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Abstract

Steinmetz, Neven Jolene (Ph.D., Chemical Engineering)
Department of Chemical and Biological Engineering, University of Colorado

Development and Characterization of an Osteochondral Tissue Engineering Strategy Utilizing
Biochemical and Biomechanical Cues to Guide hMSC Differentiation in PEG-based Hydrogels

Thesis directed by Associate Professor Stephanie J. Bryant

Osteoarthritis (OA) is a debilitating joint disease that affects millions of Americans,
young and old. This disease primarily involves the protective cartilage found on the ends of
articulating bone surfaces in joints. Inherently, cartilage does not heal well, and the current
clinical therapies available to treat cartilage injuries and OA patients often lead to healing with
mechanically inferior fibrocartilage. Tissue engineering (TE) strategies could offer a viable
alternative to the current therapies available. It important for tissue engineered cartilage to
successfully integrate with the underlying subchondral bone, and attention must be given to the
unique and complex interface that connects the bone and cartilage: the osteochondral interface.
This research works towards developing an osteochondral tissue engineering strategy that
utilizes a scaffold engineered to guide the concomitant differentiation of a single undifferentiated
cell source down both chondrogenic and osteogenic lineages with the ultimate goal of
synthesizing spatially organized bone, cartilage, and osteochondral interface extracellular matrix
(ECM) molecules. Progress has been made towards this goal by investigating the response of
human mesenchymal stromal cells (hMSCs) to external biochemical and biomechanical cues.
The scaffolds selected for this research were poly(ethylene glycol) (PEG) based hydrogels
modified with either a generic cell binding peptide (RGD), a cartilage ECM moiety (chondroitin

sulfate), or a type I collagen analog peptide (P-15) as a bone ECM moiety. hMSCs encapsulated
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in these hydrogels were subjected to dynamic loading to impart biomechanical cues on the cells
in combination with the biochemical cues from the modified scaffolds. Results indicated that
RGD modified and ChS modified PEG scaffolds supported chondrogenic differentiation and the
production of cartilage ECM matrix molecules including aggrecan, collagen II and collagen X.
However, the application of a 15% intermittent dynamic compressive strain, whether applied
immediately (RGD modified) or after an initial differentiation induction period (ChS) inhibited
the production of the articular cartilage specific collagen II protein, suggesting that the 15%
strain may be too large for guiding the hMSCs down an articular cartilage lineage. Further results
indicated that hMSCs encapsulated in RGD modified scaffolds, in the absence of dynamic strain
but in the presence of soluble osteogenic differentiation cues, produced significant collagen I, the
primary collagen found in bone. Additional results suggested that P-15 modified hydrogels
supported hMSC attachment, but did not offer enhanced production of bone biomarker
molecules by encapsulated hMSCs. While optimal biochemical and biomechanical cues that
guide hMSC differentiation remain to be elucidated, strategies to design multi-layer PEG based
hydrogels were investigated and characterized. To mimic the variations in ECM and mechanical
properties between bone and cartilage spanning the osteochondral interface, scaffolds were
fabricated, characterized, and subjected to dynamic loading. When hMSCs were encapsulated in
these scaffolds and cultured under free swelling or subjected to dynamic loading in
osteochondral differentiation medium, the spatial presentation of biochemical and mechanical
cues gave rise to characteristically different cartilage and bone protein expressions by hMSCs in
each layer. These results indicate that it is possible to use the combination of biochemical and
biomechanical cues to affect the spatial production of bone and cartilage specific ECM

molecules in a scaffold with a single encapsulated cell source. As a better understanding of the
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cues that drive differentiation of adult human MSC differentiation become elucidated, findings
from this research will aid in the development of complex 3D scaffolds for osteochondral tissue
engineering strategies that are capable of delivering local cues to concomitantly guide a single

cell source down bone, articular cartilage, and hypertrophic lineages within a single scaffold.
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Chapter 1: Introduction and Background

1.1  Clinical Problem: Osteoarthritis

Osteoarthritis (OA), a joint disease that primarily affects cartilage, is the leading cause of
disability among aging adults [2]. As of 2010, over 20 million Americans suffer from some form
of the disease and the numbers are expected to rise to 40 million (more than 10% of the
population) by 2020 [3]. Clinically, there are two types of OA: primary and secondary. Primary
OA affects people who have no known cause for the disease whereas secondary OA typically has
an identifiable cause, such as a previous injury. The majority of people who suffer from
secondary OA suffer post-traumatic OA, which is largely attributed to joint injuries suffered
previously in their life. Many elderly people suffer from primary OA, but a large portion of the
younger population suffer secondary OA and require a much longer term solution for their
disease [4]. Many of the short-term solutions currently available are insufficient for life-long or
even long-term fixes for these patients.

There are many injurious causes that can ultimately lead to OA in a patient including
focal defects due to injuries or trauma, which increase a patient’s chance of developing OA later
in life. Many people who suffer secondary OA have incurred a joint injury due to repetitive
loading or overuse, a torsional injury resulting in tearing, misaligned joints, or foreign bodies
such as bone fragments or bone matrix crystals in the joint cavity [4]. Due to the avascular nature
and low cell density in articular cartilage, cartilage injuries typically do not heal well, and when
the body is able to “heal” the cartilage, it is often with fibrocartilage, which is mechanically

inferior to native cartilage and does not provide a long-term solution for the patient [4].



When people experience cartilage injuries, they fall into one of three categories: cartilage
microfractures, chondral defects, or osteochondral defects [4]. Osteochondral defects have the
highest likelihood of healing given that they span the region down to the subchondral bone,
which is vascular and can supply the injury with critical components for healing: nutrients and
new mesenchymal stromal cells. However, even with the higher likelihood of healing, these
injuries often heal with mechanically inferior fibrocartilage as well.

Given the large percentage of the population that this disease affects, there is a substantial
economic driving force to develop successful tissue engineering strategies to replace the current
therapies available to patients suffering from the various forms of this disease. The costs of OA,
in the U.S. alone exceed $65 billion per year in lost wages and medical costs [4]. Currently there
are no consistently successful cartilage or osteochondral solutions available to either young or

old patients who suffer from this disease.

1.2  Joint Biology

Joints are complex structures comprised of several types of tissues and fluids such as
bone, cartilage, tendon, ligament, and synovial fluid. When these tissues and lubricating fluids
are healthy, they work in a near frictionless manner to allow many types of fluid and painless
movements in the body. Articular cartilage is the cartilage that lines the ends of articulating
bones in the joints [4]. Breakdown of this tissue, either due to injury, or an unidentifiable cause,
leads to pain and loss of mobility [4]. Bone is the primary component of the human skeletal
system, which serves the important role of providing the structural support of the body and
protecting vital organs [S5]. Within joints, the articulating ends of bones form a continuum of

tissue through the osteochondral interface, integrating seamlessly with the protective articular



cartilage on the bone surface through several different zones: subchondral bone, tidemark,
calcified cartilage, and then the deep, middle, and superficial zones of the protective articular

cartilage [1] (Fig. 1).

1.2.1 Cartilage

Cartilage tissue serves an important role in the body and has very unique properties that
allow this soft tissue to perform its rigorous role for many decades. Articular cartilage provides
a very low friction surface on the ends of articular bones in the joints (Fig. 1), which combined
with lubricating synovial fluid provide a near frictionless environment for healthy joints to
articulate for the lifetime of a person. Although cartilage is considered a soft tissue, it has a
remarkable capacity to bear very large loads. This is due to the unique properties of the
integrated network of constituent components that make up cartilage: water, collagen, and
proteoglycans. Cartilage is comprised of 70-80% water. Of the remaining 20-30% of the
components, collagen makes up 50-70%, proteoglycans comprise 15-30%, and the remainder is
made up of cells (chondrocytes) and other small molecules [4].

The combination of the molecules (collagen and proteoglycans) that make up the
interconnected network in cartilage work together with the joint synovial fluid to provide
resistance to the daily compressive rigors experienced in joints. There are several types of
collagen found in connective tissues in the body. The primary collagen found in articular
cartilage is type II collagen, which provides tensile strength to the cartilage [1]. Type X collagen
is also present, but is primarily located in hypertrophic cartilage in the osteochondral interface
region, which will be discussed in more detail later. Type II collagen plays a critical role in

proper skeletal development as well as in the proper functioning of cartilage [6].



Proteoglycans are large macromolecules comprised of a protein core with
glycosaminoglycans (GAG) (polysaccharide chains) attached to the core [4]. The primary
proteoglycan in articular cartilage is aggrecan, which contains the GAGs chondroitin sulfate
(ChS) and keratin sulfate (KS). These negatively charged molecules are interdispersed
throughout the organized type II collagen network, forming the extracellular matrix (ECM) of
cartilage. The negative charge on the proteoglycans allows the ECM to imbibe fluid, which
contributes significantly to the unique mechanical properties of cartilage which allow joints to
withstand routine daily forces of 2.5-3.5 times a person’s bodyweight [4].

The normal aging process imparts several changes to the constituents of cartilage that

ultimately lead to degradation, which can, in turn, lead to OA. Cartilage is a metabolically active

Figure 1.1: This diagram depicts the articular surface of the osteochondral (bone/cartilage) interface in a
joint. The variation of the organization of cells in the protective articular cartilage can be seen at arrow w.
The surface of the tidemark is visible in the cutout, X. y depicts the hypertrophic, calcification front. The
vascularization that begins to penetrate the hypertrophic cartilage region is shown at z in the upper right.
The bottom right is a scanning electron micrograph image of the corresponding diagram at x.

Image reprinted with permission [1]



tissue, although, it is only active in the region directly surrounding chondrocytes, and given the
low cell density of cartilage, the turnover of aggrecan is slow (8-300 days) and collagen is very
slow (>100 years) [4], making cartilage a tissue that does not have the capacity to repair itself.
As a person ages, the limited repair capacity of cartilage is hindered even further. The cellularity
of the tissue decreases as well as the availability of chondrogenic progenitor cells. Additionally,
the composition of the ECM begins to change with a decrease in aggrecan content as well as
undesired cross-linking and a reduction of the molecular weight of the collagen fibrils causing
the collagen to become more stiff and ultimately more brittle [4].

Cartilage has a very limited capacity to heal itself. As mentioned previously, there are
generally three categories of cartilage injuries: cartilage microfractures, chondral defects, or
osteochondral defects. Cartilage microfractures and chondral defects do not heal well because
there are very few articular chondrocytes and few healing components can diffuse through the
dense ECM. The healing process continues on for ~2 weeks, but it rarely fills the defect and
typically fills it with mechanically inferior fibrocartilage [4]. If the injury is osteochondral in
nature, progenitor cells are recruited to the injury site and dominate the healing process. A fibrin
clot is formed, mesenchymal stromal cells are recruited and differentiate, and synthesize both
types I and II collagen. Both hyaline and fibrocartilage are typically formed, but due to the
formation of fibrocartilage, ultimately the “healed” cartilage breaks down and can be a precursor

to OA.

1.2.2 Osteochondral Interface
In addition to forming mature articular chondrocytes, chondrocytes also have the

potential of becoming hypertrophic chondrocytes, depending on their spatial location within the



cartilage, which participate in endochondral ossification [7]. Osteogenesis to form bone can
occur through two different methods, directly through the conversion of mesenchymal tissue into
bone, known as intramembranous ossification, or through the calcification of cartilage tissue,
known as endochondral ossification [4]. Since there is a transition region between articular
cartilage and the underlying subchondral bone (osteochondral interface), the chondrocytes in this
region become hypertrophic (Fig. 1). Hypertrophic chondrocytes increase their cell volume,
begin producing type X collagen, initiate the calcification process, and upregulate VEGF which
ultimately leads to the vascularization that is present in bone [4].

The osteochondral interface serves to provide the important attachment for articular
cartilage to the underlying subchondral bone. This interface also serves to provide a transition
region for the dissimilar mechanical properties of articular cartilage and bone. Through this
mechanical property transition, this tissue interface allows for a transmission of the mechanical
forces present in the joint [8]. This interfacial region contains a zone of calcified cartilage
bordered by a wavy tidemark region. This tidemark provides the boundary between the junction
of the mineralized and non-mineralized cartilage zones [9]. The surface of the underlying
subchondral bone is highly irregular [9]. It is thought that the subchondral bone and the
overlying calcified cartilage region are held together through interdigitation of the irregular
boney surface “into” the cartilage region rather than through collagenous fibers that might span
the two regions [9]. Therefore, the osteochondral interface serves an invaluable role in healthy

and normal joint function.



1.2.3 Bone

There are two types of bone structure found in the body: cortical and trabecular bone.
Cortical bone is the primary type of bone in the body (80% of the total mass of the skeleton [5]).
It is the type of bone found on the articulating surfaces in the joints, whereas trabecular bone fills
the inner portion of the proximal and distal ends of the long bones. Cortical bone is a very dense
tissue comprised primarily of type I collagen, mineralized matrix, and water [5].

Type I collagen, the most abundant collagen in bone provides tensile strength and
flexibility in bones. In addition to type I collagen, there are several other non-collagenous
proteins which have a variety of functions within bone, including, but not limited to: alkaline
phosphatase (ALP) (a cell surface glycoprotein that hydrolyzes mineral deposition inhibitors and
serves as a an indicator of bone metabolism [10]), osteocalcin (may regulate the activity of
osteoblasts and their precursors), osteonectin (selectively binds to both hydroxyapatite and type I
collagen ECM phases serving to initiate active mineralization [11]), and osteopontin (may
regulate cell attachment) [5]. The mineralized matrix in bone, known as hydroxyapatite (HA),
provides bone with stiffness and strength [5]. Additionally, water plays an important role in the
mechanical integrity of bone, contributing significantly to the viscoelastic component of bone
through hydrogen bonding interactions with collagen [5].

Although osteoarthritis often begins with injury or degradation of the cartilage, it also
affects the underlying bone. When the protective cartilage is damaged or eroded, the underlying
bone begins to experience overloading potentially resulting in microfractures and/or the
formation of bone or bone/cartilage fragments [1]. Although bone itself has a high capacity for

self renewal and repair, articulating bone requires the “protective coating” that the articular



cartilage provides. As such, the role of bone in OA, and subsequently, the need to include

subchondral bone in cartilage and osteochondral repair strategies is crucial.

1.3 Current Clinical and Tissue Engineering Therapies
1.3.1 Current Clinical Therapies

Currently there are a variety of nonsurgical and surgical therapy options available to treat
both primary and secondary OA conditions. Nonsurgical treatments include injections of
corticosteroids or visco-supplementation, i.e. SYNVISC® of Hyalgan® and pain management
using NSAIDS or COX-2 inhibitors. Although these treatments are noninvasive, they only serve
to provide a temporary fix and certainly do not provide a solution to fix the underlying cause of
the OA.

There are also several surgical techniques available that have shown limited success in
reducing pain and restoring joint mobility in severe OA cases. These therapies include, but are
not limited to partial knee resurfacing (PKR) (~70,000 in the U.S. every year) [12],
mosaicplasty, autologous chondrocyte implantation (ACI) [4, 13], microfracture [14], or total
knee replacement (~130,000 in the U.S. every year) [15].

Although many of these therapies provide short-term solutions and increased pain
management, there remains a need for a therapy capable of regenerating functional articular
cartilage with appropriate mechanical properties capable of integrating with both the underlying
bone through the osteochondral interface as well as with the surrounding cartilage tissue. As
such, there is an obvious need to develop an in vitro osteochondral tissue engineering model to
investigate the necessary components towards the future development of a successful in vivo

osteochondral tissue engineering therapy.



1.3.2 Current Tissue Engineering Therapies

Current clinical tissue engineering (TE) strategies for OA conditions are limited to
treatment of secondary OA cases and have logistical implementation difficulties. Currently, the
available treatments are limited to focal adhesions and injurious models, typically involving
repair spanning the subchondral bone. Two current osteochondral TE strategies that have been
used for well over a decade are bone morphogenetic protein (BMP) laden collagen sponges [16,
17] and exogenous fibrin clots [18]. While both therapies provide improved healing response,
they are limited by problems with lack of integration of the engineered tissue with the
surrounding tissue and with difficulties concerning sterilization methods while maintaining the

efficacy of the utilized cytokines (BMPs).

14  Tissue Engineering Strategies

Since the adult human body has minimal capacity to functionally regenerate articular
cartilage, cartilage has been a primary target for tissue engineering strategies for several decades
[4]. Tissue engineering strategies aim to create a new, functional tissue with similar biochemical
and biomechanical properties to the native tissue that is also able to integrate with the
surrounding healthy tissue. To accomplish this successful integration, it is also important for
musculoskeletal tissue engineering strategies to consider the interfacial transitions between
distinct tissues such as tendon/ligament to bone (enthesis), muscle to tendon (myotendinous), and
cartilage to bone (osteochondral). As such, developing an osteochondral tissue engineering
strategy involving cartilage, bone, and the interfacial region between the two distinct tissues will
ultimately be required to implement successful cartilage tissue engineering strategies. To this

end, the current tissue engineering paradigm involves selecting a suitable cell source, developing



an appropriate 3D scaffold for the application, and delivering appropriate biochemical and

biomechanical cues [19].

14.1 Cell Source

Adult mesenchymal stem cells or more appropriately referred to as marrow stromal cells
(MSCs) provide an attractive cell source due to their ability to differentiate down several
lineages including cartilage and bone [7, 20-24] as well as the ease with which they are obtained
and can be expanded in culture whilst maintaining their ability to differentiation down several
useful lineages [25, 26]. As scientists begin to better understand the internal and external cues
that direct stem cell differentiation, we are able to utilize the unrealized potential of these cells
for many tissue engineering applications [24, 27].

Specifically, investigating the use of human MSCs (hMSCs) is important for potential
clinical applications of tissue engineering therapies in the future, as the use of an autologous cell
source would mitigate the problem of the requirement of a lifetime of immunosuppressant drugs
necessary for allogeneic treatments. Additionally, although there are many sources of MSCs such
as equine, porcine and bovine that many investigators elect to investigate (both adolescent and
adult), each species of cells behave differently under similar experimental conditions [28-32].
As such, human MSCs are a logical choice to use to investigate the biochemical and
biomechanical cues that are important when designing an appropriate scaffold for osteochondral

tissue engineering applications.
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14.2 Scaffold

There are many natural and synthetic biomaterial choices available to design scaffolds for
orthopedic tissue engineering applications. There are many examples of hydroxyapatite based
scaffolds for bone applications [33-35] and natural polymers such as agarose [36] and alginate
[37] for cartilage applications. Additionally, several synthetic polymers such as poly(ethylene
glycol) based [38], poly(aldehyde guluronate) based [39], and poly(vinyl alcohol) based
hydrogels [40] have been used for both chondrogenic and osteogenic applications [41].

Synthetic hydrogels are a popular platform to study the behavior of encapsulated cells
with the goal of developing tissue engineering strategies [41, 421]. Specifically,
photopolymerizable poly(ethylene glycol) (PEG) hydrogels have several attractive properties for
tissue engineering applications and have been widely studied and characterized, previously [43,
44]. They have mild reaction chemistries suitable for viable cell encapsulations, easily tunable
macroscopic properties such as hydrogel stiffness, and are highly water swollen [45] as well as
being in situ forming [46] for potential clinical applications. While PEG itself is bioinert, it is

easy to covalently incorporate biologically active moieties [47, 48] into these hydrogels.

1.4.2.1 Incorporation of ECM Moieties

Several groups are investigating the presentation of biochemical cues in scaffolds
fabricated with ECM components and ECM component analogs found in both bone and cartilage
[49-52]. Tampieri et al. [52] have reported success using biomimetic scaffolds with Mg-doped
hydroxyapatite crystals seeded onto type I collagen fibers. Noth et al. [53] have demonstrated

successful chondrogenic differentiation of MSCs embedded in type I collagen scaffolds in the

presence of TGF-f. P-15 adsorbed onto anorganic bone matrix particles has been shown to
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enhance mineralized matrix formation by periodontal ligament fibroblasts [54]. Many
approaches to biomimetic ECM presentation in 3D have been explored using both cellular and
acellular scaffolds for applications to bone, cartilage, and osteochondral tissue engineering

strategies.

14.3 Biomechanical Cues

It is well known that biomechanical forces present in joints are necessary to maintain
tissue homeostasis and healthy joint function; subsequently these forces also contribute to the
normal healing process of bone and cartilage [55-58]. To date, many studies have focused on the
exogenous delivery of biochemical cues to direct MSCs down chondrogenic and osteogenic
lineages when cultured in several different types of 3D scaffolds [49, 59-61], however there is
mounting evidence that mechanical forces also play an important role in stem cell differentiation.
A seminal paper by Engler et al. [62] demonstrated that matrix stiffness was sufficient to direct
stem cell differentiation in 2D down different lineages in the absence of any specific soluble
biochemical cues, where the more stiff substrates promoted osteogenesis. A number of studies
have demonstrated that applied mechanical forces can influence stem cell fate. Recently,
dynamic loading of goat MSCs in unmodified PEG hydrogels was shown to have a positive
effect on chondrogenic differentiation [30].

Several investigators have found that dynamic compressive loading applied in a variety
of forms to MSCs in combination with chondrogenic biochemical factors enhance chondrogenic

gene expression and cartilage matrix deposition [28, 29] while others have reported that dynamic
loading inhibits chondrogenesis [63]. A few studies have reported that in the absence of TGF-f3,

a known chondrogenic differentiation factor, the application of dynamic compressive loading
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alone may be sufficient to induce chondrogenic differentiation [28, 29, 32]. Dynamic loading has
led to variable responses for chondrogenic differentiation of MSCs suggesting that the 3D
scaffold environment may play an important role in the differentiation behavior of encapsulated
MSC:s with the application of dynamic loading.

Additionally, a number of studies have shown that cyclic tensile strain applied to MSCs
promotes osteogenesis in 2D and 3D [64-67]. However, the effect of dynamic compressive
strains in the osteogenesis of MSCs is not well known even though osteoblasts have been shown
to respond favorably to cyclic compressive strains [68, 69]. Even fewer groups have looked at
the application of loading to composite scaffolds for osteochondral applications, with the

majority of the work to date being theoretical simulations [70, 71].

15 Current osteochondral tissue engineering strategies

Given that a successful osteochondral tissue engineering strategy will require engineering
three distinctly different tissues, current strategies have taken several widely varied approaches
to this challenging problem [72]. One approach is to combine a form of inorganic mineralized
matrix such as tricalcium phosphate or decellularized trabecular bone, which would mimic the
stiff boney region, with soft hydrogel polymers such as poly(lactic-co-glycolic acid), poly(lactic
acid), or agarose to represent the cartilage region [73-77]. Alternatively, hydrogel only
approaches, with the advantage of being in sifu forming, have been taken [78, 79]. For example,
individual layers of poly(ethylene glycol)-based hydrogels have been formed from the same
structure, but with different cell types and growth factors to guide the formation of both bone and

cartilage within a single scaffold [79].
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1.6  Approach of this thesis

Towards developing osteochondral tissue engineering strategies, it is evident that there
still remains a need to better understand the external cues that can concomitantly differentiate
MSCs down both chondrogenic and osteogenic lineages within a single scaffold. To this end,
given that mechanical and biochemical cues are present and inextricably linked in vivo, this
research aims to investigate biochemical (through scaffold design) and biomechanical (through
controlled external mechanical stimuli) cues towards developing a successful scaffold for
guiding osteochondral tissue engineering applications.

Two key areas of focus that this thesis specifically addresses that are currently lacking in
the field are: 1.) the fabrication and characterization of an appropriate scaffold specifically
designed for the osteochondral tissue interface, and 2.) the investigation of the combined effect
of biochemical and physiological biomechanical cues on encapsulated, undifferentiated hMSCs
in these osteochondral scaffolds. The work presented in this thesis advances our understanding of
how hMSCS behave in biomimetically modified PEG based hydrogels. Two biomimetic
moieties of specific interest to this research are chondroitin sulfate (ChS) and P-15. ChS is a
sulfated glycosaminoglycan (GAG) that is found natively in cartilage, which has previously been
shown to support chondrogenic MSC differentiation in 3D scaffolds modified with ChS [80] but
has not been investigated with human MSCs, and P-15 which is a 15 amino acid binding peptide
analog of type I collagen and has shown great promise in enhancing cell attachment and
osteoblastic activity [54, 81-83] but has yet to be investigated with MSCs in 3D PEG hydrogels.

This work describes the investigation of the behavior of hMSCs in several modified PEG
based hydrogels as well as the behavior of these cells in an osteochondral composite, biomimetic

PEG based scaffold combined with mechanical stimulation.
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Chapter 2: Objectives

To date, there have been many advances made in the field of osteochondral tissue
engineering, including advances in both bone and cartilage tissue engineering. However, there
still remain many challenges to overcome towards the goal of developing a successful
osteochondral tissue interface engineering strategy. A functional osteochondral tissue
engineering strategy not only must incorporate successful bone and cartilage tissue engineering
strategies, but it must also focus on developing the critical osteochondral interface that provides
for successful integration of engineered cartilage with the underlying bone, a crucial requirement
for clinical success, and a requirement that is still a major challenge in the cartilage tissue
engineering field, which is the driving force behind osteochondral tissue engineering strategies.

Several challenges exist in developing a strategy that involves combining two drastically
different tissues such as bone and cartilage. These tissues have very different mechanical and
biochemical properties that are joined together through the abrupt transition of the osteochondral
interface. Although these two tissues have very different properties and functions in the body,
they work synergistically, and have a common progenitor cell source, mesenchymal stromal cells
(MSC). As such, this single cell source, combined with an appropriately designed 3D scaffold
provides a suitable combination for developing a strategy for concomitant bone, cartilage and
osteochondral interface tissue production within a single tissue engineered scaffold.

The overarching hypothesis for this research is that spatially controlling biomechanical
and biochemical cues through a multi-layered hydrogel containing undifferentiated human MSCs
leads to a layer of cartilage-like tissue, a layer of bone-like tissue and a region in between that

has biochemical characteristics of the osteochondral region. As a first step towards testing this
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overarching hypothesis, this thesis has four main objectives that are 1) to investigate the
differentiation response of hMSCs to mechanical loading in PEG hydrogels during
differentiation, 2) to investigate the differentiation response of hMSCs to PEG hydrogels
biochemically modified with a cartilage extracellular matrix moiety, 3) to investigate the effect
of PEG hydrogels biochemically modified with a bone-like extracellular matrix moiety on hMSC
cell attachment and osteogenic biomarker molecule synthesis, and 4) to develop and fabricate a
proof of concept three-dimensional (3D) multi-layered hydrogels with distinct biochemical and

biomechanical cues in each layer.

Objective 1:

Investigate the response of hMSCs to mechanical loading in PEG hydrogels during
differentiation.
Hypothesis: The application of intermittent dynamic loading enhances chondrogenic and
osteogenic differentiation of hMSCs encapsulated in RGD modified PEG hydrogels.

In vivo, MSCs receive both biochemical and biomechanical differentiation cues. These cues
are inextricably linked and always present in the body. As such, the development of a successful
osteochondral tissue engineering strategy will need to be designed in such a way as to facilitate
the local presentation of both types of cues. In this first thesis objective, we investigated how
MSC:s differentiate in response to the combination of external biochemical and mechanical cues
through soluble differentiation factors combined with mechanical loading.

This objective investigated the effects of intermittent dynamic compressive loading on
hMSCs when encapsulated in RGD modified PEG based hydrogels, in the presence and absence

of chondrogenic and osteogenic soluble differentiation cues. It was hypothesized that the
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application of intermittent dynamic compressive loading would enhance chondrogenic and
osteogenic differentiation of hMSCs encapsulated in these hydrogels. Cell-laden hydrogels were
subjected to intermittent dynamic compressive loading and hMSC response was evaluated by
gene expression using real time RT-PCR for chondrogenic and osteogenic markers and

histologically for matrix molecule deposition.

Objective 2

Investigate the differentiation response of hMSCs 1) to PEG hydrogels
biochemically modified with a cartilage extracellular matrix moiety and 2) to the effect of
mechanical loading in the biochemically modified hydrogels.
Hypothesis: The incorporation of chondroitin sulfate into PEG based scaffolds combined with
intermittent dynamic loading enhances the chondrogenic differentiation of encapsulated hMSCs
and the subsequent production of cartilage specific ECM molecules.

Although the generic RGD/PEG hydrogel system utilized in Objective 1 supported
chondrogenic ECM molecule deposition by differentiating hMSCs in the absence of loading, we
hypothesize that the hMSCs may need a more specific cartilage-like environment to provide
external biochemical cues which, in combination with biomechanical cues, will further enhance
cartilage ECM molecule deposition. Chondroitin sulfate (ChS) was chosen as the biomimetic
moiety because it is a key ECM component in cartilage and is easily incorporated into the
bioinert PEG scaffolds to provide a more “native” environment for the encapsulated hMSCs.

The goals of this study were two-fold: 1) to investigate the response of hMSCs encapsulated
in ChS modified PEG based hydrogels, specifically whether the addition of the

glycosaminoglycan (GAG) motif to the bioinert PEG scaffolds would promote chondrogenic
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hMSC differentiation and whether the incorporation of ChS into the scaffolds would enhance
chondrogenic ECM molecule production, and 2) to determine the impact of intermittent dynamic
loading on hMSCs encapsulated in ChS modified PEG scaffolds. Based on the findings from the
loading regime employed in Objective 1 that showed that the immediate application of dynamic
compressive loading was inhibitory for the production of chondrogenic ECM matrix molecules,
in addition, as part of this aim, we chose to employ an initial culture period to allow the cells
time to begin chondrogenically differentiating before the application of the dynamic loading.
hMSC response was evaluated via gene expression for chondrogenic differentiation markers and

histologically for matrix molecule deposition.

Objective 3

Investigate the effect of PEG hydrogels biochemically modified with a bone-like
extracellular matrix moiety on hMSC cell attachment and osteogenic biomarker molecule
synthesis.

Hypothesis: The incorporation of the P-15 peptide motif into PEG based scaffolds promotes
hMSC attachment and adhesion to PEG hydrogels and enhances the production of osteogenic
biomarker molecules and the deposition of osteogenic ECM molecules.

In Objective 1, we utilized the ubiquitous peptide, RGD, to provide a cell-matrix
interaction within our PEG based scaffolds. Although the RGD sequence provides a generic cell-
binding domain, it is not bone ECM specific. P-15, however is a binding peptide that is an analog
of type I collagen, the primary collagen found in bone. The goals of this study were to
investigate the interaction and response of hMSCs with P-15 modified PEG based hydrogels.

Specifically, initial studies were conducted in 2D to characterize the potential of hMSCs to
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adhere to the P-15 modified PEG scaffolds, while 3D studies were conducted to address whether
the addition of the biomimetic peptide motif to the bioinert PEG scaffolds would enhance cell
survivability and osteogenic biomarker molecule matrix production within the cell laden
hydrogel scaffolds.

To test our hypothesis that P-15 would enhance hMSC attachment to PEG hydrogels, 2D
P-15 modified scaffolds were fabricated and seeded with undifferentiated hMSCs. Cells were
assessed for attachment potential and analyzed for the production of an osteogenic ECM
molecule via immunohistochemistry. Cell laden 3D P-15 modified scaffolds were fabricated,
and we tested our hypothesis by assessing cell viability/survivability and the presence of bone
biomarkers, specifically alkaline phosphatase production and calcium deposition in the P-15

modified PEG systems.

Objective 4

Develop, fabricate, and characterize a proof of concept, three-dimensional (3D)
multi-layered hydrogel scaffold with distinct biochemical and biomechanical cues in each
layer and to investigate the response of hMSCs to mechanical loading in the multi-layered
scaffold.
Goal: To utilize the tailorability of PEG based hydrogels to develop a single multi-layered
hydrogel scaffold containing layers with distinct biochemical and biomechanical cues that will
support hMSCs towards the goal of spatially organized, concomitant production of both

chondrogenic and osteogenic ECM molecules.
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Hypothesis: The application of intermittent dynamic loading affects spatially organized
production of chondrogenic and osteogenic ECM molecules by hMSCs encapsulated in multi-
layered PEG hydrogels.

For this objective, we aim to show proof of concept of the development, fabrication and
characterization of a single multi-layered scaffold that has three different layers (bone, cartilage,
and osteochondral interface) with individually controlled mechanical and biochemical properties
with the goal of guiding the development of a scaffold for osteochondral tissue engineering
applications. Key findings from the first three thesis objectives critically guided the selection of
material properties for the fabrication of our multi-layered hydrogel scaffold.

In vivo, cartilage cells experience much higher compressive strains than bone cells do. In
light of this, our first goal was to design a scaffold with layers of varying degrees of stiffness
such that under applied gross strains hMSCs encapsulated in one layer could be dynamically
compressed while hMSCs in a separate layer would concurrently experience very little strain.
Compressive properties of the individual layers as well as the multi-layered scaffold were
measured, and Finite Element (FE) modeling was employed to help guide the appropriate
selection of mechanical properties for the multi-layered hydrogel. Additionally, the local strains
realized by the cells within each layer were measured and compared to the local strains predicted
with the Finite Element model.

In addition to varying the mechanical properties within the scaffold, our second aim was
to incorporate different biomimetic moieties into the different layers. We have covalently
incorporated chondroitin sulfate (ChS) into the chondrogenic layer and the ubiquitous cell-
binding domain, RGD, into the osteogenic layer, obtaining a combination of the two moieties in

the osteochondral interface layer. Although RGD is a generic ECM binding domain, its

27



incorporation into the PEG based scaffold showed promise, in Objective 1, for the production of
osteogenic matrix molecules by encapsulated hMSCs.

hMSCs were encapsulated in these scaffolds with distinct biomechanical and biochemical
layers and were subjected to delayed intermittent dynamic loading as a proof of concept that a
single multi-layered scaffold could be designed such that, under dynamic loading conditions,
encapsulated hMSCs could concomitantly produce both chondrogenic and osteogenic ECM
molecules in a spatially organized manner. This was tested through immunohistochemical
analysis of several chondrogenic and osteogenic matrix molecules.

This research provides new insights into how hMSCs respond to both external biomechanical
and biochemical cues. The fundamental understanding of how these cues affect h(MSC
differentiation and ECM production is critical for guiding the development of a successful

osteochondral tissue engineering strategy.
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Chapter 3

The Effects of Intermittent Dynamic Loading on Chondrogenic and Osteogenic
Differentiation of Human Marrow Stromal Cells Encapsulated in RGD Modified PEG
Hydrogels

(As appears in Acta Biomaterialia 7(11):3829-40 (2011))

Biochemical and biomechanical cues are known to influence the differentiation of stem
cells. Biomechanical cues arise from cellular interactions with their surrounding matrix and from
applied forces. This study investigates the role of biomechanical cues in chondrogenic and
osteogenic differentiation of human marrow stromal cells (hMSCs) when encapsulated in
synthetic hydrogels. Poly(ethylene glycol) hydrogels were fabricated with tethered cell adhesion
moieties, RGD. Cell-laden hydrogels were subjected to four hour daily intermittent dynamic
compressive loading (0.3 Hz, 15% amplitude strain) for up to 14 days and cell response
evaluated by gene expression and matrix deposition for chondrogenic and osteogenic markers.
The 3-D hydrogel supported chondrogenesis and osteogenesis under free swelling conditions as
evidenced by upregulation of cartilage-related markers (SOX9, collagen II, X, and aggrecan) and
staining for type II collagen and aggrecan and osteogenically by upregulation of ALP and
staining for type I collagen and for mineralization. However, under dynamic loading, the
expression of cartilage-related markers SOX9, collagens II, X, and aggrecan were downregulated
along with reduced aggrecan staining and no positive staining for type II collagen. Additionally,
bone-related markers RUNX?2, Col I, and ALP were down regulated and positive staining for

type I collagen and mineralization was reduced. In conclusion, the selected loading regime
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appears to have an inhibitory effect on chondrogenesis and osteogenesis of hMSCs encapsulated
in PEG/RGD hydrogels after 14 days in culture potentially due to overloading of the
differentiating hMSCs before sufficient pericellular matrix is produced and/or due to large

strains, particularly for osteogenically differentiating hMSCs.

30



3.1 Introduction

Biochemical and biomechanical cues are important in the overall maintenance of tissues
as well as in promoting normal tissue growth during regenerative processes [1-3]. For example in
the joint, biomechanical cues arise during physiological loading of joint tissues, where applied
forces produce deformation and induce fluid movement within tissues. These events can lead to
deformations in the cell membrane, fluid induced shear stresses at the cell surface, and a whole
host of other events that will be dependent on the local physiological environment and the
extracellular matrix (ECM) [1, 2, 4]. These events are sensed by the cells through processes
termed mechanotransduction, which in turn regulate many cellular functions including
proliferation, differentiation, and matrix synthesis [5]. From a tissue engineering perspective,
mechanical forces most certainly play an important role in regenerating functional joint tissues.

It is well known that the physiological mechanical forces present in the joint are
necessary to maintain tissue homeostasis in cartilage and bone while the lack of forces can lead
to tissue degradation and diseases such as osteoarthritis and osteoporosis [4, 6-8]. However,
mechanical signals perceived by cartilage and bone cells during normal physiological activity are
complex and inextricably linked [1, 7, 9]. In cartilage, physiological loading in the form of
dynamic compressive loading has led to enhanced tissue deposition by chondrocytes evidenced
by increased production of proteoglycans and type II collagen, the two main components of
cartilage ECM, and improved mechanical properties [2, 10-12]. For example, dynamic
compressive loading at 0.1 Hz and 5% amplitude strains led to a 79% increase in
glycosaminoglycan content compared to statically compressed explants [11]. In bone, interstitial
fluid flow around bone cells is hypothesized to be a primary means by which mechanical

information is transmitted to cells [13] with physiological strains being small in the range of 0.2-
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0.3% [4,7]. Nonetheless, several studies have shown that bone cells respond favorably to
relatively large compressive strains when applied cyclically [14, 15]. For example, osteogenic
genes were upregulated in osteoblasts when cultured under a 10% dynamic compressive strain
[15].

In designing strategies for cartilage, bone, and/or osteochondral tissue engineering, adult
human mesenchymal stem cells, or marrow stromal cells (MSCs), provide a promising cell
source due to their ability to differentiate into either chondrocytes or osteoblasts [16] as well as
their direct relevance in clinical applications. While many studies deliver soluble cues to direct
MSCs down chondrogenic and osteogenic lineages when cultured in 3-D scaffolds [17-21],
mechanical forces will be important as well [22]. Indeed, several studies have demonstrated that
applied mechanical forces can influence chondrogenesis and osteogenesis of MSCs. For
example, dynamic compressive loading applied in a variety of forms to MSCs from different
species and in several different scaffold systems has been shown to enhance chondrogenic gene
expression and/or cartilage matrix deposition either in combination with chondrogenic
biochemical factors [23, 24] or alone [23-26]. However, others have reported that dynamic
compressive loading inhibits chondrogenesis [27], suggesting that the biomechanical cues sensed
by the cells are complex and dependent on numerous factors, e.g. scaffold type and cell source.
A number of studies have shown that cyclic tensile strain applied to MSCs promotes
osteogenesis in 2-D and 3-D [28-31]. The effects of dynamic compressive strains in the
osteogenesis of MSCs, however, is less studied and not well known even though bone is
subjected to compressive forces. Nonetheless, these studies among many others support the
important role for mechanical forces in enhancing MSC differentiation, specifically for cartilage

and bone tissue engineering strategies.
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One promising platform for in situ delivery of MSCs for cartilage, bone and/or
osteochondral tissue engineering with minimal invasiveness is hydrogels. Synthetic hydrogels
are particularly attractive because they imbibe high amounts of water, their macroscopic
properties, such as hydrogel stiffness, are tunable [32], and biological moieties are typically
readily incorporated into the hydrogel [33]. In particular, poly(ethylene glycol) (PEG) hydrogels
are one of the most common synthetic hydrogels used for cell encapsulation and have been
shown to be suitable cell carries for human MSCs supporting chondrogenesis and osteogenesis
[19, 20, 26, 34-36]. More recently, dynamic loading of goat MSCs in unmodified PEG hydrogels
was shown to have a positive effect on chondrogenic differentiation [26]; however, the impact on
human MSCs in PEG hydrogels have not been investigated to the best of our knowledge.

With the long-term goal of developing a clinically relevant in situ tissue engineering
therapy for treating osteochondral defects in humans, the present study takes a first step by
investigating the impact that dynamic compressive strains has on chondrogenic and osteogenic
differentiation of human marrow stromal cells (hMSCs) when encapsulated in
photopolymerizable PEG-based hydrogels. Based on evidence in the literature showing
improved chondrogenesis [37] and osteogenesis [15] of differentiated cells under dynamic
compressive loading, we hypothesized that the application of intermittent dynamic compressive
loading enhances chondrogenic and osteogenic differentiation of hMSCs encapsulated in PEG-
based hydrogels. A PEG hydrogel was chosen for its many benefits described above. In
particular, we chose a formulation that resulted in a sufficiently loosely crosslinked network to
support nutrient transport [38], cell survival [39], and macroscopic matrix evolution [32], but
which exhibited mechanically integrity [40]. Furthermore, the RGD oligopeptide was chosen to

incorporate into the PEG hydrogels because it represents a ubiquitous cell adhesion peptide that
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is present within matrix molecules that make up both cartilage and bone [41]. It provides
hMSCs, which are considered attachment dependent cells [42], a mechanism by which they can
physically sense their surrounding substrate and hence enhance their survival [39], and it has
been shown to support chondrogenesis [20] and osteogenesis [39] in human MSCs. As such, a
RGD modified PEG hydrogel may serve as a ubiquitous 3D environment for osteochondral
tissue engineering. Given the widely varied response of MSCs to different loading regimes,
employed in a variety of scaffolds, reported by Babalola et al. [43], we selected an intermittent
loading regime similar to one that has been shown to upregulate Col II by primary bovine
chondrocytes encapsulated in PEG hydrogels [37]. Specifically, we examined hMSC
differentiation in the absence and presence of intermittent dynamic loading when applied at the
onset of differentiation and in the presence of chondrogenic or osteogenic differentiation
medium. Differentiation was assed by gene expression and matrix deposition for chondrogenic

and osteogenic markers over the course of 14 days.

3.2 Materials and Methods
3.2.1 hMSC isolation and cell culture

36 year old adult male Poietics™ Human Bone Marrow was obtained from Cambrex Bio
Science (Walkersville, MD) and plated at 10 mL marrow/cm? in T-75 tissue culture polystyrene
flasks. Marrow was supplemented with basal stem cell medium (10% fetal bovine serum (FBS,
VWR; Bridgeport, NJ), Img/mL amphotericin B, 50 U/mL penicillin, 50 mg/mL streptomycin,
and 20 mg/mL gentamicin in low glucose Dulbecco’s modified Eagle medium (DMEM,
Invitrogen; Carlsbad, CA) containing 1g/L glucose). The marrow/medium mixture was left

untouched for one week to allow hMSC attachment. Medium was exchanged twice weekly until
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confluency. hMSCs were re-plated at approximately 8000 cells/cm” and cultured for ~10 days.
At passage two (P2), hMSCs were frozen and stored in liquid N, until further use. Cells were
grown under standard cell culture conditions in a regulated incubator at 37°C with 5% CO,
conditions.

P2 cells were thawed and plated at approximately 5,000 to 6,000 cells/cm”in T-75 tissue
culture polystyrene flasks. Cells were cultured in basal stem cell media supplemented with 1
ng/ml of recombinant human FGF-basic growth factor (b-FGF, Peprotech; Rocky Hill, NJ).
Medium was changed twice weekly, and cells were split 1:3 from P2-P3 and 1:4 from P3-P4.

Cells were used at P4.

3.2.2 Macromolecular Monomer Synthesis

Poly(ethylene glycol) diacrylate (PEGDA) macromolecular monomers were synthesized
by reacting 3000 g/mol poly(ethylene glycol) (PEG) (Fluka, Sigma-Aldrich; St. Loius, MO) in
dichloromethane with acryloyl chroride in the presence of triethylamine. The reaction was
allowed to proceed for 24 hours at 4°C. The reaction mixture was purified by precipitations with
ethyl ether, filtered, and allowed to dry under vacuum.

Acryloyl-PEG-N-hydroxysuccinimide (acryloyl-PEG-SCM, 3400Da; Laysan Bio, Inc.;
Arab, AL) was reacted with YRGDS (Genscript; Piscataway, NJ) in a 1:1.1 molar ratio (excess
acryloly-PEG-SCM) in 50 mM sodium bicarboate buffer (pH 8.4) for 2 hrs at room temperature.

The product, acryloyl-PEG-RGD was dialysed for 24 hrs, lyophilized, and stored at 4°C.
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3.2.3 hMSC Photoencapsulation

hMSCs were combined at a cell concentration of 5x10° cells/mL with a sterile 10% (g/g)
PEGDA solution containing 2.8 mM acryloyl-PEG-RGD and 0.05% (g/g) photoinitiator Irgacure
2959 (Ciba Specialty Chemicals; Tarrytown, NY) dissolved in one of three culture medium,
basal (described above), chondrogenic differentiation medium (CDM), or osteogenic
differentiation medium (ODM). CDM included 1ml/100 ml media ITS+ Premix (BD; Franklin
Lakes, NJ), 100 nM dexamethasone, 5 ng/mL TGFb, (Peprotech), 50 mg/ml l-ascorbic acid 2-
phosphate trisodium salt, 100 mg/ml sodium pyruvate, Img/mL amphotericin B, 50 U/mL
penicillin, 50 mg/mL streptomycin, and 20 mg/mL gentamicin in high glucose Dulbecco’s
modified Eagle medium (DMEM, Invitrogen) containing 4.5g/L glucose. ODM included 100
nM dexamethasone, 50 mg/ml 1-Ascorbic acid, 7 mM b-glycerophosphate, 10% fetal bovine
serum (FBS, VWR), Img/mL amphotericin B, 50 U/mL penicillin, 50 mg/mL streptomycin, and
20 mg/mL gentamicin in low glucose Dulbecco’s modified Eagle medium (DMEM, Invitrogen)
containing 1g/L. glucose. The cell/macromer solution was polymerized under 365 nm light with
an intensity of ~5 mW/cm? for 10 minutes (Black Ray XX-20BLB UV Bench Lamp, Upland,
CA). Cylindrical hMSC-laden hydrogel constructs (~Smm in height and 5 mm in diameter) were
allowed to free swell in their respective culture medium for 24 hours at 37° and 5% CO, before

loading.

3.2.4 Mechanical stimulation
A custom-built bioreactor system, as described elsewhere, was utilized to apply
intermittent dynamic compressive strains to hMSC-laden hydrogel constructs (Fig. 3.1A) [44,

45]. The constructs were subjected to a loading regime applied at 0 to 15% strains in a sinusoidal
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waveform at a frequency of 0.3 Hz (0.5hr on, 1.5hr off, repeated for 16 hours, 4 hours total
loading, followed by 8hr off) for 2 weeks (Fig. 3.1B). Individual constructs were cultured in 2 ml
per well of basal medium, CDM, or ODM, which was changed 2x/week, for the duration of the
study. Loaded constructs (n=3) and free swelling controls (n=3) were removed at 7 days and 14

days immediately following a complete 16-hour intermittent loading cycle.

3.2.5 Live/dead analysis

Cell viability throughout the duration of the experiment was assessed using the
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen). Cell seeded constructs were imaged with a
Zeiss LSM 510 confocal microscope. At each time point (days 0, 7, and 14) loaded constructs
were removed, rinsed with PBS and allowed to incubate for 30 minutes in a solution of 2mM
calcein and 2mM ethidium homodimer. After incubation, the constructs were removed and
rinsed before imaging. Two to four images were taken for each construct (n=2) and 75-100 cells

were counted for each image using Cell Counter with Image J software.

3.2.6 Gene expression

Total RNA was extracted and purified following the manufacturer’s protocol using a
Total RNA Mini Kit (Omega Biotek; Norcross, GA). Isolated RNA was quantified using a
Nanodrop 1000 Spectrophotometer (Thermo Scientific; Portsmouth, NH). RNA ranging from 5.6
to 14.7 ng/ml was transcribed to cDNA following the manufacturer’s protocol using the High
Capacity cDNA Reverse Transription Kit (Applied Biosystems; Foster City, CA). Primers were
designed using Primer Express 3.0 (Applied Biosystems) and purchased from Applied

Biosystems or Integrated DNA Technologies (Table 3.1). Real-time polymerase chain reactions
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(RT-PCR) was performed (n=3) on 1 1 cDNA with Fast SYBR® Green Master Mix (Applied
Biosystems) in a total reaction volume of 20 mL (7500 Fast Real-Time PCR Machine, Applied
Biosystems). All genes of interest were normalized to the housekeeping gene, .30, and relative
expression levels were calculated using a modified AACt method that incorporated actual primer
efficiencies (Table 3.1), as described elsewhere [46]. Relative expression data for constructs
cultured under free swelling conditions in CDM or ODM were normalized to the relative
expression data for the free swelling basal constructs at day 0. Relative expression data for
constructs cultured under intermittent dynamic loading conditions in CDM or ODM were
normalized to the relative expression data for their respective free swelling constructs at the same
time point. Normalized expression data for intermittent dynamic loading are represented as log,
fold change, to determine the effect of loading on the encapsulated hMSCs. A negative value for
the log, fold change data indicates downregulation of a gene while a positive value indicates
upregulation of a gene when compared to the normalizing factor and a value of O indicates no

change.

3.2.7 Immunohistochemistry

Hydrogel constructs were fixed overnight in 4% paraformaldehyde and transferred to a
15% sucrose solution for storage (n=2). Constructs were dehydrated following standard
histological protocols and embedded in paraffin. Sections (10mm) were stained for the presence
of aggrecan and types I, II, and X collagen by immunohistochemistry. All samples were
pretreated with Chondroitanase-ABC (500 mU/mL) (Sigma) for 60 minutes. Collagen samples
were treated with protease (Sigma, 1mg/ml) for 30 minutes and type X collagen samples were

treated with pepsin (Img/ml) for 30 minutes. After permeabilization and blocking, samples were
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treated overnight with anti-aggrecan (US Biologicals; Swampscott, MA, 1:5), anti-type 1
collagen (Abcam; Cambridge, MA, 1:400), anti-type II collagen (Abcam, 1:100), and anti-type X
collagen (Developmental Studies Hybridoma Bank, Iowa City, IA, 1:2) in blocking solution at
4°C, rinsed with PBS, and treated for 2 hr with goat anti-mouse IgG labeled with Alexa Fluor
546 or 488 (Invitrogen, 1:200) and counterstained with DAPI. Additionally, sections were
stained with von Kossa and counter stained with neutral red for phosphate salts to assess
mineralization and with Safranin O/Fast Green for negatively charged GAGs to assess cartilage

ECM deposition.

3.2.8 Statistical analysis

Statistical analysis was performed using One Way ANOVA with a Tukey HSD Post Hoc
assessment to determine differences between experimental variables (basal/differentiation media
conditions and free swelling/intermittent dynamic loading conditions). Specific p values up to
0.25 are reported in the text to indicate the relative significance of the results. Data are reported

as the mean + standard deviation of the mean unless stated otherwise.

3.3 Results

An intermittent dynamic loading regime was utilized to load compressively hMSC-laden
PEG-RGD constructs (Fig. 3.1C) while control constructs were allowed to free swell for the
duration of the study. MSC differentiation was assessed by gene expression and matrix
deposition for cartilage and bone markers. To assess chondrogenesis, gene expression for SOX9,
an early transcriptional factor involved in chondrogenesis, and for cartilage matrix molecules,

aggrecan (ACAN) and type II collagen (Col II), were assessed. To assess osteogenesis, gene
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Figure 3.1: (A) Custom built loading bioreactor that applies dynamic compressive strains to individual constructs
within a 24-well tissue culture plate. (B) Within each well, each cylindrical hydrogel construct, 5 mm in diameter
and 5 mm in height, is placed between a permeable base and a permeable platen and is subjected to a dynamic strain.
Free swelling constructs served as controls. (C) A schematic of the daily physiological intermittent dynamic loading
regime employed in this study. Intermittent loading (0.5 hrs ON, 1.5 hrs OFF) was applied for 16 hours followed by
8 hours of rest. During the loading period, a dynamic compressive strain was applied from 0 to 15% strain in a
sinusoidal waveform and at a frequency of 0.3 Hz while the resting period experienced no strained.

expression for RUNX2, an early transcriptional factor involved in osteogenesis, and for bone

matrix molecules, alkaline phosphatase (ALP) and type I collagen (Col I) were assessed.
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Additionally, type X collagen (Col X) was assessed as it is present in the hypertrophic region of
cartilage. Matrix deposition was also assessed histologically by staining for cartilage and bone
matrix molecules; type I, II, and X collagens and aggrecan, as well as for mineralization

associated with bone-like extracellular matrix deposition.

3.3.1 Cell Viability

Cell viability, as determined semi-quantitatively from confocal microscopy images, for
free swelling and loaded conditions (basal, CDM, and ODM) showed an initial drop between day
0 (94+£3%) and day 7 (~55%). However, cell viabilities leveled off at or above ~50% for all
conditions by day 14. Representative confocal microscopy images of cell viability in constructs
under loaded conditions are shown in Fig 3.2. Free swelling conditions exhibited similar viability

trends (data not shown).

Figure 3.2: Representative Live/Dead images for (A) day 0 (94+3%) (B) intermittent dynamically loaded day 14
CDM (42+8%) and (B) intermittent dynamically loaded day 14 ODM (48+12%) constructs. Original magnification
is 100x.
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Primer type Primer Sequence Primer
concentration
(nM)/Efficiency
L30 forward TGGTGTCCATCACTACAGTGGCAA 250/99%
reverse ACCAGTCTGTTCTGGCATGCTTCT
SOX9 forward TGACCTATCCAAGCGCATTACCCA 250/99%
reverse ATCATCCTCCACGCTTGCTCTGAA
ACAN forward ACAATGCCCAAGACTACCAGTGGA 250/102%
reverse TTCTCGTGCCAGATCATCACCACA
Col II forward GGTGGCTTCCATTTCAGCTATG 200/97 %
reverse TCTTGCAGTGGTAGGTGATGTTCT
Col I forward TAGGGTCTAGACATGTTCAGCTTTGT 300/84%
reverse CCGTTCTGTACGCAGGTGATT
RUNX2 forward ACCAGTTGAGGTGCACTAAAGGGA 250/106%
reverse AGTTCAGATGAGGACCTGCAGCAT
ALP forward TGCAGTACGAGCTGAACAGGAACA 250/99%
reverse ACTCTCTGCCTGCCCAAGAGAAAT
Col X forward TTTTGCTGCTAGTATCCTTGAACTTG 250/100%
reverse CTGTGTCTTGGTGTTGGGTAGTG

Table 3.1: Primer sequences used in qRT-PCR.

3.3.2 Time Dependent hMSC Response in RGD Modified PEG Hydrogels

Gene expression for several chondrogenic and osteogenic markers changed under free
swelling and loading conditions as a function of culture time. For chondrogenic genes, culture
conditions comprised of basal free swelling, CDM free swelling, and CDM loaded. SOX9
expression increased significantly with culture time up to 7 days for basal (p=0.001) and CDM
free swelling (p<0.001) and then remained constant, but increased significantly for the CDM
loaded (p<0.001) over the 14 —day culture period (Fig. 3.3A). Mean Col II expression levels
increased with culture time in the CDM free swelling (p=0.05) and loaded CDM constructs, but
was only significant for the former (p=0.17), while basal free swelling constructs did not change

(Fig. 3.3B). ACAN expression decreased significantly (p=0.01 free swelling basal, p=0.02 free
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swelling CDM, and p=0.001 loaded CDM) (Fig. 3.3C), while Col X expression increased

significantly (Fig. 3.3D) for all culture conditions (p=0.005 free swelling basal, p=0.005 free
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Figure 3.3: Normalized time dependent gene expression for chondrogenic (SOX9, Col II, ACAN) and
hypertrophic (Col X) differentiation markers for basal free swelling (@), CDM free swelling (), and CDM (O
) loaded constructs cultured for up to 14 days. Means + standard deviations are presented as normalized relative

expression (to day 0) and are relative to the housekeeping gene L30 (n=3). * p < 0.05.
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swelling CDM, and p=0.004 loaded CDM). Col I expression increased significantly by day 7 in
the CDM free swelling constructs (p=0.001) and then remained constant while the opposite was
found in the basal free swelling constructs (p=0.008). Col I expression did not change with
culture time for the CDM loaded constructs.

For osteogenic genes, culture conditions comprised of basal free swelling, ODM free
swelling, and ODM loaded. For the early osteogenic transcription marker, RUNX?2 expression
increased in basal free swelling (p=0.001), but decreased in ODM loaded constructs (p=0.01)
(Fig. 3.4A). Temporal changes in Col I expression were observed for all culture conditions
(p=0.008 free swelling basal, p=0.01 free swelling ODM, and p=0.002 loaded ODM), with a
general downregulation as a function of culture time (Fig. 3.4B). ALP expression also changed
for all three conditions, it decreased in basal free swelling (p=0.05) and ODM loaded constructs
(p=0.02), but increased in the ODM free swelling constructs (p=0.08) (Fig. 3.4C). Temporal
changes were also observed in Col X expression with modest, but significant increases in the
basal free swelling constructs (p=0.005) with culture time and with an initial downregulation,
followed by an upregulation in the ODM free swelling (p=0.03) and loaded constructs (p=0.03)

(Fig 3.4D).

3.3.3 hMSC Response in RGD Modified PEG Hydrogels in Chondrogenic and Osteogenic
Differentiation Media

In the presence of CDM, hMSC-laden RGD modified PEG constructs cultured under free
swelling conditions for 14 days resulted in noticeable increases in Col II (p=0.14), Col I (p=0.06)
and ACAN (p=0.08) expressions at day 7 compared to constructs cultured in basal growth

medium (Fig. 3.5A). Additionally, SOX9 (p=0.16) and Col X (p=0.02) were upregulated by day
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14. Col II increased 1900-fold by day 7 and remained high (2200-fold) at day 14. ACAN

increased 70-fold by day 7 and dropped to levels similar to the basal condition by day 14. Col I

increased 26-fold by day 7 and remained elevated (8-fold higher) by day 14. SOX 9 and Col X

were similar to basal levels at day 7 but increased 1.4-fold and 110-fold by day 14, respectively

(Fig. 3.5A).
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Figure 3.5: Gene expression for chondrogenic (SOX9, Col II, ACAN), osteogenic (RUNX2, Col I, ALP), and
hypertrophic (Col X) differentiation markers in free swelling chondrogenic (CDM) (A) and osteogenic (ODM)
(B) with constructs normalized to free swelling basal constructs cultured for up to 14 days. Means + standard
deviations are presented as normalized relative expression and are relative to the housekeeping gene L30 (n=3).

When hMSC-laden RGD modified PEG constructs were cultured under free swelling

conditions and in the presence of osteogenic differentiation factors, ALP expression increased 5-

fold by day 7 (p=0.07) and remained elevated (4-fold higher) compared to basal conditions at

day 14 (p=0.03) (Fig. 3.5B). By day 14, the early osteogenic transcriptional factor, RUNX2,

expression (p=0.2) was downregulated by 0.3-fold. At day 14, Col II (p=0.19) expression was
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upregulated by 2.1-fold. No change in gene expression for Col I or Col X was observed at the

time points investigated over the 14-day culture period (Fig. 3.5B).
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Figure 3.6: (A) Chondrogenic gene expression (SOX9, Col II, ACAN, and Col X) in loaded constructs
normalized to free swelling constructs for the same time point cultured for up to 14 days. (B) Osteogenic gene
expression (RUNX2, Col I, and ALP) in loaded constructs normalized to free swelling constructs for the same
time point cultured for up to 14 days. Means + standard deviations are presented as normalized log, values
where values of 0 represent no change in expression, +3 indicates a 8-fold (2°) increase, and -3 indicates a 8-fold
decrease in expression compared to the normalizing factor (same time point free swelling CDM or same time
point free swelling ODM, respectively). Data are relative to the housekeeping gene L30 (n=3).

3.3.4 The Effects of Intermittent Dynamic Loading on hMSC Response in the Presence of
Chondrogenic Differentiation Medium

The application of loading to CDM constructs downregulated the expression of SOX9
(p=0.02), ACAN (p<0.001), and Col I (p=0.01) by day 7. By day 14, Col II (p=0.09), Col X
(p=0.01), and Col I (p=0.09) were also downregulated (Fig. 3.6A). At day 7, SOX9 was slightly

downregulated by 0.5-fold and ACAN was downregulated by 4-fold. By day 14 Col II was also

48



downregulated by 9.5-fold. Additionally, both Col X at day 14 (4.5-fold) and Col I at days 7 and
14 (3-fold and 2.4-fold) were downregulated compared to free swelling constructs in the
presence of CDM.

After 14 days, free swelling CDM constructs exhibited positive staining for type II
collagen and aggrecan with modest type X collagen staining present (Fig. 3.7G, Q, L). Type II
collagen was not detected in the loaded constructs and showed weak aggrecan staining compared
to free swelling constructs, whereas dynamically loaded constructs showed reduced staining for
type X collagen (Fig. 3.7H, R, M). Additionally, neither free swelling nor loaded CDM
constructs showed substantial staining for type I collagen by day 14 and were comparable to the
day O constructs (Fig. 3.7B, C). Intracellular GAG staining was observed in both day 0 CDM
free swelling constructs and day 14 CDM free swelling constructs (Fig. 3.7W). Whereas a drastic
reduction in GAG staining was observed in the day 14 dynamically loaded CDM constructs (Fig.

3.7X).

3.3.5 The Effects of Dynamic Loading on hMSC Response in the Presence of Osteogenic
Differentiation Medium

When ODM constructs were subjected to loading, inhibition of all three of the osteogenic
differentiation markers examined was observed at days 7 and 14 (Fig. 3.6B). RUNX2 was down
regulated by 1-fold and 6-fold at days 7 (p<0.001) and 14 (p=0.04), respectively. Col I was
downregulated by 1.3-fold and 1.4-fold at days 7 (p=0.02) and 14 (p=0.01). Additionally, ALP
was downregulated as well at both days 7 (p=0.09) and 14 (p=0.02) by 2.2-fold and 5.1-fold,

respectively, when compared to free swelling constructs. Col X (p=0.21) was downregulated by
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Figure 3.7: Immunohistochemical matrix deposition of bone specific matrix molecules (A-E), cartilage-specific
matrix molecules (F-J, P-R), and hypertrophic cartilage matrix molecules (K-O) by hMSCs encapsulated in
PEG-RGD constructs, conditioned in CDM or ODM that underwent free swelling and loading conditions and
were cultured for up to 14 days. Mineralization was assessed by von Kossa staining in free swelling and loaded
ODM constructs (S-U). Glycosaminoglycan deposition was assessed by Safranin O/Fast Green staining in free
swelling and loaded CDM constructs (V-X). For A-O, original magnification is 400x, for P-R, original
magnification is 630x, and for S-X original magnification is 400x.
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1-fold, and Col II expression showed no difference between the loaded and free swelling
constructs.

Strong type I collagen staining was observed in the day 14 free swelling osteogenic
constructs compared to minimal staining in the loaded constructs (Fig. 3.7D, E). Neither free
swelling nor loaded osteogenic constructs stained for type II collagen. Day 14 ODM free
swelling constructs showed substantial staining for type X collagen that was markedly decreased
in the loaded constructs (Fig. 3.7N, O). Additionally, mineral deposition was observed
throughout the extracellular regions of the day 14 ODM free swelling constructs. The application
of loading, however, resulted in reduced mineralization with positive staining limited to the

pericellular region at day 14 (Fig. 3.7T, U).

3.4 Discussion

The overall goal for this study was to investigate the effects of a physiologically relevant
intermittent dynamic compressive loading regime, similar to a regime which has previously been
shown to enhance type Il collagen expression in chondrocytes encapsulated in PEG based
hydrogels [37], on the chondrogenic and osteogenic differentiation of hMSCs when encapsulated
in RGD modified PEG hydrogels and when loading was applied at the onset of differentiation.
In this system, hMSC differentiation may be influenced by several sources including soluble
cues present in the culture medium, their physical attachment to the 3-D PEG hydrogel via the
tethered RGD moieties, and biomechanical cues that arise from dynamic compressive loading.
While the 3-D culture environment of PEG-RGD hydrogels supported MSC differentiation in the
absence of loading, the 4-hour daily loading regime applied intermittently over the course of the

day inhibited both chondrogenesis and osteogenesis, contrary to our hypothesis.
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The application of an intermittent dynamic compressive strain did not adversely affect
hMSC viability within PEG-based hydrogels although viability dropped to ~50% based on a
membrane integrity assay within the first week of culture regardless of culture condition. Cell
death by day 14 appears to be by a combination of necrosis, as evident by positive staining with
ethidium homodimer-I and a lack of staining by calcein AM, and by apoptosis as evident by dual
staining with calcein AM and ethidium homodimer-I, which has been suggestive of apoptotic
cells [47]. Although it should be noted that ethidium homodimer-I alone may stain cells in the
late stages of apoptosis when the cell membrane integrity is lost. Several studies have reported
decreases in MSC viability during the initial culture period when uncommitted MSCs are
encapsulated in 3-D hydrogels fabricated from PEG [39, 48], alginate [24], agarose [49], or
polyglycerol [50], suggesting that the adoption of a rounded phenotype may influence survival
for a fraction of the cells prior to their differentiation fate [S0]. Nonetheless, the decrease in
viability observed has not been detrimental to the MSC'’s ability to differentiate down
chondrogenic or osteogenic lineages [24, 34, 48, 49].

The morphology of MSCs is thought to be an important regulator in MSC differentiation
[51]. When encapsulated in RGD modified PEG hydrogels, MSCs maintain a round morphology
due to the nature of the covalent and stable crosslinks, exhibiting a mesh size of ~200 A, which
is significantly smaller than the size of a cell and its processes. This tightly crosslinked network
provides cells with little room to spread, as indicated by the rounded morphology observed in the
Live/Dead and histology images. This observation is consistent with previous work from our
group with chondrocytes encapsulated in RGD modified PEG hydrogels [52]. For chondrogenic
differentiation, a rounded morphology is important [53]. While it is thought that spreading may

be important for osteogenic differentiation of MSCs, particularly in 2D cultures [51], 3D
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hydrogel environments promoting a round morphology have been shown to support osteogenic
differentiation [34, 54-57] with recent evidence suggesting that cell shape is less of a factor in
osteogenic differentiation in 3D [54]. However, once degradable linkages are incorporated into
the PEG hydrogels, a prerequisite for long-term cultures, degradation of the hydrogel has been
shown to facilitate cell spreading, cell migration, and cell-cell interactions, which will be
important in long-term bone formation [58].

Under free swelling conditions, our results are in agreement with findings from others
indicating that PEG hydrogels support chondrogenic and osteogenic differentiation of hMSCs
when cultured in the presence of soluble differentiation factors [57, 59-61]. Evidence of
chondrogenic differentiation is shown by upregulation of several chondrogenic genes, namely
Col II, ACAN, and Col X and most notably by the presence of cartilage matrix proteins, type 11
collagen and aggrecan with a lack of type I collagen staining. Although SOX9 expression,
relative to free swelling constructs, was not upregulated with culture time, the expression did
increase for both free swelling and loaded CDM constructs, and upregulation can be inferred
indirectly since it plays a crucial role in the downstream regulation of Col II expression by
encoding a transcription factor that activates a Col II gene enhancer [62]. While ACAN
expression, which has been shown to be constitutively expressed in undifferentiated MSCs [63],
was downregulated in both CDM free swelling and CDM loaded constructs with culture time,
consistent with findings reported by Campbell et al. [24] with hMSCs encapsulated in alginate,
deposition of the aggrecan glycoprotein was observed. Evidence of osteogenic differentiation
was confirmed by an upregulation in ALP gene expression and the substantially increased
presence of type I collagen protein with a lack of type II collagen staining. Additionally, mineral

deposition was observed in the constructs. It is important to note that spontaneous mineralization
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occurs due to the presence of $-glycerophosphate in the ODM and therefore mineralization may
be due to a combination of cellular deposition and the culture medium. Nonetheless, the presence
of mineral deposits will enhance the long-term development of a boney tissue. Overall, our
findings agree well with the results presented by Yang et al. [57] which showed pericellular
mineralization in PEG hydrogels with a similar concentration of RGD tethered in the hydrogel
constructs.

When biochemical cues were combined with mechanical stimulation, loading led to a
dramatic downregulation in chondrogenesis. Most notably, there was a moderate downregulation
of SOX9 expression concomitant with a large downregulation in ACAN and Col II expressions
and minimal evidence for the cartilage-specific matrix protein, type II collagen. Additionally,
Col X expression, but more notable type X collagen protein, a marker of hypertrophy [64], was
also downregulated. The fact that the main chondrocyte marker, type II collagen, as well as the
hypertrophic chondrocyte marker, type X collagen, were downregulated at the protein level,
strongly points toward an inhibitory effect from loading, at least under the regime employed in
this study, on the chondrogenic differentiation of hMSCs in the PEG hydrogel system. These
findings suggest that the application of dynamic compression applied at the onset of
chondrogenesis may be either delaying or generally inhibiting chondrogenesis. Thorpe et al. [27,
65] have reported similar findings with porcine MSCs in agarose constructs intermittently
strained to 10% dynamically, showing reduced chondrogenesis evidenced by decreased sGAG
and collagen contents. However, when loading was applied after chondrogenesis, that is after 21
days of free swelling culture in chondrogenic culture conditions, similar SGAG and collagen
contents were achieved between the free swelling and the dynamically loaded constructs [65].

Contrarily, Huang et al. [23] have shown that a 4-hour daily, 10% intermittent dynamic load over
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an initial 14 day period enhanced the chondrogenesis of rabbit MSCs in agarose constructs.
When hMSCs were cultured in hyaluronan-gelatin scaffolds [66] or in fibrin gels [67] and
subjected to intermittent dynamic loading, chondrogenesis was either maintained or enhanced.
Similarly, intermittent dynamic compressive loading applied at 1 Hz and 10% strains to goat
MSC:s encapsulated in unmodified PEG hydrogels was shown to have a positive effect on
chondrogenic differentiation leading to increased GAG contents after 21 days [26]. When the
latter study is compared to our findings, the results together suggest that, the PEG hydrogel
environment may be capable of stimulating chondrogenesis in the presence of dynamic loading,
but how MSCs respond to loading may be dependent on the specific loading regime (e.g., 15%
versus 10%) and/or on the donor species and age (adult human versus adolescent goat). In fact, it
has been recently suggested that age plays an important role in how cells sense and respond to
mechanical forces [68, 69]. Nonetheless, others have reported enhanced chondrogenesis of
hMSCs when subjected to loading, suggesting that the type of scaffold plays an important role in
how hMSCS respond to dynamic loading. This observation is supported by finite element
models, which have shown that the local biomechanical cues (e.g., peak pressure, radial velocity,
and shear stress) produced under dynamic compressive loading, vary greatly depending on the
scaffold type, although similar gross strains are applied [43]. Taken together, loading regimes
that enhance chondrogenesis of MSCs will likely need to be optimized for cell age and species,
but in combination with type of scaffold employed.

Similarly for osteogenic differentiation, when biochemical cues were combined with
mechanical stimulation, loading led to a dramatic downregulation in osteogenesis. Specifically,
RUNX2, Col I, and ALP expressions were downregulated. Interestingly, Col I gene expression

was downregulated with culture time for both ODM free swelling and ODM loaded constructs
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relative to day O constructs, even though strong type I collagen staining was observed in the day
14 free swelling constructs. Minimal staining for mineralization was observed in the dynamically
loaded constructs, which agrees well with the observed decrease in ALP expression, but may
also be due to loss of mineralization caused by the increased fluid flow associated with dynamic
loading. Although it is well known that mechanical forces have a positive effect on fracture
healing, stimulating increased mineralization and fracture stiffness in the healed bone [15], the
large compressive strain applied at the onset of differentiation may not be appropriate. Although
10% dynamic compressive strains have been reported to positively effect osteoblasts leading to
increased mineralized ECM matrix production, larger strains of 20% were noted to have an
inhibitory effect on osteoblast differentiation [15]. Therefore, smaller strains may be necessary to
impart a positive effect on osteogenesis for MSCs when cultured in PEG based systems with
tethered RGD and subjected to loading.

While the RGD moiety provides a mechanism by which MSCs can interact directly with
the hydrogel and which may serve as a mechanoreceptor [70], this peptide is not specific to the
cartilage or bone niche, but rather is a ubiquitous cell binding domain found in several common
proteins such as fibronectin, collagens, and laminin [41]. Although under free swelling
conditions, the presence of RGD promotes MSC differentiation in the presence of soluble cues as
shown in this study and several other studies [20, 39], limitations have been noted. For example,
the presence of RGD has been shown to inhibit chondrogenesis of bovine MSCs encapsulated in
agarose or alginate hydrogels [71, 72]. On the contrary, unpublished findings from our group
suggest that unmodified PEG hydrogels are not supportive of hMSC chondrogenesis evidenced
by a lack of upregulation in Col II expression and that loading has no further impact. This

observation, in conjunction with findings from this study, indicate that RGD is indeed supportive
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of chondrogenesis within PEG hydrogels and that loading at the onset of differentiation and/or
the loading parameters selected are likely the primary reasons for inhibited chondrogenesis.
Long-term, however, the persistent presence of RGD may have inhibitory effects on cartilage
development as demonstrated by Salinas et al. [20] who when employed a cleavable RGD
peptide motif, showed higher amounts of cartilage-specific ECM by hMSCs encapsulated in
PEG hydrogels. Contrarily, other studies have shown that the presence of RGD appears to
promote osteogenesis under mechanical loads. For example, Kasten et al. [73] demonstrated that
MSC:s attached to RGD modified surfaces and cyclically loaded (1Hz, 15 minutes) stimulated
type I collagen expression. Additionally, several groups have shown that RGD enhances
osteogenic differentiation of MSCs on several different types of biomaterials [73-75], suggesting
that the large compressive strain employed in our study is likely the primary reason for inhibited
osteogenesis.

We recognize several limitations in our study. First, one loading regime was investigated.
While only a few studies have investigated the effects of dynamic compressive loading on
chondrogenesis of MSCs in 3-D hydrogels [23, 24, 26, 27, 65], these studies suggest that lower
strains [23], higher strain rates [24], or shorter durations of loading [26] are all factors that can
favorably influence chondrogenic differentiation of MSCs. Therefore, it is possible that adult
hMSCs may respond more favorably to reduced loads, and a loading regime which is different
from differentiated chondrocytes, warranting further investigation. A second limitation of our
study is the short duration (i.e., 14 days) and the use of non-degrading hydrogels. We chose to
investigate the effects of loading at the onset of differentiation in an effort to better understand
how a loading environment impacts the differentiation potential of MSCs, such as would be the

case for in situ delivery of undifferentiated MSCs into an osteochondral defect within a joint. As
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such, the PEG hydrogels employed in this study were non-degrading in order to maintain a
consistent 3-D culture environment under loading. Long-term studies, however, will require the

incorporation of degradable crosslinks and is the focus of our future efforts.

3.5 Conclusion

Overall our findings indicate that 4-hours of total daily, 15% intermittent dynamic
compressive loading applied at the onset of differentiation inhibits both chondrogenesis and
osteogenesis in PEG-RGD hydrogels as demonstrated through both qRT-PCR and
(immuno)histochemistry. It is possible that loading applied at relatively large compressive
strains, prior to differentiation and the development of a protective pericellular matrix, [76] may
be perceived as overloading leading to the observed inhibition in differentiation. Additionally,
while not the focus of this study, it is possible that the loading regime applied may have
impacted the fate of the MSCs down other differentiation pathways, which were not explored in
this study. These observations suggest that either reduced loading (e.g., lower strains) and/or
delaying the application of loading may be important to the differentiation potential of MSCs.
Nonetheless, it is important to recognize that there are a number of factors to consider when
selecting a loading regime (e.g., timing of the initiation, frequency, strain, and durations of
loading), which will impact the magnitude and duration of the biomechanical cues such as fluid
flow and cellular strains. The combination of loading and the hydrogel environment (structure
and chemistry) will further impact the biomechanical cues perceived by the cells. Therefore,
given the findings for this study in combination with the wide-ranging compilation of results
from other groups combining different scaffolds, types of mechanical stimuli, and diverse

loading regimes, as reported by Babalola et al., it seems unlikely that there exists one loading
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regime that will serve as the ideal regime for all scaffolds being developed for chondrogenic or
osteogenic differentiation. As such, additional studies are needed to gain more insight into the
role of loading on MSC differentiation. Identifying the optimal loading regime to guide MSC

differentiation and enhance matrix deposition in PEG-based hydrogels is still to be realized.
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Chapter 4

Chondroitin sulfate and dynamic loading alter chondrogenesis of human
MSCs in PEG hydrogels

(Submitted)

While biochemical and biomechanical cues are known to play important roles in directing
stem cell differentiation, there remains little known regarding how these inextricably linked
biological cues impact the differentiation fate of human marrow stromal cells (hMSCs). This
study investigates the chondrogenic differentiation potential of hMSCs when encapsulated in a
three dimensional (3D) hydrogel and exposed to a biochemical cue, chondroitin sulfate, a
biomechanical cue, dynamic loading, and their combination. hMSCs were encapsulated in
bioinert poly(ethylene glycol) (PEG) hydrogels only, PEG hydrogels modified with covalently
incorporated methacrylated chondroitin sulfate (ChS) and cultured under free swelling conditions
or subjected to delayed intermittent dynamic loading for two weeks. The 3D hydrogel
environment led to the expression of chondrogenic genes (SOX9) and proteins (aggrecan and
collagen II), but also upregulated hypertrophic genes (RUNX?2 and Col X mRNA) and proteins
(collagen X), while the application of loading generally led to a downregulation in chondrogenic
proteins (collagen II). The presence of ChS led to elevated levels of aggrecan, but also collagen
I, protein expression and when combined with dynamic loading downregulated, but did not
suppress, hypertrophic genes (Col X and RUNX?2) and collagen I protein expression. Taken
together, this study demonstrates that while the 3D environment induces early terminal

differentiation during chondrogenesis of hMSCs, the incorporation of chondroitin sulfate into
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PEG hydrogels may slow the terminal differentiation process down the hypertrophic lineage

particularly when dynamic loading is applied.

68



4.1 Introduction

Millions of people suffer pain and loss of joint mobility due to degenerative cartilage
disorders, whether from a specific injury incurred or an unknown cause resulting in osteoarthritis
(OA) [1-3]. With the U.S. healthcare system alone spending $186 billion annually on OA [4] and
the poor ability of cartilage to heal on its own due to low cell densities and avascularity,
significant efforts have turned to cartilage tissue engineering. Regenerating cartilage through
tissue engineering holds great promise for health care prevention and management of cartilage
damage and OA.

Tissue engineering strategies often combine an appropriate cell source with a 3D scaffold
and introduce biological cues such as (in)soluble biochemical cues and/or biophysical cues to
enhance stem cell differentiation or behavior of tissue-specific cells. Human adult mesenchymal
stem cells or marrow stromal cells (MSCs) offer a promising cell source that overcomes many of
the limitations associated with autologous primary chondrocyte (i.e., cartilage) cells, and can
easily be expanded in culture and differentiate into multiple cell lineages including chondrocytes
[5]. While a number of studies have investigated MSCs for cartilage regeneration, most studies
employ non-human MSCs. With evidence in the literature pointing towards specie-dependent
MSC differentiation potential as reviewed by [6], a need exists to better characterize human
MSC differentiation in response to biological cues.

One promising platform for cartilage tissue engineering is poly(ethylene glycol) (PEG)
based hydrogels. When cells are encapsulated, this three dimensional environment helps to
maintain a round cell morphology, which is thought to be important in chondrogenesis [7]. PEG-
based hydrogels offer a high degree of tailorability including the resultant mechanical properties

[8], which is important for applications when mechanical forces are applied and ease with which
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to incorporate a variety of biomimetic moieties. In particular, chondroitin sulfate (ChS) has been
modified with methacrylates enabling its incorporation into PEG hydrogels in a controlled and
robust manner [9, 10]. ChS is a negatively charged sulfated glycosaminoglycan, which is a major
matrix component of cartilage [11] and has been shown to be chondro-protective acting in an
anti-inflammatory role [12-14]. The incorporation of ChS into PEG based hydrogels has been
shown to improve chondrogenic differentiation of goat MSCs [15] and when combined with
dynamic compressive loading enhances matrix synthesis by primary bovine chondrocytes [16].
Modifying the bioinert PEG hydrogel with a molecule such as ChS presents an attractive strategy
to create a local cartilage-like microenvironment, providing native biological cues to the
encapsulated cells.

Based on promising evidence in the literature, this study set out to test the hypothesis that
a PEG hydrogel covalently modified with ChS combined with dynamic loading would enhance
hMSC chondrogenic differentiation and subsequently lead to cartilage specific matrix protein
production. hMSC differentiation, through qRT-PCR and immunohistochemistry, was
investigated in PEG/ChS hydrogels in the absence and presence of dynamic loading and in the
absence and presence of soluble chondrogenic differentiation factors and compared to PEG
hydrogels without ChS over two weeks. Overall findings from this study indicate that the PEG
and PEG/ChS hydrogel environments enhance terminal differentiation of human MSCs and the
application of loading generally led to an inhibitory effect on chondrogenesis. However, the
presence of ChS appears to reduce, but not suppress, terminal differentiation, in the presence of
loading. These findings suggest that biological cues will need to be optimized specifically for

human MSCs.
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4.2 Methods
hMSC Cell Culture and Aggregate Pellet Culture

Adult hMSCs (24 year old male, Texas A&M Health Science Center College of Medicine
Institute for Regenerative Medicine) were cultured in basal stem cell medium (20% fetal bovine
serum (FBS, Atlanta Biologicals), Img/mL amphotericin B, PSG (50 U/mL penicillin, 50
mg/mL streptomycin, and 20 mg/mL gentamicin) in low glucose Dulbecco’s modified Eagle
medium (aMEM, Invitrogen)). Cells were plated at ~60 cells/cm” till passage 2 (P2, 1:10),
grown to 80% confluency, and frozen until use. P3 cells were thawed, plated at ~4500 cells/cm?,
and cultured to Passage 5 (PS) (1:5 for P3-P4, 1:6 for P4-P5). Pellet cell cultures were formed
following [17] where 2.5x10° hMSCs were pelleted by centrifugation in individual 15 ml conical
vials, and basal medium replaced with chondrogenic differentiation media (CDM: 1ml/100 ml
media ITS+ Premix (BD), 100 nM dexamethasone, 10 ng/mL TGF3 (Peprotech), 50 mg/ml 1-
ascorbic acid 2-phosphate trisodium salt, 100 mg/ml sodium pyruvate, 1mg/mL amphotericin B,
and PSG in high glucose DMEM (Invitrogen)). Aggregate samples were cultured for up to 14

days in a standard incubator. Medium was replaced every 2-3 days.

Macromer Synthesis, Hydrogel Formation and Their Characterization

Microwave methacrylation, described by [18], was used to synthesize poly(ethylene
glycol) dimethacrylate (PEGDM) macromolecular monomers. Briefly, 4600 g/mol poly(ethylene
glycol) (PEG) (Sigma-Aldrich) was reacted with excess methacrylic anhydride (Sigma-Aldrich)
in the presence of hydroquinone (Sigma-Aldrich). The resultant product was purified by
precipitations with ethyl ether, filtered, and dried under vacuum. The degree of methacrylation

was determined to be 93% via '"HNMR (Varian VYR-500), where the area under the curve for
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the vinyl resonance peaks (d= 5.7 ppm, d = 6.1 ppm) was compared to the area under the curve
for the methylene peaks in the PEG backbone (d =4.3 ppm). Methacrylated chondroitin sulfate
(ChSMA) was synthesized [16, 19]. Briefly, 25% (w/v) chondroitin sulfate A (Sigma),
containing ~30% chondroitin-6-sulfate and ~70% chondroitin-4 sulfate, in deionized water (dI-
H,0) was reacted in a 1:8 ratio with methacrylic anhydride at pH of 8 and 4° C for 24 hrs. The
resultant product was precipitated in chilled methanol, dialyzed in dI-H,O and recovered via
lyophilization. 'H NMR (Varian VYR-500), indicated that on average, there were 23
methacrylate groups per ChSMA molecule, where the area under the curve for the vinyl
resonance peaks (d= 5.5-6.2 ppm) was compared to the area for the acetyl groups (d =1.7-2.0
ppm).

Hydrogels were formed from 10% (g/g) macromer solutions of 100% PEGDM (PEG) or
80:20 PEGDM:ChSMA (PEG/ChS), 0.05 wt% (g/g) photoinitiator (Irgacure 2959, Ciba
Specialty Chemical) in PBS with photopolymerization (365 nm light at ~5 mW/cm?, 10
minutes). Cylindrical hydrogels (height: ~5 mm; @: 5 mm) were swollen in PBS for 24 hrs at
37°C. The soluble fraction after 24 hours was assayed for ChS using the dimethylmethylene blue
assay (DMMB) [20]. It was determined that ~80% of ChS in the precursor solution was
incorporated into the hydrogel. The fixed charge density of PEG/ChS hydrogels was estimated
from the true amount of ChSMA incorporated into the hydrogels, assuming 2 mol of equivalent
charge per repeat unit with an average ChS molecular weight ~48,700 Da [19]. Swollen
hydrogels were subjected to unconfined compression applied at a constant rate of 0.03mm/sec
using nonporous platens (Bose LM1 Test Bench). The tangent compressive modulus was

determined from the linear region of the stress/strain curve (n=4). The equilibrium volumetric
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swelling ratio (Q) was estimated from the swollen hydrogel mass (M,) dry polymer mass (M,),

and the densities of water and unmodified polymer (n=4) [21].

Cell Encapsulation

hMSCs were combined at a concentration of 10x10° cells/mL macromer solution
dissolved in either basal or CDM. Medium osmolarity was measured using a freezing point
Osmometer (Precision Systems Inc, Natick, MA). Cell/macromer solutions were polymerized as
described above. Cylindrical h(MSC-laden hydrogels (height ~2.5mm; @=5 mm) were cultured in
their respective culture medium for the duration of the study in standard culture conditions.

Medium was replaced every two days.

Mechanical Loading

Custom-built bioreactors [22, 23] were employed to apply intermittent dynamic
unconfined compressive strains to hMSC-laden hydrogels. Hydrogels were cultured under free
swelling conditions for one week and then subjected to loading applied from O to 15% amplitude
strain in a sinusoidal waveform at a frequency of 0.3 Hz (0.5hr on, 1.5hr off, repeated for 16
hours followed by 8hr off) for one week. This loading regime was selected because it has been
shown to enhance Col 2 expression in primary bovine chondrocytes in similar PEG hydrogels
[24]. A delayed application of dynamic loading was selected to allow hMSCs to begin
chondrogenically differentiating, as immediate application of dynamic loading has been shown
to inhibit chondrogenesis [25, 26]. Constructs were cultured in separate wells with 2 mL of

medium changed every two days. Free swelling constructs were analyzed at days 7 and 14.
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Loaded constructs were analyzed after 14 days (7 days free swelling followed by 7 days of

loading) immediately following the 16-hour loading cycle.

Gene Expression

Total RNA was extracted from constructs (n=4) and purified using Total RNA Mini Kit
(Omega Biotek) per manufacturer and quantified on a Nanodrop 1000 Spectrophotometer
(Thermo Scientific). RNA (11.0 to 78.5 ng/ul) was transcribed to cDNA with a High Capacity
Reverse Transcription Kit (Applied Biosystems). Primers were designed in Primer Express 3.0
(Applied Biosystems) and purchased from Integrated DNA Technologies (Table SI). Real-time
polymerase chain reactions (RT-PCR) was performed with Fast SYBR® Green Master Mix
(Applied Biosystems) on a 7500 Fast Real-Time PCR Machine (Applied Biosystems). All genes
were normalized to the housekeeping gene, L30, and relative expression levels were calculated

from a modified AACt method with true primer efficiencies (Table SI) [27].

Total DNA Content
Constructs (n=4) were homogenized and digested in 0.125 mg/ml of papain

(Worthington). Double stranded DNA was measured with the PicoGreen® assay (Invitrogen).

Immunohistochemistry

Constructs (n=2) were fixed overnight in 4% paraformaldehyde, embedded, flash frozen.
Sections (20 wm) were pretreated with Chondroitanase-ABC (500 mU/mL) (Sigma-Aldrich),
then with protease (from streptomyces griseus, Sigma-Aldrich) for anti-collagen I and II or with

pepsin for anti-collagen X. After permeabilization (0.25% Triton-X 100™) and blocking (10%
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normal goat serum), sections were treated with anti-aggrecan (US Biologicals, 1:5), anti-type I
collagen (Abcam; Cambridge, MA, 1:400), anti-type II collagen (Abcam, 1:100), and anti-type X
collagen (Developmental Studies Hybridoma Bank, 1:2) followed by goat anti-mouse IgG
labeled with Alexa Fluor® 546 or 488 (Invitrogen, 1:200) and counterstained with DAPI.
Sections were stained with Leukocyte Alkaline Phosphatase (ALP) Kit, per manufacturer
(Sigma-Aldrich) and with Oil Red O to assess for lipids (Sigma-Aldrich). Sections were imaged
on a laser scanning confocal microscope (Zeiss LSM 510). Using Image J, grayscale images for
the two channels (405 nm, DAPI and either 546 or 488 nm Alexa Flour®) were separated and
inverted. The 16_color lookup table was applied to the Alexa Flour® channel and the images re-

merged. Staining intensity is converted to a color spectrum scale from red (low) to violet (high).

Cell Straining

Cell-laden hydrogels were treated with 2uM calcein-AM (Invitrogen). Hydrogels were
placed in a custom-built cell straining device which sits on the stage of an inverted confocal
microscope [28]. Hydrogels were subjected to 0% or 15% static compressive strains. Cells were
imaged at half height maximum width. A diameter ratio (x/y) was determined where x and y are
cell diameters in the axes parallel and perpendicular to the applied strain, respectively. ~30-45

cells per hydrogel (n=3) were imaged.

Statistical analysis

Data were analyzed using One Way ANOVA with a Tukey HSD Post Hoc with p < 0.05

considered significant. Data are reported as the mean + standard deviation of the mean.
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4.3 Results
Characterization of Acellular Constructs and the Media

The macroscopic properties for PEG and PEG/ChS hydrogels are given in Table 1. The
volumetric swelling ratio, Q, which is a measure of the amount of water the hydrogel imbibes,

was similar for PEG and PEG/ChS in the range

e M Basal PEG FS
11-12. The tangent compressive modulus was B i
g 0| 3 ey,
also similar for PEG and PEG/ChS at 72 and 83 & Chondrogenic PEG load
% 600 | 1 Ghondrogenic PEG/ChS load
kPa, respectively. For the PEG/ChS hydrogels, E"
5 400 |
the fixed charge density was estimated to be z
. . £ 200}
0.130 mEq/ml, which falls in the range reported
for human cartilage [29]. The osmolarity for the A 0 : 7 G Wiy
. . . Days
basal and chondrogenic media was determined
to be 290 and 330 mOsm, respectively. Figure S4.1: Total DNA for each condition type
over the 14 day study.
Fixed Charge Density Q K°
(mEg/ml) (kPa)
PEG n/a 11.4£0.43 71.9+£7.8
PEG/ChS 0.130 £0.0012 12.03 +0.48 83.4+144
Human cartilage 0.1-0.28" n/a n/a

Table 4.1: “Depth dependent fixed charge density of human articular cartilage (mEq/ g tissue water) reported
by Chen et al. 2001, "volume swelling ratio (Q), ‘unconfined tangent compressive modulus (K).
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hMSC Deformation

Cell deformation was measured for hMSCs encapsulated in PEG and PEG/ChS gels
under the application of a 15% static strain, which is the maximum strain applied to the
hydrogels in the dynamic loading study. The cytosol of encapsulated hMSCs was fluorescently
stained to visualize the cells and their morphology was measured prior to, and after the
application of the strain. Prior to the application of strain, cell shape was generally round. After
the application of the strain, cell shape became ellipsoidal. Representative images of cells in each
hydrogel strained and unstrained are in Fig. 1A-D. Diameter ratios were significantly reduced

under the applied strain and were similar for both hydrogels at 0.84.
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Figure 4.1: A-D) Representative confocal microscopy images of hMSCs encapsulated in PEG only (A-B) and
PEG/ChS (C-D) constructs subjected to no strain (A, C) or 15% gross static strain (B, D). Original magnification is
200x. E) hMSC deformation was quantitatively assessed in each construct under 0% (black) and 15% (white) gross
strains, means + standard mean of the error are presented with * p < 0.05.

77



Temporal gene expression in hMSCs-laden hydrogels and pellet cultures
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Figure 4.2: Normalized temporal gene expression for chondrogenic (SOX9, Col II, ACAN, and ColX)
differentiation markers for basal PEG free swelling (. ), basal PEG/ChS free swelling (A), chondrogenic PEG

free swelling (. ), chondrogenic PEG/ChS free swelling (‘), basal PEG loaded (O ), basal PEG/ChS loaded

(A), chondrogenic PEG loaded (D ), chondrogenic PEG/ChS loaded (O), pellet control (+ ) cultured for up to
14 days. Means + standard deviations are presented as normalized relative expression (to day 0) and are relative to
the housekeeping gene L30 (n=4), * p <0.05.

In general, gene expression for several chondrogenic (aggrecan, SOX9, Col 1I),
hypertrophic (Col X, Col X/Col II), and osteogenic (RUNX2, ALP, Col I, Osteocalcin) markers
changed over the course of two weeks in hMSC-laden PEG and PEG/ChS hydrogels and in
hMSC pellet cultures when cultured either in basal growth media or CDM. In all hydrogel
conditions, aggrecan expression (Fig. 2A) decreased during week one. During week two,

aggrecan expression in CDM returned to initial levels while expression in basal medium

15
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continued to drop. In pellet culture, aggrecan expression increased during the first week, but
returned to initial levels by day 14. SOX9 expression (Fig. 2B), an early chondrogenic
transcription factor, increased significantly during week one for all conditions. During week two,
SOXO9 expression decreased with loading in PEG and PEG/ChS basal constructs, but was not
affected in the CDM and pellet constructs. Mean Col II expression (Fig. 2C) did not change for
free swelling CDM constructs over two weeks, while in all other conditions expression increased
over time with the highest expression being in the pellet culture at day 14. All conditions
upregulated Col X expression (Fig 2D) during week one, with the highest expression being in the
CDM hydrogel constructs. During week two, loading further increased Col X expression in
CDM hydrogel constructs, but decreased Col X expression under basal conditions. During week
one, Col X/Col IT (Fig 2E) increased for all CDM conditions and to a lesser extent for basal
constructs. During week two, Col X/Col II decreased significantly in pellet culture, but remained
constant for all hydrogel conditions.

RUNX?2 expression (Fig. 3A), an early osteogenic transcription factor, increased
significantly for all hydrogel conditions and to a lesser extent pellet cultures during week one.
During week 2, RUNX?2 expression decreased for all hydrogel conditions except for CDM free

swelling PEG and PEG/ChS and loaded PEG constructs. ALP expression (Fig. 3B) was
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Figure 4.3: Normalized temporal gene expression for osteogenic (RUNX2, ALP, Col 1 and OC) differentiation
markers for basal PEG free swelling (. ), basal PEG/ChS free swelling (A), chondrogenic PEG free swelling (. ),

chondrogenic PEG/ChS free swelling (‘), basal PEG loaded (O ), basal PEG/ChS loaded (A), chondrogenic

PEG loaded (D ), chondrogenic PEG/ChS loaded (0), pellet control (+ ) cultured for up to 14 days. Means +
standard deviations are presented as normalized relative expression (to day 0) and are relative to the housekeeping
gene L30 (n=4), * p < 0.05.

significantly downregulated over time in all conditions. Col I expression (Fig. 3C) decreased for
all conditions during week one. In week two, loading plus CDM increased Col I expression,
while free swelling conditions remained constant. Overall, pellet cultures had the highest Col I
expression. Osteocalcin expression (Fig. 3D) was significantly downregulated for all hydrogel

conditions but significantly upregulated in pellet culture over time.
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Cell Content and ECM Molecule Expression by Encapsulated hMSCs

Initial cell content, based on total DNA, was similar for both PEG and PEG/ChS
hydrogels (Fig. S1). At day 7, cell content remained high for PEG and PEG/ChS in basal and
CDM. By day 14, cell content was reduced by ~25-35% in the free swelling constructs and basal
loaded constructs, but remained at ~100% of day O values in the loaded CDM constructs.

Representative histology images are shown in Figures 4-7 for aggrecan, collagen II, X
and I, respectively, with general qualitative observations given in Table II. All staining appears
to be primarily intracellular. Aggrecan was the most prominent ECM protein expressed. By day
7, all hydrogels stained positive for aggrecan with CDM PEG/ChS hydrogels staining the
strongest. There was a qualitative increase in staining for aggrecan in all conditions at day 14,
with a further increase in staining due to loading in the CDM PEG constructs. Only CDM PEG
and PEG/ChS free swelling conditions stained positive for collagen II at day 14. Loading
inhibited collagen II protein expression, with no detectable staining present in the CDM loaded
hydrogels. Collagen X protein was present in all conditions at day 7. By day 14, collagen X
expression increased in all conditions except the loaded basal constructs which showed no
qualitative change. Collagen I protein expression was only present in the CDM PEG/ChS
hydrogels at day 7, which remained at day 14 under free swelling conditions. Slight collagen I
was observed at day 14 for the other conditions under free swelling. Qualitatively, loading
appears to inhibit collagen I in both CDM conditions while enhancing its expression in the basal
PEG/ChS condition. All conditions stained negatively for lipids (Oil Red O) and for alkaline

phosphatase activity (data not shown).
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Figure 4.4: Immunohistochemical deposition of aggrecan by hMSCs encapsulated in PEG constructs (A-D, I-L),
PEG/ChS constructs (E-H, M-P), conditioned in basal media (A-H) or CDM (I-P) that underwent free swelling and
loading conditions and were cultured for up to 14 days. Original magnification is 400x. Staining intensity is visualized
with a color spectrum scale from red to violet, with red indicating low intensity and violet indicating high intensity.
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Figure 4.5: Immunohistochemical deposition of type II collagen by hMSCs encapsulated in PEG constructs (A-D, I-L),
PEG/ChS constructs (E-H, M-P), conditioned in basal media (A-H) or CDM (I-P) that underwent free swelling and
loading conditions and were cultured for up to 14 days. Original magnification is 400x. Staining intensity is visualized
with a color spectrum scale from red to violet, with red indicating low intensity and violet indicating high intensity.
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Figure 4.6: Immunohistochemical deposition of type X collagen by hMSCs encapsulated in PEG constructs (A-D, I-
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L), PEG/ChS constructs (E-H, M-P), conditioned in basal media (A-H) or CDM (I-P) that underwent free swelling

and loading conditions and were cultured for up to 14 days. Original magnification is 400x. Staining intensity is

visualized with a color spectrum scale from red to violet, with red indicating low intensity and violet indicating high

intensity.
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Figure 4.7: Immunohistochemical deposition of type I collagen by hMSCs encapsulated in PEG constructs (A-D, I-

L), PEG/ChS constructs (E-H, M-P), conditioned in basal media (A-H) or CDM (I-P) that underwent free swelling

and loading conditions and were cultured for up to 14 days. Original magnification is 400x. Staining intensity is
visualized with a color spectrum scale from red to violet, with red indicating low intensity and violet indicating high

intensity.
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Day 0-FS Day 7-FS Day 14-FS  Day 14,load  load effect

98

Aggrecan
Basal PEG X + ++ ++ ne
Basal PEG/ChS X -+ i i ne
Chondrogenic PEG X + ++ +++ #
Chondrogenic PEG/ChS X i i i ne
Collagen II
Basal PEG X X X X ne
Basal PEG/ChS X X X X ne
Chondrogenic PEG X X + X -
Chondrogenic PEG/ChS X X -+ X -
Collagen X
Basal PEG X + ++ + -
Basal PEG/ChS X s - s -
Chondrogenic PEG X + ++ ++ ne
Chondrogenic PEG/ChS X -+ i i ne
Collagen I
Basal PEG X X + + ne
Basal PEG/ChS X X -+ i #
Chondrogenic PEG X X + X -
Chondrogenic PEG/ChS X it it + -

Table 4.2: Denotation of qualitative observations for IHC staining in Figure 5 (n=2). X denotes no detected staining, + denotes weak staining, ++ denotes
stronger staining, +++ denotes strongest staining in free swelling and loaded samples. # denotes an increase in staining with the application of load, -
denotes a reduction in staining with load, and “ne” denotes no effect from load.



4.4 Discussion

The main findings from this study are that during early chondrogenesis of hMSCs 1) a
three-dimensional culture environment neutral or charged enhances terminal differentiation
during chondrogenesis in human MSCs, ii) the application of dynamic unconfined compressive
loading, at least under the conditions investigated in this study, hinders stable chondrogenesis
while simultaneously enhancing terminal differentiation, and iii) the presence of negatively
charged chondroitin sulfate promotes production of aggrecan and collagen I, but under loading
appears to have a positive effect by reducing terminal differentiation and collagen I expression.

One of the challenges in using MSCs for cartilage tissue engineering is that their natural
pathway in vivo is endochondral ossification; where MSCs normally follow a terminal
differentiation fate during chondrogenesis. It has been shown that in the in vitro pellet culture
model, pellets supplemented with dexamethasone and TGF-f3 lead to chondrogenesis evidenced
by increased Col I mRNA and protein expression. However, this invariably is followed by up-
regulations in Col X and ALP activity, indicating terminal differentiation of MSCs [17], and
leads to calcification when implanted in vivo, further supporting a pathway to endochondral
ossification [30, 31]. Strategies to suppress terminal differentiation have only had marginal
success, largely due to the fact that pathways involved in terminal differentiation in vivo remain
unclear and pathways that regulate in vitro chondrogenesis appear to be markedly different [32].
However, chondrogenic differentiation of human MSCs in hydrogels (e.g., Matrigel™ ) has
shown reduced Col X expression in vitro and reduced calcification in vivo, suggesting a role for
hydrogels in controlling hypertrophy and terminal differentiation of MSCs [33].

In this study, comparison to pellet cultures revealed that PEG or PEG/ChS hydrogels

appear to induce terminal differentiation earlier than pellet cultures, in the presence of
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chondrogenic medium under free swelling conditions [34]. This was apparent by lower levels of
aggrecan and Col II mRNA concomitant with higher mRNA levels of RUNX2 and Col X/Col I
mRNA in the hydrogels over pellet cultures. Gene expression in the hydrogels was corroborated
at the protein level, where both aggrecan and collagen II proteins were expressed, but collagen X
protein expression was notably higher. It is important to note that aggrecan and collagen X
proteins were expressed before collagen II, which agrees with findings from others [32].
Interestingly, late markers of terminal differentiation (ALP and osteocalcin mRNA), and Col I
mRNA decreased with time in the hydrogels, which were similar or lower to pellet cultures, with
no ALP protein expression detected in the hydrogels. It has been suggested that in vitro, Col X is
regulated independent of ALP, where collagen X is not sufficient to induce mineralization in the
absence of ALP [35]. Therefore, it is possible that the hydrogel environments, which maintain a
round cell morphology, may suppress the late stages of hypertrophy. However, others have
reported that ALP activity in hMSC pellets does not appear until three weeks [32]. Therefore,
longer culture times are required to determine the long-term fate of hMSCs in PEG and
PEG/ChS hydrogels. It is important to recognize that the mesh size of the hydrogels will impact
diffusion of larger molecules (e.g., TGFf) [36] and may delay the onset of chondrogenic
differentiation when compared to pellet cultures.

It is interesting to note that in the absence of differentiation cues, both PEG and PEG/ChS
hydrogels support expression of aggrecan and collagen X as early as day 7 suggesting that the
preferred rounded morphology alone may be capable of inducing hMSC chondrogenesis.
Although these systems did not induce the expression of collagen II, this could be due to the

relatively short duration of this study. Previous work had demonstrated that goat MSCs
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encapsulated in PEG based hydrogels expressed collagen II protein after six weeks of culture in
the absence of chondrogenic differentiation cues [37].

One of the goals of this study was to investigate whether the incorporation of a cartilage
biomimetic matrix component, specifically negatively charged chondroitin sulfate into a
hydrogel, could favorably impact chondrogenesis of hMSCs over a bioinert and neutral hydrogel.
Our results indicate that ChS indeed has an effect on hMSCs. Under free swelling conditions,
ChS led to a stronger early response in aggrecan and collagen I protein expression, possibly
indicating a fibrocartilage pathway [38]. Most interesting is that under dynamic loading, the
presence of ChS downregulated Col X (p<0.05) and RUNX2 (p<0.05) by ~30% as well as
collagen I protein expression. Interestingly, Col II does not appear to be impacted by ChS
showing similar mRNA levels and protein expression with PEG hydrogels; although it was
hindered by dynamic loading. The effect of ChS is largely attributed to the presence of charge
because PEG and PEG/ChS hydrogels had similar volumetric swelling ratios, compressive
moduli, and resulted in similar local strains experienced by cells under loading. The presence of
fixed negative charges can impact cells by interacting with positively charged molecules. ChS
will bind positively charged TGFf [39] and may bind other positively charged signaling
molecules (e.g., serum proteins), potentially enhancing the contextual presentation of these
molecules to cells or alternatively reducing their availability to cells. Additionally, the fixed
negative charges will attract positive ions from the media creating a hyperosmotic environment,
which will be dynamic under loading [16, 40]. Hyperosmolarity has been shown to effect
negatively MSC cells leading to apoptosis [41] and decreasing cartilage matrix protein
expression [42] but has had a positive effect on total GAG production by chondrogenically

differentiating adipose derived stem cells [43]. We recently demonstrated that chondrocytes
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responded more favorably to a hyperosmotic environment under dynamic loading [16, 44].
Taken together, we hypothesize the favorable results observed with dynamic loading may be a
result of the dynamic hyperosmotic environment. Additional studies are necessary to confirm
this hypothesis.

A few studies report on the effect of chondroitin sulfate on MSCs in 3D scaffolds [15,
45-47], with even fewer studies focusing on clinically relevant human MSCs [45], and none to
the best of our knowledge, combined with mechanical stimulation. Our findings differ from
reports with goat MSCs encapsulated in ChS modified PEG gels under free swelling, where
collagen II protein expression was detected with a notable lack of collagen X after 6 weeks [15].
The differences are likely due to a combination of specie-dependent differentiation potential and
the duration of the studies (2 vs. 6 weeks), during which time it was noted that the encapsulated
cells began degrading the ChS modified hydrogels which led to the formation of nodules of
macroscopic tissue elaboration. Interestingly, Vargehese et al. incorporated higher amounts of
ChS which would lead to an even higher local osmolarity. It is possible that adult human MSCs
may respond markedly different to the osmotic environment that younger goat MSCs. Given that
collagen II protein expression was observed at day 14, it is also possible with long term studies
and a degradable system a more stable chondrogenic phenotype may arise.

Regardless of the hydrogel environment, PEG or PEG/ChS, dynamic loading hindered
collagen II deposition. This finding is consistent with our previous work utilizing PEG/RGD
hydrogels [25]. We hypothesize that dynamic loading may delay the onset of chondrogenesis.
Others [26] have reported inhibition of chondrogenesis with the application of loading to MSCs-
laden hydrogels, however, if cells were chondrogenically differentiated first, loading was no

longer inhibitory [48]. Although, a one week chondrogenic differentiation period was employed
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in this study, hMSCs had not yet produced collagen II protein, suggesting that cells may need to
become more stably differentiated before mechanical stimulation is applied.

In summary, PEG and the PEG/ChS hydrogels were found to induce an early terminal
chondrogenic differentiation response based on elevated aggrecan protein expression in
combination with elevated gene and protein expression of the hypertrophic protein, collagen X.
The presence of charge may slow terminal differentiation in the presence of loading; however
loading appears to have a general inhibitory effect on collagen II protein expression. This
suggests that additional studies are necessary to define optimal cues, ChS concentration and
loading regimes, which together support stable chondrogenic differentiation of human MSCs.
Under the conditions investigated in this study, hMSCs in the PEG/ChS hydrogel subjected to
mechanical stimulation express aggrecan, collagen X, and collagen I proteins, a combination
which represents key ECM molecules that are present in the interfacial region between cartilage
and bone, i.e. osteochondral interface [49]. Cartilage tissue engineering strategies will require the
engineered cartilage to successfully integrate with the underlying subchondral bone through the
osteochondral interface. Therefore the ChS and loading regimes employed in this study may be a
good candidate for use in osteochondral tissue engineering applications where a successful
interfacial region between bone and cartilage is required; however additional studies are needed

to define biological cues for regenerating stable cartilage.
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Primer type

Primer Sequence

Primer concentration

(nM)/Efficiency

L30 forward
reverse

SOX9 forward
reverse

ACAN forward
reverse

Col II forward
reverse

Col X forward
reverse

Col I forward
reverse
RUNX2 forward
reverse

ALP forward
reverse

OC forward
reverse

TGGTGTCCATCACTACAGTGGCAA
ACCAGTCTGTTCTGGCATGCTTCT
TGACCTATCCAAGCGCATTACCCA
ATCATCCTCCACGCTTGCTCTGAA
ACAATGCCCAAGACTACCAGTGGA
TTCTCGTGCCAGATCATCACCACA
GGTGGCTTCCATTTCAGCTATG
TCTTGCAGTGGTAGGTGATGTTCT
TTTTGCTGCTAGTATCCTTGAACTTG
CTGTGTCTTGGTGTTGGGTAGTG
TAGGGTCTAGACATGTTCAGCTTTGT
CCGTTCTGTACGCAGGTGATT
ACCAGTTGAGGTGCACTAAAGGGA
AGTTCAGATGAGGACCTGCAGCAT
TGCAGTACGAGCTGAACAGGAACA
ACTCTCTGCCTGCCCAAGAGAAAT
GGGAGGTGTGTGAGCTCAATC
GCCGTAGAAGCGCCGATAG

Table Supplemental 4.1: Primer sequences used in qRT-PCR.

250/99%

250/99%

350/84.5%

250/92%

200/87.5%

300/99.8%

250/100.8%

250/100%

250/108%
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Chapter 5

Effect of poly(ethylene glycol) based scaffolds modified with a bone mimetic peptide on
hMSC attachment and osteogenic biomarker molecule synthesis

5.1 Introduction

Efficacious bone tissue engineering can play a critical role in developing successful
osteochondral and cartilage tissue engineering strategies. Articular cartilage integrates with the
underlying subchondral bone through the osteochondral interface [1] and as such, the successful
implementation of engineered cartilage will require a means by which to anchor the engineered
cartilage, i.e. through the osteochondral interface to the subchondral bone, with the ultimate goal
of restoring joint function. Successful osteochondral tissue engineering strategies are complex,
involving engineering three distinctly different tissues (bone, cartilage, and the osteochondral
interface) with varying mechanical properties and extra cellular matrix (ECM) compositions.
With the long-term goal of this research focused on developing an osteochondral tissue
engineering strategy, a first step is to identify individual biochemical constituents that can be
incorporated into the boney region to support osteogenic differentiation.

Bone tissue engineering strategies often involve a combination of several important
factors: selecting an appropriate cell source, designing a suitable scaffold, and the delivery of
appropriate physiological cues. Human mesenchymal stromal cells (hMSCs) are an excellent cell
source due to their ability to differentiate down several lineages including the chondrogenic and
osteogenic lineages as well as for their use in clinical applications. Poly(ethylene glycol) based
hydrogels have been used in bone tissue engineering strategies for several years now [2-9], and
provide an attractive basis for scaffold design. These hydrogels have many attractive qualities
including the ability to covalently incorporate molecules such as tissue specific biomimetic cues

[10, 11] and cell-binding ligands such as the ubiquitous cell-binding domain, RGD [12].

97



The ECM of bone is primarily comprised of inorganic mineral matrix (hydroxyapatite)
and organic matrix [13]. Collagen I is the most abundant organic component of bone and serves
to provide important extracellular signals to MSCs [14, 15] through several cell-binding domains
in the protein that interact with different MSC surface integrins. These binding domains include
the ubiquitous RGD domain(s), a DGEA domain, and the GIAG domain found in the 15 amino
acid sequence known as P-15 (GTPGPQGIAGQRDVV) [16]. The RGD domain, found in
several ECM molecules, has been widely utilized as a generic cell-binding domain in MSC laden
hydrogels [12, 17-19]. However, RGD requires additional signals to induce osteogenesis of
MSCs [16]. Alternatively, the P-15 peptide sequence has been shown to promote osteogenesis of
MSCs [20].

The overall objective of this study was to investigate the response of hMSCs to a P-15
modified PEG based scaffold. P-15 has previously been shown to promote cell attachment when
the peptide is adsorbed on anorganic bone mineral (ABM) particles [21] and enhance the
osteogenic potential of osteoblasts [22] as well as promote osteogenic differentiation of MSCs
[20]. The specific aims of this study were twofold: 1) to investigate the attachment and
differentiation of the hMSCs to the PEG hydrogels with immobilized P-15, in 2D and 2) to
investigate the effect of the 3D PEG/P-15 environment on the viability and osteogenic biomarker
molecule synthesis of encapsulated hMSCs. In these studies, the P-15 peptide motif was
covalently bound to the PEG based hydrogel and hMSCs were either seeded on (2D) or
encapsulated in (3D) either a tightly or loosely crosslinked PEG/P-15 system and cultured under
basal or osteogenic medium conditions. We hypothesized that the incorporation of the P-15
peptide motif into PEG based hydrogels promotes hMSC attachment and adhesion to PEG

hydrogels (in 2D) and enhances the production of osteogenic biomarker molecules and the
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deposition of osteogenic ECM molecules (in 3D). Our findings demonstrate that hMSCs attach
to P-15 modified PEG based hydrogels in 2D and express osteonectin, a bone specific osteogenic
biomarker molecule that selectively binds both hydroxyapatite and collagen I, but the 3D P-15
modified environment does not appear to enhance the viability of these cells or the production of

osteogenic biomarker molecules by hMSCs over unmodified environments.

5.2 Materials and Methods
hMSC cell culture

Adult hMSCs (24 year old male) were purchased from Texas A&M Health Science
Center College of Medicine Institute for Regenerative Medicine and cultured with basal stem
cell medium (BM) (20% fetal bovine serum (FBS, Atlanta Biologicals, Atlanta, GA), Img/mL
amphotericin B, 50 U/mL penicillin, 50 mg/mL streptomycin, and 20 mg/mL gentamicin in low
glucose Dulbecco’s modified Eagle medium (aMEM, Invitrogen; Carlsbad, CA) containing 1g/L
glucose). The cells were grown under standard cell culture conditions (in a regulated incubator at
37°C with 5% CO, conditions) and were plated at ~60 cells/cm” till passage 2 (P2, 1:10) and
allowed to grow to 80% confluency before being frozen down.

P3 cells were thawed and plated at approximately 4500 cells/cm*in T-275 tissue culture

polystyrene flasks. Media was changed twice weekly and cells were cultured until Passage 5 (P5)

(1:3 for P3-P4, 1:10 for P4-P5).

Macromolecular Monomer Synthesis
Poly(ethylene glycol) dimethacrylate (PEGMA) macromolecular monomers were

synthesized via microwave synthesis, described elsewhere [23]. Briefly, 4600 g/mol
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poly(ethylene glycol) (PEG) (Fluka, Sigma-Aldrich; St. Loius, MO) was allowed to react with
10x molar excess methacrylic anhydride in a molten reaction for 5 minutes. The reaction mixture
was purified by precipitations with ethyl ether, filtered, and allowed to dry under vacuum.
Acryloyl-PEG-N-hydroxysuccinimide (acryloyl-PEG-SCM, 3400 Da; Laysan Bio, Inc.;
Arab, AL) was reacted with either GTPGPQGIAGQRGVYV (P15) (Cerapedics) or YRGDS
(Genscript; Piscataway, NJ) in a 1:1.1 molar ratio (excess acryloly-PEG-SCM) in 50 mM sodium
bicarboate buffer (pH 8.2) overnight at room temperature. The P-15 degree of attachment was
determined to be 92% and the RGD degree of attachment was determined to be 94% using the
spectroscopic Fluoraldehyde™ o-Phthalaldehyde (Pierce) method of detection. The product,
acryloyl-PEG-P15 or acryloyl-PEG-RGD, was dialysed with 1000 MWCO cellulose ester
dialysis tubing (Spectra/Por® Biotech; Rancho Dominguez, CA) in de-ionized water with three
water changes for 24 hrs. The conjugated acryloyl-PEG-P-15 and acryloyl-PEG-RGD were

lyophilized and stored at 4°C.

hMSC Seeding on 2D Hydrogel Discs

2D photopolymerized hydrogel discs were fabricated. Briefly, a 20% (g/g) PEGDM
(4600 MW) solution containing either O peptide, 2.8 mM acryloyl-PEG-P15, or 2.8 mM
acryloyl-PEG-RGD and 0.05 wt% photoinitiator Irgacure 2959 (Ciba Specialty Chemicals;
Tarrytown, NY) dissolved in phosphate buffered saline (PBS, pH 7.4). Hydrogel sheets of each
of the macromer formulations previously described were polymerized between two glass slides
with a 1 mm Teflon spacer under 365 nm light with an intensity of ~5 mW/cm” for 10 minutes
(Black Ray XX-20BLB UV Bench Lamp, Upland, CA). 5 mm disks were punched out of the

sheets using a 5 mm biopsy punch. The disks were sterilized in 70% ethanol overnight followed
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by multiple rinses in sterile PBS over three days to sterilize the disks and remove any unreacted
polymerization reactants. The disks were secured to the bottom of non tissue culture treated 96
well plates using a minimal amount of sterile vacuum grease.

2000 cells/well were seeded on the disks with serum free basal medium and allowed to
attach for six hours before medium was replaced with either basal (described previously) or
osteogenic differentiation medium (osteogenic differentiation medium: 10 nM dexamethasone,
50 mM I-Ascorbic acid 2-Phosphate trisodium Salt, 10 mM f-glycerophosphate, 20% fetal
bovine serum (FBS, Atlanta Biologicals), 1mg/mL amphotericin B, 50 U/mL penicillin, 50
mg/mL streptomycin, and 20 mg/mL gentamicin in low glucose alpha modified Eagle medium
(aMEM, Invitrogen) containing 1g/L glucose). Cells were cultured for up to seven days in

standard incubator conditions with media changes every two to three days.

3D hMSC Photoencapsulation

hMSCs were combined at a cell concentration of 10x10° cells/mL with a sterile 20% (g/g)
macromer solution PEGDM (either 4600 MW PEG (tightly crosslinked) or 10,000 MW PEG
(loosely crosslinked)) solution containing either O or 10 mM acryloyl-PEG-P15 and 0.05 wt%
photoinitiator Irgacure 2959 dissolved in basal or osteogenic differentiation medium. The
cell/macromer solution was polymerized under 365 nm light with an intensity of ~5 mW/cm® for
10 minutes. Cylindrical h(MSC-laden hydrogel constructs (~2.5mm in height and 5 mm in
diameter) were allowed to free swell in their respective culture media for the duration of the

study in standard incubator conditions.
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Cell Morphology and Immunohistochemistry

2D hydrogel constructs were fixed for 1 hour in 4% paraformaldehyde and transferred to
a 15% sucrose solution for storage (n=3). After permeabilization and blocking, the attached cells
were stained for the presence of osteonectin (ON, 1:2, lowa Hybridoma) for 2 hrs at room
temperature, rinsed with PBS, and treated for 2 hr with goat anti-mouse IgG labeled Alexa Flour
546 (1:200, Invitrogen). Additionally, the same samples were stained with Alexa Flour 488
phalloidin (1:40, Invitrogen) for 20 minutes and the nuclei were counterstained with DAPI
(Invitrogen) for 5 minutes. Samples were imaged using scanning laser confocal microscopy

(Zeiss LSM 510) using a 40x water objective.

Cell Viability

Cell viability throughout the duration of the 3D study was assessed using the
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen). Cell seeded constructs were imaged with a
Zeiss LSM 510 confocal microscope. At each time point (days 0, 7, 14, and 21) constructs were
removed, rinsed with PBS and allowed to incubate for 30 minutes in a solution of 2mM calcein
and 2mM ethidium homodimer. After incubation, the constructs were removed and rinsed before
imaging. Two to four images were taken for each construct (n=2) and 50-100 cells were counted

for each image using Cell Counter with Image J software.

Biochemical Analysis
Samples were homogenized in dionized water and taken through three freeze (-
80°C)/thaw (at room temperature)/sonicate cycles. DNA content was measured with a

spectrophotomoter using the PicoGreen dsDNA Reagent (Invitrogen). The amount of alkaline
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phosphatase (ALP) produced by the cells was measured using Sigma Diagnostic Kit #104
(Sigma), modified for osteogenic ALP applications, as previously described [24]. The amount of
total calcium incorporation into the scaffolds was measured with the Total Calcium Liquicolor

Assay (Stanbio).

Statistical analysis

Statistical analysis was performed using One Way ANOVA with a Tukey HSD Post Hoc
assessment to determine differences between experimental variables. p values < 0.05 were
considered significant. Data are reported as the mean + standard deviation of the mean unless

stated otherwise.

5.3 Results
5.3.1 Effect of PEG/P-15 hydrogels on hMSC attachment and osteogenic biomarker molecule
expression in 2D

2D PEGDM hydrogels modified with either P-15 or RGD, which served as a positive
control for cell adhesion, or no peptide were fabricated and undifferentiated hMSCs were seeded
on the gels and cultured under free swelling conditions for 7 days in either basal medium or
osteogenic differentiation medium. Cells attached to both the RGD modified and P-15 modified
surfaces as demonstrated by the F-actin staining in Fig. 5.1. No cells were detected on the
unmodified PEGDM hydrogels. Additionally, attached cells were stained for osteonectin through
immunohistochemistry. hMSCS on both RGD and P-15 modified hydrogels cultured in
osteogenic medium stained positively for ON (Fig. 5.1) whereas hMSCs cultured on P-15

modified hydrogels, but not RGD in basal medium stained positively for ON (Fig. 5.1).
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Figure 5.1: Day 7 staining of hMSCs attached to PEG hydrogels modified with either RGD or P-15
peptide motifs cultured in either basal (top) or osteogenic differentiation medium (bottom). Columns 1
and 3, green staining of actin filaments using fluorescently conjugated phalloidin. Columns 2 and 4, red
staining of osteonectin (ON) in the same samples as columns 1 and 3. Samples are counterstained with the
nuclear stain DAPI. 400x original magnification with scale bars=50um.

5.3.2 Effect of PEG/P-15 hydrogels on hMSC viability and osteogenic biomarker molecule
expression in 3D
5.3.2.1 Viability and survivability

hMSCs were encapsulated in either tightly crosslinked or loosely crosslinked PEGDM
hydrogels. The tightly crosslinked macromer was synthesized from PEG with MW=4600 g/mol
and 20% (g/g) gels had a volumetric swelling ratio of ~7 and the loosely crosslinked macromer
was synthesized from PEG with MW = 10,000 g/mol and had a volumetric swelling raio of ~21.
The hydrogels were either plain PEGDM or modified with 10 mM P-15. Cell-laden hydrogels of
each condition were cultured for up to 21 days in either basal or osteogenic differentiation media.

Cell viability, based on visualization of a membrane integrity assay, was assessed semi-
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Figure 5.2: A) Representative Live/Dead image of hMSCs encapsulated in a tightly crosslinked P-15 modified scaffold
cultured in basal medium for 21 days. Original magnification is 100x and scale bar = 200 wm. B) Semi-quantitative
hMSC cell viability assessed over 21 days in tightly crosslinked P-15 modified and unmodified PEGDM scaffolds.

qualitatively from confocal microscopy images, for basal and osteogenic medium conditions in
the more tightly crosslinked P-15 modified hydrogels over the course of the 21 study and a
representative confocal image is shown in Fig. 52A. Viability dropped off sharply to ~30-50%
by day 7 in all conditions and leveled off at 25-35% by day 21 (Fig. 52B).

Total DNA content was assessed in the hydrogels as a function of peptide and culture
medium. DNA content in the P-15 modfied hydrogels was normalized to the DNA content in
unmodified hydrogels in the same respective culture medium (Fig. 5.3). This ratio was used as a
measure of cell survivability as a result of the P-15. In the more tightly crosslinked hydrogels,
cells in P-15 modified hydrogels, on average survived better than the no peptide conditions in
both basal and osteogenic medium (Fig. 5.3). However, in the more loosely crosslinked
hydrogels, the survivability of the hMSCs was better, for both basal and osteogenic medium, in

the unmodified hydrogels (Fig. 5.3).
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Figure 5.3: Cell survivability in P-15 modified scaffolds normalized to unmodified scaffolds (survivability in
unmodified scaffolds = 1) in A) basal medium and B) osteogenic differentiation medium.

5.3.2.2 Osteogenic biomarkers: Alkaline phosphatase production and mineral deposition

A general increase in the production of ALP for all hydrogel conditions was observed
compared to day O (loosely crosslinked) and day 1.5 (tightly crosslinked) levels with an overall
increasing trend enzyme production over the course of the study (Fig. 5.4). Higher levels of ALP
were detected in both the basal and osteogenic loosely crosslinked conditions as compared to
their respective tightly crosslinked counterparts. Interestingly, absolute production of ALP was
similar in corresponding basal and osteogenic conditions. It is also interesting to note that the
condition that exhibited the highest production of ALP was the no peptide/loosely crosslinked

scaffold in basal media (Day 21) (Fig. 5.4A).

106



Alkaline Phosphatase
Basal
E n:o pe‘ptide/ktightk crosslink

60

50

=
(=]

nmol/ng DNA

[y
(=]

A

Figure 5.4: Alkaline phosphatase enzyme production in unmodified and P-15 modified scaffolds :A) basal medium and
B) osteogenic differentiation medium.
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Total calcium levels also increased for all samples investigated over the course of the 21

day study (Fig. 5.5). Calcium levels for all basal conditions were similar, with no observed

differences among either the unmodified and P-15 modified or the tightly and loosely

crosslinked conditions (Fig. 5.5A). The calcium levels in all osteogenic conditions also increased

temporally (Fig. 5.5B). Beginning at day 10, the levels of calcium were slightly higher in the
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Figure 5.5: Total calcium production in unmodified and P-15 modified scaffolds :A) basal medium and B) osteogenic
differentiation medium.

loosely crosslinked conditions as compared to the tightly crosslinked samples, but there was no
difference between the unmodified and P-15 modified samples within each type of crosslinking.
The absolute amount of calcium in the scaffolds was approximately an order of magnitude higher

in the osteogenic samples as compared to the basal samples.

5.4 Discussion

The overall goal of this study was to investigate the response of hMSCs to the collagen |
analog, P-15, to determine whether it would be a suitable biomimetic constituent in a “boney”
layer of a multi-layered scaffold for osteochondral tissue engineering applications. Typically,
studies incorporate RGD into bioinert PEG based hydrogels to provide a generic attachment
domain for MSCs [8, 12, 18, 19, 25, 26]. However, RGD is a ubiquitous binding domain found

in several ECM molecules [16] and as such does not serve to provide a specific biomimetic cue
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to the encapsulated cells within the hydrogel scaffold. The 15 amino acid collagen I analog, P-
15, however, is also a cell-binding domain and has been previously shown to enhance
osteogenesis in MSCs [20].

In this study, we confirmed that P-15 does serve as a cell binding ligand for MSCs when
these cells are seeded on 2D P-15 modified hydrogels similar to the response seen in RGD
control gels. Additionally, undifferentiated hMSCs seeded on these P-15 modified scaffolds, in
the absence of osteogenic differentiation cues, expressed a bone specific protein that assists in
binding mineralized matrix to collagen I [27]. Although, the expression of this osteogenic
biomarker alone does not confirm the ability of P-15 to induce osteogenesis in hMSCs, the 2D
results did encourage further investigation in a 3D system. hMSCs will bind to the RGD and P-
15 peptide domains through different cell surface receptors [16] where RGD is typically thought
to bind to the a5P1 integrin and it has been suggested that P-15 binds to the a2f1 integrin [28,

29]. We hypothesize that MSCs may have more a5f1 integrins available, or may upregulate the

expression of these integrins, over the 281 counterparts, potentially leading to a stronger
binding effect from RGD over P-15. PEG based scaffolds containing both RGD and P-15 could
take advantage of both the strong adhesive behavior of RGD while investigating the potential of
P-15 to enhance osteogenic differentiation of hMSCs.

We hypothesized that nutrient diffusion could be limited in the tightly crosslinked (Q
=~7) hydrogels potentially impacting cell viability and osteogenic biomarker molecule synthesis.
As such, two different hydrogel crosslinking densities were investigated, to potentially rule out
these nutrient diffusion limitations [30] and to enhance fluid flow within the gel scaffolds, as
data in the literature suggests that interstitial fluid flow is beneficial for bone cells [31]. One

important difference between the two crosslinking density studies is that the loosely crosslinked
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scaffolds were placed on an orbital shaker for the duration of the study to maximize the nutrient
diffusion and fluid flow within the scaffolds after very low viabilities were observed in the
tightly crosslinked scaffold study. Incorporating the P-15 into the scaffolds did appear to
modestly enhance the survivability of the hMSCs, although, interestingly, this was only observed
in the tightly crosslinked and potentially nutrient diffusion limited systems for both basal and
osteogenic medium conditions. Although the cell survivability was enhanced, the actual cell
viability was still very low (<35%) in all of the systems investigated. In previous work by this
group [25], we observed substantially higher (>50%) hMSC viability in RGD modified PEG
based hydrogels. It has been suggested that hMSCs may attach to P-15 [32] in combination with
binding sites in other ECM molecules [16] to be most effective, potentially creating a positive
feedback loop for synthesis of collagen by MSCs [16]. This further supports the idea that a
combination of RGD and P-15 may provide the most efficacious local environment for
encapsulated hMSCs.

Both of the osteogenic biomarker molecules that were explored in this study were
produced in all of the conditions investigated and increased over the course of the study. It was
interesting that the conditions that produced the most ALP in both the basal and the osteogenic
conditions were in the loosely crosslinked scaffolds, although there was no evidence that the
presence of P-15 enhanced the production of ALP. It was also interesting that in the absence of
osteogenic differentiation cues, hMSCs produced ALP, a biomarker typically thought as an
osteogenic biomarker molecule. Findings in Chapter 4 of this thesis suggest that the PEG
hydrogel environment may induce terminal chondrogenic differentiation. Here we hypothesize
that the production of ALP in the basal system is actually indicative of terminal chondrogenic

differentiation [33] as a result of being encapsulated in the PEG based system, whether inclusive
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of P-15 or not, in the absence of differentiation cues, rather than an osteogenic lineage.
Additional studies investigating the production of more specific hypertrophic ECM molecule
production (type X collagen) would be needed to test this hypothesis.

Additionally, the conditions that were most promising for mineralized matrix deposition
were the unmodified and modified osteogenic loosely crosslinked scaffolds. While
mineralization in the presence of osteogenic differentiation medium (containing [3-
glycerophspate) has previously been observed in both acellular and dead cell control scaffolds
we have not observed this behavior in similar constructs cultured in basal media. Given those
results, the most interesting of the total calcium results are the basal conditions where both the
unmodified and P-15 modified conditions (in both the tightly and loosely crosslinked conditions)
exhibited greater than a 10-fold increase in total calcium by day 21. Although, the calcium
results are interesting, they do not suggest that incorporating P-15 into the PEG based scaffolds
enhances the production of osteogenic biomarker molecules.

Several studies have been published presenting evidence that P-15 enhances osteogenesis
in osteoblasts [20, 34] and/or enhances MSC osteogenic differentiation [20]. However, to date,
most studies reporting beneficial effects of P-15 have investigated the effect of P-15 on these
cells in a “local” 2D environment, where the P-15 is either adsorbed onto ABM particles [20-22,
35-37] or coupled to poly(l-lactide-co-e-caprolactone) microshperes [38]. Both the ABM particle
systems and the microsphere system provide an environment, where locally, the cells attach and
spread onto the surface that has been modified with P-15, similar to the 2D system reported in
this study where the P-15 modified PEG hydrogel appears to direct hMSCs down an osteogenic
lineage, based on the detection of the expression of ostenectin in the absence of osteogenic

differentiation cues. Additionally, osteogenic differentiation of MSCs in tissue culture is done in
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2D [39], in contrast to the 3D cell pellet environment required for chondrogenic differentiation
of MSCs [40]. We hypothesize that hMSCs differentiating down an osteogenic lineage prefer a
spread morphology, similar to that obtained in a “local” 2D environment, to the rounded
morphology adopted in the current PEG systems. Investigating the behavior of hMSCs in a PEG
based system with incorporated P-15 modified and unmodified ABM particles would be an

interesting means to test this hypothesis.

5.5 Conclusions

Overall our findings indicate that P-15 can serve as an alternative to RGD as a covalently
incorporated binding peptide for hMSCs in PEG based hydrogels, however the efficiency of the
P-15 peptide to bind the cells may be lower than the efficiency of RGD. Additionally, the
collagen I based peptide may be able to serve as an insoluble differentiation cue for hMSCs,
although evidence of this behavior in 3D remains to be seen. In 3D, although P-15 appears to
increase the survivability of encapsulated hMSCs as compared to unmodified scaffolds, cell
viability in these systems is still very low. These observations, in combination with previous
work with RGD modified PEG based hydrogels in this group [25], suggest that a better approach
to investigate the response of encapsulated hMSCs to incorporated P-15 may be to include both
P-15 and RGD in the PEG hydrogel system, as cells encapsulated with RGD maintain a
substantially higher viability than unmodified or P-15 modified scaffolds and have been shown
to produce both collagen I and mineralized matrix in a similar PEG based system [25] and may
work in concert with P-15 [16] to further enhance the production of osteogenic biomarker

molecules.
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Chapter 6

Property-Function Characterization of a Multi-layered Hydrogel for Interfacial Tissue
Engineering Applications

(Submitted)

Tissue interfaces are complex junctions between two distinctly different tissues that vary
in biochemical composition and often have very dissimilar mechanical properties. Interfaces are
critical to overall function and their complexity presents unique challenges in tissue engineering.
This study describes the development and characterization of the property-function relationships
of multi-layered biomimetic hydrogels with spatially controlled biochemical and mechanical
properties, with a particular emphasis on the local mechanical cues that are perceived by cells.
As a proof of concept, tri-layered hydrogels were designed specifically for an osteochondral
interface, the interfacial region between bone and cartilage, where the cartilage-niche was
designed from compliant crosslinked poly(ethylene glycol) (PEG) with chondroitin sulfate, the
bone-niche was designed from stiff PEG with RGD, and the interface was a hybrid of the two.
Spatially controlling the local mechanical properties gave rise to characteristically different
levels of cell deformation in all layers under static gross strains, which correlated with local
strains determined from finite element models. When undifferentiated human mesenchymal
stromal cells (hMSCs) were encapsulated in multi-layered hydrogels and cultured under free
swelling or subjected to dynamic loading in osteochondral differentiation medium, the spatial
presentation of biochemical and mechanical cues gave rise to characteristically different cartilage

and bone protein expressions in hMSCs in each layer. In summary, this study demonstrates that
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property-function relationships that arise in a multi-layered scaffold with distinctly varied
biochemical and mechanical properties influence the local strains sensed by the cells and

differentially affect the fate of encapsulated undifferentiated hMSCs.
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6.1 Introduction

Interfaces in biological tissues are junctions that exist between two distinctly different
tissues. They are biologically complex where their composition and structure are unique, giving
rise to important property-function relationships [1-3]. For example, the dentin-enamel junction
in teeth is the interface between two distinct calcified tissues, the outer rigid enamel and the
softer underlying boney dentin. This interface provides resistance to crack propagation to the
underlying bone, thus serving to minimize tooth fractures [4]. Musculoskeletal tissue interfaces
include several distinct interfaces, tendon/ligament to bone (enthesis), muscle to tendon
(myotendinous), and cartilage to bone (osteochondral) [5]. These interfaces are characterized by
a gradation in their mechanical properties enabling the transfer of loads between two
mechanically different tissues while minimizing stress concentration, reducing failure, and
overall enabling the joint to function properly [6]. To achieve their functional properties, each
interface has a unique biochemical make-up, which in some cases is described by a transition in
extracellular matrix composition from one tissue to the other, e.g. osteochondral interface [6], or
by a distinctly different composition, e.g. fibrocartilage of the enthesis interface [1].

Developing strategies to engineer tissues that span two distinct tissues connected by a
complex junction is challenging, yet critical to restoring function. To date, the majority of studies
focus on creating scaffolds that capture the two distinct tissues, through bi-layer designs. This
strategy enables distinct layers to be engineered and tailored to each specific tissue. For example,
the chemistry and/or structure of each layer have been designed to mimic aspects of the two
tissues [7-9]. In addition, different tissue-specific cells have been seeded into each layer [7, 10-
13]. The most prolific area of research in interfacial tissue engineering is in osteochondral tissue

engineering [14]. Strategies often combine a form of inorganic mineralized matrix such as
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tricalcium phosphate or decellularized trabecular bone, to represent the stiff boney region, with
compliant hydrogel polymers such as poly(lactic-co-glycolic acid), poly(lactic acid), or agarose
to represent the cartilage region [15-19]. Bi-layered hydrogels have also been explored, which
enable cell encapsulation and have the added benefit of being able to be formed in situ [20, 21].
For example, layers of poly(ethylene glycol)-based hydrogels have been formed from the same
structure, but with different cell types and growth factors for osteochondral tissue engineering
[21]. A few strategies have investigated more complex multi-layered structures [7, 12, 15]. For
example, Park et al. [12] created multi-layered porous scaffolds using solid free-form technology
for engineering the dentin-peridontal ligament-bone complex in teeth. Taken together, these
studies among others have demonstrated that it is possible to grow two distinctly different tissues
within a single scaffold.

To engineer an interface that can provide function, strategies will also need to focus on
ways to engineer the interfacial region, which in and of itself composes a unique cell phenotype
and extracellular matrix with distinct mechanical properties, and focus on the connection to
function. The bi-layer design approach has enabled advancements in interfacial tissue
engineering, but the interface is largely characterized by an abrupt change in material properties
created between the scaffold layers. Although the osteochondral interface exhibits a distinct
tidemark separating non-mineralized cartilage matrix from mineralized matrix, there exists an
interfacial region that is characterized as calcified cartilage having properties that are between
cartilage and bone. Recently Harley et al. [22] developed a multi-layered osteochondral scaffold
with varying composition of collagen, glycosaminoglycan and mineral, and was able to create an
interfacial region that better captured the mineral composition of the osteochondral interface;

however, the impact on cells was not tested. In addition to tailoring scaffold composition and
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structure, the mechanical environment must also be incorporated as many of these junctions are
subjected to external forces. Because cells respond very differently when external loads are
applied, a better understanding of how mechanical forces are translated through these complex
materials and how the local forces ultimately impact cells within the scaffold is needed. A few
studies have utilized finite element modeling as a means to predict the local mechanical stresses
and strains that are present in complex multi-layered osteochondral scaffolds [17, 23-25].
However, the impact on cells remains under-studied.

The overall objective for this study was to characterize the property-function
relationships of multi-layered hydrogels, particularly with respect to local mechanical cues that
are perceived by cells. This study investigates multi-layered biomimetic hydrogels laden with
undifferentiated human marrow stromal cells (MSCs) for interfacial tissue engineering.
Synthetically derived hydrogels were chosen because biological moieties can readily be
incorporated in a controlled manner while independently tuning the mechanical properties [26-
28]. Human MSCs were chosen because they offer an exciting clinically relevant cell source for
engineering a range of interfaces and exhibit a multipotency to differentiate into cells with
phenotypes that span interfacial tissues. In this study, we focus on one particular interface, the
osteochondral interface because of the importance of the mechanical environment and the
clinical prevalence of osteoarthritis that affects cartilage and the osteochondral interface [29, 30].
The specific aims of this study were twofold: 1) to characterize through experiments and finite
element modeling, the property-function relationships of cell-laden multi-layered hydrogels
fabricated with spatially controlled presentation of biochemical and mechanical cues that capture

three regions, bone, cartilage, and the distinct interface and 2) to investigate whether the local
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cues presented by a multi-layered hydrogel under the application of intermittent dynamic

compression differentially impacts the fate of undifferentiated human hMSCs.

6.2 Results
Multi-layer Hydrogel Fabrication and Characterization

Initially the formation of multi-layered hydrogels with spatially controlled crosslinked
structures was investigated. Three-dimensional tri-layered hydrogels were fabricated by
sequential photopolymerization of two macromolecular monomer (macromer) solutions of 10%
(g/g) and 30% (g/g) poly(ethylene glycol dimethacrylate) (PEGDM)) to produce layered
hydrogels whereby the chemistry remained constant but the structure, via crosslinking density,
was varied. To create an interfacial region, the hydrogels were fabricated by partially
polymerizing the bottom, more stiff, layer (30% PEGDM) followed by the addition of the second
monomer solution (10% PEGDM) and subsequent polymerization to produce the less stiff top
layer. This process yielded a middle layer as a result of mixing between the two monomer
solutions, which defined the interfacial region. The thickness of the interfacial region was
controlled by varying the polymerization times for the bottom layer from 0 to 10 minutes prior to
adding the top layer macromer solution (Fig. 6.1). Qualitatively, the formation of a distinct
boundary between the top and bottom layers became apparent with polymerization times for the
bottom layer exceeding 2.5 minutes (Fig. 6.1G-I), whereas hydrogels fabricated with a bottom
layer polymerization time of 2.5 minutes or less resulted in the formation of a continuous and
more substantial interfacial region (Fig 6.1 A-C). Semi-quantitative analysis of the interface
revealed interface thicknesses that ranged from 2.7 to 0.5 mm or ~45 to ~10% of the total

scaffold height with increasing polymerization times for the bottom layer (Fig. 6.1M).
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Figure 6.1: A-L) Representative microscopy images of dually fluorescent tri-layered hydrogels (green, top; red,
bottom) and the corresponding normalized fluorescence intensity plots. The hydrogels were fabricated using a
range of bottom layer (red) polymerization times: 0 min. (A, D), 1 min. (B, E), 2.5 min. (C, F), 5 min. (G, J), 7.5
min. (H, K), and 10 min. (J, L), with the top layer polymerization time held constant at 10 min. Original
magnification is 25x. Scale bar = 1 mm. M) Interface thickness measured by the thickness of overlapping
fluorescence intensities as a function of bottom layer polymerization time. **denotes that interface shearing

occurred under a compressive force.
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We selected one hydrogel fabrication scheme to explore spatially controlling both
biochemical composition and mechanical properties in the different layers. We chose the
formulation, bottom layer, polymerization time: 1 minute, and top layer, polymerization time: 10
minutes (Fig. 6.1B), because it yielded a measurable and mechanically robust interface, which
would enable its characterization. The local biochemical composition was varied by introducing
different extracellular matrix (ECM) moieties into each monomer solution. The bottom layer was
fabricated by co-polymerizing 30% (g/g) PEGDM macromers with 2.8 mM acryloyl-PEG-RGD

as the boney niche, while the top layer was fabricated by co-polymerizing PEGDM with

Spatial Distribution of ChS
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Figure 6.2: A) Normalized biochemical analysis of the axial ChS composition of a typical tri-layered hydrogel
(n=3). The x-axis error bars are not error bars, but rather are used to denote the region that the pooled sections
span. A-C labels correspond to chondrogenic (top) layer = A, interface (middle) layer = B, and osteogenic
(bottom) layer = C. * p < 0.05. B) Representative image of a tri-layered scaffold grossly stained with toluidine
blue for glycosaminoglycans. There is a slight blue background staining by the plain PEG (bottom). The intense
dark blue staining corresponds to the presence of chondroitin sulfate (top and interface). Scale bar = 1 mm.
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methacrylated chondroitin sulfate (ChSMA), with a 10% (g/g) final macromer concentration
(80% PEGDM, 20% ChSMA) as the cartilage niche. The interfacial region then became a
combination of RGD and chondroitin sulfate to yield the osteochondral interface. We assessed
the axial spatial distribution of chemical composition by probing for the presence of ChS in
serial sections by measuring its concentration through a quantitative spectroscopy based assay.
The highest concentration of ChS was measured in the top ~40% of the hydrogel, and it
decreased rapidly beyond the interface layer with little to no ChS detected in the bottom ~20% of

the scaffold (Fig. 6.2A). Acellular hydrogels were also grossly stained with toluidine blue, which

Table 6.1: Unconfined compressive modulus for stains for negatively charged
tri-layered hydrogels.
Compressive Modulus glycosaminoglycans to
(kPa) highlight the spatial location
Cartilage-like layer 48 £ 6" of chondroitin sulfate within
Interfacial layer ~100° the multi-layered scaffold. A
Bone-like layer 345 £35° representative image is shown
Tri-layered Hydrogel 90 £22° in Fig. 6.2B.
‘determined experimentally from single component The mechanical
hydrogel, Pestimated from neo-Hookean model, *determined
experimentally. properties of the biomimetic

tri-layered hydrogel were characterized by the unconfined compressive modulus (Table 6.1).
The top and bottom layers were determined from hydrogels prepared from the individual
components of each layer. The average modulus of the top layer was 48 kPa and the bottom

layer was 345 kPa. A tri-layered hydrogel was also characterized and its modulus was 90 kPa.
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Figure 6.3: Finite elemental analysis results describing the axial true strain for a tri-layered hydrogel subjected to
A) a static 7.5% gross unconfined compressive strain and B) a static 15% gross unconfined compressive strain.
Negative values correspond to compressive strain.

A FE model was used to predict the local strain profile produced within the tri-layered

hydrogel when subjected to an unconfined gross compressive strain. The model assumed three

distinct regions each with a homogeneous modulus. The moduli for the top and bottom regions

were taken from experimental measurements of the individual components of their respective

layer. The modulus of the interfacial region was approximated through curve fitting the overall

tri-layer hydrogel modulus data and estimated to be ~100 kPa. This finding indicates that the
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mechanical properties of the real interface is likely between that of the two layers. Using this
model, strain profiles were generated for two scenarios, the application of a 7.5% and a 15%
unconfined gross compressive strain applied along the cylindrical axis. The strain profiles,
presented in Fig. 6.3, illustrate that the local strain decreases from top to bottom, with the
majority of the applied strain being transferred to the top layer and to a lesser extent the interface
with the stiffer bottom layer experiencing little deformation. When comparing the 7.5 and 15%
gross strains, it is evident that the smaller gross strain produces more uniform radial and axial

profiles strains.

hMSC Deformation

While finite element analysis (FEA) confirmed variations in the local strain profile in
acellular tri-layered gels, it remained to be determined whether this translated into observable
differences in strains experienced by cells. hMSCs were encapsulated in tri-layered hydrogels
and subjected to the same gross compressive strains that were applied in the FE model. Using a
custom cell straining device in combination with confocal microscopy, changes in cell
morphology were investigated as a measure of cell deformation. Gross static unconfined
compressive strains of 0%, 7.5%, and 15% strain were applied to the tri-layered hydrogels and
representative images of cells in each of the three layers are shown in Fig. 6.4A-I. Cell
deformation was quantified from confocal microscopy images taken at full width half maximum
diameter for each gross strain and reported as a diameter ratio (x/y), where the value of x is the
cell diameter in the axis parallel to the applied strain, and the y value is the cell diameter in the
axis perpendicular to the applied strain (Fig. 6.4J). The application of a gross compressive strain

led to a general change in cell morphology from rounded to an ellipsoidal shape under strain in
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Figure 6.4: A-I) Representative confocal microscopy images of hMSCs (green) encapsulated in the top layer,
interface layer, and bottom layer of a representative tri-layered hydrogel subjected to no strain (A-C), 7.5% gross
static compressive strain (D-F), or 15% gross static compressive strain (G-I). Original magnification is 200x. J)
hMSC deformation was quantitatively assessed by a diameter ratio in each layer (top, interface, and bottom) of the
multi-layered scaffold under 0% (black), 7.5% (white), and 15% (grey) gross static compressive strains. A
diameter ratio of one indicates a perfectly round cell with no deformation and a diameter ratio of less than one
indicates cell deformation. * indicates p < 0.05, & indicates p < 0.1. (K-M) Line plots for the experimentally
determined diameter ratio and the strain predicted by FEA for each layer in the tri-layered hydrogel as a function
of the nominal gross strain.

all layers. However, the degree to which the cells deformed depended on the magnitude of the
gross strain and the location of the cell, i.e. the layer within the hydrogel. Qualitative analysis
from confocal microscopy images revealed that cells in the top least stiff layer of the hydrogel
underwent the most dramatic morphological change under the 15% gross strain, which was

confirmed by the smallest diameter ratio. In contrast, changes in cell morphology in the bottom
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(stiffest) layer were not substantial under the 7.5% strain but were observable under the 15%
strain with a significantly lower diameter ratio. Cells in the interfacial layer when compared to
the top layer exhibited similar levels of cell deformation under 7.5% strain, but were less
deformed under 15% strain. To compare with results from the FEA, diameter ratios were plotted
along side the average axial strain predicted from FEA, where the average strain was determined
from the central axis region of each layer. Experimental and simulation data display similar
trends with increasing gross strain (Fig. 6.4K-L). It is important to note that one limitation with
directly comparing the trends predicted by FEA to those in the cell straining device is that the

shapes of the scaffolds are different, cylindrical versus square, respectively.

Expression of ECM Molecules by hMSCs Encapsulated in Tri-layered Hydrogels in
Osteochondral Differentiation Media Under Free Swelling and Dynamic Loading Conditions

As a proof of concept, undifferentiated hMSCs were encapsulated in a tri-layered
hydrogel with compositional and stiffness variations. The scaffolds were fabricated as described
above with a stiff layer comprised of RGD ligands, a compliant layer comprised of ChS and an
interface comprising both RGD and ChS. The cell-laden tri-layered hydrogels were cultured in
osteochondral medium under either free swelling conditions for 14 days or free swelling
conditions for the first week and then subjected to unconfined dynamic compressive strains
applied intermittently from 0%-7.5% at a frequency of 0.3 Hz during week two. Samples were
assessed by immunohistochemistry for aggrecan, and collagens I, II, and X protein expression at
day 14. Representative histology images are shown in Fig. 6.5 with general qualitative

observations given in Table 6.2.
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After 14 days under free swelling, hMSCs in the top layer expressed aggrecan and
collagens I, IT and X (Fig 6.5A, G, M, S, Table 6.2). hMSCs in the interfacial layer expressed
similar levels of aggrecan and collagens I and X, but less collagen II when compared to the top
layer (Fig 6.5B, H, N, T, Table 6.2). hMSCs in the bottom layer expressed collagens I, II, and X
but no detectable aggrecan (Fig 6.5C, I, O, U, Table 6.2). Under loading, hMSCs in the top layer
had increased aggrecan expression, no effect in collagen I and X expression, but reduced
collagen II expression when compared to its free swelling counterpart (Fig 6.5D, J, P, V, Table
6.2). In the interfacial layer, hMSCs expressed reduced collagen X expression, but enhanced
collagen II expression with no effect in aggrecan and collagen I expression (Fig 6.5E, K, Q, W,
Table 6.2). In the bottom layer, hMSCs showed reduced expressions of collagen X and II, weak
aggrecan expression with loading, with no effect in collagen I expression (Fig 6.5F, L, R, X,

Table 6.2).
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Figure 6.5: Immunohistochemical analysis of protein expression by hMSCS encapsulated in tri-layered hydrogels and cultured under free swelling or dynamic loading
conditions after 14 days. Original magnification is 400x. Staining intensity is visualized with a color spectrum scale from red to violet, with red indicating low
intensity and violet indicating high intensity.

Table 6.2: Denotation of qualitative observations for IHC staining in Figure 6.5 (n=2).
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X denotes no detected staining, + denotes weak staining, ++ denotes stronger staining in free swelling and loaded samples. # denotes an increase in staining with the
application of load, - denotes a reduction in staining with load, and “ne” denotes no effect from load.




6.3 Discussion

The current study has developed and characterized the property-function relationships of
a multi-layered hydrogel with varying biochemical and mechanical properties, with a special
emphasis on the interface. As a first step towards designing scaffolds for osteochondral tissue
engineering, the local biochemical and mechanical environments were designed to mimic certain
aspects of the native junction of the osteochondral interface. This study focused on two key
aspects: 1) the differential mechanical properties of the native tissue and ii) the biochemical
make-up of the extracellular matrix. By spatially controlling the mechanical properties, this study
demonstrated that the application of a gross static compressive strain applied to multi-layered
hydrogels leads to dramatic changes in the level of cell deformation within each layer, which
correlated with local strains predicted by FE models. As a proof of concept, the impact of
variations in the local biochemical and mechanical properties on hMSC differentiation was
demonstrated in dynamically loaded hMSC-laden tri-layer hydrogels. Together, this study aimed
to demonstrate the importance of property-function relationships for spatially controlling the
local mechanotransduction cues, which will be critical to the success of many interfacial tissue
engineering strategies.

To create an environment that captured two distinct tissue niches, a chondrogenic-like
layer that was compliant and an osteogenic-like layer that was stiff, separated by an interfacial
region, a simple sequential polymerization method was developed. The thickness of the
interfacial layer was readily controlled by manipulating the polymerization time, i.e. conversion
of monomer into polymer, of the bottom layer during fabrication. In addition, the type of
interface formed varied from gradual, when polymerization times were short and conversion was

low, to distinct interfaces when polymerization times were long and conversion was high. For
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polymerization times beyond five minutes, which is sufficient to reach near complete conversion,
shearing of the two layers resulted under a gross strain, which prohibited these hydrogels from
use in mechanically compressive applications. Therefore, hydrogels with a bottom layer
polymerization time of one minute were chosen to ensure a mechanically robust interfacial layer
(>20% of total hydrogel height), given the implementation of mechanical loading.

The osteochondral interface is the transitional region between the more compliant hyaline
cartilage and the stiff underlying subchondral bone in articulating joints of the body. This
interface is typically thought of as the calcified cartilage layer that has mechanical properties that
reside between cartilage and bone [31]. These differential mechanical properties give rise to one
of the primary functions of cartilage, which is to absorb most of the load thus protecting the
underlying bone. As such during physiological loading, cartilage which has a modulus of ~450-
800 kPa[32] experiences large strains (e.g., 2-9% are typical [33]), but strains as high as 30% can
be generated[34, 35] while the underlying bone which has a modulus of ~1-5 GPa[31, 36]
experiences very little strain, less than 1% [37]. While the absolute mechanical properties were
not captured in the multi-layered hydrogels in this study, the differential strain levels were
captured. Under large 15% nominal gross strains applied to the hydrogel, the local strains in the
cartilage-like layer were ~30%, while the bone-like layer were ~4%. Under the smaller 7.5%
nominal gross strain, the local strains in the cartilage-like layer were ~15%, while the bone-like
layer were ~2%. While local strains in the interfacial region are not well characterized, the
Young’s modulus has been estimated to be ~10-fold lower than that of the subchondral bone[31]
supporting the idea that the strains will be between cartilage and bone. It is important to
recognize that during healing, strains that are larger than those that exist normally in the native

tissue dictate the type of tissue that is formed (e.g., in fracture healing ~5% strains have been
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shown to lead to bone formation, while higher strains can preferentially lead to cartilage
formation[38, 39]). Therefore, the hydrogels developed in this study when subjected to 7.5%
strain are within targeted strain levels necessary for promoting cartilage and bone tissue
formation.

The composition of cartilage, bone and the interface have their own unique biochemical
make-up, which ultimately gives rise to their mechanical properties and hence their function. The
biochemical composition provides important insoluble cues to cells, which together with
mechanical cues helps maintain tissue homeostasis. The major constituents for hyaline cartilage
are collagen type II and aggrecan, for bone are collagen type I among other bone specific
proteins and mineralized matrix, and for the interface are collagen type X and mineralized
matrix, and to a lesser extent collagen type II and GAGs [40]. In designing the biochemical
composition of the multi-layer hydrogels, a simple approach was chosen where chondroitin
sulfate, a GAG in articular cartilage, was selected for the cartilage-like layer, and RGD, a cell
adhesion peptide, was selected for the bone-like region. Chondroitin sulfate was chosen because
it is the main building block of aggrecan[41] as well as an important structural component of
cartilage[42] and has been shown to support chondrogenic differentiation of MSCs [43]. RGD
was chosen because it is a ubiquitous cell binding domain that is present in several bone specific
proteins (e.g., osteopontin and bone sialoprotein II [44]) and has been shown to support
osteogenic differentiation of MSCs in 3D hydrogels [45, 46]. The interface subsequently was
comprised of both chondroitin sulfate and RGD. This combination may give rise to a unique cell
phenotype where chondroitin sulfate, while small, is present in calcified cartilage[47] and the
persistent presence of RGD has been shown to inhibit collagen II-expressing MSCs long-

term[48] and therefore together may promote a hypertrophic cartilage phenotype.
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As a proof of concept, the ability to control the differentiation fate of undifferentiated
human adult MSCs by controlling the spatial presentation of biochemical and biomechanical
cues in a multi-layered photopolymerizable hydrogel for osteochondral applications was
explored. It is important to note that ideal loading regimes that guide differentiation of hMSCs
down either a chondrogenic or osteogenic lineage have not yet been elucidated. Therefore, the
primary goal of this work was to determine whether it was possible to differentially impact how
hMSCs respond, through the type of proteins they express, to biochemical and mechanical cues
in a multi-layered hydrogel during the early stages of differentiation. By in large under free
swelling conditions, all collagens investigated were expressed in all three layers. Expressions of
collagen II and aggrecan appear to be most prevalent in the cartilage-like layer, suggesting an
environment supportive of chondrogenesis. In the bone-like layer, there was a lack of detectable
aggrecan. These observations suggest the insoluble biochemical cues presented by the hydrogel
itself have a modest impact on the types of proteins expressed. Under loading, notable changes in
the types of proteins expressed were observed. Most notably, the expression of collagen I was
reduced in the cartilage-like layer, while simultaneously being elevated in the interfacial region.
This observation suggests that while the chondroitin sulfate biochemical cue promotes
chondrogenic differentiation, chondrogenesis may be inhibited by the relatively high strains in
the cartilage-like layer [49], but stimulated by the smaller strains in the interfacial region. While
the strains are small in the bone-like region, loading did have an observable impact on the type of
proteins expressed, leading to detectable aggrecan, but a down regulation in collagen II. This
observation suggest that either small strains or fluid flow, which may arise as a result of the high
compression in the upper regions is sufficient to impact the hMSCs encapsulated in this layer.

Interestingly, loading had a general inhibitory affect on type X collagen expression, but did not

136



affect type I collagen expression. Taken together, our findings confirm that it is possible to
impact undifferentiated hMSCs through the combined presentation of biochemical and
biomechanical cues; however further fine tuning of both the biochemical and biomechanical
environmental will be necessary to optimize hMSC differentiation. Recent findings from Nguyen
et al. [50] suggest that a combination of biochemical cues may be necessary to direct stem cell
differentiation by insoluble cues.

In this study, hMSCs were also presented with a cocktail of soluble factors that are a
combination of chondrogenic and osteogenic factors. The primary chondrogenic factor, TGF-f3
is a relatively large molecule, and as a result its diffusion into the hydrogel can be in part
controlled through the crosslinking density of the hydrogel. The crosslinked structure of the
boney-like layer is relatively small, such that diffusion of TGF-B3 should be substantially
reduced, while permitting diffusion of the much smaller osteogenic factors that present in the
culture medium. However, dynamic loading will enhance transport properties[51] and therefore
may increase that amount of TGF-B3 into the boney region, thus leading to positive expression
for aggrecan under loaded conditions. Alternative strategies for a more targeted delivery of TGF-
B include co-encapsulating TGF-B-loaded microparticles into the cartilage-like layer [52] or via
tethered moieties [27], both of which would be easily incorporated into our current multi-layer
hydrogel fabrication scheme.

FEA was employed to gain insights into the local strains that are generated in the multi-
layered hydrogels as a result of a gross strain, and is an effective engineering tool that can guide
the design of tissue engineering scaffolds [17, 53, 54]. Therefore, once optimal loading regimes
are identified for differentiating hMSCs down chondrogenic and osteogenic lineages, the

predictive models developed in this study will be used to identify a priori gel mechanical
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properties and hence gel structures for each layer and gross strains to achieve the desired local

cucs.

6.4 Conclusions

This study describes the development and property-function characterization of a multi-
layered hydrogel for osteochondral tissue engineering applications. Spatially controlling the local
biochemical and mechanical properties gave rise to characteristically different levels of cell
deformation under static gross strains and to characteristically different protein expressions in
hMSCs under free swelling and dynamic gross strains. This study aimed to demonstrate that
starting with undifferentiated hMSCs and by controlling local physical cues in a single
differentiation medium cocktail, it was possible to affect h(MSCs by altering the types of proteins
expressed. Because this study was limited to the early stages of differentiation, an exact
determination of the terminal differentiation fate of the hMSCs in each layer was not possible.
This observation is further confounded by the fact that the initial chondrogenic and osteogenic
differentiation pathways of hMSCs are linked [55]. Nonetheless, clear differences were
observed. As the cues necessary to guide chondrogenesis and osteogenesis of hMSCs become
more defined, the facile and versatile fabrication process combined with the predictive modeling
tool will enable the development of fine-tuned multi-layered hydrogels for osteochondral tissue
engineering strategies. This strategy can easily be adapted to engineering other interfacial tissue

engineering applications, particularly those where mechanical forces are prevalent.
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6.5 Experimental
Macromer Synthesis

Poly(ethylene glycol) dimethacrylate (PEGDM) macromolecular monomers were
synthesized via microwave methacrylation [56]. Briefly, 4600 g mol™ poly(ethylene glycol)
(PEG) (Fluka, Sigma-Aldrich) was melted and reacted with methacrylic anhydride in the
presence of hydroquinone (Sigma-Aldrich). The reaction mixture was dissolved in methylene
chloride and purified by multiple precipitations with ethyl ether, filtered, and dried under
vacuum. The degree of methacrylate substitution on each end of the PEG molecules was
determined to be 93% by '"HNMR (Varian VYR-500). Specifically, the area under the curve for
the vinyl resonance peaks (d= 5.7 ppm, d = 6.1 ppm) was compared to the area under the curve
for the methylene peaks associated with the PEG backbone (d =4.3 ppm).

YRGDS (Genscript) was reacted in a 1:1.1 molar ratio with excess acryloyl-PEG-N-
hydroxysuccinimide (3400Da; Laysan Bio, Inc.) in 50 mM sodium bicarbonate buffer (pH 8.4)
overnight at room temperature. The degree of attachment was determined to be 94% using the
spectroscopic Fluoraldehyde™ o-Phthalaldehyde (Pierce) method of detection. The product,
acryloyl-PEG-RGD was dialyzed for 24 hrs, lyophilized, and stored at 4 °C.

Methacrylated chondroitin sulfate (ChSMA) was synthesized as previously described [57,
58]. Briefly, chondroitin sulfate A (Sigma), containing ~30% chondroitin-6-sulfate and ~70%
chondroitin-4 sulfate was dissolved at 25% (w/v) in deionized water (dI-H,O) and reacted in a
1:8 ratio with methacrylic anhydride. The reaction temperature was held at 4 °C for 24 hrs and
the reaction pH was maintained at pH=S8. The reaction product was precipitated in chilled
methanol and dialyzed in dI-H,O for six hrs with three dI-H,O water changes. Multiple

mechacrylate substitutions are possible due to the free hydroxyl groups present in each repeat
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unit of the ChS [58].The purified product was recovered via lyophilization and the degree of
methacrylation was determined to be 23% via 'HNMR (Varian VYR-500), indicating that, on
average, there were 23 methacrylate groups present on each ChSMA molecule. Specifically, the
area under the curve for the vinyl resonance peaks (d= 5.5-6.2 ppm) was compared to the area

for the acetyl groups (d =1.7-2.0 ppm).

Acellular Multi-layered Scaffold Fabrication and Characterization

Two macromer solutions were used to create the multi-layered scaffolds for acellular
fabrication characterization: 10% (g/g) PEGDM, top, and 30% (g/g) PEGDM, bottom. Each
macromer solution was combined with 0.05% (g/g) photoinitiator Irgacure 2959 (Ciba Specialty
Chemicals). To visualize the multi-layers using fluorescent microscopy, 0.1% (g/g) fluorescein-
o-methacrylate (Sigma) was added to the 10% PEGDM macromer solution, and 0.1% (g/g)
rhodamine methacrylate (Sigma) was added to the bulk 30% PEGDM macromer solution. The
macromer solutions were exposed to 365 nm light with an intensity of ~5 mW cm™ for a range of
times, referred to as polymerization time (0-10 minutes: bottom, plus 10 minutes: top). Dually
fluorescent cubic (5 mm x 5 mm x 5 mm) multi-layered scaffolds were fabricated and imaged
using confocal laser scanning microscopy. Image J software was used to characterize the
resultant interface thicknesses.

Additionally, multi-layered hydrogels and corresponding single component hydrogels
were fabricated with biochemical cues. Two macromer solutions were prepared: 10% (g/g)
comprised of 80:20 (PEGDM:ChSMA) by weight (top layer) or 30% (g/g) PEGDM with 2.8
mM RGD (bottom). Single component hydrogels were formed from each macromer solution and

polymerized as describe above for 10 minutes. Multi-layered hydrogels were fabricated using 1
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minute for the bottom layer plus 10 minutes for the top layer. Cylindrical hydrogels (5 mm in
height x 5 mm in diameter) were fabricated. Hydrogels were allowed to free swell in PBS for 24
hrs at 37 °C. The tangent compressive modulus was determined in hydrated hydrogels under
unconfined compression, using a mechanical tester (Bose LM1 Test Bench). The samples were
strained at a constant strain rate of 0.3 mm sec™' using nonporous platens. The resulting tangent
modulus of the individual layers and the multi-layered hydrogels was determined for the linear
region of the stress/strain curve (n=5). It should be noted that because PEG hydrogels exhibit
largely elastic behavior, the tangent modulus is similar to the equilibrium modulus previously

reported for similar hydrogel formulations [59].

Acellular Composite Biochemical Analysis

Cylindrical acellular tri-layered hydrogels were embedded in tissue mounting media and
serially sectioned in the axial direction, starting at the top layer and continuing down the axis of
the cylinder, using a cryosectioner (Leica). 200 mm sections were homogenized and then
sequentially degraded in 1M NaOH at 60°C for 24 hrs, then neutralized followed by enzyme
treatment in 2 ml of 6.6x10” U ml™” chondroitinase ABC (Sigma) at 37 °C for 24 hrs. The ChS
content was assessed using the DMMB dye assay [60] and 5 sections were pooled and analyzed.
Fully hydrated acellular tri-layered scaffolds were also stained with a working solution of
toluidine blue (stock: 1% toluidine blue in 70% ethanol, working solution: 10% stock solution in
1% NaCl, pH <2.5). Toluidine blue stains negatively charged glycosaminoglycans blue and was
used to grossly visualize the spatial distribution of the ChS in the tri-layered scaffold. In
addition, the soluble fraction of ChSMA, i.e. the fraction not incorporated into the hydrogel, was

determined by assaying for the ChSMA (by DMMB) that diffused out of the hydrogel after the
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24 hour free swelling period. It was confirmed that 80% of the ChSMA was incorporated into the

hydrogel.

Finite Element Modeling

The FEA software package ABAQUS (Simulia) was used to conduct simulations. Finite
element discretization was carried out using 8-node axisymmetric hybrid elements (CAXSH)
using a relatively fine mesh of 5,000 elements. Because the model describes behavior in a
relatively small stretch regime, Gaussian chain statistics are applicable [61]. From experimental
results, it was assumed the relative heights of the cylindrical hydrogel layers for the top, bottom,
and interface layers were 2 mm, 2 mm and 1 mm, respectively. Strain energy models were used
to capture the stress-strain behavior for hyperelastic materials such as the hydrogels studied in
this work. The neo-Hookean model was chosen because it provided the best fit with
experimental data and required only one fitting parameter. The strain energy (Uyg) for the neo-

Hookean material model is given by:

UNH =

(SN ]

(£,-3) ()

where m is the initial rubbery shear modulus and I , 1s the first strain invariant of the deviatoric,
isochoric left Cauchy-Green strain tensor. The rubbery shear modulus used in the simulations for
the top and bottom layer of the multi-layered scaffold were estimated from the bulk modulus and
assumed to be 16 kPa and 115 kPa, respectively. The layers were assumed to be incompressible.
The shear modulus for the interface was determined through curve fitting of the tri-layered
experimental results and determined to be 33 kPa. The modeling results are reported as the axial

logarithmic strain.
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hMSC Cell Culture

Adult hMSCs (24 year old male) were purchased from Texas A&M Health Science
Center College of Medicine Institute for Regenerative Medicine and expanded in basal stem cell
medium (20% fetal bovine serum (FBS, Atlanta Biologicals), Img mL™" amphotericin B, 50 U
mL™" penicillin, 50 mg mL"™' streptomycin, and 20 mg mL™" gentamicin in low glucose
Dulbecco’s modified Eagle medium (aMEM, Invitrogen) containing 1g L™ glucose). The cells
were grown under standard cell culture conditions (in a regulated incubator at 37 °C with 5%
CO,) and were plated at ~60 cells cm™ till passage 2 (P2, 1:10) and allowed to grow to 80%
confluency before being frozen down. Cells were thawed and plated at approximately 4500 cells
cm™ in T-275 tissue culture polystyrene flasks (P3). Media was changed twice weekly and cells

were cultured in basal medium until Passage 5 (P5) (1:2 for P3-P4, 1:3 for P4-P5).

Cell Encapsulation

hMSCs were combined at a cell concentration of 10x10° cells mL™" with either a sterile
10% 80:20 PEGDM:PEGDM/ChSMA (g/g) macromer solution or a with a sterile 30% (g/g)
PEGDM solution containing 2.8 mM acryloyl-PEG-RGD and 0.05% (g/g) photoinitiator
Irgacure 2959 (Ciba Specialty Chemicals). The macromers and initiator were dissolved in
defined osteochondral differentiation medium (OCDM). OCDM included 1ml/100 ml media
ITS+ Premix (BD), 100 nM dexamethasone, 5 ng mL™ TGF-b3 (R&D Systems), 50 mg ml™" 1-
ascorbic acid 2-phosphate trisodium salt, 100 mg ml™' sodium pyruvate, 20mM b-
glycerophosphate, Img mL™" amphotericin B, 50 U mL™ penicillin, 50 mg mL™" streptomycin,
and 20 mg mL™' gentamicin in high glucose Dulbecco’s modified Eagle medium (DMEM,

Invitrogen) containing 4.5g L' glucose. A tri-layered hydrogel was produced as described above
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for the acellular scaffold fabrication. Samples were either cube (5 mm x 5 mm x Smm) or
cylindrical (5 mm diameter x 5 mm height) in shape for use in cell straining or dynamic loading

experiments, respectively.

Cell Straining

hMSC deformation was assessed for each of the two layers as well as the resulting
interface. Cells were pretreated with Cell Tracker™ Green CMFDA (Invitrogen) per
manufacturer and encapsulated as described above. After a 24 hour free swelling period, cubic
hydrogels were placed in a custom-built cell straining device similar to that described by Knight
et al. [62]. Three samples were analyzed, and three areas within each layer (top, bottom, and

interface of the multi-layered scaffold) were visualized for n=~30-45 cells/layer.

Mechanical Loading

A custom-built bioreactor system, as described elsewhere [63, 64] was utilized to apply
intermittent dynamic compressive strains to hMSC-laden tri-layered hydrogels. The hydrogels
were cultured under free swelling conditions for the first week and then subjected to an
intermittent dynamic loading regime applied from 0 to 7.5% amplitude strain in a sinusoidal
waveform at a frequency of 0.3 Hz (0.5hr on, 1.5hr off, repeated for 16 hours, 4 hours total
loading, followed by 8hr off) in the second week. Hydrogels were cultured in individual wells
with 2 ml per well of OCDM, which was changed daily, for the duration of the study. Free
swelling controls (n=2) were removed at 7 days and loaded scaffolds (n=2) free swelling controls
were removed at 14 days immediately following a complete 16-hour intermittent loading cycle.

A separate set of hydrogels (n=2) was free swollen for 14 days.

144



Immunohistochemistry

Hydrogels were fixed overnight in 4% paraformaldehyde and transferred to a 15%
sucrose solution for storage (n=2). Scaffolds were embedded in tissue freezing medium, flash
frozen in isopentane and liquid nitrogen, and sectioned using a cryostat. Sections (20mm) were
stained for the presence of aggrecan and collagens I, II, and X by immunohistochemistry. All
samples were pretreated with Chondroitanase-ABC (500 mU mL™) (Sigma-Aldrich) for 60
minutes. Collagen I and II samples were treated with protease (from streptomyces griseus,
Sigma-Aldrich, 1mg ml™) for 30 minutes and collagen X samples were treated with pepsin (1mg
ml™) for 30 minutes. After permeabilization with a 0.25% Triton-X 100™solution and blocking
with 10% normal goat serum, samples were treated overnight with anti-aggrecan (US
Biologicals, 1:5), anti-type I collagen (Abcam, 1:400), anti-type II collagen (Abcam, 1:100), and
anti-type X collagen (Developmental Studies Hybridoma Bank, 1:2) in blocking solution at 4 °C,
rinsed with PBS, and treated for 2 hr with goat anti-mouse IgG labeled with Alexa Fluor 488
(Invitrogen, 1:200) and counterstained with DAPI. Image J software was used to analyze the
data. Briefly, grayscale images for the two channels (405 nm, DAPI and either 546 or 488 nm
Alexa Flour goat-anti mouse, antibody label) were separated and inverted. The 16_color lookup
table was applied to the antibody channel and the images were merged. Staining intensity is
visualized with a color spectrum scale from red to violet, with red indicating low intensity and

violet indicating high intensity.
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Statistical analysis
Data are reported as the mean + standard deviation of the mean unless stated otherwise.

Statistical differences between experimental variables were assessed by statistical analysis using

One Way ANOVA with a Tukey HSD Post Hoc. P values < 0.05 were considered significant.

6.6 Acknowledgements

This study was supported by a NSF CAREER Award. The authors would like to thank
Christopher Baddick for his technical assistance. Human MSCs were obtained from the Texas
A&M Health Science Center College of Medicine Institute for Regenerative Medicine at Scott &
White through a grant from NCRR of the NIH, Grant #P40RR017447. The type X collagen
monoclonal antibody developed by Thomas F. Linsenmayer was obtained from the
Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and
maintained by The University of lowa. Confocal microscopy was performed at the

Nanomaterials Characterization Facility at the University of Colorado.

146



6.7 References

[1] Moffat KL, Sun WH, Pena PE, Chahine NO, Doty SB, Ateshian GA, Hung CT, Lu HH.
Characterization of the structure-function relationship at the ligament-to-bone interface.

Proceedings of the National Academy of Sciences of the United States of America
2008;105:7947.

[2] Martin RB, Burr DB, Sharkey NA. Skeletal Tissue Mechanics. New York: Springer,
1998.

[3] AufderHeide AC, Athanasiou KA. Mechanical stimulation toward tissue engineering of
the knee meniscus. Ann Biomed Eng 2004;32:1161.

[4] Imbeni V, Kruzic JJ, Marshall GW, Marshall SJ, Ritchie RO. The dentin-enamel junction
and the fracture of human teeth. Nature materials 2005;4:229.

[5] Sahoo S, Teh T, He P, Toh S, Goh J. Interface Tissue Engineering: Next Phase in
Musculoskeletal Repair Annals, Academy of Medicine, Singapore 2011;40:245.

[6] Lu HH, Subramony SD, Boushell MK, Zhang XZ. Tissue Engineering Strategies for the
Regeneration of Orthopedic Interfaces. Ann Biomed Eng 2010;38:2142.

[7] Kon E, Delcogliano M, Filardo G, Pressato D, Busacca M, Grigolo B, Desando G,
Marcacci M. A novel nano-composite multi-layered biomaterial for treatment of osteochondral

lesions: Technique note and an early stability pilot clinical trial. Injury-International Journal of
the Care of the Injured 2010;41:778.

[8] Yilgor P, Sousa RA, Reis RL, Hasirci N, Hasirci V. Effect of scaffold architecture and
BMP-2/BMP-7 delivery on in vitro bone regeneration. J. Mater. Sci.-Mater. Med. 2010;21:2999.

[9] Wang XQ, Wenk E, Zhang XH, Meinel L, Vunjak-Novakovic G, Kaplan DL. Growth
factor gradients via microsphere delivery in biopolymer scaffolds for osteochondral tissue
engineering. J Control Release 2009;134:81.

[10] JiangJ, Tang A, Ateshian GA, Guo XE, Hung CT, Lu HH. Bioactive Stratified Polymer
Ceramic-Hydrogel Scaffold for Integrative Osteochondral Repair. Ann Biomed Eng
2010;38:2183.

[11] LeelJ, Il Choi W, Tae G, Kim YH, Kang SS, Kim SE, Kim SH, Jung Y. Enhanced
regeneration of the ligament-bone interface using a poly(L-lactide-co-epsilon-caprolactone)
scaffold with local delivery of cells/BMP-2 using a heparin-based hydrogel. Acta Biomaterialia
2011;7:244.

[12] Park CH, Rios HF, Jin QM, Bland ME, Flanagan CL, Hollister SJ, Giannobile WV.

Biomimetic hybrid scaffolds for engineering human tooth-ligament interfaces. Biomaterials
2010;31:5945.

147



[13] Hammoudi TM, Lu H, Temenoff JS. Long-Term Spatially Defined Coculture Within
Three-Dimensional Photopatterned Hydrogels. Tissue Engineering Part C-Methods
2010;16:1621.

[14]  Schaefer D, Martin I, Shastri P, Padera RF, Langer R, Freed LE, Vunjak-Novakovic G.
In vitro generation of osteochondral composites. Biomaterials 2000;21:2599.

[15] Sherwood JK, Riley SL, Palazzolo R, Brown SC, Monkhouse DC, Coates M, Griffith
LG, Landeen LK, Ratcliffe A. A three-dimensional osteochondral composite scaffold for
articular cartilage repair. Biomaterials 2002;23:4739.

[16] Jiang CC, Chiang H, Liao CJ, Lin YJ, Kuo TF, Shieh CS, Huang YY, Tuan RS. Repair of
porcine articular cartilage defect with a biphasic osteochondral composite. J. Orthop. Res.
2007;25:1277.

[17] Lima EG, Mauck RL, Han SH, Park S, Ng KW, Ateshian GA, Hung CT. Functional
tissue engineering of chondral and osteochondral constructs. Biorheology 2004;41:577.

[18] Hung CT, Lima EG, Mauck RL, Taki E, LeRoux MA, Lu HH, Stark RG, Guo XE,
Ateshian GA. Anatomically shaped osteochondral constructs for articular cartilage repair. J
Biomech 2003;36:1853.

[19] Lima EG, Chao PHG, Ateshian GA, Bal BS, Cook JL, Vunjak-Novakovic G, Hung CT.
The effect of devitalized trabecular bone on the formation of osteochondral tissue-engineered
constructs. Biomaterials 2008;29:4292.

[20] Holland TA, Bodde EWH, Baggett LS, Tabata Y, Mikos AG, Jansen JA. Osteochondral
repair in the rabbit model utilizing bilayered, degradable oligo(poly(ethylene glycol) fumarate)
hydrogel scaffolds. Journal of Biomedical Materials Research Part A 2005;75A:156.

[21] LiuC, Xia Z, Czernuszka JT. Design and development of three-dimensional scaffolds for
tissue engineering. Chem. Eng. Res. Des. 2007;85:1051.

[22] Harley BA, Lynn AK, Wissner-Gross Z, Bonfield W, Yannas IV, Gibson LJ. Design of a
multiphase osteochondral scaffold III: Fabrication of layered scaffolds with continuous
interfaces. Journal of Biomedical Materials Research Part A 2010;92A:1078.

[23] Kelly DJ, Prendergast PJ. Prediction of the optimal mechanical properties for a scaffold
used in osteochondral defect repair. Tissue Eng 2006;12:2509.

[24] McMahon LA, Reid AJ, Campbell VA, Prendergast PJ. Regulatory effects of mechanical

strain on the chondrogenic differentiation of MSCs in a collagen-GAG scaffold: Experimental
and computational analysis. Ann Biomed Eng 2008;36:185.

148



[25] Marenzana M, Kelly DJ, Prendergast PJ, Brown RA. A collagen-based interface

construct for the assessment of cell-dependent mechanical integration of tissue surfaces. Cell
Tissue Res. 2007;327:293.

[26]  Bryant SJ, Arthur JA, Anseth KS. Incorporation of tissue-specific molecules alters
chondrocyte metabolism and gene expression in photocrosslinked hydrogels. Acta Biomaterialia
2005;1:243.

[27] Mann BK, Schmedlen RH, West JL. Tethered-TGF-beta increases extracellular matrix
production of vascular smooth muscle cells. Biomaterials 2001;22:439.

[28] Qiu YZ,Lim JJ, Scott L, Adams RC, Bui HT, Temenoff JS. PEG-based hydrogels with
tunable degradation characteristics to control delivery of marrow stromal cells for tendon
overuse injuries. Acta Biomaterialia 2011;7:959.

[29] Felson DT, Zhang YQ. An update on the epidemiology of knee and hip osteoarthritis
with a view to prevention. Arthritis Rheum 1998;41:1343.

[30] O'shea TM, Miao XG. Bilayered Scaffolds for Osteochondral Tissue Engineering. Tissue
Eng. Part B-Rev. 2008;14:447.

[31] Mente PL, Lewis JL. Elastic modulus of calcified cartilage is an order of magnitued less
than that of subchondral bone. J. Orthop. Res. 1994;12:637.

[32] Mansour JM. Biomechanics of Cartilage. In: C.A.Oate, editor. Kinesiology: The
Mechanics and Pathomechanics of Human Movemen. Philadelphia: Lippincott Williams and
Wilkins, 2003.

[33] Eckstein F, Tieschky M, Faber S, Englmeier KH, Reiser M. Functional analysis of
articular cartilage deformation, recovery, and fluid flow following dynamic exercise in vivo.
Anatomy and Embryology 1999;200:419.

[34] Burr DB, Milgrom C, Fyhrie D, Forwood M, Nyska M, Finestone A, Hoshaw S, Saiag E,
Simkin A. In vivo measurement of human tibial strains during vigorous activity. Bone

1996;18:405.

[35] Rubin CT. Skeletal strain and the functional significance of bone architechture. Calcified
Tissue International 1984;36:S11.

[36] Gardner-Morse MG, Tacy NJ, Beynnon BD, Roemhildt ML. In Situ Microindentation for
Determining Local Subchondral Bone Compressive Modulus. J Biomech Eng-T Asme 2010;132.

[37] Ethier CR, Simmons CA. Introductory Biomechanics - From Cells to Organisms.
Cambridge University Press.

149



[38] Claes LE, Heigele CA. Magnitudes of local stress and strain along bony surfaces predict
the course and type of fracture healing. J Biomech 1999;32:255.

[39] Palomares KTS, Gleason RE, Mason ZD, Cullinane DM, Einhorn TA, Gerstenfeld LC,
Morgan EF. Mechanical Stimulation Alters Tissue Differentiation and Molecular Expression
during Bone Healing. J. Orthop. Res. 2009;27:1123.

[40] Wang FY, Ying Z, Duan XJ, Tan HB, Yang B, Guo L, Chen GX, Dai G,Ma Z, Yang L.
Histomorphometric analysis of adult articular calcified cartilage zone. Journal of Structural
Biology 2009;168:359.

[41] Clifford R. Wheeless III M. Wheeless' Textbook of Orthopaedics. In: Clifford R.
Wheeless III M, editor. Articular Cartilage. Durham, NC: Data Trace Internet Publishing, LLC,
2011.

[42] Bollet AJ, Sturgill BC, Handy JR. Chondroitin sulfate concentration and protein
polysaccharide composition of articular cartilage in osteoarthritis. Journal of Clinical
Investigation 1963;42:853.

[43] Varghese S, Hwang NS, Canver AC, Theprungsirikul P, Lin DW, Elisseeff J.
Chondroitin sulfate based niches for chondrogenic differentiation of mesenchymal stem cells.
Matrix Biology 2008;27:12.

[44] Helfrich MH, Nesbitt SA, Dorey EL, Horton MA. Rat osteoclasts adhere to a wide range
of RGD (ARG-GLY-ASP) peptide containing proteins, indluding the bone sialoproteins and
fibronectin, via A beta-3 integrin. Journal of Bone and Mineral Research 1992;7:335.

[45] Nuttelman CR, Tripodi MC, Anseth KS. Synthetic hydrogel niches that promote hMSC
viability. Matrix Biology 2005;24:208.

[46] Huebsch N, Arany PR, Mao AS, Shvartsman D, Ali OA, Bencherif SA, Rivera-Feliciano
J, Mooney DJ. Harnessing traction-mediated manipulation of the cell/matrix interface to control
stem-cell fate. Nature materials 2010;9:518.

[47] Bayliss MT, Osborne D, Woodhouse S, Davidson C. Sulfation of chondroitin sulfate in
human articular cartilage - The effect of age, topographical position, and zone of cartilage on
tissue composition. J. Biol. Chem. 1999;274:15892.

[48] Salinas CN, Anseth KS. The enhancement of chondrogenic differentiation of human
mesenchymal stem cells by enzymatically regulated RGD functionalities. Biomaterials
2008;29:2370.

[49] Steinmetz NJ, Bryant SJ. The Effects of Intermittent Dynamic Loading on Chondrogenic

and Osteogenic Differentiation of Human Marrow Stromal Cells Encapsulated in RGD Modified
PEG Hydrogels Acta Biomaterialia 2011;7:3829.

150



[50] Nguyen LH, Kudva AK, Saxena NS, Roy K. Engineering articular cartilage with
spatially-varying matrix composition and mechanical properties from a single stem cell
population using a multi-layered hydrogel. Biomaterials 2011;32:6946.

[51] Chahine NO, Albro MB, Lima EG, Wei VI, Dubois CR, Hung CT, Ateshian GA. Effect
of Dynamic Loading on the Transport of Solutes into Agarose Hydrogels. Biophysical Journal
2009;97:968.

[52] Guo X, Park H, Liu GP, Liu W, Cao YL, Tabata Y, Kasper FK, Mikos AG. In vitro
generation of an osteochondral construct using injectable hydrogel composites encapsulating
rabbit marrow mesenchymal stem cells. Biomaterials 2009;30:2741.

[53] Appelman TP, Mizrahi J, Seliktar D. A Finite Element Model of Cell-Matrix Interactions
to Study the Differential Effect of Scaffold Composition on Chondrogenic Response to
Mechanical Stimulation. J Biomech Eng-T Asme 2011;133.

[54] Park S, Hung CT, Ateshian GA. Mechanical response of bovine articular cartilage under
dynamic unconfined compression loading at physiological stress levels. Osteoarthritis Cartilage
2004;12:65.

[55] Tate MLK, Falls TD, McBride SH, Atit R, Knothe UR. Mechanical modulation of
osteochondroprogenitor cell fate. International Journal of Biochemistry & Cell Biology
2008;40:2720.

[56] Lin-Gibson S, Bencherif S, Cooper JA, Wetzel SJ, Antonucci JM, Vogel BM, Horkay F,
Washburn NR. Synthesis and characterization of PEG dimethacrylates and their hydrogels.
Biomacromolecules 2004;5:1280.

[57] Villanueva I, Gladem SK, Kessler J, Bryant SJ. Dynamic loading stimulates chondrocyte
biosynthesis when encapsulated in charged hydrogels prepared from poly(ethylene glycol) and
chondroitin sulfate. Matrix Biology 2010;29:51.

[58] Bryant SJ, Davis-Arehart KA, Luo N, Shoemaker RK, Arthur JA, Anseth KS. Synthesis
and characterization of photopolymerized multifunctional hydrogels: Water-soluble poly(vinyl
alcohol) and chondroitin sulfate macromers for chondrocyte encapsulation. Macromolecules
2004;37:6726.

[59] Roberts JJ, Earnshaw A, Ferguson VL, Bryant SJ. Comparative study of the viscoelastic
mechanical behavior of agarose and poly(ethylene glycol) hydrogels. Journal of Biomedical
Materials Research Part B-Applied Biomaterials 2011;99B:158.

[60] Barbosa I, Garcia S, Barbier-Chassefiere V, Caruelle JP, Martelly I, Papy-Garcia D.

Improved and simple micro assay for sulfated glycosaminoglycans quantification in biological
extracts and its use in skin and muscle tissue studies. Glycobiology 2003;13:647.

151



[61] Boyce MC, Arruda EM. Constitutive models of rubber elasticity: A review. Rubber
Chem Technol 2000;73:504.

[62] Knight MM, Ghori SA, Lee DA, Bader DL. Measurement of the deformation of isolated
chondrocytes in agarose subjected to cyclic compression. Medical Engineering & Physics
1998;20:684.

[63] Nicodemus GD, Bryant SJ. The role of hydrogel structure and dynamic loading on
chondrocyte gene expression and matrix formation. J Biomech 2008;41:1528.

[64] Villanueva I, Hauschulz DS, Mejic D, Bryant SJ. Static and dynamic compressive strains

influence nitric oxide production and chondrocyte bioactivity when encapsulated in PEG
hydrogels of different crosslinking densities. Osteoarthritis Cartilage 2008;16:909.

152



Chapter 7

Conclusions and Future Work

The thesis work detailed in chapters three through six test the overarching hypothesis that
spatially controlling biomechanical and biochemical cues within a multi-layered hydrogel leads
to a layer of cartilage-like, a layer of bone-like, and an interfacial layer of osteochondral-like
extracellular matrix deposition by encapsulated hMSCs. Taken together, the studies presented
here further advance our understanding of how human MSCs behave in response to both
biochemical and biomechanical cues which is important for the continued development of a
tissue engineering scaffold capable of concomitantly and spatially guiding the differentiation of a
single undifferentiated cell source down multiple lineages towards the development of a feasible
osteochondral tissue engineering strategy.

When we, as scientists, grossly simplify a complicated, and not fully understood process
that takes place within the body by conducting simplified and controlled in vitro studies, we aim
to better understand the individual contributions of the complicated processes that take place in
vivo. While it may not be possible to include every cue or combination of cues that takes place
in a particular local environment within the body, research efforts can be made to include those
that are certain to be present. As such, the work in this thesis aims to gain a better understanding
of both biochemical and biomechanical cues as well as the combination of the two given that
these cues are inextricably linked and ever present in the body. With the ultimate, long term, goal
of developing a mechanically functional osteochondral tissue, it is critically important to

consider both of these types of cues throughout the research process.
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The first objective of this study gave insight into the impact of physiological intermittent
dynamic loading on hMSCs in PEG based hydrogels. Previous work in the field had
demonstrated that PEG based hydrogels were suitable scaffolds for directing both chondrogenic
and osteogenic differentiation of human MSCs. In this study, the combined effect of the cues
from the scaffold and the biomechanical cues imparted on the cells was examined.

The findings indicated that in an RGD modified PEG system, with relatively weak
hydrogels (stiffness estimated at ~40 kPa), a relatively large compressive loading regime (15%)
applied at the onset of differentiation inhibits chondrogenesis and osteogenesis of hMSCs. This
inhibition was demonstrated through both qRT-PCR and through (immuno)histological
investigation of chondrogenic and osteogenic ECM matrix molecule expression. These findings
were consistent with similar studies in the literature while contradictory to others (all for either
different scaffold types, different MSC sources, or both). The goal of this particular study was
not to establish an “ideal” loading regime, as the compilation of studies in the literature suggest
that this may be something that is different for each type of scaffold and more importantly for
each species and age of MSC utilized, but rather to contribute to our understanding of how the
biomechanical cues acting on hMSCs in PEG based scaffolds, which will be used throughout this
thesis work, affect the differentiation potential and ECM molecule synthesis of these cells.

These findings lead us to employ a delayed loading regime for the remainder of the
chondrogenic loading studies in this thesis with the hypothesis that a delaying the loading would
potentially allow the hMSCs a chance to begin chondrogenically differentiating before applying
the strain. Additionally, further studies incorporating osteogenically differentiating cells were not
subjected to dynamic loading based on the inhibitory results of this study combined with the fact

that bone cells in the body experience very small strains (<1%), which would be difficult to
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implement in a controlled, repeatable manner. In future studies, a basic screening study of ECM
molecule production by hMSCs over a range of physiological loading conditions applied during
chondrogenic differentiation should be completed to establish if there is a loading condition that
does not inhibit chondrogenesis in these PEG systems with hMSCs.

With the ultimate goal of designing scaffold materials suitable for use in the cartilage and
bone layers of a multi-layer osteochondral scaffold, modification of the bioinert PEG based
scaffolds with tissue specific biomimetic molecules was investigated. Objectives 2 and 3 have
similar goals but are directed down two different differentiation pathways. Objective 2
incorporates a cartilage specific ECM moiety, chondroitin sulfate, into the PEG based hydrogels,
and Objective 3 incorporates P-15, a collagen I peptide analog into the PEG based hydrogels
with the goal of investigating the behavior of the hMSCS in more biomimetic systems.

The research from the second objective gave insight into how hMSCs would respond in a
more native cartilage-like environment. Previous work in the field using goat MSCs suggested
that this type of system would direct MSCs down a collagen II producing articular cartilage
lineage. However, the ChS modified system employed in this study did support chondrogenesis,
although it appeared to enhance the terminal differentiation of human MSCs towards the
hypertrophic lineage. They hypertrophic lineage was evident from the early expression of the
hypertrophic cartilage specific collagen X and aggrecan as well as enhanced production of
collagen I, although collagen II was detected after 2 weeks. When delayed loading was applied
to this system, the terminal differentiation marker (collagen X) was unaffected whereas the
articular cartilage marker (collagen II) was no longer detected. Although the original aim was to
enhance articular cartilage chondrogenesis with this system, the system still holds great promise

for use in the multi-layer system where a layer of hMSCS going down the terminally
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differentiating hypertrophic lineage are also required. It has been proposed in the literature that
encapsulated MSCs that begin chondrogenically differentiating will start producing
chondroitinase that can begin to degrade the ChS modified PEG hydrogel systems. Future studies
in the area of this objective should include longer duration studies to investigate whether this
system, if it does in fact become degradable, would then enhance the articular cartilage lineage
of human MSCs. Additionally, thought should be given to the type of chondroitin sulfate used
(chondroitin-4-sulfate vs. chondroitin-6-sulfate) as it has been suggested that chondroitin-4-
sulfate binds free calcium ions (chondroitin-6-sulfate does not) and could serve as a nucleation
site if phosphate ions are present in the media, which may not be beneficial for enhancing the
articular cartilage lineage.

While collagen I is the most predominant collagen in the body, found in many tissue types,
it is also the primary collagen in bone. In Objective 3, we incorporated a collagen I peptide,
previously shown to bind hMSCs, into our PEG system to create a more bone-like environment.
The results from the 2D cell attachment portion of this study demonstrated that P-15 promotes
attachment of hMSCs, and there was evidence that it could direct h(MSCs down on osteogenic
lineage, in the absence of osteogenic differentiation cues, based on the expression of osteonectin,
a bone specific protein known to initiate mineralization. However, when studies were conducted
in 3D, the effect of the P-15 was unclear. P-15 modified PEG hydrogels did not significantly
improve the viability of encapsulated hMSCs over unmodified PEG hydrogels, and there was not
a measureable difference in the production of the osteogenic biomarker molecules (e.g. alkaline
phosphatase and calcium) investigated. Although the P-15 system investigated in this thesis did
not appear to enhance osteogenesis of hMSCs in 3D, the positive results obtained in 2D

combined with the reports in the literature of enhanced osteogenesis with this peptide warrant
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additional investigation into the inclusion of P-15 within the bone-like layer of the multi-layer
osteochondral scaffold design. It is possible that the P-15 alone does not provide a strong enough
cell binding interaction in the 3D system. Another area that would be interesting to investigate
would be whether the combined effect of an RGD/P-15 modified system would enhance the
osteogenic potential of hMSCs over an RGD system alone.

Additionally, while chondrogenic differentiation of MSCs in cell culture takes place in a
3D pellet culture environment, osteogenic differentiation of MSCs takes place in 2D, allowing
the cells to remain attached and spread on a surface. Bearing this in mind, future studies with P-
15 may benefit from creating a “local” 2D environment within the 3D PEG hydrogels in which
the hMSCs can interact with the P-15 in a spread morphology, rather than the rounded
morphology typically adopted in the 3D hydrogel environment. This could be accomplished by
incorporating anorganic bone matrix (ABM) particles modified with P-15 into the PEG
hydrogels where the ABM particles would serve as a “local” 2D environment on which the
hMSCs could attach and spread as well as a surface on which to present the P-15 peptide. Given
the low viability observed for osteogenically differentiating hMSCs, incorporating this “local”
2D environment may also help to enhance the cell viability. One could easily envision utilizing a
biomaterial that incorporates ABM particles as the bone-like layer in the design of an
osteochondral multi-layer hydrogel, as the AMB particles may also enhance the mechanical
properties of the PEG hydrogels.

Objective 4 was the culminating objective for this thesis: the engineering approach to
applying the basic science knowledge gained in the previous objectives. Given that the “ideal”
biomaterials to use in the bone-like and cartilage-like layers were not elucidated in Objectives 2

and 3, the focus of this objective was largely on fabricating a multi-layer hydrogel capable of
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imparting spatially controlled biochemical and mechanical cues with aim of property-function
characterization as the focus. Finite element analysis (FEA) was used to guide the design of the
spatially controlled mechanical properties within the layers. The model developed was verified
with experimental results, proving that the model is a useful tool that can be used to guide the
design of future scaffolds. Based on the results from the previous objectives combined with the
information from the model, we demonstrated a proof of concept where we could differentially
affect encapsulated hMSCs via spatially controlled biochemical and biomechanical cues. A
multi-layer hydrogel was designed and fabricated that contained a stiff RGD/PEG layer as the
bone-like layer and a compliant ChS/PEG layer as the cartilage-like layer. Due to the nature of
the fabrication process, a third, interfacial layer was formed between the cartilage-like and bone-
like layers which contained both RGD and ChS. When undifferentiated hMSCs were
encapsulated in these multi-layered hydrogels and cultured under free swelling or subjected to
dynamic loading in osteochondral differentiation medium, the spatial presentation of
biochemical and mechanical cues gave rise to characteristically different cartilage and bone
protein expressions in hMSCs in each layer. This demonstrates that the property-function
relationships that arise in a multi-layered scaffold with distinctly varied biochemical and
mechanical properties influence the local strains sensed by the cells and differentially affect the
fate of encapsulated undifferentiated hMSCs.

The main aim of this thesis was to develop a multi-layer scaffold capable of providing
spatially controlled biochemical and biomechanical cues that when combined with inextricably
linked external physiological biomechanical cues would differentially impact the behavior of a
single encapsulated cell source towards the goal of developing an osteochondral tissue

engineering strategy. Although the culminating multi-layer scaffold designed in this study did
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not lead to spatially organized deposition of ECM molecules specific to a cartilage-like,
osteochondral interface-like, and bone-like layer, it was possible to differentially and spatially
affect the ECM molecule expression of encapsulated hMSCs within the multi-layered scaffold.
The design, fabrication, and characterization process developed in Objective 4 of this thesis
provides invaluable insight on which to build the next “generation” of the multi-layer hydrogel.
Once PEG based cartilage-like and bone-like biomaterials capable of independently enhancing
chondrogenesis and osteogenesis, respectively, are elucidated, it will be relatively simple to
apply the basic tools developed in this last objective to designing a multi-layer scaffold capable
of spatially directing the production of osteochondral ECM molecules. Additionally, future
osteochondral scaffold designs should take the highly irregular subchondral bone surface and the
interdigitation between the calcified cartilage zone and the non-calcified cartilage zone into
consideration. This work not only expands our understanding of how human MSCs behave in a
variety of tissue engineering environments, but it provides an excellent foundation on which to
further develop multi-functional, multi-layer scaffolds towards the development of a feasible

osteochondral tissue engineering strategy.
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