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ABSTRACT
	
  

Julie	
  Anne	
  Steen	
  

	
  
ALLOGRAFT DERIVED BIOSCAFFOLDS FOR TISSUE ENGINEERING OF THE
MENISCUS: AN IN VIVO OVINE STUDY AND THE EFFECT OF HYPOXIA CULTURE
ON SEEDED MENISCUS CONSTRUCTS
Dissertation	
  under	
  the	
  direction	
  of	
  
	
  
Mark	
  Van	
  Dyke,	
  Ph.D.,	
  Assistant	
  Professor	
  
Wake	
  Forest	
  Institute	
  for	
  Regeneration	
  Medicine	
  
&	
  
	
  Cristin	
  Ferguson,	
  M.D.,	
  Associate	
  Professor	
  
Department	
  of	
  Orthopaedics,	
  Wake	
  Forest	
  University	
  
	
  
	
  
The meniscus is a fibrocartilagenous wedge shaped semilunar tissue that plays an
important role in knee joint function and stability. The structure of the meniscus is
integral to its function as it provides protection and cushion to the knee joint. Irreparable
meniscus tears and meniscus degeneration contribute to the development of osteoarthritis
of the knee joint. Current medical interventions to treat meniscus injury are limited to
attempts at surgical repair or resection through partial or total meniscectomy. Significant
loss or dysfunction of the meniscus as a result of injury or partial meniscectomy alters
the mechanics of the knee and contributes to the development of degenerative joint
disease, pain, and disability. Allograft meniscus replacement has been shown to decrease
the pain associated with meniscus deficiency. However, this procedure still has
significant limitations that have been linked to incomplete cellular incorporation,
microscopic immune response, and limited long-term durability of these constructs. To	
  
overcome	
  these	
  limitations,	
  this	
  work	
  investigated	
  the	
  use	
  of	
  a	
  natural	
  bioscaffold	
  
to	
   mimic	
   natural	
   tissue	
   architecture	
   and	
   biomechanical	
   properties.	
   These	
   tissue	
  
engineered	
   scaffolds	
   were	
   tested	
   in	
   an	
   in	
   vivo	
   ovine	
   meniscectomy	
   model	
   to	
  
determine	
  their	
  chondroprotective	
  ability.	
  These	
  scaffolds	
  were	
  also	
  used	
  in	
  in	
  vitro	
  
culture	
  under	
  hypoxic	
  conditions	
  for	
  the	
  differentiation	
  of	
  mesenchymal	
  stem	
  cells	
  
toward	
   a	
   fibrochondrocyte	
   phenotype.	
   This	
   work	
   showed	
   that	
   meniscus	
   scaffolds	
  
and	
   cell	
   seeded	
   constructs	
   maintained	
   their	
   gross	
   structure	
   and	
   position	
   when	
  
implanted	
  into	
  ovine	
  stifle	
  joints	
  for	
  six	
  months.	
  While	
  complete	
  tissue	
  integration	
  
was	
  not	
  achieved,	
  proteoglycan	
  staining	
  and	
  extra	
  cellular	
  matrix	
  (ECM)	
  remodeling	
  
was	
   observed	
   in	
   the	
   area	
   of	
   tissue	
  healing. In addition, this work demonstrated the use
of an in vitro three-dimensional culture system for the attachment and migration of cells
for differentiation under normal culture conditions.
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INTRODUCTION

Julie A. Steen

Department of Biomedical Engineering
Wake Forest University School of Medicine, Winston Salem, NC 27157
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1. HISTORY OF BIOMATERIALS

The field of biomaterials offers a multidisciplinary approach to creating materials
to replace, augment, or function in intimate contact with living tissues. The European
Society for Biomaterials in 1987 defined a biomaterial as a nonviable material used in a
medical device, intended to interact with biological systems.[1] While the word
biomaterial has only been used for the last 50 years to describe such materials, crude
biomaterials have been used throughout history.[2]
The first evidence of a material introduced into the body appears to be accidental
with the remains of a human estimated to have lived over 9000 years ago showing a spear
lodged in his hip. The injury had apparently healed and showed that the body could
tolerate foreign materials. The intentional use of biomaterials dates back to 600 A.D. with
the use of seashells for artificial teeth. Despite the lack of knowledge of biocompatibility,
infection, foreign body response, and sterility during this time, the teeth were still able to
achieve bone integration. Use of surgical sutures dates back as far at 3,000 B.C. with the
use of linen sutures in early Egyptian societies. The first recorded use of sutures is
described in Greek literature from 130-200 A.D. that describes the use of gold sutures.
Intraocular lenses were the next major development in biomaterials. Though Leonardo
Da-Vinci is credited with the concept in 1508, Adolf Fick in 1860 developed the first
successful glass contact lens. The mid to late 1800s gave rise to the study of
biocompatibility through H. S. Levert’s investigation of metal implants and the study of
bone fixation plates. Plastics on the other hand, were not investigated as an implantable
material until the 1940s with the implantation of nylon as a suture material.[2]
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The end of World War II saw a shift in biomaterial use with the release of highperformance metals, ceramics and polymeric materials. The possibilities for use of these
new materials seemed endless to physicians and surgeons. This period is in fact referred
to as the “surgeon/physician hero” era and also referred to as the first generation of
biomaterials. Materials including silicones, polyurethanes, Teflon, nylon, titanium, and
stainless steel were transitioning from industrial applications to being implanted into
patients during this time. It was around this time that the idea of biocompatibility began
to be systematically investigated. Sir Harold Ridley observed that shards of plastic
accidently embedded in pilots eyes healed in place with no foreign body reaction. Based
on this observation, he used plastic to manufacture the first synthetic intraocular lenses.
These first generation biomaterial implants led to major advances in hip prostheses,
dental implants, dialysis, breast implants, vascular grafts, stents, and heart valves that
were made as physicians applied the newly available materials in attempts to solve major
medical conditions.
The end of the “surgeon/physician hero” era in the 1980s transitioned into the
designed biomaterials era where materials were being designed specifically for certain
applications. New materials emerging during this time included silicones, Teflon,
hydrogels, polyurethanes, poly (ethylene glycol), and hydroxyapatite to name a few.
These second generation biomaterials were designed to be resorbable. During this era, the
foundations of biomaterials science as we know it today were formed. Many principals
such as cell-surface markers and growth factors were just beginning to be explored. We
are now in an era referred to as the contemporary era and the third generation of
biomaterials. Biomaterials are now being designed to stimulate specific cellular
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responses.[3] Important ideas relating to biomaterials science that have occurred in the
last two decades include protein adsorption, non-fouling materials, foreign-body reaction,
controlled release, and tissue engineering. It is now up to scientists to stretch the
boundaries and engineer new materials to solve our most challenging medical
problems.[2]

2. BIOMATERIALS AND TISSUE ENGINEERING

2.1 Orthopaedic Biomaterials and Biologics
Biomaterials in orthopaedics began with the use of hip implants. Theodore Gluck
in 1890 implanted the first artificial hip – a cemented ivory ball. The implant was
unsuccessful and it took until the late 1950s for scientists and surgeons to create and
implant a successful hip prosthesis.[4] Knee replacement technology quickly followed in
the late 1960s. These first generation biomaterials were primarily manufactured from
metallic and ceramic materials.
Second generation orthopaedic biomaterials brought about bioactive and
bioresorbable materials. Bioactive materials such as hydroxyapatite (HA) coating were
introduced during this time to induce tissue integration into joint implants.[5]
Bioresorbable polymers such and polyglycolide (PGA), polylactide (PLA), and poly(εcaprolactone) (PCL) were introduced during this generation and investigated for use in
bone substitution, repair of bone fractures, ligament fixation, cartilage, meniscus, and
intervertebral disc regeneration.[5]
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Third-generation orthopaedic biomaterials aim to stimulate specific cellular
responses at the molecular level and appeared approximately at the same time as
development of scaffolds for tissue engineering applications started. Tissue engineering
and regenerative medicine research explores how to repair and regenerate organs and
tissues using the natural signalling pathways and components such as stem cells, growth
factors and peptide sequences among others, in combination with synthetic scaffolds.[6]
During this generation, both natural and synthetic polymers along with cells from various
sources have been used in the development of new three-dimensional scaffolds for bone,
cartilage, ligament, meniscus and intervertebral disc tissue engineering.[5]
Another important development in the field of orthopaedic biomaterials and
biologics is the use of growth factors to stimulate and enhance repair of tissue. In 1965
Urist discovered that the active compound in bone extracts responsible for bone
regeneration were a mix of proteins and named them bone morphogenic proteins
(BMPs).[7] The discovery of the bone induction capacity of bone morphogenetic proteins
obtained from demineralized bone has culminated in the use of biologic factors such as
BMP-2 and BMP-7 to augment spinal fusions and help with the healing of fracture nonunions.[8] The discovery of BMPs led to the investigation into a variety of growth factors
for use in orthopaedic tissue engineering including insulin-like growth factor (IGF),
transforming growth factor – β (TGF-β), platelet derived growth factor (PDGF), and
basic fibroblast growth factor (bFGF).[9-12] These new technologies continue to make
their way into the clinic, though many devices and cell based technologies are yet to be
translated to clinical use.
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2.2 Extracellular Matrix Biomaterials
The extracellular matrix (ECM) is a complex network of structural proteins,
glycoproteins, and proteoglycans arranged in a unique tissue specific way. These proteins
serve as structural support, cell surface receptors, and reservoirs for signaling factors.[13]
The structure and composition of the ECM is constantly changing in response to
metabolic activity, cells, mechanical stimuli, and niche conditions.[14] ECM is nature’s
ideal bioscaffold, custom designed and made by the cells residing in it. It has been
referred to as a virtual information highway between cells with components including
cytokines, growth factors, and functional proteins.[13] Extracellular matrix bioscaffolds
can be manufactured through decellularization of tissue or by grinding up selected
components of ECM. These ground-up components can then be formed into a scaffold.
Decellularized ECM is an ideal scaffold for tissue engineering. These scaffolds
have the exact structure and composition of the tissue they are created from making them
an ideal scaffold. Decellularization of tissue removes cellular material allowing for
allograft transplantation of decellularized tissue without the complication of host
response and rejection. Decellularized ECM scaffolds have the ability to influence cell
mitogenesis and chemotaxis, direct cell differentiation, and induce host tissue
remodeling.[15] The three-dimensional ultrastructure, surface topology, and ECM
proteins all contribute to these effects.[15] While the mechanism has not been fully
investigated, the bio-inductive properties of extracellular matrix scaffolds are important
in tissue remodeling.[16] ECM scaffolds act as “zip codes” for cells and structural
characteristics play an important role in regulating cells ability to migrate into and attach
at specific locations within the scaffold.[14] It also influences tissue-specific
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differentiation of stem cells.[14] Degradation products of the ECM have been shown to
play an important role in tissue remodeling as it relates to angiogenesis, cell proliferation,
migration, and differentiation.[14]
ECM scaffolds have been harvested from small intestine, liver, pancreas, bladder,
and many other tissues, and have been used for reconstruction of heart valves, cornea,
skin, nerves, cartilage, and bones, among others.[13, 16] Commercially available ECM
scaffolds are derived from dermis, small intestine, mesothelium, pericardium, and heart
valves and from a variety of species.[15] Commercially available ECM scaffolds for
orthopaedic soft tissue use include AlloPatch HDTM, GraftJacket®, Restore®
Orthobiologic Soft Tissue Implant, CuffPatchTM, TissueMend, Inforce® Reinforcement
Matrix and Permacol.[15, 17, 18] AlloPatch HDTM is an acellular human collagen matrix
for augmentation of soft tissue repairs and tendon reconstruction. GraftJacket, an
acellular scaffold derived from human dermal tissue, is used for Achilles tendon and
other ankle tendon and ligament repairs, rotator cuff tendon reinforcement, and
periosteum replacement. Restore® Orthobiologic Soft Tissue Implant is a collagen mesh
derived from porcine small intestine submucosa (SIS) used to repair and reinforce rotator
cuff repairs. CuffPatchTM is an acellular scaffold derived from porcine SIS used for
reinforcement of rotator cuff repair. TissueMend is an acellular collagen membrane used
in tendon repair surgery, including reinforcement of the rotator cuff, patella, Achilles,
biceps, quadriceps, or other tendons. Inforce® Reinforcement Matrix is a acellular
porcine derived collagen type I cross-linked matrix bioengineered with FortaFlex®
technology and is used to reinforce rotator cuff, patellar, Achilles, biceps, quadriceps and
other tendons. PermacolTM is an acellular porcine collagen and elastin scaffold used in the
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repair and augmentation of tendons.

3. CLINICAL SIGNIFICANCE

Meniscectomy is one of the most common procedures performed in orthopaedic
surgery. The meniscus plays a critical role in knee joint biomechanics. With loss of
meniscus function there is an increased risk of arthritic changes in the knee. The gold
standard treatment for symptomatic meniscus deficiency is allograft transplantation.
Current meniscus transplants are associated with incomplete cellular incorporation,
absence of cell proliferation, and microscopic immune response, and biomechanical
failure.
The clinical need for meniscus replacements is growing and with that, so is the
global market for these tissues. The global ortho-biologics market was $3.1 billion in
2009 and experienced a 7.3% growth compared with 2008 levels. Human-derived
products such as allografts saw a 5% growth with a market share of $790 million.
Demographic factors such as the ageing population are the main drivers of the higher
number of orthopaedic procedures being undertaken. Other growth drivers include the
rising numbers of obese patients with increasing levels of osteoarthritis and the resulting
need for cartilage repair procedures. Specific demand for effective cell-based biologics
for meniscus replacement is being driven by the clinical effectiveness of current
orthopedic technologies, increased surgeon acceptance, and the rate of new product
innovation. With an almost 55% tissue failure rate of current allograft transplants at 10
years, there is a great need for an improved construct for meniscus repair.
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4. OVERVIEW

The objective of this work was to develop an improved allograft scaffold for use
as an alternative to fresh frozen allograft transplantation, the current clinical gold
standard. Our approach to overcoming the limitations of current allograft transplantation
was to utilize a natural bioscaffold to mimic natural tissue architecture and biomechanical
properties. In addition, we removed native cellular components to limit immunogenicity
and increase porosity to facilitate cellular and vascular in-growth. Finally, we seeded the
scaffold with undifferentiated stem cells to provide an autologous cell source for
meniscus tissue differentiation. These scaffolds were then used in an in vivo animal
model to assess the tissue integration and function of the scaffolds (Chapter III). Seeding
of the meniscus and the challenges and strategies related to seeding are discussed in
Chapter IV. This project also establishes a model for exploring differentiation of stem
cells on meniscus scaffolds in hypoxic conditions (Chapter V). While the problem of
tissue replacement for meniscus deficiency is not solved in this work, it does serve as a
stepping-stone in the quest to tissue engineer a meniscus for transplantation.
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It is important to understand the ultrastructure and function of the meniscus when
tissue engineering transplant tissues for meniscal deficiency. The gross structure and
extracellular matrix (ECM) orientation of the meniscus plays a vital role in its
biomechanical and functional properties. In order to design a meniscus transplant one
must attempt to reproduce the native tissue structure to produce a functional tissue that
will withstand the in vivo environment. The following sections will discuss the structure
of the meniscus and how it relates to its function. The pathophysiology of the meniscus
will then be discussed as well as fundamentals to tissue engineering of the meniscus.
	
  
1. STRUCTURE & FUNCTION OF KNEE MENISCUS
	
  
	
  
1.1 Meniscus Anatomy
Menisci are semilunar intra-articular fibrocartilagenous tissues located within the
knee joint. Two menisci, medial and lateral, sit between the femoral condyles and the
tibial plateau. Menisci are attached to the underlying tibial plateau via root insertions.[2]
The medial meniscus is continuously attached along the peripheral edge to the joint
capsule. In contrast, the peripheral attachment of the lateral meniscus is interrupted by the
popliteus tendon. The menisci are further stabilized within the joint by the medial
collateral ligament, the transverse ligament, and the meniscofemoral ligaments (Figure
1A).[3] The meniscofemoral ligaments, named ligaments of Humphrey and Wrisberg,
attach the posterior horn of the lateral meniscus to the medial femoral condyle near the
insertion site of the posterior cruciate ligament (Figure 1B).[6]
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A	
  

B	
  

Figure 1. Gross Anatomy of the Knee Joint. The meniscus is a fibrocartilagenous
tissue located within the knee joint between the tibia and femur. The meniscus is
anchored to the tibial plateau though various ligaments. An anterior view (A) as well as a
axial view (B) of the meniscus is shown as well as the ligaments of the knee joint. Figure
adapted from Makris et al. 2011, and used with permission.[6]

While both menisci are semilunar and wedge shaped, the lateral meniscus is
larger than the medial meniscus, covering 75-93% of the tibial plateau while the medial
meniscus only covers 51-74%.[20] Further, the anterior region of the medial meniscus is
much narrower than the posterior region compared to the lateral meniscus, which has a
constant width.[21] The lateral meniscus is also more circular than the more c-shaped
medial meniscus as a result of its attachment points along the tibial plateau.
The vascular supply of the meniscus is supplied by branches of the lateral, medial,
and middle geniculate arteries.[22] These arteries flow into a perimeniscal capillary
plexus originating from the capsular and synovial tissue of the knee joint.[22] The
majority of the vessels run circumferentially along the periphery of the meniscus while a
few radial branches dive into the tissue toward the center of the joint. This capillary
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plexus supplies the peripheral 10-30% of the menisci, with vascular penetration of 1030% in the medial meniscus and 10-25% in the lateral (Figure 2).[21] The remaining
tissue is avascular and receives nutrients and oxygen through diffusion from the synovial
fluid.[27]

Figure 2: Vascularity of the Meniscus. Vascularity of the meniscus is supplied through
the peripheral capsular and tapers into an avascular region towards the inner zone of the
tissue. A coronal section of the meniscus is shown with the corresponding peripheral
capsular blood supply. Reprinted with permission.[22]

Similar to the vascular supply of the meniscus, the inner region lacks neural
innervation. The peripheral two-thirds of the body of the meniscus are innervated by free
nerve endings and three different mechanoreceptors – ruffini corpuscles (type I), pacinian
corpuscles (type II), and golgi tendon organ (type III).[27] The roots and horns of the
meniscus are richly innervated. It has been hypothesized that the distribution of
innervation in the meniscus is a result of a need for joint and biomechanical realignment
occurring when pressure is placed too far laterally.[27]

	
  
|16|

1.2 Structural Molecules of the Meniscus
The meniscus is composed of water, fibrillar components, proteoglycans, and
adhesion glycoproteins. Human meniscus contains 70% water, 22% collagen, 0.8%
glycosaminoglycans, with the remainder being DNA and adhesion molecules.[34] The
two main types of fibrillar proteins found within the meniscus are collagen and
elastin.[35] The role of elastin within the meniscus is unclear at this time, though it has
been determined that it is composed of both mature and immature fibers.[6] In contrast,
the collagen make-up of the meniscus has been extensively characterized. Type I
collagen is the primary collagen found in the meniscus and accounts for nearly 90% of
the collagen.[35] Other types of collagen present in the meniscus include type II, III, V,
and VI. In a bovine study, Cheung et al. showed that the outer two-thirds of menisci are
primarily type I collagen whereas the inner one-third is 60% type II and 40% type I.[36]
Further, it was noted that collagen content was higher in the outer zone at 80.1% than the
inner zone at 69.3%.[36]
The orientation of collagen fibers within the meniscus is specific to the
mechanical function of the tissue. The meniscus can be divided into three regions with
respect to collagen orientation (Figure 3). The superficial layer consists of randomly
oriented collagen fibers.[37] Just below the superficial layer sits the lamellar layer that
consists of randomly oriented collagen fibers with radially oriented fibers at the
periphery.[37] The deepest layer, “the deep zone”, consists of circumferentially oriented
fibers with a few radial fibers dispersed within the layer at the periphery.[37] The
circumferential fibers of the meniscus aid in distribution of compressive forces from the
femur while the radial (tie) fibers provide structural rigidity.[21] Further, the fibers of the
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meniscus are crimped similar to tendons, which allows them to elongate when the
meniscus tissue is put under tension.[21] The biomechanics of the meniscus will be
discussed in further detail below.

Figure 3: Collagen Orientation of the Meniscus. Collagen fiber orientation within the
meniscus is heterogeneous and can be divided into 3 layers: (1) superficial, (2) lamellar,
and (3) deep. Reprinted with permission.[37]

Proteoglycans are hydrophilic proteins with a core protein and glycosaminoglycan
(GAG) branches that help with hydration and compressive resistance of the meniscus.
The primary proteoglycans found within the meniscus are aggrecan, biglycan, and
decorin.[38] The primary GAGs found within the meniscus are chondoitin-4-sulfate
(40%), chondroitin 6-sulfate (10-20%), dermatan sulfate (20-30%) and keratan sulfate
(15%). There is a regional variation of proteoglycan concentration within the meniscus
with a higher proportion of proteoglycans found within the inner two-thirds of the
meniscus compared to the outer third. This regional variation is a result of the
compressive forces placed on the meniscus in the inner region.[38]
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The adhesion glycoproteins found within the meniscus are type VI collagen,
fibronectin, and thrombospondin.[35] These proteins are partly responsible for binding
matrix molecules and cells together. While the exact role of glycoproteins within the
meniscus is unknown, RGD sequences have been found on these three molecules
suggesting their roll in cell adhesion.[35] Further research needs to be conducted to
identify the exact role of these glycoproteins within the meniscus.

1.3 Cells of the Meniscus
Similar to the structural composition of the meniscus, cells of the meniscus are
heterogeneous and regionally specific. Cellularity within the meniscus is greatest in the
periphery of the tissue and sharply decreases radially inward.[39] Ghadially and
colleagues suggested categorization of meniscus cells into three groups according to their
morphology and presence or absence of cell-associated matrix.[40] The outer
vascularized zone of the meniscus is populated by oval, fusiform shaped cells within a
dense connective tissue and are similar in appearance and behavior to fibroblasts.[41]
Thus, these cells are described as fibroblast-like cells and are CD 34 positive and CD 31
negative.[41] These cells have long extensions that come into contact with cells from
other regions of the tissue and tend to be closer together.[42] A second population of
cells, found in the inner avascular portion of the tissue, appear more round than outer
zone cells and do not present gap junctions. [6, 39, 41] These cells are referred to as
fibrochondrocytes and have been found to be CD 34 negative.[41] They are embedded in
an ECM composed primarily of type II collagen with a small amount of type I and higher
concentrations of GAGs than the outer region.[41] These cells were named by Webber et
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al. due to their similar appearance to a chondrocyte, but with the ability to secrete a
fibrocartilage matrix.[43, 44] A third type of cell has been found to reside within the
superficial zone of the meniscus.[40, 45] These cells are flattened, fusiform in shape,
have no cell extensions and are CD 34 positive and CD 31 negative.[41] It has been
suggested that these cells may be specific progenitor cells that play a role in tissue
homeostasis, repair, and regeneration.[41, 42] More recently, Verdonk and colleagues
have described a fourth type of cell present in the meniscus that is located in the
endothelial lining of the vasculature structures and is CD 31 and CD 34 positive.[41]

1.4 Biomechanical & Functional Properties
The shape of the meniscus bridges the gap created by a mismatch between the
femoral and tibial bones and increases the contact area for force transmission.[46] A
study by Fukubayashi et al. found the knee contact area decreases by over two thirds
when the meniscus is removed and peak pressures increase two fold.[47] The menisci are
well adapted to their functional rolls to aid in shock absorption, stability, and load
transfer.[34, 48] In the knee joint, 70% of the load in the lateral compartment and 50% of
the load in the medial compartment is transmitted through the menisci.[46] The
arrangement of collagen fibers, as previously described, is ideal for this type of load
transmission. During compressional loading, the meniscus is compressed by axial forces
and displaced radially. The root insertions act as anchors to the meniscus, converting
compressional loading to circumferential hoop stresses and cause shear forces between
collagen fibrils (Figure 4).[34] Under compression, the menisci contribute to lubrication
of the joint by releasing fluid.[34] This release of fluid helps dissipate force as well as
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circulate nutrients in the avascular region of the meniscus.[46] Tissue deformation under
compression improves stability and minimizes stress in the joint.[34]

Figure 4: Free Body Diagram of the Meniscus. Under compression, forces from the
tibia and femur are transmitted into hoop stresses along the meniscus body. Reprinted
with permission.[35]

Meniscal tissue is biphasic due to its high water content and solid phase made of
collagen and proteoglycans which leads to a viscoelastic behavior.[34] The stresses and
strains within the tissue are dependent on both the applied load and the rate of loading.
Material properties of the meniscus are anisotropic, inhomogeneous, and depend on the
loading direction (radial, circumferential, etc.) and sample location.[49] The tensile
modulus of the meniscus is between 100-300MPa circumferentially and 10-fold lower in
the radial direction.[6] Unconfined compression testing shows that human menisci has an
aggregate modulus between 0.09 and 0.15MPa, compared to articular cartilage, which
has an aggregate modulus of 0.53-1.34MPa.[34, 35]

The permeability of human

meniscus is between 1.32 and 2.74x1015 m4/N*s, one-tenth the value of articular
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cartilage.[34, 35, 50] The combination of lower compressive stiffness and lower
permeability makes the meniscus an excellent shock absorber.[35, 51]

1.5 Embryology of the Meniscus
Fetal development of the meniscus begins at approximately eight weeks as a
dense congregation of mesenchymal stem cells.[52, 53] This congregation of cells further
matures toward a fibroblast phenotype that lacks a defined ECM.[54] At this stage, blood
vessels are numerous and condensed in the peripheral one-third of the tissue, though
vessels are identifiable throughout.[20] As the fetus develops, this clump of cells begins
to secrete collagen that orients over time in response to physical forces of joint
movement.[52] Postnatally, a decrease in vascularity and cellularity with an increase in
collagen content is observed.[20] The meniscus continues to grow until early adolescence
(10-12 years) where a distinct lack of vasculature and diminished cellularity can be found
in the inner regions of the meniscus.[20] Collagen content of the meniscus increases from
birth to 30 years of age, where it plateaus and then starts to decrease past age 80.[21] In
addition, there is a thickening of collagen bundles in the aging meniscus.[55] Aging of
the meniscus also affects the proteoglycan content. An increase in safranin-O staining,
suggesting an increase in proteoglycan content, has been observed in older meniscal
tissue.[56, 57] This increase in proteoglycan staining could represent a shift from a
fibroblastic to chondrocytic phenotype.[56] Further, with aging, the meniscus increases in
size in the medial-lateral direction and a decrease in cellularity is observed.[55]
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2. MENISCUS PATHOPHYSIOLOGY

2.1 Injury to the Meniscus
Meniscal lesions are the most common intra-articular knee injury.[6] Incidence of
meniscus tears are estimated to be 66 per 100,000 people per year with 61 of those
resulting in meniscectomy.[58] Males are three times more likely to injure their meniscus
than females and medial meniscus injuries account for 81% of all cases while the lateral
meniscus accounts for only 19%.[58] Injuries to the meniscus can cause significant pain
and discomfort affecting patient’s normal daily lives. Injury to the meniscus can cause
pain and swelling, with mechanical symptoms described as clicking, catching, giving
way, and locking of the knee joint.
Injury to the meniscus usually consists of tears in the tissue, though degenerative
changes, separation from peripheral capsule, and rupture of the roots from the tibial
plateau can also occur.[35] Tears to the meniscus can be longitudinal, bucket-handle,
radial, and complex tears (Figure 5).[59, 60] In young and active adults they are usually
traumatic and often result from twisting on a loaded flexed knee.[61] Approximately 80%
of meniscus injuries in young patients are accompanied by anterior cruciate ligament
(ACL) tearing.[6] In older patients (>40 years), degenerative meniscal tears are more
common and as many as 50% occur spontaneously.[61]

2.2 Healing of the Meniscus
In normal tissue injury and repair, local bleeding provides nutrients, cells, and
biochemical mediators to initiate healing. Intact synovial tissue is imperative to healing
of the meniscus due to the migration of cells into the meniscus from synovial tissue. Kim
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Figure 5: Overview of Different Types of Meniscal Tears. Common tears of the
meniscus include radial (A), longitudinal (F), bucket-handle (F), and complex (A). Other
types of meniscus tears include flap (B) and horizontal (E). Reprinted with permission
from http://www.jockdoc.ws/index_resources.htm Accessed 4/8/2012.

and Moon showed that when the synovial tissue is removed, regrowth of the meniscus
was prevented.[62] It is generally believed that the avascular nature of the meniscus
limits its healing potential, especially in the inner zone.[63] Asymptomatic and minimally
symptomatic meniscal tears not causing functional problems can be managed
conservatively without surgery.[61] However, symptomatic meniscus tears usually
require surgical intervention. Treatment options for symptomatic meniscus injury or
deficiency include repair of the tissue, meniscectomy, and meniscal replacement. 	
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2.3 Treatment of the Injured Meniscus
In 1897, Sutton described the meniscus as “functionless and the vestigial
remnants of leg muscle.”[27, 64] These beliefs were widely accepted and led to the
common practice of removing the meniscus with any sign of injury until the late 1970s,
despite the fact that in 1936 King showed the effects of articular cartilage degeneration
after meniscectomy.[65] The goal of meniscus injury treatment has now shifted toward
preservation of meniscal tissue when possible. Current treatment of meniscal injury can
be classified into three categories – meniscus repair, meniscectomy (partial and full), and
allograft transplantation.
After research indicating the detrimental affects of meniscectomy, a paradigm
shift in the treatment of meniscus tears occurred and more focus was placed on
preserving meniscal tissue through repair and partial meniscectomy. Certain tears in the
vascular region of the meniscus as well as some smaller tears in the avascular region can
be treated through a meniscal repair that involves suturing of the tissue.[61] When
possible meniscus repair should be attempted to preserve tissue and biomechanical
function.
Many different repair devices and augmentation approaches have been used in
repairing the meniscus including traditional suture, meniscal arrows, abrasion therapy
(rasping), induced vascularization (such as trephination), laser welding, and fibrin
clots.[66, 67] Types of meniscal repair include inside-out, outside-in, all-inside repairs
and repair enhancement with platelet rich plasma which contains growth factors.[68-70]
Inside-out repair involves passing suture from inside of the meniscus to the capsule
whereas outside-in involves passing the suture from the capsule into the meniscus. All-
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inside repairs involve passing suture from inside the meniscus to the capsule and leaving
an anchor positioned behind the capsule. This repair does not require an accessory
incision unlike the inside-out and outside-in techniques. The first biologic enhancement
technique utilized for meniscus repairs was through a fibrin clot, which acts as a
chemotactic and mitogenic stimulus for cells as well as a scaffold for connective tissue
proliferation.[71] Recent attention has been paid to using platelet rich plasma
technologies to enhance meniscus repair healing.[72]
For injuries in the avascular region that will not heal, meniscectomy is the most
common treatment and partial meniscectomy is preferred over total excision.[73-76].
Meniscectomy causes increased contact stresses and reduced energy absorption which
can lead to joint space narrowing, osteophyte formation, increased bone density, fracture
of subchondral trabeculae and ultimately osteoarthritic changes.[21] It has been shown
that total meniscectomy decreases joint contact surface areas by as much as 75% and
increases peak contact pressures up to 235% with an increased risk of developing
osteoarthritis in the surgical joint.[77] Even partial meniscectomy significantly increases
contact pressures and leads to increased joint wear.[77] Therefore, the goal of partial
meniscectomy is to remove as little tissue as possible while leaving a smooth and stable
tissue rim behind.[61] If some tissue can be salvaged during a meniscectomy, then a
partial meniscectomy is performed where a small portion of the meniscus, usually in the
avascular region, is removed. This has been shown to provide greater protection of the
articular cartilage than total meniscectomy alone.[73] Preserving the outer rim of the
meniscus allows some shock to still be absorbed, provides some chondroprotection, and
in occasional cases, cells can infiltrate the fibrin clot after surgery and a neo meniscus
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tissue forms.[78] However, the meniscus has a limited ability to regenerate after a
meniscectomy. In fact, Burr et al. reported regeneration of only one third of the meniscus
in patients ten years post meniscectomy.[79] An experimental study in dogs showed that
at six months, spontaneously regenerated tissue was not organized fibrocartilage but
rather dispersed collagen fibers with much lower proteoglycan content than regular
meniscus.[80] With a decrease in proteoglycan content and tissue disorganization, it is
not surprising that this newly grown tissue did not offer the same chondroprotective
properties of normal meniscus as observations of degenerative joint disease have been
shown.[81]
Meniscus transplantation as a treatment choice is considered in the setting of
painful meniscus deficiency prior to the onset of osteoarthritis. This occurs with subtotal
meniscectomy or multiple total injuries resulting in significant loss of the meniscus. In
particular, the lateral meniscus transmits a greater proportion of load in the lateral
compartment than the medial meniscus transmits in the medial compartment, resulting in
more rapid degenerative changes after meniscectomy.[82] Therefore, lateral meniscus
transplantation should be considered more aggressively than medial meniscus
transplantation.[83] However, meniscus allograft transplantation is only recommended
for patients under the age of 50, with healthy weight, normal skeletal alignment, normal
ligament stability, no flattening of the femoral condyles, to suggest osteoarthritis, and no
signs of inflammatory or septic arthritis.[83, 84] While meniscus transplantation has been
shown to help with the pain of meniscus deficiency, it has not been clearly shown to
delay the onset of osteoarthritis related to meniscus deficiency.[61] Patients not meeting
the criteria for meniscus transplantation with pain altering normal daily activities and
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osteoarthritis are candidates for conservative osteoarthritis management and ultimately
total knee replacement.
The first meniscus allograft transplantation was performed by Milachowski in
1984 and first in the United States in 1991 by Garrett and Steensen.[85, 86] The only
current Food and Drug Administration (FDA) approved meniscus transplant is allograft
transplantation. Available allografts include: fresh, deep-frozen, lyophilized, and
cryopreserved.
Different preservation and attachment techniques have been investigated with
allograft transplantation. Deep freezing and lyophilization have been shown to destroy
viable cells and denature histocompatibility antigens.[87] Cryopreservation on the other
hand, leaves 10-30% viable cells.[88] [89, 90] Fresh grafts have also been studied for
allograft transplantation. A study in goats showed donor cells of fresh grafts do not
survive transplantation beyond four weeks, hence limiting the justification of added costs
of cryopreserved and fresh allografts.[91] A deep frozen meniscal allograft functions as a
scaffold rather than a functional tissue after implantation.[92] Initially there is necrosis of
the graft followed by repopulation by endogenous cells from the host.[93] This tissue
remodeling causes a deterioration of mechanical properties as the allograft becomes more
elastic and weak. Deep frozen tissue was originally thought to be immunopriviledged
thus not requiring tissue typing/matching, immunosuppressives or steroids.[61] However,
it has been shown that even with deep-freezing, allograft transplants may initiate a
microscopic immune response in the host.
Root attachment is one of the most difficult aspects of meniscus transplantation as
firm attachments to bone are a prerequisite for normal load distribution. Without fixation

	
  
|28|

of the transplant to the bone, joint load distribution is similar to total meniscectomy.[94,
95] Bone block fixation has been found to offer the best mechanical results.[96]
The results of meniscus transplantation are variable as most reports in the
literature describe small case series using varied methods of graft fixation, graft
processing, concomitant procedures, and definitions of successful treatment. In humans, a
5-year follow-up study of meniscal allograft transplants showed that pain reduction was
the greatest benefit to patients, but significant loss of meniscal volume was present
leaving questions as to the long term durability of the transplants.[97] Other studies have
shown extrusion of the grafts, moderate to severe osteochondral changes, and
hypocellular regions in the inner meniscus with disorganized collagen fibrils.[98, 99] Yet
another study shows survival rates at ten years for fresh medial and lateral meniscus
transplants are 74.2% and 69.8% respectively.[100]
While allograft transplantations have been shown to heal to the capsule and
provide pain relief, current research shows continued progression of articular cartilage
degeneration. Several factors may contribute to the failure of meniscus transplants to
improve overall knee joint health including biomechanics, biological factors, surgical
technique, and graft sizing.[83] The primary factor in meniscus transplant failure is
advanced articular cartilage degeneration, which likely causes increased stresses on the
transplant. A correlation between flattening of the femoral condyle and degeneration of
the meniscus has been observed in allograft transplant failures.[101] Microscopic
immune responses have also been noted, which may contribute to graft shrinkage and
persistent effusions.[90] In a histological study of biopsies from allograft transplants,
Rodeo et al. showed hypocellular regions within the graft.[90] The long-term success,
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durability, safety, and chondroprotective properties of allograft meniscus transplantation
are still uncertain and better alternative treatments need to be developed.[102]

3. TISSUE ENGINEERING OF THE MENISCUS

3.1 Scaffolds
When designing a scaffold for meniscus replacement, there are four requirements
for a successful tissue substitute. First, the graft should allow for ingrowth of vasculature,
matrix production, and cellularity, and remain intact long enough to establish a functional
structural framework. Second, the graft should not evoke a foreign body reaction, which
could lead to destruction of the graft. Third, the graft should be functional and provide
stability similar to the normal meniscus. Finally, the graft should prevent degenerative
arthritis and pain.[103] A wide variety of materials have been investigated as meniscus
scaffolds, with many showing promising results in vitro and thus moved into large animal
studies (Table I). Meniscus scaffolds can be categorized into two major categories:
synthetic polymer scaffolds and natural scaffolds.
Seven different natural scaffolds have been used to date for tissue engineering of
the meniscus: collagen, small intestine submusosa (SIS), perichondral tissue, periosteal
tissue, hyaluronan-gelatin hydrogel, devitalized meniscus, and decellularized meniscus.
The first scaffold investigated was a collagen I - GAG scaffold developed by Stone et
al.[4] This scaffold was made from collagen I extracted from bovine Achilles tendons.
This scaffold was used in a canine partial meniscectomy model and results were overall
positive at 12 months with some shrinkage noted.[4] Bruns and colleagues published on
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the use of perichondral tissue in an ovine total meniscus replacement model.[7] Their
results showed calcification of the central region and a low tensile modulus.[7] A study
done by Walsh et al. investigated the use of periosteal tissue in a rabbit partial defect
model and showed incomplete repair, bone present in the repaired tissue, and
degenerative changes in the joint.[16] Cook and colleagues investigated the use of SIS in
a canine meniscectomy model.[18] Their results showed reduced collagen II and GAG
synthesis and cartilage erosion, even at 12 weeks.[18] Research into scaffolds derived
from periochondral, periosteal, and SIS tissue has not continued due to poor results from
initial studies.
In the late 1990s increased focus was placed on the use of collagen scaffolds for
meniscus tissue engineering. Walsh and colleagues investigated seeded and non-seeded
collagen I sponges in a rabbit partial defect model.[16] While scaffolds seeded with
mesenchymal stem cells (MSCs) did show more fibrocartilagenous tissue formation, nonseeded scaffolds had only fibrous tissue present, and both scaffolds showed signs of
articular cartilage degeneration.[16] Martinek and colleagues evaluated a cellularized
collagen I – GAG scaffold in an ovine meniscectomy model.[24] The cell seeded
construct reduced articular cartilage degeneration compared to the unseeded scaffold.[24]
The authors noted that some shrinkage was present and the tissue was biomechanically
unstable.[24] Research into collagen based meniscus scaffolds has continued to evolve
toward clinical application with the development of the Menaflex (ReGen Biologics,
USA) implant, which will be discussed further in the Clinical Experience section below.
Most recently, the use of devitalized and decellularized tissue has been studied as a new
source for natural meniscus transplants. Peretti et al. studied a devitalized meniscus
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seeded with fibrochondrocytes in a porcine partial defect model.[23] Results showed poor
healing of the implant to native tissue.[23] Yamasaki and colleagues investigated the use
of a decellularized meniscus seeded with bone marrow MSCs (BMMSCs) for meniscus
replacement in a rat model.[26] Results at eight weeks showed degeneration of the
articular cartilage.[26] While native tissue is an ideal scaffold for meniscus
transplantation due to the preservation of fundamental architecture, further research needs
to be conducted in the use of these scaffolds in vivo.
Although the current gold standard of treatment for meniscal deficiency is
allograft tissue, much research is currently being conducted in the field of synthetic
polymers for meniscus replacement. The use of synthetic polymers for meniscus
scaffolds is popular due to the ability to fabricate scaffolds using a variety of methods, an
almost limitless supply, and the ability to finely control pore size, fiber size, geometry,
and mechanical properties. However, with these strengths also comes weaknesses,
including minimal intrinsic biomimetic and bioactive properties and biocompatibility
issues.[6] Much research has gone into designing mechanical anisotropy within the
meniscus through polymer choice, fiber diameter, and fiber orientation. Polymers
including Teflon, carbon fiber, polyurethane (PU), polycaprolacone (PCL), poly-L-lactic
acid (PLLA), polyglycolic acid (PGA), and polylactic co-glycolic acid (PLGA) have all
been investigated as potential scaffold materials.[6]
One of the first synthetic materials investigated for meniscus replacement
was carbon fibers. Veth and colleagues first used plain carbon fibers and carbon fibers
embedded in a polyurethane-poly(L-lactide) matrix and found short term results were
promising.[29, 30] However, no biomechanical testing was done to determine the
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Teflon-net (1983) [28]

No

12 months

Canine

Partial meniscectomy

Carbon fiber (1983)[29]

No

17 weeks

Rabbit

Partial defect

CF-PU-PLLA (1986)[30]

No

8 Weeks

Canine

Partial defect

CF-PU-PLLA b (1986)[31]

No

20 Weeks

Canine

Partial defect

	
  
	
  
Overall positive, Slight shrinkage
	
  
Calcification of central region, low tensile modulus
	
  
Incomplete repair, degenerative changes, bone present in	
   repair tissue
	
  
Reduced Collagen II and GAG synthesis, cartilage erosion
	
  
Fibrous tissue present, osteochondral degeneration
	
  
Fibrocartilagenous tissue, osteochondral degeneration
	
  
	
  
Poor healing
	
  
Biomechanically unstable, shrinkage
	
  
Surface irregularity, complete integration
	
  
	
  
Osteochondral degeneration
	
  
	
  
	
  
Adhesions, osteochondral degeneration
	
  
Fibrosis
	
  
Fibrous tissue growth
	
  
Carbon particles found

c

CF-polyester (1990)[32]

No

6 months

Rabbit

Meniscectomy

Carbon particles found, osteochondral degeneration

PUd (1996)[33]

No

50 Weeks

Canine

Partial defect

Osteochondral degeneration, lack of collagen II deposition

Material and reference

Seeded?

Duration

Animal model

Tissue Resected

Collagen I – GAG (1992)[4]

No

12 months

Canine

Partial meniscectomy

Perichondral tissue (1998)[7]

No

12 months

Ovine

Meniscectomy

Periosteal tissue (1999)[16]

No

24 Weeks

Rabbit

Partial defect

SIS (1999)[18]

No

12 Weeks

Canine

Meniscectomy

Collagen I sponge (1999)[16]

No

24 Weeks

Rabbit

Partial defect

24 Weeks

Rabbit

Partial defect

9 weeks

Porcine

Partial defect

Natural Scaffolds

a

Collagen I sponge (1999)[16]
Devitalized meniscus (2004)[23]

Yes
(MSCs)
Yes
(meniscal)
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Collagen I – GAG (2006)[24]

Yes

3 months

Ovine

Meniscectomy

Hyaluronan-gelatin (2008)[25]

Yes

12 weeks

Rabbit

Partial defect

8 weeks

Rat

Meniscectomy

Decellularized meniscus (2008)[26]

Yes
(BMMSC)

Synthetic Scaffolds

b

Degree of success

small
	
   intestinal submucosa, bcarbon fiber – polyurethane – poly(L-lactide), ccarbon fiber – polyester, dpolyurethane, e50/50 copoly(L-lactide/ε-caprolactone), fpoly(lactic-co-glycolic acid), gpolyvinyl
alcohol - hydrogel, hpolyglycolic acid mesh boned with 75:25 poly(lactic-co-glycolic acid), ihyaluronic acid - polycaprolactone, jpolycaprolacton-based polyurethane, kpolycarbonate-urethane, lbone
marrow mesenchymal stem cells
a

	
  
Table I: Natural and synthetic meniscus scaffolds for in vivo study. A variety of both synthetic and natural scaffold have been
tested in vivo for partial and full meniscal replacement. This table attempts to summarize these studies and their pertinent results.

Material and reference

Seeded?

Duration

Animal model

Tissue Resected

Degree of success

PUd (1996)[1]

No

52 Weeks

Canine

Partial defect

Incomplete healing, reduced compressive modulus, osteochondral
degeneration

PLLA-ε-capralactonee (1997)[5]

No

26 Weeks

Canine

Partial defect

Incomplete healing, decreased compression modulus, fibrocartilage
growth

6 Weeks

Ovine

Meniscectomy

Limited analysis, organized collagen structure, proteoglycans present

1.5 years

Rabbit

Meniscectomy

Fibrous tissue growth, chondroprotective

36 weeks

Rabbit

Meniscectomy

Fibrous tissue ingrowth lacking collagen II deposition

6 Weeks

Ovine

Meniscectomy

Cellular ingrowth, complete healing at periphery, osteochondral
degeneration

4 months

Ovine

Meniscectomy

Incomplete healing, osteochondral degeneration

12 weeks

Swine

Partial defect

Scar tissue formation, incomplete healing

PLGAf (2000)[8]
PVA-H g (2005)[9]
PGA mesh bonded with PLGAh (2006)[10]
HYAFF® –PCLi (2006)[11]
HYAFF® -PCLi (2006, 2008)[11, 12]
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Woven Vicryl mesh PLGAf (2006)[13]

Yes
(meniscal)
No
Yes
(meniscal)
No
Yes
(chondrocyte)
Yes
(chondrocyte)

Estane and PCLPUj (2006)[14]

No

6 months

Canine

Meniscectomy

Fibrovascular ingrowth, decreased mechanical properties,
osteochondral degeneration

PCLPUj (2008)[15]

No

6 months

Canine

Meniscectomy

Fibrous tissue growth, osteoarthritic degeneration, reduced
biomechanical properties

PUd (2010)[17]

No

12 months

Ovine

Partial defect

Loss of tissue at inner rim, tissue integration

No

6 months

Ovine

Meniscectomy

Fibrosis of the synovial tissue and osteochondral degeneration

k

PCU-Kevlar (2011)[19]

small
	
   intestinal submucosa, bcarbon fiber – polyurethane – poly(L-lactide), ccarbon fiber – polyester, dpolyurethane, e50/50 copoly(L-lactide/ε-caprolactone), fpoly(lactic-co-glycolic acid), gpolyvinyl
alcohol - hydrogel, hpolyglycolic acid mesh boned with 75:25 poly(lactic-co-glycolic acid), ihyaluronic acid - polycaprolactone, jpolycaprolacton-based polyurethane, kpolycarbonate-urethane
a

Table I (Continued): Natural and synthetic meniscus scaffolds for in vivo study. A variety of both synthetic and natural scaffold
have been tested in vivo for partial and full meniscal replacement. This table attempts to summarize these studies and their pertinent
results.

functionality of the replacement. This group also went on to assess the use of PLLA
fibers instead of carbon fibers.[31] They found PLLA fibers performed better than the
carbon fibers but the group still did not publish any biomechanical data.[31] Wood and
colleagues went on to use carbon fibers embedded in a polyester matrix and found
degeneration of the articular cartilage as well as carbon fiber particles in the joint.[32] A
Teflon net material was investigated by Toyonaga et al. and results showed that the
Teflon performed better than meniscectomy alone, but results were still not very
promising.[28] Due to these mediocre results, research on these types of materials has
diminished.
The next major group of synthetic scaffolds developed was porous polyurethane.
Klompmaker and colleagues first used this material to repair longitudinal tears in canine
meniscus.[104] Gross results were promising, which led to further studies.[104] In a
canine model, lateral meniscus replacement showed improved results over the
meniscectomy group. However, articular cartilage damage was still present.[105] A third
long-term study by this group using partial defect replacement in dogs showed
vascularization near the defect. However, retraction of the implant was noted.[33] In
addition, Collagen I and II deposition was noted but articular cartilage degeneration was
still present.[33] The aromatic polyurethane used in these previous studies was shown to
release toxic particles during degradation and was therefore altered and aliphatic
polyurethane was used in a subsequent study. A long-term study in dogs of this new
polymer was done in both defect healing and complete meniscus transplantation
models.[1] Results showed fibrous tissue ingrowth at 15 weeks, but weak tear strength
led to loosening of the implants.[1]At the end of the 52-week study, degeneration of the
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articular cartilage was present.[1] This same group then went on to study a 50/50
copoly(L-lactide/ε-caprolactone) scaffold in a canine defect model and compared this to
the aliphatic polyurethane.[5] A study of tissue ingrowth revealed better integration with
the aliphatic polyurethane scaffold than the copolymer.[5]
Shifting focus from polyurethane scaffolds, Ibarra and colleagues have
investigated using PGA or PLGA seeded scaffolds.[8] Cell seeding of these scaffolds was
used to try to overcome their poor mechanical properties. A 6-week ovine meniscectomy
study showed a tissue rich with proteoglycans and organized collagen fiber matrix.
However, no biomechanical studies were completed on the recovered engineered
tissue.[8] Kang et al. investigated a PGA mesh bonded with PLGA in a rabbit
meniscectomy model.[10] Results at 36-weeks showed a fibrous tissue ingrowth that
lacked collagen II.[10] Kobayashi and colleagues tested a hydrogel meniscus and
demonstrated promising results with chondroprotection.[9] Problems related to fixation
were noted. However, these implants were reported to achieve long-term tissue
regeneration.[9] Weinand et al. presented a woven vicryl mesh seeded with chondrocytes
in a partial defect swine model.[13] While seeding of cells onto the mesh did enhance
healing, incomplete healing and scar formation were noted.[13]
A new resorbable material made of PCL and HYAFF11, a hyaluronic acid
derivative, has been investigated for total meniscus replacement. Chiari and colleagues
tested this material in an ovine meniscectomy model for 6 weeks.[11] Initial results were
promising with tissue formation, cellular infiltration, and vascularization noted.[11] A
second study by Kon and colleagues investigated the tissue regeneration after seeding
scaffolds with chondrocytes.[12] Results at four months showed an improvement over
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acellular scaffolds, but incomplete healing and articular cartilage degeneration was
present.[12]
Recently, focus has turned back to the use of polyurethane scaffolds. Tienen et al.
compared the use of Estane (BF Goodrich Chemical N.V., Westerlo-Oevel, Belgium) and
polycaprolactone-polyurethane(PCL-PU) in a canine total meniscectomy model.[14]
Both implants showed cell infiltration and regeneration of tissue resembling meniscus.
However, articular cartilage degeneration and weakened biomechanical properties were
shown.[14] Welsing and colleagues went on to use a PCL-PU scaffold in a canine total
meniscectomy model and results showed reduced mechanical properties and degeneration
of the articular cartilage. Maher et al. also investigated a porous polyurethane scaffold in
a partial defect ovine model.[17] Good tissue integration and chondral protection was
noted. However, loss of tissue on the inner rim was noted.[17] Most recently, Zur et al.
proposed the use of an acellular Kevlar (E.I. DuPont de Nemours and Co., Wilmington,
DE) reinforced polycarbonate-urethane (PCU) scaffold. Though arthritic changes were
noted, it did appear to delay them. Research into polyurethane based meniscus scaffolds
is ongoing with the development of the Actifit (Orteq, United Kingdom) implant, which
will be discussed further under the Clinical Experience section below.
	
  
3.2 Cell Source
Multiple studies have shown that seeding of cells onto scaffolds improves healing
of the meniscus in vivo.[12, 13, 16, 24] Multiple cell types are available for tissue
engineering of the meniscus including autologous cells, human embryonic stem cells, and
adult stem cells. Cellular requirements for tissue engineering of the meniscus include an
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adequate supply of cells or cells that are capable of in vitro expansion, as well as cells
capable of secreting a fibrocartilagenous matrix. However, the ideal phenotype for
meniscus tissue engineering remains undetermined.
Fibrochondrocytes are one option for a meniscus cell source. However, they do
have their limitations. First, an additional surgery is required to harvest and isolate
autologous fibrochondrocytes. Further, the acellular nature of the meniscus limits the
number of available cells. Cells would need to be harvested from the inner meniscus to be
bioactive enough to differentiate and secrete sufficient matrix.[106] In addition, patients
requiring meniscus replacement lack healthy tissue and there is some concern over the
function of cells harvested from damaged tissue. Despite these issues, monolayer culture
of fibrochondrocytes has been achieved, though a significant downregulation of ECM
gene expression has been found pointing to the de-differentiation of these cells in
culture.[107] Chondrocytes have also been proposed as a possible cell source for
meniscus tissue engineering. While they do have the same limitations as
fibrochondrocytes, they have been shown to secrete more GAGs and collagen II
compared to fibrochondrocytes. [108, 109] Elastic cartilage from the ears, ribs, and nose
has also been investigated as a potential cell source. Auricular chondrocytes seeded in
fibrin have been shown to produce tissue constructs that are stiffer, have a greater GAG
density, and produce a more fibrocartilaginous matrix compared to articular
chondrocytes.[110, 111]
The limitations of using autologous joint-derived cells for meniscus tissue
engineering make adult stem cells a viable option. Many studies have focused on the use
of MSCs as a potential cell source. MSCs are multipotent progenitor cells that are
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primarily isolated from bone marrow, though they can be isolated from a variety of other
tissues.[112] BMMSCs have the advantage of being very proliferative at the expense of a
more painful harvesting procedure.[112] While undifferentiated stem cells have been
seeded onto meniscus scaffolds, differentiation techniques using supplements and culture
conditions may be needed to drive these cells into a fibrochondrocyte phenotype.
Another potential cell source is embryonic stem cells (ESCs). These cells are
extremely proliferative and totipotent. Hoben and colleagues investigated the use of
transforming growth factor (TGF) β3, bone morphogenic protein(BMP) 2, BMP-4, BMP5, platelet derived growth factor (PDGF) BB, and sonic hedgehog protein on
differentiation

of

embryonic

stem

cell

(ESC)

embryoid

bodies(EBs)

into

fibrochondrocytes.[113] Growth factor treatments were compared and TGF-β3 was found
to enhance GAG synthesis, while its combination with BMP-4 was found to increase
GAG, total collagen, and collagen type 1 production.[113] It was also demonstrated that
BMP-4 plus TGF-β3 increased CD44 expression, maintained CD105 levels, and
increased cell size.[113] Further, co-cultures of ESC EBs with fibrochondrocytes showed
an even greater increase in collagen II synthesis.[113] While differentiation of stem cells
into fibrochondrocytes is still in its infancy, this initial study lays a foundation for the use
of ESCs for meniscus tissue engineering. A further discussion of growth factors will be
presented below. The use of ESCs does come with the risk of teratoma formation due to
undifferentiated cells and is a challenge that must be faced.[114] This challenge may be
overcome by selecting only differentiated cells for implantation through sorting.
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3.3 Culturing Conditions
The use of culture conditions and supplements may be used to overcome some of
the challenges outlined with scaffold and cell sources by increasing proliferation and
matrix secretion thereby strengthening the tissue prior to implantation. In order to
optimize differentiation of cells, sufficient nutrients, growth factors, cytokines,
mechanical stimulation and the optimal oxygen concentration are necessary. With respect
to culture medium, use of Dulbecco’s Modified Eagle Medium - Ham’s F12 Nutrient
Mixture (DMEM-F12) has become common, as it has been shown to increase
proteoglycan synthesis and help maintain cell morphology.[115] Further, ascorbic acid is
another common additive to media as its presence is required for normal collagen
deposition and it has been shown to increase proteoglycan production.[116] Bovine
serum is another common additive to media. In order for any cell seeded scaffold to move
into human clinical trials it will have to be cultured in serum free or human serum.
Webber and colleagues have developed a low serum media for culture of
fibrochondrocytes.[117] Results showed fibrochondrocyte proliferation similar to serum
containing media.[117]
To enhance the viability and matrix deposition of fibrochondrocytes, a variety of
growth factors have been explored. It is important to note that many studies have
examined the effect of growth factors in serum containing media, making it difficult to
distinguish the additive effect of the growth factors. Growth factors investigated include
TGF-β1, which is involved in the development of bone and cartilage, PDGF, which has
been shown to influence chondrogenic potential of BMMSCs, insulin growth factor 1
(IGF-1), which is an important anabolic factor for the growth of hyaline cartilage,
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fibroblast growth factor (FGF), which enhances stem cell proliferation, BMP-2 which
stimulates chondrogenesis of BMMSCs, epidermal growth factor (EGF) which enhances
stem cell proliferation, differentiation, and survival, and nerve growth factor (NGF).[118121] Kasemkijwattana and associates studied the ability of EGF, basic FGF (bFGF),
TGF-α, PDGF-AB, α-FGF, TGF-β1, PDGF-AA, IGF-I, and NGF to stimulate meniscal
cell proliferation.[122] Of these growth factors, basic FGF, PDGF-AB, EGF, and TGF-α
induced the greatest effect on cell proliferation and collagen synthesis.[122] Another
study on the proliferation of monolayer meniscus cells from different tissue regions
showed a significant increase in DNA synthesis when cultured with PDGF-AB,
hepatocyte growth factor (HGF), and BMP-2.[120] Lietman et al. examined the effects of
TGF-β1, PDGF, BMP-7, osteopontin-1, bFGF, and IGF-1 on meniscus explants in a
serum-free media.[123] Only 100ng/mL of osteopontin-1 led to a significant increase of
proteoglycan synthesis.[123] Imler and colleagues compared the effect of PDGF, bFGF,
IFG-1, and TGF-β1 in serum free media and found TGF-β1 to have the greatest effect on
both proteoglycan and collagen synthesis.[124] TGF-β1 was also found to increase ECM
production the most in a 10% serum containing media on monolayer culture of
fibrochondrocytes.[125] The same results were observed when this was translated to a
seeded PGA scaffold.[126] While a wide variety of growth factors have been studied for
meniscus tissue engineering, further studies of the synergistic effect of combined growth
factors need to be performed.
Recapitulating the native environment is important in tissue engineering,
particularly in the meniscus due to the physical demands placed on the tissue. Mechanical
stimulation of meniscus tissue in culture aims to recreate the stresses and strains that
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meniscal tissue experiences in vivo.

Most research on mechanical stimulation of

meniscus explants has understandably been in compression. Application of a static
compression up to 50% of cut thickness was shown to inhibit collagen and proteoglycan
precursor uptake.[124] Similarly, Upton and associates found a decrease in gene
expression of ECM components when a 0.1MPA stress was placed on explants under
compression.[127] Studies involving tension on fibrochondrocyte seeded fibrin gels also
showed only inhibitory effects on ECM production.[109] It has been hypothesized that
down regulation of ECM production is perhaps due to the fact that like the in vivo
environment, meniscal cells require both tensile and compressive forces at the same
time.[128]
Over the last decade new attention has been placed on hypoxic culture of
meniscal cell constructs in an attempt to mimic the native in vivo environment. While
there is a limited but growing literature characterizing the effect of lowered oxygen
tension on fibrochondrocyte metabolism, it has been shown that cultured human
meniscus cells (inner and outer cells combined) exposed to lowered oxygen tension
demonstrate enhanced expression of chondrogenic markers such as collagen type II and
proteoglycans, and that this effect was increased further in the presence of FGF-2.[129]
Since the inner avascular region of the meniscus demonstrates phenotypic similarities to
articular cartilage, cartilage literature can be utilized to provide some insight into the
biology of fibrochondrocytes. Changes in oxygen tension have been shown to affect the
differentiation, phenotype and matrix production of articular chondrocytes.[130-133]
There is a proposed gradient of oxygen tension experienced by articular chondrocytes
ranging from 10% to less than 1%.[134] It has been shown that chondrocytes seeded on
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porous polylactic acid constructs cultured in the presence of 20% (normoxia) or 5% (low)
oxygen tension demonstrated robust cell proliferation and matrix production, with similar
cell densities and total collagen content. However, cells at low oxygen tension
demonstrated 65% more glycosaminoglycan deposition than cells at 20% oxygen
tension.[135] Further studies have shown that de-differentiated cells cultured in low
oxygen tension environments exhibited a re-differentiation of cells toward an articular
phenotype with increased collagen type II expression, increased GAG production, and
increased proliferation in this model.[131]

4. CLINICAL EXPERIENCE

4.1 Commercially Available Products
Manufactured implants have been a growing field for the replacement of meniscal
tissue because they offer an “off the shelf” product instead of an allograft that has
constraints of tissue availability and requires patient specific sizing. These implants are
ideal for patients with segmental defects and are not suited for patients who have total
meniscus loss. There are two commercially available implant options including
Menaflex, formally Collagen Meniscus Implant (CMI), and Actifit; both of which are
restricted from use in the US market. Both products are scaffolds made from degradable
porous materials that induce vascular in-growth.[136] Menaflex consists of type I
collagen derived from bovine Achilles tendon, is enriched with glucosamine-glycan to
enhance cell ingrowth, and is bioresorbable over 12-18 months.[136] Actifit is made from
biodegradable aliphatic polyurethane and is highly porous. It is composed of 80% PCL
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providing flexion to the implant and 20% urethane which provides stiffness.[136] Unlike
Menaflex, Actifit has a much longer degradation time taking as long as 5 years.[136]
Menaflex has been studied extensively as it has been available clinically for over 10
years. In October of 2010, the FDA revoked their initial approval citing that the product
did not meet the requirements for the 510(k) approval previously granted[137]. Actifit
has only been in clinical use for the last 3-4 years in non-US markets. Current assessment
of these implants show that Actifit promotes tissue remodeling better than
Menaflex.[136] Spencer and colleagues reported in a case study of nine Actifit patients
that four out of five patients had >50% tissue incorporation compared to only four out of
nine for Menaflex.[136]

4.2 Clinical Trials
A search of clinical trials of the knee meniscus reveals 29 ongoing studies
(www.clinicaltrials.gov, accessed 3/27/2012).

Of these studies, many focus on the

benefit of partial meniscectomy and compare this to the conservative treatment of
physical therapy alone. RTI Biologics is testing the efficacy of a new sterilization method
for meniscus allografts using a proprietary BioCleanse technique. In addition, Stryker
was evaluating the use of a BioDuct® meniscal repair device. However, the study was
terminated in late 2011for reasons that are yet to be reported publically. The BioDuct®
repair device is a small, cannulated, bioabsorbable conduit designed to create a vascular
access channel between vascular-rich synovium and the meniscal tear. Smith and
Nephew is investigating the efficacy of FasT-Fix compared to traditional suturing of
meniscus tears. FasT-Fix is a meniscal repair system that uses preloaded implants.
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Other ongoing clinical trials focus on the addition of products to the knee joint to
aid in healing. Osiris Therapeutics is investigating the safety and efficacy of Chondrogen
to treat the knee following meniscectomy. Chondrogen is a preparation of human
BMMSCs in a solution of hyaluronic acid. Cincinnati Sports Medicine Research and
Education Foundation is testing to see if addition of platelet rich plasma helps in
meniscus healing after partial meniscectomy. The Hawkins foundation is also looking at
the use of hyaluronic acid to reduce pain and swelling in patients who have had a
meniscal tear or degenerative arthritis. Despite these clinical trials, few products are
making it past the development pipeline to widespread use. The majority of meniscus
technology is still in the research phase.

5. CONCLUSIONS
	
  
The	
   dense	
   packing	
   of	
   extracellular	
   matrix,	
   unique	
   architecture,	
   and	
  
avascular/acellular	
   nature	
   of	
   the	
   meniscus	
   make	
   it	
   a	
   particularly	
   difficult	
   tissue	
   to	
  
treat	
  after	
  injury.	
  Tissue	
  engineering	
  approaches	
  thus	
  far	
  have	
  failed	
  at	
  providing	
  a	
  
solution	
  that	
  treats	
  meniscal	
  deficiency	
  and	
  protects	
  surrounding	
  articular	
  cartilage.	
  
There	
   is	
   a	
   great	
   need	
   for	
   focused	
   research	
   on	
   the	
   combination	
   of	
   growth	
   factors,	
  
scaffold	
  design,	
  culture	
  conditions,	
  and	
  cell	
  source	
  in	
  the	
  tissue	
  engineering	
  field	
  to	
  
treat	
   the	
   growing	
   number	
   of	
   patients	
   with	
   meniscus	
   deficiencies.	
   All	
   of	
   the	
  
components	
  for	
  a	
  successful	
  tissue	
  engineered	
  meniscal	
  transplant	
  exist.	
  However,	
  
further	
  optimization	
  of	
  each	
  component	
  is	
  needed	
  to	
  produce	
  a	
  product	
  that	
  can	
  be	
  
translated	
  into	
  clinical	
  practice.	
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1. INTRODUCTION
The meniscus is a fibrocartilagenous wedge shaped semilunar tissue that plays an
important role in knee joint function and stability. The structure of the meniscus is
integral to its function as it provides protection and cushion to the knee joint.
Arthroscopic surgery for meniscus injury, degenerative or acute, is one of the most
common surgical procedures performed by orthopaedic surgeons.[1, 2] Irreparable
meniscus tears and meniscus degeneration contribute to the development of osteoarthritis
of the knee joint. Recent MRI studies have shown that evidence of meniscal damage is
the best predictor of osteoarthritis progression, supporting a key role for the meniscus in
the pathogenesis of osteoarthritis.[3]
Current medical interventions to treat meniscus injury are limited to attempts at
surgical repair or resection through partial or total meniscectomy. Significant loss or
dysfunction of the meniscus as a result of injury or partial meniscectomy alters the
mechanics of the knee and contributes to the development of degenerative joint disease,
pain, and disability.[4-7] Allograft meniscus replacement has been shown to decrease the
pain associated with meniscus deficiency.[7] However, this procedure still has significant
limitations that have been linked to incomplete cellular incorporation, microscopic
immune response, and limited long-term durability of these constructs.[8, 9]
While allograft transplantation is the only option for complete meniscus
replacement, there are two commercially available options for partial meniscal defects,
Menaflex, formally Collagen Meniscus Implant (CMI) (ReGen Biologics, USA) and
Actifit (Orteq, U.K.).[9-11] However, both of these implants are restricted from use in
the US market. Menaflex consists of type I collagen derived from bovine Achilles
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tendon, is enriched with glycosaminoglycan (GAG), and is bioresorbable over 12-18
months.[11] Actifit is made from biodegradable aliphatic polyurethane and is highly
porous. It is composed of 80% poly(ε-caprolactone) (PCL) providing flexibility to the
implant and 20% polyurethane which provides stiffness.[11] Unlike Menaflex, Actifit
has a much longer degradation time taking as long as five years.[11] Menaflex has been
studied extensively as it has been available clinically for over 10 years. In October of
2010, the Food and Drug Administration (FDA) revoked their initial approval of
Menaflex citing that the product did not meet the requirements for the 510(k) approval
previously granted.[12] Actifit has only been in clinical use for the last 3-4 years in nonUS markets. Current assessment of these implants suggest that Actifit promotes tissue
remodeling better than Menaflex.[11] In a case study of nine Actifit patients, Spencer
and colleagues reported that four out of five patients had >50% tissue incorporation
compared to only four out of nine for Menaflex.[11]
In an attempt to provide an alternative to allograft meniscus transplantation,
several groups have investigated the use of naturally derived scaffolds for tissue
engineering of the meniscus. A variety of natural scaffolds have been used in pre-clinical
studies for tissue engineering of the meniscus including collagen, small intestine
submusosa (SIS), perichondral tissue, periosteal tissue, hyaluronan-gelatin hydrogel,
devitalized meniscus, and decellularized meniscus.[13-19] Bruns and colleagues
published on the use of perichondral tissue in an ovine total meniscus replacement
model.[14] Their results showed calcification of the central region and a low tensile
modulus.[14] Cook and colleagues investigated the use of SIS in a canine meniscectomy
model.[16] Their results showed reduced collagen type II and GAG synthesis and
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cartilage erosion, even at 12 weeks.[16] Martinek and colleagues evaluated a cellularized
collagen type I – GAG scaffold in an ovine meniscectomy model.[17] The cell seeded
construct was reported to reduce articular cartilage degeneration compared to the
unseeded scaffold.[17] The authors noted that some shrinkage was present and the
repaired tissue was biomechanically unstable.[17]
Most recently, the use of devitalized and decellularized meniscus tissue has been
studied as a new source for natural meniscus transplants. While both devitalization and
decellularization methods kill native cells, they differ in that decellularization takes an
extra step to remove cellular fragments that may cause an immune response. Previous
studies have shown that a variety of meniscal cell responses can be triggered depending
on the composition of the surrounding extracellular matrix (ECM).[20] The use of
devitalized and decellularized tissue is an attractive alternative to allograft
transplantation, due to the preservation of the ECM microenvironment. Yamasaki and
colleagues investigated the use of a decellularized meniscus seeded with bone marrow
MSCs (BMMSCs) for meniscus replacement in a rat model.[19] Results at eight weeks
showed degeneration of the articular cartilage.[19] Maier and colleagues recently
developed an acellular allograft based meniscus scaffold using enzymatic digestion. [21]
While only in vitro experiments have been performed, the scaffolds were shown to
maintain native biomechanical properties and showed no histological signs of
immunogenicity.[21] Sandmann and colleagues developed an acellular meniscus scaffold
based on human allograft tissue and processed using sodium dodecyl sulfate.[22] Initial
characterization showed preserved biomechanical properties and collagen fiber
orientation.[22] Stapelton and colleagues investigated the use of a similar acellular
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meniscus scaffold and found retention of biomechanical properties despite a significant
reduction in GAG content.[23] Further, these scaffolds were shown to be
biocompatible.[23]

To address limitations of currently available allografts (incomplete cellular
incorporation, microscopic immune response, and limited long-term durability), our lab
has developed a decellularized meniscus scaffold that approximates the biologic and
mechanical function of the native meniscus.[24] Decellularization of meniscus allografts
in combination with expanded porosity of the extracellular matrix via controlled
chemical etching reactions provides an optimal scaffold for cell attachment, penetration,
and tissue maturation. The objective of this work was to increase the depth of cellular
migration, increase cell and graft viability, and improve the function of meniscus
transplants. We hypothesized that application of decellularization and oxidation
techniques to allograft meniscus tissue will create a scaffold that maintains the core
collagen ultrastructure of the native meniscus and provide a meniscus replacement tissue
with improved cell migration over currently used allografts, with sufficient mechanical
properties to sustain the mechanical stress following implantation. This hypothesis was
tested in an ovine in vivo transplantation model as it has been shown that vascularization
pattern, cellularity, and ECM collagen ultrastructure is similar between ovine and human
menisci. [25, 26]
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2. MATERIALS AND METHODS

2.1 Study Design
A total of 72 ewes between the ages of 3-5 years old were used in this study. Of
those 72 animals, 26 were used for tissue harvest and 46 were enrolled in the study.
Exclusion criteria for the study included any animal found to be pregnant, have a joint
infection, have anatomical features that wouldn’t allow for a successful transplant, or
found to have clinical signs of poor health. Six animals were taken out of the study due to
these exclusion criteria.
Animals meeting inclusion criteria were divided into four groups: allograft
(n=12), scaffold (n=8), 3-day seeded construct (n=8), and 3-week seeded construct (n=7).
Five meniscectomy surgeries with no transplant were also performed to assess their effect
on osteoarthritic changes in the joint.

2.2 Scaffold Production
Implant scaffolds were prepared by dissecting the medial meniscus while
preserving the roots from skeletally mature sheep. The menisci were then wrapped in
saline soaked gauze and frozen until implantation or processing. Scaffolds and constructs
were processed from frozen allograft tissue as previously described.[24] Briefly, frozen
ovine allograft tissue was defrosted at room temperature and placed into DNAse/RNAse
free distilled water and placed on a rotating shaker (New Brunswick Scientific, Edison,
NJ) at 200rpm and 37°C for 48 hours. The water was discarded and the menisci were
then placed in 500mL of 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA)
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(Invitrogen) solution and returned to the shaker for 24 hours. The trypsin solution was
then discarded and replaced with 500mL of Dulbecco’s modified Eagle’s medium
(DMEM) with high glucose (Invitrogen) mixed with 10% fetal bovine serum (FBS)
(Valley Labs, Winchester, VA), 100IU/mL of penicillin, 100mg/mL of streptomycin, and
0.25mg/mL of amphotericin B (Invitrogen). The menisci were placed back on the shaker
for 24 hours. The trypsin was then removed and replaced with 500mL of 2% Triton X100 (Sigma-Aldrich, St. Louis, MO) and 2.5% peracetic acid (Sigma-Aldrich). The
menisci were placed back on the shaker for 48 hours with a solution change at 24 hours.
Scaffolds were then subjected to multiple washes in 500mL of distilled DNAase/RNAse
–free water and finally equilibrated in 500mL of Dulbecco’s Phosphate Buffered Solution
(PBS) for 24 hours and stored in PBS at -20°C for future use.

2.3 Bone Marrow Harvest, Isolation, and Culture
Bone marrow harvests were performed three to six weeks before meniscus
transplantation as previously described.[27] The Animal Care and Use Committee
approved all procedures and bone marrow harvests were performed under aseptic
conditions. Pre-operatively, each animal received one dose of Ketoprofen 3mg/kg
intramuscular for pain control. Animals were initially anesthetized with Ketamine
HCL/Xylazine (15/0.1 mg/kg) with Atropine (0.4 mg/kg) and maintained with Isoflurane
1.5% after intubation. The iliac crest of the donor was shaved, prepped and a small
incision made to expose the bone. Using an 11-guage Jamshidi biopsy needle, the bone
marrow cavity was tapped and 40mL of bone marrow was aspirated into two 30mL
syringes containing 5mL of 1000IU/ml heparin (Elkins-Sinn Inc.). Bone marrow
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aspirates were then immediately stored on ice to lyse red blood cells and transferred to
the lab for cell isolation.
Bone marrow aspirates were mixed with equal parts cold PBS and transferred
onto the surface of a histopaque (Sigma-Aldrich, St. Louis, MO) gradient. Isolation of
mononuclear cells was carried out by centrifugation at 900 x g for 30 minutes. Cells at
the interface of the gradient were washed with DMEM, resuspended in high glucose
DMEM supplemented with 10% FBS, 100IU/mL of penicillin, 100mg/mL of
streptomycin, and 0.25mg/mL of amphotericin B and expanded in an incubator at 37°C
and 5% CO2. After 48 hours, media was changed and non-adherent cells removed.
Adherent cells received fresh medium that was changed every other day. Cells were
dissociated with 0.25% trypsin containing 1mM EDTA upon reaching 90% confluence
and subcultured to fourth passage with subsequent harvest of all cells for seeding and
flow cytometry analysis.

2.4 Flow Cytometry
Isolated bone marrow derived stem cells were analyzed using FACS Caliber cell
analyzer (Becton Dickinson). Cells were harvested as described above and resuspended
in cold PBS and counted. Cells were then pelleted and incubated for 30 minutes on ice
with 80µL 0.5% bovine serum albumin (BSA). Primary antibodies against the following
markers: vimentin (mouse anti-porcine monoclonal, Santa Cruz Biotechnology), von
Wilibrand Factor (vWF) (rabbit anti-human polyclonal antibody, Biocare Medical), CD
44 (mouse anti-sheep monoclonal antibody, Lifespan Biosciences) and CD 45 (mouse
anti-human monoclonal antibody, Santa Cruz Biotechnology) were then added at a 1:10
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dilution. Cells were incubated with the primary antibody for one hour on ice. Antibodies
were selected based on published data on cross-reactivity as well as markers used for
mesenchymal stem cell characterization.[28-30] Cells were then washed with 0.5% BSA
and incubated for 45 minutes on ice away from light with anti-mouse and anti-rabbit
Alexa Fluor 488 secondary antibodies at a dilution of 1:300. After incubation, cells were
washed twice with 0.5% BSA and resuspended in 500 µL of 0.5% BSA for analysis.
Using a FACS Caliber cell analyzer, approximately 10,000 events were collected per
sample and data analyzed using CellQuest software (Becton Dickinson). Sorting gates
were set to include the majority of cells within the population as shown in Figure 4A.
Percentage of donor cells was calculated based on the high fluorescence cell population
in relation to the total number of gated cells. Positivity for each antibody was defined as
the level of fluorescence >90% of that observed with unlabeled cells whereas negativity
was defined as a level of fluorescence <10% of that observed with unlabeled cells.

2.5 Scaffold Seeding
On the day before seeding was to be performed, meniscus scaffolds were thawed
at room temperature and equilibrated in DMEM supplemented with 10% FBS. At
passage four, cells were dissociated with 0.25% trypsin containing 1mM EDTA, pelleted,
and counted. Ten million cells were resusupended in 10mL of media and dripped onto a
meniscus sitting in a non-tissue culture plate. Media changes were performed every other
day until the scaffold was ready to be implanted at either 3 days or 3 weeks following
seeding.
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2.6 Surgical Procedure and Post Operative Care
Medial meniscus transplantations were performed on 35 skeletally mature adult
female sheep. Twelve animals received an allograft transplant, eight animals received a
scaffold transplant, seven animals received a 3-day seeded construct transplant, eight
animals received a 3-week seeded construct transplant, and five animals underwent a
total medial meniscectomy with no transplant inserted. The Animal Care and Use
Committee approved all procedures and surgical experiments were performed under
aseptic conditions. Pre-operatively, each animal received one dose of Cerftiofur 2mg/kg
intramuscular (IM) and one dose of Ketoprofen 3mg/kg IM for infection and pain control.
Animals were initially anesthetized with Ketamine HCL/Xylazine (15/0.1 mg/kg) plus
Atropine (0.4 mg/kg) and maintained with Isoflurane 1.5% after intubation. A medial
meniscus transplantation procedure was performed as previously described.[31, 32]
Briefly, the knee joint was approached using a medial parapatellar arthrotomy with
detachment of the medial collateral ligament (MCL) from its femoral attachment. The
meniscus was sharply dissected leaving a 1mm peripheral rim of native tissue and the
native root attachments in place. The meniscus was removed as depicted in Figure 1A.
The respective meniscus transplant was implanted unless the animal was only undergoing
a menisectomy. Locking Krackow 0-Ethibond repair sutures were placed in both the
anterior and posterior horns, passed through 1.5mm wide bone tunnels at the attachment
sites of the anterior and posterior horns, and secured with a knot over a tibial bone bridge.
Meniscus transplants were then sutured to the capsule at the periphery and at the anterior
horn and body with vertical sutures with 2-0 Ethibond suture as shown in Figure 1B.
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A

B

Figure 1: Medial Meniscus Transplantation. (A) Native meniscal tissue was sharply
removed and implant tissue was prepared for implantation. Horizontal sutures were preplaced in the posterior horn and the roots were prepared with locking Krackow sutures.
(B) Transplant tissue is sutured to the peripheral rim of remnant tissue and capsule and
covers the tibial surface of the joint.

The MCL was reattached with a fully threaded metal anchor, loaded with
nonabsorbable suture. The joint capsule, retinaculum, and subcutaneous tissues were
closed in anatomic layers with absorbable suture and skin closure with continuous
absorbable monofilament subcuticular suture. Animals received 2mg/kg IM Ceftiofur
daily for one week. Pain and discomfort were managed with 3mg/kg ketoprofen given IM
daily for two days post-operatively and then as needed. Animals were housed in indoor
stalls for two weeks following transplantation with no restriction on movement. Surgical
limbs were not immobilized and full weight bearing was allowed as tolerated. After two
weeks, animals were returned to pasture for six months. If at two weeks an abnormal gait
pattern was observed, the animal was kept for an additional few days to control pain and
discomfort until the animal could be released to pasture.

2.7 Evaluation
Animals were monitored regularly for six months. At six months, animals were
euthanized under humane conditions. Any swelling and ligament instability was noted
prior to necropsy. During necropsy the MCL was dissected to ensure the anchor remained
	
  
	
  
|74|

intact. The surgical and contralateral joints were dissected and synovial aspirates saved
for possible future study. The presence of effusions, popliteal cysts, or heterogeneous
ossification was noted. The following gross evaluations were performed on the joint and
meniscal tissues: Implant Score and Gross Assessment of Joint Changes Score published
by Jackson et al. [33, 34]. After gross observation, the meniscal tissue was dissected and
divided into three regions. The first region was obtained from the anterior 1/3 and
reserved for future PCR analysis, flash frozen in liquid nitrogen, and stored at -80°C
(Figure 2-A). The second region was obtained from the body of the meniscus and used in
histological examination and DNA, collagen, and GAG content analysis (Figure 2-B).
The third region was obtained from the posterior horn region and used for biomechanical
compression testing (Figure 2-C). Specimens in the second and third regions, were
wrapped in saline soaked gauze and frozen at -20°C for later testing.

B
A

C

Ant.	
  

Post.

Figure 2: Dissection of Meniscus Transplants for Data Analysis. (A) The first region
was obtained from the anterior 1/3 and reserved for future PCR analysis. (B) The second
region was obtained from the body of the meniscus and was used in histological
examination and DNA, collagen, and GAG content. (C) The third region was obtained
from the posterior horn region and used for biomechanical compression testing.
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2.8 Implant Score
Evaluation of transplants was carried out using a modified version of the Gross
Evaluation of Meniscus Implant Score previously published by Chiari et al. [34] This
score analyzes nine different aspects of the implant: implant size, integration, overall
position, horn position, implant shape, presence of tears, implant surface, tissue quality,
and synovial condition. In the study published by Chiari et al., each tissue was graded on
a scale of 1 to 3 whereas in this study, each aspect was graded on a modified scale of 0 to
4. The original scale was modified to allow for a wider range of possible scores and to
align it to the scale of the Gross Assessment of Joint Changes Score. A score of zero
indicates the best possible outcome and a summative minimum score of zero indicating
an excellent overall outcome.

2.9 Gross Assessment of Joint Changes Score
Articular cartilage health was assessed using the Assessment of Joint Changes
Score originally published by Jackson et al.[33] The scoring system rates 12 different
areas of the joint on a scale of zero to four. These areas included the anterior and
posterior medial femoral condyles, anterior and posterior lateral femoral condyles,
patellar femoral groove, patella articular surface, medial and lateral tibial plateau, medial
and lateral meniscus, the condyle groove junction, and presence of osteophytes. Articular
cartilage was graded as follows: 0 – no observable changes, 1 – intact surface with color
changes, surface irregularities or both, 2- surface fibrillation or loss of cartilage with no
bone exposed, 3- exposed bone less than 10% of surface area in given region, 4- exposed
bone greater than 10% of surface area in given region.
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2.10 Histology and Immunohistochemistry
Specimens were thawed and embedded in OCT tissue-embedding medium
(Tissue-Tek; Miles laboratories, Elkhart, Indiana), frozen in liquid nitrogen and sectioned
in 5µm coronal sections on a cryostat (Leica Cryostat; Leica Microsystems, Wetzlar,
Germany). Histological analyses included hematoxylin and eosin (H&E) for cellular
morphology and migration, and Safranin O/Fast Green for proteoglycan detection.

2.11 DNA, Collagen, and Glycosaminoglycan Content
Samples were lyophilized prior to Collagen, GAG, and DNA analysis for
normalization of data to dry weight. GAG and DNA samples were digested in papain
buffer over night at 60°C. Total sulphated glycosaminoglycan (sGAG) content was
quantified using the dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd.,
Northern Ireland), with a chondroitin sulphate standard. DNA content was measured
from aliquots of randomly selected animals (n=7, per group) from the papain digest with
a DNeasy Tissue and Blood Kit (Qiagen) according to the manufacturer’s protocol. DNA
quantification was measured at an absorbance of 260/280nm in a Nanodrop
spectrophotometer (Labtech, UK). Samples for collagen content were hydrolyzed in
hydrochloric acid (HCL) at 120°C for three hours. Total collagen content was measured
using an absorbance hydroxyproline assay (Biovision, Milpitas, CA). Total collagen
content was determined by using a hydroxyproline-to-collagen ratio of 1:6.6.[35]
Collagen, GAG and DNA content were compared as a percentage of dry weight and also
normalized to DNA content.
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2.12 Biomechanical Compression Testing
Compression testing samples were thawed at room temperature and the tibial
surface of each meniscus was placed against a cryotome stage (Leica Cryostat; Leica
Microsystems, Wetzlar, Germany) and frozen. The apex of the femoral surface of the
meniscus was removed to create a wide flat surface. The meniscus was then defrosted
and flipped over to place the flattened apex on the freezing stag of the cryotome. Once
the tissue was frozen in place, 1mm thick slices were taken parallel to the tibial surface.
Compression samples were taken from the second slice closest to the tibial surface.
Compression specimens were taken (3-mm diameter circular biopsy punch) from the
middle of the tissue sample.
Unconfined compression experiments were performed with a uniaxial materials
testing machine (Instron, Norwood, MA) with a 100-N load sensor (±0.25% accuracy) as
previously described.[24] Specimens were thawed at room temperature before testing and
kept moist with room-temperature PBS. Each sample was placed between the stainless
steel test platens, and a nominal load of 0.1N was applied; preliminary tests showed that
this was just enough load for the platen to engage the specimen. Before testing, each
sample was preconditioned to 24% strain for 10 cycles with a compression rate of 32%/s.
A stress-relaxation test was then applied to 24% strain at a strain rate of 32%/s. This
strain rate was based on physiologic single-leg stance of 0.38 seconds which correlates to
0.32mm/s.[36, 37] Samples reached equilibrium in approximately 30 minutes. Stress
equilibrium was defined as a less than 1% change in stress per one minute. Two tests
were performed from different specimens of the same tissue for each animal.
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The compressive modulus was determined from stress-strain curves by use of
Fung’s two-parameter exponential model, where σ is the load applied divided by the
cross-sectional area before testing and ε is the strain applied.[38] Equation 1 was fit by
use of the method of least squares (MATLAB version 7: The MathWorks, Natick, MA)
to the linear portion of the stress-strain curve to determine parameters A and B:
σ = A × [ exp (ε × B) – 1 ]

(1)

The modulus was calculated from A and B by use of equation 2.
dσ/dε = B ( σ + A )

(2)

2.13 Statistical Analysis
Results were statistically evaluated using a one-way analysis of variance
(ANOVA) to compared groups, using Prism software (GraphPad, La Jolla, CA). When
appropriate, subsequent post hoc t-tests (Tukey) were performed. P values were
calculated and values less than 0.05 were considered significant.

3. RESULTS

3.1 Bone Marrow Harvest, Isolation, and Culture
Bone marrow cells were isolated from the iliac crest adult sheep and expanded to
passage four (Figure 3). Isolated cells had phenotypic morphological characteristics of
BMMCs such as a small cell body with a few long and thin processes. FACS analysis at
passage four showed these cells maintained their mesenchymal stem cell phenotype and
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were positive for vimentin and CD44 and negative for von Willebrand factor (vWF) and
CD45. Representative FACS analysis graphs are shown in Figure 4.

P1	
  

P2	
  

P3	
  

P4	
  

Figure 3: Culture of Ovine Bone Marrow Mesenchymal Stem Cells. Ovine BMMSCs
were harvested from the iliac crest, isolated, and cultured to passage four. Light
microscopy shows typical BMMSC morphology with small cell bodies with a few long
and thin processes.
3.2 Clinical Assessment
All animals were fully mobile with no irregular gait pattern at six months. Upon
inspection of the knees at necropsy all incisions were intact and no gross infections were
present. Swelling was present in two allograft animals and three scaffold animals. All
other animals showed no signs of swelling. Assessment of ligament stability showed mild
laxity in the MCL of one allograft transplant animal, one scaffold transplant animal and
two 3-day seeded construct transplant animals. The MCL anchors with suture remained
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intact in all but two animals that were both allograft transplants. The MCL anchor could
not be located in two animals of the 3 week seeded construct group and 1 animal in the
meniscectomy group with associated bone overgrowth. No correlation was found
between animals that presented with ligament laxity and failure of the MCL anchor
repair. Meniscectomy only animals did show limited regeneration of the meniscus
(Figure 6-J).
B

C

Control	
  

Vimentin	
  

Control	
  
CD44	
  

A

D

Control	
  	
  
	
  
vWF	
  

E
Control	
  
CD45	
  

Figure 4: FACS Analysis of Isolated Ovine Bone Marrow Mesenchymal Stem Cells.
Isolated BMMSCs maintained their MSC phenotype and stained positive for vimentin
(B) and CD44 (C) and negative for von Willebrand factor (D) and CD45 (E). A
representative plot of unlabeled cells is shown. (A) Cells within the circled region were
used as a control.
3.3 Gross Evaluation of Implant Score
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Implants were evaluated using the Gross Evaluation of Implant Score that grades
nine different aspects of the transplanted tissue. No statistically significant differences
were found between all of the groups with respect to the implant score (p=0.81) (Figure
5). All implants remained intact and only one animal in the scaffold group had significant
loss of transplant tissue. Integration of the tissue was variable within and between all
groups. All implants showed signs of healing at the anterior body, but had areas of nonunion and suture pull out in the posterior region (Figure 6). No significant difference was
found between the groups with respect to the isolated variable of tissue
healing/integration (p=0.38).

Figure 5: Gross Evaluation of Implant Score. Implants were evaluated using the gross
evaluation of implant score that grades nine different aspects of the transplanted tissue.
No statistically significant differences were found between all of the groups with respect
to the implant score (p=0.81).
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A - Allograft

C - Scaffold

B - Allograft
Ant.	
  

Ant.	
  

Ant.	
  

Post.	
  
Post.	
  

Post.	
  

D - Scaffold

Post.	
  

E – 3-Day Seeded Construct

Ant.	
  

Ant.	
  

Post.	
  

G – 3-Week Seeded Construct

H – 3-Week Seeded Construct

Ant.	
  
Post.	
  

Ant.	
  

J - Meniscectomy

F – 3-Day Seeded Construct

Ant.	
  

Post.	
  

I - Meniscectomy

Post.	
  

Figure 6: Meniscus Transplants After Six Months
in vivo. All transplants but one remained in tact and
had minimal tissue loss. (A, C, E, G, I – black arrows)
Tissue integration was present in the anterior region

Post.	
  
Ant.	
  

of all transplants. Areas of non-union were present in
the posterior aspect of all transplants. (B, D, F, H–
green arrows) Tissue regeneration, though limited is
observed in the meniscectomy animal after six
months. (J – black box)
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3.4 Joint Gross Assessment
Articular cartilage health was assessed using the Assessment of Joint Changes
Score by scoring 12 different regions of the joint for the presence of articular cartilage
damage. Joint assessment scores showed no significant differences between the groups
(p=0.15) (Figure 7A). Scaffolds had just as high of an incidence of articular changes
compared to allograft transplantation. Though not statistically significant, the cell seeded
constructs provided more joint protection, by a reduction in the joint score, compared to
scaffolds and allografts. Interestingly, the articular cartilage changes were less severe in
the meniscectomy group compared to allograft or scaffold groups. A significant
difference in the presence of articular cartilage changes between the medial versus lateral
compartments was observed in all groups except for the meniscectomy group (allograft
p=0.0015, scaffold p=0.0062, 3-day seeded construct p=0.0015, 3-week seeded construct
p<0.0001, meniscectomy p=0.16) (Figure 7B). Further, no significant difference (p=0.72)
in the presence of articular cartilage changes in the contralateral joints was observed
between groups. A significant difference in the Joint Gross Assessment Score between
the surgical and contralateral legs was observed in all groups expect for the
meniscectomy group (allograft p<0.0001, scaffold p=0.0012, 3-day seeded construct
p=0.0003, 3-week seeded construct p=0.0008, meniscectomy p=0.36). These data suggest
that meniscal transplantation affects the surgical joint more so than the non-surgical joint.
This was not the case however, with meniscectomy.
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Figure 7: Joint Gross Assessment Score. (A) Articular cartilage health was assessed by
scoring 12 different regions of the joint for the presence of articular cartilage damage. No
significant difference between groups was observed (p=0.15). Lower scores indicate less
damage. (B) When the medial compartment versus lateral compartment of the surgical
joint was compared, a significant difference (n✚v★) in the presence of articular
cartilage changes was observed in all groups except for the meniscectomy group.

3.5 Histological Evaluation
H&E staining was performed to assess cellularity, tissue integration, and cell
migration within the transplants. Dense cellularity was observed near the tissue
integration line (Figure 8 dashed lines). Further ECM remodeling was present in cellular
regions and absent in hypocellular regions. Cell	
   migration	
   was	
   observed	
   in	
   healing	
  
regions	
   with	
   increased	
   cellularity.	
   Meniscectomized	
   joints	
   did	
   regenerate	
   tissue	
   at	
  
the	
   site	
   of	
   resection.	
   However,	
   this	
   tissue	
   was	
   hypercellular	
   and	
   appeared	
  
hypervascular	
   consistent	
   with	
   fibrovascular	
   scar	
   tissue	
   compared	
   to	
   transplanted	
  
scaffolds	
  and	
  constructs.	
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Histologically,	
   tissue	
   integration	
   between	
   native	
   and	
   transplanted	
   tissue	
   was	
  
variable	
  between	
  and	
  within	
  groups	
  (Table	
  I).	
  Nine	
  allografts,	
  two	
  scaffolds,	
  one	
  3-‐
day	
   seeded	
   construct	
   and	
   three	
   3-‐week	
   seeded	
   construct	
   transplants	
   showed	
  
complete	
   integration	
   at	
   the	
   site	
   of	
   histological	
   sections.	
   All	
   allografts	
   showed	
   partial	
  
healing	
   at	
   minimum,	
   while	
   two	
   scaffolds,	
   one	
   3-‐day	
   seeded,	
   construct	
   and	
   one	
   3-‐
week	
   seeded	
   construct	
   showed	
   no	
   signs	
   of	
   tissue	
   integration	
   at	
   the	
   site	
   of	
  
histological	
  sections.	
  
Safrinin	
   O/Fast	
   Green	
   staining	
   was	
   performed	
   for	
   the	
   detection	
   of	
  
proteoglycans.	
   The	
   inner	
   zone	
   of	
   normal	
   meniscus	
   tissue	
   is	
   rich	
   in	
   proteoglycans	
  
and	
  stains	
  positive	
  with	
  Safrinin	
  O	
  (Figure	
  9A).	
  Staining	
  of	
  transplanted	
  tissues	
  after	
  
six	
  months	
  in	
  vivo	
  was	
  observed	
  in	
  three	
  different	
  patterns:	
  (1)	
  staining	
  within	
  the	
  
transplant	
  (Figure	
  9B),	
  (2)	
  staining	
  at	
  the	
  line	
  of	
  integration	
  (Figure	
  9	
  C&E),	
  or	
  (3)	
  
no	
   staining	
   present	
   (Figure	
   9D).	
   All	
   but	
   two	
   allografts	
   showed	
   staining	
   for	
  
proteoglycans	
   in	
   the	
   transplanted	
   tissue	
   (Table	
   II,	
   Figure	
   9B).	
   No	
   staining	
   was	
  
present	
  within	
  the	
  transplanted	
  tissue	
  in	
  the	
  scaffold,	
  3-‐day	
  seeded	
  constructs,	
  or	
  3	
  
week	
   seeded	
   construct	
   groups.	
   However,	
   staining	
   was	
   present	
   at	
   the	
   line	
   of	
   tissue	
  
integration	
   in	
   three	
   scaffold	
   transplants,	
   four	
   3-‐day	
   seeded	
   construct	
   transplants,	
  
and	
   three	
   3-‐week	
   seeded	
   construct	
   transplants	
   (Table	
   II,	
   Figure	
   9	
   C-‐E).	
   Diffuse	
  
staining	
   was	
   present	
   in	
   regenerated	
   tissue	
   from	
   one	
   animal	
   in	
   the	
   meniscectomy	
  
only	
  group	
  (Figure	
  9F).	
  This	
  staining	
  was	
  not	
  observed	
  in	
  the	
  other	
  animals	
  in	
  this	
  
group.	
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Figure	
   8:	
   H&E	
   Staining	
   of	
   Meniscal	
   Transplants	
   at	
   Six	
   Months.	
   	
  (A&B)	
  Allograft	
  ,	
  
(C&D)	
   Scaffold,	
   (E&F)	
   3-‐Day	
   Seeded	
   Construct,	
   (G&H)	
   3-‐Week	
   Seeded	
   Construct,	
  
(I&J)	
   Meniscectomy.	
   Dashed	
   lines	
   represent	
   integration	
   line	
   of	
   native	
   versus	
  
transplanted	
   tissue.	
   All	
   transplanted	
   tissues	
   showed	
   some	
   degree	
   of	
   non-‐union.	
   Cell	
  
migration	
   was	
   observed	
   in	
   healing	
   regions	
   with	
   increased	
   cellularity.	
   Matrix	
  
remodeling	
  is	
  present	
  in	
  areas	
  where	
  cell	
  migration	
  has	
  occurred.	
  Joints	
  undergoing	
  
meniscectomy	
   did	
   partially	
   regenerate	
   tissue	
   at	
   the	
   site	
   of	
   incision,	
   however	
   this	
  
tissue	
  is	
  hypercellular	
  and	
  much	
  more	
  porous	
  compared	
  to	
  transplanted	
  tissues.	
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Transplant

Full Thickness Healing

Allograft (n=12)
Scaffold (n=7)
3-Day Seeded (n=7)
3-Week Seeded (n=8)

9
2
1
3

Partial Thickness
Healing
3
3
5
4

No Healing
0
2
1
1

Table I: Tissue Integration at the Site of Histological Sectioning of Meniscal
Transplants. All	
   allografts	
   healed	
   to	
   some	
   degree	
   while	
   two	
   scaffolds,	
   one	
   3-‐day	
  
seeded,	
  and	
  one	
  3-‐week	
  seeded	
  showed	
  no	
  signs	
  of	
  tissue	
  integration	
  at	
  the	
  site	
  of	
  
histological	
  sections.	
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Figure	
  9:	
  Safrinin	
  O/Fast	
  Green	
  Staining	
  for	
  the	
  Presence	
  of	
  Proteoglycans.	
  	
  
(A)	
  Native	
  tissue	
  stains	
  positive	
  for	
  the	
  presence	
  of	
  proteoglycans	
  in	
  the	
  inner	
  zone.	
  
(B)	
  Similar	
  staining	
  is	
  observed	
  with	
  allograft	
  transplants.	
  (C)	
  Staining	
  was	
  present	
  
at	
   the	
   line	
   of	
   integration	
   in	
   three	
   of	
   the	
   scaffold	
   transplants.	
   (D)	
   No	
   staining	
   was	
  
observed	
   in	
   three	
   of	
   the	
   3-‐day	
   seeded	
   constructs.	
   (E)	
   Staining	
   was	
   present	
   at	
   the	
  
line	
   of	
   integration	
   in	
   three	
   of	
   the	
   3-‐week	
   seeded	
   constructs.	
   (F)	
   Diffuse	
   staining	
   is	
  
observed	
  in	
  the	
  regenerated	
  tissue	
  after	
  meniscectomy	
  alone.	
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Transplant	
  

Staining	
  Present	
  in	
   Staining	
  Present	
  at	
  
Transplant	
  
Integration	
  Line	
  
10	
  
0	
  
0	
  
3	
  
0	
  
4	
  
0	
  
3	
  

No	
  Staining	
  
Present	
  
2	
  
4	
  
3	
  
4	
  

Allograft	
  
Scaffold	
  
3-‐Day	
  Seeded	
  
3-‐Week	
  Seeded	
  
	
  
Table	
  II:	
  Presence	
  of	
  Proteoglycan	
  Staining	
  in	
  Meniscus	
  Transplants.	
  Variability	
  
in	
   staining	
   of	
   for	
   the	
   presence	
   of	
   proteoglycans	
   was	
   observed	
   in	
   all	
   groups.	
   Staining	
  
of	
   transplanted	
   tissues	
   after	
   six	
   months	
   in	
   vivo	
   was	
   observed	
   in	
   three	
   different	
  
patterns:	
  (1)	
  staining	
  within	
  the	
  transplant,	
  (2)	
  staining	
  at	
  the	
  line	
  of	
  integration	
  ,	
  or	
  
(3)	
  no	
  staining	
  present.	
  Ten	
  allograft	
  transplants	
  stained	
  positive	
  for	
  proteoglycan	
  
presence	
   within	
   the	
   transplant.	
   No	
   other	
   groups	
   stained	
   positive	
   for	
   proteoglycan	
  
presence	
  within	
  the	
  transplant.	
  	
  

3.6 Glycosaminoglycan, Collagen and DNA Content
Sulphated glycosaminoglycan content was quantified using a dimethylmethylene
blue dye-binding assay. A significant difference (p<0.001) in GAG content was observed
between the contralateral control medial meniscus and transplanted tissues (Figure
10A*). A significant difference (p=0.0021) in GAG content between groups was
observed after six months in vivo transplantation with respect to dry weight. Tukey’s
post-hoc analysis showed a significant difference between allograft transplants and
scaffolds (p<0.01) and 3-week seeded constructs (p<0.05) (Figure 10Av). Further, a
significant decrease was observed in scaffolds after processing and prior to implantation
at t=0 compared to native tissue (contralateral control) (Figure 10A★). A significant
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Figure	
   10: Glycosaminoglycan Content of Sheep Meniscus Transplants After Six
Months in vivo. GAG content was quantified using a dimethylmethylene blue dyebinding assay. (A) A significant difference (*p<0.0001) in GAG content was observed
between the contralateral control medial meniscus and transplanted tissues. A significant
difference in GAG content between allograft transplants and scaffolds (vp<0.01) and 3week seeded constructs (vp<0.05). Further, a significant decrease (★ p<0.05) was
observed in scaffolds after processing and prior to implantation compared to native
tissue. A significant difference was also found between the scaffolds prior to implantation
and scaffolds at six months as well as 3-week seeded scaffolds (✚ p<0.05). (B) No
significant difference was found when normalized to DNA content.
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difference was also found between the scaffolds prior to implantation at t=0 and scaffolds
at six months as well as 3-week seeded scaffolds (Fig 10A✚).

DNA content was

analyzed for n=7 randomly selected animals from each group. When GAG content was
normalized to DNA content to determine if cellularity had an impact on GAG content, no
significant difference was found. Collagen content was analyzed using an absorbance
hydroxyproline assay. Total collagen content was determined using a hydroxyproline-tocollagen ratio of 1:6.6.[35] No statistically significant differences were noted in collagen
content per dry weight between the contralateral leg and specific treatment groups
(Figure 11A). A statistically significant difference in collagen content per dry weight was
observed between groups (p=0.01). Tukey’s post-hoc testing showed a significant
difference between the meniscectomy group and the 3-day seeded construct and scaffold
groups (p<0.05) (Figure 11A). When collagen content was normalized to DNA content to
determine if cellularity had an impact on collagen content, no significant difference was
found (p=0.15) (Figure 11B).
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*p<0.05	
  

	
  
Figure 11: Collagen Content of Sheep Meniscus Transplants After Six Months in
vivo. Collagen Content was analyzed using an absorbance hydroxyproline assay. No
statistically significant differences were noted in collagen content per dry weight between
the contralateral leg and specific treatment groups. A statistically significant difference in
collagen content per dry weight was observed between groups (p=0.01). Tukey’s posthoc testing showed a significant difference between the meniscectomy group and the 3day seeded construct and scaffold groups (*p<0.05) (A). When collagen content was
normalized to DNA content to determine if cellularity had an impact on collagen content,
no significant difference was found (p=0.15) (B).
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3.7 Compressive Biomechanical Analysis
Unconfined compression testing at a strain rate of 24% was conducted to
determine the compressive biomechanical properties of the meniscus transplants. No
statistical significance was observed between groups (p=0.42) (Figure 12). However, a
decrease in mechanical compressive modulus was observed in the 3-day and 3-week cell
seeded constructs compared to allograft and scaffold transplants. Interestingly, scaffolds
had the highest compressive modulus of all groups.

Figure	
   12:	
   Compressive	
   Properties	
   of	
   Sheep Meniscus Transplants After Six
Months in vivo. Meniscal Transplants were tested under unconfined compression at a
24% strain rate. No statistical significance was found between groups with respect to
compressive modulus. However, a decrease in compressive properties was observed in 3day and 3-week seeded constructs. 	
  
Figure 12: Compressive Properties of Sheep Meniscus Transplants After Six
Months in vivo. Meniscal transplants were tested under unconfined compression at a
24% strain rate. No statistical significance was found between groups with respect to
compressive modulus. However, a decrease in compressive properties was observed in 3day and 3-week seeded constructs.

4. DISCUSSION
This study investigated the use of decellularized and oxidized scaffolds and cell
seeded constructs for meniscal transplantation. During the course of this study, six
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animals were removed due to exclusion criteria. Early in the study, two animals were
removed due to joint infections after transplantation. These infections were found to be a
result of a step in scaffold production and our methods were corrected to ensure sterility
of tissue transplants. After the change in protocol, only one incidence of a joint infection
was found during the rest of the study and that animal was removed from the study. Two
animals were taken out of the study after transplantation due to an undetected pregnancy.
Finally, one animal was taken off study after a diagnosis with Johne’s disease and one
animals removed due to technical inability to perform successful transplantation related
to inherent joint tightness present in that animal.
	
  

All animals tolerated surgery well and were weight bearing on their surgical leg

within 24 hours. At the end of the six-month study, all animals had a normal gait and no
apparent functional limitations to suggest painful arthritis. Gross assessment of the
transplants at six months showed incomplete healing in the posterior regions of all
groups. While the posterior region of the medial meniscus does experience higher
biomechanical stresses than the anterior region, we believe the lack of integration is
partially due to the orientation of sutures placed in that location.[2] Future studies should
consider suturing of the posterior horn to the peripheral rim and capsule using vertical
mattress sutures as opposed to horizontal sutures which in hindsight may provide better
surgical stability of the repair in this model. It is possible that the sutures failed early in
the recovery course when the animals awoke and began to bear weight on the surgical
leg. Future studies will employ a period of restricted weight bearing using an Ehmer sling
to protect the repair during the earliest healing stages and animal arousal from anesthesia,
to better parallel human management. It is also possible that impaired healing in this
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location was related to regional differences in healing capacity of the peripheral rim of
meniscus tissue to the transplant. This location is traditionally believed to be well
vascularized with good healing capacity. In human meniscus transplantation surgery it is
recommended that a small rim of native tissue be left behind to which the allograft
transplant can be attached. It may not be advantageous to have this rim remaining in the
sheep model. The surgical technique was kept constant for all groups with healing present
in the anterior horn and body locations, and deficient healing typically restricted to the
posterior locations. The histology specimens were taken from a location that included a
portion of the posterior horn and so sometimes included the region of incomplete healing,
and the biomechanics specimens came from the posterior horn where healing was more
consistently impaired.
The goal of meniscus transplantation is to protect the knee joint articular cartilage
and to prevent the development of early onset osteoarthritis. This goal was analyzed
using the Gross Joint Assessment Score to measure the presence of arthritic changes in
the joint. Joint assessment scores showed no significant differences between the groups
(p=0.15). Scaffolds had just as high of an incidence of articular changes compared to
allograft transplantation. Though not statistically significant, the cell seeded constructs
provided more joint protection with a reduction in the joint score, compared to scaffolds
and allografts. It is encouraging for this technology that the osteoarthritis scores of the
scaffold and seeded construct groups demonstrated similar findings to the allograft group
without gross failure of the experimental implants. While some degenerative changes are
expected after meniscus transplantation, the presence of articular cartilage changes
appeared restricted to the medial compartment. Further, a significant difference in the
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Joint Gross Assessment Score between the surgical and contralateral legs was observed in
all groups expect for the meniscectomy group. The healthy contralateral joints were not
affected by meniscus transplant surgery.
It is interesting that the meniscectomy group did not demonstrate as significant
articular cartilage changes as the transplantation groups. In an attempt to determine
factors that led to arthritic changes in the implants, a few factors were investigated in
relation to the Gross Joint Assessment Scores. A maximum of four surgeries were
conducted per a week causing a gradual enrollment of animals on study. Seasonal
changes can affect the activity levels of animals thereby affecting their weight. No
correlation (R2=0.27) was observed between weight gain of all animals and the Gross
Joint Assessment Scores. Degenerative changes in the meniscus have been linked to early
onset osteoarthritis. In an attempt to examine this relationship, implant scores were
compared to joint assessment scores. Only the scaffold group had weak correlation
between joint assessment score and implant score (R2=0.73). This suggests that there may
other factors related to transplantation surgery itself that could be contributing to the
evolution of arthritic changes in the sheep model such as implant/recipient size and/or
shape mismatch, inflammatory reaction to the allograft and scaffold implants, or repair
instability of the implant. Sizing measurements of meniscus excision compared with
implants, animal weights, as well clinical observations that did not demonstrate
inflammation suggest that repair instability may be the most significant factor
contributing to the arthritic changes that developed in all of the implant groups. Further,
the significant challenge of reproducing the functional aspect of stress distribution within
the native meniscus with a meniscus transplant procedure must be remembered.
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Histological examination was carried out to visualize cell migration into
transplanted tissues as well as matrix remodeling. No gross differences were observed in
cellular migration between groups. All groups had vast hypocellular regions within the
inner zone of the meniscus. The migration of cells into transplants was noted to be
primarily from the synovial tissue. The seeding of cells onto the constructs prior to
transplantation did not appear to increase cell migration into the tissue, though BMMSCs
were not labeled so tracking was not possible. Further, no significant difference in DNA
content between groups was observed suggesting approximately equal numbers of cells
were in each transplanted tissue. Future studies transplanting seeding constructs could
however utilize a stable nuclear dye to track the migration of implanted stem cells
compared to host repair cells to further investigate if there is a difference at earlier
harvest time points. Matrix production was observed in regions of cellularity compared
to hypocellular regions within all groups.
Important insights into the biology of allograft meniscus transplantation can be
gained from these studies. Proteoglycan staining was detected in all but two allograft
transplants with a broad distribution, but was noted to be decreased when compared with
native normal tissue. Over time in human patients, meniscus allografts gradually fail.
Traditional allograft transplants are still limited by incomplete cellular integration. In
areas of absent cellular infiltration, proteoglycan production declines and existing
proteoglycans are subject to deterioration and degradation. In fact, proteoglycans are
usually the first molecule to be degraded by proteinase activity in cartilaginous tissues.
Therefore, their presence is an indicator of the balance of synthetic and degradative
mechanisms in a tissue.
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No proteoglycan staining was present within the remaining scaffold based
transplanted groups. This lack of staining is due in part from the depletion of
proteoglycans during the oxidation and decellularization process involved in scaffold
synthesis, but also due to the lack of GAG synthesis by cells where they fail to migrate
into the scaffold. Proteoglycan staining in ten different transplants was observed at the
tissue integration line suggesting these cells are reacting to their environment and
functioning similar to native fibrochondrocytes. This was also observed in one
meniscectomy animal that partially regenerated a fibrous tissue similar in shape to the
meniscus. H&E staining showed this tissue to be a more fibrovascular tissue than
fibrocartilage though diffuse proteoglycan staining was present. This substantial
production of proteoglycans is not surprising as meniscectomy causes significant
increases in joint contact stresses and the cellular fibrovascular tissue produced
proteoglycans in response to these changes.
Collagen and GAG content were quantified using absorbance assays. A
significant decrease in GAG content was observed between the contralateral control
medial meniscus and transplanted scaffolds and constructs. This significant difference is
most likely related to the depletion of GAGs during decellularization and oxidation as
shown in the significant decrease in GAG content between scaffolds prior to implantation
(t=0) compared to native tissue (contralateral control). No statistically significant
differences were noted in collagen content per dry weight between the contralateral leg
and specific treatment groups. These data support previous finding from our lab that
decellularization does not significantly affect the quantity of collagen within the tissue.
The ability to compare our results to other studies is limited, as very few studies have
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reported on the quantification of ECM components following in vivo transplantation.
Kang and colleagues did report on a significant reduction in collagen content in a PLGA
meniscus transplant compared to native tissue in a rabbit model.[39] Further, Jackson et
al. reported a loss of almost 50% of uronic acid content suggesting a significant loss of
proteoglycans.[33]
Compression testing of meniscus transplants showed no statistical significance
between groups. However, cell seeded constructs saw a relative drop in compressive
properties compared to allograft and scaffold groups. This decrease in modulus in seeded
constructs may be due to a loss of biomechanical properties incurred during the preimplantation in vitro culture period. This decrease in modulus may also be due to tissue
remodeling, although none of the seeded groups were shown to have a proportionally
higher level of cell ingrowth. Our group has previously measured the compressive
modulus of native ovine meniscus (data not published) and found the average
compressive modulus to be 46.13±4.05 MPa. A statistically significant decrease in
compressive modulus was observed between native tissue and all meniscus transplant
groups (P<0.0001). This decrease has been previously shown to be a result at least in part
due to the oxidation and decellularization of tissues during scaffold production.[24] In
addition, these data correlate with finding from GAG content and proteoglycan staining
as both data sets showed a significant decrease of proteoglycan content in the meniscus
after decellularization and oxidation which failed to improve after in vivo implantation.
Since proteoglycans play a major role in the compressive properties of the meniscus, it
comes as no surprise that a decrease in compressive modulus is observed with the
depletion of GAGs and proteoglycans.
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Interestingly, other groups who have published data on biomechanical properties
of decellularized tissue did not observe a significant change in mechanical properties
compared to native tissue, although their compressive testing methods were performed as
indentation tests and only in vitro data has been published.[21-23] Our scaffold
generation protocol also involved higher levels of tissue oxidation solutions to increase
porosity than these studies and may be more detrimental to the biomechanical properties
of the tissue. Further, any increase in cell migration due to the increased porosity was not
sufficient to replace the lost biomechanical properties. Our group has previously shown a
20% decrease in the compressive modulus between native tissues and 1.5% peracetic acid
scaffolds with 24 % strain. While this study investigated the use of 2.5% peracetic acid
scaffolds, similar results were expected. Further studies need to be carried out on the
biomechanical properties of scaffolds prior to implantation to establish if any additional
properties are lost in vivo or rather if the loss is solely due to the decellularization and
oxidation of the scaffolds.
	
  
5. CONCLUSION
	
  
	
  

This	
   study	
   demonstrates	
   the	
   feasibility	
   of	
   using	
   decellularized	
   and	
   oxidized	
  

tissue	
  for	
  meniscus	
  transplantation.	
  While	
  scaffolds	
  and	
  cell	
  seeded	
  constructs	
  did	
  
not	
  outperform	
  allografts,	
  the	
  current	
  gold	
  standard	
  of	
  treatment,	
  they	
  did	
  not	
  cause	
  
any	
   more	
   significant	
   harm	
   to	
   the	
   knee	
   joint	
   than	
   allografts.	
   Further,	
   seeded	
  
constructs	
   did	
   demonstrate	
   trends	
   toward	
   better	
   joint	
   scores,	
   but	
   did	
   not	
   reach	
  
statistical	
   significance.	
   It is clear, that the depletion of proteoglycans during
decellularization and oxidation of tissues to increase porosity of the scaffolds and
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constructs was detrimental to the biomechanical properties of the implants. Further, any
increase in cell migration due to the increased porosity was not sufficient to replace the
lost biomechanical properties. Studies to improve strategies for cellular migration and
proteoglycan production early in the healing process are essential. Despite the limitations
observed in this study, decellularized and oxidized tissues continue to have excellent
potential as a tissue engineered solution for meniscal transplantation. 	
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Biologic scaffolds derived from decellularized tissue have been used in a wide
variety of tissues for both experimental and clinical application of tissue replacement.[14] Removal of cellular components from native tissue provides a scaffold with remnants
of the structural and functional proteins of the extracellular matrix (ECM). The rationale
for decellularization of tissues is that removal of endogenous cells creates an ideal
scaffold with little immunologic material, yet this process preserves enough of the
original structure and composition to provide tissue-specific cues to re-seeded cells.
While decellularization of tissues creates an “ideal” scaffold with the right components
and structure, without cells the tissue will be functionless. Cell seeding of decellularized
tissue is a vital step in the process of engineering functional replacement tissues.
Fabrication of such “constructs” is a complicated process, with design criteria
encompassing materials, engineering, physics, and biology.

1. SEEDING THREE-DIMENSIONAL SCAFFOLDS
Seeding cells efficiently and uniformly into the entire bulk of three-dimensional
scaffolds is an ideal goal and an important step in engineering of replacement tissues.
This is especially true when a low number of cells are available for tissue regeneration
like when a surgeon is relying on cells harvested from a small biopsy that cannot be
extensively expanded ex vivo.[5] While a scaffold alone provides the structural network
to support a tissue construct, it is the cells along with a vascular network and innervation
that make the tissue functional.
Complete cell-mediated remodeling of engineered tissues is vital to the success of
the construct. In pre-seeded constructs, cells within the scaffold at the time of
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transplantation are responsible for remodeling the scaffold and integrating into the host
tissue. They may be required to grow and divide, or facilitate the recruitment of
endogenous cells until tissue homeostasis is achieved. Despite the importance of the recellularization process in tissue engineering, little research has been conducted on the
seeding of meniscus scaffolds specifically. In order to optimize tissue engineering of the
meniscus, seeding and culturing techniques must be studied to develop optimal
conditions for fibrocartilage synthesis. The purpose of this chapter is to outline
preliminary experiments that were conducted to determine the best techniques for seeding
of a meniscus scaffold.

2. REPORTED ATTEMPTS AT SEEDING MENISCUS SCAFFOLDS
Very little literature exists on seeding of meniscus scaffolds. In and of itself, the
meniscus is a difficult tissue to achieve initial cell infiltration and eventually, cellular
migration due to the dense packing of parallel collagen fibers at the surface. Multiple
groups have reported on seeding of synthetic meniscus scaffolds both in vitro and in vivo
studies. Scaffolds made from silk, collagen, polyglycolic acid (PGA), and vicryl have all
been seeded in an attempt to engineer a replacement meniscus.[6-10] A few of these
studies are described below.
Martinek et al. described the use of cultured fibrochondrocytes seeded on a
collagen meniscus implant (CMI) at a density of 10×106 cells per 3.25cm length of
scaffold for meniscus replacement.[9] Cells were seeded into the CMI by injecting them
with a 27 Gauge needle.[9] Seeded constructs were then cultured for three weeks prior to
implantation in an ovine model. At three weeks post-transplantation, constructs showed
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variable cell migration into the scaffolds. Further, the seeded constructs had a lower
number of cells, but higher amounts of intercellular matrix compared with unseeded
groups after three weeks in vivo.[9]
Weinand and colleagues seeded autologous and allogenic chondrocytes onto
woven Vicryl mesh cut into 20 × 6 mm scaffolds.[11] The thickness of the scaffolds was
not reported. However, based on the defect size being filled, the scaffolds were most
likely very thin sheets of Vicryl mesh. These scaffolds were dynamically seeded using a
horizontal oscillation of 40Hz for nine days in 5mL of culture medium containing 10
million cells.[11] Results indicated full cellular incorporation into the scaffolds.
Ibarra and colleagues studied the seeding of bovine fibrochondrocytes onto PGA
scaffolds (dimensions were not stated).[12] Statically seeded scaffolds were implanted
subcutaneously in nude mice for 12 weeks. No reference to cell density after 12 weeks
was reported however the presence of collagen fibers and proteoglycans was, which
suggested feasibility of creating a synthetic tissue engineered meniscus construct.[12]
Kon and colleagues reported on dynamic seeding of autologous chondrocytes
onto synthetic scaffolds made of polycaprolactone and HYAFF.[7] Dedifferentiated
fibroblastic chondrocytes were seeded at a density of 25×106 cells/cm3 (roughly 40×106
cells/scaffold) in a mixing flask with 100mL of Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (FCS).[7] Seeding was performed for
24 hours at 50rpm. Media was then replaced with DMEM supplemented with FCS,
10mg/mL insulin, 0.1mM ascorbic acid, and 1 ng/mL transforming growth factor beta
1.[7] Cell seeded constructs were incubated for 14 days in a flask with continuous
stirring.[7] Histological examination of the scaffolds at 14 days showed cells and secreted

	
  
|111|	
  

extracellular matrix confined to the scaffold surface. Further, staining for sulphated
glycosaminoglycans was absent.
Peretti and colleagues implanted devitalized meniscus scaffolds seeded with
autologous chondrocytes in a porcine meniscal defect.[10] Devitalized scaffolds are
similar to decellularized scaffolds in that donor cells are killed, however, no attempt to
remove cellular debris is made. Scaffolds of 4mm × 10mm × 0.5mm dimensions were cut
from the outer rim of devitalized meniscus and bathed in a cell suspension of 2 × 106
cells in a 50mL conical tube for 2.5 weeks.[10] These seeded constructs were then
implanted in vivo in a meniscal defect and sutured in place. Constructs were explanted at
nine weeks. Results showed only partial healing of the construct in the defect, despite
achieving uniform cell migration into the entire scaffold.[10]
The studies outlined above show several different ways in which investigators
have introduced cells into/onto scaffolds. Published techniques include static seeding of
cells by dripping them onto a scaffold or by submerging scaffolds in a cell suspension,
dynamic seeding which is similar to static except a shaker or oscillating motion is used,
and injecting cells into a scaffold. A wide variety of cells are also available for seeding of
the meniscus, though the most commonly used are autologous chondrocytes,
fibrochondrocytes, and bone marrow stem cells. In an attempt to produce a scaffold that
mimics the cellularity of native meniscus, some studies have even co-cultured both
fibroblasts and chondrocytes to form fibrocartilage.[6] Despite the multiple techniques
attempted, no single technique has emerged as effective for seeding full-scale meniscus
replacement constructs for in vivo transplantation.
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3. SEEDING OF DECELLULARIZED ALLOGRAFT DERIVED MENISCUS SCAFFOLDS
As previously mentioned, seeding of meniscus scaffolds can be challenging due to
the dense packing of collagen fibers throughout the meniscus and parallel fibers at the
surface that inhibit cell infiltration (Figure 1). To overcome these challenges we proposed
to use chemical oxidation of decellularized tissue to increase the porosity and facilitate
cellular migration. A variety of cell sources, oxidation conditions and seeding techniques
were employed in an experimental matrix designed to optimize seeding of meniscus
scaffolds for future in vivo applications.

2	
  mm	
  

Figure 1: Hematoxylin & Eosin Staining of Normal Meniscus. A unique challenge of
seeding the meniscus is the parallel fibers (arrows) that cover the surface of the meniscus
as well as the dense packing of collagen throughout the meniscus.
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3.1 Decellularization of Meniscal Tissue
Decellularization and oxidation of meniscal tissue initially began using harvested
ovine meniscal tissue with intact roots. Harvested tissue was wrapped in saline soaked
gauze and frozen at -20°C until processing. Decellularization and oxidation of tissues was
carried out using the following protocol:
1. Thaw frozen tissue at room temperature.
2. Place individual menisci in 500mL of DNAse/RNAse free distilled water and
place on a rotating shaker (New Brunswick Scientific, Edison, NJ) at 200rpm and
37°C for 48 hours
3. Discard the water and add 500mL of 0.05% trypsin-ethylenediaminetetraacetic
acid (EDTA, Invitrogen) solution and return to the shaker for 24 hours.
4. Discard the trypsin solution and replace with 500mL of Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose (Invitrogen) mixed with 10% fetal
bovine serum (FBS) (Valley Labs, Winchester, VA), 100IU/mL of penicillin,
100mg/mL of streptomycin, and 0.25mg/mL of amphotericin B (Invitrogen) and
return to the shaker for 24 hours.
5. Discard the trypsin solution and replace with 500mL of 2% Triton X-100 (SigmaAldrich, St. Louis, MO) and 1.5% peracetic acid (PAA) (Sigma-Aldrich) and
return to the shaker for 48 hours. This oxidation solution is changed once after 24
hours of oxidation.
6. Discard the oxidation solution and replace with 500mL of distilled
DNAse/RNAse free distilled water. Return to the shaker for one hour.

	
  
|114|	
  

7. Discard the distilled water and add fresh distilled water. Return to the shaker for
24 hours. The distilled water is changed an additional two times with 24 hours
incubation for each wash.
8. Discard the distilled water and replace with 500mL of Phosphate Buffered
Solution (PBS) for 24 hours.
9. Scaffolds can either be used immediately, or frozen at -20°C until needed.

It is important to understand and appreciate the intent of each step and relate it to
the ultimate function of the scaffold. The above protocol starts with the lysis of the cell
membrane, followed by separation of cellular components from the ECM, acid etching of
ECM to increase porosity, solubilization of cytoplasmic and nuclear cellular components,
and finally removal of cellular debris from the tissue leaving a decellularized and
oxidized tissue. The initial freezing of the scaffold produces intracellular ice crystals that
disrupt the cell membrane. Subsequent hypotonic washes serve to lyse the cells. Trypsin
is a highly specific proteolytic enzyme that cleaves the peptide bonds on the carbon side
of arginine and lysine if the next residue is not proline.[13] It is used to increase
solubility of the tissue to improve penetration of subsequent agents and to disrupt tissue
ultrastructure.[13] Trypsin has been shown to remove collagen and glycosaminoglycans
(GAGs) after prolonged exposure.[14] DMEM with FBS is then used to neutralize the
trypsin. The addition of antibiotics helps kill any bacteria that may have been present in
the tissue. Peracetic acid is used to solubilize the cytoplasm and remove nucleic acids as
well as increase porosity by disruption and solubilization of portions of the collagen
matrix. At low concentrations (~1.5%) it has been shown to have limited impact on
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mechanical properties. However, our studies use much higher (2.5-5%) concentrations
that do affect mechanical properties.[15] Triton X-100, a nonionic detergent, is used to
disrupt lipid-lipid and lipid-protein interactions. While it preserves protein-protein
interactions, it does remove some GAGs.[13] It is unlikely that these solutions will
completely remove 100% of the cell components. However, previous research in our lab
has shown that the DNA content levels are significantly decreased and all visible cellular
material is removed resulting in a biologic scaffold material that is safe for
implantation.[16]

3.2 Oxidation Threshold for Meniscus Tissue
An inverse relationship exists between creating porosity for improved exogenous
cell seeding/endogenous cell infiltration and the initial mechanical properties of an
implanted construct. Increasing porosity of the tissue generally results in decreased
biomechanical properties. The goal is to break down the ECM enough to achieve cellular
migration into the scaffold. Though a decrease in biomechanical properties (eg. stiffness)
will take place, the newly seeded cells will then secrete new matrix that will replace lost
properties. Further, once transplanted, total remodeling time must be considered as the
scaffold will continue to degrade if seeded cells are not able to maintain the ECM. This
relationship is illustrated in Figure 2.
In order to determine the threshold of meniscus oxidation, adult ovine scaffolds
were placed in four different concentrations of peracetic acid using the protocol described
in Section 3.1. The goal of this experiment was to determine the maximum amount of
peracetic acid that could be used to increase the porosity of the tissue without detrimental
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Figure 2: Idealistic Degradation of Scaffolds/Tissue as It Relates to Tissue
Engineering. There is a delicate balance act when regenerating tissues to ensure
sufficient healing takes place so as to overcome degradation of the scaffold. Ideal
scaffolds support cellular ECM synthesis rates equal to the degradation rate of the
scaffold.

loss of mechanical properties. Figure 3 shows the tissues after 24 hours of processing in
5%, 10%, 20%, and 30% concentrations (weight %) of PAA. This initial experiment
established a threshold for peracetic acid when decellularizing and oxidizing tissues. A
concentration of 20% and 30% completely dissolved the tissue after 24 hours incubation.
Concentrations of 5% and 10% maintained the gross architecture of the tissue. These last
two concentrations were used to prepare scaffolds for initial seeding studies, in addition
to an interim concentration of 7.5%.
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Figure 3: Oxidation Threshold of Meniscus Tissue in Peracetic Acid Scaffolds were
decellularized and oxidized in PAA concentrations of 5% (A), 10% (B), 20% (C), and
30%(D) for 24 hours. Total loss of tissue was observed in 20% and 30% PAA solutions
while gross architecture was maintained with 5% and 10% solutions.

3.3 Seeding of 5%, 7.5%, and 10% Peracetic Acid Processed Meniscus Tissue Plugs
The first part of this experiment aimed to determine the effect of increasing the
percentage of PAA on the seeding potential of the meniscus since previous studies were
carried	
   out	
   on	
   scaffolds	
   made	
   with	
   1.5%	
   PAA	
   (data	
   not	
   shown).	
   Our	
   initial	
   study	
  
showed	
   that	
   concentrations	
   above	
   10%	
   had	
   the	
   potential	
   to	
   destroy	
   important	
  
structural	
  elements	
  of the tissue. Ovine lateral menisci were processed according to the
protocol in Section 3.1 using 5%, 7.5% or 10% PAA to create scaffolds for seeding
(Figure 4). Both 7.5% and 10% concentrations were too harsh on the tissue and
significantly altered the gross structure of the meniscus (Figure 4). Ten percent PAA
processing resulted in a scaffold that could not maintain the native meniscus shape. After
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5%	
  

7.5%	
  

10%	
  

Figure 4: 5%, 7.5% and 10% Peracetic Acid Oxidation of Lateral Ovine Menisci.
Meniscus tissue was processed in different concentrations of PAA to determine their
affect on seeding of the meniscus. Results show decellularized and oxidized tissue after
48 hours in the oxidation solution. Significant alteration to the gross architecture of tissue
processed in 10%PAA was observed. After handling tissue processed with 7.5%, concern
over poor biomechanical properties was raised.

handling tissue processed with 7.5%, concern over poor biomechanical properties was
raised. Despite the substantial decrease in the gross structure of the tissue, these scaffolds
were used for seeding studies to determine if these high levels would increase cell
migration into the scaffold by substantially increasing the porosity.
Following processing, 4mm in diameter tissue plugs were taken from the outer
portion of the scaffold and cut into discs as described in Figure 5. Slices measuring 23mm thick were taken from the center of each plug. Once tissue scaffold plugs were
made, the effect of oxidation and static versus dynamic seeding on cell migration into the
scaffold was tested. Scaffolds were seeded with 1×106 NIH-3T3 cells per milliliter
DMEM high glucose with 10% FBS, and 1% Penicillin/Streptomycin. NIH-3T3 cells are
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4mm punch

Figure 5: Creation of Tissue Plugs from Decellularized Meniscal Tissue. Tissue plugs
were created using a 4mm biopsy punch to remove a cylinder of tissue from the outer
portion of the meniscus. Tissue cylinders were then trimmed to make 2-3mm thick disks
for seeding studies.

mouse fibroblasts and were selected due to their ease of use, availability, immortality,
steady growth rate, and ability to migrate and infiltrate porous scaffolds. Cells were
seeded on the scaffolds both statically and dynamically to determine if one method was
better than the other. Static seeding was carried out by dripping 1mL of cell suspension
on top of each tissue plug in a 48 well plate. Cells were allowed to attach to the scaffolds
for 72 hours and were then moved to a 12 well plate and cultured for two weeks at 37°C
and 5% CO2. Dynamic seeding was carried out by placing tissue plugs in 100mL of
media containing 1×106 cells and then placing the culture on a rotating shaker at 100 rpm
for 24 hours. Scaffolds were then placed in a 12 well plate and cultured statically for two
weeks at 37°C and 5% CO2. Media was changed every two days in both static and
dynamic cultures. Hematoxyalin and Eosin (H&E) staining was performed to assess
cellular migration into the scaffolds (Figure 6).
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Figure	
  6:	
  H&E	
  Staining	
  of	
  Static	
  and	
  Dynamic	
  Seeded	
  Scaffolds.	
  Static	
  and	
  dynamic	
  seeding	
  of	
  5%,	
  7.5%	
  and	
  10%	
  PAA	
  
oxidized	
  scaffolds.	
  Limited	
  cell	
  infiltration	
  is	
  observed	
  after	
  14	
  days	
  of	
  seeding	
  in	
  both	
  static	
  and	
  dynamic	
  cultures.	
  

H&E staining of the tissue plugs showed cellular attachment primarily on the
outside of the scaffold (Figure 6). Cellular migration was limited in all scaffolds as cells
preferred to stack on the outside rather than migrate inward. Dynamic seeding of the
scaffolds did appear to help cell migration, but only incrementally. A concurrent 6-week
in vivo meniscus transplantation pilot study was performed where 5% and 7.5% scaffolds
were implanted. The findings from these scaffolds suggested gross transplant failure with
significant osteoarthritis present (Figure 7). It was presumed these findings were related
to biomechanical failure of the highly oxidized scaffolds, although additional
explanations such as infection were not completely ruled out. At this point though, higher
levels of PAA processing were abandoned and lower levels were used for subsequent
studies.
A	
  

B	
  

Figure	
   7:	
   In	
   vivo	
   Ovine	
   Meniscus	
   Transplantation	
   Pilot	
   Scaffolds.	
   5%	
  (A)	
  and	
  
7.5%	
   (B)	
   PAA	
   scaffolds	
   were	
   implanted	
   for	
   meniscus	
   transplantation.	
   Scaffolds	
  
degraded	
  rapidly	
  over	
  6	
  weeks	
  and	
  significant	
  loss	
  of	
  tissue	
  occurred.	
  

3.4 Seeding of 1.5% and 2.5% Peracetic Acid Processed Meniscal Scaffolds
Previous scaffold development within our group used 1.5% PAA to decellularize
and oxidize tendon and ligament tissue, so testing concentrations lower than 5% appeared
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justified for the meniscus.[17] Ovine bone marrow mesenchymal stem cells (oBMMSCs)
were statically seeded on scaffolds processed with 1.5% and 2.5% PAA as described in
Section 3.1 for two and four weeks. Cell seeding was carried out as described in Section
3.3 onto scaffold disks measuring 4mm in diameter by 2 mm in height. Scaffolds disks
were then incubated for two or four weeks at 37°C and 5% CO2. H&E staining was
performed on tissue plugs to assess cellular migration into the scaffolds.
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Figure	
  8:	
  Seeding	
  of	
  1.5%	
  and	
  2.5%	
  Peracetic	
  Acid	
  Processed	
  Ovine	
  Scaffolds.	
  
Scaffolds	
  were	
  seeded	
  with	
  oBMMSCs	
  for	
  two	
  and	
  four	
  weeks	
  to	
  assess	
  cellular	
  
migration.	
  Cellular	
  migration	
  was	
  observed	
  up	
  to	
  500μm	
  into	
  the	
  scaffolds	
  after	
  two	
  
weeks	
  seeding.	
  	
  

	
  
|123|	
  

3.5 Hypoxia Culture of Seeded Meniscus Scaffolds
	
  

After	
   somewhat	
   promising	
   results	
   from	
   experiments	
   performed	
   in	
   the	
  

previous	
   section,	
   a final preliminary experiment was conducted to determine the
behavior of cells in seeded scaffolds cultured in a hypoxic environment (5% O2 , 5%
CO2, 90% N2). Ovine BMMSCs were statically seeded on nine 2.5% PAA, 48 hour,
processed ovine lateral meniscus scaffolds as described in section 3.1 and 3.3. Cell
seeded scaffolds were cultured in DMEM high glucose with 10% FBS and 1%
penicillin/streptomycin and incubated under normal culture conditions at 37°C and
5%CO2 for two weeks. At this point three scaffolds were removed and stained to
determine cell migration at the baseline time point. Previous unpublished studies in our
lab have shown that immediate culture of scaffolds under hypoxic conditions impedes
cell proliferation and migration into the scaffold. To overcome this, an initial seeding for
two weeks under normoxic conditions was used. After baseline scaffolds were removed
for analysis, the remaining six scaffolds were divided into either normoxia (20% O2)
conditions or hypoxia (5% O2) conditions. Scaffolds were incubated in their respective
test group for two or four weeks. At these time points, 5µ sections were cut on a cryostat
and mounted on slides with 4',6-diamidino-2-phenylindole (DAPI) nuclear stain.
Scaffolds removed after the baseline culture in normoxia had clear, but limited,
cell migration into the scaffolds (Figure 9). Cells attached to the surface of the scaffold
and grew on top of each other. At two weeks cell migration was observed in the scaffolds
in both hypoxia and normoxia culture conditions. Hypoxia did not appear to inhibit the
migration of cells into the scaffold. While cells did	
  not	
  appear	
  to	
  migrate	
  deeper	
  into	
  
the	
   scaffold	
   after	
   four	
   weeks	
   compared	
   to	
   two	
   weeks,	
   more	
   cells	
   did	
   appear	
   to	
   have	
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migrated	
   into	
   the	
   scaffold	
   at	
   four	
   weeks.	
   This	
   study	
   lays	
   the	
   foundation	
   for	
   future	
  
seeding studies	
  to	
  determine	
  the	
  effect	
  of	
  hypoxia	
  on	
  stem	
  cells	
  seeded	
  on	
  meniscus	
  
scaffolds.
	
  
4. ALTERNATIVE METHODS FOR SEEDING MENISCUS SCAFFOLDS
While static and dynamic seeding of the meniscus are the most common methods,
other approaches including incorporation of chemotactic factors and bioreactors have
been used. In an attempt to increase seeding efficiency and cell migration into meniscus
scaffolds, a few of these techniques were investigated. First, a negative pressure gradient
was used to try to pull cells into the scaffold. Scaffolds were placed on a porous platen
and negative pressure was applied to the surface while applying a cell suspension
dropwise. Ideally, the cell suspension would have flowed through the scaffold, but due to
the density of meniscal tissue, the suspension flowed down the sides of the scaffold
towards the negative pressure source. Attempts to seal the scaffolds to prevent leaking
were unsuccessful and therefore this seeding technique was not investigated further.
Growth factors were also investigated as a means to use chemotaxis to promote
cell migration. A seeding chamber was created that allowed meniscus scaffolds to be
bathed in a growth factor on one surface and a cell suspension on the other, creating a
growth factor gradient through the scaffold. Scaffolds were incubated while exposed to
bone morphogenetic protein 2 (BMP-2), platelet derived growth factor (PDGF), and
stromal cell-derived factor 1 (SDF-1) for 24 hours. These growth factors were chosen
based on studies in the literature that reported successful stem cell migration in twodimensional culture.[18-21] Constructs were sectioned and H&E stained to assess
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Figure 9: Ovine meniscus scaffolds seeding under normoxic and hypoxic culture
conditions. Ovine meniscus scaffolds were seeded with BMMSCs and cultured under
hypoxic and normoxic conditions for two and four weeks. Hypoxia did not impede
migration of cells into the scaffolds. Cell migration up to 600µm was observed after
four and six weeks total culture time.
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cellular migration. Similar to the negative gradient study, an adequate seal could not be
formed around the scaffolds which led to cell suspensions leaking around the sides of the
scaffolds into the growth factor solution, thereby bypassing the scaffold all together.
Some cell attachment was present on the scaffolds after 24 hours. However, no
cell migration was present. Due to these challenges, investigation into this seeding
technique was not pursued further.

5. CONCLUSIONS
Seeding of three-dimensional scaffolds is challenging due to the need for an open
porous structure while maintaining mechanical integrity. Moreover, excessive porosity
can cause cells to flow through a scaffold without initial entrapment and eventual
adhesion. Meniscus scaffolds prove to be even more challenging due the dense collagen
structure. A variety of seeding techniques including static, dynamic, negative pressure,
and growth factor gradients were investigated as potential methods. In addition, a range
of PAA solutions was used in an attempt to optimize the porosity of meniscus scaffolds
to promote cell migration. Levels of PAA above 5% were detrimental to the gross
structure and biomechanical function of the meniscus. Further, H&E staining of seeded
2.5% PAA scaffolds showed no significant difference in cell migration. This most likely
can be contributed to the limitations of oxygen and nutrient diffusion into the center of
dense scaffolds. While 5% scaffolds maintained their gross appearance, pilot in vivo
studies using these scaffolds showed that they degraded and were unsuccessful at
protecting underlying articular cartilage. Failure of these grafts was most likely due to
their poor biomechanical properties.
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Static and dynamic seeding of 2.5% PAA scaffolds were investigated with
promising results. No significant difference between static and dynamic seeding was
observed so static seeding was adopted for future studies since it is more convenient and
requires fewer numbers of cells. Static seeding of cells onto 2.5% scaffolds resulted in
cell migration up to approximately 600µm. Further, the culture of these seeded scaffolds
in hypoxic conditions after initial seeding in normoxia did not further inhibit cell
migration into the scaffold.
Despite some incremental progress in the foregoing experiments, seeding of
decellularized whole meniscal tissue still remains challenging. New technologies must be
developed to overcome the limitations to initial cell infiltration and later migration of
cells to the central substance of the scaffold. The dense nature of these types of
connective tissue scaffolds, combined with a generally small average pore size and lack
of interconnectivity of pores, presents initial impediments to initial seeding and viability
of seeded cells, as well as additional downstream challenges in terms of remodeling of
constructs in vivo with ingrowth of vasculature and innervation. Multiple groups have
reported on the homogenous seeding of thin sheets of tissue.[11, 22] This technique could
be investigated for the meniscus as these constructs could potentially be sutured together
and allowed to grow into one large tissue, but would have limited ability to perfectly
mirror the native biomechanical properties of the meniscus. Further, new techniques such
as bio-printing could be investigated.[23] The heterogeneous structure of the meniscus
could be printed layer by layer using cells suspended in a flowable biomaterial, thereby
not having to rely on cell migration into the scaffold. Further, since native meniscal tissue
exists within a hypoxic environment, normoxic oxygen tension within scaffolds is not as
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much of a concern as it is for more vascularized tissue. Investigation of these and other
novel seeding techniques is needed for clinical translation of seeded scaffolds for
meniscus transplantation.
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1. INTRODUCTION

Meniscal tissue has poor regenerative capacity following injury and degradation,
due in part to its avascular nature. The current gold standard of treatment for
symptomatic meniscal deficiency is allograft transplantation. Several studies have
described limitations of allograft transplantation including incomplete host cellular
repopulation with hypocellular central regions, absence of cellular proliferation, and
evidence of a microscopic immune response to the transplanted tissue.[1-3] Tissue
engineering of a meniscal replacement offers a possible solution to these limitations. Cell
seeded constructs have been suggested as an alternative to allograft transplantation and
multiple animal studies have shown that seeding of cells onto scaffolds improves healing
of the meniscus in vivo.[4-7]
Cellular requirements for tissue engineering of the meniscus include an adequate
supply of cells or cells that are capable of in vitro expansion, as well as cells capable of
secreting a fibrocartilagenous matrix. While fibrochondrocytes are an ideal cell source,
there is concern that isolating sufficient cell numbers would be difficult given the low
cell density, as well as the dense nature of the extracellular matrix (ECM) and associated
difficulty in efficiently harvesting cells. In addition, patients requiring meniscus
replacement lack meniscal tissue and there is concern over the function of cells harvested
from the remnant tissue. Despite these issues, monolayer culture of fibrochondrocytes has
been achieved, though a significant downregulation of ECM gene expression in later
passages has been noted pointing to the de-differentiation of these cells in culture.[8]
Low synthetic capacity and limited expansion of these cells has also been observed.[9,
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10] Adult mesenchymal stem cells (MSCs) may be an alternative autologous source for
meniscus tissue engineering applications due to their multipotency and relative ease of
isolation and expansion.[11] The use of MSCs in meniscus regeneration, however, will
be dependent on the development of efficient and controlled differentiation methods,
which have only been sparsely described in the published literature.
Research on the differentiation of stem cells toward a fibrochondrocyte phenotype
for meniscus tissue engineering is still in its infancy. In fact, very few studies have been
conducted on differentiation of stem cells towards fibrochondrocytes in general.
Significant research has been conducted on the differentiation of stem cells toward the
chondrocyte lineage and therefore it is relevant to draw from this literature when
developing strategies for differentiation toward fibrochondrocytes.
The cellular microenvironment plays an important role in stem cell
differentiation. Accordingly, microenvironmental effects on the differentiation pathway
of MSC directed toward chondrogenesis have been investigated. Differentiation in
suspension, on two-dimensional surfaces, or three-dimensional scaffolds such as a
hydrogel or polymer scaffold have been the focus of several published studies.[12-15]
The microenvironment can also include the presence of other cell types or the use of
conditioned media to provide important paracrine or autocrine signals.[16, 17]
A common treatment in many chondrogenesis differentiation protocols is the use
of serum-free or low-serum “chondrogenic” medium containing insulin, ascorbic acid,
and dexamethasone.[18-20] The addition of growth factors to initiate differentiation has
also been explored. Transforming growth factor-β (TGF-β) and proteins from the bone
morphogenetic protein (BMP) super family have been commonly used for chondrogenic
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differentiation.[18, 21, 22] Hoben and colleagues studied the effect of TGF-β3, BMP-2,
BMP-4, BMP-6, platelet derived growth factor–BB (PDGF-BB) and sonic hedgehog
protein on the differentiation of embryonic stem cells toward fibrochondrocytes.[23]
They found 6.7- and 4.8-fold increase in glycosaminoglycan and collagen synthesis
respectively with TGF-β3 and BMP-4 treatments.
Naturally derived and artificially synthesized extracellular matrix scaffolds have
also been used to optimize cell attachment, growth, and differentiation.[16] The presence
of ECM components in naturally derived scaffolds more closely replicates the
physiological environment that supports chondrogenesis than synthetic scaffolds or
traditional monolayer cell culture. ECM plays an important physiological role by
influencing the immediate microenvironment of the cells embedded within it and it has
been shown, using collagen type II, that ECM enhances the directed differentiation of
stem cells toward the chondrogenic lineage.[24]
Environmental cues such as mechanical stimulation and oxygen tension have also
been explored as factors in stem cell differentiation.[21, 25] Adesida and colleagues
showed that a combination of basic fibroblast growth factor and low oxygen tension (5%
O2) enhanced the matrix-forming phenotype in human meniscal cells.[26] A follow-up
study revealed that the fibrochondrocyte response to low oxygen tension was mediated by
hypoxia inducible factor 1α (HIF-1α).[27] HIF is a heterodimeric transcription factor that
plays an essential role in mammalian development and physiology.[28] It is composed of
HIF-1α and HIF-1β subunits. The expression and activity of the HIF-1α subunit is tightly
regulated by cellular oxygen concentrations.[28] It is rapidly degraded upon
hydroxylation by proxyl hydroxylases in normoxic conditions. HIF degradation is
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retarded under hypoxic conditions thus allowing its accumulation and heterodimerization
with HIF-1β in the nucleus. The binding of this complex activates the transcription of
genes encoding erythropoietin, glucose transporters, glycolytic enzymes, vascular
endothelial growth factor, and other genes whose protein products increase oxygen
delivery.
While a variety of approaches are available for regulating the differentiation of
stem cells into fibrochondrocytes, systematic experimentation with these methods must
be conducted to understand the exact effect of each treatment. The overall objective of
this project was to develop a system for the differentiation of human bone marrow
mesenchymal stem cells (BMMSCs) toward a fibrochondrocyte lineage using a three
dimensional allograft derived meniscus bioscaffold. Our hypothesis is that environmental
cues from the decellularized meniscus scaffold would stimulate seeded BMMSCs to
increase ECM synthesis and differentiate toward a fibrochondrocyte phenotype. Due to
the hypovascular nature of the meniscus, meniscal cells function within a hypoxic
environment. In an effort to further study the effect of oxygen tension on BMMSC
differentiation toward the fibrochondrocyte lineage, the effect of hypoxic versus
normoxic culture on BMMSC seeded scaffolds was investigated. Our hypothesis was that
an increase in proteoglycan synthesis and an upregulation of HIF-1α translocation to the
nucleus would occur in hypoxic culture.
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2. MATERIALS AND METHODS	
  
2.1 Scaffold Production
Fresh normal lateral human menisci were obtained no more than 24 hours post
mortem from donors between the ages of 41 and 60 years old. Tissue was harvested and
blinded from identifiable patient information through the National Disease Research
Interchange (NDRI) with approval from the Institutional Review Board. Collected
samples were wrapped in saline soaked gauze and stored at -20°C until processing.
Processing of tissue was carried out as described in Chapter IV on page 114. Briefly,
tissue was placed in a hypotonic wash followed by decellularization in trypsin
(Invitrogen). Further decellularization and oxidation was carried out with 2.5% peracetic
acid (Sigma-Aldrich) and 2% Triton X-100 (Sigma-Aldrich) for 96 hours. After
decellularization, scaffolds were washed to remove residual chemicals and neutralized in
Dulbecco’s phosphate buffered solution (PBS) (Tousimis, Rockville, MD). Cylindrical
tissue plugs, 5mm in diameter and 2mm thick, were then cut from the tissue according to
the method outlined in Figure 5 in Chapter IV on page 120. Prior to seeding, scaffolds
were equilibrated in media for 24 hours.

2.2 Seeding and Culture of Scaffolds
Human BMMSCs (Lonza, USA) were expanded in culture using Dulbecco’s
modified Eagle’s medium (DMEM) with high glucose (Invitrogen, USA) supplemented
with 10% fetal bovine serum (FBS, Valley Labs, USA) and 1%penicillin/streptomycin
(Invitrogen). Cells were expanded to passage four where they were trypsinized and
resuspended in media at a density of 500,000 cells per milliliter. Static seeding was
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carried out by dripping one milliliter of cell suspension on each scaffold (n=45) placed in
a 12-well non-tissue treated dish. Cells were allowed to attach for 24 hours when an
additional milliliter of media was added. Scaffolds were cultured using the same media as
previously used for BMMSC expansion at 37°C in normoxia (21% O2 + 5% CO2 + 74%
N2) for three weeks with media changes every two days. This three-week time point is
referred to as baseline in the following data analysis.
After 3 weeks, baseline scaffolds (n=15) were collected for data analysis and the
remaining scaffolds (n=30) were randomly divided into hypoxic (n=15) and normoxic
(n=15) groups. Normoxic scaffolds remained in the same environment (21% O2) while
hypoxic scaffolds were placed in a low oxygen incubator at 5% O2 + 5% CO2 + 90% N2.
Culture media remained the same except for the addition of 50µg/mL L-Ascorbic acid 2phosphate sesquimagnesium salt hydrate (Sigma). Culture of these scaffolds was carried
out for an additional four weeks for both culture conditions with media changes every
other day. After seven weeks of total culture, scaffolds were harvested and frozen at
-80°C for data analysis.

2.3 Histology
Scaffolds were thawed and embedded in OCT tissue-embedding medium (TissueTek; Miles laboratories, Elkhart, Indiana), frozen in liquid nitrogen and sectioned at 5µm
on a cryostat (Leica Cryostat; Leica Microsystems, Wetzlar, Germany). Histological
analyses included 4',6-diamidino-2-phenylindole (DAPI) and Mayer’s hematoxylin and
eosin (H&E) staining for cellular migration and distribution, and Safranin O/Fast Green
staining for proteoglycans.
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2.4 DNA, Collagen, and Glycosaminoglycan Content Analysis
Samples were lyophilized prior to ECM and DNA content analysis for
normalization of data to dry weight. Samples were digested in papain buffer overnight at
60°C. Total sulphated glycosaminoglycan (sGAG) content was quantified using the
dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd., Northern Ireland),
with a chondroitin sulphate standard. DNA content was measured from aliquots of the
papain digest with the DNeasy Tissue and Blood Kit (Qiagen) according to the
manufacturer’s protocol. DNA quantification was performed at an absorbance of 260/280
nm in a Nanodrop spectrophotometer (Labtech, UK). Aliquots from papain digest were
further processed for collagen content by hydrolysis in hydrochloric acid (HCL) at 120°C
for three hours. Total collagen content was measured using a hydroxyproline absorbance
assay (Biovision, Milpitas, CA). Total collagen content was determined by using a
hydroxyproline-to-collagen ratio of 1:7.69.[29, 30] Collagen, GAG and DNA content
were compared as a percentage of dry weight. Collagen and GAG content were also
compared by normalizing to DNA content.

2.5 HIF-1α Staining
For HIF-1α detection, frozen sections were fixed in 10% neutral buffered
formalin for 5 minutes followed by washes in Tris-Buffered Saline and Tween 20
(TBST). TBST was used in all washing steps. Endogenous peroxidases were blocked
with methanol and 0.3% hydrogen peroxide for 30 min at room temperature. Nonspecific binding was then blocked with serum-free protein block (Dako). Sections were
incubated overnight at 4°C with a mouse monoclonal anti-human HIF-1α antibody (R&D
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Systems) at a dilution of 1:30. Samples were then incubated with a biotinylated goat-antimouse secondary antibody diluted at 1:300 for 30 minutes at room temperature.
Detection of antibody binding was carried out using the Vectastain Elite ABC kit (Vector
Laboratories) with the ImmPACT DAB chromogen (Vector Laboratories) according to
the manufacturer's directions. Finally, sections were counterstained with methyl green.
2.6 Data Analysis
All numerical data were analyzed using Prism statistical software (GraphPad
Inc.). Error bars were calculated based on the standard error of the mean. One-way
analysis of variance (ANOVA) and the Student's t-test were used to determine statistical
significance between groups with a confidence interval of 95%. A p-value <0.05 was
accepted as significant.
3. RESULTS
	
  
Human meniscus scaffolds were decellularized and oxidized to remove native
cells and increase porosity. Previous studies by our lab have shown that our method of
decellularization significantly reduces the amount of DNA present in scaffolds.[31]
Collagen and GAG content were measured in both native tissue and processed scaffolds
to determine the effect of decellularization and oxidation on ECM components. A
significant difference in GAG content as a percentage of dry weight was observed
between native tissue and scaffolds (p<0.05, Figure 1A). A 74.57% decrease in GAG
content was observed after decellularization and oxidation. A significant difference in
collagen content as a percentage of dry weight was also observed between native tissue
and scaffolds (p<0.05, Figure 1B). While these data appear to suggest an increase in
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collagen content after processing, this is most likely a result of the depletion of other
ECM proteins causing collagen to be a higher percentage of the dry weight. These data
collectively suggest that the primary effect of scaffold processing is a significant loss in
GAG content with minimal affect on collagen content.

A	
  

B	
  
*	
  

*	
  
*p<0.05	
  

*p<0.05	
  

Figure 1: Collagen and Glycosaminoglycan Content of Native Meniscal Tissue and
Decellularized Scaffolds. A significant decrease in GAG content was observed after
decellularization compared to native meniscus. In addition an increase in the percentage
of collagen content as a percentage of dry weight was observed in the decellularized
scaffolds compared to native meniscus. This increase most likely does not reflect an
increase in the amount of collagen, but rather a result from the depletion of other ECM
components.
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Routine H&E staining as well as DAPI nuclear staining was performed to assess
cell migration into the scaffolds and ECM synthesis. After three weeks of culture, a
monolayer of cells was observed on the outside of the scaffolds with minimal cell
migration into the scaffolds (Figure 2A). Areas of dense cellular proliferation were also
observed on the outside of some scaffolds (Figure 2B). Cell migration was observed in
scaffolds after an additional four weeks of culture under both normoxic and hypoxic
conditions (Figure 2 C and E). A greater number of cells did appear to migrate into
scaffolds cultured under normoxic conditions compared to hypoxic conditions. Normoxic
scaffolds achieved cell migration up to 500µm (Figure 3C) while hypoxic scaffolds
achieved cell migration up to 400µm (Figure 2E).
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Figure 2: H&E and DAPI Staining of BMMSC Seeded Human Lateral Meniscus
Scaffolds After Culture Under Hypoxic and Normoxic Conditions. (A) Monolayer
cell attachment and growth is observed on DAPI stained sections of decellularized
scaffolds cultured under normoxic conditions for three weeks. (B) Areas of dense cell
proliferation are also present on the outside of these scaffolds. (C&D) Scaffolds cultured
for seven weeks total under normoxic conditions showed cell migration up to 500µm.
(E&F) Scaffolds cultured for three weeks in normoxia followed by four weeks in hypoxia
showed cell migration up to 400µm.
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Extracellular matrix content was quantified by measuring the total GAG and
collagen content of the seeded meniscus scaffolds. Data was normalized to dry weight as
well as DNA. DNA content within the scaffolds was not found to be significantly
different (p=0.26) between groups, though an increase in DNA content was observed
with the normoxia cultured scaffolds (Figure 3A). No significant difference (p=0.89) was
found in the collagen content of seeded scaffolds per dry weight across both treatment
groups compared to unseeded scaffolds at time zero (Figure 3B). When collagen content
was normalized to DNA content, a decrease in collagen content per cell in scaffolds
cultured under normoxic conditions was observed compared to scaffolds cultured under
hypoxic conditions though no statistical significance was found (p=0.33) (Figure 3C). A
significant difference (p=0.048) between groups was found in GAG content per dry
weight. However, Tukey’s post-hoc test did not find any significance between pairs of
groups (Figure 3D). No statistically significant difference (p=0.94) in GAG content was
observed when it was normalized to DNA content (Figure 3E).
The presence of proteoglycans within the scaffolds was visualized using SafrininO/Fast Green. Proteoglycans stain red with the adherence of Safrinin-O. No staining was
observed in unseeded scaffolds suggesting GAG content was depleted from
decellularization and oxidation (Figure 4A). These data confirm the results from the
GAG assay reported in Figure 1. No staining of proteoglycans was detected in any of the
seeded scaffolds at baseline (Figure 4B), and under normoxic (Figure 4C) and hypoxic
(Figure 4D) culture conditions.
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Figure 3: DNA, Collagen, and Glycosaminoglycan Content of BMMSC Seeded
Human Lateral Meniscus Scaffolds After Culture Under Normoxic and Hypoxic
Conditions. (A) DNA content per dry weight was increased in normoxic scaffolds,
though no statistical significance was found between culture conditions. (B) No statistical
difference in percentage of dry weight of collagen was observed across culture
conditions. (C) When collagen content was normalized to DNA content an increase in
collagen content was observed under hypoxic conditions though no statistical
significance was found between culture conditions. (D) A significant difference
(p=0.048) between groups was found in GAG content per dry weight. However, Tukey’s
post-hoc test did not find any significance between pairs of groups. Normoxic culture
scaffolds did however, have a higher percentage of GAGs per weight compared to other
groups. (E) When GAG content was normalized to DNA content no statistically
significance difference between GAG content was observed between culture conditions.
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Figure 4: Safrinin O/Fast Green Staining of BMMSC Seeded Human Lateral
Scaffolds Cultured Under Hypoxic and Normoxic Conditions. (A) No staining of
proteoglycans was present in unseeded scaffolds suggesting a depletion of proteoglycans
after decellularization and oxidation. No staining of proteoglycans was present in
baseline scaffolds (B), four week seeded normoxia scaffolds (C), and four week seeded
hypoxia scaffolds (D) suggesting a lack of proteoglycan deposition by BMMSC onto
meniscus scaffolds.

Staining for the detection of HIF-1α revealed an increase in the nuclear
translocation of HIF-1α in scaffolds cultured under hypoxic conditions compared to
scaffolds cultured under normoxic conditions (Figure 5). HIF-1α staining was not
detected in baseline scaffolds (Figure 6A) or scaffolds cultured under normoxic
conditions (Figure 6B). Nuclear HIF-1α staining was more evident in scaffolds seeded
under hypoxic conditions (blue arrows), although was not present uniformly in all cells
(black arrows). (Figure 6 C & D).
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Figure 5: HIF-1α Staining of BMMSC Seeded Human Lateral Scaffolds Cultured
Under Normoxic and Hypoxic Conditions. Nuclear staining of HIF-1α was absent in
cell-seeded scaffolds at baseline (A) and 4 week normoxic culture (B). Nuclear staining
of HIF-1α was present (blue arrows) in some cells but not in others (black arrows)
cultured under hypoxic conditions (C &D).
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4. DISCUSSION
	
  
In this study human lateral menisci were decellularized and oxidized to produce
acellular porous meniscus scaffolds. A significant loss of GAGs was observed after
decellularization and oxidation of the scaffolds, suggesting that this processing method
removes GAGs. These data come as no surprise as decellularization solutions have been
shown to decrease GAG content in previous studies.[32] These data correlate with a
study done by Stapleton et al. where porcine medial meniscus were decellularized with
sodium dodecyl sulfate resulting in a 59.4% loss of GAGs after processing compared to
native tissue.[33] Further, a significant increase in the percentage of collagen per dry
weight of the decellularized scaffolds was observed compared to native meniscus. This
apparent increase in the proportion of collagen is most likely due to the reduction in
GAGs and other ECM proteins leaving collagen as the most abundant remaining protein.
Seeding of decellularized scaffolds was noted as being variable and inconsistent.
The heterogeneous surface architecture of the decellularized scaffolds most likely
affected the attachment of cells. Scaffolds were taken from all areas of the meniscus and
randomized to reduce bias between experimental groups related to regional architecture
characteristics of the meniscus. Despite variable seeding, all scaffolds showed at least
monolayer seeding around the periphery of the scaffold after three weeks of normoxic
culture. Some regions of abundant cellular proliferation were noted in all groups after
three weeks of seeding. Overall, cellular migration into scaffolds after three weeks of
culture was less than 100µm. Cells did however continue to migrate toward the central
region of the tissue during the additional four weeks of culture under both hypoxic and
normoxic conditions. H&E and DAPI staining revealed higher numbers of cells in
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scaffolds cultured under normoxic conditions than hypoxic conditions, which is verified
by an increase in DNA content.
While no significant difference in collagen as a percentage of dry weight was
observed, there was a decrease in collagen content when normalized to DNA content in
the normoxia culture group. One possible explanation for this is that the cells were
performing migration and proliferation functions (as shown with histology and increased
DNA content) rather than matrix synthesis. Although the presence of a concurrent
catabolic process in normoxia culture is another likely possibility, as the collagen content
after four weeks of normoxia culture is reduced from baseline. Proteoglycan content
normalized to DNA content was also not significantly different between groups. The
amount of GAG present in the scaffolds after seven weeks of culture was similar to
values at baseline. In other words, hypoxia culture had no effect on proteoglycan
synthesis. While it is possible that these cells secreted GAG into the culture media, only
GAGs within the scaffolds were measured. It is apparent that BMMSC cells produce very
little ECM when cultured on decellularized bioscaffolds in unenhanced media. Baker and
colleagues observed similar results with mesenchymal stem cells seeded on nanofibrous
scaffolds.[15] Our decellularized meniscus scaffolds alone are insufficient to direct
differentiation of MSCs to fibrochondrocytes.
The presence of ascorbic acid is necessary for collagen synthesis. Interestingly,
the addition of ascorbic acid after three weeks of culture did not enhance collagen
production, perhaps because cell remained undifferentiated. It is recommended that future
studies include TGF-β3 in culture medium, as it has been shown to increase proteoglycan
and collagen synthesis. [34, 35] Other growth factors such as BMP-4 may be of interest
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as well as Hoben and colleagues found a 6.7- and 4.8-fold increase in glycosaminoglycan
and collagen synthesis respectively with TGF-β3 and BMP-4 treatments to differentiate
embryonic MSCs to fibrochondrocytes.[23]
Seeded scaffolds cultured under hypoxic conditions showed nuclear localization
of HIF-1α in approximately half of the cells. No localization of HIF-1α was observed in
scaffolds cultured under normoxic conditions. The localization of HIF-1α shows that
cells within the scaffolds cultured under hypoxic conditions are reacting to their
environment. Changes in oxygen tension have been shown to affect the dedifferentiation
phenotype and matrix production of articular chondrocytes.[36-38] It has also been
shown that chondrocytes seeded on porous polylactic acid constructs cultured in the
presence of normoxia or hypoxia demonstrated robust cellular proliferation and matrix
production with similar cell densities and collagen content.[39] Further, chondrocytes
cultured in hypoxia conditions demonstrated a 65% greater GAG deposition than cells
cultured in normoxia.[39] Tan and colleagues have shown rapid dedifferentiation of
cultured fibrochondrocytes under normal culture conditions.[40] However, when these
dedifferentiated cells were cultured on a collagen I/II (at a 2:3 ratio) and chondroitin-6sulfate biomimetic surface a reversal of phenotypic changes, specifically, the down
regulation of collagen type II synthesis was observed.[40] Fibrochondrocyte
redifferentiation was further stimulated by culture in hypoxia was also reported.[40]
Despite

these

promising

results

with

chondrocytes

and

fibrochondrocytes,

undifferentiated mesenchymal stem cells do not behave in this manner. Hypoxic culture
had a negative effect on cell proliferation in the present study, as reflected in DNA
content analysis, and did not increase proteoglycan synthesis in BMMSCs.
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Differentiation of BMMSCs to fibrochondrocytes with growth factor augmentation
followed by hypoxic culture may better support matrix production in seeded scaffolds
and support tissue differentiation toward a fibrocartilaginous phenotype.

5. CONCLUSION
The goal of this study was to develop a system for the differentiation of human
BMMSCs toward a fibrochondrocyte lineage using a three dimensional allograft derived
meniscus bioscaffold. Our results suggest that cells can attach, proliferate, and migrate
into the decellularized meniscus scaffold. In addition, our results also show that
environmental cues from the remaining matrix of decellularized meniscus scaffolds under
static culture conditions are not enough to stimulate the differentiation of BMMSCs to a
fibrochondrocyte phenotype. Hypoxia induces nuclear localization of HIF-1α in
BMMSCs seeded on decellularized meniscus scaffolds but does not induce matrix
production

seen

in

culture

studies

of

differentiated

chondrocytes

and

fibrochondrocytes.[39, 40] Further studies using growth factors in combination with cues
from the scaffold ECM, compositional as well as biomechanical, may successfully
differentiate BMMSCs into fibrochondrocytes. Growth factors could also be applied to
BMMSCs in culture prior to seeding cells onto the scaffold to pre-differentiate them
toward the fibrochondrocyte lineage, followed by further cultivation of seeded tissue
constructs in a defined supportive media. Once differentiated, seeded fibrochondrocytes
may be more responsive to hypoxia conditions with respect to GAG production as has
been demonstrated in monolayer culture studies.[40] .
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1. SUMMARY

The overarching goal of this research was to develop an improved allograft
scaffold for use as an alternative to fresh frozen allograft transplantation, the current
clinical gold standard. Our approach to overcoming the limitations of current allograft
transplantation was to utilize a decellularized allograft to mimic natural tissue
architecture and biomechanical properties. In addition, we removed native cellular
components to limit immunogenicity and increase porosity to facilitate cellular and
vascular in-growth. Finally, we seeded scaffolds with undifferentiated stem cells to
provide an autologous cell source for meniscus tissue differentiation.
Science and technology have come a long way since the first meniscus
transplantation was performed in 1984. In Chapter I of this work, the history of
biomaterials was outlined as it related to the use of tissue engineering and naturally
derived scaffolds for orthopaedic tissue replacement. The ability to tissue engineer
replacement organs comes with many challenges. Despite great advances in tissue
engineering over the last decade, homogenous cellularization of natural and synthetic
scaffolds, vascularization, and tissue innervation remain a challenge. However, tissue
engineering of the meniscus has its advantages in that native meniscus lacks a substantial
vascular and nerve supply. While these elements may not be necessary for a successful
tissue engineered meniscus, cellular repopulation of the deep zone may be difficult
without them. The intricacies and challenges of tissue engineering of the meniscus as
well as treating meniscal injuries were discussed in Chapter II.

Drawing from the

fundamentals of meniscus anatomy and function, we investigated the use of
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decellularized meniscus allografts for meniscus transplantation in an ovine model. These
results were presented in Chapter III and while decellularized scaffolds and seeded
constructs did not outperform allografts, they did show some chondroprotective function
to joint tissue. Realizing the limitations of cellular migration into densely packed
meniscus tissue, we investigated the role of decellularization and seeding techniques on
cellular migration as outlined in Chapter IV. Lessons learned from these preliminary
studies were then translated into a three-dimensional in vitro model for the culture and
differentiation of bone marrow derived stem cells (BMMSCs) into fibrochondrocytes and
eventually mature meniscal tissue. These data were presented in Chapter V.
This dissertation work provides initial insight into the use of naturally derived
scaffolds for tissue engineering of the meniscus. Meniscus scaffolds and cell seeded
constructs maintained their gross structure and position when implanted into ovine stifle
joints for six months. While complete tissue integration was not achieved, proteoglycan
staining and extra cellular matrix (ECM) remodeling in the area of tissue healing holds
promise for future research with decellularized meniscus scaffolds. Further research
needs to be conducted on the loss of biomechanical properties with decellularization and
oxidation and possible methods for replacing lost ECM components. The overall results
of this in vivo study hold great promise for the future of tissue engineering of meniscal
replacements.
A variety of seeding techniques including static, dynamic, negative pressure, and
chemotactic homing were investigated as potential methods for seeding of meniscus
scaffolds in an attempt to increase lost ECM proteins during processing. In addition, a
range of peracetic acid solutions was used in an attempt to titrate the porosity of the
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meniscus tissue to promote cell migration. Levels of peracetic acid above 5% were found
to be detrimental to the gross structure and biomechanical function of the meniscus.
Combined results from in vivo transplantation and seeding methodology studies revealed
that the depletion of proteoglycans during decellularization and oxidation of tissues to
increase porosity is detrimental to the biomechanical properties of the tissue. Further, any
increase in cell migration due to the increased porosity is not sufficient to replace the lost
biomechanical properties. Further study into the effects of decellularization and oxidation
on cell migration and biomechanics is needed.
Since meniscus cells live in a virtually hypoxic environment, hypoxia in
combination with three-dimensional decellularized meniscus scaffolds were investigated
as environmental cues for the differentiation of BMMSCs. Differentiation toward a
fibrochondrocyte lineage was assessed based on matrix production since it is so important
to the function of meniscal tissue. While fibrochondrocytes cultured in hypoxia have
been stimulated to secrete more collagen and proteoglycans, hypoxia retarded this
secretion in BMMSCs. However, cellular proliferation and migration into the scaffolds
was achieved at a greater distance than ever before in our lab. Further, validation of the
environmental cues on BMMSCs was accomplished by demonstrating nuclear
translocation of hypoxia inducible factor -1α (HIF-1α) into cells cultured under hypoxic
conditions. While some labs have investigated the phenotype of fibrochondrocytes there
still exists no set of markers or differentiation protocol to quantify the successful
differentiation of stem cells into fibrochondrocytes. This was a limitation to our study and
further

research

must

be

dedicated

to

fibrochondrocytes.
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discovering

phenotypic

markers

of

2. FUTURE DIRECTIONS
	
  
There are many directions this project could take towards creating a tissue
engineered meniscus. Further research into other types of chemicals and detergents is
needed to prevent the loss of glycosaminoglycans while still increasing the porosity of
the tissue. In addition, methods for replenishing lost ECM proteins would prove very
beneficial. Systematic investigation into the role of growth factors on BMMSC
differentiation is needed. Specifically, the use of transforming growth factor β3 (TGF-β3)
and bone morphogenetic proteins 2 & 4 (BMP-2 & BMP-4) have been shown to increase
the ECM synthetic production of cells. For the systematic investigation of growth factors
I propose to modify the three-dimensional culture system developed in Chapter IV to a
two-dimensional scaffold. To accomplish this, I propose to take fibrochondrocytes and
expand them in culture allowing a dense layer of ECM to form. I then propose to remove
the cells leaving behind an ECM with similar constituents as the three-dimensional
culture system. Using a two-dimensional culturing system will remove the variation of
seeding and cell migration. A variety of growth factor concentrations would then be
investigated. Once the individual effect of each growth factor was appreciated, growth
factors enhancing ECM synthesis would then be combined to analyzed their combined
effect on ECM synthesis. Once growth factors are systematically optimized, I propose
differentiating stem cells toward a chondrocyte lineage before seeding them onto
decellularized meniscus scaffolds. I propose to then use hypoxic and mechanical
stimulation to further drive the cells down a fibrochondrocyte lineage.
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3. LESSONS LEARNED

First and foremost, I have learned that research is not easy and experiments
usually don’t work until the 10th, or 11th or even 12th time. Despite the glorification of
many tissue engineering technologies in the mainstream media recently, I have learned to
appreciate the limitations of current research and have a greater appreciation for how
much hard work it takes to push the current boundaries of science towards the next major
breakthrough. Specifically as it relates to the meniscus, I have learned that it is a very
challenging tissue to work with. The heterogeneous architecture and regional variation of
cellular, biologic, and biomechanical properties presents challenges to performing
reproducible and reliable research. Important care must be taken to select samples all
from the same region. In addition, I have learned that RNA extraction from whole
meniscus can be very challenging. The abundant ECM combined with low cellularity
makes isolating RNA from meniscal cells challenging. More recent studies conducted in
our lab have shown high levels of endogenous RNAses present in the meniscus making
RNA extraction even more difficult. Optimal extraction of RNA from the meniscus will
depend on sufficient tissue and high levels of amplification.
In hindsight, many things could have been done differently in the in vivo study
that may have improved the results. First, slinging the surgical leg of animals for four to
six weeks after surgery would have provided better protection to the healing meniscus.
Further, using vertically oriented sutures to repair the posterior region of the meniscus to
the capsule would have helped hold the transplant to the remaining meniscal rim in hopes
of better tissue integration. Horizontal sutures may have been easier to loosen with the
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forces of weight bearing activity. As discussed in the previous section, other chemicals
and detergents should have been investigated for the decellularization and oxidation of
meniscal tissue in hopes of reducing the effects on the compressive biomechanical
properties. In addition, marking sutures to define the healing region would have been
very helpful. Also, labeling cells to determine if local versus autologous transplanted
stem cells repopulated the tissue would have been helpful in sorting out whether
preseeding the scaffolds was beneficial. While meniscectomy surgeries were performed
as a control, sham surgeries would have been helpful as well to determine the effects of
the surgery alone. For example, the contribution of taking down the medial collateral
ligament with repair on the health of the joint is not known. Lastly, the in vivo
experiment and outcome measurements could have been more carefully planned. For
example, ideally, biomechanics data would have been collected immediately instead of a
few months later once all specimens had been collected.

4. CONCLUSIONS
	
  
In summary, this dissertation work demonstrates the feasibility of decellularized
allograft derived scaffolds for meniscus transplantation. In addition, this work
demonstrates the use of an in vitro three-dimensional culture system for the attachment
and migration of cells for differentiation under defined culture conditions. From this
work, we can draw several conclusions including the important role proteoglycans play in
the maintenance of biomechanical properties in the native tissue as well as the delicate
balance of increasing porosity without significantly reducing biomechanical function.
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While the problem of tissue replacement for meniscus deficiency is not solved in this
work, it does serve as a stepping-stone in the quest to tissue engineer a meniscus for
transplantation.
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Tissue Mechanics Laboratory, NCSU

HONORS AND AWARDS
2010

2nd Place NC Biotechnology Conference Student Poster
Competition
UNC Charlotte

2009-2012

Ruth L. Kirschstein National Research Service Award
National Institute of Health

2009

1st Place Pre-Doctoral Poster Presentation
Wake Forest Institute for Regenerative Medicine Annual Retreat
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PROFESSIONAL MEMBERSHIPS
2007-present

Tissue Engineering & Regenerative Medicine Society (TERMIS)
North American Chapter Student & Young Investigator
Section Chair (2007-2009)
North American Chapter Student & Young Investigator
Meeting & Fundraising Chair (2010)

2011-present

Orthopaedic Research Society (ORS)

2009-present

Biomedical Engineering Society (BMES)

PUBLICATIONS
Steen JA, Stabile K, VanDyke M, Ferguson C. An allograft derived bioscaffold:
transplantation in an ovine meniscectomy model (manuscript in preparation)
Berry JL, Steen JA, Williams JK, Jordan JE, Atala A, Yoo JJ. Bioreactors for
development of tissue engineered heart valves. Ann Biomed Eng. 2010 Nov;38(11):32729.
Lee DJ, Steen J, Jordan JE, Kincaid EH, Kon ND, Atala A, Berry J, Yoo JJ.
Endothelialization of heart valve matrix using a computer-assisted pulsatile bioreactor.
Tissue	
  Eng	
  Part	
  A.	
  2009	
  Apr;15(4):807-‐14.

PODIUM PRESENTATIONS
Steen JA, Stabile KJ, VanDyke ME, Ferguson CM. Allograft Based Scaffolds for Meniscus
Transplantation: An In Vivo Sheep Study, Tissue Engineering and Regenerative Medicine Society
Annual Meeting, December 2010
Steen JA, Stabile KJ, Odom D, Smith TL, VanDyke ME, Ferguson CM. Allograft derived
Meniscus Bioscaffold: Characterization and Seeding, Biomedical Engineering Society Annual
Meeting, October 2009

Steen JA, Stabile KJ, Smith B, Smith TL, VanDyke ME, Ferguson CM. Allograft based
scaffolds for meniscus transplantation: an in vivo sheep study. Wake Forest Institute for
Regenerative Medicine Retreat, March 2009
Steen JA, A Rod Bending Device for Spinal Surgeries: Senior Project Presentation: April 27,
2006 North Carolina State University
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POSTER PRESENTATIONS
Steen JA, Stabile KJ, VanDyke ME, Ferguson CM; Allograft Based Scaffolds for Meniscus
Transplantation: An In Vivo Sheep Study. Orthopaedic Research Society, January 2011.
Steen JA, Stabile KJ, VanDyke ME, Ferguson CM; Allograft Based Scaffolds for Meniscus
Transplantation: An In Vivo Sheep Study. North Carolina Tissue Engineering & Regenerative
Medicine Society, November 2010.
Steen JA, Stabile KJ, VanDyke ME, Ferguson CM; Allograft Based Scaffolds for Meniscus
Transplantation. Charlotte Biotechnology Conference. October 2010

Steen JA, Stabile KJ, VanDyke ME, Ferguson CM; Allograft Based Scaffolds for
Meniscus Transplantation: An In Vivo Sheep Study. International School of Stem Cells
in Regenerative Medicine, Stockholm, Sweden September 2010.
Steen JA, Stabile KJ, Odom D, Smith TL, VanDyke ME, Ferguson CM; Allograft derived
Meniscus Bioscaffold: Characterization and Seeding. Biomedical Engineering Society Annual
Meeting, October 2009.
Steen JA, Stabile KJ, Odom D, Smith TL, VanDyke ME, Ferguson CM; Allograft derived
Meniscus Bioscaffold: Characterization and Seeding. International School of Stem Cells in
Regenerative Medicine, Prague, Czech Republic October 2009.

Steen JA, Stabile KJ, Smith B, Smith TE, VanDyke ME, Ferguson CM. Allograft Based
Scaffolds for Meniscus Transplantation: An In Vivo Sheep Study. Wake Forest
University Biomedical Engineering Symposium, May 2009
Steen, JA, Stabile, KJ, VanDyke, ME, Ferguson, CM. Allograft based scaffolds for
meniscus transplantation: an in vivo sheep study. Wake Forest University Graduate
Student Research Day, April 2009
Steen JA, Stabile KJ, Odom D, Smith TL, VanDyke ME, Ferguson CM. Allograft
derived meniscus bioscaffold: characterization and seeding. Wake Forest Institute for
Regenerative Medicine Retreat, March 2009
Steen JA, Stabile KJ, Smith B, Smith TL, VanDyke ME, Ferguson CM. Allograft based
scaffolds for meniscus transplantation: an in vivo sheep study. Wake Forest Institute for
Regenerative Medicine Retreat, March 2009
Steen JA, Stabile KJ, Odom D, Smith TL, VanDyke ME, Ferguson CM. Allograft
Derived Meniscus Bioscaffold:Characterization and Seeding. Tissue Engineering and
Regenerative Medicine Society Meeting, December 2008
Steen, JA, Stabile, KJ, VanDyke, ME, Ferguson, CM. Allograft based scaffolds for
meniscus transplantation: an in vivo sheep study. Wake Forest University Surgical
Science Research Symposium, 2008
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Steen, JA, Re-endothelialization of tissue engineered heart valve using endothelial
progenitor cells from valvular disease patients: a feasibility study. European Tissue
Engineering and Regenerative Medicine Society, June 2008
Steen JA, Stabile KJ, Odom D, Whitlock P, Baker P, Stitzel J, Smith TL, VanDyke MA,
Ferguson CM. Characterization and Seeding of a Tissue Engineered Meniscus Scaffold.
Wake Forest University Biomedical Engineering Symposium, May 2008
Stabile KJ, Whitlock P, Odom D, Steen JA, Baker A, Stitzel J, VanDyke MA, Smith TL,
Ferguson CM. An Allograft Based Meniscus Scaffold. Wake Forest University Surgical
Science Research Symposium, 2007
Steen, JA, In Vivo Assessment of Tissue Engineered Heart Valve. Wake Forest
University Graduate Student Research Day, April 2007
Steen JA, Lee DJ, Kon N, Kincaid T, Jordan J, Atala A, Yoo J, Berry J. Tissue
Engineered Heart Valve Preconditioning: Bioreactor Design. Wake Forest Institute for
Regenerative Medicine Retreat, December 2006
Steen JA, Controlling Scaffold Surface Properties Using Layer by Layer Coating
Techniques. August 18, 2006 Wake Forest University Health Sciences
Steen JA, Price N, Shillinglaw B, Vidt M. A Rod Bending Device for Spinal Surgeries.
North Carolina State University Undergraduate Research Day, 2006

GRADUATE COURSEWORK

Physiology

Statistics

Professional Development

Cell Biology

Scientific Integrity

Fundamentals of Tissue Structure

Biomaterials

Polymeric Biomaterials

Introduction to Biomedical Engineering

Biochemical Techniques

Human Gross Anatomy

Molecular Biology

Intro. to Regenerative Medicine I & II

Applied Multivariable Mathematics

Bioethics & Social Responsibility

Biochemistry
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