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Abstract

Injury of articular cartilage due to trauma or pathological conditions is a major
cause of disability worldwide, especially in North America. Due to inadequacies associated
with routinely used repair approaches, the orthopaedic community has an increasing
tendency to develop biological strategies such as tissue engineering. Tissue-engineered
cartilage constructs represent a highly promising treatment option for knee injury as they
mimic the biomechanical environment of the native cartilage and have superior integration
capabilities. Current tissue engineering techniques utilize any combination of three critical
components: a cellular component, a biocompatible and mechanically stable carrier
vehicle/matrix scaffold and a bioactive component. Fibrin has been used extensively as a
biopolymer scaffold in a variety of tissue engineering application since it combines some
important advantages such as high seeding efficiency and uniform cell distribution. In
addition, fibrin has adhesion capabilities. Further, it can be produced from the patient’s
own blood and used as an autologous scaffold without the potential risk of foreign body
reaction or infection. We have evaluated the suitability of fibrin as a scaffolding matrix for
tissue engineering of articular cartilage. In the first phase, a chondroprogenitor clonal cell
line RCJ3.1C5.18 (C5.18) was used in combination with hydrogels from commercial
fibrinogen as a model to guide the development of appropriate scaffolds for tissue
engineering. However, rapid degradation of fibrin hydrogels was observed after
encapsulation of C5.18 cells. Plasmin and matrix metalloproteinases (MMPs) were found to
be responsible for fibrin gel breakdown; therefore, approaches to regulate their activity to
control gel stability were developed. Aprotinin, a known serine protease inhibitor, and

galardin (GM6001), a potent MMP inhibitor, in combination or separately, prevented the



breakdown of fibrin—C5.18 hydrogels, whereas only the combination of both promoted the
accumulation of extracellular matrix. From this study it was concluded that plasmin and
MMPs contribute independently to fibrin hydrogel breakdown, while either enzyme can
achieve extracellular matrix breakdown. In order to move this research closer to clinical
application, we next evaluated fibrin glue produced by the CryoSeal® FS System in
combination with human bone marrow derived mesenchymal stem cells (hMSCs), since
platelet rich fibrin glue can be prepared which releases a wide variety of growth factors
upon activation by thrombin. We additionally tested the incorporation of heparin-binding
delivery system (HBDS) into these fibrin matrices to immobilize endogenous growth
factors as well as exogenous TGF-f,. HBDS is composed of a bifunctional peptide, heparin
and heparin binding growth factors. Strongly CD90+ and CD105+ hMSCs were
encapsulated into fibrin (FG) and platelet-rich fibrin (PR-FG) glues with and without
HBDS. Encapsulation in PR-FG resulted in a significant increase in collagen II expression
at 2.5 weeks compared to other glues; however, no difference was detected between FG and
PR-FG after 5 weeks. FG resulted initially in increased expression of aggrecan gene.
Incorporation of HBDS in PR-FG resulted in lower collagen II gene expression at 2.5
weeks. In addition, incorporation of HBDS into either FG or PR-FG did not improve
aggrecan gene expression. Both FG and PR-FG glues led to good accumulation of ECM
components as indicated by alcian blue staining, while incorporation of HBDS into these
glues resulted in slightly lower accumulation of the same ECM components. It was
concluded from this study that FG and PR-FG produced by Cryoseal®-FS system are
potential scaffolds for tissue engineering of articular cartilage; however, immobilizing
growth factors inside fibrin scaffold with the HBDS system does not necessarily result in

enhanced expression of the same markers. Our results indicate that stabilization of fibrin is

vi



necessary to allow the accumulation of ECM components secreted from the encapsulated
cell source. Furthermore, fibrin glue produced by the CryoSeal® FS system is a potential
candidate for utilization in tissue engineering of articular cartilage. Further research should
be conducted in order to enhance the mechanical properties of fibrin - based constructs and
to gain a better understanding of cell signalling involved in chondrogenesis, in order to
optimize the conditions for successful fibrin-based strategies to restore damaged articular

cartilage.
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I. INTRODUCTION

A wide variety of conditions including trauma and pathological insults can lead to
injury of knee articular cartilage (Ahmed et al., 2007). As the number of individuals
suffering from knee-related disabilities increases mainly due to an increase in the
prevalence of arthritis, obesity and old age in North America, the economic burden
concomitantly increases (Mehrotra et al., 2005). Although a wide range of strategies are
used currently for the treatment of cartilage-associated disabilities including palliative and
restorative techniques (Detterline et al., 2005, and Siparsky et al., 2007), they fail to restore
fully the structure and functions of native cartilage.

The goal of tissue engineering, a rapidly growing and promising field in
regenerative medicine, is to restore the function of damaged tissues and organs. Tissue
engineering constructs have superior integration capabilities and are predicted to have a
great impact on the future of orthopaedics (Kerker et al., 2008). Tissue engineering requires
scaffolding materials in which a suitable cell source can proliferate and differentiate to
form a specific tissue type under the influence of bioactive factors (Ahmed et al., 2008).

Fibrin has been investigated extensively as a bio-polymeric scaffold during
development of tissue engineering-based strategies to restore structure and function
(Ahmed et al., 2008). It has numerous advantageous over other materials: high seeding
efficiency, uniform cell distribution, great adhesion capabilities, high cost effectiveness,
easy manipulability, and the ability to be prepared in autologous form. Therefore, fibrin has
been used extensively for many tissue engineering applications to restore the function of
many tissues, including knee cartilage (Ahmed et al., 2008). However, fibrin has two major

disadvantages: rapid degradation of the scaffold before the proper formation of



cartilaginous constructs, and low mechanical stiffness (Ahmed et al., 2007, 2008). One
option is to enhance the final mechanical properties of fibrin hydrogel; for example, by

using a natural cross-linker (genipin) that does not affect cell viability (Dare et al., 2009).

II. HYPOTHESES

We hypothesize that proteases secreted from the chondrogenic cells (C5.18) after
encapsulation into fibrin gels are mainly responsible for the observed rapid degradation of
ﬁbriﬁ-cell constructs in vitro. We also hypothesize that bone marrow - derived human
mesenchymal stem cells (BM-hMSCs), that can be obtained autologously, in combination
with different autologous fibrin glues produced by Cryoseal®-FS system, can promote the
formation of cartilaginous tissue for potential use in the clinic to replace knee cartilage after
injury.

III. THESIS OBJECTIVES

Thé first objective of this thesis study was to characterize and to identify the
enzymes responsible for fibrin hydrogel breakdown after encapsulation of chondrogenic
cells in order to control gel stability. RCJ 3.1C5.18 (C5.18) were used as a model in this
study. The second objective was to evaluate BM-MSCs as alternative cell source to
chondrocytes, after encapsulation into the different fibrin glues produced by Cryoseal®-FS
system for the development of articular cartilage substitute, since chondrocyte utilization in
tissue engineering- based strategies has some limitation after expansion for long time in
monolayer culture (Temenoff et al., 2000). Both bone marrow-derived
mesenchymal/stromal cells (BM-hMSCs) and fibrin gel precursors can be obtained
autologously; therefore, we hypothesized that hMSCs encapsulated into autologous fibrin

glue produced by the Cryoseal®FS system (in contrast to gels fabricated from purified



fibrinogen) can be used as an alternative cell source to chondrocytes. Although
commercially produced fibrin glues are available in standardized quality, autologous fibrin
glue has two theoretical advantages: reduced possibility of viral transmission and prion
infection, already very low with respect to the commercial pooled allogeneic product, and
lowered cost. Such advances in clinical application will minimize the surgeries required to

restore the function of cartilage.

This thesis is composed of five chapters that independently contribute significantly
to the field of tissue engineering for orthopaedic medicine. Chapter one is a review article
which summarizes the most widely used strategies and approaches, over past decades, for
current procedures that repair and restore the function of articular cartilage. The review also
summarizes most of the scaffolding matrices, cell sources, bioactive factors, gene therapy
and physical stimulants that are utilized during the development of tissue engineering-based

strategies.

Chapter two is a second review article that summarizes the advantages, drawbacks,
different forms, different manipulations, strategies and tissue engineering applications of

fibrin scaffolds.

Chapter three presents the sole study that has yet been conducted to characterize and
identify the enzymes secreted from a chondrogenic cell source after encapsulation into the
fibrin hydrogel during development of tissue engineering constructs suitable for articular
cartilage repair. The study demonstrated how to control enzyme activity so that both gel

stability and extracellular matrix accumulation can be controlled.



Chapter four evaluates the utilization of hMSCs after encapsulation into fibrin glue
produced by the CryoSeal® FS system (Stabilized by the addition of tranexamic acid, a
known plasmin inhibitor), as an alternative to chondrocytes, for development of tissue

engineering-based cartilage replacements.

Finally, in chapter five, the major contributions of this thesis study as well as

approaches for future consideration are discussed.



IV. CHAPTER 1. STRATEGIES FOR ARTICULAR CARTILAGE

LESION REPAIR AND FUNCTIONAL RESTORATION

Articular cartilage has very limited capacity for self-repair and regeneration due to
its avascular nature (Ahmed et al., 2010). Therefore, injury of articular cartilage represents
a major problem in orthopaedic medicine; with an ever-aging population there is a
continuously increasing economic burden. A wide range of techniques are established to
reduce pain and restore function, including conservative treatment, nonrestorative
nonreparative strategies, marrow stimulation techniques, high tibial osteotomy, knee
replacement  approaches, osteochondral grafting and autologous chondrocyte
transplantation. However, most of them fail to restore completely the function and structure
of native cartilage and are usually associated with significant limitations (Ahmed et al.,
2010). Tissue engineering-based constructs show improved capability to integrate with the
adjacent native cartilage; moreover, this approach reduces the number of required surgeries
to a single one, which is a minimally invasive procedure.

In this review, we discuss the most widely used current strategies for treatment of
knee cartilage injury and their associated limitations, with special emphasis on tissue
engineering approaches since they will have a tremendous impact on the future of

orthopaedic medicine. The review was entirely written by myself.
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1. ABSTRACT

Injury of articular cartilage due to trauma or pathological conditions is the major
cause of disability worldwide, especially in North America. The increasing number of
patients suffering from joint-related conditions leads to a concomitant increase in the
economic burden. In this review article, we focus on strategies to repair and replace knee
joint cartilage, since knee-associated disabilities are more prevalent than any other joint.
Due to inadequacies associated with widely used approaches, the orthopaedic community
has an increasing tendency to develop biological strategies, which include transplantation
of autologous (i.e. mosaicplasty) or allogeneic osteochondral grafts, autologous
chondrocytes (ACT), or tissue-engineered cartilage substitutes. Tissue-engineered cartilage
constructs represent a highly promising treatment option for knee injury as they mimic the
biomechanical environment of the native cartilage and have superior integration
capabilities. Currently, a wide range of tissue engineering — based strategies are established
and investigated clinically as an alternative to the routinely used techniques (i.e. knee
replacement and ACT). Tissue engineering-based strategies include implantation of
autologous chondrocytes in combination with collagen I, collagen I/III (matrix — induced

autologous chondrocyte implantation, MACI), HYAFF® 11 (Hyalograft® C), and fibrin



glue (Tissucol®) or implantation of minced cartilage in combination with copolymers of
polyglycolic acid along with polycaprolactone PGA/PCL (cartilage autograft implantation
system, CAIS), and fibrin glue (DeNovo NT graft). Tissue-engineered cartilage
replacements show better clinical outcomes in the short-term, and with advances that have
been made in orthopaedics they can be introduced arthroscopically in a minimally invasive
fashion. Thus, the future is bright for this innovative approach to restore function.

Running title: Strategies for Cartilage Repair and Replacement.

Department of Cellular and Molecular Medicine, Faculty of Medicine, University of

Ottawa, Ottawa, Ontario, Canada.



2. INTRODUCTION

Articular cartilage is a highly resilient connective tissue that covers the surfaces at
the ends of long bones.""" The knee consists of two types of articular surfaces: tibiofemoral
and patellofemoral. The medial and lateral compartments of the tibiofemoral joint along
with the patellofemoral joint comprise the three knee compartments (FIG.1).** In a typical
synovial joint, articular cartilage serves as a lubricating surface to promote frictionless
movements."® This hyaline type cartilage composed mainly of chondrocytes surrounded
by extracellular matrix (ECM).("3 SN ECM is synthesized and secreted by the chondrocytes.
It is composed mainly of collagen fibrils, proteoglycans, and water.%? The biomechanical
properties of articular cartilage are largely dependent on the composition and the integrity
of its ECM.""® Morphologically, articular cartilage can be subdivided into different zones
named superficial, middle, deep and calcified.!” The different knee compartments, knee
structure, and the organization of articular cartilage are shown in FIG.1.

Articular cartilage injuries are a major dilemma in the field of orthopaedic
medicine.”"® Due to its avascular nature, articular cartilage has very low innate capability
for self repair and regeneration. Consequently, injury to cartilage usually heals through scar
tissue formation composed mainly of fibrocartilage.*>’!" Fibrocartilage has inferior
mechanical and biological properties compared to hyaline cartilage and gradually
degenerates with time resulting in permanent loss of structure and function leading to
severe pain. These factors in concert lead to disability."""'®') A wide variety of
pathological conditions such as osteoarthritis and rheumatoid arthritis lead to articular
cartilage injury. In addition, many traumatic conditions either direct such as intra-articular
fracture or indirect such as cartilage insult following a ligament injury have been shown to

cause damage of the articular cartilage.">%"!"
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Articular cartilage injury due to arthritis is the major causes of disability in middle-
aged and elderly people in Canada and USA.""'*'¥ It has been shown that the total number
of people suffering from arthritis will increase to 6.5 million in Canada by 2031
(approximately 16% of population). In addition, arthritis-associated disability in the
population aged 15+ is estimated to increase up to 1.13 million by 2031 12 1n 2005 arthritis
affected approximately 70 million USA adults. It is sobering that in 2000, the estimated
economic burden of arthritis in USA was $60 billion and it is expected to increase to $100
billion by 2020.¥

Articular cartilage defects fall into two categories, partial and full thickness defects
(FIG.2). Partial thickness defects are limited to the cartilage; therefore they have no access
to bone marrow-derived stem cells and subsequently lack the ability to repair
spontaneously.®"!) Usually, this type of defect gradually deteriorates with time and can
lead to a variety of problems, for instance, swelling and mechanical symptoms mediated by
irritation of the synovial lining by enlarged cartilaginous flaps in addition to knee locking
mediated by detachment of this excess cartilage."'> On the contrary, full thickness cartilage
defects extend to the subchondral bone; in these cases bone marrow - derived stem cells

lead to spontaneous healing through the formation of fibrocartilaginous tissue. 71D

FIG.2. Different types of cartilage lesions; A: partial thickness cartilage lesion, B: full
thickness cartilage lesion.
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A wide variety of strategies have been widely developed to restore the structure and
functions of injured cartilage. These strategies range from reducing the pain and swelling,
to repair of cartilage through the formation of fibrocartilage (i.e. Reparative procedures),
and to a variety of restorative procedures including tissue engineering-based
strategies. !> Herein we will briefly summarize some of the most commonly used
procedures to address damaged cartilage of the knee:

3. PALLIATIVE STRATEGIES
3.1. Conservative treatment

Conservative procedures are usually the primary approach to treat symptoms of
knee lesions and these include physiotherapy, weight loss, systemic pain relief medications,
intra-articular injections, and orthotic interventions.'® It is important to point out that none
of the conservative treatment strategies lead to cartilage healing.'”

Physiotherapy will maintain range of motion and strengthen the affected limb
which might improve the symptoms.“s’w) Weight loss helps decrease the forces exerted on
the knee."® A wide variety of medications have been used to relieve pain including
analgesics such as acetaminophen, tramadol, and opioids. Combination of analgesics and non-
steroidal anti-inflammatory drugs (NSAIDs) has been shown to relieve pain in both the short and
long term. However, they have adverse systemic effects. Intra-articular injection includes
injection of analgesics along with steroids which will relieve pain.'>'® In addition,
viscosupplements such as hyaluronate or nutraceuticals such as glucosamine and chondroitin sulfate
can be injected intra-articularly."® Injection of hyaluronate promotes enhanced lubrication and
decreases friction on joint surfaces, and has been shown to slightly improve the clinical outcome

compared to placebo.'?

11



3.2. Nonreparative nonrestorative procedures
Nonreparative nonrestorative techniques can be conducted independently to relieve

pain or as a complementary procedure to other arthroplastic techniques to promote
enhanced integration of the newly formed repair tissue with the surrounding native
cartilage.®'"*” Nonreparative nonrestorative procedures can also be done arthroscopically
in a minimally invasive procedure to minimize the pain and to improve the mobility, but
not to restore completely the structure and functions of diseased cartilage.'%*"?? One major
drawback of nonreparative nonrestorative techniques is that, the long term beneficial
outcomes are dramatically reduced due to loss of chondrocytes at the border between
healthy and damaged cartilage after mechanical removal of the injured cartilage.*”
3.2.1. Debridement

Debridement is a commonly used orthopaedic procedure that serves to remove all the
debris resulted from the arthritis-mediated joint damage. The debridement procedure was
established by Magnuson in 1941, as cited by Day.?? It involves removal of inflammatory
cells and other fragments, for instance, unstable chondral flaps, osteophytes, superfluous
synovia, degenerated menisci, and torn ligaments."'*2% Debridement is usually carried
out by mechanical instruments; however, other methods such as electrocautery, lasers or
radiofrequency can also be utilized."® The debridement technique is intended to eliminate
the biochemical and mechanical factors causing symptoms of arthritis with subsequent
relief of pain and improvement of functions. However, due to the intrinsic degenerative
nature of the disease, arthritis-associated symptoms are expected to return shortly after
debridement.!!2%?>%9 [ addition, the technique cannot be used routinely for the treatment

of all types of arthritis.!"'*)
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3.2.2. Chondral shaving

The procedure of excising damaged cartilage to relieve pain was initially developed in
1908 -by,Bﬁdinger, as cited by Fithian, to treat traumatic cartilage lesions of the patella.m)
Chondral shaving utilizes a motorized shaver to excise the damaged area of cartilage,
converting the fibrillated surface into a smooth surface.?*?® However, it has been shown
macroscopically that mechanical shaving causes a rough surface with grooves. In contrast,
previous studies revealed that hydro jet and thermal energy produces smoother chondral
surface than that from mechanical shaving.?® However, it has also been shown that
chondral shaving has adverse biological effects on the cells and matrix of articular
cartilage.?® Deleterious effects of shaving and debridement have been attributed to the heat
developed from the frictional resistance of the patients’ cartilage upon applicatioﬂ of the
excising arthroscopic tools.®? Exposure of chondrocytes to uncontrolled heat can cause
cell death, as chondrocytes die at temperatures of 45 °C to 55 °C.%!"? Finally, chondral
shaving can cause chondral tears that do not heal leading to a progressive degeneration of
(28,29)

the remaining cartilage.

3.2.3. Knee Joint lavage

Knee joint lavage is usually performed when conservative treatment of knee
osteoarthritis is inadequate and knee replacement is not yet indicated.®® The effect of
simply rinsing the joint was reported in North America by R. Jackson (the pioneer of
arthroscopy) in 1988, as cited by Nehrer.®* Joint lavage is usually carried out in
combination with debridement.®® In some instances, lavage is considered as a component
of the debridement procedure.?" Joint lavage includes rinsing the knee with physiological
fluid such as Ringer’s solution to wash out degradation products of cartilage, meniscus, and

synovium along with inflammatory cells and degradative enzymes (i.e. agents that cause
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mechanical irritation and pain) followed by a suction step.?'~>?%3" It has been shown that
intra-articular lavage of the arthritic kneejoint gave satisfactory outcomes.®® However, the
irrigation fluid can potentially harm cartilage.®® Moreover, arthroscopic lavage and
debridement do not alter disease progression and are no longer recommended for routine
treatment of the osteoarthritic knee.*®
3.3. Reparative procedures

Reparative strategies aim at initiating bleeding from the subchondral bone which
will permit the migration of bone marrow stem cells to the site of injury along with blood
clot formation leading to repair tissue formation composed mainly of fibrocartilage (FIG.3
A-F).®3%) This is why reparative procedures are commonly referred to as marrow
stimulation techniques. Fibrocartilage has inferior mechanical properties to that of hyaline
cartilage. However, it covers the exposed underlying bone, which subsequently reduces
pain and swelling."”
3.3.1. Arthroscopic abrasion arthroplasty

Arthroscopic abrasion arthroplasty was established three decades ago by Johnson as
an alternative to total knee replacement for older patients with degenerative arthritis.“? It is
a one-stage arthroscopic procedure and is considered as a modification of the house
cleaning procedure (i.e. Magnusson) that involves multiple tissue debridement carried out
with an automated burr.®**? It involves burring of the exposed sclerotic bone to access the
vasculature of the subchondral plate, which promotes the formation of blood clot in the
defect and subsequent healing via fibrocartilage formation (FIG.3 A,B,F).(34’4°’4”
Arthroscopic abrasion arthroplasty has two major advantages, in that it can be performed in

a minimally invasive procedure; in addition, it is less traumatic compared to the other

arthroscopic techniques. However, because of the multiple tissue involvement in the
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@0 It has been shown that

abrasion procedure, its clinical benefits are unclear.
approximately half of middle-aged and older patients improved after abrasion arthroplasty
procedure in the short term follow-up.(3 1t has been also shown that the fibrocartilaginous
repair tissue maintains integrity for up to 6 years when the joint is properly protected.
However, in other studies breakdown of the repair tissue has been reported to start within 1
year.*!

3.3.2. Microfracture

The microfracture procedure was developed by Steadman in 1997, as cited by
Kocheta, to enhance chondral resurfacing.? It is the most widely used one-stage
arthroscopic procedure that involves a preparative debridement step to remove the damaged
cartilage to expose the subchondral bone, followed by a V- shaped piercing of the exposed
bone using a bent awl.®****®) The formed fractures should be 2 mm in diameter and 3 mm
apart. The subchondral piercing results in bleeding from bone marrow followed by
adherence of the formed blood clot to the exposed bone surface and subsequent
fibrocartilage-based repair tissue formation (FIG.3 A,C,F). In general, the clinical outcomes
of microfracture are largely dependent on patient age and the size of the defect. In younger
active patients, microfracture is the recommended procedure and has the best long term
result for cartilage defects that are smaller than 2.5 cm®®**® It has been reported that the
microfracture procedure resulted in pain relief and restored knee function in 75% of
patients with deep subchondral defects in long term follow-up.®? In contrast, it has been
shown in another study that the clinical outcome begins to decline at approximately 2 years
postoperatively, especially in older patients.®**» The major drawbacks of microfracture
include the poor biomechanical nature of the repair tissue, partial defect filling, and

abnormal bone growth in the lesion area, %439
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3.3.3. Subchondral drilling

4 that involves

Subchondral drilling is also a one-stage arthroscopic procedure
drilling into the subchondral bone to establish bleeding channels.***? The technique was
originally established by Pridie in 1959, as cited by Mitchell, according to the assumption
that generating numerous holes in the subchondral plate would promote the formation of
hyaline cartilage that will spread out of the holes to resurface the exposed bone (FIG.3
AD,F).® 1t was reportéd that injured knee treated by this procedure resulted in
satisfactory long term outcomes in 85% of the patients, especially when associated with
high tibial osteotomy.®® However, it has been demonstrated that the typical morphology of
newly formed hyaline cartilage was lost within 1 year.*> In addition, the drilling process
can lead to subchondral bone damage due to the generated heat or the development of
subchondral hematoma.®®
3.3.4. Spongialization

Spongialization was introduced by Ficat in 1979, as cited by Bhosale and Galois as
a modification of debridement and drilling. It involves the removal of the entire injured
cartilage with the underneath subchondral bone which subsequently exposes the spongy
bone, also known as spongiosia (i.e. cancellous bony bed) (FIG.3 A,E,F).“*D The removal
of the subchondral plate in spongialization has some advantages over subchondral drilling,
which include primarily eliminating the origin of the pain since the subchondral plate is
highly innervated, and secondarily promoting better healing in the absence of the weight-
bearing load exerted by the opposite cartilage surface.””® Experimental data regarding the
spongialization technique are not available, suggesting that the technique has been applied

directly to human patients. Spongialization led to good to excellent results in 70-80% of

patients in terms of joint functionality and pain relief. Although no serious drawbacks was
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reported during the procedure, it has not gained great popularity.“? However, it has been
shown that using powered instruments may cause thermal necrosis of the cells that one is

hoping to stimulate.“? Spongialization is still used by some surgeons for patellar

50)

resurfacing during total knee replacement arthroplasty.

A
Cartilage
lesion

i

)Femur\\

Articular
Cartilage

Bent awl

“\ Femur l\Fibrocartilage
\

FIG.3. Different marrow stimulation techniques used for the treatment of cartilage lesions
and the associated tool of operation. A: typical femoral cartilage lesion, B: abrasion
arthroplasty carried out by automated burr, C: microfracture carried out by bent awl, D:
subchondral drilling carried out by automated driller, E: spongialization carried out by
trephine, and F: repair via fibrocartilage formation after marrow stimulation.
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4. RESTORATIVE STRATEGIES
4.1. High tibial osteotomy (HTO)

Osteochondral lesions can arise in one of the three joint compartments medial,
lateral, or patellofemoral.’® Since, reparative procedures such as microfracture and some
restorative procedures such as osteochondral grafting do not have satisfactory outcomes in
the treatment of symptomatic cartilage degeneration in the medial compartment of the varus
knee®", HTO is considered for the treatment of this condition in carefully selected
patients.(s’5 1-53) The technique of HTO was first introduced in 1958 by Jackson, as cited by
Wright.®> The aim of HTO is to unload the damaged medial compartment and transfer
weight bearing to the intact lateral compartment which will subsequently relieve pain and
prevent progression of osteochondral damage.®*" HTO is the procedure of choice for
younger and more active varus knee patients rather than joint replacement arthroplasty.®
HTO showed satisfactory clinical outcomes in approximately 80% of patients at 5 years
and 60% at 10 years.®? However, HTO has two major disadvantages: first, it cannot be

(53)

utilized in bicompartmental or tricompartmental lesions"””’, and second, the clinical

outcomes deteriorate with time.®>*® These drawbacks have made knee replacement the
technique of choice, since it has more reliable long-term outcomes.®?
4.2. Knee replacement

Knee arthroplasty involves removal of sufficient bone from the femoral and tibial
surfaces followed by resurfacing with prosthetic implants. Knee arthroplasty can be

subdivided into unicompartmental knee arthroplasty (UKA) and total knee arthroplasty

(TKA).5+5)
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4.2.1. Unicompartmental knee arthroplasty (UKA)

UKA as a procedure lies between osteotomy and total knee arthroplasty (TKA) in
the treatment of the knee lesions.*® The concept of unicompartmental replacement, was
originally reported in 1957 by McKeever, as cited by Bert.®” If the knee lesions are located
in either the medial or lateral compartment, UKA can be utilized in which the femoral
condyle and the tibial surface of the affected compartment are replaced.'*** However, it
has been suggested that HTO is recommended for treatment of lesions in the medial
compartment whereas UKA is recommended for lesions in the lateral compartment.®®
UKA sometimes referred as pre - TKA, since failed UKA can be revised by TKA.®® In
addition, UKA can be done after HTO procedures.®® Prostheses for UKA are composed of
metallic femoral and tibial components. The tibial component is attached to a polyethylene
disk. The prosthetic components can be cemented in place or porous-coated (porous-
ingrowth) (FIG.4 A).“* Since only one compartment is replaced and the other two are
preserved, patient satisfactions is higher in UKA compared to TKA.® Similar to HTO,
UKA should be preformed in carefully selected patients'®), typically younger patients.®*®
UKA has many advantages over TKA including less invasiveness, better patient mobility,
lower morbidity, lower cost, and shorter recovery time."%%369 I addition, UKA delays the
need for invasive TKA at least 10 years.®® Furthermore, revision of UKA to TKA has
similar success rate to that of primary TKA.® Despite the fact that survival rate of UKA at
10 years follow-up was 98%, cartilage progressively deteriorates in the other compartments
due to osteoarthritis as revealed by radiographic analysis.*”
4.2.2. Total knee arthroplasty (TKA)

TKA has been shown to be an effective and durable procedure to relieve pain and to

improve mobility in people suffering from end-stage knee lesions.>156162 TKA is
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indicated when conservative treatments have failed."'®%? When both the medial and lateral
compartments have deteriorated, TKA should be performed which may include resurfacing
of the patella. Prostheses for TKA are unconstrained, partially constrained, or fully
constrained depending on the stability that they promote in the knee. The total condylar
knee prosthesis was developed in 1974 at the Hospital for Special Surgery (HSS), New
York by Insall, Ranawat, and Scott, as cited by Pavone.®® The TKA prosthesis is
composed of two components, a metallic femoral component also known as the condylar
component and a metallic tibial component.®¥ The condylar component is either cemented
or porous- ingrowth, whereas the tibial component is usually cemented. The tibial
component is attached to a disk-shaped polyethylene piece that articulates with the condylar
component (FIG.4 B)."®**%) Some TKA procedures involve patellar resurfacing. The
patellér prosthesis is composed of a cemented polyethylene component, usually without a
metallic support. During the TKA procedure, the anterior cruciate ligament (ACL) is
always removed while the posterior cruciate ligament (PCL) is either kept, substituted, or
removed.®? It has been reported that TKA is an excellent procedure in elderly patients
(>70 years). However, TKA failure rate is higher in younger patients (<50 years) compared
to the elderly patient at 10 years follow-up.(s) Therefore, HTO and UKA are recommended
for younger patients.®*® It has been shown in many studies that patient satisfaction ranges
between 90% and 95% after TKA.®® In addition, the implant survival at 10-15 years is
over 90% .49 Other reports have shown 98% implant survival at 20 years.®¥ Although,
the rate of TKA-associated complications is low, the complications can be fatal.!'®
Complications can be minimized and the outcomes improved when the TKA is performed
in specialty hospitals rather than general hospitals.”) Complications of TKA are either

(66)

confined to the prosthesis itself such as stiffness™”, instability, aseptic loosening, infection,
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prosthesis failure and mal-alignment®®, or general complications that usually take place
within three months after TKA procedures, for instance deep vein thrombosis, pneumonia,

myocardial infarction, pulmonary embolism, wound infections, and death.!'%%”

A B
Condylar
Femoral component
T component
. Articulation
component Tibial
component

FIG.4. Different prostheses used in knee replacement surgeries either: A.
unicompartmental knee arthroplasty (UKA), or B. total knee arthroplasty (TKA).

In conclusion, microfracture is the recommended procedure for localized lesions
affecting any of the knee compartments, while HTO and UKA are recommended for lesions
affecting varus knee medial compartment and lateral compartment, respectively, in younger
active patient. Although microfracture, HTO, and UKA can be carried out in a minimally
invasive fashion with subsequent function restoration, they fail to restore native structure of
articular cartilage. For elderly patients, TKA is the currently recommended technique to
restore functions for the entire knee after articular cartilage damage. In addition, TKA can
be performed as revision surgery for the aforementioned arthroplastic procedures.
However, it is more invasive. Therefore, current strategies should be developed or replaced

by strategies that restore both the structural and functional elements of the articular
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cartilage, which can be achieved through transplantation of viable substitute, including
tissue engineering-based ones, since viable substitutes represent the future of the
orthopaedic field.
4.3. Transplantation

Currently, the orthopaedic community has greater tendency to utilize biological
approaches to treat cartilage lesions.®® Biological approaches include autologous
chondrocyte transplantation (ACT) and osteochondral grafting, which have been widely
used in clinical practice to restore cartilage function and structure after injury.®*’®
Restorative strategies have been developed to promote healing of injured cartilage through
the formation of tissue that resembles native cartilage.'”)
4.3.1. Osteochondral transplantation (Osteochondral grafting)

Osteochondral transplantation can be subdivided into autologous osteochondral

transplantation (mosaicplasty) and allograft osteochondral transplantation (FIG.5 A-F).7%

4.3.1.1. Mosaicplasty

Mosaicplasty is a single-stage arthroscopic procedure consisting of three steps.(’”
The technique was first described by Matsusue in 1993, as cited by Bhosale.“® The first
step is the preparation of the recipient site which involves removal of the residual cartilage
fragments from the chondral defect down to the subchondral bone®’%" followed by
creation of 15 mm deep holes spaced 1 mm apart. The recipient hole diameter should be
smaller than the donor graft diameter by 0.1 mm to promote press-fit transplantation of the
osteochondral cylinder.”® The hole should be also perpendicular to the cartilage surface.’"
The second step is harvesting the cylindrical osteochondral grafts that are 10-15 mm long
and of varying size from non-weight-bearing articular surfaces such as margin of the

medial and lateral femoral condyle using tubular chisels.**7® Again, the harvested grafts
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should be taken perpendicular to the cartilage surface.’" The last step is the insertion of
osteochondral plugs into the recipient site. Since, the donor cartilage is thinner than the
excised cartilage; the grafts should be inserted congruently and should be supported at the
base of the bone tunnels. It has been shown that different graft sizes such as 5.5 mm,
6.5 mm, and 8.5 mm can be utilized in mosaicplasty.”" In fact, excellent congruent
surface and filling rate can be achieved by combining different graft sizes.® A range of
3-6 grafts can be used for mosaicplasty.”’ During healing, the space between the grafts in
the recipient site will be filled with a fibrocartilaginous grout produced by the subchondral
bone, whereas the donor holes will be filled with cancellous bone covered by fibrocartilage
(FIG.5 A-D).®*’® Mosaicplasty is indicated for small and medium size focal chondral and
osteochondral defects of the femoral condyle.“*’® It has been shown that mosaicplasty
promotes pain relief and joint function improvement.“® In addition, around 77 % of the
femoral condyle transplants showed good to excellent results in the long-term follow-up."
However, mosaicplasty has some drawbacks; first, although the donor site is non weight-
bearing surface, disability can occur as a result of graft harvesting (ie. donor site
morbidity), second, the optimum orientation of the graft into the recipient site necessary to
restore the contour of the femoral condyle is difficult to achieve’?, third, marginal
chondrocyte death can lead to degeneration of graft and subsequently graft failure?; and
finally, there is a risk of cartilage and bone collapse.®’
4.3.1.2. Allograft osteochondral transplantation

When the osteochondral lesions are very large, mosaicplasty is no longer
indicated.**'® Allograft osteochondral transplantation might be indicated for large

(70,73)

osteochondral defects that affect almost the entire femoral condyle ,when all the

previously performed less invasive techniques have failed to relieve pain and restore
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functions.(?o) The first allograft osteochondral transplantation was performed in 1907 by
Lexer, as cited by Kocheta.“?) The technique involves replacing the injured cartilage along
with its underlying subchondral bone by a matching, fresh or fresh frozen cartilage segment
obtained from an organ donor.”*"® A cylindrical hole is created in the recipient site by a
power reamer, then a cylindrical graft is harvested from the donor tissue using a core
reamer after being properly demarcated. The bony portion of the allograft will be trimmed
depending on the degree of bone involvement in the recipient site. The allograft height
ranges between 8-15 mm and it should be 0.5 mm wider than the recipient hole to facilitate
press-fit fixation (FIG.5 A,E,F)."® Alternatively, the graft can be fixed with screws.”” It
has been shown that transplantation of fresh femoral osteochondral allografts resulted in
85% and 74% graft survival rate at 10 and 15 years respecti‘vely.(74’75) Limitations of this
technique include graft availability, possible disease transmission and technical difficulty.®
In addition, it has been reported that chondrocyte viability and biomechanical integrity of
the donor graft deteriorate after two weeks of storage. Therefore, fresh osteochondral
allograft is recommended for the procedure."*Finally, revision by TKA after failure of

allograft osteochondral transplantation is associated with many technical difficulties.”
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FIG.5. Different osteochondral grafting techniques used for the treatment of cartilage
lesions and the associated tool of operation. A: typical femoral cartilage lesions, B-D:
autologous osteochondral grafting (mosaicplasty) and the resulting repair tissue, and E, F:
allogeneic osteochondral grafting and the resulting repair tissue.
4.3.2. Autologous chondrocyte transplantation (ACT)

ACT is a two-staged cell-based procedure used to relieve pain and to restore

function of knees affected by either chondral or osteochondral defects.®>’®”” The first

human ACT was made by a Swedish team (Brittberg, Lindahl and Peterson) in 1994, as
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cited by Bhosale.“® The first stage of ACT involves arthroscopic harvesting of
chondrocytes from the femoral intercondylar notch or trochlear border followed by cell
culturing for approximately 6 weeks, while the second stage involves transplantation of the
cultured cells by open surgery.®*"®’" The lesion site is debrided and covered by a
periosteal flap harvested from the tibia or femur. This periosteal cover is then sealed at the
edge of the defect using fibrin glue and the cultured cells are injected into the defect site
underneath this flap (FIG.6 A-D).®7%7" Autologous chondrocyte transplantation is
indicated for inconsistent medium to large size defects (i.e. 2-10 cm?)7%™ with clinical
results that last for up to 10 years."® It has been shown that ACT promoted the formation
of hyaline-like repair tissue and the clinical outcome including pain relief along with
function improvement were satisfactory in 80% - 90% of the patients."®’® In contrast, it
has been reported that the repair tissue still contains a considerable proportion of
ﬁbrocartilage.(so) In retrospective study, good to excellent clinical outcomes were observed
in 92% of patients with isolated femoral condyle lesions at 2-9 years follow-up.®**7%8) n
addition, it is reported that integration of the newly formed repair tissue with the
surrounding cartilage was satisfactory in approximately 90% of the patients at 5 years
follow-up.”’® However, ACT has many disadvantages including donor site morbidity,
requirement for two surgeries, possible leakage of chondrocytes form the recipient site,
uneven distribution of the cells in the defect, chondrocyte dedifferentiation in monolayer
culture, long recovery time after operation, and finally periosteal hypertrophy which is the
major cause of failure after ACT.®*7789 A new improved variation of ACT known as
“characterized chondrocyte implantation” is currently in clinical use. Characterized

chondrocyte implantation is similar to ACT, however, the technique depends on selecting

the chondrocyte populations having greater capability to produce hyaline-like cartilage.
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Chondrocytes are characterized by a ChondroCelect product introduced to the market by
Tigenix (Leuven, Belgium).®® The company uses chondral markers to sort potential

@) A randomized control study comparing

chondrocytes harvested from patients.
characterized chondrocyte implantation to microfracture techniques was published in 2008.
Clinical results after 18 months revealed that characterized chondrocyte implantation led to
clinical outcomes similar to microfracture.®® Other possible tissue types have been
investigated for transplantation at the experimental and clinical level, including
perichondrium, periosteum, and sternal cartilage, and showed promising clinical outcomes.
However, the procedures are associated with morbidity, specially for larger cartilage
defects.”)
4.4. Tissue Engineering

Although all the aforementioned strategies promote pain relief and enhanced joint
functions, they fail to restore the native structure and biomechanical properties of articular
cartilage.(43 ) In addition, some of the currently used strategies are associated with technical
difficulties and adverse results; therefore, investigators have focused on reconstructing
cartilage in vitro using tissue engineering strategies.’” Current tissue engineering strategies
exploit a combination of three crucial components: appropriate cell source, stable
scaffolding/carrier matrix, and bioactive agents.®®””* Tissue - engineered cartilage should
have similar biphasic properties as native cartilage (i.e. Fluid phase (80% water, <1%
electrolytes) and solid phase (10-20 % collagen II, 5-10% proteoglycans)) after
remodelling.”"'” In addition, the regenerated tissue should occupy entirely the defect site

and integrate optimally with the surrounding native cartilage to withstand in vivo

mechanical forces (FIG.6 A,E,F).?) In the following section we will summarize the most
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widely used scaffolding materials, cell sources, and bioactive molecules that are used either

experimentally or clinically to develop tissue-engineered cartilage substitute:
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FIG.6. Autologous chondrocyte transplantation (ACT) versus tissue-engineered cartilage
substitute. A: typical femoral cartilage lesions, B-D: ACT and the resulting repair tissue,
and E, F: tissue engineering-mediated cartilage repair.

4.4.1. Scaffolding/carrier matrix

In comparison to ACT, the combination of chondrocytes with a supporting 3D

scaffolding material greatly facilitates the transplantation procedure, so it can be carried out
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arthroscopically in a minimally invasive fashion; in addition, harvesting of the periosteal
flap is not required.””’® Ideally, scaffolds for articular cartilage tissue engineering should
mimic the effect of native cartilage ECM on cell proliferation, differentiation and cell-to-
cell interaction. Good examples of this type of scaffolds are hyaluronate, collagen, gelatin,
and chondroitin sulfate. In general, the scaffold should be biocompatible and stable for an
appropriate length of time. They should promote uniform cell distribution and optimum
integration with the surrounding native cartilage. The scaffold should also be replaced
gradually by -cartilage-like ECM secreted from the cells (i.e. remodelling) while
maintaining the cells at the lesion site.1%%®) In addition, the scaffold should have sufficient
mechanical properties to withstand in vivo forces.® It has been shown that the nature of
the scaffolding material and its porosity have tremendous effects on the proliferation and
phenotype of chondrocytes.“o’“) The observed dedifferentiation of chondrocytes in
monolayer culture during the ACT procedure can be prevented by embedding cells within a
three dimensional scaffolding material.””"” The typical phenotype of chondrocytes can be
maintained for up to 8 months in 3D alginate scaffold.®” It has been also reported that
chondrocytes have better proliferation and ECM secretion in scaffolds with pore size
between 250 and 500 pm.®® Scaffolding materials utilized for articular cartilage tissue
engineering can be subdivided into natural and artificial:
4.4.1.1. Natural polymers
4.4.1.1.1. Carbohydrate - based scaffolds

Because of the stimulatory effect of glycosaminoglycans (GAGs), a long
unbranched carbohydrate, on chondrogenesis, the utilization of carbohydrates - based

scaffolds is a relevant strategy to induce chondrogenesis.®®
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4.4.1.1.1.1. Agarose

Chondrocyte-seeded agarose is a useful model for the evaluation of cell-associated
matrix assembly.®” It has been reported that chondrocyte-seeded agarose cultures
promoted the production of functional extracellular matrix (ECM) and maintained the
chondrocyte phenotype.®**? It has also been shown that the mechanical environment can
alter the metabolic activity and the biomechanical properties of articular cartilage. The
accumulation of proteoglycans was significantly enhanced in chondrocyte-seeded agarose
subjected to dynamic loading.(91 D Other factors such as the extracellular pH, the addition
of collagen hydrolysate to the culture media, and the seeding density have great impact on
the accumulation of ECM components in chondrocyte-seeded agarose.®**>

4.4.1.1.1.2. Alginate

Alginate has been widely utilized for microencapsulation of tissues and cells.®®

Expansion of chondrocytes into alginate beads significantly increased the accumulation of

1(97); however, the continuous and

cartilage markers such as GAGs and collagen I
interconnected collagen/proteoglycan network of native cartilage could not be achieved.®®
Encapsulation of chondrocytes into alginate beads and subsequent culturing in bone
morphogenetic protein-2 (BMP-2), insulin-like growth factor-1 (IGF-1), Osteogenic
protein-1 (BMP-7) or platelet supernatant - supplemented media has been shown to
enhance expression of the aforementioned markers.(gg'loz) It has been also reported that
increasing the medium volume and glucose concentration significantly increased the

499 In addition, exposure of

production of GAGs in alginate-chondrocyte constructs.
chondrocyte and human mesenchymal stem cells (hMSCs) - seeded alginate beads to low

intensity ultrasound (LIUS) resulted in enhanced accumulation of collagen II and

proteoglycans.(104’1°5) Similar to agarose, increasing the cell density in alginate-seeded
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constructs resulted in increased accumulation of collagen II and sulphated GAGs!'*®;

however, cell and matrix distribution was uneven, with greater densities of both observed in
the periphery of the constructs.!’” A common practice in tissue engineering is to combine
two or more biomaterials to incorporate advantages of the different materials.®*>Alginate
has been combined with hyaluronate and fibrin to optimize the retention of proteoglycan
inside alginate beads.'® In addition, mixing alginate with chitosan enhanced the adhesion
properties of chondrocytes, maintained the typical morphology of the cells, and regenerated
the pattern of dense collagen II fibres compared with alginate alone.®® Culturing and
maintaining hMSCs-seeded alginate constructs with either transforming growth factor B3
(TGF-B3) or BMP-2 promotes the accumulation of collagen II and GAGs."' %' A recent
review by Lee et al. (2009) summarizes the properties of various polysaccharides including
alginate, chitin, chitosan, and hyaluronate, which are either currently being used or have
potential to be used for electrospinning. Electrospun polysaccharides and their derivatives
have great potential for utilization in the field of regenerative medicine as scaffolds.(!'"

4.4.1.1.1.3. Chitosan and chitin

Chitosan is the deacetylated derivative of chitin. Chitosan alone or in combination
with a wide variety of scaffolds has been used extensively in the tissue engineering of
articular cartilage.!'® The seeding of chondrocytes on chitosan - coated coverslips
maintained the spherical chondrocyte morphology and promoted the expression of collagen
II and aggrecan.!'® In addition, chitosan can serve as a cytocompatible space filling
scaffold that can gelate and adhere to cartilage when injected in situ in combination with
chondrocytes.('”) In contrast, it has been shown that the rate of cell proliferation, the
typical chondrocyte morphology, and the production of collagen II diminished in chitosan

scaffold compared to chitosan - alginate hybrid after two weeks of culturing.""
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Hybridizing chitosan with hyaluronate improved the adhesion of the chondrocytes to the
scaffold, increased the proliferation rate while maintaining the round morphology of
chondrocytes, and enhanced the accumulation of aggrecan and collagen II, compared to
chitosan alone.!'® In addition, combining chitosan with both alginate and hyaluronate and
the subsequent modification with arginine-glycine-aspartic acid sequence (RGD)-
containing protein led to enhanced cell proliferation and increased production of GAGs
along with collagen I1.M'7 Furthermore, lactose-modified chitosan promoted production of
collagen II and aggrecan to a greater degree than chitosan alone.""'® Although combining
chitosan with collagen I and chondroitin sulfate led to good adhesion properties, proper
proliferation, enhanced production of cartilage markers, and stable round morphology of
chondrocytes!'"®, the incorporation of TGF-Bj-loaded chitosan microspheres in the
copolymer aforementioned resulted in a further significant increase in the proliferation rate
and production of GAGs from chondrocytes, compared to the copolymer alone.20
However, combining chitosan with other scaffolds does not necessarily result in desirable
effects; for instance, combining chitosan with chondroitin sulfate and dermatan sulfate can
deleteriously affect the production of cartilage markers and the morphology of the cells
while preserving the mechanical and adhesion properties of the copolymer.'?!
Encapsulation of chondrocytes into genipin-crosslinked chitin/chitosan hybrid has been
shown to increase the proliferation rate along with improving the production of cartilage
markers. In addition, increasing the ratio of chitin to chitosan resulted in a smaller pore
diameter, a greater porosity, and a larger effective surface area of the construct.!'??
Alternatively, chondrocytes can be seeded on the surface of bioresorbable B-chitin sponge

with subsequent formation of a cartilage-like layer on the surface of the sponge that is

similar to hyaline cartilage in terms of round morphology of the chondrocytes and secretion
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of the ECM components.!'* MSCs are a promising substitute to chondrocytes for tissue
engineering of articular cartilage. When encapsulated into a copolymer of water soluble-
chitosan and thermosensitive poly(N-isopropylacrylamide), MSCs have been shown to
differentiate into chondrocytes in vitro and this construct can be injected in vivo below the
lower critical solution temperature (LCST) which then can gelate and produce
demonstrating expression of chondrocytic markers (i.e. GAGs and collagen II) especially
collagen I1.1** Different applications and future directions for chitosan in articular cartilage
tissue engineering have been recently discussed."'? A scaffold composed of chitosan and
B-glycerophosphate known as BST-CarGel is used as adjunct to microfracture to stabilize
the blood clot and retain MSCs in the cartilage lesion. BST-CarGel is liquid at room
temperature and solidifies at human body temperature. It was introduced for clinical
application by Biosyntech (Quebec, Canada).®” The technique involves mixing fresh
autologous blood with BST-CarGel in the operation room which then delivered to the holes
created by microfracture and the surrounding prepared defect. Interim 6-months data

showed better reparative tissue formation in comparison to microfracture alone.®%?

4.4.1.1.1.4. Hyaluronate and HYAFF ®11

Due to its multiple functions in regulating and stabilizing the internal environment
of cartilage, hyaluronate (hyaluronic acid, HA), is a promising scaffold to promote
cartilage repair.'*® Chondrocytes treated with hyaluronate has been shown to have better
proliferation both in micromass and rotation cultures. However, cell differentiation in terms
of cartilage-specific proteoglycans was enhanced only in rotation culture.!'*® Alternatively,
encapsulation of chondrocytes in a photo-crosslinkable methacrylated form of HA has been
reported to maintain the chondrocyte morphology along with promoting matrix

accumulation in vitro. In addition, HA injected into a rabbit osteochondral defect model
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integrated well with the native tissue and promoted the migration of cells into the hydrogel
along with the production of cartilage-specific matrix."?” Further, HA-chondrocyte
hydrogels subjected to mechanical loading significantly increased the gene expression of
articular chondrocytic markers."?® Likewise, transplantation of bone marrow-derived
hMSCs - seeded hyaluronate sponge into osteochondral defects in rabbit resulted in
considerable regeneration of cartilage in the defect which was very similar in nature to the
surrounding cartilage, especially when HA hydrogel was loaded with fibroblast growth
factor-2 (FGF-2).*> In contrast, combining bone marrow with fibronectin-coated
hyaluronan-based sponge (ACP™, Fidia Advanced Biopolymers Srl, Abano Terme, Italy)
does not have a remarkable effect on the medium and long-term outcomes of the
regeneration process when compared to bone marrow-free ACP™. However, the outcomes
of osteochondral defects filled with ACP™ hydrogel were superior to that of non-treated
defects.*? Recent reviews discuss huyaluronate as a potential scaffolding material for
tissue engineering applications.(13 1.132)

HYAFF® 11 is the esterified derivative of hyaluronate and when combined with
autologous articular chondrocytes it forms Hyalograft® C (Fidia Advanced Biopolymers,
Abano Terme, Italy).®®®7"12 Ip terms of the quality of regenerated cartilage and production
of chondrocytic markers, trials with Hyalograft® C yielded comparable results to that of
autologous chondrocyte transplantation (ACT) in animal models and in humans.'?>!* The
long term clinical outcomes of Hyalograft® C grafting in human was similar to that of ACT
as indicated by magnetic resonance imaging (MRI), objective and subjective knee scoring
systems. However, one advantage of Hyalograft® grafting over ACT is that it can be carried
(68,82,125,134,135)

out using a less-complicated and minimally - invasive surgical procedure.

Rabbit MSCs seeded on HYAFF® 11 showed good adhesion and proliferative properties
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along with elaboration of the marker collagen II in vitro. In addition, implantation of cell -
seeded or un-seeded HYAFF® 11 scaffolds into osteochondral lesions did not elicit any
immune reaction and promoted the healing process compared to non-treated lesions.*® In
- a similar study, tissue that regenerated after implantation of the MSCs- seeded HYAFF® 11
sponge showed better cellular density and better integration with the surrounding cartilage
than the cell - free sponge.(m) The theoretical and experimental evidence leading to the
development of Hyalograft® C and its application for articular cartilage defects have been
(138)

discussed by Tognana and coworkers.

4.4.1.1.2. Protein - based scaffolds
4.4.1.1.2.1. Collagen

Collagen-based hydrogels have been extensively used in tissue engineering
applications because of their low immunogenicity and easy manipulability.*”3? In
addition, cbllagen can achieve high seeding efficiency and good cell adhesion due to its
hydrophilicity and the presence of bioactive domains in its structure.’**'*" Furthermore, as
a component of ECM, collagen has been reported to regulate the chondrocytic phenotype
and chondrogenesis both in vitro and in vivo.“"%) However, collagen hydrogels cannot
withstand the in vivo forces and fails to maintain the required shape in vitro due to its poor
mechanical properties.!**!*D It has been shown that seeding of chondrocytes into collagen I
or collagen VIII scaffolds maintained the cell viability and morphology, and promoted the
elaboration of articular chondrocytic markers under standard and serum-free
conditions.!"**'* The same outcomes were also observed when chondrocyte-seeded
collagen I/IIl was maintained under stirring conditions."*” In addition, implantation of

either collagen I, collagen VIII, or collagen I/II/III hydrogels along with chondrocytes into

rabbit chondral defects led to satisfactory hyaline cartilage regeneration as indicated by

35



histological and biomechanical assessment.!"**'*® Furthermore, combining collagen I
with GAGs and chitosan or fibrin has been shown to maintain the chondrocyte
proliferation, morphology, and expression of chondrocytic markers."'*!*? Moreover,
impregnation of collagen I - chondrocyte constructs in FGF-2-containing media prior to
implantation resulted in rapid regeneration and significant production of GAGs along with
maintenance of the typical chondrocytic phenotype.!*®’ In a similar study, seeding of
chondrocytes into heparin-containing polystyrene - coated type 1 collagen after
incorporation of either FGF-2 or TGF-B; has been shown to increase the proliferation rate
and to maintain stable phenotype, respectively.'*” In contrast, applying platelet-derived

(150,151) while

growth factor (PDGF) has been shown to alter chondrocyte morphology
applying static compression resulted in reduced production of cartilage-specific
markers."*"*!) Alternatively, in vitro seeding of MSCs into collagen I scaffold preserves
the cell viability and morphology along with elaboration of the chondrocytic markers.>?
In addition, implantation of MSCs in combination with bi-layered collagen I/IV/III into
ovine chondral defects promoted better repair and formation of hyaline-like tissues."*® A
bilayered collagen I-III scaffold in combination with autologous chondrocytes is used
clinically in the last decade and is considered as a modification of conventional ACT."”
The technique is referred to as matrix-induced autologous chondrocyte implantation
(MACI) in which autologous chondrocytes are seeded into bilayered porcine collagen
before implantation then secured to the pre-prepared chondral defect using FG.(6%778D This
technique resulted in clinical improvements comparable to that of ACT or microfracture
after 1 year.©3%? In addition, it showed good to excellent clinical outcomes in 82% of the

patients at 4 years follow-up.®® The MACI technique was introduced for clinical use by

Genzyme (Cambridge, MA). However, other products utilizing the same principle and
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biomaterial are also available: Carticel® produced also by Genzyme for application in USA;
and Chondro-Gide produced by Geistlich (Wolhusen, Switzerland) for application in
Europe.(83’84) Chondro-Gide can also be utilized clinically in a single stage procedure after
microfracture and this known as autologous matrix-induced chondrogenesis (AMIC).
Chondro-Gide membrane in this case provides the scaffold for growth and multiplication of
cells released after microfracture procedure.®® Satisfactory outcomes have been reported
after 2 years follow-up during the first clinical assessment of 32 patients treated with AMIC
in combination with microfracture, in terms of defect filling, functional improvement, pain
reduction and patient satisfaction.®® Collagen 1 scaffold in combination with fresh
autologous chondrocytes is also used clinically and showed good to excellent clinical
outcomes along with complete defect filling in 79% and 84% of patients respectively at 2
years follow-up. ®? The different applications for collagen during development of tissue
engineering- based stratgeies have been recently summarized “°*'*®  Chajra H et al. *®
review collagen utilization as a tissue engineering tool for the treatment of osteochondral
defects. Bovine collagen I in combination with bioadhesive is currently used clinically and
known as Neocart; this material is produced by Histogenics (Waltham, MA). The harvested
cartilage samples are processed and chondrocytes grown into collagen; the construct is then
applied to the lesion and secured by bioadhesive.®” Another similar product known as
CaReS® has been introduced by Arthro Kinetics (Esslingen, Germany) and is also available
for clinical application. CaReS® utilizes rat tail collagen I, instead of bovine collagen
(Neocart). VeriCart, another product of Histogenics, has been introduced to the market as
an adjuvant to microfracture. VeriCart relies upon the same principle as BST-CarGel,
however, a double- structured collagen scaffold is utilized in VeriCart instead of the

chitosan and B-glycerophosphate scaffold utilized in BST-CarGel.
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As a major component of hyaline cartilage, collagen II is a potential alternative to
collagen 1. 7165 Although collagen II shows similar effect on the chondrocyte phenotype

157 implantation of

compared to that of collagen I after seeding the cells in low density
collagen II alone into the chondral defects has been shown to significantly induce the
chondrocytic phenotype in the migrating cells compared to collagen 1.%°® Similar to
collagen I, implantation of chondrocytes in combination with collagen II into a canine
model of chondral defects resulted in adequate cartil.age regeneration; however, the
compressive stiffness of the regenerated tissue is far lower than that of native cartilage.!'*®
In another approach, in vitro application of dynamic compression to chondrocyte-seeded
collagen II promoted increased biosynthesis of total collagen and GAGs. However, static
compression decreased the synthesis of collagen and GAGs in the same constructs.!'®”
Collagen II can be manipulated through electrospinning to form specific fiber diameters
resembling those of native cértilage, which was found to facilitate adherence, proliferation
and infiltration of seeded chondrocytes.'®" In addition, factors such as cross-linking
density and FGF-2 have been shown to induce chondrogenesis and cell proliferation when
chondrocytes are seeded into collagen II-GAGs hybrids.**!%® It has been also shown that
combining both GAGs and hyaluronate with collagen II showed a similar effect to that of
cross-linking density and FGF-2 on chondrogenesis and cell proliferation."®” In contrast,
another study reported that combining GAGs with collagen II did not have any impact on
the elaboration of chondrocytic markers or proliferation rate compared to collagen II

alone %

4.4.1.1.2.2. Fibrin

Fibrin hydrogel combine some important characteristics such as high seeding

efficiency, uniform cell distribution, and great adhesion capabilities. In addition, it can be
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produced from the patient’s own blood and used as an autologous scaffold without the
potential risk of foreign body reaction or infection. Because of these advantages, fibrin
scaffolds has been widely used for tissue engineering applications.®> It has been reported
that injecting nasal chondrocytes in combination with fibrin glue (FG) into an
osteochondral defect model resulted in hyaline-like tissue formation along with
maintenance of the chondrocyte morphology and chondrocytic marker expression.!'®® It
has also been shown that applying oscillatory compression to chondrocyte-seeded fibrin
hydrogels resulted in significant softening of the gels and inhibition of GAG accumulation.
However, incubation with static compression did not significantly alter the mechanical
stiffness and biochemical content of the hydrogels.!'®” FG combined with alginate allowed
adequate chondrocyte proliferation and maintained cell differentiation to establish a stable
matrix structure in vitro.1®'%® Combining fibrin with a either tri-copolymer of
gelatin/hyaluronate/ chondroitin-6-sulfate or polyurethane has been shown to enhance the
final mechanical properties of the constructs, while promoting uniform distribution and
high seeding efficiency of chondrocytes into the hydrogels along with proper accumulation
of ECM components.(m'm) In addition, encapsulation of chondrocytes into fibrin
combined with either hyaluronate or polyurethane scaffolds followed by subcutaneous
implantation in nude mice promoted long-term stabilization of the constructs, the formation
of cartilage-like tissue, remarkable production of the GAGs, and uniform distribution of the
ECM components.(m’m) FG are used extensively to secure other tissue-engineered
cartilage in clinical settings.”” FG has also been used in combination with autologous
chondrocytes for the treatment of deep chondral defects in human.!"7*'"® When combined
with commercial FG (Tissucol®, Baxter, Deerfield, IL), autologous chondrocytes showed

better clinical outcomes during the treatment of deep chondral defects compared to abrasive
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techniques after 1 years in terms of subjective scores.!'’® Alternatively, minced cartilage in
combination with fibrin glue known as Denovo NT grafts (Zimmer, Warsaw, IN/ISTO, St
Louis, MO) is currently under clinical investigation, where cartilage pieces obtained from
juvenile allograft donor joint are aseptically minced and mixed intra-operatively with fibrin
glue then implanted in the prepared lesions.®? Juvenile cartilage is chosen depending on the
assumption that it would have higher anabolic capability and better expandability. Disease
transmission and limited supply is the drawbacks of this technique.®® A similar product
known as DeNovo ET graft (ISTO technologies, St. Louis, MO) is generated from juvenile
allogeneic cartilage cells which implanted into the prepared lesion site and secured via
fibrin glue. The graft is hyaline-like and implantable in a single stage procedure.®>%¥
Finally, photopolymerizable poly(ethylene glycol) modified fibrinogen, known as
PEGylated fibrinogen or Gelrin C (Regentis Biomaterials, Haifa, Israel), that crosslinks in
situ after exposure to UV light is now in the stage of preclinical trails. ®2) The development
of PEGylated derivative of fibrin leads to the formation of fibrin gels that have good
mechanical strength. In addition, PEG of different molecular weights can be utilized to
develop fibrin hydrogels with different mechanical properties.'7'"® Gelrin C is
characterized as having innate chondrogenic and osteoconductive potential, while it is
nonimmunogenic as indicated from the in vitro study. Implantation of Gelrin C into ovine
osteochondral defects showed enhanced production of cartilage-specific markers compared
to empty defects which show scar formation composed mainly of fibrocartilage.®? Gelrin
C is considered as an adjunct to microfracture or osteochondral defect filler and its rate of
degradation depends on the degree of PEGylation.®? Our recent review summarized

different applications of fibrin for tissue engineering purposes.®”
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4.4.1.1.2.3. Gelatin

Gelatin is produced commercially through boiling and hydrolysis of collagen-
containing raw material such as bones and skins, mainly of cows and pigs.!” In
comparison to collagen, gelatin has lower immunogenicity and cost. However, it maintains
some of the positive collagen properties such as adhesion, differentiation and proliferation
capabilities.®® Gelatin has been widely used for cartilage tissue engineering especially in
combination with other scaffolding materials to combine the advantages of both.('8-188) ¢
has been shown that seeding of chondrocytes into genipin-crosslinked gelatin increased the
chondrocyte growth rate and the production of chondrocytic markers along with
maintaining the chondrocyte morphology, especially at larger gelatin pore sizes.®® In
addition, seeding chondrocytes into resorbable gelatin sponge in the presence of high
molecular weight hyaluronate promoted the retention of cells inside gelatin, chondrocyte
proliferation, and the production of cartilage-specific ECM components.'*” Similar to
chitosan, suspension of chondrocytes within solutions of poly(N-isopropylacrylamide)-
grafted gelatin facilitated the in situ injection of the construct, which then rapidly solidified
at 37 °C."8Y In such constructs, cell viability and the round chondrocyte morphology were
maintained in concert with development of mechanical properties and expression of
chondrocytic markers that resembled native cartilage. However, accidental temperature
decreases (during or shortly after the operation) and mechanical loading can lead to leakage
and deformation of the construct, respectively.(m’lsz) Alternatively, chondrocytes mixed
with photopolymerizable styrenated gelatin is another approach for in situ injection of
tissue - engineered cartilage substitutes.'®® Gelatin—alcium phosphate biphasic scaffold is
a promising approach to facilitate the integration of the tissue - engineered cartilage into the

host subchondral bone, where the chondrocyte-seeded gelatin serves as the cartilaginous
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component while the osteoblasts-seeded calcium phosphate served as the bony element.!®?
Finally, mixing gelatin with both hyaluronate and chondroitin-6-sulfate promote the
formation of uniform pore sizes and chondrocyte distribution while maintaining the
chondrocyte morphology and expression of collagen II, especially in spinner flask

%) In an in vivo study, the implantation of chondrocytes along with

culture.
gelatin/hyaluronate/chondroitin-6-sulfate into pig full thickness cartilage defects resulted in
a satisfactory repair process through the formation of hyaline and/or fibrocartilage and good
integration with the host tissue after 36 weeks."*® The application of gelatin as a delivery
vehicle for the controlled release of bioactive molecules for tissue engineering, therapeutic
angiogenesis, gene therapy, and drug delivery has been recently summarized.'%”

4.4.1.2. Artificial biodegradable polymers

Synthetic biodegradable polymers combine some important characteristics such as
controllable degradation rate, high reproducibility, high mechanical strength, and easy
manipulation into specific shapes.!**!®® However, the cell recognition signals are missing
in such scaffolds. In addition, they posses relatively hydrophobic surfaces which is not
ideal for efficient cell seeding.**!*"
4.4.1.2.1. Polyglycolic acid (PGA)

PGA is a highly crystalline, hydrophobic linear polyester.('® It has been shown that
the seeding of chondrocytes into nonwoven fibrous PGA disks maintains the chondrocyte
morphology and promotes the formation of ECM resembling normal cartilage in terms of
water content and percentage of type II collagen under static culture conditions. However,
applying dynamic fluid pressure did not significantly enhance the cartilage matrix

formation in such constructs.*” Similarly, seeding the chondrocytes into PGA disks under

serum free conditions promoted significant synthesis of aggrecan and expression of
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collagen II along with maintained rounded cell morphology compared to PLGA
(Poly(lactic-co-glycolic acid)) disks. In addition, implantation of chondrocyte-seeded PGA
produced cartilage-like tissue in terms of cartilage specific markers as indicated by
histological and biochemical findings.!"*” Recently, a copolymer of PGA/PLA and
polydioxanone (PDS) in combination with autologous chondrocytes dispersed into fibrin
glue has been introduced into clinical use and is referred to as Bio-Seed®-C (Biotissue
Technologies, Freiburg, Germany).”” The expanded chondrocytes are loaded onto the
mechanically stable porous matrix using fibrin glue for even distribution, and then
implanted arthroscopically."®" Evaluation of midterm results of ACT compared to Bio-
Seed®-C revealed that they are equally effective as a treatment option for focal
degenerative chondral lesions."”? Good clinical outcomes have been reported with Bio-
Seed®-C over a period of 4 years."*» A new system has also been developed recently and
known as cartilage autograft implantation system (CAIS), utilizes resorbable copolymer of
PGA and polycaprolactone (PCL) reinforced with PDS mesh that is combined with minced
cartilage as a source of viable chondrocytes.®? The system composed of harvester,
disperser, scaffold, and staples. Cartilage pieces are harvested from the non-weight bearing
area using the harvester then minced into small cartilage fragments using the disperser.®)
Minced cartilage is then evenly distributed and stabilized into the PGA/PCL copolymer
using fibrin glue then fixed into the lesion site using the resorbable PDS staples.(3 82 CAIS
has been studied in vitro and in animal models but still in the early phase of clinical trials in
humans.®? Early clinical trials using CAIS showed promising results in comparison to
microfracture. However, long term and randomized human trials have not been conducted

yet.(3 )
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4.4.1.2.2. Polylactic acid (PLA)

PLA is a linear polyester, which is less crystalline but more hydrophobic than PGA
due to the presence of an extra methyl group."®” It has been reported that the implantation
of perichondrocyte - seeded PLA composite within rabbit osteochondral defects results in a
repair tissue that is similar histologically and biochemically to the surrounding cartilage
tissue.'*¥ However, more recent work showed that implantation of chondrocyte — seeded
PLA scaffolds into animal cartilage lesions did not promote successful cartilage repair as
the scaffolds were mechanically too hard."*® To overcome this drawback, PLA scaffold
can be combined with gelatin through a porogen - leaching technique, with gelatin particles
as the porogen. This strategy allowed the fabrication of a PLA-based scaffold with
controllable microstructure and mechanical properties.'*® It has also been shown that
implantation of PLA mixed with PEG (poly(ethylene glycol)) and interconnected porous
hydroxyapatite together with recombinant human BMP-2 (thBMP-2) into rabbit full
thickness cartilage defects promoted the migration of MSCs from bone marrow with
subsequent formation of cartilage - like repair tissue as indicated from the formation of
mature ECM and appropriate chondrocyte organization."®”
4.4.1.2.3. Poly(lactic-co-glycolic acid); PLGA

Combining lactic acid with glycolic acid to form PLGA has been shown to prolong
the degradation time of the hybrid, probably because glycolic acid is more hydrophilic than
lactic acid."*® It has been reported that chondrocytes delivered to a cylindrical mold with
PLGA microspheres promoted the formation of cartilage-like tissue that has stable shape
and collagen type II expression along with improved total tissue mass and GAGs
production, especially when higher molecular weight PLGA was used.""*® Similar findings

have been observed when chondrocytes were mixed with PLGA microspheres and injected
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immediately into athymic mouse subcutaneous sites or rabbit osteochondral lesions, as
indicated from histological and biochemical analyses.?®?°") Likewise, transplantation of
MSCs-seeded PLGA into rabbit osteochondral defects showed significant cartilage
regeneration as indicated by gross morphology, mechanical properties, histological
examination, and the accumulation of chondrocytic markers.“®” Application of intermittent
hydrostatic pressure to cell-seeded PLGA nanofiber scaffolds fabricated by the
electrospinning technique increased chondrocyte proliferation and ECM accumulation.!*®
In addition, modifying PLGA by NaOH through chemical etching techniques enhanced
chondrocyte functions including adhesion, growth, differentiation, and ECM formation.?%”
Furthermore, combining PLGA nanophase produced by this technique with nanophase
titania provided promising alternatives in the design of prostheses at the bone—cartilage
interface.®®® Moreover, combining PLGA with ﬁbrin(lss’zos), collagen 14D or
hyaluronate®®® led to the formation of cartilage-like tissue in terms of GAG and collagen II
accumulation, both in vitro and in vivo models, when chondrocytes were used as a cell(
source. This enhanced accumulation of cartilage-specific markers might be due to the
positive features of combining a natural polymer with PLGA polymer: promotion of
efficient cell seeding, good cell distribution, better adhesion, and improved
differentiation.!*!'88205:296) 1t has also been shown that the implantation of fibrin hydrogel-
mediated chondrocyte seeding within methoxypoly(ethyleneglycol) - PLGA scaffold into
full thickness cartilage defect resulted in significant cartilage repair as compared to empty
defects, osteochondral drilling and fibrin hydrogel with chondrocytes.?°” Finally,
encapsulation of chondrocytes into a PLGA/PLA blend modified with type II collagen has

been shown to enhance cell proliferation along with improvement in GAGs and collagen

content. Subcutaneous implantation of PLGA/PLA/collagen II construct after encapsulation
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of chondrocytes did not exhibit infiltration by host tissue or capsule formation, and
satisfactory repair tissue was observed after implantation into rabbit cartilage defects.
Further modification of PLGA/PLA/collagen II constructs with RGD- containing proteins
has adverse effects on cell proliferation and chondrocytic markers production.?®® One
major drawback of using PLGA as a scaffolding material, that its degradation products, e.g.
glycolic acid and lactic acid, might cause intense inflammatory reaction after in vivo
implantation.'®2°®) A resorbable porous composite, TruFit bone substitute plugs (Smith &
Nephew, Andover, MA), composed of mechanically stable, cylindrical shaped, bilayered
PLGA and calcium sulfate is used clinically nowadays to facilitate the ingrowth of new
healing tissue to restore osteochondral defects.®® The plugs are designed to degrade within
a years and is commonly used for back-filling femoral donor site during mosaicplasty.®?
They promote cancellous bone replacement in the subchondral region and formation of
fibrocartilage at the surface. TruFit use in patients with chondral lesions was shown to be
stable without failure or revision surgery after 2 years.?® In addition, improved subjective
scores without any complications at average follow-up of 39 months were observed after
application of the plugs to either back-filling or osteochondral defects.® The recent
successes of PLGA-based nanotechnologies and tools in medicine-related applications
including tissue engineering have been recently reviewed.?'?
4.4.1.2.4. Poly(ethylene glycol); PEG

PEG is a synthetic polymer that has wide biotechnological applications. It is a
highly biocompatible material and used widely for many medicinal purposes.(m) The
neutral and non-interactive nature of PEG facilitates ECM secretion from cells after their

encaps.ulation.(21 D Another advantage of the PEG-based scaffold is that it can be laminated

by adding a second layer before complete crosslinking of the first layer, which creates

46



zonal patterns resembling the organization of articular cartilage.!’® It has been shown that
the mechanical properties of PEG - based scaffolds are dependent on the mesh size.
Different mesh sizes can be achieved by changing the PEG molecular weight, concentration
or the crosslinking density.!7#2'22!3 poly(ethylene glycol) dimethacrylate (PEGDM) and
poly(ethylene glycol) diacrylate (PEGDA) are the most widely used PEG derivative as they
can crosslink via photoinitiator under the effect of UV light (i.e. photopolymerizable PEG).
One advantage of the photocrosslinkabe derivatives is that, they can be used for in situ
application in a minimally invasive procedure such as liquid injection.(212'2”) It has been
shown that encapsulation of chondrocytes or MSCs into photopolymerizable PEG resulted
in uniform distribution of cells and enhanced accumulation of chondrocytic markers.?'¢*'"
However, encapsulation of chondrocytes in a highly crosslinked photopolymerizable PEG
scaffold led to decreased cell proliferation and GAGs production, along with alteration of
the cell morphology in the presence or absence of compressive loading.(m’m) It has also
been shown that changing the PEGDM polymer concentration, along with polymer
chemistry alterations via incorporation of rapidly-degrading PLA-b-PEG-b-PLA moieties,
enables the control of both ECM accumulation and scaffold integrity: this approach
generates gels that can withstand the in vivo mechanical loads while simultaneously
facilitating the formation of new cartilage.?'**'®) Further, the incorporation of negatively-
charged molecules such as chondroitin sulphate into PEG resulted in better mechanical
properties as indicated from the compressive modulus results.?'? It has been reported that
the architecture of the PEG scaffold plays a critical role in elaboration of the ECM
components into the engineered cartilaginous constructs. For example, scaffolds of
poly(ethylene glycol)-terephthalate/poly(butylene terephthalate) (PEGT/PBT) co-polymers

prepared by 3D fiber deposition (3DF) technique creates an environment that enhances
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cartilaginous matrix deposition when encapsulated chondrocytes are subcutaneously
implanted in nude mice, compared to scaffolds prepared by compression-
molding/particulate-leaching (CM) method.®’® Another derivative of PEG is
oligo(poly(ethylene glycol) fumarate), OPF, which can be manipulated to form two layered
constructs that can solve the problem of bone—cartilage interface. Here the top layer serves
as the cartilage forming layer and the bottom one serves as the bone forming layer.
Implantation of this construct in a rabbit osteochondral defects resulted in formation of
cartilaginous tissue in the top layer and a mix of trabecular and compact bone in the bottom
layer which integrated with the surrounding cartilage and subchondral bone
respectively. 2% Finally, the PEG-based 4-armed crosslinker (i.e. pentaerythritol
poly(ethylene glycol) ether tetrasuccinimidyl glutarate) has been used to crosslink alkali
treated, naturally-derived polymer (i.e. atelocollagen) to promote in situ polymerization
after encapsulation of chondrocytes.??" A photopolymerizable hydrogel composed of PEG
in combination with chondroitin sulphate (bioadhesive) are now utilized in the clinical
setting (ChonDux, introduced to the market by Cartilix (Foster City, CA)). The product is
applied in conjunction with microfracture to enhance the cartilage repair process through
promotion of chondrogenic differentiation and cartilage tissue formation by BM-MSCs.
The product is applied in a liquid from that solidifies upon exposure to UVA light.®¥
Different photopolymerizable scaffolding materials that are utilized for tissue engineering
applications have been reviewed.?'>*??
4.4.2. Clinically approved matrices

Although a wide range of products have been introduced to the market since 2000

for the treatment of osteochondral lesions, only a few of them, including Tissucol® and

Carticel®, are approved for clinical use in USA. The remaining products are still in
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different phases of clinical trials in Europe and USA. MACI and Chondro-Gide are the
versions of Carticel® available in Europe, Asia, and Australia. Gelrin C, is in the
preclinical stage of development. A wide range of products are still undergoing or have
completed phase I clinical trials including VeriCart, CAIS, and Denovo ET graft. Neocart
is in phase II clinical trials. Hyalograft® C, ChondroCelect, and BST-CarGel are either in or
completed phase III clinical trials. DeNovo NT is in phase IV.(G-%6876.77.82:85190) 1,
clinical trial phase is unclear for other products including Bio-Seed®-C, AMIC, MACI,
ChonDux, CaReS®, and TruFit. However, it can be deduced from various peer-reviewed
publications that the AMIC product is approved, and that Trufit and Bio-Seed®-C are either
in or have completed phase II. Chondux and MACI are either in or have completed phase
111 clinical trials.(638284191.192) CaReS® product has pharmaceutical manufacturing approval
and US IND status as posted in the manufacturer’s website. The different
scaffolding/carrier matrices used experimentally or clinically during development of tissue

engineering strategies for the treatment of knee cartilage injury and different clinical phase

of the products utilized clinically are summarized in table 1.

49



'sajisqam Auedwods oy ui paysod eieg ¢

»0s (T61'161'p8'28'89)

suonesijqnd pamaiAas-193d woly paonpsp je(]

13

e (616828191 39'66°) suonesijqnd pamaiaai-read w pandas vieQq .

adoing i ,xnquoyd 17 KT T 16
adomg [21d " utgen (TTT-11TL6T'SLI‘LLI‘TS) Odd
adoing 11 *+0-®P3as-olg 70K T a0t T ¢rot
adomg I Lu53n1d oninsqns ouoq ugnuy (O1Z80T°861°981°0v1°78°39) vDd S
adosng 11 ++D-®P32S-olg (81Z°CIT'80T'L6I-P61°681°981°LL) v1d
vsn /1 +SPI0JJes SIVD - ottty ¢
-681
adoing wi <1 0-®P39S-01g (80Z°¢61°161-681981°78°LL E) vod
(961°L81-6L1°0L1°98°01) upeten
adomg 121d +D UlpPn
vsn 11 «Jei3 g oa0N3Q (LOT'SOT'88I°LLI unqLd
vsn Al/younepsod +YeI3 | N orousq ~991°L¥1°801°C8°T8°LL'89'6'8) o
vsn paroiddy «@[0oNSS1
(80Z°s91-€ST1°9%1) 11 uadej0)
vsn I »HEBOLIDA paseq-uiajoid
vSnyadoing 131d *+x@SYED
vsn 1 +HEJ0IN 11
adoing paaoddy ++OINV (ITT9ST-6E1°611°T8°LL'BY'LYOL) |\ gy
1100
adosng pasoiddy +2PID-0IpUoY)
vsn panosddy +®[3o1ne)
adoung 11 »IDVIN jeamyeN
eisy/adoing i +O @yeido[edH (LET-EE1°6TI°LL'89) [1gddVAH
. G.ON 981°S81°081°€L1°0LI sreuoIeAL
YOIOET-STILITOITTTI'801)
(ezrzer’ion unyo paseq-areIpAlogie)
BpRURD/VS 1I/11 19DIED- 1S9 (YTI°TTI-111°88°8°89) uesoly>
(691°891°L11°ST1°111-96°88°S) aeuid]y
(56-68) 3soJedy
Anuno)yuorday  aseyd peaun) uonedjddy [exuIp uy Jaquinu RUAIIIIY X11Jeul J3LLIRY/3UIpjojJeds

50



4.4.3. Cell source

Finding the best cell source is a key element during tissue engineering of articular
cartilage. The cellular component should be healthy, viable, easily accessible, manipulable,
nonimmunogenic, and non-tumorigenic.®>**» The cells should also have stable phenotype
and should respond appropriately to the bioactive factors with subsequent production of the
typical chondrocytic markers.®® Since, obtaining sufficient number of cells is problematic
in cartilage tissue engineering®, the cellular component should be easily expandable to
provide a sufficient quantity of tissue for the regeneration process.(m) Chondrocytes(88’97'
108,166-176,216) and MSCs!!0%:124130.137.152197217) ape the most widely used cellular component
during tissue engineering of articular cartilage. They can be obtained autologously without
harmful immune response and disease transmission. They can be also obtained
allogeneically to eliminate donor site morbidity and to maximize availability.®®*” Articular
chondrocytes are a relevant source of cells to be used in cartilage tissue engineering, since
they are expressing the chondrocytic markers normally.?” Similar to ACT, chondrocytes
for tissue engineering are harvested from the non-weight bearing area of healthy knee
cartilage.'?>13% However, as mentioned earlier, maintaining chondrocytes in i vitro culture
without a supporting 3D matrix results in dedifferentiation of the cells.”””’® Other sources
of chondrocytes such as auricular cartilage, costal cartilage, and nasoseptal cartilage have
been tested for cartilage tissue engineering and compared to articular chondrocytes.“zs’225 )
It has been demonstrated that non-articular chondrocytes can secrete articular ECM
components after implantation into articular cartilage defect.®” However, they exhibit
different behaviour during their in vitro testing for development of tissue-engineered

cartilage.!282%)  Alternatively, MSCs can be utilized in the formation of tissue-engineered

cartilage substitute.®® MSCs utilized for articular cartilage tissue engineering can be
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obtained from a wide variety of sources including bone marrow, adipose tissue, blood,
periosteum, synovial membrane, trabecular bone, dermis, and muscle.??® 1t has been
shown that MSCs of bone marrow, periosteum, synovium have superior chondrogenic
potential to those from adipose tissue or muscle.**¥ MSCs have some advantages over
chondrocytes, in that they have multi-differentiation potential,"'®'*® which enables the use
of the same cell source to develop constructs containing more than one cell type; for
example, constructs needed at the cartilage-bone interface, and to develop ligament and
meniscus substitutes. However, optimizing the culture condition to induce MSCs
differentiation into pure population of chondrocytes is an absolute requirement during the
development of tissue-engineered cartilage substitute. Another advantage of MSCs that
they have very low tendency to dedifferentiate in monolayer culture.** It has been
reported that BM-MSCs-seeded collagen I hydrogels have improved mechanical stability,
cell viability, chondrocytic marker elaboration compared to chondrocyte-seeded hydrogels
as indicated by in vitro testing.**?
4.4.4. Bioactive agents

Bioactive agents should have the capability to induce the cellular machinery of
tissue regeneration. Ideal bioactive factors should promote proliferation, differentiation, and
maturation of the cellular component. In addition, it should have chemotactic activity and
should maintain suitable ECM production by the cells.®>**” A wide range of bioactive
agents have been investigated during the development of tissue-engineered cartilage

substitutes and were shown to regulate chondrogenesis in chondrocytes and MSC cell types

. : 8,120,139,149,152,162,220,228-230 110,228,230-232 103,109,124,152,164,202,230,233-238
including TGF-B,%!120.13%. ), B ), B3 )

9,110,197,228,230,235, 235,236 228,235,236,238 102,228,230
BMP_2(9 .1 28,230,235 237)’ 4( )’ 6( )’ 7( )’

2312 .
FGF_2(148,149,162,163,217,232,235)’ IGF_1(100,163,230, , 33,235,238), and parathyr01d hormone related
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protein (PTHrP)*4#%, TGF-B; and TGF- B3 are the most widely applied bioactive
molecules during the development of cartilaginous substitutes and have been shown to

(O8.124.164230) i1y 3.D cultures (Chondrogenesis is facilitated in the

promote chondrogenesis
3-D culture).®*® BMP-2 can induce chondrogenic differentiation of adult stem cells
effectively in a comparable way to the TGF-B family members in both monolayer and 3D
cultures."'*%7) In a related study in alginate matrix, BMP-2 and BMP-7 have been shown
to induce chondrogenic differentiation of MSCs better than TGF- B,.%? In addition, a
combination of TGF-B; and BMP-7 has been shown to promote chondrogenesis of MSCs in
pellet culture better than a combination of TGF-B, and BMP-2, a combination of TGF-,
and BMP-6 or each growth factor separately.(zzs) Alternatively, it has been shown that a
combination of TGF-B3; and BMP-2 induce chondrogenesis in hMSCs pellet culture better
than a combination of TGF-B; and BMP-4, a combination of TGF-$; and BMP-6, or
TGF-p; alone.®*® However, a combination of TGF-B3 and BMP-6°%® or TGF-p; and
IGF-1*® were shown to be effective inducers of chondrogenesis in MSCs pellet®® and
monolayer(233) cultures as indicated by gene expression.(m’23 ® It has also been revealed that
FGF-2 increased, while TGF-B, decreased, MSCs proliferation in monolayer culture.®*?
Furthermore, FGF-2 significantly improved the proliferation of chondrocytes in high -
performance ECM compared to TGF-,."* Similar findings were observed when
chondrocytes encapsulated in thermoreversible gelation polymer under the effect of TGF-j3;
and IGF-1 in combination or IGF-1 alone.”*" Moreover, FGF-2 promoted improved
expression of the chondrocytic markers in chondrocytes seeded into collagen matrix.
However, when FGF-2 was combined with IGF-1, the production of GAGs did not

significantly improve in the same setting.""® In contrast, it has been shown that combining

IGF-1 with TGF-B; induced chondrogenic differentiation of MSCs into chondrocyte-like
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cells and promoted the expression of chondrocytic markers in monolayer culture.?*

Alternatively, combining IGF-1 with TGF-B, resulted in increased production of
proteoglycans in MSCs pellet culture compared to TGF- B, alone.”? It has also been
revealed that combining TGF-B3 with PTHrP promoted chondrogenesis of MSCs and
resulted in decreased expression of collagen X (hypertrophic marker), collagen I
(fibrocartilage marker), and alkaline phosphatase (bone marker) without affecting the other
hyaline cartilage markers (i.e. collagen II and aggrecan).”*¥ Finally, inhibitors of the
retinoic acid receptor such as LE135 can induce chondrogenesis in monolayer and PGA-
seeded MSCs in a comparable way to TGF-B;.Q”) The different growth factors and their
commonly used concentrations are illustrated in table 2.

Table 2. Different growth factors evaluated experimentally as inducers of chondrogenesis
during tissue engineering of articular cartilage

Growth factor Concentration range Commonly used concentration
TGF-p, 1-160 ng/ml 10 ng/ml
TGF-B; 0.05-50 ng/ml 10 ng/ml
TGF-B; 10-20 ng/ml 10 ng/ml
FGE-2 5-160 ng/ml 5.10 ng/ml]
BMP-2 10-500 ng/ml 10,50 ng/ml
BMP-4 10-500 ng/ml 10,500 ng/ml
BMP-6 10-500 ng/mi 500 ng/ml
BMP-7 10-200 ng/ml 10,100,200 ng/ml

IGF-1 1-200 ng/ml 10,100 ng/ml

PTHrP 1,10 )M 1,10 yM

LEI35 10 ng/ml 10 ng/ml
FBS/FCS 1-20 % 10 %

4.4.5. Gene therapy
To further improve the quality of the regeneration tissue, new genetic information
can be delivered to the cellular component, which subsequently regulates the regeneration

process at the cellular and molecular levels. The genetic information can be delivered to the
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cells of interest through viral or nonviral vectors.**” The most widely used viral vectors
include adenovirus, adeno-associated virus (AAV), foamyvirus (FV), herpes simplex virus
(HSV), lentivirus, and Moloney murine leukemia virus (MoMLV).?****" The nonviral
vectors include naked DNA, plasmid DNA in liposomes, and DNA delivered via Ca/P
precipitation, electroporation, gene gun, or injection.(z‘”) Viral vectors have higher
transfection efficiency compared to the nonviral vectors. In addition, the delivered gene is
expressed longer in the viral versus non viral vectors. However, non viral vectors are easier
to synthesize and have lower immunogenicity compared to the viral vectors.***** JGF-1,
TGF-B, BMP-2, BMP-7, and FGF-2 genes are the best candidates for gene therapy during
development of tissue-engineered cartilage substitute.%**?*? It has been shown that
implantation of BMP-7*» and TGF-8,%*" overexpressing- MSCs, in combination with a
3-D supporting matrix, into a chondral defect led to satisfactory production of GAGs and
the formation of hyaline-like regeneration tissue.*****) In addition, overexpression of
TGF-ﬂ3(245), BMP-2%9_ §OX-9%*7  and endostatin®® in MSCs resulted in enhanced
production of cartilage specific markers. However, overexpression of /GF-1 in MSCs did

not result in significant improvement in the expression of cartilage-specific markers.*¢

%9 alone or overexpressing

Similarly, implantation of chondrocytes overexpressing TGF-f3;
TGF-B; along with PTHrP**? simultaneously into chondral defect resulted in hyaline -
like repair tissue formation showing significant production of the known chondrocytic
markers. 2429 Furthermore, overexpression of TGF-B 3(245), BMP-2(25'), BMP- 7(252), IGF-
1% and SOX-9**" in chondrocytes promoted the production of cartilage-specific ECM.
4.4.6. Physical stimulants

Since the knee joint is a mechanical tissue, physical stimulants play a crucial role

during the normal development and homeostasis of knee cartilage. However, excessive
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physical forces can lead to cartilage damage.(254) The cartilage is normally subjected to
physical pressure ranging between 1 and 20 megapascal (MPa) at a frequency of 0-1
Hz.*® It has been shown that static compression reduces chondrocyte proliferation,
decreases the synthesis of cartilge - associated ECM, and alters the chondrocyte phenotype
in agarose, alginate, collagen scaffolds.!!*!"'160167259) 15 contrast, applying dynamic
compression results in enhanced accumulation of collagen II and GAGs in the
aforementioned scaffolds.®'9%%>160:167253) However, it has been demonstrated in a related
study that applying dynamic fluid compression on chondrocytes - seeded PGA did not
result in improved accumulation of cartilage-specific matrix components."'"*® Similarly,
MSCs pellet subjected to intermittent hydrostatic pressure in presence of TGF-B; showed
enhanced production of cartilage — associated ECM molecules.**® In addition, application
of continuous cyclic tensile loading to MSCs-seeded collagen I-GAG scaffold led to
increased synthesis of GAGs, while application of uniaxial static mechanical constraint
resulted in reduced production of GAGs.®? Furthermore, TGF- f3 — induced
chondrogenesis of MSCs pellet and the subsequent expression of chondrocytic markers
were both improved under the effect of low-intensity ultrasound (LIUS).%*%%% LIUS has
been shown to enhance the accumulation of collagen II and proteoglycans in chondrocyte
cultures. Moreover, it inhibited apoptosis that was observed when MSCs were seeded into
alginate scaffold with TGF-p,.%*”

This review of the vast and diverse literature leads to some predictions for optimal
tissue engineering of articular cartilage. The most promising cell source would be MSCs,
either normal or genetically modified to express member(s) of the TGF superfamily.
Photopolymerizable PEGylated fibrinogen is a promising scaffold as it has good initial

mechanical properties and can gelate in siu under the effect of UVA light. A good
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combination of growth factors to promote chondrogenesis and induce the expression of
cartilage-specific markers would be TGF (j,, B3) plus BMP-2 or -7 in combination with
IGF-1. Finally, static mechanical constraint, cyclic tensile loading, or low intensity
ultrasound are promising physical stimulants to promote the maturation of a tissue
engineering-based cartilage substitute.
5. CONCLUSIONS

Although a wide range of surgical procedures are available for the treatment of
articular cartilage lesions, and have been shown to be successful at short and long terms
follow-ups, none of them are yet able to restore the function and structure of injured
cartilage completely to its original state. Moreover, many of the currently used surgical
approaches require revision after deterioration of the initially successful clinical outcome.
Ideally, successful cartilaginous constructs should meet the following criteria. First, it
should promote the synthesis of the cartilage specific ECM components that will assemble
to provide the same architecture as native cartilage ECM. Second, it should integrate
completely with the surrounding native tissue. Third, it should have mechanical properties
comparable to those of native cartilage to withstand in vivo forces. Finally, it should be
introduced in a minimally invasive fashion. Of all the aforementioned orthopaedic
strategies, tissue engineering is the most promising approach to fulfill these goals. MSCs
are a promising cell source, since they can be obtained autologously in a minimally
invasive procedure and eliminate the need for primary surgery to harvest chondrocytes. In
addition, the phenotype of chondrocytes harvested from the osteoarthritic knee might still
reflect the disease state and could lead to degeneration of the tissue-engineered cartilage
substitute, while MSCs can be obtained from a young healthy donor. In addition, MSCs can

be genetically manipulated to express a wide variety of growth factors and ECM molecules.
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Of all the scaffolding materials, photocrosslinkable materials, for instance PEGylated fibrin
scaffold (Gelrin C) are the most promising scaffolding material as it can be combined with
MSCs and gelate in situ under the effect of UV-A light in a minimally invasive procedure.
A better knowledge of cell signalling during chondrogenesis is necessary to determine the
correct combination of bioactive factors that will promote the proliferation and maturation
of the cellular component, initiate the secretion of proper ECM component, and stimulate
secretion of enzymes to remodel the supporting matrix. Finally, appropriate mechanical
conditions should be determined to promote maturation of the construct in vivo, if
applicable.
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V. CHAPTER 2. FIBRIN: A VERSATILE SCAFFOLD FOR TISSUE

ENGINEERING APLLICATIONS.

In chapter 1, the different and most widely applied strategies to repair and restore
the function of knee articular damage after injury were discussed. We also discussed tissue
engineering strategies, where three essential components are required for successful tissue
engineering-based cartilage replacement including the productive component (cell source),
conductive component (carrier/scaffolding matrix), and inductive component (bioactive
factors). Finding the optimum carrier/scaffolding matrix that combines the desired features
is a critical requirement for any given tissue engineering application. Alternatively,
researchers have evaluated carrier-free approaches to eliminate complications associated
with the carrier matrix such as integration and rate of degradation, in order to promote
optimum tissue regeneration, particularly for cartilage restoration (Jubel A et al., 2008).
Fibrin gels, as a promising tissue engineering carrier matrix, combine many advantages;
however, they also have several disadvantages.

Chapter two provides the reader with in-depth details about fibrin as a bio-
polymeric scaffold including its origin and formation, its important characteristics as a
scaffolding material, different techniques used to enhance its features, different
manipulation techniques that maximize its utilization and its tissue engineering application
for a wide variety of soft and hard tissues. The review was written by myself with
significant contribution of my colle'ague Emma V. Dare, Ph.D. who is currently a post

doctoral fellow in Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto.
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Manuscript 2

Fibrin: A Versatile Scaffold for Tissue Engineering Applications

Tamer A.E. Ahmed, M.Sc., Emma V. Dare, B.Sc., and Max Hincke, Ph.D.
Tissue Engineering Part B (Reviews) review. Published June, 2008; 14(2):199-215.
1. ABSTRACT

Tissue engineering combines cell and molecular biology with materials and
mechanical engineering to replace damaged or diseased organs and tissues. Fibrin is a
critical blood component responsible for hemostasis, which has been used extensively as a
biopolymer scaffold in tissue engineering. In this review we summarize the latest
developments in organ and tissue regeneration using fibrin as the scaffold material.
Commercially available fibrinogen and thrombin are combined to form a fibrin hydrogel.
The incorporation of bioactive peptides and growth factors via a heparin-binding delivery
system improves the functionality of fibrin as a scaffold. New technologies such as inkjet
printing and magnetically influenced self-assembly can alter the geometry of the fibrin
structure into appropriate and predictable forms. Fibrin can be prepared from autologous
plasma, and is available as glue or as engineered microbeads. Fibrin alone or in
combination with other materials has been used as a biological scaffold for stem or primary
cells to regenerate adipose tissue, bone, cardiac tissue, cartilage, liver, nervous tissue,
ocular tissue, skin, tendons, and ligaments. Thus, fibrin is a versatile biopolymer, which
shows a great potential in tissue regeneration and wound healing.

Running title: Fibrin scaffolds for tissue engineering.

Department of Cellular and Molecular Medicine, Faculty of Medicine, University of

Ottawa, Ottawa, Ontario, Canada.
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2. INTRODUCTION

The loss or damage of organs and tissue due to aging or pathological conditions is a
major human health problem. Tissue engineering, a new field in biomedical sciences,
combines cellular and molecular biology on one hand and material and mechanical
engineering on the other to provide an alternative to organ and tissue transplants that face a
limited supply of donor organs.'?

Current tissue engineering techniques utilize any combination of three critical
components: a cellular component, biocompatible and mechanically stable carrier
vehicle/matrix scaffold, and a bioactive component. The cellular component should consist
of healthy, viable cells that are accessible, manipulable, and nonimmunogenic. The carrier
component has a dual function, acting as both a delivery vehicle and a matrix scaffold. The
bioactive component should promote differentiation and maturation of the cellular
component.*® Three approaches have been established to regenerate tissues by tissue
engineering. The first approach is to deliver a bioactive factor/scaffold combination that
induces migration, proliferation, and differentiation of cells from the surrounding tissue.’
The second approach is to transplant cells microencapsulated within a semipermeable
membrane with subsequent partial restoration of tissue functions.® The third approach,
which is most widely used now, aims to transplant cells into a three-dimensional
supporting biodegradable matrix, which becomes capable of replacing the functions of the
pathologically altered tissues.”'°

Tissue engineering generally requires an artificial extracellular matrix (ECM)
(scaffold) in which the cells can proliferate and differentiate with subsequent new tissue
generation. The scaffold must be biodegradable and allow reasonable cell adhesion. It

should also provide sufficient mechanical support to withstand in vivo forces."' A broad
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array of synthetic polymers (polyglycolic acids (PGA), polylactic acid (PLA), copolymers
of glycolic and lactic acids, polyurethanes, polyhydroxybutyrate (PH4B), polyanhydrides
and polyortho esters), and natural polymers (collagen, fibrin, glycosaminoglycans, and
chitosan) have been used as scaffolds in tissue engineering.>"'>"3

Hydrogels are a class of biomaterials that have great scaffolding potential in many
tissue engineering applications due to their high tissue-like water content, high
biocompatibility in general, mechanical properties that parallel the properties of soft
tissues, efficient transport of nutrients and waste, powerful ability to uniformly encapsulate
cells, and ability to be injected as a liquid that gels in situ.'>"'* Hydrogels, which are based
on water-soluble components, are either chemically or physically cross-linked; depending
on their chemistry, they can be either degradable or nondegradable.'* Chemically cross-
linked hydrogels can be polymerized using a chemical initiator'® or photoinitiator. The
photoinitiated hydrogels use initiators that are inactive until they are exposed to light of a
particular wavelength.'” In comparison to the most widely used scaffolds, fibrin gels
combine some important advantages such as high seeding efficiency and uniform cell
distribution.'® In addition, fibrin has adhesion capabilities.” Further, it can be produced
from the patient’s own blood and used as an autologous scaffold without the potential risk
of foreign body reaction or infection.’

Fibrin is a biopolymer of the monomer fibrinogen. The fibrinogen molecule is
composed of two sets of three polypeptide chains named Aa, BB, and y, which are joined
together by six disulfide bridges.'® Fibrin is formed after thrombin-mediated cleavage of
fibrinopeptide A from the Aa chains and fibrinopeptide B from the Bp chains,?® with
subsequent conformational changes and exposure of polymerization sites. This generates

the fibrin monomer that has a great tendency to self-associate and form insoluble fibrin.
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Further, the blood coagulation factor Xllla is a transglutaminase that rapidly cross-links y
chains in the fibrin polymer?' by introducing intermolecular &-(y-glutamyl) lysine covalent
bonds between the lysine of one y-chain and glutamine of the other.'> This covalent cross-
linking produces a stable fibrin network that is resistant to protease degradation.”? This
effect can be reinforced by introducing chemical cross-linker such as genipin.?

Fibrin and fibrinogen have critical roles in blood clotting, fibrinolysis, cellular and
matrix interactions, the inflammatory response, wound healing, and neoplasia.?’ Fibrin has
been used clinically as a hemostatic agent in cardiac, liver, and spleen surgery. In addition,
it can be used in surgery for patients with hemophilia. Further, fibrin is useful as a sealant
in a variety of clinical applications, including procedures such as colonic anastomosis as
well as in seroma prevention following soft tissue dissection. Moreover, it has been used to
reduce suture vascular and intestinal anastomosis, to promote fistula closure, and in
laparoscopic/endoscopic procedures.”* A number of allogeneic fibrin sealants such as
Tisseel®, Evicel™, and Crosseal'™ have been approved by the Food and Drug
Administration (FDA) for clinical use as hemostatic agents. However, this review will be
restricted to discussion of the manipulation of fibrin for tissue engineering applications.
The most widely used forms of fibrin scaffolds are fibrin hydrogels, fibrin glue, and fibrin
microbeads (FMBs).

3. FIBRIN HYDROGEL
Fibrin hydrogels are constructed from commercially purified allogeneic fibrinogen

and purified thrombin.? Fibrin hydrogels have been used widely in the last decade in a

variety of tissue engineering applications, and these include tissue engineering of adipose,*

. 2,27- - 4-37 4 9 4. 4 .
cardiaovascular,” 30 ocular,3 1-33 muscle,3 37 llver,38’3 skin, 0.41 cartllage,“z'47 and bone

tissues.*®*° In addition, fibrin hydrogels have applications for promoting angiogenesis *>2
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and enhancing neurite extension.??>*%* The fibrin hydrogel as a potential scaffold has three
major disadvantages: the shrinkage of the gel that happens during the formation of flat
sheets, low mechanical stiffness, and its rapid degradation before the proper formation of
tissue-engineered structures.>”® Gel shrinkage can be prevented by incorporating a fixing
agent such as poly-L-lysine into the fibrin gel during the culturing period.? In order to
improve the low mechanical stiffness for some tissue engineering applications, fibrin
hydrogels can be combined with other scaffold materials to obtain constructs with desired
mechanical strength. Examples of materials used for preparing composite scaffolds are
polyurethane,5 5 polycaprolactone-based polyurethane,56 polycaprolactone,5 4
pB-tricalciumphosphate (B-TCP),58 B-tricalciumphosphate/ploycaprolactone (B-TCP/PCL),”
and polyethylene glycol.®

Most commercial preparations of fibrinogen usually contain other plasma proteins
such as fibronectin, growth factors, enzymes, enzyme inhibitors, and proenzymes.®! In
addition, serum plasminogen is usually a component of the in vitro culture medium.?
Further, plasminogen and matrix metalloproteinases may be secreted from the encapsulated

1.” These are all factors that contribute to the rapid

cells inside the fibrin hydroge
degradation of the fibrin hydrogel, which is usually observed. The stability of the fibrin
hydrogel can be prolonged using a number of strategies. One approach is to concomitantly

2+).42 Another

optimize pH and the concentrations of fibrinogen and calcium ion (Ca
strategy is to use FMBs, a highly cross-linked, dense, and denatured three dimensional
fibrin matrix.®*®® Alternatively, fibrin can be modified with a molecule such as
polyethylene glycol, which renders the fibrin structure more stable.** The fourth strategy is

to reduce the cell density.*® And finally protease inhibitors that are specific for plasmin and

matrix metalloproteinases are often added to the in vitro culturing media,>*’ or
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alternatively, the plasmin inhibitor, aprotinin, can be immobilized into the ﬁbrih
hydrogel.*> An allied strategy is to modify the fibrin hydrogel to introduce additional
characteristics that enhance its use in tissue engineering applications. This approach is
described in more detail in the following section.
3.1. Incorporation of biologically active peptides into fibrin hydrogels

The usefulness of the fibrin hydrogels in many tissue engineering applications can
be extended further by incorporating the biological activity of other proteins, such as those
derived from the ECM proteins—fibronectin, vitronectin, laminin, and collagen. The
peptide domains responsible for the biological activity of these proteins (bioactive
domains) can be synthesized for covalent cross-linking to the fibrin hydrogel through a
transglutaminase-catalyzed reaction.”” The bioactive domain peptide is coupled to a
transglutaminase substrate sequence (NQEQVSP) to generate a bifunctional peptide or bi-
domain peptide. A variety of bioactive adhesion domains have been synthesized to
incorporate the transglutaminase substrate sequence: these include IKVAV, YIGSR or
RNIAEIIKDI derived from laminin, DGEA derived from collagen, and RGD derived from
many ECM proteins (Fig. 1).22% By extension of this concept, a heparin-binding domain
can be synthesized with addition of the transglutaminase substrate sequence for subsequent
crosslinking to fibrin. The heparin-binding domain is derived from antithrombin III
(K(BA)JFAKLAARLYRKA), modified antithrombin III (R(BA)FARLAARLYRRA),
neural cell adhesion molecule (KHKGRDVILKKDVR), or platelet factor-4 (YKKIIKKL).
The heparin-binding domain binds heparin, which is then available to bind a wide variety
of heparin-binding growth factors (HBGFs). This constitutes the heparin-binding delivery
system, which enables sequestered growth factors to be slowly released by a cell-mediated

degradation of the reservoir, such that release occurs primarily in response to cellular
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activity instead of by simple diffusion (Fig. 1). The release of growth factors is regulated
by heparinase and plasmin enzyme activities.”>*’ Heparin binds a wide variety of growth
factors, which are selected to provide suitable inductive cues, including acidic and basic
fibroblast growth factor (aFGF, bFGF), transforming growth factor-$1,82 (TGF-B1,82),
neurotrophin-3 (NT-3), brain-derived neurotrophic factor, and nerve growth factor
(NGF).?#77° Although some growth factors such as NGF bind heparin with lower affinity
than bFGF, NGF delivered from heparin-binding delivery system is more effective than

soluble NGF in promoting neurite extension of dorsal root ganglia (DRGs).*"*

=N

i
/’ y

Transglutaminase substrate sequence ll;, heparin binding sequence: @™, active peptides: >;
heparin: @& ; heparin-binding growth factors: @ .

FIG. 1. Cartoon depicting incorporation of active biological peptides into fibrin gel.
3.2. Fibrin hydrogel inkjet printing

Inkjet printing technology has been used recently in tissue engineering, as it offers a
practical and efficient tool to dependably handle and dispense biological and/or material

elements in a tunable manner to generate cellular and tissue structures, or even organ
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analogs.”"""* Proteins, ! growth factors,”” and even whole viable cells’"® can be deposited
with the inkjet printing method mainly with the aim of constructing cell patterns. In this
technique, fibrin is used as a printable hydrogel to build three-dimensional constructs.
Printing of thrombin onto fibrinogen leads to geometric-specific cross-linking and enables
the rapid construction of three-dimensional fibrin scaffolds with specific structures and
forms.”!
3.3. Magnetically guided self-assembled fibrin hydrogel

Fibrin gels with defined architecture on the nanometer scale can be fabricated using
magnetic forces. Active thrombin is chemically cross-linked to the surface of magnetic
microbeads that are positioned in a defined two-dimensional array by a magnetic field. The

geometric patterns guide the self-assembly of fibrin fibrils through localized catalytic

cleavage of soluble fibrinogen substrate (Fig. 2).”’

Magnet

Magnetic Array { ‘

System Iron washer

Fibrinogen

Bead Arrayin ¢, ¢, 060 0 00
Fibrin Clot °° ° o o9

FIG. 2. Magnetically guided self-assembly of fibrin hydrogel using active thrombin that is
chemically cross-linked to the surface of magnetic microbeads.
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4. FIBRIN GLUE

Fibrin glue is clearly distinguished from fibrin hydrogels that are prepared from
purified fibrinogen and thrombin. Fibrin glue, also referred to as fibrin sealant or fibrin
tissue adhesive, has been widely used as a helper tool in many surgical fields within the last
three decades because of its capability to promote hemostasis and tissue bonding.”® Further,
fibrin glue accelerates wound healing, reduces blood loss, and protects against bacterial
infection.”” Fibrin glue is usually obtained after the fractionation of pooled plasma and
consists primarily of two components-enriched fibrinogen (also known as cryoprecipitate)
and thrombin.”® The cryoprecipitate often contains factor XIIla and fibronectin in addition
to fibrinogen, while the thrombin component sometimes contains CaCl, and antifibrinolytic
drugs.®® Fibrin glue can be prepared either from allogeneic pooled plasma such as
commercially available Tissucol/Tisseel®, Beriplast®, and QuixilTM, or from autologous
plasma that is collected from the patient prior to surgery and processed using devices such
as Cryoseal®-FS or Vivostat® 8!8 Although commercially produced fibrin glue is
available in standardized quality, autologous fibrin glue has two major advantages: the
possibility of viral transmission and prion infection is greatly reduced, and the cost is
lower.8"% The total cost of 10 mL autologous fibrin glue obtained by cryoprecipitation,
including the material cost, was estimated in 2005 to be around $50, while 1 mL of
commercial fibrin glue costs approximately $200.%¢

Fibrinogen is the major component of fibrin glue, and several techniques have been
developed for its isolation. The first technique is the cryoprecipitation of fresh-frozen
plasma or stored plasma. After freezing at -80 °C for at least 12 h, then thawing for several
hours at 4 °C, plasma is centrifuged and the supernatant is discarded. The remaining yellow

precipitate of fibrinogen is resuspended in small volume of the plasma supernatant.®”® The
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second technique depends on the Cell Saver equipment, which is a centrifugal blood
concentrator that concentrates the blood by removing plasma from whole blood.*** The
physical separation of cellular components by the centrifugal field is based on the
differences in density and particle size.”' The third technique is chemical precipitation of
fibrinogen using agents such as ethanol, polyethylene glycol, or ammonium sulfate.”? The
last technique is the chromatographic method in which plasma is passed through a column
containing ligand immobilized to a matrix such as agarose.” The fibrinogen in the plasma
binds to the ligand with high affinity and then is selectively eluted from the column. Many
ligands have high affinity for fibrinogen such as heparin,® protamine,” insolubilized
fibrin, and fibrin monomer.’® Cryoprecipitation, chemical precipitation, and
chromatographic separation can be conducted in the laboratory.

Fibrin glue for tissue engineering applications has two functions: it serves as a
delivery vehicle and as a scaffolding matrix.*® Fibrin glue in combination with an

appropriate cell source has been used in a variety of tissue engineering applications,

97,98 100-103 104-106

including maxillofacial bone, periodontal bone,” bone, ear cartilage,

cartilage,'""'% cornea,''’ heart,'"! blood vessel,''? tendon, and ligament regeneration.''*"!'3
In addition, fibrin glue has been used to promote the healing of severe burns and chronic
wounds.''®'"® Further, fibrin glue is widely used to affix a variety of tissue-engineered
constructs at the implantation site due to its adhesive properties.'"*'* The two components
of fibrin glue can be mixed and processed in different ways ®*!%!14!%* The spray
application is more powerful in the treatment of extensive wounds, where the two
components are injected separately into a continuous compressed air jet (Fig. 3).'* The

spray system delivers an even and fine layer of rapidly polymerized fibrin onto the wound

surface.'” The co-application of fibrin glue with cells using the spray system has many
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advantages. It creates a thin and homogenous film of fibrin glue, coating extensive surfaces
with a small amount of fibrin glue and localizing the proliferating cells to the wound.'**!%
Fibrin glue can be modified to enhance its mechanical strength by incorporating
other polymers such as gelatin, hyaluronic acid, and chondroitin-6-sulfate.'?’ Further,
heparin can be incorporated to potentiate the effects of HBGFs on cell proliferation and
migration. Heparin binds HBGFs and sequesters them inside the fibrin glue with
subsequent slow release of growth factors. Binding of HBGFs to heparin protects them

from thrombin-induced degradation.'?1*!
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FIG. 3. Spray applicator of fibrin glue. The two components of the fibrin glue at room
temperature are injected separately into continuous compressed air jet to form a thin even
layer of cross-linked fibrin.
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5. FIBRIN MICROBEADS

FMBs are small spherical dense beads with a diameter ranging from 50 to 250
microns that consist of highly condensed and cross-linked fibrin. FMBs are produced from
plasma fibrinogen obtained by fractionation.'*” The fibrinogen is mixed with thrombin, and
the activated fibrin is immediately and quickly stirred in a heated oil emulsion (corn oil:
isooctane, 1:1; 75 °C) to yield spherical droplets that are further cross-linked into solid
beads (Fig. 4).°*'* Fibrinogen denatures above 50 °C due to the instability of the D-
domain, whereas factor XIIla is much more stable and can cross-link proteins at higher
temperatures. Denatured fibrinogen in the FMB is greatly haptotactic to mesenchymal-type
cells, such as endothelial cells, smooth muscle cells, and fibroblasts.”*> FMBs have been
used widely to isolate and grow mesenchymal stem cells from both bone marrow and
blood 6263132134 Kidney gene and cell therapy has been tested in vitro using FMBs as a
three-dimensional platform, since a variety of transduced renal cells grow and differentiate
in this material."** Further, FMBs in combination with the appropriate cell source can be

used in bone regeneration and wound healing,*%'**
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FIG. 4. Formation of fibrin microbeads (FMBs). Fibrinogen, in conjugation with factor
XlIIa, is mixed with thrombin, and the activated fibrin is immediately and quickly stirred in
heated oil emulsion (75 °C) to yield spherical denatured droplets that are further cross-
linked into solid beads by heat-stable transglutaminase.

6. TISSUE ENGINEERING APPLICATIONS OF FIBRIN
6.1. Adipose tissue

Many synthetic and natural materials have been evaluated clinically for
reconstruction of missing soft tissue due to mastectomy or lumpectomy in plastic and
reconstructive surgery, but the results are frequently not satisfactory. For examples,
silicone may elicit immune reactions in the recipient tissue, and collagen scaffolds shrink in
vivo. Autologous adipose tissue has been used as a replacement; however, this strategy

failed to maintain a stable volume.'*® In the tissue engineering approach to regenerate
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adipose tissue, fibrin hydrogels have been evaluated using commercial plasminogen-free
fibrinogen, factor XIIIa, and thrombin to encapsulate preadipocytes, which are a feasible
cell source for adipose tissue regeneration.?*'* Although, scaffolds such as poly (lactic-co-
glycolic acid) and collagen have been used in combination with preadipocytes to regenerate
adipose tissue in rodent models, the volume of the regenerated tissue failed to be
maintained over a long implantation period due to a rapid and unpredictable resorption
rate.'*”1% Fat tissue is a highly vascularized tissue; therefore, the formation of an efficient
microcirculatory network in a cell-fibrin graft should allow the in vivo engineering of
persistent three-dimensional implants. In support of this concept, highly vascularized fibrin
matrix containing preadipocytes cells in a chorioallantoic membrane experimental model
was volume stable.'”® Basic FGF was found to enhance both adipogenesis and
neovascularization of the newly formed tissue in fibrin-preadipocyte constructs cultured in
adipogenic media prior to implantation into athymic mice.?® This finding suggests that the
heparin-binding delivery system approach could yield superior results. Another approach is
to mechanically stabilize the space, for example, using a dome-shaped support structure for
suitable regeneration of volume-stable adipose tissue. Preadipocytes mixed with fibrin
matrix (space-filling matrix) were injected under such a dome structure fabricated from
PGA and poly(L-lactic acid) and implanted subcutaneously in athymic mice. The volume
of the newly formed adipose tissues was maintained for at least 6 weeks. This study
demonstrated that volume-stable adipose tissues can be engineered in vivo using
mechanical support structures, and it offers the potential for augmentation of adipose
tissues with volume conservation.'*® In another strategy to address the problem, fibrin-
preadipocyte constructs were implanted into a pre-prepared capsule in the recipient rats.

The capsule was created by implanting a silicone block into the recipient tissue, which
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induced capsule formation prior to the implantation of fibrin-adipocyte constructs. Volume
retention was demonstrated in implanted areas up to 1 year after implantation. Using a
prefabricated capsule pouch as the recipient site and fibrin glue as a transport vehicle seems
to be a reliable and safe source of material for adipose tissue augmentation.'*®
6.2. Bone tissue

In the field of orthopedics, tissue engineering has been used in attempts to treat a
variety of bone defects that are a result of traumatic injury, as well as those that arise
during bone development. Fibrin has been used alone or in combination as a scaffold for
bone regeneration. In promising animal studies, rabbit autologous fibrin beads were used to
treat defects created in the proximal tibial physis of New Zealand white rabbits.'*' The
fibrin beads were created by combining fibrin with alginate. After gel formation the
alginate was removed and the construct was seeded with perichondrial cells and implanted
into the defect. After 12 weeks it was found that the bones with untreated tibial defects
were shorter and more deformed than those treated with the fibrin bead implant. This
represents a possible future treatment for partial arrest of physeal growth. Platelet-rich
fibrin glue has also been used as a scaffold for bone tissue engineering.'”! Platelet-rich
fibrin gels have a high concentration of platelets that release growth factors and bioactive

142 When the platelet-rich

proteins to initiate and accelerate tissue repair and regeneration.
fibrin glue was mixed with bone marrow mesenchymal stem cells and bone morphogenic
protein-2 and injected subcutaneously into nude mice, nodules containing bone tissue
formed after 12 weeks.'"' Platelet-rich plasma mixed with fibrin glue and mesenchymal
stem cells has been implanted into mandible bone defects along with dental implants to

augment bone volume in dogs.”® Much greater osseointegration was observed with the

fibrin glue implant than in controls without any graft material. The results of these studies
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indicate that platelet-rich fibrin glue may be a suitable scaffold to enhance healing and
integration of implants with bone. Fibrin glue has also been combined with other materials,
such as hyaluronic acid and hydroxyapatite, for improved mechanical, adhesive, and
biological properties of cellular scaffolds.'**'* The combination of calcium phosphate
granules with fibrin glue leads to a porous, mineralized ultrastructure, which may provide
favorable osteogenic properties for rapid healing of bone defects. The combination of these
materials is predicted to improve mechanical properties compared to the ceramic alone, and
enhances angiogenesis, cell attachment, and proliferation.'*® Another approach, autologous
bone fragments seeded into fibrin glue and mixed with B-tricalcium phosphate, efficiently
regenerated cranial bone in situ in dogs. 146
6.3. Cardiac tissue

Congestive heart failure can be treated by several therapeutic strategies; however,
ischemic or scarred myocardium resulting from congestive heart failure can lead to
abnormal heart function.'*” Cardiac tissue engineering may provide an alternative treatment
to replace the damaged tissue. Fibrin has been used as a scaffold for the regeneration of
myocardial tissue and heart valves. In one approach, a neonatal cardiac rat myocytes were
suspended within a fibrin gel and implanted into silicone tubing. The construct was
surgically placed around the femoral artery and vein of adult rats. After 3 weeks in vivo, the
tissue within the silicone chamber resembled normal myocardial tissue.?’ Tissue-
engineered heart valves have many advantages over mechanical and bioprosthetic valves
such as the ability to adapt to a growing patient, better durability, and low

1'% encapsulated human dermal fibroblasts or porcine

thrombogenicity.'*® Williams et a
valve interstitial cells into adherent fibrin gel disks. After 5 weeks of in vitro culture both

cell types were able to remodel fibrin and deposit collagen and elastin. Mechanical
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stimulation of moulded fibrin gel scaffolds seeded with arterial cells was shown to enhance
deposition of ECM proteins, including type I and III collagen. This study indicated that
dynamic conditioning of autologous fibrin-based scaffolds may be necessary for tissue
engineering of heart valves.'*® Fibrin as a cell carrier has also been used in combination
with polycaprolactone for aortic valve regeneration. Fibrin with knitted polycaprolactone
provided good load-bearing properties and permitted cellular ingrowth. Both materials
were found to be biocompatible and durable.’” Therefore, fibrin scaffolds show promise for
this application, since the complex valve shape can be cast from fibrin using an injection
moulding technique.’®''
6.4. Cartilage tissues

Fibrin has successfully been used as a scaffold and adhesive to improve healing and
regeneration of fibrocartilage, elastic cartilage, craniofacial cartilage, and articular
cartilage. For fibrocartilage regeneration, mesenchymal stem cells have been seeded into
fibrin glue and implanted into meniscal defects in rats. Meniscal healing in the avascular
zone was observed after 8 weeks.'*? It has also been shown that incorporation of a fibrin
clot derived from whole blood into a meniscus repair site resulted in a reduction in failure
rate from 61% to 8%.'>>!>* Regeneration of elastic cartilage by tissue engineering using
fibrin has also been investigated. Ruszymah et al.'’® seeded pediatric auricular
chondrocytes into fibrin and implanted the constructs into nude mice. It was found that the
tissue-engineered cartilage resembled native elastic cartilage. In combination with
polytetrafluoroethylene as an artificial perichondrium, fibrin gel-seeded auricular
chondrocytes regenerated flexible tissue that returned to its original shape without fracture

after rigorous torsion.'*® Fibrin glue has also been used along with autologous concha

cartilage to reconstruct the middle ear canal wall in the chinchilla.'>’
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Tissue engineering approaches to articular cartilage repair offer potentially
important advantages over modern metallic and plastic joint prostheses.'*® Fibrin gel has

4241159 gen in combination

been widely investigated for tissue engineering of cartilage,
with other biomaterials to incorporate the advaﬁtages of both biomaterials.'®*'®! Fibrin glue
as scaffolding material has been used for the treatment of deep chondral defects in
human.'®>'®* Genipin is a natural product that can be used to cross-link fibrin hydrogels. It
has been shown to enhance the scaffold mechanical properties, and also induces
chondrogenic differentiation of human primary articular chondrocytes.” Genipin is
significantly less toxic than other chemical cross-linkers such as glutaraldehyde.'®* In other
approaches, fibrin hydrogels can be mixed with a PGA mesh to form a solid cell delivery
device that is easily manipulated in vitro.'®® Fibrin gels mixed with hyaluronic acid provide
a favorable environment for chondrocytes to maintain stable phenotype and to synthesize
cartilage ECM in nude mice.'®" Further, fibrin hydrogels with collagen allow stable graft
fixation in a chicken model of cartilage repair.'® Similarly, fibrin glue can be mixed with
alginate to allow initial cell proliferation and subsequent preservation of differentiated cells
to establish a stable matrix structure in vitro and in rabbit.'®"'671%® Further, fibrin glue has
been combined with a polycaprolactone-based polyurethane scaffold to establish a long-
term construct with a stable shape after implantation in mice.”® Moreover, when a tri-
copolymer of gelatin, hyaluronic acid, and chondroitin- 6-sulfate is combined with fibrin
glue, it promotes ECM secretion and inhibits ECM degradation in vitro.'” Chondrocytes
have been used widely as a productive cue after encapsulation in fibrin during articular

42-44,47,56,127,160,161,165,166,168—

. . . . 17 .
cartilage tissue engineering. 3 However, many other cell lines

are also used for cartilage tissue engineering, including periosteal cells,'®’ bone marrow

5

stromal cells,l74 adipose tissue-derived mesenchymal stem cells,l7 and bone marrow—

109



derived mononuclear cells.'” When added to the culture media, members of TGF-p family
serve as inductive cues for the fibrin glue—encapsulated cells.'>*'®” However, other factors
can alternatively be used, such as insulin-like growth factor I (IGF-I)'"" and FGF-2.'”7
Bone morphogenic protein-2 and IGF-I genes have been transferred to mesenchymal cells
through adenovirus-mediated transfection for use with fibrin glue for cartilage restoration
in experimental partial thickness cartilage lesions.'”®
6.5. Liver tissue

Fibrin matrix supports three-dimensional cell organization and new tissue formation
in vitro; in addition, it is a robust carrier for hepatocytes transplantation. Liver
transplantation can be orthotopic where liver cells are transplanted into the rats spleen or

38 or heterotopic where hepatocytes are transplanted either underneath the

portal vein,
kidney capsules'™ or intraperitoneally.'®® Fibrin hydrogel has been used as a scaffold for
orthotopic extravascular transplantation of hepatocytes, where fibrin-hepatocyte constructs
were fabricated by mixing commercial fibrinogen with thrombin.*® This study showed that
the injection of fibrin gel-immobilized hepatocytes into the rat liver parenchyma is
technically feasible without significant safety problems or harmful side effects. Further, the
transplanted cells are actively integrated into the recipient liver parenchyma. The fibrin
matrix is resorbed by the donor cells, and its degradation products do not affect hepatocyte
survival and differentiation.’® Microencapsulation of hepatocytes in combination with a
fibrinogen-collagen mixture, by extrusion into a terpolymer solution, and submerging the
resultant microcapsules into a thrombin solution, induced the formation of an insoluble
fibrin network inside the microcapsules. The formation of a fibrin network inside the

microcapsules not only increased the rates of urea and albumin synthesis by hepatocytes

but also enhanced the mechanical strength in the interior of the microcapsules. This
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modification enabled microcapsules to withstand the large compressive and shear forces
found in bioreactors and resulted in uniform perfusion.”"g1
6.6. Nervous tissue

Tissue-engineered neural structures may present an alternative strategy to treat
serious clinical conditions of the nervous system, such as brain and spinal cord injuries and
neurodegenerative diseases, in which functional neural cells are often lost or degenerate
within the nervous system.”"'® Fibrin-based scaffolds have been used to treat both central
and peripheral nerve injury in rat and chicken models.®™®® Fibrin gels within nerve guide
tubes implanted in rat sciatic nerve injury models facilitate axonal regeneration and cell
migration in short-gap nerve injuries.'®® The regenerated axons and associated glia invaded
and grew inside the fibrin. In the absence of fibrin, no nerve generation occurred. Neurite
penetration in fibrin occurs by plasmin-mediated fibrinolysis localized to the neurite tip,
since addition of plasmin inhibitors such as aprotinin decrease neurite extension
dramatically in embryonic chicken DRGs.'* However, when murine embryonic stem cells
are used as a cell source, aprotinin is required to optimize fibrin conditions for nerve
regeneration.'®® It has been shown that fibrin hydrogel alone does not allow proper nerve
regeneration and fibrin must be covalently modified to incorporate exogenous heparin-
binding domains, a class of adhesion domains that bind heparin and other sulfated
glycosaminoglycans and promote nerve regeneration. Four different heparin-binding
peptides, derived from antithrombin III, modified antithrombin III, neural cell adhesion
molecule, and platelet factor-4 were covalently bound to fibrin separately through a bi-
domain peptide. These peptides were found to enhance the degree of neurite extension
from embryonic chicken DRGs.* In a similar study, fibrin hydrogels modified through a

bi-domain peptide with four laminin-derived oligopeptides—RGD, IKVAYV, YIGSR, and
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RNIAEIIKDI in combination resulted in an induction of neurite extension from DRGs in
the same model.®® A third group examined the feasibility of using a fibrin-based drug
delivery system, which was designed to provide controlled release of neurotrophin-3
(NT-3), basic fibroblast growth factor (bFGF), brain-derived neurotrophin factor, and
BNGF in vitro and in vivo. Therapy for nerve injury was successful using a heparin-based
delivery system, where a linker peptide contained a factor XIIla substrate was covalently
linked to fibrin during polymerization. The linker captured heparin within the fibrin
hydrogel, and the immobilized heparin bound NT-3 and BNGF, preventing their loss from
the scaffold by diffusion. The result of these studies demonstrated that the incorporation of
a delivery system providing controlled release of growth factors across short nerve gaps led
to enhanced central and peripheral nerve regeneration in chicken and rat models, and
represents a feasible method to enhance nerve generation in DRGs.”*¢"% Fibrin glue has
also been used to bridge gaps between injured spinal cord segments and to secure dorsal
root stumps after dorsal column injury in a rat model.'®'¥” Recently, fibrin was used as a
printable hydrogel to build a three-dimensional neural structure. Complex cellular patterns
and structures were created by automated and direct inkjet printing of rat primary
embryonic hippocampal and cortical neurons onto fibrin. The printed fibrin-based neural
constructs provide suitable cell or tissue sources for clinical treatments of serious neural
injuries and degenerative diseases.”’
6.7. Ocular tissue

Tissue engineering of the cornea could overcome the disadvantages of corneal
transplantation such as immune rejection and a shortage of donor supply.'® Fibrin-based

matrices have been used extensively for the treatments of many corneal diseases, including

corneal perforation and total limbal cell deficiency.'#:'% Transplantation of fibrin glue-
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cultured limbal stem cell constructs permanently restored corneal integrity in patients with
total limbal deficiency.'”® In addition, fibrin glue in combination with amniotic membrane
transplant allowed total reepithelialization and subsequent repair of the corneal perforation
associated with loss of the stroma in human.'® Encapsulation of corneal epithelial stem
cells into an autologous fibrin gel rich in fibronectin produces a flexible and easily
manipulated material in vitro, which is a potential source of a bioengineered ocular surface.
It should be pointed out that aprotinin (plasmin inhibitor) should be added to the
conditioned medium to prevent fibrin degradation.®® Fibrin glue is an effective scaffold for
creating carrier-free transplantable corneal epithelial sheets in rabbit model. Carrier-free
sheets are more differentiated than amniotic membranes and retain similar levelé of colony-
forming progenitor cells.''” However, fibrin has been combined with agarose to obtain
better biomechanical properties, and has been used to create a full-thickness corneal model
in rabbit, in which the three corneal cell types (endothelial, stromal, and epithelial) were
layered sequentially within the fibrin-agarose scaffold.’ Fibrin has also been combined
with collagen to create an in vitro model of the cornea with adjacent sclera. Fibrin cross-
linked with poly(N-isopropylacrylamide)-co-acrylic acid coacryloxysuccinimide
(PNiPAAmco-AAc) together with laminin and NGF was used for constructing sclera, and
collagen plus chondrotin 6-sulfate cross-linked with glutaraldehyde was used for
constructing the cornea. This approach led to complete innervation and vascularization.*

6.8. Skin tissue

In the past few years, skin grafting has evolved from the initial autograft and
allograft preparations to biosynthetic and tissue-engineered living skin replacements.'”!
Cultured keratinocytes have been used widely for the treatment of a variety of skin defects

such as acute partial or full-thickness burns and chronic wounds such us ulcers in
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human.''” However, keratinocytes alone do not attach properly to the wound, and the
presence of fibroblasts is essential for keratinocytes to maintain their function in mice.*'
Clinically, fibrin glue is a common carrier and matrix vehicle for keratinocytes. Cultured
keratinocyte suspensions in fibrin glue are used for the reepithelialization of deep, partial,
and full-thickness wounds in both animal models and in humans.'**!** In addition, fibrin
glue has been shown to improve the skin graft success rate, especially when incorporated
into difficult grafting sites or sites associated with unavoidable movement. Further, when
fibrin is associated with fibronectin, it supports keratinocyte and fibroblast growth, both in
vivo and in vitro. Constructs of fibrin glue and keratinocytes plus fibroblasts provide
similar advantages to those demonstrated with conventional skin grafts.''® Similarly, fibrin
hydrogels seeded with keratinocytes and fibroblasts resulted in proper epidermal structure
formation and enhanced migration of vascular endothelial cells in comparison to collagen
in a mice model.*' Moreover, the fibrin gel increased the consistency of the wound healing
response, reduced the time for keratinocyte activation, and promoted more complete
reepithelialization in skin equivalent incisional wounds.'® Implantation in pig excisional
wounds of fibroblasts encapsulated into FMBs resulted in high fibroblast proliferation,
more angiogenesis, and granulation tissue formation, especially when platelet-derived
growth factor-BB (PDGF-BB) was included in the FMBs.'*2 A more effective technique
was the co-application to wounds of fibrin glue with either keratinocytes or mesenchymal
stem cells using a fibrin glue spray system with a double-barreled syringe. This resulted in
enhancement of the healing and subsequently accelerated repair processes in acute and
chronic cutaneous wounds of animal models and human patients.'?>!?¢!%° On the contrary,
poor physical properties such as low mechanical strength and rapid degradation rates are

the major disadvantages of fibrin-based cell cultures. To overcome these disadvantages,
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synthetic polymeric membrane such as polycaprolactone, which is characterized by its
biodegradability, biocompatibility, high tensile strength, slow degradation kinetics, and
good barrier properties, can be coated with fibrin glue, which then serves as a biomimetic
surface for the adherence and proliferation of keratinocytes in vitro.'”® Although protease
inhibitors such as aprotinin are usually added to the fibrin component to delay its
degradation rate, aprotinin decreases the regeneration of granulation tissue and was not
particularly beneficial to the wound healing process in rat.'”’
6.9. Tendons and ligaments

Tendon and ligament tears are amongst the most common orthopaedic injuries.
However, incomplete regeneration of the tissue often occurs during healing.'*® Hankemeier
et al.'"* combined human bone marroW stem cells (BMSCs) with liquid fibrin glue and
injected the mixture into patellar tendon defects of immunodeficient rats. An advantage of
using fibrin as a matrix is that it can be injected as a liquid for in situ gelation. Injection of
the fibrin/cell material leads to formation of tissue that is histologically more mature;
however, biomechanical measurements will be important for determining the functionality
of fibrin for this application. Similarly, fibrin glue has been used as a carrier for BMSCs
and injected into transected rabbit Achilles tendons along with repair by suturing.''* It was
found that fibrin/ BMSC therapy 'following primary repair led to an improvement of
histological and biomechanical parameters at only the early stages of healing.

Table 1 summarizes the diverse tissue engineering applications of fibrin scaffolds.
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TABLE 1. Tissue engineering applications of fibrin scaffolds.

Types of Fibrin Scaffold (reference numbers)

Eugineered Tlissue

Fibrin Hyvdrogel Fibrin Glue Fibrin Microbeads
Adipose tissue 26.136 139.140
Bone 48.49.58-60.141.174 97-103.121.143-146.177 62.63.135
Cardiac tissue 2.27-30.57.149-151 111
9.23,25.42-47.156.159, 55.56.104-109.121.127.152. 155,
Cartilage 161, 165, 166.170.171. 157.160.162.163.167-169.172.
173-175 176-178
Liver 38.39
Muscle tissue 33-37
o .
Nervous tissue 22,53.54.66-69.71.184. 186,187
185
Ocular tissue 31-33 110.189.190 -
Skin 40.41.194.197 116-118 125.126.191-193 195 132
Tendons and Hgaments - 113-115%
Vascular tissue 12,18.50-52,128,130 129

7. CONCLUSIONS

In this review we have summarized many important characteristics that make fibrin
a robust hydrogel scaffold for tissue engineering. Fibrin can be manipulated as gel, glue, or
microbeads to increase its utility in tissue engineering applications. In addition, it can be
modified to incorporate several biologically active peptides to increase the local
concentrations of growth factors and mimic the natural milieu surrounding the cells. The
incorporation of these active peptides facilitates adhesion of the cells to the scaffold,
promotes migration of the cells inside the gel, and enhances cell-cell interaction. Further,
fibrin gels can be fabricated with defined architecture on the nanometer scale under the
influence of magnetic forces. Fibrin can also be utilized as a printable hydrogel to establish
specific cell patterns in the three-dimensional construct using inkjet-printing techniques.
Fibrin as an ideal scaffold has a significant disadvantage: the gradual disintegration of the
gel with subsequent loss of shape and volume before the proper formation of tissue-
engineered constructs. This disadvantage can be overcome by optimizing the

concentrations of fibrinogen, calcium ion (Ca®"), and pH, by using a lower cell density or
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by adding specific protease inhibitors. Stability can also be enhanced by using highly
denatured densely cross-linked FMBs or by combining fibrin with an artificial supporting
polymer. Fibrin gel shrinkage and its low mechanical stiffness represent other
disadvantages of fibrin scaffolds in some tissue engineering applications, which can be
controlled by cross-linking or by combining fibrin with other artificial scaffolding material.
Due to its numerous advantages, fibrin is used extensively to support three-dimensional
scaffolds in tissue engineering for adipose, bone, cardiac, cartilage, liver, nervous, ocular,
skin, tendon, and ligament tissues.
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VI. CHAPTER 3. CHARACTERIZATION AND INHIBITION OF
FIBRIN HYDROGEL - DEGRADING ENZYMES DURING

DEVELOPMENT OF TISSUE ENGINEERING SCAFFOLDS.

In chapter 1, I have discussed different strategies which are currently in use for
articular cartilage lesion repair and functional restoration, which include tissue engineering
that utilizes a wide variety of scaffolding materials. Amongst the naturally occurring
materials, fibrin is a protein-based matfix that combines important features which make it
the scaffold of choice for tissue engineering. In chapter 2,»I discussed the different
approaches to maximize the benefits of fibrin in a wide variety of tissue engineering
applications. It is clear, however, that fibrin has two major disadvantages: its rapid
degradation rate and poor mechanical properties. In this chapter, I report my experimental
work with the chondroprogenitor clonal cell line RCJ 3.1C5.18 (C5.18) to characterize and
identify the different enzymes responsible for fibrin hydrogel degradation, in order to
prolong scaffold life span until the development of proper cartilaginous tissue. This cell
line was chosen since it was evaluated earlier to develop chondrogenic conditions for
culture of fibrin-encapsulated cells (Dare et al., 2007). We hypothesize that inhibiting the
proteases secreted from the encapsulated chondrogenic cell line (i.e. CS5.18 cells),
especially plasmin and MMPs, will prolong the lifespan of fibrin hydrogel and promote
adequate ECM accumulation. In this study, we detect and characterize the different
enzymes responsible for fibrin gel hydrogel breakdown, and control their activity in order
to regulate gel stability. The experimental work and writing the first draft of this paper was

done entirely by myself.
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Manuscript 3
Characterization and Inhibition of Fibrin Hydrogel-Degrading Enzymes

during Development of Tissue Engineering Scaffolds

Tamer A.E. Ahmed, M.Sc., May Griffith, Ph.D., and Max Hincke, Ph.D.
Tissue Engineering. Published July, 2007; 13(7):1469-77.
1. ABSTRACT

The goal of articular cartilage tissue engineering is to provide cartilaginous
constructs to replace abnormal cartilage. We have evaluated the chondroprogenitor clonal
cell line RCJ3.1C5.18 (C5.18) as a model to guide the development of appropriate
scaffolds for tissue engineering. Rapid degradation of fibrin hydrogels was observed after
encapsulation of C5.18 cells. The enzymes responsible for this fibrin gel breakdown were
characterized to control their activity and regulate gel stability. Western blotting,
confirming zymography, revealed bands due to matrix metalloproteinases (MMP-2,
MMP 3) that are secreted concomitantly with fibrin hydrogels breakdown. High plasmin
activity was detected in conditioned media during hydrogel breakdown but not in the
confluent cells before encapsulation. Reverse transcriptase polymerase chain reaction
indicated the expression of MMP-2, -3, and -9 and plasminogen in the cells. MMP-9 was
100 times higher at day 1, whereas MMP-2 started to increase and reached its maximum
level by day 7. Aprotinin, a known serine protease inhibitor, and galardin (GM6001), a
potent MMP inhibitor, in combination or separately, prevented the breakdown of fibrin—
C5.18 hydrogels, whereas only the combination of both promoted the accumulation of

extracellular matrix. These findings suggest that plasmin and MMPs contribute
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independently to fibrin hydrogel breakdown, but that either enzyme can achieve
extracellular matrix breakdown.

Running title: Inhibition of fibrin hydrogel-degrading enzymes during tissue engineering

Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, Ontario,

Canada.
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2. INTRODUCTION

The loss of articular cartilage function due to injury or pathological conditions is a
major problem in orthopedic medicine.' Although osteochondral defects repair
spontaneously, the tissue formed is of variable nature. It ranges from fibrous tissue through
fibrocartilaginous character to a hyaline-like cartilaginous nature; however, the original
hyaline cartilage is not regenerated.>> The development of tissue-engineered replacements
are therefore the focus of intensive research.

Although a range of synthetic to naturally occurring polymers has been investigated,
we focused on the use of fibrin, which can be isolated autologously from patients and
fabricated into a hydrogel scaffold.* Other features of fibrin scaffolds include
biodegradability and biocompatibility. In addition, they can achieve high seeding efficiency
and uniform cell distribution.” Although fibrin is a promising scaffold for the regeneration
of cartilage, fibrin—chondrocyte constructs have been observed to degrade before the proper
formation of cartilaginous tissue.® We therefore hypothesized that stabilization of fibrin-
chondrocyte constructs is important for its use in regeneration of cartilaginous tissue.
Matrix metalloproteinases (MMPs) are a large family of structurally related zinc- and
calcium-dependent proteases that have the combined ability to degrade the major
components of the extracellular matrix (ECM).” MMPs are involved in the normal turnover
of connective tissue matrix that takes place during growth and development. MMPs are
also responsible for pathological destruction of tissue in a variety of diseases.® The catalytic
activity of MMPs is regulated at multiple levels, including transcription, secretion,
activation, and inhibition.” MMPs are secreted in latent form that must be cleaved to be
activated, either by plasmin or membrane-type MMPs.'"° Tissue inhibitors of MMPs

(TIMPs) can inhibit MMPs physiologically.'" Galardin (GM6001), a synthetic peptidyl
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hydroxamate inhibitor capable of inhibiting several members of MMPs with Ki values in
the nMolar range for MMP -1, -2, -3, -8 and -9,'2 can also inhibit MMPs. It can also
prevent the activation of latent matrix metalloproteinases (proMMPs)."?

Plasminogen activators (t-PA and u-PA) convert another proenzyme, plasminogen,
to the active enzyme plasmin.'* Plasmin is a broad-spectrum protease that can directly
degrade multiple ECM components in parallel with other ECM-degrading enzymes,
including members of MMPs family.!® Plasmin degrades fibrin in vivo and can convert
proMMPs into active MMPs, which in turn dégrade fibrinogen, cross-linked fibrin
(thrombin induced), and ECM. u-PA, or other MMPs, may also activate ProMMPs
directly."* Aprotinin is a 6.5 kDa protein that can inhibit plasmin in vivo with inhibition
constant Ki of nM."®

The objectives of this study were to identify the proteases responsible for fibrin
hydrogel breakdown and control the activity of these proteases so that gel stability can be
regulated. RCJ 3.1C5.18 (C5.18) cells, a rat chondroprogenitor clonal cell line isolated
from rat calvaria cells, were used in this study to test the suitability of fibrin hydrogels as a
scaffold for the regeneration of articular cartilage.

3. MATERIALS AND METHODS
3.1. Chondrocyte—fibrin constructs

C5.18 cells, a gift from Dr. Jane Aubin, University of Toronto, were grown to
confluence in alpha minimum essential medium (Invitrogen, Burlington, ON, Canada)
supplemented with 15% fetal bovine serum (Sigma, Toronto, ON, Canada), 100U/mL
penicillin, 100 mg/mL streptomycin (Invitrogen), and 107 M dexamethasone (Sigma)."”
Cells were then dissociated using 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA;

Invitrogen), centrifuged, and washed 2 times using phosphate buffered saline (pH 7.4) to
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remove traces of trypsin. Fibrin—C5.18 hydrogels were constructed using porcine
fibrinogen (Sigma), porcine thrombin (Enzyme Research Laboratories, South Bend, IN),
and C5.18 cells. Fibrinogen (14%) was prepared in Dulbecco’s modified Eagle medium
(DMEM; high glucose, Sigma) supplemented with 100 U/mL penicillin and 100 mg/mL
streptomycin, then filtered using a 0.45-pm cellulose acetate filter (Corning, Nepean, ON,
Canada). The C5.18 cells were mixed with 14% fibrinogen and 100 IU/mL thrombin to
give a final concentration of 10% fibrinogen, 2.2 [U/mL thrombin and 6.4 x 10° cells/mL.
Preliminary mechanical testing results revealed that 10% fibrin hydrogel is stiff and may be
more suitable for implantation. Furthermore, in terms of degradability, it had a longer half-
life than lower concentrations such as 5% and 8%. Polymerization of fibrinogen was
induced using thrombin and completed within a few minutes. The fibrin C5.18 hydrogels
were cultured in chondrogenic DMEM (high glucose, Sigma) supplemented with 10 ng/mL
transforming growth factor-beta3 (R&D Systems, Minneapolis, MN, USA), 107 M
dexamethasone, 50 pg/mL ascorbic acid-2- phosphate (Fluka, Toronto, ON, Canada),
100 pg/mL sodium pyruvate (Sigma), 40 pg/mL L-proline (Sigma), 1% insulin-transferrin
selenous acid-plus premix (BD Bioscience Pharmingen, Mississauga, ON, Canada),
100 U/mL penicillin, and 100 mg/mL streptomycin as control. For inhibition assays,
galardin 25 uM'z (GM6001, Chemicon, Mississauga, ON, Canada) and aprotinin 20
pg/mL* (Sigma) were added to the chondrogenic media separately or in combination.
Conditioned media from control and inhibitor-treated hydrogels were collected for analysis
using zymography, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE), western blotting, and plasmin detection during incubation (5 weeks). Hydrogel
samples were collected at various time points for analysis using quantitative RT-PCR,

histology, and immunostaining. To study the effect of different proteases on the gel
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breakdown, fibrin hydrogels were constructed without cells and subjected to degradation by
purified human plasmin 4 pg/mL (Sigma) or MMPs (Chemicon) separately or in
combination. To study the effect of galardin on plasmin-mediated degradation, cell-free
fibrin hydrogels were constructed and maintained in DMEM containing 4 pg/mL plasmin
plus galardin (5, 10, 15, 20, 25 pM) or 20 pg/mL aprotinin.
3.2. Zymography

Proteolytic activity was identified in the samples using 8% fibrin, gelatin, and
casein zymography. 18,19
3.3. SDS-PAGE

SDS-PAGE was performed according to the method of Laemmli.?® Samples were
analyzed on 8% gels using Mini-Protean III electrophoresis cell (Bio-Rad Laboratories,
Mississauga, ON, Canada).
3.4. Western blotting

SDS-PAGE was performed (8% poly-acrylamide gels), followed by electrotransfer
to nitrocellulose membrane. Table 1 indicates the antibodies used in western blot. After
incubation with the primary and secondary antibodies and thorough washing steps, the blot
was processed with an enhanced chemiluminescence western blot analysis system (ECL Kit,
Amersham, Baie d’Urfe, QC, Canada). The immunoreactive bands were visualized by
exposure of the membrane to Bioflex-MSI films (Clonex, Markham, ON, Canada).”!
3.5. Plasmin

Plasmin activity was detected using a modification of an established method.?
Samples (10 pL) were added to 35 pL of 50 mM Tris-hydrochloric acid (HCI), pH 7.4, and
incubated for 10 min at 37 °C. After incubation, 30 pL of 0.5 mg/mL S-2251 substrate

solution (D-Val-Leu-Lys p-nitroanilide dihydrochloride, Sigma) dissolved in 50 mM Tris-
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HC], pH 7.4, was added. After incubation (4 h, 37 °C), the reaction was quenched by the
addition of 30 pL of 20% acetic acid. The absorbance at 405 nm was measured using a
microplate AutoReader (Bio-Tek Instruments, Winooski, VT). A standard curve was
prepared using purified plasmin (human).

Table 1. Antibodies used in western and immunostaining MMP, matrix metalloproteinase

No Aniibody Host Tvpe Final concentration Company and Catalog No.

i Anti-MMP-2 Antibody Mouse Monoclonal 1 pg/mL Catbiochem-IM33L

2 Anti-MMP-3 Antibody Rabbit Polyclonal 0.5-2 pg/ml. Anaspec-29576

3 Anti-Collagen 1T Antibody Rabbit Palycional 1:40 Chemicon-AB2036

4 Anti-Aggrecan Antibody Rabbit Polyclonal 140 Chemicon-AB1(31

5 Horseradish peroxidase-conjugated Sheep Polyclonal 1:5000 Amersham-NA93 1
Anti-mouse antibody

6 Horseradish peroxidase-conjugated Donkey Polyclonal 1:5000 Amersham-NA934
Anti-rabbit antibody

7 Anti-rabbit 1gG antibody Cy2 Goat Polyclonal 1:200 Amersham Pharmacia-PA42004

: conjugate (green)

] Anti-rabbit IgG antibody,Cy3 Shecp Polyctonal 1:400 Sigma-C2306
conjugate. (red)

3.6. RT-PCR of MMP-2, -3, -9 and plasminogen

Total ribonucleic acid (RNA) was extracted from fibrin-C5.18 hydrogels using the
manufacturer’s protocol for the RNeasy-Fibrous Tissue Minti kit (Qiagen, Mississauga, ON,
Canada). Total RNA from C5.18-degraded hydrogels was isolated using the Trizol reagent
(Invitrogen). Complementary deoxyribonucleic acid (cDNA) was generated from total
RNA using superscript II reverse transcriptase and random primers and following the
manufacturer’s instructions (Invitrogen). The reaction mixture for PCR was heated for 2
min at 95 °C for pre-denaturation and then subjected to 40 cycles, each cycle consisting of
denaturation at 95 °C for 45 s, annealing for 45 s, and extension at 72 °C for 1 min,
followed by incubation for 3 min at 72 °C to complete the extension. Amplicons were
analyzed using 2% agarose gel electrophoresis. Primer sequences, annealing RT-

temperatures and product sizes are summarized in Table 2.
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Table 2. Polymerase chain reaction primer sequence MMP, matrix metalloproteinase

Target gene & Sequence position and

Accession no. Primers Anncaling T°'C Product size
Rat MMP-2 Forward S'AGG ATG GAG GCA CGATTG GTC T ¥ 64°C 471-879
NM_031054 Reverse 5'CCA GGT CAG GTG TGT AAC CAATGA 3’ 409 B8P
Rat MMP-3 Forward 5'CCT AAA AGC ATT CAC ACT CTG GGC 3 62°C 1168-1656
NM_133523 Reverse 5'CAG TGC TTC TGA ATG TCC TTC GAC ¥ 489 BP
Rat MMP9 Forward 5'CTA AGG CTC CTC TTT TGC TTC AGG ¥ 64°C 2129-2686
NM_031055 Reverse 5'GAT GAG TGG ATA GCT CGG TGG TGT ¥ 558 BP
Rat Plasminogen Forward §'GGG GAC TCA CTG GAT GGC TAT GTA 3 60°C 95-561
AJ242649 Reverse S'TCA TAT CTC TGG TCC GGG TCT GIT ¥ 467 BP

3.7. DNA sequencing

Amplicons were cut from the agarose gel and DNA extracted using Wizard SV gel
and PCR clean-up system following the manufacturer’s recommended protocol (Promega,
Madison, WI) and sequenced using Hitachi 3100 genetic analyzer (AB Applied Biosystems,
Hormby, ON, Canada).
3.8. Real-time PCR

Rat-specific primers for real-time RT-PCR for glyceraldehyde-3-phosphate
deﬁydrogenase (GAPDH), MMP-2, MMP-3, and MMP-9 were obtained from SuperArray
(Bioscience Corporation, Hornby, ON, Canada). PCR amplification was performed using a
BioRad iCycler thermocycler with the following conditions: an initial denaturing at 95 °C
for 3 min; 45 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 seconds; and a final
extension at 72 °C for 10 min. A melt curve analysis using SYBR green was performed as
follows: 95 °C for 1 min, 55 °C for 1 min, and 55 °C for 10 s, with an increase of 0.5 °C at
each successive cycle for 80 cycles.

The results were analyzed using the comparative Cr method. Expression levels for
C5.18 cells at confluence were used as a baseline for each gene, which was normalized to
GAPDH housekeeping expression. Baseline expression levels were therefore assigned a

value of 1.0.
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3.9. Histology

Fibrin—C5.18 hydrogels were fixed in 4% paraformaldehyde overnight, maintained
in 30% sucrose for 24 h, and then frozen in 1:1 30% sucrose: OCT for storage at -80 °C.
The tissue blocks were cut in 10-um sections using a Shandon cryotome FSE (Thermo
Electron Corporation, Nepean, ON, Canada). Sections were stained with hematoxylin and
eosin or Alcian blue (pH 2.5) using standard protocols.
3.10. Live/dead stain

Confluent C5.18 cells were maintained for 3 days in chondrogenic medium
supplemented with different inhibitors then stained with calcein green (live cells) and
ethidium homodimer-1 red (dead cells) according to manufacturer’s protocol (Live/Dead
Viability/Cytotoxicity Kit, Molecular Probes, Eugene, OR).
3.11. Inmunohistochemistry
After frozen sections were brought to room temperature, excess water was removed and
slides then washed once in Tris-buffered saline (TBS) (100 mM Tris-HCl, 150mM sodium
chloride, pH 7.7). The sections were digested in 2% hyaluronidase (Sigma) in TBS for 30
min, followed by 3 washing steps in TBS of 3 min each. The slides were then placed in
blocking buffer (4% fetal bovine serum, 1% bovine serum albumin, 0.3% triton X-100) for
30 min, washed again 3 times in TBS, and maintained in the primary antibody (prepared in
blocking buffer) overnight. After incubation with primary antibody overnight, the slides
were washed 3 times in TBS and incubated in secondary antibody (prepared in TBS, 0.3%
triton X-100), washed 2 times in TBS, stained for 3 min with 40,6-diamidino-2-
phenylindole stain (1:10000 in TBS), washed 2 times in TBS, and cover slipped with TBS.
For negative controls, the same procedures were performed with omission of the primary

antibodies. The antibodies and dilutions used in immunostaining are listed in Table 1.
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3.12. Statistical Analysis

Analysis of variance for plasmin activity was performed using SPSS (versionl4,
SPSS Inc., Chicago, IL) software.
4. RESULTS

Fibrin—C5.18 hydrogels were completely degraded within 7 days in the absence of
protease inhibitors. Analysis of conditioned medium for fibrin degradation products (FDPs)
using SDS-PAGE revealed that FDP started low then increased dramatically at days 4 and
5, started to decrease by day 6, and vanished by day 7 after complete degradation of cross-
linked fibrin (data shown in appendix I). Analysis of conditioned medium using gelatin
zymography revealed proteolytic bands of MMP-9 at 91, 86, and 80 kDa (latent and the 2
active forms, respectively) and MMP-2 at 68, 62, and 57 kDa (latent and the 2 active forms,
respectively). Gelatin zymograms for purified plasmin showed bands at 74, 69, and 48 kDa.
Casein zymograms revealed the proteolytic band of MMP-3 at 50 kDa and latent and active
forms of MMP-9 at 91 and 80 kDa respectively, in addition to the latent form of MMP-2 at
68 kDa. The use of bovine fibrinogen as a substrate for zymography revealed the secretion
of the active form of MMP-3 at 50 kDa and the latent and active forms of MMP-9 at 91 and
80 kDa, respectively, in addition to the latent and active forms of MMP-2 at 68 and 57 kDs,
respectively (data shown in appendix I). Metal ion chelators such as EDTA (30 mM) and
o-phenanthrolene (20 mM) inhibit the bands identified in gelatin zymograms, but the serine
protease inhibitor phenylmethylsulfonyl fluoride (10 mM) and a cysteine protease inhibitor
10 uM E-64 do not (data not shown). The identities of the MMP-2, -3, and -9 bands were
consistent with quantitative RT-PCR profile and western blotting.

C5.18-mediated breakdown of cross-linked fibrin (day 4) resulted in FDPs at 99, 93,

87, 54, and 39 kDa. Treatment of cross-linked fibrin with purified human plasmin (4 pg/mL)
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resulted in prominent FDPs at 83 and 39 kDa and barely visible bands at 93 and 54 kDa,
whereas treatment with a mixture of purified MMPs resulted in FDPs at 99, 93, and 54 kDa.
Only treatment with a mixture of plasmin and MMPs resulted in FDPs similar to those of
day 4 conditioned medium (Fig. 1).

The secretion of different MMPs from C5.18 cells during the breakdown of fibrin
hydrogels was subsequently investigated using western blotting of conditioned medium.
Specific antibodies revealed the existence of immunoreactive bands at 68 and 57 kDa
(latent and active forms of MMP-2), as well as a single immunoreactive band at 50 kDa,
which represents MMP-3 active form (data shown in appendix I).

Plasmin activity was detected in conditioned media from fibrin—C5.18 hydrogels
using S-2251, a specific chromogenic substrate (Fig. 1). The mean value of plasmin activity
in conditioned medium on days 1, 2, and 5 is significantly higher than at day 0 (day 0: the
conditioned medium collected directly after the preparation of fibrin-C5.18 hydrogels),
whereas no plasmin activity was detected in confluent cell conditioned medium. These
results suggest that encapsulation of C5.18 cells in fibrin hydrogels stimulates the synthesis
and secretion of plasminogen. MMP-2, -3, and -9 and plasminogen gene expression was
evaluated using specific primers for RT-PCR, revealing the expression of these genes in
C5.18 cells after encapsulation in fibrin hydrogels. MMP-9 and plasminogen are

upregulated in comparison to confluent cells (data shown in appendix I).
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FIG. 1. (A) Comparison of fibrin degradation products (FDPs) obtained after treatment of
cross-linked fibrin with purified proteases. Plasmin 4 pg/mL (lane 1), matrix
metalloproteinases (MMP) mixture (lane 2), mixture of plasmin and MMPs (lane 3), FDPs
obtained from conditioned medium of fibrin—C5.18 hydrogels at day 4 (lane 4). (B)
Plasmin activity in conditioned medium from fibrin—C5.18 hydrogels. Plasmin activity was
detected using a synthetic chromogenic substrate S-2251 at days 0, 1, 2, and 5 of incubation.
(F =67.39, p<0.001).

Sequencing of the plasminogen amplicon confirmed its identity. Further analysis of
MMP-2, -3, and -9 gene expression using real-time PCR showed that MMP-9 gene
expression was dramatically upregulated at day 1 and then decreased to minimum
expression after complete breakdown of fibrin hydrogels. On the other hand, MMP-2 gene
expression was low at day 1 and then started to increase, reaching its maximum expression
by day 7. In contrast, the expression of MMP-3 fluctuated throughout 7 days of incubation.
Taken together, these results indicate that there is differential expression of MMP-2, -3, and

-9 by encapsulated C5.18 cells and that MMP-9 upregulation precedes gel breakdown,

whereas MMP-2 expression is upregulated after gel breakdown is complete (Fig. 2).
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FIG. 2. Analysis of matrix metalloproteinases (MMP) gene expression by real-time reverse
transcriptase polymerase chain reaction (PCR). The histogram shows real-time PCR results
for MMP-2, MMP-3, and MMP-9 by C5.18 cells before and after encapsulation in fibrin
hydrogels.

Cryosectioned fibrin—-C5.18 hydrogels were histologically stained using
hematoxylin and eosin and Alcian blue. Histology results showed that aprotinin (plasmin
inhibitor), galardin (general MMP inhibitor), or the combination of both was capable of
preventing fibrin hydrogel breakdown and stabilized the gels for more than 5 weeks,
although only a combination of aprotinin and galardin led to enhanced ECM formation
within the hydrogel (Fig. 3). Furthermore, specific immunostaining for ECM components
collagen II and aggrecan confirmed that only a combination of aprotinin and galardin was
associated with a slight accumulation of ECM after 2 weeks and a strong accumulation
after 5 weeks in the interface (Fig. 4). To verify that galardin inhibited only MMPs, fibrin
hydrogels were constructed and subjected to degradation by plasmin-containing medium to

which different concentrations of galardin were added (5-25 pM). It was found that

galardin, even at high concentration, did not inhibit plasmin. Statistical analyses for
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Live/Dead staining in monolayer culture revealed that aprotinin (20 ug/mL) and galardin-
(25 uM) supplemented chondrogenic medium did not have any significant effect on the

percentage of live C5.18 cells (aprotinin 94.6+1.7 and galardin 94.9+2.6 vs control

96.8+0.7)
H&E Alcian Blue
Aprotinin 20  Galardin Aprotinin 20 pg/ml  Aprotinin 20 Galardin Aprotinin 20 pg/ml

pg/ml 25uM  + Galardin 25 pM pg/ml 25uM  + Galardin 25 pM
‘ [ f

Scale bar: 100 um

Rat
Cartilage

FIG. 3. Hematoxylin and eosin and Alcian blue histological staining. Cryosectioned fibrin
C5.18 hydrogels were analyzed after 1, 2, and 5 weeks of culture. Aprotinin, galardin, and a
combination of aprotinin and galardin were evaluated for inhibition of hydrogel
degradation. The arrows in the interface of hematoxylin and eosin (H&E) and Alcian blue
staining show the sites where extracellular matrix formation took place with combined
aprotinin and galardin. Color images available online at www liebertpub.com /ten.
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FIG.4. Fibrin—C5.18 hydrogel immunostaining for aggrecan (A) and collagen II (B).
Hydrogels were stabilized by incubation with protease inhibitors for 2 and 5 weeks using
20 pg/mL aprotinin (I), 25 uM galardin (II), and 20 pg/mL aprotinin plus 25 pM galardin
(II1). Control is sections stained with omission of primary antibodies. Color images
available online at www .liebertpub.com /ten.
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5. DISCUSSION

During studies to investigate C5.18 as a model cell line for tissue engineering of
articular cartilage, we observed that fibrin—C5.18 hydrogels degraded rapidly within 7 days.
It is important to point out that, although fibrinogen may contain trace amounts of plasmin
and thrombin, these proteases, if present, did not contribute significantly to fibrin
degradation in our system, as indicated by the fact that fibrin degradation is greatly
enhanced in the presence of C5.18 cells. Sterile gels prepared without cells were stable for
up to 3 weeks. Fibrin hydrogels are degraded by incubation with other cell lines such as
endothelial and smooth muscle cells.’” Furthermore; they can be degraded by
myofibroblasts,” corneal stem cells,” and nasal septum chondrocytes.?* The data presented
in this article clearly show that C5.18, a chondroprogenitor clonal cell line that models
some features of cartilage regeneration, is capable of secreting gelatinases (MMP-2 and
MMP-9), MMP-3, and plasminogen. We hypothesized that MMPs, the
plasminogen/plasmin system, or both together were responsible for the observed rapid
degradation of fibrin—C5.18 hydrogels. These results indicate that C5.18 cells demonstrate
some chondrocyte-like properties during chondrogenic differentiation, particularly the
secretion of proteases such as MMPs. Previous literature has demonstrated that
chondrocytes can normally secrete a wide variety of MMPs, such as MMP-1, -2, -3,
and -9.° Previous studies have also shown that chondrocytes can secrete plasminogen
activators under physiological conditions, suggesting a possible mechanism for activation
of plasminogen.’® Although there is no direct evidence for the secretion of plasminogen
from chondrocytes, plasminogen can be produced extraheptically.”’28 In this study,
plasminogen secretion from C5.18 cells was confirmed in the conditioned medium using

synthetic chromogenic substrate, and plasminogen gene expression was assessed using RT-
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PCR and sequencing of the resultant amplicon. MMP-2 and -9 gene expression is
upregulated in encapsulated cells in comparison to confluent cells. One possible reason for
this upregulation is interaction with cross-linked fibrin itself after encapsulation of C5.18
cells. Fibrin can increase expression of MMPs, particularly gelatinases such as MMP-2 and
MMP-9, in addition to its role in the upregulation of plasminogen activator (u-PA and
t-PA), whose activation of plasmin promotes activation of MMPs.” In addition, t-PA-
induced plasminogen activation is accelerated in the presence of fibrin.*’

It is believed that the imbalance between proteases such as MMPs and plasmin and
their inhibitors are the main cause of fibrin hydrogel -breakdown in tissue-engineered
constructs.’'”? In our study, treatment of cell-free cross-linked fibrin by MMPs or purified
plasmin alone did not produce FDPs resembling those produced by incubation with C5.18
cells. Only treatment with a mixture of plasmin and MMPs produce a FDP pattern like that
produced by C5.18 cells. Therefore, we hypothesize that MMPs and plasmin collaborate
together in the breakdown of fibrin-C5.18 hydrogels. In vivo, plasmin catalyzes

3

fibrinolysis,> although other studies have suggested that MMPs also participate in the

removal of the fibrin clot.}**
Several strategies have been used to prolong the life span of fibrin hydrogel for

+ .
>* concentration and pH,%

tissue engineering applications through controlling the calcium
hybridizing fibrin with a synthetic molecule such as polyethylene glycol,>” modifying the
form of fibrin,*® and using low cell density.”® In this study, treatment of fibrin-C5.18
hydrogels with aprotinin, galardin, or both together prevented fibrin hydrogel breakdown.
Furthermore, fibrin degradation in the control group (without inhibitor) was almost

complete by day 4 and 5, whereas plasmin activity was high in the first day then started to

decrease, which may be due to decreased expression of plasminogen activators or increased
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expression of plasminogen activator inhibitors, plasmin inhibitors or both.*® These results
indicated that MMPs are the main proteases responsible for fibrin hydrogels breakdown
and that plasmin indirectly participated in the degradation of fibrin hydrogels by activating
proMMPs. To exclude the possibility that galardin may inhibit plasmin at high
concentration, the effect of galardin at different concentrations on plasmin-treated cross-
linked fibrin was evaluated. Galardin was unable to inhibit plasmin-mediated fibrin gel
breakdown. This result was consistent with results from a previous study demonstrating
that galardin has no effect on the activities of plasminogeh activator or plasmin.'3
Furthermore, aprotinin cannot inhibit MMPs at concentrations as high as 200 pg/mL.*!
Application of a combination of aprotinin and galardin to the fibrin-C5.18 hydrogel
was able to stabilize the structure of ECM, as evidenced by the accumulation of collagen II
and aggrecan (2 components of ECM), whereas the use of aprotinin or galardin alone fails
to stabilize these components of ECM. One possible explanation is that membrane-type
MMP mediates ECM degradation. A recent study indicated that membrane-type 1 - MMP
can degrade many components of ECM, including collagen, Furthermore, it can lead to the
activation of membrane-bound proMMP-2, suggesting a mechanism for activation of
MMPs other than plasmin.'® Upon inhibition of plasmin by aprotinin, membrane-type
MMPs activate MMPs. Membrane-type MMPs in parallel with MMPs then degrade ECM.
Galardin-mediated inhibition of MMPs does not prevent plasmin-mediated ECM
degradation. These results suggest that plasminogen/plasmin or MMPs systems are capable
of degrading ECM and that stabilization of ECM requires the inhibition of both systems
simultaneously. Previous studies indicated that ECM degradation involves a proteolytic
enzyme cascade. Plasminogen activators, which convert plasminogen to plasmin, which in

turn results in the activation of MMPs (directly or indirectly) initiates this cascade. Plasmin
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and active MMPs then carry out the degradation of ECM.*? Further studies must be done to
investigate the effects of the addition of plasmin and MMP inhibitors on ECM remodelling
of the tissue-engineered construct.
6. CONCLUSIONS

MMPs and plasminogen secreted by cells after encapsulation mediate fibrin—C5.18
hydrogel degradation. Inhibition of MMPs or plasmin by galardin or aprotinin, respectively,
greatly inhibited fibrin degradation, whereas inhibition of both together was necessary for
enhanced ECM accumulation.
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VII. CHAPTER 4. FIBRIN GLUES IN COMBINATION WITH
MESENCHYMAL STEM CELLS TO DEVELOP A TISSUE -

ENGINEERED CARTILAGE SUBSTITUTE

In chapter 3, I discussed the stabilization of fibrin hydrogels prepared from rat
C5.18 cells, commercially purified porcine fibrinogen and thrombin. We have shown that
addition of aprotinin (plasmin inhibitor) or galardin (MMPs inhibitor) results in
stabilization of fibrin hydrogel, and that only a combination of both inhibitors resulted in
enhanced ECM accumulation (Ahmed et al, 2007). Although fibrin gels from
commercially produced materials are available in standardized quality, fibrin glue that can
be prepared in autologous form has two major advantages: the possibility of viral |
transmission and prion infection, already minimal with current commercial products, is
reduced, and the cost is lower (Ahmed et al 2008). Moreover, bone marrow-derived
mesenchymal stem cells (BM-hMSCs) have advantages over chondrocytes such as being
harvested in autologous form for tissue engineering and possessing multi-differentiation
potential. We hypothesize that fibrin glue produced by the CryoSeal ® FS system from one
unit of plasma (Dare et al., 2009), in combination with hMSCs, would move the research
closer to clinical trial phases. In order to increase the bioavailability of growth factors and
protect them from proteolytic degradation, we assessed the heparin-based delivery system
(HBDS) that was originally developed and incorporated into fibrin gels by Sakiyama-Elbert
et al.,, 2000 for these purposes. Different fibrin-hMSCs constructs were maintained in
chondrogenic media supplemented with tranexamic acid (plasmin inhibitor), since galardin
(MMP inhibitor) alone was shown to fail in stabilizing these constructs. We hypothesized

that encapsulation of hMSCs into stabilized fibrin glue, with or without HBDS, will result
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in formation of cartilaginous constructs that accumulate cartilage-specific markers to form
a cartilage substitute. In the following chapter we present and discuss the chondrogenic
differentiation of hMSCs after encapsulation into fibrin glue, rich or poor in platelets, with
or without HBDS in the presence of protease inhibitor. The experimental work was done
entirely by myself, except for the adipogenic differentiation of hMSCs, which was done by
my colleague Roshan K. Sriram who is currently a Ph.D. candidate in Faculty of Medicine,

University of Ottawa. The paper was written entirely by myself.
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1. ABSTRACT

Damage of cartilage due to traumatic or pathological conditions results in disability
and severe pain. Regenerative medicine, using tissue engineering-based constructs to
enhance cartilage repair by mobilizing chondrogenic cells, is a promising approach for
restoration of structure and function. Fresh fibrin (FG) and platelet-rich fibrin (PR-FG)
glues produced by the CryoSeal® FS System, in combination with human bone marrow-
derived mesenchymal stem cells (BM-hMSCs), were evaluated in this study. We
additionally tested the incorporation of heparin-based delivery system (HBDS) into these
scaffolds to immobilize endogenous growth factors as well as exogenous TGF-B,. Strongly
CD90+ and CD105+ hMSCs were encapsulated into FG and PR-FG with and without
HBDS. Encépsulation of hMSCs in PR-FG led to increased expression of collagen II gene
at 2.5 weeks, however, no difference was observed between FG and PR-FG at 5 weeks. The
incorporation of HBDS prevented the enhancement of collagen II gene expression. hMSCs
in FG initially displayed enhanced aggrecan gene expression and increased accumulation of
Alcian blue-positive extracellular matrix (ECM); incorporation of HBDS into these glues
did not improve aggrecan gene expression and ECM accumulation. The most significant
effect on cartilage marker gene expression and accumulation was observed after
encapsulation of hMSCs in FG. We conclude that fibrin glue is more promising than
platelet-rich fibrin glue as a scaffold for chondrogenic differentiation of hMSCs; however,
immobilization of growth factors inside these fibrin scaffolds with the HBDS system has a

negative impact on this process.

Running title: Fresh Fibrin Glue Matrices for Cartilage Tissue Engineering
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2. INTRODUCTION

Due to its limited capacity to repair and regenerate, damage to articular cartilage by
osteoarthritis or trauma usually heals through scar formation and leads to disability and
poorer quality of life especially, in elderly people.!*? The major criteria for successful
cartilage repair are reduction of pain, improvement of symptoms and maintenance of long-
term functionality. Although current methods such as microfracture, osteoarticular
autograft transfer system, mosaicplasty, and autologous chondrocyte implantation are
beneficial, they have significant limitations.”) Alternatively, partial and total knee
arthroplasty is a very effective in relieving the pain and disability, however they have
significant failure rate.*> The successful repair of articular cartilage is therefore a
significant challenge for the emerging field of regenerative medicine.

Tissue engineering of articular cartilage requires an appropriate three dimensional
(3D) scaffolding material in which a suitable cell source can proliferate and secret specific
extracellular matrix (ECM) macromolecules to participate in the repair process. We have
focused our research on fibrin matrix, as it possesses some characteristics which make it the
scaffold of choice in articular cartilage tissue engineering; for example, it can be isolated
autologously from patients and fabricated into a hydrogel scaffold.” However, rapid
degradation and low mechanical stiffness are major disadvantages.®® We and others have
shown that the rapid degradation can be controlled by the addition of protease inhibitors

such as aprotonin, galardin, and tranexamic acid to the culture media®'®

, while the
mechanical properties of the fibrin hydrogel can be enhanced by further cross-linking using
genipin, a natural cross-linker."" Fibrin glue has been evaluated in a variety of tissue

engineering applications. It can be produced either from allogeneic pooled plasma such as

Tissucol/Tisseel® or from autologous plasma through cryoprecipitation technique using
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Cryoseal ®-FS system.®) Product properties of fibrin glue produced by Cryoseal ®-FS in
comparison to commercially available Tissucol are shown in table 1. ‘2 A recent in vitro
study showed that encapsulation of chondrocytes in FG produced by Cryoseal ®-FS
promoted the accumulation of cartilage specific markers, suggesting that it is a promising

approach to develop tissue-engineered cartilage replacement. ('*)

FG (Cryoseal ®-FS) | FG ( Tissucol®) ]
Cryoprecipitate Factor XIII (U/mL) 1.54 10-50
Fibronectin (mg/mL) 5.4 2-9
Fibrinogen (mg/mL) 22.1 70-110
Thrombin solution CaCl, (uMol/mL) 0.45 40
Thrombin (U/mL) 38 4 or 500

Table 1. Biochemical composition of fibrin glue produced by (Cryoseal E-FS) system
versus Tissucol®.!?

Finding the suitable cell source is an absolute requirement for successful tissue
engineering applications. The most widely used cell sources for articular cartilage tissue
engineering are chondrocytes and mesenchymal stem/stromal cells (MSCs). &> However,
MSCs have advantages over chondrocytes, since they can be obtained in autologous form
in a minimally invasive procedure and can be utilized for creating complex constructs such
as cartilage-bone interface.® MSCs are characterized by having specific phenotypical and
structural properties, for instance adherence to plastic and fibroblast-like morphology. In
addition they stain positive for CD29, CD73, CD90, CD105 and CD166, while staining

negative for CD14, CD34 and CD45, as indicated by flow cytometry.!'®  MSCs in

(15 (16)

combination with a wide range of scaffolding materials including agarose''”, alginate
chitosan(”), hyaluronate“s), collagen(lg), gelatin(zo), PLGA®Y and PEG“? have been
evaluated during development of tissue engineering-based articular cartilage substitute. In

addition, MSCs have been used to develop scaffold-free tissue-engineered constructs (TEC)
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to promote cartilage repair. 23.24) Although fibrin hydrogels were used widely as a
scaffolding material for development of tissue-enginereed cartilage replacement®, in this
study, we are evaluating different fibrin glues produced by cryoseal®-FS system, since they
can be harvested in autologous form from patient plasma.

.The mechanical properties of cartilage are largely dependent on the composition
and structure of its extracellular matrix (ECM), which is mainly composed of type II
collagen and proteoglycans. Therefore, in vitro culture conditions that promote ECM
accumulation and native-like arrangements is required for the production of functional
cartilage constructs.?>) Sakiyama-Elbert and Hubbell recently developed the heparin-based
delivery system (HBDS) to provide localized release of heparin-binding growth factors in a
biomimetic manner, so that growth factor release takes place through a cell mediated
mechanism.?® The HBDS is composed of heparin, heparin-binding growth factors, and a
bifunctional peptide (linker) which contains a heparin-binding sequence linked to
transglutaminase substrate sequence. During fibrin hydrogel formation, the bifunctional
peptide becomes crosslinked to fibrin through the transglutaminase substrate sequence,
while the heparin binding domain immobilizes heparin, which in turn binds many growth
factors.® The incorporation of HBDS into fibrin and the release mechanism of the different
growth factor from fibrin have been studied extensively. For example, HBDS promotes
central and peripheral nerve regeneration in chicken and rat models, and represents a
feasible method to enhance nerve generation in dorsal root ganglions (DRGs).?6?)

The objective of this study was to evaluate fresh fibrin glue (FG) and platelet-rich
fibrin glue (PR-FG) in combination with bone marrow-derived mesenchymal stem cells
(BM-hMSCs) for articular cartilage tissue engineering. The effect of incorporating HBDS

into these matrices on the accumulation of ECM components was also investigated.
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3. MATERIALS AND METHODS

Unless otherwise specified, all materials were obtained from Sigma-Aldrich (St.
Louis, MO). The HBDS bifunctional peptide (K(BA)FAKLAARLYRKANQEQVSP) was
purchased from BIO S&T Inc., Montreal, QC.
3.1. Plasma collection

Human plasma (250 ml) was collected from healthy donors (n=2) by apheresis
using Trima Accel Version 5 automated blood collection system (Gambro BCT, Inc.,
Lakewood, CO) after signing informed consent. Two types of plasma were prepared,
platelet-rich and platelet-poor plasma according to the setting of the collection system,
while the other blood components were returned to the circulation.
3.2. Fibrin glue production

Fibrin glue is composed of two components, cryoprecipitate and thrombin which
were both obtained either from platelet- rich or platelet-poor plasma using the CryoSeal®
FS System and the Thrombin Processing Device™, respectively (Thermogenesis, Rancho
Cordova, CA). The thrombin component is obtained after mixing 10 ml of plasma with 4
mL of thrombin reagent composed of 7.2 mM CaCl2 and 10% ethanol in the Thrombin
Processing Device™ reaction chamber, followed by an incubation for 50 min, then
agitation and a second incubation for 10 min. Thrombin is then harvested from the
chamber, aliquoted, and frozen at -80°C.%*3% The remaining volume of plasma is
transferred to the processing bag and frozen to -27°C within 7 min, then slowly warmed
and gently rocked for 20 min until the temperature reaches 2°C. The concentrated
cryoprecipitate settles in the pointed end of the processing bag after being placed on a slant
for 5 min. Two cycles of freeze—thaw result in enhanced cryoprecipitate recovery. The

cryoprecipitate was aliquoted and frozen at -80°C.(12!
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3.3. MSCs expansion and characterization

Human MSCs (hMSCs) obtained from the Canadian Blood Services (CBS, Ottawa,
ON) were expanded in Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Carlsbad,
CA) supplemented with 10% fetal calf serum (Thermo Scientific Hyclone, South Logan,
UT),*® while hMSCs obtained from Tulane Centre for Gene Therapy (Tulane University
Health Sciences Center, New Orleans, LA) were expanded in complete culture media
(CCM) composed of alpha minimum essential medium (aMEM; Invitrogen, Carlsbad, CA)
media supplemented with 16.5 % FBS, 100 U/ml Penicillin, and 100 pg/ml streptomycin,
according to the manufacturer’s protocol. The two cell sources were used for flow
cytometry, Alcian blue staining, hydroxyproline quantification, and glycosaminoglycans
(GAGs) measurement experiments, while only Tulane Centre hMSCs were used for the rest
of experiments. Chondrogenic, adipogenic and osteogenic differentiation of hMSCs was
also carried out according to the manufacturer’s protocol, where 10° cells were plated in 6
well plates and cultured in the expansion media until 70%-80% confluency. After reaching
the required confluency, CCM was replaced with the appropriate differentiation media and
kept for 3 weeks with media changed every 3-4 days. Osteogenic differentiation was
induced with media compoéed of CCM supplemented with 10 nM dexamethasone, 20 mM
B-glycerolphosphate, and 50 pM ascorbic acid-2- phosphate, while, adipogenic
differentiation was induced with DMEM supplemented with 10% FBS, 100 U/ml
penicillin, 100 pg/ml streptomycin, 10 pM insulin, 1 pM dexamethasnone, 0.5 mM
isobutylmethylxanthine, and 200 uM indomethacin.®® Chondrogenic differentiation was
induced by DMEM supplemented with 107 M dexamethasone, 50 pg/mL ascorbic acid-2-
phosphate, 100 pg/mL sodium pyruvate, 40 pg/mL L-proline, 1% insulin-transferrin

selenous acid-plus premix (BD Bioscience Pharmingen, Mississauga, ON, Canada), 100
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U/mL penicillin, 100 pg/mL streptomycin, 10 ng/mL TGF-Bs ( TGF-B; for 3D culture and
TGF- B3 for monolayer culture, R&D Systems, Minneapolis, MN).(" BM-hMSCs were
characterized by flow cytometry (Beckman Coulter Epics XL, Beckman Coulter,
Mississauga, ON) using fluorescent-conjugated antibodies against CD34 (CD34-FITC,
Miltenyi Biotec Inc, Auburn, CA), CD45 (CD45-FITC, Beckman Coulter), CD90 and
CD105 (CD90-PE and CD105-PE, AbD Serotec, Raleigh, NC).®¥
3.4. Fibrin gel formulations

FG and PR-FG prepared as described earlier were used for gel formation. To
prepare gels in a 12 transwell plate (~1.5mm thickness), cryoprecipitate (85 pL), cells (25
pL of confluent hMSCS, to a final of 10 live cells/mL), and linker peptide (5 pL, to a final
concentration of 250 pM for gels containing HBDS)®® were mixed, and polymerization of
fibrinogen completed within a few minutes after adding 85 puL of thrombin (from same unit
as cryoprecipitate) to make a final volume of 200 upL. The original protocol of
incorporating HBDS into fibrin hydrogels involves addition of heparin to the other
constituents before the coagulation process.?%?” However, we found that FG and PR-FG
had significant levels of antithrombin III and that coagulation could not be achieved in the
presence of heparin; therefore, heparin was incorporated into fibrin hydrogels after
complete coagulation, where 200 pL. of 250 uM heparin solution was added to the top of
gels containing the bifunctional domain. After incubation (1 hour, 37°C), gels were washed
2 times using DMEM media (each 15 min) to remove any unbound linker and heparin
(FIG.1). The different gels were then cultured in transwell plates with the aforementioned
chondrogenic media which was supplemented with the protease inhibitor, tranexamic acid
(final concentration 1.5 mg/mL) and maintained in 37 °C, 5% CO; incubator up to 5 weeks.

The different hydrogel systems are illustrated in table 2. In the absence of protease
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inhibitors, fibrin gels completely degraded over 10~14 days in culture; however, the gels
were fully stabilized with tranexamic acid addition to the medium."'? TGF- B, and TGF- B3
have the same potency to induce chondrogenesis of hMSCs.®% However, TGF-p, was used
for the 3D culture, since heparin has no affinity for TGF- 63.(36) At 0 day, 2.5 weeks, and 5
weeks one gel from each group was cut into quarters and processed for cryosectioning,
papain digestion, and RNA isolation.

Fibrin glue . _ Linker peptide

Transglutaminase
y Sequence

!

vI"lepanrin-binding
sequence

Thrombin

Step 1: Encapsulation of the cells into
fibrin glue-linker peptide mixture

Linker

peptide Step 2: Addition of Heparin %

Crosslinked —— Step 3: Addition of TGF-8, @

fibrin
Heparin
hMSCs

TGF-8,

FIG.1. Schematic depiction of the incorporation of HBDS into fibrin glue during tissue
engineering of articular cartilage.

Table 2. The different formulations of fibrin glue used in this study.

Fibrin Formulation Abbreviation

Fibnn glie-hMSCs-hydrogel FG hydrogel
Platelet-rich fibrin glue-hMSCs hydrogel PR-FG hydrogel

Fibrin glue-hMSCs hydrogel containimg heparin-binding delivery system FG-HBDS hydrogel
Platelet-rich fibrin glue-hMSCs hydrogel containing heparin-binding delivery system | PR-FG-HBDS hydrogel
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3.5. Live/dead staining

Fibrin gels (500 um thickness prepared as described above, in a 48 well plate) were
stained with Syto® 10 green and ethidium homodimer-1 red (Invitrogen) after 1 week of
culture. After staining for 30 min, gels were washed with PBS, then flattened by
compression between two glass slides to allow for enhanced photography under UV light
using a Nikon Eclipse TE2000-E microscope ((Nikon Instruments Inc., Melville, NY). The
numbers of dead and live cells were counted using the Nikon microscope software (NIS-
Elements™ AR3.10) to calculate the percent viability (live cells/total cell number). At least
4 fields were counted for each gel type.
3.6. Real time-PCR

Human-specific primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
collagen Ila, and aggrecan I were obtained from SuperArray (Bioscience Corporation,
Hornby, ON) and used for Real-Time RT-PCR. RNA was extracted from fibrin-
encapsulated hMSCs using the RNeasy Fibrous Tissue Kit (Qiagen, Valencia, CA) and
following the manufacturer’s protocol. First-strand cDNA was synthesized with 0.2 pg
RNA using 200 IU RevertAid™ H Minus M-MuLV Reverse Transcriptase (Fermentas,
Burlington, ON) as per manufacturer’s instructions. PCR amplification and melt curve
analysis were performed using a BioRad iCycler thermocycler as previously described.®'¥

The results were analyzed using the comparative Cr method. Expression levels for
hMSCs after encapsulation into the different fibrin glue preparations at zero time point
were used as a baseline for each gene, which was furthermore normalized to GAPDH

housekeeping expression. Baseline expression levels were therefore assigned a value of 1.0.
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3.7. Histology

Different fibrin hydrogel formulations were fixed in 4% paraformaldehyde
overnight, maiﬁtained in 30 % sucrose for 24 hours and then frozen in 1:1- 30 % sucrose:
OCT for storage at -80 °C. The tissue blocks were cut in 10 um sections using a Shandon
cryotome FSE (Thermo Electron Corporation). Sections were stained with H&E or Alcian
blue using standard protocols. For differentiation assays, monolayer cultures were fixed in
4% paraformaldehyde for 1 hour. The chondrogenic and adipogenic differentiation wells
were washed with PBS, while the osteogenic differentiation wells were washed with
deionized water. The adipogenic differentiation wells were stained with Oil red-O, the
chondrogenic differentiation wells were stained with Alcian blue and the osteogenic
differentiation wells were stained with Alizarin red-S using standard protocols.
3.8. Immunohistochemistry

After frozen sections were brought to room temperature, excess water was removed
and slides are incubated in 50 mM NH4Cl prepared in TBS (100 mM Tris HC], 150 mM
NaCl, pH 7.7) for 30 min to minimize tissue-associated autofluorescence followed by two
washing steps in TBS (each 3 min). The washed sections were digested in 2 %
hyaluronidase in TBS for 30 minutes followed by three washing steps in TBS each 3
minutes. The slides were placed in blocking buffer (4% Fetal bovine serum, 1% Bovine
serum albumin, 0.3% triton X-100) for 30 minutes, washed again three times in TBS and
maintained in the primary antibody for collagen II overnight ( AB2036, 1:80 prepared in
blocking buffer; Millipore, Etobicoke, ON). The slides were then washed three times in
TBS and incubated with secondary antibody (PA42004, 1:500 prepared in TBS, 0.3% triton
X-100; GE Healthcare, Baie d’Urfe, QC). After incubation with secondary antibody for 1

hour at room temperature, sections were washed two times in TBS, stained three minutes
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with DAPI stain (1:10000 in TBS), then washed two times in TBS and cover slipped with
TBS. For negative controls, the same procedures were performed with omission of the
primary antibody.
3.9. Biochemical assays

Gels were digested with papain (Sigma; 40 pg/mL in 20 mM ammonium acetate,
ImM EDTA and 2mM dithiothreitol) for 48 h at 65 °C. After complete digestion, the digest
were assayed for total glycosaminoglycan (GAG) with dimethylmethylene blue using the
Blyscan™ sulfate GAG assay (Bicolor Ltd., Carrickfergus, UK). Aliquots of the digest
were hydrolyzed in 6N HCI at 110 °C for 18 h followed by quantification of
hydroxyproline content using chloramine-T/Ehrlich’s reagent assay.®” Collagen content
was calculated assuming that hydroxyproline represents 14% of total collagen.®® Total
GAG and hydroxyproline were normalized to DNA, which was determined using the
Hoechst dye 33258 assay (Invitrogen).®
3.10. Statistical Analysis

Analysis of variance (ANOVA, one way) for gene expression, live percentage,
GAGs, and total collagen data was performed using SPSS (Ver.10) software. Bonferroni
post hoc tests were used for further analysis. The independent sample #-test was used to
compare 2.5 versus 5 weeks values. Results were expressed as mean + SE. Results were
considered significant when ANOVA was confirmed by Bonferroni post hoc test at p<0.05.
Graphs were designed using Microsoft Excel.
4. RESULTS
4.1. BM-hMSCs characterization

Flow cytometric results indicated that hMSCs obtained from Tulane Centre were

74% positive for both CD90 and CD105 (FIG.2A,B), while hMSCs obtained from CBS
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were 79% positive for CD90 and 71 % positive for CD105. The two sources were almost
negative for the hematopoietic cells @mker CD34 and the common leukocyte antigen
CD45 (FIG.2 A,B). The cells had the potential to differentiate into the different
mesodermal lineages including adipocytes, as indicated by Oil red-O staining (FIG.2C),
osteocytes as indicated by Alizarin red-S staining (FIG.2D) and chondrocytes as indicated
by Alcian blue staining (FIG.2 E).

4.2. Cytotoxicity

Live/dead staining of cells encapsulated in the different fibrin preparations showed
79.8+3.3% viability for FG-hMSCs hydrogels (FIG.2 F) and 76.5 £3% viability for PRFG-
hMSCs-hydrogels (FIG.2 G), while the viability was 90.6 + 3.1% for FG-hMSCs-HBDS
hydrogels (FIG.2 H) and 92.6 = 4.9% in PRFG-hMSCs-HBDS hydrogels (FIG.2 I)
Although, ANOVA showed significant difference between the different fibrin glue
preparations (P=0.027, F=4.2), this difference was not significant as indicated by

Bonferroni post hoc test.
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FIG.2. Characterization of hMSCs by flow cytometry (A, B); multi-differentiation
potential of hMSCs: adipogenic differentiation revealed by Oil red-O stain (C), osteogenic
differentiation revealed by Alizarin red-S stain (D) and chondrogenic differentiation
revealed by Alcian blue stain (E); Live/dead stain of hMSCs after encapsulation into fibrin
glue (F), platelet-rich fibrin glue (G), fibrin glue-HBDS (H), and platelet-rich fibrin glue-
HBDS (I).( Scale Bar = 200 uM)
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4.3. Gene expression analysis

Collagen II and aggrecan are major components of the articular cartilage ECM.
Encapsulation of hMSCs in FG and PR-FG resulted in 3- and 9-fold increases in collagen 11
gene expression, respectively, at 2.5 weeks which then increased to 21- and 28-fold
increases at 5 weeks (FIG.3A). Collagen II gene expression level was significantly higher
in PR-FG compared to FG after encapsulation of hMSCs at 2.5 weeks (P<0.01, F= 14.2),
however, no significant difference was observed between the two groups at 5 weeks.
Incorporation of HBDS into PR-FG significantly reduced the enhancement of collagen I
expression at 2.5 weeks (P<0.01). There was 2-fold (FG-HBDS) and no increase (PR-FG-
HBDS) at 2.5 weeks, which then increased to 4- and 5-fold at 5 weeks, respectively. At the
same time, there was 17-fold increase in aggrecan expression during encapsulation in fibrin
glue at 2.5 weeks, which diminished to 2-fold by 5 weeks; however, in PR-FG there was no
change at 2.5 weeks and only 2-fold increase after 5 weeks. Aggrecan gene expression level
was significantly higher in FG compared to PR-FG after encapsulation of hMSCs at 2.5
weeks (P<0.05, F= 7.2), however, no significant difference was observed between the two
groups at 5 weeks. The large increase in aggrecan gene expression in FG at 2.5 weeks was
completely prevented after incorporation of HBDS (P<0.05). There was no effect on
aggrecan gene expression after incorporating HBDS in FG at either time point, and also no
significant increases were observed in PR-FG at éither time point after incorporation of

HBDS (FIG.3 B).
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FIG.3. Gene expression analysis of collagen Ila (A) and aggrecan I (B) after encapsulation
of hMSCs in the different types of fibrin glue (n=3) for 2.5 and 5 weeks. The level of
expression of collagen II gene after encapsulation of hMSCs into PR-FG was significantly
higher than other groups at 2.5 weeks (P<0.01, F= 14.2), and then only HBDS-containing
FG at 5 weeks (P<0.05, F=5.5) as indicated by ANOVA followed by Bonferroni post-hoc
test. However, no significant difference was observed after encapsulation of hMSCs into
FG compared to PR-FG at 5 weeks. The level of expression of aggrecan gene was
significantly higher after encapsulation of hMSCs in FG compared to the other groups.
(*: indicates significant results for a particular fibrin gel preparation at 2.5 weeks versus 5
weeks after analysis using independent sample #-test; *: indicates a statistically significant
difference of a particular fibrin gel group compared to the other groups at that time point
after analysis using ANOVA and Bonferroni post-hoc test).

4.4. ECM production:

4.4.1. Histology

All the gels were prepared as disc-shaped constructs 10 mm diameter and 2 mm
thickness. The different fibrin gels preparations were opaque beige, and opacity generally
increased over time in culture. H&E staining revealed that FG and PR-FG hydrogels were
dominated by chondrocyte-like cells at 2.5 and 5 weeks, while in the remaining groups the
differentiated cells showed mixed populations of fibroblast-like and chondrocyte-like cells

that were roughly equal in proportion at the same time points. In general, the percentage of
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chondrocyte-like cells was higher at 5 weeks than 2.5 weeks in the different groups
(FIG.4). Encapsulation of hMSCs into FG and PR-FG led to enhanced accumulation of
ECM at 2.5 weeks as indicated by Alcian blue staining of GAGs. This accumulation was
further enhanced at 5 weeks, while incorporation of HBDS into these glues resulted in
lower observed accumulation of the same ECM components at the same time points. The
staining pattern was patchy in both FG and PR-FG, while it was evenly distributed in the
HBDS-containing hydrogels (FIG.4). The staining pattern was enhanced at the gel edge,
likely due to efficient gas and nutrient exchange compared to the gel interior (F1G.4).
4.4.2. Biochemical assays

A hydroxyproline assay was used to quantify total collagen accumulation in the
different fibrin hydrogels (FIG.5 A). Encapsulation of hMSCs into HBDS-containing PR-
FG resulted in significantly higher accumulation of total collagen (P<0.001, F=19.3) at 2.5
weeks (15.2+1.9 pg total collagen/ ug DNA) compared to FG hydrogels (8.8+0.3), PR-FG
hydrogels (7.3+£0.5), and FG-HBDS hydrogels (7+0.6). However no significant difference
was noted amongst the different fibrin preparations at 5 weeks (FG hydrogels: 11.4+0.9,
PR-FG hydrogels: 12.4+2.4, FG-HBDS hydrogels: 11.2+1, and PR-FG-HBDS hydrogels:
8.1+0.2 total collagen/ pg DNA) as indicated by ANOVA and Bonferroni as a post-hoc
test. Levels of total collagen were significantly higher at 5 weeks compared to 2.5 weeks
for FG hydrogels with or without HBDS (P<0.05); however, no significant difference was

observed between 2.5 and 5 weeks for PR-FG hydrogels (FIG.5 A).
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FIG.4. H&E and Alcian blue staining to compare the morphology of hMSCs and GAG
production respectively, after encapsulation into the different groups of fibrin glue for 2.5
and 5 weeks. The insert shows a higher magnification of the selected region (2.5X).
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The dimethylmethylene blue assay was used to quantify GAGs in the different gel
groups (FIG.5 B). A significant difference in total GAGs was detected with ANOVA and
Bonferroni as a post-hoc test (P<0.001, F=514) for HBDS-containing hydrogels at 2.5
weeks (1+£0.03 and 1.8+0.05 for FG-HBDS and PR-FG-HBDS hydrogels, respectively)
compared to hydrogels lacking HBDS (0.2+0.02 and 0.17+0.03 pg GAGs/ug DNA for FG
hydrogels and PR-FG hydrogels, respectively). At 5 weeks FG-HBDS (0.4+0.01 pg
GAGs/ug DNA) and PR-FG-HBDS (0.5+0.01) hydrogels showed significant increase in
total GAGs compared to FG hydrogels (0.2 + 0.05) and PR-FG hydrogels (0.3+0.02),
respectively as indicated by statistical analysis (P<0.01, F= 9.4). However, the increase in
GAGs in the HBDS-containing gels are mainly due the heparin component of the HBDS,
since dimethylmethylene blue binds preferentially to sulfated GAGs including heparin,“?
as indicated at day zero (FIG.5B) This increase in GAGs due to heparin retention that is
observed in the different HBDS-containing fibrin glues cannot be visualized histologically
by Alcian blue staining, since Alcian blue (pH 2.5) stains weakly acidic sulfated and

carboxylated acid GAGs, while heparin is a strongly sulfated GAGs.“"
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FIG.5. Total collagen accumulation (A) and GAG accumulation (B) in the different fibrin
glue groups after encapsulation of hMSCs for 2.5 and 5 weeks. The level of total collagen
was significantly higher in PR-FG-HBDS group compared to other groups at 2.5 weeks,
however, no significant difference was observed amongst the different groups at 5 weeks.
Total GAGs level was significantly higher in fibrin glue preparations having HBDS
compared to preparations lacking HBDS. The levels of GAGs were significantly higher at 5
weeks compared to 2.5 weeks for PR-FG hydrogel (n=6), and the reverse for the different
fibrin glues after incorporation of HBDS (n=3). However no significant difference was
observed between 2.5 versus 5 weeks for FG hydrogels (n=6). (*: indicates significant
results for a particular fibrin gel preparation at 2.5 weeks versus 5 weeks after analysis
using independent sample t-test; : indicates a statistically significant difference of a
particular fibrin gel group at one time point compared to the other groups at that time point
after analysis using ANOVA and Bonferroni post-hoc test) .

4.4.3. Inmunofluorescence

Positive staining for collagen II was observed in immunostained FG, PR-FG, FG-
HBDS, and PR-FG-HBDS sections after 2.5 weeks compared to negative control and
constructs at time zero (i.e. hydrogels collected directly after gelation). Further
improvement in staining was observed at 5 weeks in the different constructs. At 5 weeks
FG promoted the best collagen II accumulation followed by PR-FG and FG-HBDS

hydrogels (FI1G.6).
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FIG.6. Immunostaining showing the degree of accumulation of collagen II in the different

types of fibrin glue after encapsulation of hMSCs for 2.5 and 5 weeks.

5. DISCUSSION

Fibrin glue can be prepared for autologous use from a single unit of plasma, and has
been used as a helper tool in many surgical procedures. In addition to its capability to
promote hemostasis, judicious use of fibrin glue accelerates wound healing, reduces blood

loss and protects against bacterial infection.® Our previous study revealed that fresh fibrin
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glue obtained from the CryoSeal® FS system, in combination with chondrocytes, is a
promising approach towards development of tissue engineering-based cartilage replacement
as indicated by collagen II accumulation, especially under hypoxic culture conditions.*
The primary goal of this study was to evaluate FG and PR-FG matrices from precursors
produced with the CryoSeal® FS system, in combination with BM-hMSCs, for development
of tissue-engineered cartilage replacement. Chondrocytes and MSCs are the most widely
used cell sources for tissue engineering-based approaches to cartilage repair.®%?
Chondrocytes are relevant to this application, however, the long culturing time required
before implantation leads to formation of cartilaginous repair tissue that is of fibrous
nature.?) In addition, chondrocytes implanted into experimental osteochondral lesions filled
the defect with new cartilage ECM, but failed to integrate with the subchondral plate,
because the chondrocytes did not mature to become hypertrophic chondrocytes (precursors
of subchondral bone).*® Proper integration with subchondral plate is only observed when
MSCs were used.*? MSCs can also be expanded many times without affecting the nature
of the tissue formed after implantation.” Since osteochondral lesions involve both
subchondral bone and cartilage, an ideal cell source for tissue engineering-based repair
strategies should be able to regenerate these two very distinct skeletal tissues.®) MSCs-
based approaches would be suitable for constructs at the cartilage-bone interface“Yand to
develop ligament? and meniscus substitutes“®. Our results indicated that BM-hMSCs
strongly expressing CD90 and CD105 are capable of differentiating into a number of
mesodermal lineages including the chondrocytes and osteocytes required for the cartilage-
bone interface, in agreement with other studies.

Fibrin glue has been used widely during development of articular cartilage repair

strategies.81348-59 However, implantation of fibrin gels prepared from animal source or
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allogeneic human pooled plasma can be associated with multiple risks®'?, although this is
now greatly reduced in the current products. To circumvent these potential risks, in this
study we have used fibrin derived from single units of plasma, since it can be autologous
and can be prepared rich in platelets which release a wide variety of growth factors upon
activation by thrombin.®" We evaluated collagen II and aggrecan expression and
accumulation in our constructs, since they are considered to be hyaline cartilage markers
and are mainly responsible for the biomechanical properties of native cartilage.(zs) The level
of expression of collagen II after encapsulation of hMSCs was significantly higher in PR-
FG compared to FG at 2.5 weeks. However, no significant difference was observed
between the two groups at 5 weeks. These results suggest that PR-FG has a superior effect
on collagen II gene expression and ECM accumulation compared to FG; however, no
significant difference was observed between the two groups in the long term. In addition,
the enhanced collagen II gene expression after encapsulation of hMSCs into FG and PR-FG
are consistent with the accumulation of collagen II as indicated by collagen II
immunostaining. After encapsulaﬁon of hMSCs and induction of chondrogenesis, a
majority of chondrocyte-like cells was observed in FG and PRFG by H&E staining. Our
results indicated that constructs having more chondrocyte-like cells (i.e. FG and PR-FG)
showed enhanced collagen II accumulation (a hyaline cartilage marker) than constructs
containing predominantly fibroblast-like cells. These findings are consistent with a
previous study which revealed that induction of chondrogenesis in hMSC micromass
culture led to formation of cartilage-like zones where the outer zone has elongated cells
(fibroblast-like) with prominent collagen I accumulation while the deep zone has spherical
cells (chondrocyte-like) with prominent collagen II accumulation.®? Aggrecan gene

expression after encapsulation of hMSCs into FG was 17-fold higher at 2.5 weeks then
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decreased at 5 weeks, while for PR-FG the expression was unchanged at 2.5 weeks and
only two-fold at 5 weeks. These findings are corroborated by the intense Alcian blue
staining pattern in FG at 2.5 weeks which increased slightly at 5 weeks; the staining pattern
for PR-FG was stronger at 5 weeks compared to 2.5 weeks. The temporal mismatch is not
unusual, since gene expression is quantified at a single time point, but accumulation of
GAGs is a gradual process during the entire incubation period. In general, the Alcian blue
staining intensity was greater in FG compared to PR-FG. We hypothesize that the
difference between FG and PR-FG is due to the effect of a variety growth factors in the PR-
FG hydrogels. A wide range of growth factors are released from platelets upon activation
by thrombin during formation of PR-FG-based tissue engineering constructs, including
platelet-derived epidermal growth factors (PD-EGF), platelet-derived growth factor A+B
(PDGF-AA, AB, BB), TGF-8;, TGF- B,, insulin like growth factor 1, 2 ( IGF 1,2), vascular
endothelial growth factor (VEGF) and basic fibroblast growth factors (FGF-2).5**9 In
addition to these bioactive factors, exogenous TGF- B, as inducer of chondrogenesis was
added to the culture media. The TGF-B superfamily is a potent inducer of chondrogenesis,
while PDGF, IGF, and FGF mediate chondrocytic physiology rather than promoting
chondrogenesis of MSCs.®***8 VEGF is a potent inducer of endothelial differentiation.>
Growth factors can either stimulate or inhibit cellular processes such as division, migration,
differentiation and gene expression, depending on the cells involved. For example, TGF-fs
stimulate proliferation and migration of fibroblasts and promote differentiation of
chondrocytes, while inhibiting proliferation of keratinocytes.*®°” Therefore, after
encapsulation of hMSCs, the combination of growth factors in PR-FG would have a

complex effect on their cellular activity and patterns of gene expression, leading to altered

accumulation of cartilage-specific markers.
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A wide range of growth factors bind heparin with high affinity.®® This binding helps
to sequester growth factors in the ECM, serves to localize growth factor activity, protects
growth factors from proteolytic degradation, and in some cases enhances binding to cell
surface receptors.?® The HBDS was designed to act as a reservoir of growth factors to
enhance their bioavailability and control the release of heparin-binding growth factors
through cell mediated proteolytic activity rather than by simple diffusion.***®
Incorporation of HBDS into FG and PR-FG did not modify cell survival, since there was no
significant difference in viability of encapsulated hMSCs after 1 week. However, adding
HBDS to FG and PR-FG scaffolds resulted in decreased expression of chondrocytic
markers (i.e. collagen II and aggrecan), as well as weaker patterns of Alcian blue staining
and collagen II immunostaining. In the long term, there was no difference between the
accumulation of total collagen in fibrin glues lacking or containing HBDS. However,
enhanced collagen I is usually associated with the fibroblast-like cells which prevail in
HBDS-containing fibrin glue preparations, in contrast to the chondrocyte-like cells
observed in the FG and PR-FG preparations lacking HBDS.®? The adverse effect of
incorporating HBDS into fibrin glues on the expression and accumulation of cartilage-
specific markers might be due to one of the following possible reasons. First, since the
bound growth factor must be released by a cell-mediated proteolytic activity, tranexamic
acid added to the media to stabilize fibrin glue for extended time might interfere with this
activity. When used for central and peripheral nerve generation, HBDS was incorporated
into plasminogen-free fibrinogen. In addition, most of the nerve regeneration experiments
were carried out in a period of less than one week.?®*® However, for cartilage
regeneration, extended times are required to obtain satisfactory cartilaginous tissue

formation. In a related study, the degree of neurite extension within three-dimensional
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matrices of fibrin was diminished in a concentration-dependent manner by agents that
inhibited plasmin such as aprotinin.®” Second, it has been shown that ECM components
act not only as activators or protectors of growth factors, but also can inhibit bound growth
factor activities. For example, the N-terminal region of betaglycan (chondroitin
sulfate/heparan sulfate proteoglycan) 69 pinds to TGF-B; and acts as a potent inhibitor of
its activity.®” Finally, as indicated by the quantification of GAGs in the different fibrin
glue preparations, FG-HBDS and PR-FG-HBDS hydrogels showed approximately ten-fold
increase in GAGs concentration compared to HBDS-free fibrin glues at zero time before
cell-mediated accumulation of any GAGs. This apparent background is due to the
incorporated heparin. In our study heparin will bind to the heparin binding domain of the
linker peptide. However, it has been shown that heparin can bind to the E-domain of fibrin
without any linker.®" Theoretic and experimental studies have demonstrated that at a
constant growth factor concentration, increased heparin concentration will increase the
overall growth factor.binding and subsequently most of the growth factor will be in the

bound state. ®®

In conclusion, fresh human fibrin and platelet-rich fibrin glues produced with the
CryoSeal® FS system are potential matrices for articular cartilage tissue engineering. Fibrin
glue is particularly appealing, since encapsulated hMSCs exhibited greatly enhanced
collagen II gene expression as well as cartilage-like ECM accumulation. Incorporation of
HBDS into these matrices had a negative impact on cartilage-specific markers. Further
experiments should be conducted first to enhance the final mechanical properties of fibrin
glue-based cartilage repair strategies; and second, to find the best growth factor
combination and physical stimulant that will lead to optimum expression and accumulation

of the hyaline-specific chondrocytic markers. These studies should be followed by in vivo
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testing to evaluate the characteristics of fibrin glue-based constructs for articular cartilage
repair.
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VIII. CHAPTER 5. GENERAL DISCUSSION

1. Significant Scientific Contributions

As discussed in chapter 1, articular cartilage has poor ability for self-repair and
regeneration. Even under optimal conditions, when cartilage injury extends to the
subchondral bone to promote the migration of progenitor/stem cells that aid in the healing
process, fibrocartilage is formed (McCormick et al., 2008; Peretti et al., 2006; Beris et al.,
2005; Temenoff et al., 2000). Fibrocartilage possesses substandard biomechanical
properties compared to hyaline cartilage (McCormick et al., 2008; Zehbe et al., 2005;
Aigner et al. 2003). Several repair approaches were established in the last century,
primarily to reduce pain including conservative treatments (Rosneck et al., 2007; Detterline
et al, 2005), along with nonreparative procedures (debridement: Li et al., 2008;
Laupattarakasem et al., 2008, chondral shaving: Spahn et al., 2006; Burkart et al., 2001,
and knee lavage: Fu el., 2009; Lutzner et al., 2009). Other strategies were established to aid
in the repair process and functional restoration after various cartilage injuries; these include
marrow stimulation techniques (Dorotka et al., 2005), high tibial osteotomy (Mina et
al.,2008; Tang et al., 2005; Wright et al., 2005) and knee replacement (Miller et al., 2005;
Bert et al., 2005). However, none of these techniques are able to entirely restore articular
cartilage function or structure. A number of transplantation strategies have been established
over the last two decades to help restore the function and structure of injured cartilage,
either through ostochondral grafting (autologous and allogeneic, McCormick et al., 2008;
Kessler et al., 2008; Recht et al., 2003) or chondrocyte implantation (autologous, McNickle

2009, 2008; Iwasa et al., 2008; Hettrich et al., 2008); however, most of these strategies
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require two surgeries and are associated with donor site morbidity along with numerous
technical difficulties.

Tissue engineering-based substitutes are considered to be the future of regenerative
medicine as they mimic the 3D architecture of native cartilage and eliminate some of the
drawbacks associated with the routinely performed transplantation procedures. A wide
range of materials have been developed for tissue engineering applications, including
carbohydrate-based natural scaffolds (Lee et al., 2009), protein-based natural scaffolds, and
synthetic scaffolds (Iwasa et al., 2009; Kerker et al., 2008). Amongst the protein-based
matrices, fibrin is a promising scaffold that can be utilized for a wide range of tissue
engineering applications, including articular cartilage, as discussed in detail in chapters 1
and 2. Generally, scaffolds/carrier matrices utilized for tissue engineering of articular
cartilage should follow specific criteria: first, they should mimic the effect of native
cartilage ECM on cell proliferation, differentiation and cell-to-cell interaction; second, they
should be biocompatible and promote uniform cell distribution; third, they should have
suitable life span in vivo and/or in vitro until being replaced gradually by cartilage-like
ECM secreted from the cells (i.e. remodelling) with subsequent formation of adequate
cartilaginous tissue; fourth, they should promote optimum integration with the surrounding
native cartilage while maintaining the cells at the lesion site; and finally, they should have
sufficient mechanical properties to withstand in vivo forces (Iwasa et al., 2009; Kerker et
al., 2008; Beris et al., 2005). The nature of the scaffolding material and its porosity has
tremendous effects on the proliferation and phenotype of chondrocytes (Lien et al., 2009).
Of all the currently used scaffolding materials, fibrin combines many of these features
(Ahmed et al., 2008; Rosso et al., 2005; Swartz et al., 2005; Jockenhoevel et al., 2001). In

addition, fibrin is the only scaffold that can be easily prepared in autologous form to
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circumvent foreign body reaction and disease transmission. However, fibrin matrik has two
major disadvantages: rapid degradation before formation of satisfactory cartilaginous
structures, and poor mechanical properties (Mol et al., 2005; Jockenhoevel et al., 2001).

In chapter 3 we addressed the first disadvantage of fibrin scaffold during tissue
engineering of articular cartilage, which is the observed rapid degradation that is mediated
by enzymes secreted from the cells after encapsulation. Our novel work with the
chondrogenic C5.18 cell line demonstrated that secreted members of matrix
metalloproteinase family (MMPs), including MMP-2, MMP-3, and MMP-9, in addition to
plasminogen, are responsible for the accelerated degradation of fibrin hydrogels. We are
also the first to report that either the plasmin inhibitor, aprotinin, or the MMPs inhibitor,
galardin, are capable of stabilizing fibrin hydrogel for extended times, while only a
combination of both inhibitors promotes enhanced accumulation of the cartilage ECM-
specific markers aggrecan and collagen II. Alternatively, other approaches can prolong the
life span of fibrin hydrogels including optimizing the pH, Ca®* and fibrinogen
concentrations simultaneously (Eyrich et al., 2007), altering the properties of fibrin gel by
denaturation, increased cross-linking, or increased fibrin density through formation of
fibrin microbeads (Rivkin et al., 2007; Kassis et al., 2006), or decreasing the cell density
(Passaretti et al., 2001). In comparison to these approaches, adding protease inhibitors is a
highly feasible approach for development of in vivo tissue-engineered cartilage substitute,
since the protease inhibitor aprotinin can be immobilized into the fibrin hydrogel to
promote fibrin stability in vivo (Smith et al., 2007). In addition, chondrogenic cells such as
chondrocytes can be transduced to express tissue inhibitors of matrix metalloproteinases
(TIMPs) including TIMP-1 with subsequent reduced MMPs activity and diminished

collagen II degradation in tissue-engineered cartilage constructs (Kafienah et al., 2003).
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Enhancing the mechanical properties of fibrin-based constructs has been achieved through
cross-linking by genipin, a natural product cross-linker, which was demonstrated by our
research group in 2009 (Dare et al., 2009).

In chapter 4, we addressed the encapsulation of bone marrow-derived
mesenchymal/stromal cells into fibrin glues, since the major difficulty of engineering
cartilage is to obtain sufficient number of cells for generating the cartilage tissue (Peretti et
al., 2006). MSCs have two major advantages in that they can be expanded many times
without affecting their capacity to form cartilaginous tissue after implantation (Kessler et
al., 2008), and that they possess multi-differentiation potential which facilitates the
utilization of the same cell source to create different tissue structures including cartilage-
bone interface (Heymer et al., 2009), meniscus (Angele et al., 2008), and ligament (Fan et
al., 2009). In addition, MSCs can be obtained from many sources including adipose tissue,
blood, bone marrow, dermis, muscle periosteum, synovial membrane and trabecular bone
(Tuan et al., 2003), usually by a minimally invasive procedure. A number of fibrin-based
products are currently in different phases of human clinical trials including Tissucol® in
combination with autologous chondrocytes, fibrin glue with allogeneic minced cartilage
(DeNovo NT graft) or allogeneic chondrocytes (DeNovo ET graft) and, finally, photo-
polymerized poly(ethylene glycol)-modified fibrin, known as Gelrin C (Clair et al 2009;
Cascio et al., 2008; Kerker et al., 2008; Kon et al., 2008; Hettrich et al., 2008; Iwasa et al.,
2008; McCormick et al., 2008; McNickle et al., 2008). Tissucol® is commercial non-
autologous fibrin product, while DeNovo NT and DeNovo ET utilize allogeneic cell
sources. Gelrin C is an adjuvant to the microfracture technique, and acts to promote
formation of fibrocartilage mediated by migrating stem cells. Our approach is the first to

combine fibrin glue produced by the CryoSeal® FS system with MSCs that can be both
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obtained in autologous form and represent the first move to develop an autologous fibrin-
based tissue-engineered cartilage substitute for clinical application in human. Enhanced
expression of the cartilage-specific marker, collagen II, was observed after encapsulation of
hMSCs into fibrin glue and induction of chondrogenesis, confirming the chondrogenic
potential of these cells. However, when the heparin-based delivery system was incorporated
into fibrin glues to enhance the bioavailability and to protect growth factors from
proteolytic degradation, considerable reduction in the expression of cartilage-specific
markers was observed. This was possibly due to interference with cell-mediated proteolytic
release of the growth factors by the plasmin protease inhibitor added to the culture media
(Herbert et al., 1996). This is a critical finding for the future development of the project, as
it reveals that immobilizing growth factors inside fibrin glue does not necessarily result in
potentiation of the chondrogenic effect of bioactive factors. Although fibrin gels have been
used clinically for tissue-engineered skin and adipose tissue substitutes, in addition to its
use as a helper tool in many surgical settings, its clinical utilization for the treatment of
human articular cartilage defects is still limited. In the following section, we will discuss
some strategies to advance the utilization of fibrin-based tissue-engineered cartilage
substitutes further towards clinical applications.
2. Approaches for future consideration
2. 1. Optimizing the mechanical properties

In order to proceed with application of fibrin for human clinical trials, the final
mechanical properties of a fibrin-based construct should be sufficient to withstand intra
joint physiological forces until proper formation of cartilage-specific ECM. Mechanical
properties can be enhanced as mentioned earlier by cross-linking (Dare et al., 2009);

however, the mechanical properties still need to be optimized to match those of native
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cartilage, since the compressive modulus of adult human articular cartilage is in the range
4.4 - 27 MPa (Shepherd et al., 1997). Combining fibrin with other scaffolding materials
that have good mechanical properties, such as polyethylene glycol (PEG), is a relevant
approach (Peled et al., 2007). PEG is a biodegradable synthetic polymer and approved by
FDA for medicinal purposes (Barker et al., 2001). Photocrosslinkable derivatives of PEG,
such as poly(ethylene glycol) dimethacrylate (PEGDM) and poly(ethylene glycol)
diacrylate (PEGDA), facilitate in vivo applications, since they can be injected in a liquid
form that gelates in sitru with UV light (Buxton et al., 2007; Nguyen et al., 2002). The
mechanical'properties of PEG - based scaffolds are dependent on mesh size, which in turn
depends on the PEG molecular weight, concentration or cross-linking density (Bryant et al.,
2004; Temenoff et al., 2002). Controlling the mesh size helps also to fabricate multilayered
PEG-based constructs that resemble the zonal pattern of articular cartilage (Temenoff et al.,
2002). Therefore combining autologous fibrin glue with these derivatives of PEG is a good
strategy to develop constructs that combine most of the required features for successful
tissue engineering of articular cartilage. In support of this idea, Gelrin C, a commercial
product based on a PEGylated derivative of fibrin, is now in preclinical phases as an
adjuvant to microfracture. However, its utilization could be extended further to restore
different elements of damaged cartilage. The proposed utilization of fibrin in combination
with PEG for cartilage clinical applications is illustrated in FIG.1
2.2. Optimizing the accumulation of cartilage-specific markers

The mechanical properties of native articular cartilage are attributed to its ECM
components mainly type II collagen and proteoglycans such as aggrecan. Therefore,
optimizing the accumulation of these markers in vitro and in vivo to promote native-like

structures would be an important requirement during development of the tissue
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engineering-based cartilage substitute (Bueno et al., 2009). Bioactive factors regulate the
expression and accumulation of cartilage-specific markers. However, better understanding
of signalling involved in chondrogenesis is necessary. Growth factors should induce
proliferation, differentiation, and maturation, while maintaining chemotactic activity and
optimum ECM production by the cell source (Ahmed et al., 2008; Leo et al., 2006). The
TGF-B superfamily is a group of growth factors that are known to induce chondrogenesis;
other growth factors promote chondrocyte physiology rather than inducing chondrogenesis;
for instance, FGF and IGF promote cell proliferation and in combination with TGF-fs
increase neo-cartilage formation (Liu et al., 2009; Kuo et al., 2006; Barry et al., 2001).
Therefore, for the development of tissue-engineered cartilage constructs, a combination of
these distinct groups of bioactive factors should be selected. This approach has been
utilized by other research groups, where a combination of IGF-1 either with TGF-B3
(Indrawattana et al., 2004), TGF-f, (Yasuda et al., 2006), or TGF-f; (Xiang et al., 2007)
resulted in improved chondrogenesis in 3D cultures. This approach is particularly helpful
for the development of in vitro tissue-engineered cartilage constructs. However, this
concept can be adapted for in vivo application through delivery of genetic information to
the chondrogenic cell source. Implantation of MSCs that overexpress BMP-7(Grande et al.,
2003) or TGF-B; (Guo et al., 2006), along with a supporting matrix, into the chondral defect
results in satisfactory hyaline-like tissue formation. Similar results can be obtained when
chondrocytes overexpressing both TGF-pB; and PTHrP are implanted into a chondral defect
(Goomer et al., 2001). Alternatively, genetic manipulation of MSCs to overexpress SOX-9
(high-mobility-group domain transcription factor; a key regulator of collagen II and
aggrecan gene expression) leads to formation of cartilaginous tissue both in vivo and in

vitro (Babister et al., 2008). Therefore, encapsulation of MSCs that overexpress SOX-9,
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along with TGF-B3 and IGF-1, in fibrin glue/photo-crosslinkable PEG hybrid, would be a
good approach for development of an in vivo implantation system. For genetic transfer,
viral vectors should be utilized, since they have higher transfection efficiency and exhibit
long duration expression of the delivered gene (Kim et al., 2006; Saraf et al., 2006). The
proposed utilization of genetically-modified hMSCs in combination with Fibrin/PEG
hybrid for cartilage clinical applications is illustrated in FIG.1. Finally, applying low
intensity ultrasound is efficient way to promote the maturation of tissue-engineered

cartilage constructs in vitro before implantation (Lee et al., 2007; Ebisawa et al., 2004).

Debrided In vitro
lesion

In situ

Fibrin-PEG-

hMSCs* suspended in® %
¥ hMSCs* construct

PEGDM/fibrin mixture

Cartilage  Articular '
lesion Cartilage Hyaline-like cartilage

FIG.1. Anticipated strategy for implantation of fibrin-based cartilage constructs. Normal or
genetically-modified hMSCs are cultured in vitro after encapsulation in a fibrin/photo-
crosslinkable PEG copolymer under the effect of growth factor and physical stimulants,
followed by in vivo implantation. Alternatively, normal or genetically-modified hMSCs can
be suspended in the fibrin/photo-crosslinkable PEG mixture for in situ gelation to promote
the regeneration process. (hMSCs*: Normal or genetically modified cells).
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2.3. Selecting an appropriate animal model for experimental testing

Several considerations should be followed to choose the appropriate animal model
for experimental work involving osteochondral defects, including, age and species of the
model, the nature of the required osteochondral defect and the duration of the experiment.
A wide range of experimental animals can be utilized for experimental testing, including
rats, rabbits, pigs, goats, dogs, and horses. Rabbits are the most utilized animal model, since
their knee joint gross morphology is similar to human, including bone, cartilage and tendon
anatomy. Horses are a model of choice to achieve a cartilage defect having the same
dimensions as those of human. However, using horses is not cost effective, particularly
when large numbers of animals are required (Rudert et al., 2002). Again, rabbits should be
considered for reasons of cost effectiveness. Experimental work should be done in rabbits
older than 6 months (age of skeletal maturity), since wound healing is of superior quality
and take places faster in young compared to old animals (Wei et al., 1997). Experimentally
created defects should be condylar and of reproducible dimensions, along with having a
critical size to resist substantial loads without causing condylar fracture. Finally, a follow-
up of 6 months is sufficient for the first evaluation of osteochondral defects created in
rabbit model (Rudert et al., 2002). Goats are a second good candidate as an osteochondral
model before clinical trials in human, since they have large joint size, good cartilage
thickness (~1 mm). In addition, their availability and ease of handling facilitate the

experimental procedures (Niederauer et al., 2000).
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IX. CONCLUSIONS

A number of objectives of this project have been addressed during the course of this
thesis research. One was to characterize and identify the enzymes responsible for fibrin
hydrogel breakdown after encapsulation of the chondroprogenitor clonal cell line RCJ 3.1
C5.18 (C5.18). Another goal of the project was to evaluate bone-marrow derived
mesenchymal stem cells (BM-hMSCs) in combination with different fibrin glues produced
by the CryoSeal®-FS system (containing or lacking heparin-based delivery system
(HBDS)), to develop stem cells-based tissue-engineered cartilage constructs in vitro. The
results discussed in chapter 3 and 4 showed that the above objectives have been achieved.
Plasmin and matrix metalloproteinases (MMPs) that are secreted by CS5.18 cells after
encapsulation led to rapid degradation of fibrin hydrogel before formation of satisfactory
cartilaginous tissue. Stabilization of plasmin by aprotinin or MMPs by galardin is necessary
to control gel degradation, while only a combination of both inhibitors resulted in improved
accumulation of cartilage-specific markers. BM-hMSCs are a potential chondrogenic cell
source that can promote the development of cartilaginous tissue and expression of cartilage
specific markers, and in combination with supportive 3D fibrin glue advance the project
closer to clinical phase trials. However, enhancing the bioavailability and protection of
growth factors via immobilization with the HBDS did not promote enhanced expression of
cartilage specific markers. The project represents a significant contribution to regenerative
medicine for repair of cartilage; the project continuation should include optimizing
conditions to enhance mechanical properties of fibrin scaffold and to maximize ECM

accumulation, along with evaluation of the resulting constructs in orthopaedic animal

models.
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XI. APPENDIX I: Supplementary Data
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FIG.1. SDS-PAGE of the conditioned media from day 1 to day 7 (d1-d7) shows the
dramatic increase of FDP at day 4, 5.
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FIG.2. A: Gelatin zymogram shows the proteolytic bands of gelatinases MMP-2 ( 57,62
and 68 kDa) and MMP-9 ( 80, 86 and 91 kDa) in conditioned media day 1-5 ( d1 to d5); B:
Gelatin zymogram revealed purified plasmin at 74, 69 and 48 kDa; C: casein zymogram
shows the proteolytic bands of MMP-3 (50 kDa), latent form of MMP-2 (68 kDa) in
addition to active and latent forms of MMP-9 ( 80, 91 kDa respectively); D: fibrin
zymogram shows the proteolytic bands of MMP-3 (50 kDa), active and latent form of
MMP-2 (57, 68 kDa respectively) in addition to active and latent forms of MMP-9 ( 80, 91
kDa respectively),

280



m i) ¢ 62 kDa . 50 kDa

¥ 4

- g -

SRR

dl d2 dl d2

FIG.3. Western blot for MMP-2 (A) and MMP-3 (B) in conditioned media day 1, 2 (d1 and
d2).
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FIG.4. RT-PCR results for MMP-2, MMP-3, and MMP-9 as well as plasminogen
expression for C5.18 cells before and after encapsulation in fibrin hydrogels. Gels are
mainly broken down by day 5.
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characterization of bone marrow derived mesenchymal
stem cells. Potential medical applications” Research Team

(2001-2005).

e 11" Annual Canadian Connective Tissue
Conference (CCTC 2005), Montreal, Quebec,
Canada. May 26-28, 2005.

o Flow cytometry: Applications in medicine and
biology. BD workshop. March 18-20, Molecular
Immunology  Unit (MIU), Al-Azhar university,
Cairo, Egypt.

o Tissue Engineering: Dental application and future
promises. 13" International Alexandria Dental
Congress, October 29- November 1, 2002.
Alexandria, Egypt.

e Reviewer of manuscripts submitted to the journal
Tissue Engineering (2007, 2008); 3 manuscripts.
e Safety representative for Dr. Griffith Lab (2008).

e Let’s talk science organization, 2008.
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