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Articular cartilage is integral to the function of the musculoskeletal system by 

providing a load-bearing, near-frictionless surface that allows for efficient joint 

movement. Despite its complex structure, adult cartilage exhibits a limited ability to self-

repair. Therefore, slight cartilage defects can lead to cartilage degeneration and the 



 

 xi 

development of osteoarthritis. In native tissue, deep zone (DZ) articular cartilage is 

attached to bone through the zone of calcified cartilage (ZCC) and the subchondral bone 

plate (ScBP). The goal of this thesis was to develop and characterize an artificial 

cartilage-bone interface through the in vitro calcification and attachment of articular 

cartilage to a subchondral bone substrate.  

First, a double diffusion system (DDS) was implemented to calcify articular 

cartilage discs embedded in hydrogel over a 7-day period. Ultimately, mineralization was 

targeted within the cartilage DZ by orienting the cartilage surface towards the calcium 

reservoir and leveraging the cartilage negative fixed charge density to generate an 

artificial ZCC. Second, a devitalized trabecular bone substrate was placed adjacent to the 

articular cartilage disc DZ and encased in agarose hydrogel within the DDS. The optimal 

cartilage-bone interface position was determined, followed by the generation of 

engineered osteochondral constructs that exhibited hydroxyapatite mineralization in the 

cartilage DZ similar to the thickness (150µm) of the native ZCC and achieved 4.5% the 

strength and 40% the modulus of native calf controls. 

These studies implement a novel, in vitro calcification system to develop 

engineered osteochondral constructs containing a mineralized cartilage-bone interface. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction to the Thesis 

Articular cartilage is an intricately organized tissue that functions as a low-

friction, load bearing surface that allows for efficient musculoskeletal joint movement 

[20, 50]. However, cartilage exhibits a limited ability to self-repair as a result of its 

avascular nature and low cellular density. Focal defects can often increase in size, 

causing additional degeneration and wear, progressing to osteoarthritis [80]. Common 

surgical repair techniques include microfracture, autologous chondrocyte implantation, 

and osteochondral grafts implementing autologous and allogenic tissue. Apart from 

osteochondral graft procedures, which integrate sufficiently with native tissue, these 

techinques often lead to poor clinical outcomes due to unstable cartilage graft attachment, 

donor site morbidity, and the formation of fibrocartilage rather than hyaline cartilage [5, 

28, 53, 75]. 

Tissue engineering techniques hold the potential to overcome the current tissue 

sourcing limitations attributed to autograft and allograft procedures by generating 

engineered osteochondral grafts in vitro. Engineered osteochondral grafts can be 

fabricated by integrating cartilaginous tissue with bone-like substrates.  Traditionally, 

tissue-engineered cartilage-bone attachment involves assembly and prolonged culture of 

the two materials for a month or longer in order to enhance integration. In native tissue, 
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the cartilage-bone interface is characterized by a mineralized region in the articular 

cartilage deep zone that is anchored to subchondral cortical bone [2, 35]. The 

interdigitated structure of the zone of calcified cartilage (ZCC) provides strong 

mechanical adhesion between bone and cartilage through a gradation in mechanical 

properties that resists shear stresses common at the interface [35, 79]. The generation of 

an artificial mineralized zone between cartilage and bone within a tissue engineered 

osteochondral graft could facilitate the creation of surgical implants that exhibit 

properties similar to native tissue. 

The overall motivation of this thesis work was to contribute to the development of 

engineered osteochondral implants to repair damaged cartilage tissue through the 

development of a double diffusion system. The objectives of this work were to use a 

double diffusion chamber to (1) replicate the cartilage-bone interface through the in vitro 

calcification of the cartilage deep zone, (2) to attach cartilage grafts to bone substrates 

through a calcified zone, and (3) to characterize the morphology and mechanical 

properties of the engineered osteochondral constructs. 

Chapter 1 starts with a brief review of the structure and function of articular 

cartilage, followed by a more detailed description of the cartilage-bone interface, which 

includes the subchondral bone plate and the zone of calcified cartilage. Typical 

osteochondral interface repair techniques are discussed, with a subsequent focus on 

specific tissue engineering approaches.  Finally, common biomineralization techniques 

are compared with the potential capabilities of the double diffusion system.  

Chapter 2 describes the implementation of the double diffusion system (DDS) to 

control and target calcification location within hydrogels containing mature bovine 
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cartilage grafts containing intact superficial and deep zones.  The effects of cartilage 

superficial zone orientation, and hence fixed charge density, with respect to the DDS 

calcium and phosphate reservoirs, upon hydroxyapatite calcification thickness and 

location were determined. 

Chapter 3 examines the controlled in vitro calcification and attachment of mature 

bovine articular cartilage to trabecular bone substrates through the implementation of a 

DDS.  The optimal cartilage-bone interface position to form a mineralization zone 

between the two tissues was determined and the resulting mechanical and morphological 

properties of the engineered osteochondral interfaces were evaluated and compared to 

native tissue. 

Chapter 4 summarizes the findings and discusses future directions for this work. 
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1.2 Glossary of Terms 

 
AC Articular cartilage. 

AC0 Articular cartilage surface. 

ACh Articular cartilage deep zone. 

Ca Calcium ions dissolved in solution reservoirs. 

[Ca] Calcium ion concentration. 

DDC Double diffusion chamber. A hollow cylinder of varying length that is 

filled with hydrogel, through which ions are diffused and reacted. 

DDM Double diffusion manifold. An array of double diffusion chambers that is 

attached to ion reservoirs through which diffusing ions react and calcify. 

DDS Double diffusion system. Includes double diffusion chambers located 

within a double diffusion manifold that are connected to pumps that drive 

solution from ion reservoirs through the system. 

HAp Hydroxyapatite. 

hAC Articular cartilage thickness. 

hHAp Hydroxyapatite thickness. 

hTB Trabecular bone thickness. 

PO4 Phosphate ions dissolved in solution reservoirs. 

[PO4] Phosphate ion concentration 

ScB Subchondral bone. Refers to the subchondral corticalized and trabecular 

bone located below the cartilage-bone interface. 
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ScBP Subchondral bone plate. The region of subchondral corticalized bone 

located between the zone of calcified cartilage and subchondral trabecular 

bone. 

ScP Subchondral plate. The zone of calcified cartilage in combination with the 

region of corticalized subchondral bone present at the cartilage-bone 

interface. 

TB Trabecular bone. 

DDZCC double diffusion zone of calcified cartilage. 

ZCC Zone of calcified cartilage. The mineralized cartilage tissue region at the 

base of deep zone articular cartilage adjacent to subchondral corticalized 

bone. 

ZIN Z interface. The cartilage deep zone or cartilage-bone interface position 

with respect to the z axis. 

∆ZIN Delta Z interface. The difference in interface position with respect to 

calcification position. 
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1.3 Articular Cartilage Structure and Function 

Articular knee cartilage is an approximately 2-4mm layer of tissue present on the 

distal end of the femur and proximal end of the tibia that provides a near frictionless 

surface that facilitates joint movement and serves to distribute loads within the 

musculoskeletal system [2, 43]. Comprised primarily of chondrocytes embedded within a 

collagen and proteoglycan extracellular matrix (ECM), the composition of articular 

cartilage appears to be relatively simple.  However, despite its single cellular and 

avascular nature, articular cartilage is a complex and multifaceted tissue [20].  

Composition. The three main components of articular cartilage are: 

chondrocytes, collagen, and proteoglycans which make up its solid ECM. 

Chondrocytes: Chondrocytes are approximately 14µm in diameter and are low in 

population density, accounting for only 10% of the dry weight and 1% of the total tissue 

volume [1, 20]. The ability of chondrocytes to repair damaged ECM, resulting from focal 

defects or overuse, is hampered by a lack of vascularization [77]. Therefore, articular 

cartilage ECM repair depends upon diffusion processes, which take approximately 24 

hours to initiate and rely primarily on the synovial fluid encasing the joint as a source of 

nutrients [28, 77]. 

Collagen: Collagen is the most common component of cartilage ECM, 

accounting for 60% of the total dry weight [20].  Collagen type II and X are both present 

in articular cartilage, but at different locations. Collagen type II is the most prevalent 

(95%) and forms fibers that intertwine with proteoglycans in the ECM, creating a 

cohesive structure and providing cartilage with its tensile strength, which resists 
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deformation during compression [2, 28]. Collagen type X is found adjacent to the 

cartilage-bone interface in proximity with hypertrophic chondrocytes that are involved in 

the cartilage mineralization process [35]. 

Proteoglycans: Proteoglycans (PG) are the second largest group of ECM 

macromolecules, constituting approximately 30% of cartilage dry weight [28, 58].  

Composed of a protein core with one or more glycosaminoglycan (GAG) chains attached 

by covalent bonds, PGs form a porous and permeable fiber-reinforced composite with 

collagen [20, 28]. There are various PGs in cartilage, but the most pervasive is aggrecan, 

which occupies the interfibrillar space in cartilage and carries a negative fixed charge 

density that attracts fluid into the ECM via osmosis.  This leads to a swelling pressure 

that creates a tensile force in the collagen network [2, 20, 28]. During loading, the PGs 

impart cartilage with high compressive stiffness by shifting the applied force away from 

the ECM to the interstitial fluid. The outflow of liquid from the ECM creates a 

viscoelastic stress response as a result of the fluid drag on the matrix[51]. 

Structure and Function. The structure, composition, and fibrillar orientation of 

articular cartilage vary based on the depth from the articular surface. In general, collagen 

fibers change orientation from parallel to perpendicular with respect to the articular 

surface and increase in diameter and density with depth. Similarly, chondrocytes change 

in shape and exhibit different properties with cartilage depth, reflecting the transition in 

loading conditions that are encountered [2, 20]. As depicted in Figure 1.1, articular 

cartilage is divided into four different zones that produce these depth-dependent 

properties [43]. 
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Superficial Zone: The superficial zone in humans is approximately 10% 

(~240µm) of the cartilage thickness and is primarily responsible for absorbing shear 

forces due to joint movement [28, 43].  Flat chondrocyte cells and thin collagen fibers are 

oriented parallel to the surface in the direction of maximum shear [2]. In addition, the 

permeability of the superficial layer is significantly less than the middle zone, possibly 

helping to avoid liquid loss through its boundary during compression [54, 63]. 

Middle Zone: The middle zone accounts for 10% (~240µm) of the overall 

cartilage thickness and contains 25% PGs by dry weight, which impart cartilage with its 

compressive properties by resisting the outflow of fluid from the ECM during loading [2, 

28, 43].  The orientation of the collagen fibers appears random in this zone as they 

gradually transition from parallel to perpendicular to the articular surface.  Furthermore, a 

small number of spherical chondrocyte cells are present to maintain the crucial balance 

between ECM and interstitial fluid [28]. 

Deep Zone: The deep zone contributes to 80% (~1900µm) of cartilage thickness 

and provides the greatest resistance to compressive forces as a result of its high number 

of PGs (20% dry weight) and low water content [2, 28, 43]. Elliptical chondrocytes are 

aligned into columns along thick collagen fibrils, which serve to absorb compressive 

stress.  The orientation and shape of the chondrocytes reflects the depth-dependent force 

gradient that is present within cartilage tissue [2].  

Calcified Zone: Finally, the calcified zone, also known as the zone of calcified 

cartilage (ZCC), is approximately 130µm thick and is located at the cartilage-bone 

interface where it attaches articular cartilage to underlying subchondral bone (ScB) [43]. 

The ZCC is separated from articular cartilage by a 5µm thick undulating mineralization 
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band called the tidemark and divided from the corticalized subchondral bone plate 

(ScBP) by the more interdigitated cement line [2, 45, 57, 68].  In this region, collagen 

fibrils attach the cartilage deep zone to the underlying calcified cartilage.  However, the 

collagen fibrils do not continue into the ScBP, therefore this attachment is achieved 

primarily through mechanical interdigitation [57]. Through this attachment, the ZCC at 

the cartilage-bone interface provides articular cartilage with a solid foundation to adhere 

and transmit forces to ScB [2].  
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 Figure 1.1: Human knee joint and mature articular cartilage osteochondral section 
schematic depicting cartilage structural zones [43] and extracellular matrix 
configurations. Cells and collagen fibers are for structural reference are not to scale. 
Increasing relative matrix content and properties are indicated with “+”. Adapted from 
[44]. 
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1.4 The Osteochondral Interface 

In native mature human tissue the osteochondral interface includes the ZCC, 

subchondral corticalized bone, and subchondral trabecular bone [35]. The approximately 

20 – 250µm thick ZCC initiates at the tidemark at the base of the deep zone articular 

cartilage and terminates at the highly interdigitated cement line that interlocks with 

subchondral bone [2]. The interdigitated structure of the ZCC provides strong mechanical 

adhesion between bone and cartilage despite the dissimilar properties of the tissues [35, 

79]. The subchondral bone (ScB) region is characterized by the subchondral bone plate 

(ScBP), an approximately 500µm [29] thick region of corticalized bone attached to the 

ZCC, and subchondral trabecular bone. Specifically, the ZCC and ScBP combined are 

defined as the 100-1500µm thick subchondral plate (ScP), which is essential to the health 

and vitality of the overlying unmineralized articular cartilage [61] (Figure 1.2). During 

growth and development the cartilage-bone interface gradually changes over time. 

Growth. Growth of the cartilage-bone interface initiates during infancy with the 

endochondral ossification (EO) process, in which skeletal cartilage anlagen is replaced by 

bone [25, 69]. This preliminary cartilaginous tissue arises from the differentiation of 

mesenchymal stems cells into chondrocytes that disperse a collagen I matrix in the center 

of embryonic stem cell masses [48]. As these primary mineralization locations are 

forming, secondary ossification centers begin to develop. In the knee, EO begins in the 

distal femur and proximal tibia, where chondroblasts present in the pre-bone cartilage 

agglomerate begin to hypertrophy [35].  

The hypertrophic chondrocytes (HTC) begin to express proteins that promote 

blood vessel growth and biomineralization. These signaling molecules include angiogenic 



 

 

12 

factors, MMP-13, and gelatinases [35]. As the calcification process progresses, 

hypertrophic chondrocytes that initially express collagen X become gradually 

encapsulated by mineralized extracellular matrix prior to apoptosis, programmed cell 

death [27, 48]. HTC apoptosis and osteoclasts remodeling the endochondral bone results 

in the formation of primary ossification centers located in the center of long bones [69].  

Similarly, the distal femur grows as the HTC zone is invaded by vasculature and 

undergoes ossification. As mineralization progresses, the vasculature transports 

osteoblasts and osteoclasts to the bone formation site [48, 69]. Over time, bone growth 

occurs via a sequential process of chondrocyte proliferation, cell hypertrophy, apoptosis 

and osteoblast replacement [48, 69].  This results in changes in the mineralized matrix, 

where the trabecular bone that initially is composed of GAG and collagen II matrix is 

replaced by collagen I (secreted by osteoblasts) during the EO process [48].  As the EO 

process progresses and cartilage-bone interface develops, left over GAG and collagen II 

can still be observed in the trabecular bone [35]. 

Development. The EO mineralization process continues to form epiphyseal bone 

until blood vessel advancement, required for bone growth, is stopped by the formation of 

a calcified cartilage zone [33, 35]. At this stage, the majority of chondrocytes cease to 

proliferate and a tidemark forms at the bottom of the articular cartilage HTC zone. 

Gradually, advancement of the subchondral growth front decreases as a result of 

progressively increasing hydrostatic pressure as mineralization approaches the cartilage 

joint surface [17]. This calcified cartilage layer gradually becomes continuous as the 

tissue matures, transforming into the ZCC which is smooth and wavy at the tidemark, the 

discrete mineralization junction between calcified and uncalcified cartilage [35, 68, 79]. 
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The ZCC is attached to articular cartilage through collagen fibers that extend into the 

mineralized region. However, these collagen fibers are not continuous from the ScB to 

the ZCC, therefore the interface primarily relies upon interdigitation for attachment [45, 

57, 68].  

As the articular cartilage continues to mature it takes on its anisotropic, zonal 

organization and continues to grow in a layer-by-layer process in the superficial zone [28, 

35, 48]. Chondrocytes in the deep zone terminally differentiate into HTCs, cease to 

proliferate, and begin to produce collagen type II and X [69] and angiogenic factors. The 

cartilage thins from its original thickness and the drastic change in material properties 

from the ZCC to ScB results in high shear stresses in this area.  However, these stresses 

are mitigated by the intermediate elastic moduli of the ZCC [27], where the ScB and ZCC 

exhibit elastic moduli of 5.7 and 0.32 GPa, respectively [59]. 

Composition. The ZCC is composed of collagen type II and X, GAG, and 

alkaline phosphatase, which works to free up phosphate ions for mineralization. These 

unbound ions are subsequently available to generate hydroxyapatite (HAp), the 

mineralized phase of the ZCC and ScB [7, 72]. The HAp mineral phase in the ZCC 

accounts for 65% of the mass, compared to approximately 50% in bone [83] and during 

the cartilage mineralization process the PG content decreases by 50% as the tissue is 

calcified  and remodeled [56]. The ZCC contains a Ca wt% of 1-28% and the ScB ranges 

from 16-26% [32]. XRD analysis of the ZCC indicate smaller crystals and more disorder 

than that present in bone, but similar to HAp.  The presence of GAGs in the ZCC allow 

for a more hydrated matrix and anionic side chains for binding of Ca to form additional 

mineral [23]. Furthermore, in the mature subchondral plate (ScP), including both the 
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ZCC and ScBP, cellular activity in the ZCC decreases significantly as compared to that 

exhibited during the growth process during which the tidemark constantly progresses 

forward into the unmineralized cartilage and vascular invasion and bone remodeling 

occurs in the ScB [41, 42]. The ScBP bone vol fraction (Bone vol/total vol %) decreases 

with age and is 36% for 20 yr olds and 27% for 80+ yr olds. This decrease is due to 

trabecular thinning as opposed to reduction in the number of trabeculae present [52].  

Structure. In native tissue, cartilage is attached to subchondral bone through a 

20-250µm thick ZCC containing thick collagen fibrils that extend down and anchor the 

ZCC to the deep cartilage zone (Figure 1.2) [2, 35]. The transition from the ZCC to the 

ScB is called the cement line, which is more irregular than the ZCC and exhibits a 

surface roughness of 1.99, almost 2X greater than the 1.14 roughness of the tidemark. 

The irregular surface morphology is due to inhomogeneous vascular invasion during 

development and aids in mechanically interdigitating the ZCC with the bone through a 

“comb-anchor” morphology [79]. In addition, the interdigitated structure of the ZCC 

provides strong mechanical adhesion between bone and cartilage despite the dissimilar 

properties of the tissues [35, 79].  

Vascular channels penetrating through the cortical ScBP supply the ZCC, but 

above the tidemark, articular cartilage is avascular and synovial fluid must also be relied 

upon for nutrients [57]. Thus, the ZCC is connected to underlying spongiosa and marrow 

through arterial and venous vessels and nerves [57]. This uniquely porous structure 

allows the ZCC to act as a semipermeable layer, which is 5X less permeable that articular 

cartilage. As a result, this mineralized tissue only allows molecules less than 500 Da 
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through from the ScB. [45].  This decrease in permeability results in an increase in ions at 

the cartilage mineralization front, which may influence the formation of the tidemark [4]. 

The thickness of the ZCC and ScBP varies based upon age, loading, and joint 

location. This is reflected by the fact that the number of vessels within ScB decreases by 

20% from immature to old age [45]. While the ratio of the thickness of the ZCC and 

articular cartilage are relatively constant over the joint surface, the ZCC is thicker in 

areas in which it is most stressed in terms of contact and fluid pressure [17, 68]. The 

culmination of these properties demonstrate that the ScP functions to fasten cartilage to 

bone, transmit forces between two dissimilar tissues, and limit diffusion from bone to the 

deep cartilage layers [35, 68]. Although the ZCC is crucial to the proper function of 

osteochondral implants, its structure and properties are not well understood and tissue-

engineering efforts to recreate the unique features of the region are limited. 
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Figure 1.2: Osteochondral core schematic depicting the cartilage-bone interface, 
including the zone of calcified cartilage (ZCC), subchondral bone plate (ScBP), and  
subchondral plate (ScP). 
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1.5 Osteochondral Interface Repair Techniques 

The avascular structure and low cellular density of cartilage leads to poor nutrient 

distribution and prolonged recovery times in the event of injury.  As a result, the 

formation of a minor focal defect can lead to the development of osteoarthritis (OA), a 

cartilage disease affecting an estimated 27 million United States citizens [55]. Current 

osteoarthritis treatments include: microfracture, mosaicplasty, autologous chondrocyte 

implantation (ACI), allograft, and total joint replacement (TJR) [49]. Microfracture 

surgery is the penetration of the subchondral bone to form blood clots that promote the 

formation of new tissue, while; mosaicplasty involves the substitution of injured cartilage 

tissue with osteochondral cores harvested from non load-bearing portions of the knee. 

ACI repairs cartilage tissue by harvesting, expanding, and re-injecting a population of 

chondrocytes into damaged tissue and allograft surgery involves harvesting healthy 

osteochondral tissue from a donor and transplanting it into a recipients damaged knee 

joint. Finally, TJR is the complete replacement of damaged cartilage tissue with artificial 

implants. However, these procedures often lead to poor clinical results due to unstable 

cartilage graft attachment, donor site morbidity, and the formation of fibrocartilage rather 

than hyaline cartilage [53, 75]. 

The ScBP is approximately 200-800µm, with a thickness distribution proportional 

to the stresses imparted upon the joint [24, 29, 43]. The ScB at the center of the bone 

joint is thick and full of Haversian canals that are formed around blood vessels, while the 

joint edges are significantly thinner and the ZCC is more irregular [19]. Thus, joint 
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function and loading determine the ScBP morphology, which is driven by a bone growth 

remodeling process [61].  

In healthy tissue, the ScBP undergoes a continuous process of growth, modeling, 

and remodeling as the tissue adapts to mechanical and biochemical stimuli.  As a result, 

bone growth continues at the tidemark, in a process similar to endochondral ossification. 

Hypertrophic chondrocytes mineralize into calcified cartilage and the tidemark advances, 

leading to alterations in the joint and redistributing mechanical forces [21]. The modeling 

process is characterized by activation followed by resorption and formation, which results 

in density and geometric changes in bone structure. This leads to changes in the thickness 

of the ScBP and also to alterations in the architecture of trabecular ScB [14]. 

The growth, modeling, and remodeling processes are integral to the repair and 

regeneration of the ScBP that is initiated following tissue damage [15, 47]. Common 

causes of ScBP damage include: fatigue and overuse, focal defects (2-3cm2), or 

osteoarthritis.  In fatigue and overuse, normal repetitive loading of joints can create 

microcracks in the ScBP in nondiseased joints [62, 74]. These microcracks lead to the 

initiation of new remodeling events by causing local osteocyte apoptosis, which results in 

signaling for osteoclastic resorption and eventual bone regrowth [10, 78]. 

As stated previously, the ScBP undergoes constant bone remodeling during 

growth through osteoblasts’ bone synthesis and osteoclasts’ bone resorption in response 

to mechanical loading and biochemical stimuli.  However, in damaged or OA tissue, 

thinning can occur in the ScBP, followed by a thickening of the ScBP as a result of an 

imbalance between bone synthesis and resorption [15, 47]. 
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The activation phase is defined as cellular recruitment, differentiation, 

proliferation, and migration, which lasts approximately 10 days.  Activation is followed 

by resorption (21 days), reversal (5 days) where it is hypothesized that osteoblasts are 

being recruited, formation (90 days), and then maturation (200 days) [15]. Calcified 

cartilage is significantly more mineralized than corticalized ScB. Mineral apposition rate 

(bone remodeling) is 0.7 – 1.00µm/day in normal tissue, increasing to 3-4X greater in 

early OA and then decreasing slightly but still accelerated in late OA [8]. In OA, the 

apparent density of ScB is greater than in healthy tissue; however, the material density is 

significantly less as a result of a reduction in the overall mineralization of the tissue. 

Calcified cartilage is naturally approximately 15% more dense than ScB [3, 34]. This 

could be a result of bone remodeling and that it can take up to a year to fully mineralize. 

In OA the elastic modulus of the ScB is less, but the structural stiffness is greater due to 

bone turnover rates and a lack of mineralization in this tissue [14]. Bone resorption and 

cartilage loss are spatially linked with a 7.5X increase in risk of cartilage loss in areas 

with ScB loss [65]. 

In addition, the ScB responds to focal defects and damage leading to or caused by 

OA in similar ways depending on if the lesion penetrates the ScBP. The Outerbridge 

system is one of several methods developed in order to classify cartilage health in 

osteoarthritis. A grade of I-III corresponds to a partial cartilage lesion, while a grade of 

IV signifies total erosion of cartilage down to the bone, including the tidemark. 

Depending on the cartilage repair procedure, the ZCC can either be removed or left intact 

[13]. An analysis of 25,124 knee arthroscopies performed between 1989 and 2004 found 

that 9% of all patients 50 years and older exhibited grade III-IV cartilage lesions that 
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required cartilage repair procedures. These full-thickness lesions often require surgical 

debridement and lavage into through the ZCC and into the ScB [80]. 

Repair of the ScBP can be accomplished through a number of surgical procedures 

including: Mosaicplasty/Osteochondral autograft transplantation (OAT), microfracture, 

arthroscopic debridement and lavage, marrow stimulation, and osteochondral allograft 

transplantation (Figure 1.3) [9]. In these procedures in which the ScBP is penetrated, the 

repair process includes the accumulation of osteoclasts at defect boundaries and the 

removal of micro-damaged bone through demineralization. The osteoclasts stimulate 

angiogenesis beneath the growth plate by releasing biochemical signals that free 

endothelial growth factors from the calcified cartilage matrix [16, 18]. Osteoblasts 

generate new woven bone at the base of the defect as the tissue is continuously 

remodeled by osteoclasts. However, these procedures often result in incomplete repair as 

a result of hyaline-like or fibrous cartilage. This can lead to matrix degradation and loss 

of differentiated chondrocytes due to poor repair tissue integration at the injury site [18, 

60].  

The development of advanced surgical tools to precisely debride deep zone 

articular cartilage and the calcified cartilage layer without penetrating the ScBP would be 

beneficial to effectively regenerate osteochondral tissue [31, 35, 60]. Furthermore, 

advances must continue to be made in the development of robust cartilage-bone 

interfaces that resist delamination following implantation and promote biological and 

physical integration [66]. The interfaces must also be created to conform to the unique 

geometry of the joint in order to reduce stress concentrations and encourage tissue 
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integration [70]. Thus, tissue engineering techniques hold the potential to overcome these 

issues by generating artificial tissue implants for clinical procedures. 
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Figure 1.3: Osteochondral repair techniques including: microfracture, mosaicplasty, 
autologous chondrocyte implantation (ACI), allograft, and total joint replacement (TJR). 
Adapted from [44, 81]. 
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1.6  Osteochondral Interface Tissue Engineering 

In-vitro tissue engineering approaches to synthesize the subchondral plate (ScP) 

between cartilage and bone include: scaffolds, cells, and growth factors [9, 67]. Growth 

factors and cells are often combined with tissue engineering scaffolds in order to 

facilitate the tissue integration process and often produce the most promising results. 

These methods are currently under development and are able to restore the damaged 

osteochondral tissue to its native state more effectively than traditional surgical 

techniques.  

Scaffold-based repair of the ScP is subdivided into five main categories: natural 

polymers, synthetic polymers, ceramic materials, metallic materials, and hybrid material 

combinations [9, 67]. Natural polymers include: collagen, GAG, fibrin, chitosan, 

hyaluronan, alginate, and agarose.  These scaffolds hold the benefit of being readily 

biodegradable with mechanical properties that match that of the surrounding tissues.  In a 

study employing chitosan-stabilized blood clot implants, the bone remodeling and 

regeneration process was improved by allowing the formation of new woven bone at the 

base of the ScBP repair site as opposed to the formation of fibrous tissue [18]. 

Furthermore, synthetic polymers such as polyactic acid (PLA), polyglycolic acid (PGA), 

poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL) are used for bone 

repair due to the biodegradability of the material. 

In addition, ceramic materials such as HAp, tricalcium phosphate (TCP), and 

bioactive glass are commonly implemented alone or with the aid of mesenchymal stem 

cells (MSCs) to repair ScB defects [6, 26]. The degradability and resorption of the 

ceramics depends upon the parameters used to process the material.  Similarly, 
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biocompatible metallic materials can be utilized to repair subchondral bone.  Studies that 

used both porous tantalum and titanium implants seeded with MSCs reported improved 

outcomes over microfracture techniques [6, 30]. An overview of these tissue engineering 

techniques is provided in Figure 1.4.  

Finally, hybrid materials represent the category of scaffolds most often 

implemented in tissue engineering as a combination of different scaffold materials, 

cellular seeding, and growth factor release is necessary to emulate the homeostasis of the 

native tissue.  For example, hydrogel-calcium phosphate composite scaffolds are used to 

form a calcified cartilage-like matrix for osteochondral interface tissue engineering. The 

HAp present in the scaffold promoted the production of a PG and collagen II matrix 

when seeded with DZ chondrocytes [49]. 
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Figure 1.4: Osteochondral tissue engineering schematic describing the cells (A), bio-
additives (B), materials (C), assembly and structure (D), and interface (E). 
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1.7  Double Diffusion System Calcification 

Biomineralization can be synthesized through tissue engineering approaches that 

utilize chemical methods to generate calcification in the form of HAp.  HAp is the 

principal mineral found throughout the body in native tissues including: dentine, bone, 

and the ZCC [39]. However, smaller crystals, greater disorder, and a more hydrated 

matrix typically characterize the HAp found in the ZCC [23]. Furthermore, HAp, 

Ca10(PO4)6(OH)2, can be readily generated in vitro by mixing together specific 

concentrations of solutions of calcium and phosphate in a 5/3 ratio as demonstrated in the 

following reaction [12]: 

 
10 Ca2+ + 6 H2PO4

- + 14 OH- à  Ca10(PO4)6(OH)2 + 12 H2O        (1) 
 

The above orthophosphate reaction is known to be significantly dependent upon 

solution pH and thus was further refined with modified chemical coefficients at a 

physiological pH of 7.4 [46]: 

 

10 Ca2+ + 1.46H2PO4
- + 4.5HPO4

2- + 0.04PO4
3- + H2O à  Ca10(PO4)6(OH)2 + 9.42H+     (2) 

 

In addition to solution mixing, the HAp crystal growth and biomineralization 

process can be evaluated through the submersion of a hydrogel infused with ions or 

calcium or phosphate into a solution containing ions of the supplemental ion. HAp crystal 

growth was demonstrated to depend upon concentration, time, and pH [12, 46, 64]. This 

approach can be modified to evaluate the effect of extracellular matrix composition upon 
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biomineralization through the additional incorporation of biomolecules into hydrogels of 

various compositions [40, 82].  

An additional method to generate calcification and biomineralization was 

developed through the implementation of a double diffusion system (DDS) [22] that 

diffuses ions of calcium (Ca) and phosphate (PO4) towards each other through a hydrogel 

in order to precipitate hydroxyapatite in-vitro as illustrated in Figure 1.5 [11, 38, 73]. The 

calcification location is dependent upon the relative concentrations of the diffusing Ca 

and PO4 ions. Thus, the DDS can be leveraged to generate targeted HAp formation by 

modifying the Ca and PO4 content of the ion reservoirs [71]. Similar HAp reactions 

involving Ca and PO4 mixing [12] or single diffusion systems [40, 76] lack the ability to 

target calcification within and at the intersection of two tissues, as provided by the DDS. 

Previous experiments demonstrated that the DDS successfully controlled calcification 

location and stiffness within a hydrogel [37], generating a mineralized interface between 

hydrogel and cancellous bone [36]. Therefore, the capability of the DDS system to 

precisely target calcification and form a mineralized attachment between two different 

tissues can be leveraged to generate novel, tissue engineered constructs. 
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Figure 1.5: Double diffusion system schematic. Adapted from [11, 22, 37]. 
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CHAPTER 2 

CONTROLLED CALCIFICATION OF ARTICULAR 

CARTILAGE IN A DOUBLE DIFFUSION SYSTEM 

2.1 Abstract 

Introduction: The natural zonal structure of mature articular cartilage generates a 

depth-dependent negative fixed charge density (FCD) correlated with increasing 

proteoglycan content that is greatest in the deep cartilage zones. The objectives of this 

study were to evaluate the effect of cartilage zonal orientation upon the formation of 

calcification within a double diffusion system in order to generate a mineralization layer 

similar to that found at the native cartilage-bone interface. 

Methods: Adult bovine osteochondral cores were used to fabricate 1.5mm thick 

articular cartilage (AC) discs containing both the superficial and deep cartilage zones. 

The AC discs were embedded within agarose hydrogel and reacted within a double 

diffusion system (DDS) containing opposing calcium (Ca) and phosphate (PO4) ion 

diffusion for a 7-day period. The thickness and location of calcification within the AC 

discs was evaluated via micro-computed tomography (µCT) imaging, alizarin red 

staining, and Ca and PO4 ion concentration analysis.   

Results: The DDS generated a mineralization layer within adult bovine articular 

cartilage that was dependent upon the position of the cartilage surface relative to the 
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diffusing ion sources.  The positioning of the articular surface towards the calcium 

reservoir resulted in the formation of a calcification layer 181 ± 50µm thick within the 

cartilage deep zone, similar to that of native human zone of calcified cartilage (125µm). 

Discussion: The experiment demonstrated the ability of the DDS to generate a 

targeted layer of calcification within the cartilage deep zone, analogous to the native 

human zone of calcified cartilage. The DDS mineralization method could be employed in 

future tissue engineering efforts to generate a physiologically accurate mineralized region 

at the interface between cartilage grafts and bone substrates to create engineered 

ostoechondral constructs. 
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2.2  Introduction 

Articular cartilage is a complex, load-bearing tissue that exhibits depth-dependent 

properties as a result of variations in cellular density, extracellular matrix (ECM) 

composition, and structure [2, 8].  Cartilage is attached to subchondral bone (ScB) 

through the osteochondral interface, which can be subdivided into the zone of calcified 

cartilage (ZCC) and the subchondral bone plate (ScBP). The 20-250µm thick ZCC is 

initiated by the tidemark, an undulating, 5µm thick mineralization front that is penetrated 

by collagen fibrils extending down from the overlying articular cartilage [14, 30]. 

However, these collagen fibrils terminate at the cement line and are not continuous into 

ScB. Therefore the osteochondral interface relies upon mechanical interdigitation to 

provide attachment [19, 22, 28]. Furthermore, the permeability of the ZCC is 5X less than 

uncalcified cartilage; this allows the cartilage-bone interface to maintain pressurization 

by resisting fluid flow out of the joint cavity [19]. Consequently, this significant decrease 

in permeability may result in an increase in ion concentration at the calcification front, 

resulting in the formation of the tidemark [3].  

Repair of the osteochondral interface can be accomplished through a number of 

surgical procedures including: Mosaicplasty/Osteochondral autograft transplantation 

(OAT), microfracture, arthroscopic debridement and lavage, marrow stimulation, and 

osteochondral allograft transplantation [4]. However, these procedures often result in 

incomplete repair as a result of hyaline-like or fibrous cartilage formation. This can lead 

to matrix degradation and loss of differentiated chondrocytes due to poor repair tissue 

integration at the injury site [7, 26]. In vitro tissue engineering techniques hold the 



 

 

40 

potential to overcome these issues by generating artificial tissue implants for clinical 

procedures. Tissue engineering approaches to synthesize the osteochondral interface 

include: scaffolds, cells, and growth factors [4, 27]. Growth factors and cells can are 

often combined with tissue engineering scaffold techniques in order to facilitate the tissue 

integration process and often produce the most promising results. These methods are 

currently under development and are able to restore the damaged osteochondral tissue to 

its native state more effectively than traditional surgical techniques; however, these 

strategies struggle to generate cartilage that exhibits a zonal structure. 

Mature human articular cartilage can be divided into three distinct, functional, 

zones: superficial/tangential (10%), transitional/middle (10%), and radial/deep (80%) that 

differ primarily due to cellularity, collagen orientation, and proteoglycan content [18].  In 

addition to containing region-specific mechanical properties, the charge and ion 

distributions within the three cartilage zones also differ. Specifically, proteoglycan (PG) 

content, and thus glycosaminoglycan (GAG) content, increases with depth, reaching a 

maximum in the deep cartilage zone adjacent to the cartilage-bone interface [8, 25]. 

Cartilage exhibits a negative fixed charge density (FCD) due to sulfated and carboxylated 

GAG groups that are highly concentrated in the deep cartilage zones [23]. In articular 

cartilage the FCD typically increases linearly from approximately 0.07meq/gm of water 

in the cartilage superficial and middle zones to 0.27meq/gm of water 800µm from the 

articular surface in the cartilage deep zone [24]. A Donnan potential is developed across 

the cartilage interface that is immersed within electrolyte solution as a result of the 

immobile charged particles within the cartilage ECM, leading to a Donnan equilibrium in 
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which the ion concentration at the cartilage interface does not equal the ion concentration 

in solution [23, 29]. 

The Donnan equilibrium causes ion distribution coefficients to vary from the 

cartilage surface to the deep zone based upon the sign and magnitude of the charge [23, 

25]. Therefore, when placed in an electrolyte solution, negative ions will be repulsed by 

the negative FCD arising from the immobile charged particles in the cartilage deep zone 

and positive ions will be attracted. Thus, this affects calcium concentrations and 

hydroxyapatite mineralization in the deep cartilage zone [24, 29]. In a previous study, a 

double diffusion system (DDS) was developed that diffuses ions of calcium (Ca) and 

phosphate (PO4) towards each other through a hydrogel in order to precipitate 

hydroxyapatite  (HAp) in vitro [5, 9, 16].  This system could leverage the Donnan 

equilibrium arising from the cartilage negative FCD to create a targeted mineralization 

layer of hydroxyapatite in the deep cartilage zone, creating a tissue engineered ZCC. 

The hypothesis of this study was that a double diffusion system can be 

implemented to create a mineralized region of controllable thickness and location within 

the articular cartilage deep zone. The objectives of this study were to implement a double 

diffusion system to (1) control calcification spatial distribution within articular cartilage 

discs, (2) characterize the structure of the mineralized layer, and (3) evaluate the ion 

distribution throughout the hydrogel-cartilage sample.  
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2.3  Materials and Methods 

Experimental Design. The ability of a DDS to generate a tissue-engineered 

mineralized zone within deep zone articular cartilage was assessed (Figure 2.1). Adult 

bovine articular cartilage (1-2yr old) was harvested from the patellofemoral groove of the 

knee (N=3 animals).  The articular surface and cartilage deep zone were kept intact. The 

samples were placed inside a DDS and encased in hydrogel. The DDS contained 

opposing reservoirs of calcium (Ca) and phosphate (PO4) separated by a 6.4mm diameter, 

30mm long, double diffusion chamber (DDC) filled with agarose hydrogel and a cartilage 

disc placed in the center of the chamber. The cartilage samples were divided into two 

experimental groups, Ca à 0ACh ß PO4 (articular surface towards Ca, n=9) and Ca à 

hAC0 ß PO4 (articular surface towards PO4, n=9), to evaluate the effect of cartilage 

surface orientation upon the calcification precipitation location and morphology. In 

addition, uncalcified native adult articular cartilage was included for comparison with the 

DDS calcified samples.  The cartilage discs undergoing calcification were placed into the 

DDS for a 7-day period, subsequently removed, and divided into two groups for further 

analysis. Cartilage-hydrogel samples (n=3) were evaluated for calcium and phosphate ion 

concentration via biochemical assay.  The remaining samples (n=6) underwent micro-

computed tomography (µCT) and alizarin red staining to macroscopically assess 

calcification location and morphology. 
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Figure 2.1: Experimental design including a schematic of the double diffusion system 
(A), an illustration of a double diffusion chamber containing cartilage and calcification 
(B), and a table describing the experimental groups (C). The articular surface and 
cartilage deep zone are identified as AC0 and ACh respectively.  The calcification 
position is represented by ZHAp and the difference between the cartilage deep zone and 
the calcification position is ∆ZIN. 
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Articular Cartilage Disc Harvesting. Articular cartilage (AC) discs were 

prepared from adult (1-2yr old) bovine osteochondral (OC) cores (n=18), including the 

intact articular surface and trabecular subchondral bone (ScB). The OC cores were 

harvested from the patellofemoral groove of the knee joint as described previously [31] 

(N=3 animals). The OC cores were extracted using a drill press with a 6.4mm diameter 

coring bit oriented normal to the articular surface in order to ensure that a flat cartilage-

bone interface parallel to the articular surface was acquired (Figure2.2A).  Following 

extraction, 1.5mm thick AC discs were sliced from the OC cores using a Vibratome 

(1000 Plus Sectioning System, Leica Microsystems, Buffalo Grove, Illinois). Care was 

taken to ensure that the superficial and deep cartilage zones remained undamaged. The 

remaining calcified cartilage and ScB were removed and discarded.  Finally, the 6.4mm 

diameter, 1.5mm thick AC discs were rinsed in PBS+PI (NEM, PMSF, NA+EDTA, Benz 

HCL) solution and stored in a -20°C freezer prior to testing.   

Articular Cartilage Disc Preparation. The AC discs were thawed and the 

thickness was measured and averaged from 3 different locations.  The discs were then 

rinsed for 2 minutes in 50ºC 150mM HEPES + 150mM NaCl (Fisher Scientific) solution 

adjusted to a pH of 7.4 to remove residual PBS+PI.  Next, the AC discs were soaked for 2 

minutes in a 2% liquid agarose solution (SeaPlaque Agarose, Lonza, Basel, Switzerland) 

containing 150mM HEPES (Gibco, Grand Island, NY) + 150mM NaCl (Fisher Scientific, 

Waltham, MA) stirred at 600rpm and cooled to 50ºC. The surface of the AC discs was 

recorded and the samples were inserted into the center of the DDC either in cartilage 

orientation Ca à 0ACh ß PO4 or Ca à hAC0 ß PO4 prior to agarose solidification. 
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Double Diffusion Configuration. The AC discs were inserted into a DDS 

containing Ca and PO4 ions diffusing in opposing directions through an agarose hydrogel 

to undergo calcification (Figure 2.2B). Calcium and phosphate reservoirs (400mL) were 

prepared with 100mM CaCl2 or 100mM H2PO4Na (Fisher Scientific, Waltham, MA), 

150mM HEPES, and 150mM NaCl, respectively. The reservoirs were adjusted to pH 7.4 

using 6N NaOH. The 2% hydrogel was prepared with SeaPlaque Agarose (Lonza, Basel, 

Switzerland), 150mM HEPES, and 150 NaCl, to be cast into the DDCs within the double 

diffusion manifold (DDM).  The solution was heated to 90°C to dissolve the agarose and 

then cooled to 50°C. The agarose-soaked AC discs were placed with the middle of the 

disc centered in the DDC at a position of z=0 (Figure 2.2B).  Additional liquid hydrogel 

was then injected into the DDC to encase the AC disc within the agarose. The individual 

DDCs were then assembled into the DDM and connected to a 205U Peristaltic pump 

(Watson Marlow, Wilmington, Massachusetts) set to 1rpm to initiate the calcification 

experiment.  The AC discs were exposed to the DDS for a 7-day period and subsequently 

removed for analysis. 

Calcium and Phosphate Ions and Mineral Content Analysis. The Ca and PO4 

contents of the gels (n=3/group) were analyzed via chemical assay [1, 15] (Figure 2.2C). 

The hydrogel-cartilage samples were removed from the DDC and divided into 12 equally 

sliced discs approximately 3cm thick with the AC disc cut in half circumferentially. The 

length and diameter of each disc was recorded. The samples were then allowed to soak in 

1mL of deionized water for 24h to remove unreacted ions. Next, 1mL of solution was 

removed and stored at 21ºC, while the hydrogel and cartilage samples were hydrolyzed in 

1N HCl heated to 110ºC for 16h to extract the reacted calcium from the mineral. The 
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samples were then dried at 90ºC and reconstituted with 1mL of deionized water. Portions 

of the desorption solutions or solubilized sample were analyzed for Ca content by mixing 

at 1:50 (v:v) with 0.01% cresolphtalein dye buffered with 8.5mM of 8-hydroxyquinoline 

and 5.3M of 2-amino-2methyl-1-propanol.  The absorbance was subsequently measured 

at 560nm using an EMax Endpoint ELISA Microplate Reader (Molecular Devices, 

Sunnyvale, CA) and converted to Ca concentration with appropriate Ca standards. The 

other sample portions were analyzed for PO4 content by mixing at 1:1 (v:v) with 0.5% 

ammonium molybdate, 2% ascorbic acid, and 1.2N sulfuric acid. Similarly, the 

absorbance was measured at 650nm and converted to phosphate concentration with 

appropriate phosphate standards. 

Micro-computed Tomography (µCT). The calcification spatial distribution 

within the AC discs was evaluated via µCT scanning (Figure 2.2D). Samples from Ca à 

0ACh ß PO4 (n=6) and Ca à hAC0 ß PO4 (n=6) were imaged immediately following 

removal from the DDS and compared with uncalcified adult articular cartilage discs. 

Scanning was performed with µCT Skyscan Model 1070 (Skyscan, Kontich, Belgium) 

and imaged at a 9µm resolution at 49kV and 200µA with a 0.5mm Aluminum filter.  The 

AC disc images were reconstructed using NRecon Software (Skyscan, Kontich, 

Belgium).  The 3D reconstructed images were then analyzed for HAp content using 

CTAn Software (Skyscan, Kontich, Belgium).  The calcification volume was divided by 

the AC disc cross-sectional area to calculate the computed calcification thickness.  The 

computed thickness was compared to the average calcification thickness measured from 

longitudinal µCT images imported into Image-J, with 3 measurements taken per sample.  
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Similarly, Image-J was implemented to measure the average difference between 

calcification position and interface position. 

Alizarin Red Staining. Interface calcification was visualized macroscopically 

through alizarin red staining of the Ca à 0ACh ß PO4 (n=6) and Ca à hAC0 ß PO4 

(n=6) experimental groups and compared with uncalcified native adult cartilage discs 

(Figure 2.2E). The AC discs were incubated at room temperature in a 0.0015% wt:vol 

alizarin red in 0.5% KOH staining solution for 24h.  The samples were then destained in 

0.05% KOH for an additional 24h to remove excess stain not bound to the calcium in the 

sample and photographed. 

Statistics. The effect of cartilage surface orientation upon calcification position 

and thickness was assessed via ANOVA. Tukey’s post-hoc comparisons were used where 

P<0.05 was considered significant. Data are presented as mean ± standard error of the 

mean (SEM). 
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 Figure 2.2: Study methods and sample analysis. Cartilage disc tissue prepared (A) and 
loaded into double diffusion system (B). Calcification thickness quantified via visual and 
computational µCT imaging (C). Calcification morphology analyzed by Alizarin Red 
Staining (D). Ca and PO4 ion concentration analysis (E). 
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2.4  Results 

 Calcification Position and Thickness. The difference in calcification position 

with respect to the cartilage deep zone in Ca à 0ACh ß PO4 was ∆ZIN = -90 ± 25µm and 

∆ZIN = 892 ± 90µm in Ca à hAC0 ß PO4 (Figure 2.3A). Therefore, ∆ZIN was 

significantly less in Ca à 0ACh ß PO4 versus Ca à hAC0 ß PO4, indicating that 

calcification occurred closer to the cartilage deep zone in Ca à 0ACh ß PO4 (P<0.001). 

Similarly, the calcification thickness in Ca à 0ACh ß PO4 was hHAp = 181 ± 50µm, 

significantly less than the hHAp = 633 ± 154µm thick mineralized region measured in Ca 

à hAC0 ß PO4 (P<0.01) (Figure 2.3B). 
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Figure 2.3: Calcification position with respect to the cartilage deep zone (∆ZIN) for 
cartilage Ca à 0ACh ß PO4 and Ca à hAC0 ß PO4 (A). Calcification orientation 
schematic Ca à 0ACh ß PO4 (B). Calcification thickness (hHAp) measured from µCT 
images (C). Calcification orientation schematic Ca à hAC0 ß PO4 (D). *P<0.001, 
**P<0.01.  
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µCT Imaging. Calcification was visible in the Ca à 0ACh ß PO4 and Ca à 

hAC0 ß PO4 samples when compared to the native adult cartilage control at the end of 

the 7-day test period (Figure 2.4). A thin layer of mineralization was observed in the deep 

cartilage zone in Ca à 0ACh ß PO4, with a µCT computed thickness of 72 ± 15µm 

(Figure 2.4E, G). Conversely, calcification was observed in the cartilage transitional zone 

in Ca à hAC0 ß PO4, exhibiting a computed µCT thickness of 274 ± 50µm (Figure 2.4I, 

K).  

Visual inspection of the µCT images revealed a thin, dense calcification layer 

within the deep cartilage zone in Ca à 0ACh ß PO4, while, in Ca à hAC0 ß PO4, a 

dispersed calcification region in the middle and superficial zones is visible (Figure 2.4G, 

K). Finally, a circular calcification morphology was observed in the Ca à 0ACh ß PO4 

and Ca à hAC0 ß PO4 cross-sectional images (Figure 2.4F, J).  
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Figure 2.4: Calcified cartilage disc µCT images including: Native adult control cartilage 
(A-D), Ca à 0ACh ß PO4 (E-H), and Ca à hAC0 ß PO4 (I-L). Full coronal views (A, 
E, I) contain dotted boxes that highlight the coronal zoom views (C, G, K) and arrows 
denote deep zone calcification. The blue  “ > “ indicates the location of the cross-
sectional cut within the coronal view and the line (K) demonstrates a calcification 
thickness measurement. Zoomed cross-sectional views (D, H, L). 
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Alizarin Red Staining. Staining was evident in the deep cartilage zone of the Ca 

à 0ACh ß PO4 samples, providing a more detailed visualization of calcium distribution 

than µCT analysis (Figure 2.5E, F). However, orientation Ca à hAC0 ß PO4 exhibited 

intense calcium staining towards the cartilage superficial zone (Figure 2.5I, J). Calcium 

staining was the densest towards the center of the Ca à hAC0 ß PO4 samples (Figure 

2.5K) and densest towards the perimeter of the Ca à 0ACh ß PO4 samples (Figure 

2.5H). In addition, light staining was observed on the articular surface of all samples. 
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Figure 2.5: Alizarin Red Staining of cartilage for Native Adult control samples (A-D), 
cartilage Ca à 0ACh ß PO4 (E-H), and cartilage Ca à hAC0 ß PO4 (I-L). Full coronal 
views (A, E, I) contain dotted boxes that highlight the coronal section views (B, F, J) and 
arrows denote deep zone calcification.  En face views of the articular surface (C, G, K) 
and the deep zone (D, H, L) depict calcification location and morphology stained red. 
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Calcium and Phosphate Ion Concentration Analysis. In the Ca à 0ACh ß PO4 

experimental group, Ca ion concentrations maintained a constant value of approximately 

75mM for z<0. At the cartilage surface (AC0), the Ca ion concentration began to decrease 

and then dropped rapidly to approximately 60mM in the deep cartilage zone (ACh) 

(Figure 2.6B). Past the AC disc, for z>0, the Ca ion concentration dropped to 0mM, 

indicating that little to no calcium ions diffused through the AC disc. Similarly, the PO4 

ion concentration was approximately 80mM for z>0 and then precipitously decreased to 

approximately 8mM at ACh, before decreasing to 0mM for z<0. A control sample 

containing only agarose hydrogel was included for comparison purposes in Figure 2.6A. 

In the Ca à hAC0 ß PO4 experimental group, the Ca ion concentration profile 

exhibited a more linear structure, decreasing from approximately 75mM at z=-12 to 

30mM at the deep zone cartilage interface (ACh) (Figure 2.6C). Similar to Ca à 0ACh ß 

PO4, the Ca ion concentration decreased sharply within the AC disc and dropped to 

approximately 0mM for z>0. The PO4 ion concentration profile indicated approximately 

70mM for z=12 and decreased linearly to 40mM at AC0. The PO4 ion concentration 

decreased to 0mM past the cartilage deep zone for z<0. 

The mass of the mineralized material within the AC discs was also evaluated for 

both Ca à 0ACh ß PO4 and Ca à hAC0 ß PO4 and correlated with µCT thickness. 

Within the Ca à 0ACh ß PO4 cartilage deep zone, the Ca accumulation was 1.14 ± 

0.23mg and the mass of PO4 was 1.41 ± 0.83mg; while, in the cartilage superficial zone, 

the mean Ca and PO4 accumulations were approximately 0mg. In addition, the Ca à 

hAC0 ß PO4 cartilage deep zone contained 0.80 ± 0.40mg Ca and approximately 0mg 

PO4. The cartilage surface contained 1.40 ± 0.63mg of Ca and 2.00 ± 1.02mg of PO4. 
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 Figure 2.6: Calcium and phosphate ion concentrations for Agarose Hydrogel Control 
(A),  Ca à 0ACh ß PO4 (B) and Ca à hAC0 ß PO4 (C). Data are presented as mean ± 
SEM.  
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2.5  Discussion 

The experimental results presented in this study demonstrate the ability of a DDS 

to control calcification spatial distribution within a cartilage sample and to target 

mineralization in the cartilage deep zone to create a double diffusion zone of calcification 

(DDZCC). 

 Articular cartilage orientation was demonstrated to affect the calcification 

thickness and location within AC discs exposed to a DDS over a 7-day period. In Ca à 

0ACh ß PO4, with AC0 towards the Ca reservoir, the calcification thickness was 

approximately 181 ± 50µm at a position of -90 ± 25µm with respect the cartilage deep 

zone (ACh).  Conversely, in Ca à hAC0 ß PO4, with AC0 towards the PO4 reservoir, the 

calcification thickness was 633 ± 154µm at a location of 892 ± 90µm with respect to the 

deep cartilage zone (Figure 2.3). Thus, the calcification thickness in Ca à 0ACh ß PO4 

was similar to the physiological geometry of the ZCC in native human tissue present at 

the cartilage-bone interface that maintains a thickness of approximately 125-134µm [11].  

The calcification thickness in Ca à hAC0 ß PO4 was more consistent with native human 

ScBP, which is approximately 190-490µm thick [11]. However, as depicted in the µCT 

images, the calcification location in Ca à hAC0 ß PO4 was towards the AC middle and 

superficial zones (892 ± 90µm) when compared to Ca à 0ACh ß PO4 (-90 ± 25µm), 

which was located within the AC deep zone (Figure 2.4). Therefore, the implementation 

of Ca à 0ACh ß PO4 in the DDS may be more useful to generating a functional DDZCC 

in future tissue engineering studies.  

 The calcification location and thickness were further analyzed through µCT 

image analysis by dividing the computed calcification thickness by the measured 
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thickness.  The circular calcification morphology observed in the Ca à 0ACh ß PO4 and 

Ca à hAC0 ß PO4 cross-sectional images may be attributed to liesegang ring formation 

[12, 13], a common, yet little understood, phenomenon observed in diffusion systems 

(Figure 2.4F, J). The computed calcification thickness assumes a fully dense mineralized 

layer, which is seen to be inaccurate upon visual inspection of the µCT images (Figure 

2.4F, G), while the measured calcification thickness was quantified visually using 

repeated measurements of the µCT images in Image-J. Although the mineralized layer in 

Ca à hAC0 ß PO4 appears to be significantly more dispersed than in Ca à 0ACh ß PO4, 

comparison of the computed/measured calcification ratios reveals that both are 

approximately 40%. Therefore, despite the varying calcification thicknesses, the 

calcification densities are approximately equal in both cartilage orientations.  

The calcification morphologies were further visualized for calcium content, as 

opposed to only mineralization, through alizarin red staining (Figure 2.5). Similar to the 

µCT images, high calcium levels were evident within the deep cartilage zone in Ca à 

0ACh ß PO4 and within the middle and superficial zones in Ca à hAC0 ß PO4 (Figure 

2.5F, J). The significant difference in calcification locations may be due to the 

proteoglycan negative fixed charge density (FCD) of articular cartilage [8, 25]. Previous 

studies demonstrated that the negative charge within articular cartilage is a depth-

dependent property that increases from the superficial to deep zones, corresponding to an 

increase in proteoglycans (PGs), and thus an increase in glycosaminoglycans (GAGs) 

[23, 25]. The negative FCD in the deep cartilage zones may influence the Ca and PO4 

ions diffusing through the DDS.  The negative FCD may attract the positive Ca ions and 

repel the negative PO4 ions, while, the negative charges may cause the positive Ca ions to 
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attract to the cartilage deep zone. Thus, the cartilage FCD may lead to elevated Ca ion 

concentrations in the cartilage deep zone, generating a targeted zone of calcification in 

this region, as seen in Ca à 0ACh ß PO4. Furthermore, the influence of cartilage FCD 

upon the negative PO4 ions may lead to the observed calcification towards the articular 

surface, as seen in Ca à hAC0 ß PO4, as the PO4 ions pass through the cartilage 

superficial zone with little resistance and penetrate further into the AC discs [29].  

The influence of cartilage FCD upon Ca and PO4 ion diffusion was further 

supported through analysis of the ion concentrations in Figure 2.6. The Ca and PO4 ion 

concentrations in the Ca à 0ACh ß PO4 sample group (Figure 2.6B) were at elevated, 

constant values of approximately 75mM and 80mM, respectively, on both sides of the 

AC disc compared to the agarose hydrogel control sample (Figure 2.6A).  On the 

opposing sides of the AC disc, both the Ca and PO4 ion concentrations dropped to 0mM.  

Furthermore, high masses of Ca (1.14 ± 0.23mg) and PO4 (1.41 ± 0.83mg) were detected 

in the cartilage deep zone, corresponding with the observed location of mineralized HAp 

in the µCT and alizarin red staining images. Compiled together, this data supports the 

theory that in the Ca à 0ACh ß PO4 sample group calcification occurred in the cartilage 

deep zone (ACh) as a result of a strong Ca ion attraction due to the cartilage FCD. This 

calcification formation may have reduced the double diffusion of ions and sealed the 

cartilage at ACh, leading to 0mM concentrations on opposing sides of the agarose gel.  

Over the remainder of the 7-day test period the Ca and PO4 ion concentrations continued 

to diffuse, being unable to react, reaching constant, steady-state values. 

However, in the Ca à hAC0 ß PO4 sample group the cartilage deep zone did not 

immediately seal (Figure 2.6C). Therefore, the relatively linear Ca and PO4 ion 
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concentration profiles were still observed following the 7-day test period.  This theory is 

supported by the more dispersed Ca and PO4 masses in the cartilage deep zone of 0.80 ± 

0.40mg and 0mg, respectively, compared to the cartilage surface with 1.40 ± 0.63mg of 

Ca and 2.00 ± 1.02mg of PO4. The analysis of Ca and PO4 ion concentrations within the 

cartilage-hydrogel samples further demonstrates the significance of matrix FCD upon Ca 

ion accumulation and the calcification thickness and distribution within the AC discs. 

 The implementation of mature bovine cartilage was imperative to the study design 

because the superficial (SZ), transitional (TZ), and deep (DZ) cartilage zones are fully 

developed [10, 14, 21].  This was necessary to analyze the physiological effect of the 

cartilage negative FCD density upon the diffusion of the Ca and PO4 ions. However, 

translating the experimental results to human cartilage may require further optimization 

of the DDS as a result of the different articular cartilage zonal distribution, and thus PG 

and negative FCD, of human versus bovine tissue.  For example, the zonal distribution 

(SZ:TZ:DZ) of adult bovine articular cartilage is approximately 10:30:60% [17, 20], 

while, adult human articular cartilage is 10:10:80% [18]. In addition, the hydroxyapatite 

mineralization regions in the experiment were compared to histological studies 

examining the human ZCC and ScBP that report significantly different thickness values 

depending on measurement location with respect to the cartilage surface for these two 

tissue regions. These differences may result from the ability of the osteochondral 

interface to constantly remodel in response to variations in age, loading, and joint 

location[6, 14]. 

 Overall, this study demonstrated the ability of a DDS to control the calcification 

thickness and location within articular cartilage and that the calcification spatial 
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distribution may be correlated with cartilage FCD. The formation of a physiologically 

accurate DDZCC within the cartilage deep zone is a novel process that could aid in tissue 

engineering efforts to attach articular cartilage grafts to bone scaffolds, generating 

engineered osteochondral constructs.  These constructs could be surgically implanted 

during cartilage repair procedures to improve the clinical outcome by removing the need 

of harvesting autograft or allograft tissue [4]. 
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CHAPTER 3 

INTEGRATION OF ARTICULAR 

 CARTILAGE AND TRABECULAR BONE THROUGH THE 

FORMATION OF A CALCIFIED INTERFACE IN A 

DOUBLE DIFFUSION SYSTEM 

 

3.1 Abstract 

Introduction: Deep zone articular cartilage (AC) is attached to cortical 

subchondral bone (ScB) through the zone of calcified cartilage (ZCC).  This is a 

transitional zone between two dissimilar materials that functions to reduce shear stresses 

at the cartilage bone interface, limit diffusion into the deep cartilage zones, and provide 

pressurization to the overlying articular cartilage. The objectives of this study were to 

implement a double diffusion system (DDS) to control calcification location between 

adult AC and trabecular bone (TB) in order to generate an engineered osteochondral 

construct containing a functional cartilage-bone interface. 

Methods: Adult bovine osteochondral cores were used to fabricate 3mm thick TB 

cores and 1.5mm thick AC discs containing both the superficial and deep cartilage zones. 

The AC discs were placed on the TB cores with the AC deep zone directly adjacent the 

bone to form osteochondral (OC) constructs. The OC constructs were infiltrated with 
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agarose hydrogel and reacted within a DDS containing opposing calcium (Ca) and 

phosphate (PO4) ion diffusion for a 7-day period. The location and properties of the 

engineered calcified interface were evaluated via micro-computed tomography (µCT) 

imaging, shear strength testing, and alizarin red staining.   

Results: The DDS generated a controllable calcification layer at the cartilage-

bone interface 150 ± 24µm thick, similar to the native human ZCC (125µm), which was 

visualized through µCT imaging and alizarin red straining.  The cartilage-bone interface 

of the engineered osteochondral constructs was approximately 4.5% the strength and 40% 

the shear modulus of the cartilage-bone interface of native calf osteochondral cores. 

Discussion: The DDS successfully integrated TB and AC grafts through the 

formation of a mineralized layer at the cartilage-bone interface. Further investigation of 

this method could result in the formation of a robust, shear-resistant, and biocompatible 

calcified interface that could lead to development of tailorable implants for cartilage 

repair procedures.   
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3.2  Introduction 

In native tissue, articular cartilage is attached to subchondral bone (ScB) through 

the cartilage-bone interface, consisting of the zone of calcified cartilage (ZCC) and the 

subchondral bone plate (ScBP) [2, 8, 12, 24]. The ZCC is a 20 – 250µm thick zone of 

mineralized cartilage containing thick collagen fibrils that extend down and anchor the 

ZCC to the deep cartilage zone [2, 24], while, the ScBP is an approximately 500µm thick 

layer of corticalized bone separating articular cartilage from trabecular ScB [28]. The 

interdigitated structure of the ZCC provides strong mechanical adhesion between 

cartilage and bone, despite the dissimilar properties of the tissues [44, 49].   

The distinct transition between two dissimilar tissues with disparate mechanical 

properties at the cartilage-bone interface results in elevated shear stress concentrations 

during compression that may lead to cartilage delamination [6].  These stress 

concentrations may be limited at the interface due to the intermediate elastic modulus of 

the ZCC that provides a graded, mineralized structure between cartilage and bone [39, 

52]. Thus, the ZCC and ScBP function to fasten cartilage to bone, transmit forces 

between two dissimilar tissues, limit diffusion between cartilage and bone, and provide 

fluid pressurization to the knee joint [9, 24, 42, 43]. Although the cartilage-bone interface 

is crucial to the proper function of osteochondral implants, its structure and properties are 

not well understood and tissue engineering efforts to recreate the unique features of the 

region are limited. 

Articular cartilage is an intricately organized tissue that functions as a low-

friction, load bearing, surface that allows for efficient joint movement [12, 34]. However, 
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its avascular structure and low cellular density leads to poor nutrient distribution and 

prolonged recovery times in the event of injury [38].  As a result, the formation of a 

minor focal defect can lead to defect enlargement and the development of osteoarthritis 

[13, 50], a cartilage disease affecting an estimated 27 million United States citizens [36]. 

Common repair techniques often involve the transplant of healthy cartilage tissue to the 

injury site, including osteochondral autograft [22, 23] and allograft [7, 15, 35] 

procedures. However, these procedures often lead to poor clinical results due to unstable 

cartilage graft attachment, donor site morbidity, and the formation of fibrocartilage rather 

than hyaline cartilage [31, 35, 48]. This can lead to matrix degradation and loss of 

differentiated chondrocytes due to poor repair tissue integration at the injury site [11, 40]. 

Tissue engineering presents promising solutions in the repair of osteochondral 

defects that are capable of overcoming the common disadvantages and limitations of 

traditional osteochondral repair procedures [10]. In vitro tissue engineering approaches to 

synthesize the cartilage-bone interface maintain the advantage of rapidly synthesizing 

osteochondral tissue through the implementation of a combination of scaffolds, cells, and 

growth factors [4, 41]. Cartilage-bone attachment can be accomplished through the 

interdigitation of biphasic scaffolds [19, 21, 37], glue-like adhesion [18], particle 

nucleation assisted calcification [32, 33], and chemical mediated mineralization [1, 30]. 

However, many of these procedures involve prolonged (4-8 week) culture and incubation 

times in order to develop an artificial osteochondral interface [47]. Reduction of the 

interface formation time through chemical or biochemical factors [30] would lead to the 

generation of rapidly fabricated osteochondral scaffolds that could be readily implanted 

within a patient using autograft or allograft tissue.  
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Recently, an additional method to recreate the cartilage-bone interface was 

developed through the implementation of a double diffusion system [14] that diffuses 

ions of calcium (Ca) and phosphate (PO4) towards each other through a hydrogel in order 

to precipitate hydroxyapatite (HAp) in vitro [5, 27, 46]. The double diffusion system 

succeeded in controlling calcification location and stiffness within a hydrogel [26], 

generating a mineralized interface between hydrogel and cancellous bone [25], and 

calcifying of the deep zone of adult bovine articular cartilage. 

The hypothesis of this study was that adult articular cartilage could be bonded to 

trabecular subchondral bone to form an engineered osteochondral construct through the 

in vitro calcification of the cartilage-bone interface in a double diffusion system. The 

objectives of this study were to implement a double diffusion system to (1) control 

calcification spatial distribution within an engineered osteochondral construct, (2) to 

generate calcification at the interface between cartilage and bone, and (3) to characterize 

the functional properties of the engineered interface.  
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3.3  Materials and Methods 

Experimental Design. The ability of a double diffusion system (DDS) to 

generate a tissue-engineered osteochondral interface between articular cartilage and 

devitalized trabecular bone was assessed (Figure 3.1). Adult bovine articular cartilage 

and subchondral trabecular bone were attained from osteochondral cores (1-2yr old) 

harvested from the patellofemoral groove of the knee (N=3 animals).  The deep zone of 

articular cartilage (AC) of the discs was placed on top of devitalized trabecular bone 

infiltrated with hydrogel.  The cartilage-bone samples were then inserted inside a DDS 

and encased in hydrogel. The DDS contained opposing reservoirs of calcium (Ca) and 

phosphate (PO4) separated by a 6.4mm diameter, 30mm long, double diffusion chamber 

(DDC). The sample group names describe the orientation of the cartilage samples and the 

location of the cartilage-bone interface in parenthesis. In the first experiment (EXP. 1), 

the cartilage-bone interface was placed at varying locations within the DDC, Ca à 

0AChTB(-3) ß PO4 (n=2), Ca à 0AChTB(0) ß PO4 (n=2), Ca à 0AChTB(+3) ß PO4 

(n=2), to evaluate interface position versus calcification location and thickness. In the 

second experiment (EXP. 2), the optimal interface position found in EXP. 1 was utilized 

to evaluate the mechanical properties of the calcified cartilage-bone interface. In EXP. 2, 

the cartilage-bone samples were divided into two experimental groups, Ca à 

0AChTB(+3) ß PO4 (n=20) and Native Calf Control (n=10). The samples undergoing 

calcification were placed within the DDS for a 7-day period. At the end of the test, the 

samples were removed and the calcification spatial distribution was analyzed visually via 

micro-computed tomography (µCT).  The interface strength of the Ca à 0AChTB(+3) ß 
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PO4 and Native Calf Control was evaluated through shear-to-failure mechanical testing. 

Finally, the location and calcification morphology at the cartilage-bone interface was 

assessed via alizarin red staining for the fractured osteochondral samples. 
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Figure 3.1: Experimental design including a schematic of the double diffusion system 
(A), an illustration of a double diffusion chamber containing cartilage, bone, and 
calcification (B), and a table describing the experimental groups. EXP. 1 analyzed 
interface position and calcification position and EXP. 2 characterized calcification at the 
bone-cartilage interface (C). The orientation of the cartilage-bone sample is defined as 
0AChTB(#), in which the articular surface and deep zone is represented by 0 and h 
respectively. The number is the z position of the cartilage-bone interface relative to the 
center of the double diffusion chamber. The calcification position is represented by ZHAp 
and the difference between the cartilage deep zone and the calcification position is ∆ZIN. 
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Articular Cartilage Disc Preparation. Adult bovine (1-2yr old) osteochondral 

(OC) cores (n=26), including the intact articular surface and subchondral bone (ScB), 

were obtained from the patellofemoral groove (N=3 animals) [51]. The OC cores were 

extracted from the bovine knee using a drill press and 6.4mm diameter coring bit oriented 

normal to the articular surface in order to ensure a flat cartilage-bone interface parallel to 

the articular surface was acquired (Figure 3.2A).  Following extraction, articular cartilage  

(AC) discs (1.5mm thick), including the superficial and deep cartilage zones, were 

prepared using a Vibratome (1000 Plus Sectioning System, Leica Microsystems, Buffalo 

Grove, Illinois), while the calcified cartilage and ScB was stored in PBS at 4ºC. The 

6.4mm diameter, 1.5 ± 0.2mm thick AC discs were rinsed in PBS+PI (NEM, PMSF, 

NA+EDTA, Benz HCL) solution and stored in a -20°C freezer prior to testing.  

Trabecular Bone Core Preparation. The 6.4mm diameter ScB cores (n=26) 

remaining from the AC harvesting procedure were mounted in an IsoMet low-speed saw 

(Beuhler, Lake Bluff, Illinois) and cut with a diamond blade 2mm below the subchondral 

bone plate (ScBP) as described previously [29].  The underlying trabecular bone (TB) 

was then sliced into 3 ± 0.1mm cores to be used in the experiment (Figure 3.2A). Debris 

and bone marrow within the TB cores were removed with a water-pick using deionized 

water (Waterpik, Fort Collins, Colorado). The TB was then further cleaned through 

ultrasonication in PBS with an F56 Ultrasonic Cleaner (Thermo Fisher Scientific, 

Hampton, New Hampshire) at 4ºC. The cores were sterilized in 30% hydrogen peroxide 

solution for 16h to remove residual oils and fats. The devitalized TB cores were then 

thoroughly rinsed in PBS solution, pH 7.4, and stored at -20ºC. 
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Osteochondral Construct Preparation. The osteochondral constructs were 

assembled using the previously prepared AC discs and TB cores. The devitalized TB 

cores were scanned using µCT Skyscan Model 1070 (Skyscan, Kontich, Belgium) at a 

9µm resolution, 49kV, and 200µA with a 0.5mm Aluminum filter to record the bone 

volume prior to calcification. The thicknesses of the TB cores and AC discs were 

measured and averaged from 3 different locations.  The TB cores and AC discs were then 

rinsed for 2 minutes in a 50ºC 150mM HEPES + 150mM NaCl (Fisher Scientific) 

solution adjusted to a pH of 7.4.  Next, samples were soaked for 2 minutes in a 2% liquid 

agarose solution (SeaPlaque Agarose, Lonza, Basel, Switzerland) containing 150mM 

HEPES (Gibco, Grand Island, NY) + 150mM NaCl (Fisher Scientific, Waltham, MA) 

stirred at 600rpm and cooled to 50ºC. The TB cores were additionally agitated in the 

solution to remove excess air in the bone pores and ensure complete agarose infiltration.  

The TB cores were then removed from the solution and the AC discs were placed atop 

the bone, with the cartilage deep zone in contact with the bone surface. The 

osteochondral constructs were then placed into the DDS prior to agarose solidification. 

Double Diffusion System Integration. The uncalcified osteochondral constructs 

were inserted into a DDS containing Ca and PO4 ions diffusing in opposing directions 

through an agarose hydrogel to undergo calcification (Figure 3.2B). Calcium and 

phosphate reservoirs (400mL) were prepared with 100mM CaCl2 or 100 mM H2PO4Na 

(Fisher Scientific, Waltham, MA), 150mM HEPES, and 150mM NaCl, respectively. The 

reservoirs were balanced to pH 7.4 using 6N NaOH. The 2% hydrogel was prepared with 

SeaPlaque Agarose (Lonza, Basel, Switzerland), 150mM HEPES, and 150 NaCl, to be 

cast into the DDCs within the double diffusion manifold (DDM).  The solution was 
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heated to 90°C to dissolve the agarose into the solution and then cooled to 50°C. The 

agarose-infiltrated osteochondral constructs were placed at varying positions relative to 

the center of the DDC at z=0, however, interface calcification occurred at approximately 

z=3mm (Figure 3.2B).  Additional liquid hydrogel was then injected into the DDC to 

encase the osteochondral construct within the agarose. The individual DDCs were then 

assembled into the DDM and connected to a 205U Peristaltic pump (Watson Marlow, 

Wilmington, Massachusetts) set to 1 rpm to initiate the calcification experiment.  The 

osteochondral constructs were exposed to the DDS for a 7-day period and subsequently 

removed for analysis. 

Micro-computed Tomography (µCT). Calcification spatial distribution was 

evaluated via µCT scanning (Figure 3.2D). In both EXP. 1 (n=6) and EXP. 2 (n=20) the 

calcified samples were imaged and compared to native adult bovine, calf bovine, and 

uncalcified cartilage-bone controls and evaluated at the osteochondral interface. Scanning 

was performed with µCT Skyscan Model 1070 (Skyscan, Kontich, Belgium) and imaged 

at a 9µm resolution at 49kV and 200µA with a 0.5mm Aluminum filter.  The 

osteochondral construct images were reconstructed using NRecon Software (Skyscan, 

Kontich, Belgium).  The 3D reconstructed images were then analyzed for HAp content 

using CTAn Software (Skyscan, Kontich, Belgium).  The bone volumes before and after 

calcification were divided by the osteochondral construct cross-sectional area to calculate 

the computed calcification thickness. The computed thickness was compared to the 

average calcification thickness measured from longitudinal µCT images imported into 

Image-J, with 3 measurements taken per sample.  Similarly, Image-J was implemented to 

measure the average difference between calcification position and interface position. 
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Mechanical Testing. The interface shear strength of the EXP. 2 Native Calf 

Control (n=10) and Ca à 0AChTB(+3) ß PO4 (n=20) osteochondral cores was evaluated 

using a modified ASTM D3983 Lap Shear-to-Failure Test (ASTM International, West 

Conshohocken, Pennsylvania) on a Mach-1 Micromechanical System V500cs 

(Biomomentum, Laval, Canada) using a 10-kg load cell as described previously with 

minor modifications [45]. The cartilage articular surface was affixed to a wooden adapter 

with cyanoacrylate and the trabecular bone substrate was held in place with a fixture. The 

wooden adapter was secured to the test machine and set to a strain rate of 8.3µm/s 

(Figure 3.2E).  Load-displacement curves were generated and the peak load was defined 

as the force of failure.  The peak load was divided by the circumferential cross-sectional 

of the osteochondral cores to calculate stress and the shear modulus was defined as the 

linear slope stress-strain curve prior to failure.   

Alizarin Red Staining. Interface calcification was visualized macroscopically 

through alizarin red staining of the fractured Ca à 0AChTB(+3) ß PO4 (n=20) and native 

calf cartilage control (n=10) samples (Figure 3.2F). The fractured AC discs and TB cores 

were removed from the wooden adapter and fixture and incubated at room temperature in 

a 0.0015% wt:vol alizarin red in 0.5% KOH staining solution for 24h.  The samples were 

then destained in 0.05% KOH for an additional 24h to remove excess stain not bound to 

the calcium in the sample and photographed. 

Statistics. In EXP. 1, the effect of interface position on calcification position was 

assessed by ANOVA. In EXP. 2, the effect of the experimental conditions upon 

calcification position and integration strength was assessed by ANOVA. Tukey’s post-

hoc comparisons were used where P<0.05 was considered significant. The possible 
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dependence of interface position on the difference between calcification location and 

interface position was analyzed through linear regression. Data are presented as mean ± 

standard error of the mean (SEM). 
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Figure 3.2: Experimental methods and analysis. Cartilage and bone tissue preparation 
procedure (A), EXP. 1 analyzed calcification and interface position (B), and EXP. 2 
characterized cartilage-bone interface calcification (C). Calcification thickness was 
quantified via visual and computational µCT analysis (D), followed by mechanical 
testing (E). Calcification morphology was analyzed through Alizarin Red Staining (F). 
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3.4  Results 

Experiment 1. Calcification of varying thickness and position, relative to the 

cartilage-bone interface, was observed in the three experimental groups (ZIN = -3, 0, 

+3mm) at the conclusion of the 7-day test period (Figure 3.3A). Macroscopic sample 

images were compared with µCT images to determine calcification position (ZHAp) and 

thickness (hHAp). This data was used to correlate the cartilage-bone interface position, 

ZIN, with the calcification position relative to the cartilage-bone interface, ∆ZIN. 

Calcification Thickness. The calcification thickness at ZIN = -3mm was 

approximately 480 ± 100µm. This value was significantly greater than the measured 

calcification thickness at ZIN = +3mm of 135 ± 25µm (P<0.05). However, as a result of 

the small sample size (n=2 per group), ZIN = 0mm (210 ± 20µm) could not be 

significantly compared to  ZIN = -3mm (P<0.025) and ZIN = +3mm (P<0.019). 

Calcification Position.  The mean calcification position relative to the cartilage-

bone interface, ∆ZIN, at ZIN = -3mm was calculated as approximately 1460 ± 20µm, 

which was significantly greater than ∆ZIN at ZIN = 0mm, 715 ± 165µm (P<0.05). 

Similarly, ∆ZIN at ZIN = 0mm was significantly greater than ∆ZIN at ZIN = +3mm, -110 ± 

20µm (P<0.05).  The negative ∆ZIN value indicates that calcification occurred within the 

articular cartilage in the ZIN = +3mm experimental group.  Finally, ∆ZIN was negatively 

correlated with cartilage-bone interface position in Figure 3.3B through linear regression 

analysis (P<0.001, R2 = 0.98). 
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Figure 3.3: Cartilage-bone calcification schematic (A). The difference between 
calcification and interface position (∆ZIN) is plotted against the cartilage-bone interface 
position (ZIN), a trend line is provided (B). Calcification thickness compared to cartilage-
bone interface position (C). A dotted line is drawn to represent the center of the DDC and 
a light-blue line indicates where the calcification position and interface position are 
equal. Calcification thickness compared at various positions, data are mean ± SEM (C). 
*P<0.05 
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Experiment 2. The data from EXP. 1 indicated that calcification thickness and 

location depend upon the position of the cartilage-bone interface. Therefore, ZIN = +3mm 

was selected to be implemented in EXP. 2 to characterize the mechanical properties of 

the engineered cartilage-bone interface.  

µCT Analysis.  A thin layer of calcification is visible at the cartilage-bone 

interface in the Ca à 0AChTB(+3) ß PO4 experimental group (Figure 3.4J) as compared 

to the uncalcified 0AChTB sample (Figure 4G). The calcification layer was measured to 

be approximately 150 ± 24µm thick (Figure 3.4).  The measured calcification thickness 

was not significantly different from the thickness computed utilizing µCT software (125 

± 9µm).  

Furthermore, the mineralization was located at a position of -46 ± 25µm relative 

to the cartilage bone interface, in which the negative value indicates that the 

mineralization layer in centered in the deep cartilage zone.  Furthermore, the calcification 

layer was observed to extend into the underlying trabecular bone core (Figure 3.4J) and 

into the bone pores (Figure 3.4K).  However, the calcification present in the Ca à 

0AChTB(+3) ß PO4 sample appears to be less dense and thick than the Native Calf 

(Figure 3.4D) and Native Adult Control (Figure 3.4A) samples. 
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Figure 3.4: Osteochondral µCT images including: Native Adult Control (A-C), Native 
Calf Control (D-F), Uncalcified 0AChTB (G-I), and Ca à 0AChTB(+3) ß PO4 (J-L). 
Full coronal views (A, D, G, J) contain dotted boxes that highlight the coronal section 
views (B, E, H, K), arrows denote deep zone calcification, and “ * ” indicate no 
calcification.  Cross-sectional views (C, F, I, L). The blue “ > “ indicates the location of 
the cross-sectional cut within the coronal view. 
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            Alizarin Red Staining. Alizarin red staining was evident on the AC disc deep 

zone adjacent to the TB core in the Ca à 0AChTB(+3) ß PO4 samples (Figure 3.5K), 

while no staining was present at the cartilage-bone interface of the Native Calf Control 

(Figure 3.5G).  In addition, light staining was observed in the articular surface of both the 

Ca à 0AChTB(+3) ß PO4 and Native Calf Control (Figure 3.5E, I).  

The staining in the Ca à 0AChTB(+3) ß PO4 sample appear to correspond to the 

TB pores within the bone core adjacent to the cartilage deep zone (Figure 3.5K, L). When 

compared to the Native Calf Control, the Ca à 0AChTB(+3) ß PO4 sample exhibited 

poor mineralization homogeneity, reflected by the isolated calcification zones that 

correspond to the TB pores (Figure 3.5C, K). Similar to the µCT results, the isolated 

calcium areas reflect the lower levels of calcification at the cartilage-bone interface in the 

Ca à 0AChTB(+3) ß PO4 samples when compared to the Native Calf Control (Figure 

3.5A, C). 
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Figure 3.5: Alizarin Red Staining of osteochondral constructs for Native Calf Control  
(A-D), Uncalcified 0AChTB (E-H), and Ca à 0AChTB(+3) ß PO4 (I-L). Full coronal 
views (A, E, I) contain dotted boxes that highlight the coronal section views (B, F, J) and 
arrows denote deep zone calcification.  En face views of the cartilage deep zone (C, G, 
K) and bone (D, H, L) depict calcification location and morphology stained red. Shapes 
identify bone/cartilage alignment sites. 
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            Integration Strength. The cartilage-bone interface strength of the Native Calf 

Control samples was compared with the Ca à 0AChTB(+3) ß PO4 constructs following 

the 7-day DDS exposure period (Figure 3.6).  The Shear-to-Failure tests results were 

compiled into mean load displacement curves for the Native Calf Control (Figure 3.6A) 

and Ca à 0AChTB(+3) ß PO4 (Figure 3.6B) samples that demonstrated an increase in 

shear stress with increasing displacement until fracture at the cartilage-bone interface. 

The point of fracture was characterized by a sudden drop in load as a result of a 

detachment at the cartilage-bone interface. The interface calcification generated within 

the Ca à 0AChTB(+3) ß PO4 constructs resulted in AC disc to TB core attachment that 

was not present within the uncalcified 0AChTB samples.  

In addition, the peak load and shear modulus of the Native Calf Control and Ca à 

0AChTB(+3) ß PO4 samples were compared in Figure 3.6C, D. The engineered Ca à 

0AChTB(+3) ß PO4 samples reached a load of approximately 0.6N, corresponding to an 

interfacial shear strength of 19.5 ± 8.0 kPa. However, this was significantly less than the 

14N load that the Native Calf Control achieved, resulting in a shear strength of 441 ± 50 

kPa (P<0.0001). Similarly, the shear modulus, the slope of the linear portion of the stress-

strain curve prior to failure, of the Ca à 0AChTB(+3) ß PO4 constructs (3.7 ± 1.2 MPa) 

was significantly less than the Native Calf Control (9.5 ± 0.9 MPa) (P<0.01). Therefore, 

the cartilage-bone interface of the Ca à 0AChTB(+3) ß PO4 constructs was 

approximately 4.5% the strength and 40% the shear modulus of the Native Calf Control 

samples. 
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Figure 3.6: Interface shear strength results for Native Calf Control (A) and Ca à 
0AChTB(+3) ß PO4 (B) normalized for failure length with the mean (black) and ±SEM 
(gray). Representative sample load-displacement curves are included in the corner (A, B). 
Shear modulus (C) and shear strength (D) are compared for the Native Calf Control and 
Ca à 0AChTB(+3) ß PO4, showing the mean and ±SEM. *P<0.01, **P<0.0001.  
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3.5  Discussion 

The results presented in this study demonstrate that a double diffusion system can 

be utilized as a unique strategy to fabricate engineered osteochondral constructs through 

the formation of a calcified cartilage-bone interface.  

Experiment 1. The optimum cartilage-bone interface position to generate 

calcification and attachment between the AC discs and TB cores was determined through 

the evaluation of calcification thickness and spatial distribution. The calcification 

thickness at ZIN = +3mm was 135 ± 25µm, while the calcification thickness at ZIN = -

3mm was approximately 480 ± 100µm. These values were similar to the native human 

ZCC (125µm) [17] and ScBP (490µm), [17] respectively (Table 3.1).  However, the 

calcification position with respect to the cartilage-bone interface at ZIN = +3mm was -110 

± 20µm and 1460 ± 20µm at ZIN = -3mm. Furthermore, a negative correlation was 

observed between ∆ZIN and ZIN, with a ∆ZIN value approaching 0 at ZIN = +3mm (Figure 

3.3B). In order to generate functional attachment between cartilage and bone, the 

calcification must occur at the interface between the two tissues. The cartilage-bone 

interface position that resulted in calcification formation with a thickness and location 

similar to native tissue was ZIN = +3mm.  Therefore, this position was implemented to 

further characterize the properties of the engineered osteochondral constructs. 
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Table 3.1: Engineered and native cartilage-bone interface comparison. 
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Experiment 2. The ZIN = +3mm cartilage-bone interface position was employed 

to evaluate the mechanical properties and morphology of the double diffusion zone of 

calcified cartilage (DDZCC). At the conclusion of the 7-day test period, the DDS 

produced a 150 ± 24µm DDZCC located in the articular cartilage deep zone (Figure 

3.4K) with an alizarin red staining calcium intensity similar to the Native Calf Control 

sample (Figure 3.5B, J). The uncalcified 0AChTB sample did not exhibit any calcium 

staining. Calcification appeared to occur at discrete locations aligned with the pores of 

the TB cores as opposed to consistently over the entire cartilage-bone interface when 

compared to native tissue (Figure 3.5C, K).  

In addition, the DDZCC exhibited an interfacial shear strength of 19.5 ± 8.0 kPa 

and a shear modulus of 3.7 ± 1.2 MPa (Figure 3.6C, D). However, these properties 

indicate a relatively weak cartilage-bone interface with a strength approximately 4.5% 

and shear modulus 40% of native calf.  This reduction in mechanical properties may be 

due to a number of factors associated with the DDZCC formed in the Ca à 0AChTB(+3) 

ß PO4 samples.  As seen in the alizarin red staining, calcium distribution, and thus 

hydroxyapatite calcification, was not homogeneous and was discontinuous along the 

articular cartilage deep zone when compared to the Native Calf Control. Increasing the 

amount and distribution of calcification at the cartilage-bone interface may lead to an 

increase in the mechanical properties of the tissue-engineered construct. Additionally, the 

mineralization of the deep zone of viable adult cartilage followed by a culturing period 

could initiate the formation of the ZCC and lead to further calcification and a subsequent 

increase in mechanical strength [1, 47]. 
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 Several limitations existed in the experimental design and materials implemented 

in the present study. The use of native adult cartilage explants in the engineered 

constructs, as opposed to immature tissue, was decided in order to more accurately 

simulate the creation of osteochondral implants for use in cartilage surgery [16, 24]. 

Furthermore, mature cartilage tissue contains the developed functional cartilage 

superficial, transitional, and deep zones that also are present within human adult cartilage 

tissue, although the thickness of these zones differ [28] However, the utilization of adult, 

as opposed to calf, cartilage increased the difficulty of consistently harvesting 1.5mm 

thick cartilage discs as a result of the relatively thin average thickness of adult bovine 

cartilage (1.4mm) [3]. In addition, the implementation of the devitalized TB cores 

allowed for the use of native tissue, reducing the variability of engineered bone scaffold 

types in the study. However, in clinical practice, devitalized TB cores may not produce 

optimal results due to the inhibition of cartilage matrix production, as was demonstrated 

with chondrocyte-seeded agarose gel cultured on top of trabecular bone [37]. Despite 

these issues, the DDS proved to successfully attach cartilage to bone through the 

formation of a DDZCC at the cartilage-bone interface. 

 Evaluation of the mechanical properties of the cartilage-bone interface was 

performed via shear testing. Shear stresses develop at the native cartilage-bone interface 

during compressive loading as a result of dissimilar elastic moduli of the cartilage and 

bone tissues [6]. The magnitude of these stresses may be mitigated by the functionally 

graded properties of the ZCC present between articular cartilage and the underlying ScBP 

[39, 52]. The formation of the ZCC in the DDS may facilitate the formation of a ZCC 

with graded properties as a result of the nature of the diffusion processes producing 
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concentration gradients within the cartilage-bone construct. However, the extent of the 

gradation of mechanical properties at the ZCC is a controversial subject, as indentation 

testing previously demonstrated a property step-change at the cartilage-bone junction 

[20].  

 This study demonstrated the ability to control the spatial distribution of 

calcification within osteochondral constructs leading to the targeted in vitro 

mineralization of the cartilage-bone interface using a DDS. The formation of a ZCC with 

intermediate mechanical properties between articular cartilage and subchondral bone 

could reduce stress concentrations at the interface of engineered osteochondral 

constructs. This novel process could be applied to numerous areas of tissue engineering 

research to improve the integration of dissimilar materials. The integration of ScB 

scaffolds and articular cartilage grafts through the formation of a robust, shear-resistant, 

and biocompatible calcified interface could lead to development of tailorable implants for 

cartilage repair procedures.  This would lead to reduced recovery times and enhanced 

clinical results for those suffering from cartilage defects and disease. 
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CHAPTER 4 

CONCLUSIONS 

4.1 Summary of Findings 

 This research developed a novel tissue engineering approach to attach cartilage to 

bone through the in vitro formation of a calcified osteochondral interface.  The overall 

object of this work was: To fabricate engineered osteochondral constructs through the 

controlled calcification of the interface between cartilage and bone implementing a novel 

tissue engineering process. 

A double diffusion system (DDS) was implemented utilizing the opposing 

transport of calcium (Ca) and phosphate (PO4) ions to control calcification location 

within cartilage embedded within a hydrogel over a 7-day period.  The effect of cartilage 

surface orientation with respect to the Ca and PO4 reservoirs upon calcification thickness 

and location was evaluated. The major findings of this thesis were: 

1. A DDS can be implemented to control calcification spatial distribution within 

cartilage samples to target mineralization in the cartilage deep zone to create a double 

diffusion zone of calcification (DDZCC). 

a. The positioning of the articular surface towards the Ca reservoir resulted in 

the formation of a mineralization layer 181 ± 50µm thick within the cartilage 

deep zone, similar to that of native human zone of calcified cartilage (125µm). 
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b. Conversely, the positioning of the articular surface towards the PO4 reservoir 

resulted in the formation of a mineralization layer 633 ± 154µm, similar to the 

thickness of the human subchondral bone plate, within the cartilage superficial 

and transitional zones. 

c. The Ca and PO4 ion concentrations with the articular surface towards Ca were 

at elevated, constant values of approximately 75mM and 80mM, respectively, 

indicating that ion diffusion across the ion surface may have stopped prior to 

the conclusion of the 7-day test period. 

2. A DDS was implemented to generate calcification at the interface between 

devitalized adult articular cartilage and subchondral trabecular bone to create 

engineered osteochondral constructs. 

a. The DDS generated a controllable calcification layer at the cartilage-bone 

interface of 150 ± 24µm, similar to the native human ZCC (125µm) in a 7-day 

period. 

b. The calcification morphology of the deep cartilage zone was similar to the 

native calf interface, but lacked overall mineralization homogeneity. 

c.  The cartilage-bone interface of the engineered osteochondral constructs 

exhibited a shear strength of 19.5 kPa and a shear modulus of 3.7 MPa, 

approximately 4.5% the strength and 40% the shear modulus of native calf. 
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4.2  Discussion 

The native osteochondral interface is characterized by the attachment of articular 

cartilage to subchondral trabecular bone through the zone of calcified cartilage (ZCC) 

and the subchondral bone plate (ScBP) [1, 4, 5, 7]. The cartilage-bone interface exhibits 

intermediate mechanical properties that provides a graded, mineralized structure between 

cartilage and bone [13, 16] that reduces shear stress concentrations at the interface [3].  

Tissue engineering techniques designed to recreate the mineralized cartilage-bone 

interface in vitro often involve prolonged cell culture and incubation times in order to 

develop an artificial osteochondral interface [10, 15]. Thus, the ability to develop a 

technique to rapidly fabricate engineered osteochondral constructs through the formation 

of a calcified interface holds numerous advantages. 

A double diffusion system (DDS) was implemented in this thesis to control 

calcification location and thickness within a hydrogel-embedded articular cartilage disc 

and to target mineralization in the cartilage deep zone, creating a double diffusion zone of 

calcification (DDZCC). The precise calcification of the cartilage deep zone was most 

likely due to the influence of the cartilage negative fixed charge density (FCD) [5, 12], 

which is a depth-dependent property that increases from the superficial to deep zones, 

corresponding to an increase in proteoglycans (PGs), and thus an increase in 

glycosaminoglycans (GAGs) [11, 12]. The formation of a physiologically accurate 

DDZCC within the cartilage deep zone is a novel process that could aid in tissue 

engineering efforts to attach articular cartilage grafts to bone scaffolds, generating 

engineered osteochondral constructs.  These constructs could then be surgically 

implanted during cartilage repair procedures to improve the clinical outcome of 
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procedures such as mosaicplasty by removing the need of harvesting autograft or 

allograft tissue [2]. 

The ability of the DDS to generate an engineered osteochondral construct was 

subsequently demonstrated by attaching devitalized trabecular bone to the articular 

cartilage deep zone through the formation of a calcified interface. Furthermore, the DDS 

controlled the spatial distribution of calcification within osteochondral constructs leading 

to the targeted in vitro mineralization of the cartilage-bone interface. The formation of a 

ZCC with intermediate mechanical properties between articular cartilage and subchondral 

bone could reduce stress concentrations at the interface of engineered osteochondral 

constructs. This novel process could be applied to numerous areas of tissue engineering 

research to improve the integration of dissimilar materials, such as: meniscus-bone, 

tendon-bone, and ligament-bone [14]. However, the mechanical properties of the tissue-

engineered interface remain significantly less than native tissue.  Thus, the DDS may 

function most effectively as a technique to generate initial attachment between cartilage 

and bone, followed by cell culture and in vivo biological bone remodeling and synthesis. 

Regardless, the rapid formation of engineered cartilage-bone interfaces may be useful for 

the integration of tailorable osteochondral implants for use in cartilage resurfacing and 

defect repair procedures.  

The implementation of mature bovine cartilage was imperative to the thesis study 

design because the superficial (SZ), transitional (TZ), and deep (DZ) cartilage zones were 

fully developed [6, 7, 9].  This was necessary to analyze the physiological effect of the 

cartilage negative FCD density upon the diffusion of the Ca and PO4 ions. However, 

translating the experimental results to human cartilage may require further optimization 
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of the DDS as a result of the different articular cartilage zonal distribution, and thus PG 

and negative FCD, of human versus bovine tissue.  Similarly, mature, as opposed to 

immature, human tissue is readily available for tissue engineering and clinical repair 

techniques.  Thus, mature tissue is directly applicable to the surgical treatment of 

chondral and osteochondral defects.  

Overall, this thesis contributed to the field of osteochondral tissue engineering 

through the development of a novel method to attach cartilage to bone through the 

controlled formation of an engineered calcified interface. The integration of ScB 

scaffolds and articular cartilage grafts through the formation of a robust, shear-resistant, 

and biocompatible calcified interface could lead to development of tailorable implants for 

cartilage repair procedures. This would lead to reduced recovery times and enhanced 

clinical results for those suffering from cartilage defects and disease. 
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4.3  Future Work 

The current work can be expanded upon in a number of ways, including: (1) 

performing in vitro culturing to the increase the interfacial strength of the engineered 

osteochondral constructs, (2) increasing initial cartilage-bone interdigitation through the 

incorporation of a cartilage-bone pre-compression procedure, and (3) designing 

osteochondral interface scaffolds that include an engineered ScBP. 

The addition of an in vitro culturing period, implementing live adult articular 

cartilage, following the initial cartilage-bone attachment through the DDS may result in 

an increase in the shear strength of the engineered osteochondral constructs.  Numerous 

studies utilize cell culture periods of various durations to spur the development of an 

engineered cartilage-bone interface through cellular synthesis [10, 15]. The results of the 

ion concentration analysis demonstrate that the test period in the DDS could be 

significantly reduced because ion diffusion ceased far before the conclusion of the 7-day 

exposure period. Therefore, the inclusion of a several day culture period following 

attachment via the DDS would not significantly increase fabrication time and the 

engineered osteochondral grafts could still be rapidly created. 

 The incorporation of a cartilage-bone pre-compression step [8] prior to exposure 

in the DDS may increase the interdigitation between the two tissues and lead to increased 

interface shear strength. Observation of µCT images throughout the study revealed that 

the articular discs and trabecular bone cores were not in complete surface contact 

throughout the duration of the DDS experiment.  This most likely resulted in reported 

shear stress values significantly lower than expected based on previous pilot experiments. 
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Furthermore, this would produce the additional benefit of allowing the entire cartilage-

bone interface to be calcified, as opposed to scattered calcification regions, accounting 

for only a small percentage of the total surface area as observed in the alizarin red 

staining.  Similarly, a pre-compression step could lead to more integrated cartilage-bone 

interface, similar to that found in native tissue.  This may lead to improved mechanical 

and morphological outcomes in future studies. 

 This thesis demonstrated that the engineered calcified zone more accurately 

emulated the ZCC as opposed to the ScBP. Therefore, the design and manufacture of 

bone substrates containing a ScBP region, with minute pores that could be filled during 

the DDS calcification process, may produce engineered osteochondral implants with an 

improved structure that more accurately reproduces the native cartilage-bone interface. 

Consequently, this may result in a stronger, more robust, tissue-engineered construct that 

exhibits a stronger and more shear-resistant interface. 

 This study developed a novel tissue engineering approach to replicate the ZCC at 

the osteochodral interface. Refinement of this technique may result in rapidly assembled 

tissue-engineered implants that can be implemented to improve the clinical outcome of 

surgical cartilage defect repair procedures. 
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