in total protein. In native
cartilage, the cross-linked collagen networks and their fibrillar orientation throughout the various
zones of the tissue account for two thirds of its dry weight, and are important contributors to its
material strength [178], [195]. Although we could not detect differences in the overall collagen
content, it is possible that changes observed in the collagen network distribution could be
associated with the greater mechanical moduli seen in BMSC constructs. It is also possible that
mineral contributed to the higher modulus in those constructs.
In addition to the collagen matrix of the tissue engineered cartilage, we assessed
differences in the deposition of proteoglycans. Proteoglycans are easily lost in disease
states[178], and changes in proteoglycan can also impact the mechanical properties of the
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tissue[195]. The biochemical results indicated no statistical differences between the SYN-MSCs
and BMSCs, in line with the work by Mwale et al., who found no net loss of proteoglycan in
hypertrophic tissue [196]. As for distribution of proteoglycans throughout the tissue, FTIR
spectroscopy results note a similar distribution in both the hypertrophic and control groups of
each stem cell type. Most notable are the differences between the groups, as shown in the Alcian
blue images. The hypertrophic groups for both stem cell types show enlarged cells, as expected.
The most striking difference between the cell types was the engineered cartilage response
to hypertrophic induction as noted by increased mineralization in the BMSCs constructs. A study
by Dickhut et al., found that MSCs derived from synovial membrane had lower alkaline
phosphatase (ALP) activity during chondrogenesis and lesser calcification compared to the other
MSC types[87]. As cells begin to undergo hypertrophy, they lose their chondrogenic phenotype
and begin to resemble osteocytes[197]. The first noticeable change in chondrocytes undergoing
hypertrophy is an increase in cell volume which is demonstrated here, qualitatively, in the Alcian
Blue images. Cells increase up to 10-fold in their size when undergoing hypertrophy. Lewis et
al., demonstrated the importance of chondrocyte volume regulation and the negative impact on
changes in osmolarity and compressive loads in response to a change in volume [198]. Along
with changes in cell volume, another indicator of hypertrophy is collagen type II degradation
around hypertrophied cells. After an increase in cell volume and biochemical changes in the
amount and type of protein secreted into the extracellular matrix, the final stage of hypertrophy is
matrix calcification.
Here, the mineralization analysis concluded that SYN-MSC engineered cartilage calcified
less than engineered cartilage generated with BMSCs. Ectopic mineralization is a well101

established indicator of hypertrophy[74]. The SYN-MSC engineered cartilage resulted in lower
tendency of ectopic mineralization when compared to BMSCs which implicate SYN-MSCs as a
potential superior cell source for cartilage tissue engineering. Important to note is that
hypertrophy is often associated with the onset of osteoarthritis [199]. Hypertrophy leads to the
calcification and degradation of the matrix around the cells. Furthermore, an increase of calcium
and ectopic mineralization has been shown to increase the mechanical properties of tissue [200].
In this study, in line with the study above, the increased mineralization of the BMSC
group resulted in greater mechanical properties as evidenced by the equilibrium and dynamic
moduli in week 4. However, the trend in mechanical increase did not maintain at week 6. This
result is in line with the mineralization results where mineralization reached 70% at week 4 but
dropped to 50% at week 6. The onset of hypertrophy culminates in cartilage transitioning into a
bone-like state, including adapting bone-like mechanical properties. Although this study was
carried out in vitro, the hypertrophic induction conditions recapitulate the in vivo environment by
the inclusion of ß-glycerophosphate[185]. Therefore, the in vitro response can serve as an
indicator of the hypertrophic challenge found in vivo. Furthermore, the mechanical properties of
native cartilage are depth dependent. The compressive modulus in the deep zone of cartilage,
adjacent to bone, is 27 times greater than in the superficial zone[25]. In situ, endochondral
ossification takes place in the cartilage as it becomes mineralized with calcium phosphate[201].
When the cartilage becomes fully mineralized, the chondrocytes undergo apoptosis, blood
vessels invade and osteoblasts lay down bone[201].
Tanck et al., examined the effect of mineralization on the mechanical properties of
embryonic bone by four-point bending of unmineralized and mineralized embryonic mouse ribs
102

and found that unmineralized bone calculated a Young’s modulus of 1.11 MPa while mineralized
bone yielded 117 MPa. [202]. Additionally, Tanck et al., reported that as a result of
mineralization, hypertrophic chondrocytes experienced a significant change in their mechanical
environment. Interestingly, an early study showed that the ossification process and subsequent
increase of mineralization leads to a decreased toughness of the tissue as evidenced by Currey et
al.[203]. As the mineral content increased, the cartilage tissues ability to absorb impact energy
and resist major deformation decreased. Therefore, greater mineral content indicated a
mechanically inferior cartilage tissue [203]. Here, the greater mineral content of the
hypertrophic tissues resulted in increased mechanical properties compared to the nonhypertrophic control, in line with work by Tanck et al.[202].
The results of this study support the understanding that SYN-MSCs are more resistant to
hypertrophy than BMSCs and are potentially a more appropriate cell source to use for in vivo
intended engineered cartilage. Ectopic mineralized hypertrophic tissue, such as formed here by
BMSC-derived engineered cartilage, distributed within diseased cartilage could result in further
damage to the tissue. Prevention of mineralization can support the long-term stability of the
engineered cartilage, and eventually result in more positive clinical outcomes of repair.
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CHAPTER 6: CHEMICALLY INDUCED HYPOXIA NEGATIVELY IMPACTS TISSUE
ENGINEERED CARTILAGE DEVELOPMENT
Studies in Chapter 6 have been submitted as a paper to the journal Cartilage, this paper is
currently under review. The results discussed in this chapter pertain to Aim 4.
6.1 Abstract
Articular cartilage exists in a hypoxic environment, which motivates the use of hypoxiasimulating chemical agents to improve matrix production in cartilage tissue engineering. Here,
we investigated whether dimethyloxalylglycine (DMOG), a HIF-1a stabilizer, would improve
matrix production in three dimensional synovial-derived mesenchymal stem cell (SYN-MSC)
co-cultured with chondrocytes. In spite of previous studies that demonstrated the efficacy of
DMOG, our short-term treatment with DMOG did not have a positive impact on the
chondrogenic capacity of SYN-MSCs in either pellet culture or in scaffold-based engineered
cartilage. Such 3D constructs generally have a hypoxic center, and naturally occurring hypoxia
allows for the stabilization of HIF-1α in the interior tissue. The addition of DMOG did result in
HIF-1α stabilization in the exterior of the engineered tissue, but the stabilization did not translate
to increased extracellular matrix deposition. Overall, the addition of DMOG appears to have
dampened chondrogenic differentiation, which in turn negatively impacted the mechanical
competency of the engineered cartilage. Thus, short-term addition of DMOG to culture media is
not an alternative to using low oxygen venues, such as hypoxic chambers, to induce hypoxia for
cartilage tissue engineering.
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6.2 Introduction
Articular cartilage is under two constant stresses, mechanical strain and hypoxia. In
chronically hypoxic tissue, such as articular cartilage, hypoxia supports cartilage development,
survival, and function [204]. The hypoxic environment and subsequent lack of blood supply is
responsible for the formation of cartilage over bone [1]. During embryonic development, osteoid
deposition and mineralization invites angiogenesis and vascularization in the cartilage core of
developing bone tissue. This vascular system plays an important role in converting mesenchymal
progenitor cells to osteoblasts. Chondrocytes, the single cell type in cartilage, on the other hand,
produce antiangiogenic compounds to exclude vascularization, a process that gets halted during
hypertrophy and mineralization in the cartilage core of the bone[205]. Chondrogenesis occurs in
the cartilaginous growth plate, which precedes developing bone and cartilage tissue, by
sustaining hypoxia and rejecting angiogenesis[206]. Mammalian cells respond to and regulate
the cellular response to low oxygen levels via mediation with hypoxia-inducible factor 1α (HIF1α) [207]. HIF-1α is a hypoxia-dependent constituent of the protein complex HIF, a transcription
factor that upregulates gene targets important for chondrogenesis in mesenchymal stem cells.
Furthermore, HIF-1α impacts a variety of genes including those that regulate angiogenesis [208].
In normoxic cell culture conditions, hydroxylase inhibitor enzymes degrade HIF- 1α.
Accordingly, previous research has shown that hypoxia enhances chondrogenic differentiation of
MSCs when compared to ambient oxygen tension cell culture conditions [209], [210]. One
potential reason for this could relate to the established role of HIF- 1α as a regulatory protein
controlling the survival and growth arrest of chondrocytes, the only cell type found in articular
cartilage [206].
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Schipani et al. found a hypoxic gradient in the developmental growth plate of mammals
with increased hypoxia in the interior of the plate relative to the periphery [206]. As a result of
the hypoxic gradient, cells deprived of stable HIF-1α in the exterior of the growth plate die.
Similarly, oxygen tension levels in articular cartilage decrease with distance from the articular
surface down to the subchondral bone[210].
HIF-1α levels are controlled post-translationally and are specifically regulated by two
types of oxygen-sensing hydroxylases, prolyl hydroxylase domain-containing proteins (PHDs)
and factor inhibiting HIF (FIH) [207]. Under normoxia, PHDs hydroxylate HIF- 1α and initiate
proteasomal degradation [207]. PHD2 and FIH hydroxylase inhibitors both utilize molecular
oxygen (O2), as well as iron (Fe2+) and 2-oxoglutarate (2-OG) substrates in order to hydroxylate
the HIF-1α region of the HIF complex. Hydroxylation of HIF-1α inhibits the HIF complex by
either (1) ubiquitination, which triggers proteasomal degradation of HIF-1α, the mechanism of
PHD2 inhibitors, or (2) asparagine hydroxylation, which blocks HIF-1α from binding to the
cofactor p300 in the HIF complex[211]. Murphy et al., compared chondrogenic differentiation of
both murine and humane bone marrow MSCs under normoxia and hypoxia at various oxygen
levels (20%, 5%, and 1% O2) and found that chondrogenic differentiation took 4 days and
increased the intensity of collage type II staining in the reduced oxygen groups, as compared to
one week in the ambient oxygen group [204].
In an effort to generate tissue engineered cartilage (TEC), co-culture systems of
chondrocytes and mesenchymal stem cells are often used[176]. In addition to the cells, the
culture conditions, i.e. normoxia versus hypoxia, must be strongly considered. Given the
instability of the chondrocyte phenotype and function in vitro, establishing a hypoxic
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environment via the stabilization of HIF- 1α is a potential solution to the negative impact of in
vitro oxygenation [212]. This study aimed to investigate the effects of chemically inducing
hypoxia with the hydroxylase inhibitor dimethyloxalylglycine (DMOG) in engineered articular
cartilage cultures[213]–[215]. This approach could potentially provide an effective and
convenient alternative to cell culture in hypoxia chambers, which are expensive and can
sometimes technically challenging to use (small leaks in the chamber can result in loss of oxygen
tension control). DMOG is a competitive inhibitor of hydroxylase enzymes, whose presence has
been shown to result in increased nuclear localization of HIF-1α proteins[211]. DMOG strongly
binds to the 2-OG region of both hydroxylases, functionally inhibiting these enzymes. As a
result, DMOG treatment allows HIF-1α to accumulate in the nucleus and participate in the HIF
complex, even in the presence of molecular oxygen, upregulating target genes with binding sites
for the HIF transcription factor [207]. Previous studies found that hydroxylase inhibitors that
employ mechanisms other than competitive inhibition of 2-OG regions result in increased
nuclear localization of HIF-1α , but did not result in upregulation of its downstream gene
targets[211]. However, a strong consideration against use of DMOG is that it is a panhydroxylase inhibitor and could impact other biological processes aside from those mediated by
HIF-1α, which may limit its potential [207].
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6. 3 Methods
Overall Approach
This study was motivated by understanding the importance of reproducing in vivo
conditions in vitro for successful tissue engineering outcomes. The central role of hypoxia in the
joint cavity is well established [180]. In vitro hypoxic environments are often generated via
hypoxic chambers where nitrogen and oxygen levels are controlled by the user. This study
investigated simulating hypoxia in vitro by a chemical agent that inhibited the degradation of
HIF-1a[213]. Specifically, the role of DMOG as a HIF-1a stabilizer was assessed. Both pellets
and scaffold-based engineered cartilage were cultured in vitro to determine the impact of
chemically simulated hypoxia on two types of 3D cell culture. DMOG treated groups were
exposed to DMOG from day 14 to day 21 of pellet and TEC culture, while untreated groups
received DMOG-free media. To evaluate chondrogenic outcomes in the treatment and control
groups, several analytical methods were employed (described below). Studies were completed in
technical triplicates with n=3 per condition and timepoint.
Chondrocyte and SYN-MSC Cell Isolation
Porcine articular chondrocytes were obtained via an overnight collagenase digestion
(Worthington Biochemical) from juvenile porcine condyles (Animal Biotech). Synovial MSC
were isolated from the synovial membrane of the same animal via an 8-hour collagenase
digestion. SYN-MSC and chondrocytes were expanded to passage 3 in growth media consisting
of DMEM high glucose (Gibco, Invitrogen) with 10% fetal bovine serum (Hyclone) and 1%
pen/strep (Lonza) as previously described[67].
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Pellet Study
SYN-MSC and chondrocyte co-cultures were centrifuged in a 15-mL conical tube at a
concentration of 0.5 x 106 cells and cultured in chondrogenic media with or without the hypoxic
agent DMOG[216]. The ratio of cell types was 4 SYN-MSCs to 1 chondrocyte to remain
consistent with the tissue engineered cartilage. Media was changed three times per week. Pellets
were harvested at day 14, day 21 and 28 for data analysis (n=3 per timepoint and condition).
Control media was also changed daily from day 14 to day 21 to remain consistent with the
DMOG media change frequency, described below.
Tissue Engineered Cartilage (TEC)
SYN-MSC and chondrocytes (ratio of 4 MSCs to 1 chondrocyte) were photoencapsulated
in 1.5% methacrylated HA (MeHA) hydrogel disks (4 mm, 2 mm thickness) at a concentration of
40 million cells/mL of MeHA and cultured in chondrogenic media (Dulbecco’s modified Eagle’s
medium, 1% ITS+Premix, 50 µg/mL L-proline, 0.1 µM dexamethasone, 0.9 mM sodium
pyruvate, and antibiotics) supplemented with ascorbate (50 µg/mL) and 10 ng/mL transforming
growth factor-b3 at 37°C and 5% CO2 as previously described [67] Culture media was replaced
twice per week and harvested at weeks 4 and 6 for evaluation (n=3 per week and condition).
TECs were cultured on an orbital shaker. Control media was also changed daily from day 14 to
day 21 to remain consistent with the DMOG media change frequency, described below.
DMOG Treatment
Dimethyloxalylglycine (Sigma-Aldrich) was dissolved in DMSO, filtered, aliquoted into
200 µM concentrations and stored at -20° prior to use for a final concentration of 200 µM in the
media. Treated media was changed daily at the same time from day 14 to day 21 of culture for
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the pellets and TECs. Non treated pellets and tissue engineered cartilage had media change daily
from day 14 to day 21 of culture to remain consistent with media change frequency of DMOG
treatment. Week 3 timepoint samples were used for HIF-1a stabilization analysis (n=3 each for
pellets and TECs). The timepoint of DMOG treatment initiation and the duration of treatment
were based on a previous study[211].
Nuclear HIF-1a Co-Localization
Pellets and tissue engineered cartilage were sectioned using a CM3050 S Research
Cryostat (Leica) at 5 microns and stained for HIF-1a using anti-HIF-1a and secondary
antibodies (Fisher Scientific), and with DAPI for nuclear staining. Immunofluorescent images
were collected on a laser scanning confocal microscope (FV1200, Olympus), HIF-1a appearing
green, and DAPI blue. Images were collected from the interior of the tissue and the exterior for
comparison of HIF-1a stabilization. Co-localization of overlapping DAPI and HIF-1a signal
was analyzed by Image Pro Plus 7.0 (MediaCybernetics) as previously described[217]
Histology
Pellets sections (n=3) were stained with Alcian Blue (Kit, Richard-Allen Scientific),
hematoxylin and eosin, and for collagen type II using anti-collagen type II antibody (MilliporeSigma). Picrosirius Red was used to visualize collagen (Kit, Polysciences Inc) [97]. Tissue
engineered cartilage sections followed the same staining [94], [97].
Biochemistry
Pellets were weighed wet, lyophilized for 48 hours, reweighed dry, and digested in 0.5
mg/mL Proteinase-K at 60°C overnight (n=3). Wet weights were used to ratio biochemical data.
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The glycosaminoglycan (GAG) content was measured using the dimethylmethylene blue
(DMMB, Sigma Chemicals) dye-binding assay [96].
Tissue engineered cartilage followed the same sample preparation (n=3). In addition to
glycosaminoglycans, the overall collagen content was assessed by measuring the
orthohydroxyproline content via dimethylaminobenzaldehyde and chloramine-T assay[149].
Mechanical Assessment
Tissue engineered cartilage constructs were harvested for mechanical analysis at week 4
and 6 (n=3 per treatment group and timepoint). All mechanical tests were performed on a Bose
ElectroForce 3230 (Bose) using a 1000g load cell as previously described [67]. The thickness
and diameter of the constructs were measured prior to testing with a caliper. The unconfined
equilibrium compressive modulus was derived from a stress relaxation test at 10% strain
followed by 1000 s relaxation. After equilibration, the dynamic modulus was determined using
five sinusoidal cycles of compression at 1 Hz (1% strain amplitude). The equilibrium modulus
and dynamic modulus of each construct were calculated in a custom macro in Microsoft Excel.
Spectroscopic Compositional Analysis
Spectral images were obtained to assess the relative distribution of specific components
of the tissue. Tissue engineered cartilage were sectioned at 30 μm thickness, and pellets
sectioned at 5 microns thickness onto low-e microscope slides (Kevley Technologies) (n=3 per
treatment and timepoints). Spectral imaging data were collected from pellet and TEC sections
using a Spotlight 400 imaging spectrometer (Perkin Elmer) with a spectral resolution of 8 cm-1, a
spatial resolution of 25 μm, and 2 co-added scans in the mid-IR range (MIR) of 800-2000 cm-1.
Sample data were normalized to a clear region on a low-e slide. Spectral images were then
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imported into ISys 5.0 software (Malvern Instruments) for processing. A Savitzky-Golay second
derivative filter with 11 smoothing points was applied to the spectra to enhance underlying
absorbance peaks. Peak height ratios of absorbance peaks were determined by ratioing the 1338
cm-1 collagen peak to the 1656 cm-1 Amide I total protein peak, and ratioing the 856 cm-1
proteoglycan peak to the Amide I peak [113]. The calculated peak height ratio provides a
quantification for the relative amounts of collagen and proteoglycan present in the tissues.
Attenuated Total Reflection (ATR) Spectroscopy
ATR spectral data were collected from pellets (n = 3 pellets per treatment and timepoints)
to assess bulk collagen composition. Pellets were removed from the conical tubes, washed 3
times with PBS and immediately placed on the ATR diamond crystal. Ten spectra were
collected per pellet, with data collection taking approximately 30 seconds per spectra, adding up
to a total of 5 minutes to collect 10 spectra from each sample. Spectra were collected on a
Nicolet iS5 FTIR spectrometer equipped with an iD7 ATR accessory (Thermo Scientific), from
600 to 4000 cm-1 using 32 co-added scans at a spectral resolution of 8 cm-1. Sample data were
ratioed to an air background. A Savitzky-Golay second derivative filter with 11 smoothing points
was applied to the spectra enhance resolution of underlying peaks. Bulk collagen content was
quantified by ratioing the 1338 cm-1 peak to the Amide II total protein peak. The Amide II
absorbance peak is used here instead of the Amide I, as a significant water absorbance overlaps
the Amide I absorbance.
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Statistical Analysis
Results of outcome parameters were reported as means and standard deviations.
Differences in condition (DMOG treated or untreated) and weeks were assessed by a two-way
ANOVA and Tukey’s HDS test, considering p < 0.05 for significance.
6.4 Results
The results described below were obtained by conducting parallel experiments in two
types of three-dimensional cultures, pellets and tissue engineered cartilage. The chondrocytes
and SYN-MSCs used in both approaches were from the same animal and isolation for each
biological triplicate.
Pellets: Nuclear HIF-1a Co-localization and Signal Quantification
To understand the impact of DMOG treatment on HIF-1a in pellets, immunofluorescent
staining for HIF-1a were visualized (Figure 41 A) and quantified throughout the constructs.
However, the signal quantification indicated no statistical difference between the DMOG treated
and untreated group in the exterior of the pellet (Figure 41B). There was a statistical drop in HIF1a stabilization in the interior between DMOG treated and untreated groups.
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Figure 41. A: Immunofluorescence images of HIF-1⍺ (green) co-localized with cell nuclei (blue) in the cartilage
pellets. Figure 1B: Quantification of nuclear HIF-1⍺. Fluorescent signal intensity was quantified to calculate HIF1⍺/nuclei co-localization in DMOG-treated and untreated groups in both the center and exterior of the pellets. There
was a significant reduction in nuclear HIF-1⍺ signal in the center region of the treated group. *p < 0.05.

Pellets: Qualitative Histology
The Alcian Blue stain demonstrated proteoglycan deposition concentrated in the center of
the pellets for both the untreated and DMOG treated pellets (Figure 42). Picrosirius Red images
demonstrated increased accumulation of collagen on the exterior of the pellets in both groups,
regardless of time point (Figure 42). Immunofluorescence of type II collagen staining was
consistent with the Picrosirius Red images (Figure 42).
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Figure 42: Representative histological images of each pellet culture group. Alcian blue was
used to visualize deposited proteoglycans and picrosirius red to stain collagen. Histological
images shown are supplemented with corresponding images of immunofluorescent staining
for type II collagen (green), with cell nuclei (blue) stained with DAPI. Scale bar = 200
microns/Scale bar for collagen type II staining is 100 microns
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Pellets: Spatial Distribution of Proteins and Quantification
Spectral imaging was used to assess the spatial distribution of proteoglycan and collagen
in pellets treated with or without DMOG. The unique spectral imaging method allows not only
for the visual spatial distribution of proteins (Figure 43A and Figure 43C) but also the relative
quantification of each protein (Figure 43B and Figure 43D). Proteoglycans were distributed
throughout the tissue (Figure 43A), whereas collagen accumulated primarily on the exterior of
the pellet (Figure 43C). Interestingly, proteoglycan content was found to be higher between
untreated and treated groups at day 21 (Figure 43B), in contrast to biochemical assessment
(Figure 45). However, these two analytical tools are dissimilar, as spectral imaging quantifies a
section of tissue while biochemical analysis reflects the bulk content of the pellet. Spectral
imaging of relative collagen content was consistent with another MIR technique, attenuated total
reflectance (ATR) spectroscopy. ATR spectroscopy of pellets (Figure 44B) found statistical
higher content between the untreated group and the treated group at day 28 (Figure 43D).
Furthermore, differences were found in the treated groups from day 21 to day 28 as well in the
untreated groups from day 21 to day 28 (#p<0.05).
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Figure 43: Spatial distribution of proteoglycan to total protein in cross-sections of cartilage
pellets after 28 days of culture. B: Quantification of relative proteoglycan to total protein
after culture for 21 or 28 days. There is a statistically significant reduction of proteoglycan
content for the DMOG-treated group after 21 days. C: Spatial distribution of collagen to
total protein in cross-sections of cartilage pellets after 28 days of culture. D. Quantification
of relative collagen to total protein after culture for 21 or 28 days. There is a statistically
significant reduction of collagen content in the DMOG-treated group after 28 days and a
temporal change between the untreated group and treated groups from day 21 to day 28.
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Pellets: Bulk Quantification of Collagen by ATR
One limitation of this study was the inability to use the traditional hydroxyproline assay
for bulk collagen content quantification. When the procedure was attempted, it was discovered
that the individual pellets did not produce enough collagen for the sensitivity of the assay. There
were several advantages to using the ATR technique to quantify differences in collagen content
between the DMOG treated and untreated groups, particularly the sensitivity to proteins, easy
preparation, and rapid results of ATR. The collagen peak in the untreated Day 28 sample is both
visibly clear (Figure 44A) and statistically more intense (Figure 44B) when compared to the
treated group at day 28. Temporal based differences were also found between treated groups
from day 21 and day 28 and untreated groups from day 21 to day 28. Here, ATR analysis was
able to circumvent the sensitivity limitation of the traditional biochemical assay.
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Figure 44: Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of cartilage pellets for
DMOG-treated and untreated groups at days 21 and 28. The inverted second derivative of the spectra were
obtained to enhance resolution of underlying and overlapping peaks for greater specificity. Figure 44B:
Quantification of relative collagen to total protein for bulk content of the cartilage pellets after culture for 21 or 28
days. There is a statistically significant reduction of collagen content in the DMOG-treated group after 28 days.
*p< 0.05 as well as temporal based changes (#p<0.05).
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Pellets: Biochemical Assessment

Pellets were assessed for differences in proteoglycan content by the sGAG DMMB assay.
DMOG did not impact bulk proteoglycan deposition at day 21 or day 28, when compared to the
untreated groups (Figure 45).

Figure 45: Quantification of bulk proteoglycan in cartilage
pellets for DMOG-treated and untreated groups at days 21
and 28 (using the DMMB assay). No statistical differences
among groups.
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TECs: Nuclear HIF-1a Co-localization and Signal Quantification
The co-localization of HIF-1a in the nuclei in tissue-engineered cartilage (Figure 46)
showed a different trend than in the pellet study. Both the treated and the untreated control had
nearly 30% HIF-1a stabilization in the interior of the constructs with no statistical difference
between the groups. However, the percent of exterior co-localization in the DMOG-treated group
was statistically greater than in the untreated group (Figure 46).

Figure 46: A. Immunofluorescence images of HIF-1⍺ (green) co-localized with cell nuclei (blue) in tissue
engineered cartilage constructs (TEC). Figure 46B: Fluorescent signal intensity was quantified to calculate HIF1⍺/nuclei co-localization in DMOG-treated and untreated groups in both the center and exterior of the tissue
engineered cartilage constructs. There is a significant elevation of nuclear HIF-1⍺ signal in the periphery of the
DMOG-treated group. *p< 0.05.
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TECs: Qualitative Histology
To visualize the distribution of proteoglycans and type II collagen in the TEC, both
histological and immunofluorescence staining were used. Because Alcian Blue stain intensity
correlates positively to sulfated GAG content only, this stain can optimally differentiate
proteoglycan content between groups while not being affected by the methacrylated hyaluronic
acid hydrogel [96]. Tissue sections stained with Alcian Blue (Figure 47) qualitatively showed a
less proteoglycan content for the untreated group compared to the DMOG-treated group. Despite
this difference between the groups, the distribution was even across sections for both. Picrosirius
Red staining showed spatially the deposition of type II collagen. Staining with Picrosirius Red
yielded qualitatively greater intensity for the control group with no DMOG treatment (Figures
47). Immunofluorescence staining for type II collagen for this group showed consistent collagen
deposition across the tissue engineered construct. Although the group treated with DMOG also
produced intense fluorescence from type II collagen deposition along the edges of the tissue
engineered construct, its distribution was limited to the outer edge of the construct. The lack of
fluorescence toward the center of the tissue engineered construct therefore indicated reduced
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type II collagen incorporation into the extracellular matrix, consistent with the picrosirius
staining.

Figure 47: Representative histological images of the engineered cartilage construct groups at week 6.
Alcian blue was used to visualize deposited proteoglycans and picrosirius red to stain collagen.
Histological images shown are supplemented with corresponding images of immunofluorescent staining
for type II collagen (green), with cell nuclei (blue) stained with DAPI. Scale bar = 200 microns.
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TECs: Spatial Distribution of Proteins and Quantification
MIR analysis allowed for the evaluation of relative amounts and spatial distribution of
protein within the DMOG treated and untreated constructs (Figure 48). The untreated samples
demonstrated both collagen and proteoglycan concentrated in a ring around the sample while the
treated group had a more scattered distribution of proteins. At all timepoints, the untreated
groups produced statistically greater collagen and proteoglycan compared to the DMOG-treated
groups.
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Figure 48: A: Spatial distribution of proteoglycan to total protein in cross-sections of tissue engineered cartilage
(TEC) after 6 weeks of culture. Figure 48B: Quantification of relative proteoglycan to total protein after culture for
4 or 6 weeks. There is a statistically significant(*p< 0.05) reduction of proteoglycan content for the DMOG-treated
group at both time points and temporal increase in both groups. Figure 48C: Spatial distribution of collagen to
total protein in cross-sections of the TEC after 6 weeks of culture. Figure 48D: Quantification of relative collagen
to total after culture for 4 or 6 weeks. There is a statistically significant reduction of collagen content for the
DMOG-treated group at week 6, and a temporal increase in the untreated group (#p<0.05). In A and C, protein
concentration is represented by the color bar, with red indicating higher quantity.
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TECs: Biochemical Assessment
Consistent with the spatial distribution analysis and quantification of proteins by MIR,
the biochemical results of proteoglycan (Figure 49A) and collagen (Figure 49B) in DMOG
treated and control untreated group also indicated a negative impact of DMOG. There was a
statistical difference between proteoglycan (Figure 49A) and collagen (Figure 49B) at both
weeks 4 and 6 between the untreated control group and the DMOG treated group. Furthermore,
there was a temporal based growth in collagen from week 4 to week 6 in the untreated group.
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Figure 49: Quantification of bulk proteoglycan in the tissue engineered cartilage (TEC) constructs for DMOG-treated
and untreated groups at weeks 4 and 6. There is a statistically significant reduction of proteoglycan content for the
DMOG-treated group at weeks 4 and 6. Figure 49B: Quantification of bulk collagen in the TEC constructs for DMOGtreated and untreated groups at weeks 4 and 6). There is a statistically significant reduction of collagen content for the
DMOG-treated group at weeks 4 and 6. *p< 0.05.

Figure 50: A. Equilibrium modulus (kPa) of DMOG-treated and untreated TEC groups at weeks 4 and 6. The DMOGtreated group had a statistically lower equilibrium modulus at week 6. Temporal increase in the untreated group
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(#p<0.05). Figure 50B: Dynamic modulus (kPa) of DMOG-treated and untreated TEC groups at weeks 4 and 6. The
DMOG-treated group had a statistically lower dynamic modulus at both time points. *p< 0.05 for significance.Figure 51:
Quantification of bulk proteoglycan in the tissue engineered cartilage (TEC) constructs for DMOG-treated and untreated
groups at weeks 4 and 6. There is a statistically significant reduction of proteoglycan content for the DMOG-treated
group at weeks 4 and 6. Figure 49B: Quantification of bulk collagen in the TEC constructs for DMOG-treated and

TECs: Mechanical Assessment
Deposited proteoglycan and collagen play a critical role in the compression and tensile
properties of cartilage. Thus, the statistical drop in both equilibrium modulus (Figure 50A) and
dynamic modulus (Figure 50B) of the DMOG-treated group when compared to the untreated
control was expected. There was a temporal increase in equilibrium modulus in the untreated
group from week 4 to week 6.
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Figure 50: A. Equilibrium modulus (kPa) of DMOG-treated and untreated TEC groups at weeks 4 and 6.
The DMOG-treated group had a statistically lower equilibrium modulus at week 6. Temporal increase in
the untreated group (#p<0.05). Figure 50B: Dynamic modulus (kPa) of DMOG-treated and untreated TEC
groups at weeks 4 and 6. The DMOG-treated group had a statistically lower dynamic modulus at both time
points. *p< 0.05 for significance.

126

6.5 Discussion
The motivation behind this study was to investigate the impact of a hypoxia simulating
agent, DMOG, on the differentiation on SYN-MSCs in scaffold-free and scaffold-based tissue
engineered cartilage. The major outcome of this study is that DMOG had a negative effect on
the cartilaginous extracellular matrix deposition despite an increase in HIF-1a stabilization in the
scaffold-based tissue engineered constructs.
Cartilage tissue was engineered using a co-culture system comprised of
chondrocytes and synovial derived mesenchymal stem cells. SYN-MSCs were chosen because of
their in-situ role as tissue-specific stem cells for chondrogenesis [165]. in vitro expansion of
SYN-MSCs can result in dampened proliferative and self-renewal capabilities. Therefore,
recreating the native in vivo microenvironment in vitro is advantageous for expansion that yields
functional SYN-MSCs. Several studies have demonstrated the benefit of MSC expansion in low
oxygen tension [162], [163]. Furthermore, in situ oxygen tension presents as a gradient with a
decrease in tension from the articular cartilage surface to the subchondral bone. SYN-MSCs do
not experience the exact oxygen tension as chondrocytes although the microenvironment in the
synovium remains hypoxic [218]. We investigated whether or not stabilizing HIF-1a in vitro
using a chemical agent could be an alternative to using hypoxia chambers by targeting the
transcription factor degraded by oxygen exposure.
Dimethyloxalylglycine (DMOG), cobalt chloride (CoCl2), and deferoxamine (DFO) have
been shown to augment chondrogenic differentiation by mimicking hypoxic conditions required
for chondrocyte growth. Cobalt chloride does so by replacing iron in prolyl hydroxylase 2
(PHD2), acting as a chelating agent to prevent the degradation of HIF-1a, a necessary
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transcription activator that is upregulated in hypoxia to promote ECM growth. Cobalt chloride
has been shown to increase chondrogenic and osteogenic potential, as well as inhibit
adipogenesis [219]. When 0.1 mM Cocl2, a concentration empirically determined to not be toxic,
is added to murine MSCs (C3H/10T1/2) for 24 or 48 hours before growth in chondrogenic
medium, HIF-1a mRNA is significantly increased, and is accompanied by a significant increase
in aggrecan and type II collagen (Col2a1) at 48h of exposure and slight increase in Sox9 at 24h
of exposure.
Deferoxamine (DFO or desferrioxamine) is a chelating agent initially designed to remove
excess iron in the bloodstream and has been shown to have additional biological applications by
synergizing with the action of TGF-B to induce chondrogenesis [220]. The mechanism of action
of DFO is related to the sequestration of iron, which is necessary to inhibit HIF (FIH) and PHD2
degradation of HIF, thereby amplifying the concentration of HIF-1a within the cell and
simulating the effects of hypoxia [211]. With the addition of DFO and TGF-b to chondrocytes,
Col2a1, Sox9, and aggrecan expression, as well as cell proliferation, were significantly
increased, compared to the null control, DFO alone, and TGF-b alone [220].
Previous studies with DMOG showed HIF stabilization by Western Blot analysis [221].
The results of this study investigated HIF stabilization co-localized with the nuclei and
demonstrated increased HIF-1α stabilization only in the exterior of tissue-engineered cartilage
constructs treated with DMOG compared to untreated groups. However, this stabilization did not
translate to positive changes of the cartilaginous matrix. Accordingly, at the timepoints used in
this study, DMOG did not improve chondrogenic differentiation in SYN-MSC co-cultured with
chondrocytes in pellets or tissue engineered cartilage and therefore was not a suitable alternative
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to traditional hypoxia chambers. Interestingly, a recent study using DMOG with chondrocyte
culture for 1 or 2 days found that it repressed the expression of hypertrophy markers, but did not
address matrix formation[222].
Traditional histology methods were critical for qualitatively determining the distribution
of cartilage extracellular matrix protein deposition. However, contrary to the hypothesis, Alcian
Blue histology did not indicate increased proteoglycan deposition for cartilage groups treated
with DMOG. After 28 days, the treated group appeared only slightly more colored than the
untreated group. Quantified spectral images were consistent with these observations; pellets
produced significantly (p<0.05) less proteoglycan at 21 days, but slightly increased levels after
28 days. The quantified spectral images revealed significantly decreased proteoglycan content
for DMOG-treated tissue engineered constructs after 4 and 6 weeks relative to the untreated
controls.
Picrosirius red histology also negated the hypothesis, showing reduced collagen
incorporation into the extracellular matrix of the DMOG-treated three-dimensional cartilage
cultures. This trend was evidenced in both the pellets and tissue engineered constructs. Spectral
quantification of collagen in DMOG-treated pellets revealed significant (p<0.05) reductions in
collagen after 28 days. For tissue engineered cartilage, the reduction in collagen deposition of
the DMOG-treatment group was significant (p<0.05) at both 4 and 6 weeks. The cartilaginous
extracellular matrix outcome of DMOG treated pellets and TEC are indicative of the negative
impact of DMOG. The results of DMOG treatment were not consistent with previous studies
who used low oxygen settings, such as chambers, to enhance chondrogenesis [180][223][162].
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The extracellular matrix attenuation in the DMOG-treated tissue engineered cartilage
were subsequently reflected in the mechanical properties of the tissue. Both equilibrium and
dynamic moduli were significantly dampened compared to untreated groups.
Previous research indicated that DMOG is effective at inducing HIF-1α nuclear
localization and regulation of gene targets. However, this research also showed that DMOG
inhibits extracellular matrix (ECM) protein incorporation, ultimately yielding significantly
reduced cartilage-like ECM with less collagen type II and glycosaminoglycans (GAGs) unless
exposed only during later stages of chondrogenesis [211]. This study treated samples with
DMOG from day 7 to day 14 of culture as previously described for the upregulation of
chondrogenic genes[211]. Further exploration into dosing options may be a potential
improvement to the use of DMOG for chondrogenesis.
Our finding is that ECM protein incorporation with DMOG treatment was impaired, is in
line with a prior study by Taheem et al., who found that DMOG also lowers the extracellular
deposition of collagen type X, reducing chondrocyte hypertrophy [211]. In other words, while
genes involved in stem cell chondrogenesis are upregulated transcriptionally with DMOG
exposure, extracellular matrix collagen type II and GAG content is actually less than the control
group [211]. Another interesting study by Jahangir et al. explored the angiogenic-osteogenic
effects of using DMOG-containing 3D scaffolds [215]. Cell-seeded groups were embedded with
adipose derived mesenchymal stem cells (ADMSCs), and controls were implanted without
embedded cells (cell-free). Treatment of DMOG produced a scaffold structure with rougher and
thicker pore walls, as well as overall reduced porosity. Additionally, genes involved in
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osteogenesis and angiogenesis were transcriptionally regulated by the presence of DMOG, as
measured by qRT-PCR [215].
One explanation for the results of this study is that DMOG, which is a 2-oxoglutarate
analog, can inhibit prolyl 4-hydroxylase, an enzyme involved in the synthesis of 4hydroxyproline residues, which are crucial for stabilizing collagen triple helices in physiological
conditions [224]. While sustained exposure to DMOG may in fact inhibit incorporation of ECM
proteins into hydrogel matrix, some hydrogel-embedded cultures have shown success using
DMOG with short-term exposure. Sathy et al. found that research models that employ hydrogels
containing DMOG, rather than sustained supplementation of the chemical in cell media, result in
enhanced chondrogenesis with no long-term detriments to collagen production [214]. This can be
attributed to 80-100% of the DMOG load being released from the hydrogel within 72 hours of
encapsulation. While type II collagen deposition was reduced after 1 week of culture using this
delivery mechanism, no long-term reductions were observed [214]. Collagen type II is
specifically deposited by chondrocytes and is required to generate functional cartilage. The
results of this study, for example, showed that reduced collagen incorporation into the ECM was
associated with less mechanical functionality. By increasing the expression of type II collagen
rather than decreasing it, this treatment modality could therefore be successful at improving the
tensile and compressive strength of tissue engineered cartilage.
In addition to the impairment on collagen formation, DMOG could have competed with
HIF-1a stabilization through natural hypoxia. It is well established that three-dimensional cell
culture generates a naturally occurring hypoxic core due to the lack of oxygen diffusion [206]. In
this study, two types of 3D cell culture were used: pellets and hydrogels. The HIF-1a co131

localization study showed that HIF-1a was stabilized in both the treated and untreated groups,
indicating that oxygen tension remained the same on the interior and exterior of the pellet. In the
tissue engineered constructs, which were larger than pellets at 2 mm thick and a circumference of
4 mm, DMOG did augment HIF-1a stabilization in the exterior. However, the interior indicated
that the lower oxygen tension had already generated a hypoxic core regardless of DMOG
supplementation. Untreated tissue-engineered cartilage deposited statistically greater
proteoglycans and collagen than the DMOG treated group, suggesting that the naturally
occurring hypoxic was sufficient for cartilaginous output.
This study investigated the potential use of a hypoxia simulating agent to improve
the chondrogenic capacity of SYN-MSCs in engineered cartilage tissue by pellet formation and
hydrogels. Results indicated that DMOG impaired collagen and proteoglycan formation when
exposed for 7-days. The work herein demonstrated that sustained DMOG treatment is not a
suitable alternative for traditional methods to control oxygen tension in vitro. This work,
however, opens the door to a deeper investigation of the mechanism of action of DMOG. For
example, studies focused on varying the concentration and dosing time could potentially result in
improved cartilage tissue engineering outcomes.

132

CHAPTER 7: CONCLUSION
This thesis highlighted some of the multifaceted considerations necessary to tissue
engineer cartilage. The studies described herein demonstrate the importance of cell sourcing,
specifically, the advantage of using mesenchymal stem cells derived from the synovial
membrane (SYN-MSC), a tissue the sits adjacent to the articular surface.
In Chapter three, traditional bone marrow derived mesenchymal stem cells (BMSC) cocultured with chondrocytes were used to generate tissue-engineered cartilage (TEC) constructs
that were implanted into chondral defects of Yucatan minipigs. The animals were euthanized 3months after implantation. Key performance indicators used to evaluate the repair tissue of the
tissue engineered treated defects were compared to the clinical gold standard treatment,
microfracture (MFx) and adjacent healthy hyaline cartilage. The outcomes suggested that the
repair tissue in the TEC treated groups were heterogenous, primarily comprised of inferior
fibrocartilage, lower ICRS II scores, and ultimately responded with weaker mechanical
properties compared the hyaline cartilage. The most notable outcome of this part of the thesis
was the comparison of repair tissue from TEC and MFx groups. MFx repair tissue was also
heterogenic, however, performed statistically equivalent to repair tissue of the TEC treated
chondral defects. Although this is a promising result, both TEC and MFx groups performed
statistically worse than healthy hyaline cartilage amongst all measured outcomes suggesting a
vast gap in readiness for clinical use.
The results of Chapter three motivated the investigation of alternative MSC cell sources.
Chapter four focuses on the comparison of chondrogenic output between SYN-MSCs and
BMSCs. The comparison was evaluated in two types of engineered cartilage, scaffold-free
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pellets and scaffold-based. The results of the comparison yielded three significant findings: 1.
SYN-MSCs deposited more collagen than BMSC in scaffold-free and scaffold-based TEC 2.
Both stem cells types were equivalent in proteoglycan (PG) deposition as measured by all PG
metrics and 3. Although SYN-MSCs produced more collagen, BMSC scaffold-based TECs
exhibited statistically greater mechanical properties. This third conclusion was further
investigated in Chapter five. The encompassing conclusion of Chapter four established that
although there were some differences in performance of engineered cartilage from the two stem
cell sources, both would be appropriate to engineer cartilage.
Circling back to the possible explanation of mechanical results found in Chapter four, the
studies of Chapter 5 sought to understand the hypertrophic response between SYN-MSCs and
BMSCs and found that BMSCs had a stronger propensity to undergo hypertrophy which lead to
increased mechanical properties. Hypertrophy is the undesired onset of MSCs transitioning
beyond cartilage and into bone. The hallmark signs of hypertrophy include the deposition of
collagen type X and the presence of mineralization. TECs generated by co-cultures of
chondrocytes with either SYN-MSCs or BMSCs were induced by hypertrophic signaling and
compared to non-induced controls. Mineralization was statistically greater in BMSC engineered
cartilage compared to SYN-MSCs. Interestingly, spontaneous mineralization was also found in
the non-induced BMSC controls. The onset of mineralization had an increasing impact on the
mechanical properties of the TECs. The primary conclusion of Chapter five was that SYN-MSCs
did not undergo hypertrophy to the same extent as BMSC engineered cartilage. These results
warrant the strong consideration of this particular stem cell types for engineered cartilage
intended for implantation. The in vitro results can be a progenitor understanding of how stem
cells will respond to bone signaling in vivo.
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To further tune the chondrogenic capacity of SYN-MSCs in vitro, Chapter six explored
the use of hypoxia simulating chemicals to recapitulate the inherent hypoxic environment of
cartilage tissue. Dimethyloxalylglycine (DMOG), a HIF-1a stabilizer, was added to cell culture
media for 7 days during the differentiation process with hypothesis that it would improve matrix
production in tissue engineered cartilage generated by SYN-MSC co-cultured with chondrocytes.
While DMOG did not appear to have an impact, positive or negative, on the production of
proteoglycans, DMOG-treated samples inhibited of collagen deposition. The reduced collagen
deposition ultimately resulted in lower mechanical properties of the DMOG treated constructs .
Therefore, Chapter six concluded that under the in vitro experimental conditions used, DMOG is
not useful for enhancement of the chondrogenic differentiation of SYN-MSCs co-cultured with
chondrocytes.
In summary, the main conclusion of this thesis is that SYN-MSCs produced more
collagen than BMSCs and had a lower proclivity to undergo hypertrophy. Both features of SYNMSCs could potentially translate to the desired clinical outcome of hyaline-like repair tissue.
Additional considerations must be made when selecting a cell source. In the case of degraded or
unhealthy synovial tissue, BMSCs did prove capable of engineering cartilage tissue, albeit more
suspectable to hypertrophic influences.
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