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Abstract 

Regenerative Engineering of the Temporomandibular Joint  

in a Porcine Model 

David Chen 

 

 Joint disorders significantly affect quality of life and present unique challenges for 

tissue engineering. In the craniofacial space, and especially for the temporomandibular 

joint (TMJ), there is an unmet need for anatomically precise and mechanically robust 

cartilage and bone tissues to recapitulate native function. Current surgical reconstruction 

methods, whether using autologous or synthetic options, suffer from imprecision, 

comorbidities, complications, and frequently require subsequent operations. Furthermore, 

many craniofacial graft efforts have focused on improving bone without addressing 

cartilage, which is essential to proper TMJ function. Thus, there is a compelling need to 

engineer a human-sized, biologically and anatomically matched cartilage-bone TMJ 

replacement. 

 

 This dissertation demonstrates the ability to generate such a graft with native-like 

properties in a human-sized large animal model by focusing on two aims: (i) establish 

methods to fabricate and culture anatomically specific, autologous cartilage-bone grafts 

(Aim 1), and (ii) show improvement of graft performance after six months implantation in 

vivo compared to previous methods, controls, and native tissue (Aim 2).  

  



 

 Using Yucatan mini-pigs as a human-sized model, the ramus-condyle unit (RCU), 

a geometrically intricate portion of the mandible and primary load bearing section of the 

TMJ, was targeted for reconstruction. Scaffolds were created using computer tomography 

(CT) image-guided micromilling of decellularized bone matrix, then infused with 

autologous adipose-derived chondrogenic and osteogenic progenitors. These biological 

constructs were then cultured in vitro in a novel dual-perfusion bioreactor before in vivo 

implantation. Similar in vitro culture of representative constructs done in parallel 

demonstrated cell attachment and some differentiation. After six months implantation, the 

dual cartilage-bone RCU grafts maintained their predefined anatomical structure and 

regenerated full-thickness, stratified, and mechanically robust cartilage over the underlying 

bone, to a significantly greater extent than either bone-only grafts or acellular scaffolds, 

and showed remarkable similarity to native tissue. Furthermore, tracking of implanted cells 

enabled additional insights into the progression of cartilage and bone regeneration. 

 

 The methods and results established in this dissertation form a promising basis for 

the next evolution in engineering full-sized, patient-specific, and biologically and 

mechanically robust TMJ replacements. 
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Chapter 1 

 

Background 

 

1.1 Cartilage and Bone Development 

During fetal development, cartilage and bone formation are tightly linked in the 

process of skeletogenesis. First, cartilage formation is initiated by migration and 

condensation of mesenchymal progenitor cells. Prior to differentiation, these 

condensations are mediated by morphogenetic and adhesion factors, which control for size 

and location while upregulating expression of chondrogenic genes (1). Condensations are 

committed to differentiation through a combination of downregulation of genes associated 

with cell aggregation, and upregulation of genes and proteins that promote chondroblast 

formation, such as bone morphogenetic proteins 2 and 4 (Fig. 1-1). Chondroblasts further 

differentiate to chondrocytes through interplay between Indian hedgehog protein and 

parathyroid hormone related peptide (1, 2). 

 

Bone is created under one of two processes. The flat craniofacial bones and 

clavicles develop via intramembranous ossification, whereby clustering of mesenchymal 

progenitor cells leads directly to osteoblast and osteocyte formation. The majority of long 

bones form through endochondral ossification, in which cartilage tissue as described above 

is replaced by bone. After a cartilaginous model of the bone (anlage) is constructed, 

chondrocytes in the center of the shaft undergo hypertrophy and apoptosis while altering 

their secreted extracellular matrix to allow for mineralization. These changes allow for 
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invasion by blood vessels and attachment of osteoblasts, which bind to the degenerating 

cartilage and deposit bone matrix. This ossification continues toward the ends (epiphyses) 

of the cartilage through arrays of proliferating, hypertrophic, and mineralizing 

chondrocytes. After birth, a secondary ossification center forms at the epiphysis. The 

epiphyseal plate continues to form new cartilage through young adulthood, which is 

replaced by bone, enabling increases in bone length (Fig. 1-2) (1, 2). 

 

  

 

 

 

 

 

 

 

 

 

The formation of a synovial joint (diarthrosis) is less well understood, but likewise 

begins in the cartilaginous anlage, where unknown upstream mechanisms prescribe the 

joint location and recruit new cells to create an interzone, from which differentiation, 

cavitation, and morphogenesis eventually result in the mature joint capsule (Fig. 1-3) (3, 

4). Interestingly, recent research has shown that, while undergoing this process, the 

Figure 1-1. A summary of major genes associated with the stages of mesenchymal 
condensation during cartilage development: Initiate, Set Boundary, Proliferate, Adhere, 
Grow, and Differentiate. Adapted from Hall et al (1). 
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interzone cells differentiate into articular chondrocytes and may be responsible for some 

or most of the final cartilage present, in contrast with the traditional view that articular 

cartilage represents the part of the anlage that did not undergo endochondral ossification 

(5–7). 

 

 

 

 

 

 

 
 
 
 

Figure 1-2. Schematic diagram of endochondral ossification. Mesenchymal cell 
condensations differentiate and form the cartilaginous model of the bone. Chondrocytes 
undergo hypertrophy, apoptosis, and mineralize their extracellular matrix, which allows
blood vessel infiltration. Osteoblasts then bind to the degenerating cartilage and deposit 
bone matrix. Bone growth continues along these patterns of chondrocyte proliferation, 
hypertrophy, and mineralization Secondary ossification then occurs. Adapted from Gilbert 
et al (2). 
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1.2 Temporomandibular Joint Development 

Notably, the temporomandibular joint (TMJ) has a unique and more complex 

development cycle compared to the typical limb joint formation described above. First, 

while most joint cavities are fully formed by eight weeks into gestation, the TMJ develops 

later, not starting until about seven weeks. Second, instead of cleavage of one cartilage 

anlage, the TMJ is formed by at least two and potentially three separate mesenchymal 

condensations, known as blastemas. One blastema forms at the glenoid fossa and the other 

at the mandibular condyle. A third potential blastema from a separate mesenchymal 

condensation between the fossa and condyle may give rise to the articular disc, while some 

believe the disc directly derives from separation of cells from the condyle surface (Fig. 1-

4). As there is no signature marker for early disc cells, it is currently impossible to conclude 

the disc’s precise origin, which continues to be a major unanswered question. At nine to 

Figure 1-3. Proposed joint formation schematic. An interzone 
region leads to differentiation, cavitation, and finally the 
formation of articular chondrocytes and the mature joint space. 
Adapted from Decker et al (3). 
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eleven weeks, cavitation occurs, driving blastema differentiation and forming the joint 

space. By 20 weeks endochondral ossification and cartilage are visible, though even at birth 

the TMJ is still relatively underdeveloped (8–11).  

 

Finally, the mandibular condylar cartilage is a secondary cartilage with a distinct 

origin and development compared to other primary cartilages. While the latter grow via 

interstitial cell proliferation, secondary cartilage grows via appositional proliferation. It is 

believed to be derived from periosteum, which also may contribute to the presence of a 

distinct superficial fibrous layer dominated by collagen I (8, 12, 13). 

 

 

1.3 Clinical Problems and Current Treatment Limitations 

The TMJ is a complex and highly loaded joint implicated in many craniofacial 

diseases and disorders. It is estimated that 10 million people in the United States alone 

suffer from TMJ dysfunction, which can significantly affect respiration, speech, 

mastication, self-image, and other essential quality of life parameters (14). While the body 

Figure 1-4. Schematic diagram of TMJ development. In this hypothesize model, three independent 
mesenchymal condensations contribute to the glenoid fossa of the temporal bone (TB), the 
mandibular condyle cartilage (MCC), and the articular disc (AD). Each proliferates and 
differentiates to form the complete joint space. Adapted from Kubiak et al (11). 
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has the capacity to heal small bone defects, large defects cannot be bridged. Furthermore, 

damaged or missing condylar cartilage cannot regenerate. In severe cases, surgical 

reconstruction is the only option to treat pain and restore function. A wide range of causes 

may necessitate reconstruction, including congenital defects such as hemifacial 

microsomia (Fig. 1-5), damage to the joint due to traumatic injuries or neoplasms, or 

resorption of the joint due to arthritis, juvenile inflammatory arthritis, or idiopathic 

condylar resorption (15).  

 

All current treatments have limitations. Steroid injections provide only temporary 

relief, with some patients experiencing recurring pain within two months (16). Surgical 

interventions such as condylectomy, that are most commonly used for condylar 

hyperplasia, produce varying results and do not fully restore TMJ function (17–19). In fact, 

one study indicated that condylectomy patients tend to experience more TMJ problems and 

postoperative pain compared to untreated controls (20). Autologous transplants such as 

costochondral grafts and fibular flaps, mostly used for large mandibular defects, are limited 

by the volume of donor tissue and donor site morbidity (21–23). In general, these 

transplants are thinner and simply-shaped—only able to bridge critical-sized defects, 

unable to mimic the complex surrounding architecture, and lacking a suitable cartilage 

replacement (Fig. 1-6).  

 

Finally, synthetic options have problems as well. The Teflon-Proplast total joint 

replacement, which was pulled from the market more than thirty years ago, induced 

foreign-body giant cell reactions in most patients, with erosions of the glenoid fossa 
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sometimes extending into the middle cranial fossa (24, 25). The more recent Zimmer 

Biomet stock prosthesis and TMJ Concepts patient-matched device have shown early 

success, but future studies with larger cohorts are needed to assess long-term outcomes, in 

particular the effects of altered joint loading with alloplastic replacements (26, 27). More 

recently metal hypersensitivity and nickel allergy have caused concern among surgeons 

using these systems, with up to 17% of individuals having metal allergies (28, 29). Metal 

hypersensitivity to an implanted joint prosthesis can manifest as localized dermatitis, 

swelling, pain, joint effusions, and prosthesis failure. Lastly, there is not yet a synthetic 

cartilage mimic that reproduces native-like tribological and mechanical properties, though 

recent work has succeeded in creating a material with much more cartilage-like properties 

than previously reported (30). Taken together, these considerations make the development 

of an autologous, anatomically precise, bioengineered mandibular condyle joint 

replacement all the more compelling (31).  

 

 

Figure 1-5. X-ray image of a child with hemifacial microsomia. Congenital absence of the ramus 
and condyle are visible. Adapted with permission from Dr. Sidney Eisig. 
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Figure 1-6. Anatomy of a fibular free flap transplant with attached skin , muscles, and blood vessels 
(left); example of large segmental defect with fibular flap inset (right). Adapted from Bak et al (22). 

 

1.4 Bioengineering Research Developments  

Engineered tissue constructs offer bioinspired and patient-tailored approaches to 

the reconstruction of the structural and biological components of the graft. Many initial 

efforts have focused on tissue-engineered bone for the mandible, but not cartilage. One 

recent study proposed an “in vivo bioreactor” strategy for repair of a large mandibular 

defect in a sheep model, allowing morcellized bone to develop against the rib periosteum 

prior to reconstruction of the defect (Fig. 1-7) (32). While the generated bone had robust 

biological and mechanical properties, the shape of the bioreactor and manufactured defect 

were of a simple box design, necessitating more studies to mimic more complex geometry 

(although the 3D-printed nature of the bioreactor could enable other designs). Another 

study in an ovine model developed synthetic grafts for replacement of the orbital floor, 



9 
 

resulting in neovascularization and bone morphogenesis (Fig. 1-8) (33). This approach, 

utilizing biodegradable poly (trimethylene carbonate) loaded with hydroxyapatite, 

performed better than traditional titanium meshes, which formed fibrous capsules. 

Additionally, the implants were custom made to animal-specific geometries through 

stereolithography, enabling a high degree of precision with more complex designs. 

However, the grafts were solely comprised of synthetic material and did not contain any 

cells, relying on native cell infiltration for healing and integration. As the implants were 

thin (about 5 mm), this was likely not a significant problem, but for larger and thicker 

constructs studies have shown inclusion of autologous cells can improve upon acellular 

results. 

 

 

Figure 1-7. Schematic of an in vivo bioreactor strategy for reconstruction of a bone portion of the 
mandible. At week 0, a defect was made in the mandible and 3D-printed bioreactors filled with 
autologous bone were implanted against the periosteum of the rib. The mandibular defect space 
was preserved by insertion of the space maintainer. At week 9, bioreactors were harvested for 
analysis or for use as vascularized free flaps in mandible reconstruction. At week 21, the mandibles 
were harvested for analysis. Adapted from Tatara et al (32). 
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Figure 1-8. Schematic of study design to repair sheep orbital floor. Scans of sheep anatomy were 
used with stereolithography to create a patient-specific, biodegradable poly (trimethylene 
carbonate) (PTMC) implant, loaded with 40 wt % hydroxyapatite (called Osteo-PTMC). After 
implantation, these were compared to hand-shaped titanium mesh implants. Adapted from 
Guillaume et al (33). 

 

Notably, our lab previously reported a study in Yucatan minipigs, in which we 

engineered bone grafts for reconstructing the ramus-condyle unit (RCU), a large bone 

segment about 3 cm wide by 6 cm long, and 2.5 cm thick at the condylar head  (34). Using 

computed tomography (CT) scans, the grafts were precisely micromilled to each minipig’s 

anatomic shape from decellularized bovine femur bone blocks. These customized scaffolds 

were then seeded with autologous adipose stromal cells and cultured in a perfusion 

bioreactor to create a living bone implant (Fig. 1-9). Over three- and six-month 

implantation periods, these engineered bone grafts showed regenerative advantage over 
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acellular scaffolds and condylectomy controls in multiple metrics, including greater bone 

volume, more gradual graft resorption, and increased vascularization, suggesting that the 

incorporated autologous stromal cells contributed to successful integration and tissue 

regeneration. Consistently, the rates of bone resorption and replacement appear more 

balanced in cellular than acellular engineered grafts (35). 

 

 

Figure 1-9. Schematic of engineered bone grafts for RCU replacement in a pig. Computed 
tomography (CT) scans and adipose stromal cells were taken from each pig. Patient-specific 
scaffolds were milled from decellularized bovine bone using the CT data. The autologous stromal 
cells were seeded into each respective scaffold and cultured in a perfusion bioreactor. Finally, the 
engineered bone graft was implanted the recipient animal. Adapted from Bhumiratana et al (34). 

 

Despite advancements in bone engineering, few studies have focused on 

reconstruction strategies that incorporate a cartilage layer over the underlying bone. The 

condylar cartilage of the TMJ is essential to its mechanical function, providing resistance 

to compressive loading and frictionless articulation. In therapeutic approaches to TMJ 

repair, cartilage regeneration is often the central goal, as cartilage is the tissue being 

degraded in conditions of arthritis or idiopathic condylar resorption. Evidence also shows 
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that destruction of the condylar cartilage disturbs the capacity of the underlying mandibular 

bone to undergo endochondral ossification, further demonstrating the intimate relationship 

between the two tissues (36).  

 

Due to the lack of techniques to engineer both cartilage and bone together in one 

construct to enable total joint repair, many previous studies have only demonstrated repair 

of defects more distal from the condylar head. While some studies have demonstrated 

repair of small, localized cartilage defects, they do not offer scalability for in vivo 

regeneration of the whole condylar head (37). In our previous work, implanting engineered 

bone-only RCU grafts in pigs resulted in the formation of a thin layer of cartilaginous tissue 

on the condylar head, but this tissue lacked the zonal organization, biochemical 

composition, and low friction coefficient of native TMJ condylar cartilage (34). Our lab 

has done other work in engineering neocartilage on bone scaffolds, but these methods have 

not been validated in vivo, and regeneration of condylar cartilage with native-like structure 

and mechanical properties in a large TMJ defect has not been demonstrated (Fig. 1-10) 

(37–39). 
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Figure 1-10. (a) Schematic of condensed mesenchymal body (CMB) fusion on a bone scaffold. 
CMBs are formed from condensing adipose stromal cells into small beads with cartilaginous 
properties. (b) CMBs fused and adhered to an empty scaffold after 5 weeks cultivation. (c-r) 
histological and immunohistochemical stains of CMB layer shows positive signs of neocartilage 
formation. Scale bars 500 � m in low-magnification images (c, g, k, and o) and 50 � m in high-
magnification images (d-f, h-j, l-n, and p-r). Adapted from Bhumiratana et al (38). 
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Chapter 2 

Goals, Rationale, and Approach 

 

2.1 Goals 

There is a pressing need for replacement of both the condylar cartilage and 

underlying bone in large-scale TMJ replacement. Current methods generally investigate 

cartilage in vitro, or address only bone and fail to achieve native-like cartilage 

recapitulation in vivo. The parameters to engineer and culture a large dual cartilage-bone 

graft have not been defined, presumably due in part to the difficulties in engineering 

neocartilage, as well as the markedly different culture conditions required by chondrogenic 

and osteogenic tissues. Furthermore, it is unknown what the effect implantation of such a 

graft would have, and whether recapitulation of native-like properties is possible, 

particularly in a large animal model with human-like mastication patterns. Efficacy of 

replacement would need to be assessed comprehensively along a variety of biological and 

mechanical metrics. 

 

The goal of this dissertation is to establish a procedure to engineer large patient-

specific, autologous cartilage-bone RCU grafts, and assess the in vivo effects of these dual-

tissue grafts on integration, replacement, and regeneration of the TMJ condyle after 

implantation in a minipig model. 
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2.2 Hypothesis 

The proposed hypothesis is that graft replacements for large RCU defects require 

both cartilaginous and bone tissue, and implantation of such grafts will assist in the 

formation of more native-like condylar cartilage and subchondral bone in vivo. 

Specifically, development of a dual-perfusion culture system will allow for simultaneous 

maturation of osteogenic cells in the RCU scaffold and chondrogenic cells in the condylar 

surface. After implantation in a minipig model, this combination will provide the 

appropriate biochemical and mechanical cues for native regeneration of both tissues, and 

improve upon previous results utilizing acellular scaffolds or grafts with osteogenic cells 

only. 

 

2.3 Overall Approach and Specific Aims 

The overall investigational approach was to develop a method for precisely and 

reliably engineering custom, autologous cartilage-bone RCU grafts, and to study the in vivo 

outcomes of implanting these grafts in a minipig. To achieve that, the research in this 

dissertation was divided into two coordinated aims: (i) establish a process to create patient-

specific RCU grafts using CT scans to mill decellularized bovine bone into scaffolds, 

seeding with chondrogenic and osteogenic progenitor cells, culturing in a novel dual-

perfusion bioreactor, and showing that these constructs mature in vitro (Aim 1); and (ii) 

implant these grafts and after six months in vivo assess and show that the regenerative 

outcomes, in particular with regards to the structure and performance of the condylar 

cartilage, are superior in the cartilage-bone grafts compared to the bone-only and acellular 

equivalents (Aim 2). 
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Aim 1: Develop animal-specific, autologous, dual cartilage-bone RCU grafts 

 

Rationale 

Precise, large RCU scaffolds seeded with autologous, osteogenic cells and cultured 

in single-perfusion bioreactors have previously been engineered in our lab and shown 

promising results for bone formation. At the same time, in vitro research has shown the 

ability of adipose stromal cells (ASCs) to condense into mesenchymal bodies which 

undergo chondrogenic differentiation and form neocartilage. However, a dual RCU 

construct combining these methods, with both osteogenic cells throughout the scaffold, and 

neocartilage at the condylar surface, has not yet been engineered. The addition of the latter 

would represent a step forward toward a more complex and complete osteochondral graft. 

This aim investigates the feasibility and steps to create such a graft in vitro. 

 

Approach 

 Animal-specific scaffolds were milled from bovine femoral bone blocks using CT 

scans of each pig’s head, then decellularized. Subcutaneous adipose tissue from each pig 

was isolated for stromal cells and expanded to provide an autologous source of 

chondrogenic and osteogenic cells. Scaffolds were seeded with both cell types (utilizing a 

pellet pressing method to embed chondrogenic cells on the condylar surface) and cultured 

in a novel dual-perfusion bioreactor designed to provide optimal growth conditions for 

each region. Smaller cylindrical constructs not meant for implantation were engineered and 
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cultured similarly, and examined for cell attachment and maturation. Acellular scaffolds 

and grafts seeded with only osteogenic cells were engineered and assessed in parallel. 

 

Aim 2: Implant cartilage-bone RCU grafts and evaluate in vivo outcomes 

 

Rationale 

 Bone-only engineered grafts in a minipig model showed bone regeneration and 

integration, but formed minimal condylar cartilage. Implantation of a dual cartilage-bone 

RCU graft has not been attempted, and it is unknown how much benefit, if any, the 

additional cells will have. However, as cellularized bone constructs perform better in vivo 

than acellular scaffolds, it is also reasonable to hypothesize that the addition of 

chondrogenic cells to a graft would further aid treatment of a large defect in the TMJ, a 

region where there appears to an important connection between the condylar cartilage and 

underlying bone. Furthermore, it is unclear how much lasting effect the seeded cells in the 

graft have on long-term healing. This aim investigates the effects of cartilage-bone grafts 

on RCU restoration, as well as exploring the presence and migration of initially seeded 

cells after implantation. 

 

Approach: 

 Cartilage-bone RCU grafts and corresponding bone-only and acellular controls 

were implanted in matched minipigs on the left side of the jaw by expert maxillofacial 

surgeons and allowed to heal over six months. The RCU implant and surrounding bone, as 

well as the contralateral native right RCU, were excised. Grafts were evaluated 
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histomorphologically, biochemically, and mechanically. Initially seeded cells were tagged 

with green fluorescent protein (GFP) and stained for after explantation. Additionally, the 

minipigs were injected with oxytetracycline at the three months to enable visualization of 

new bone development. 
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Chapter 3 

 

Develop animal-specific, autologous, 

dual cartilage-bone RCU grafts 

 

3.1 Introduction 

Recently, large customized TMJ grafts seeded with autologous osteogenic cells and 

cultured in a perfusion bioreactor were engineered and implanted in a large animal model, 

with promising results for bone integration and healing (34). However, no study has yet 

created a dual cartilage-bone TMJ graft. We hypothesized that a dual graft would be 

possible by combining previous methods: osteogenic cell isolation and seeding in a 

customized scaffold, and the addition of chondrogenic condensed mesenchymal bodies on 

the condylar surface (38).  

 

To test our hypothesis, we created and investigated three groups of bioengineered 

grafts: (i) cartilage-bone RCUs (the main experimental group), (ii) bone-only RCUs (to 

assess the regenerative ability of bone and any spontaneous generation of cartilage), and 

(iii) acellular scaffolds (to assess the role of exogenous cells in regeneration). The overall 

study design is presented in Figure 3-1. Grafts and scaffolds were engineered for a total of 

20 male minipigs, split among the cartilage-bone group (n = 8), the bone-only group (n = 

9), and the acellular group (n = 3) (Table 3-1). Selection of animals into the experimental 

groups was randomized. 
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In order to engineer these grafts, scaffolds were milled from bovine bone to each 

animal’s exact specifications using CT data, then decellularized. In parallel, ASCs were 

isolated and expanded before being directed along osteogenic and chondrogenic 

differentiation. After cell seeding, the constructs were encased in novel, matched dual-

perfusion bioreactors engineered to provide separate culture medium delivery to the 

respective regions (Fig. 3-1). 

 

To understand the maturation of our tissues during in vitro culture, we also studied 

miniaturized, cylindrical cartilage-bone constructs in the same experimental groups and 

using the same bioreactor design principles as for the clinically sized grafts (n = 6 cartilage-

bone, n = 6 bone-only, and n = 4 acellular) (Table 3-1). These smaller constructs had 

thicknesses corresponding to the critical distances for nutrient transport, cell migration and 

mechanotransduction in the larger anatomical grafts, and were designed to correspond to a 

core taken from the middle of the RCU condyle. Additionally, the constructs were 

engineered with a domed top articular surface to mimic the condyle (Fig. 3-1). 

 

After in vitro culture, histological and frictional analyses were conducted on the 

small cylindrical constructs. Staining revealed immature neocartilage did indeed develop, 

while also highlighting immature, osteoid-heavy bone tissue. However, no significant 

differences were observed among the experimental groups when frictional testing was 

conducted on the condylar surface. 
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After in vitro culture, the clinically sized RCU grafts were transported from New 

York City, New York to Baton Rouge, Louisiana, where the minipigs were housed. This 

distance allowed us to mimic the potential travel time needed to ship a graft between cities 

for a human patient. Before implantation, it was visually noted that the cartilage-bone grafts 

had developed a cartilaginous layer, similar to the small constructs. Thus, we propose that 

our engineering methods can produce dual-tissue, animal-specific grafts using autologous 

cells. 

 

 

Figure 3-1. Tissue engineering strategy and timeline. (A) 20 Yucatan minipigs were housed in 
Baton Rouge, LA and allowed to reach skeletal maturity. CT imaging of the skull enabled creation 
of anatomically precise scaffolds and bioreactor culture chambers. Autologous ASCs were 
expanded and differentiated into chondrogenic and osteogenic progenitors. Each decellularized 
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bovine scaffold (~3 cm wide by 6 cm long by 7-25 mm thick) was seeded with cells from the 
corresponding animal and cultured in a dual perfusion bioreactor to form a graft. Experimental 
groups were: cartilage-bone (seeded with ~200 million chondrogenic and ~120 million osteogenic 
progenitors), bone-only (seeded with 120 million osteogenic progenitors only), and acellular 
(decellularized scaffold only) RCUs. RCUs were transported from New York, NY to Baton Rouge, 
LA and orthotopically implanted. After 6 months, the RCUs and the native contralateral tissues 
were excised and analyzed. (B) Smaller scale cylindrical constructs (~9 mm diameter and height) 
were engineered to correspond to a core taken from the center of the RCU condyle to be used for 
timepoint analyses. Cell and scaffold sources were the same as in (A). (C) Timeline of the steps in 
(A) and (B), including timepoints at which whole-jaw CT imaging was performed. 

 

Table 3-1. Experimental groups. Samples with early euthanasia and gross pathological issues 
excluded from final total. 

Small constructs Cartilage-bone  Bone-only Acellular Total  
End total (5 weeks in 
vitro) 

6 6 4 16 

Ramus-condyle unit 
grafts 

Cartilage-bone 
(GFP-tagged) 

Bone-only 
(GFP-tagged) 

Acellular Total (GFP-
tagged) 

Start number 8 (4) 9 (6) 3 20 (10) 
Early euthanasia  1 (1)   
Gross pathological 
issues 

2 (1)    

End total (5 weeks in 
vitro + 6 months in 
vivo) 

6 (3) 8 (5) 3 17 (8) 

 

3.2 Materials and Methods 

3.2.1 Animal CT scans 

  After 12 hours of fasting, animals were sedated with ketamine (3 mg/kg), 

tiletamine (2 mg/kg), and xylazine (3 mg/kg), administered intramuscularly. Anesthesia 

was then induced with 5% isoflurane (MWI Veterinary Supply) in 100% oxygen (1.5 

L/min) via facial mask. The animals were intubated with a cuffed Murphy’s endotracheal 

tube (7 to 9 mm internal diameter), and anesthesia was maintained at a vaporizer setting of 

1.5% isoflurane and oxygen flow rate of 1-2 L/min in a closed circular system. The animals 

were placed in dorsal recumbency and scanned on the GE LightSpeed 16 Slice CT scanner 
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(GE Medical Systems). The scans (0.635-mm resolution; 120 kV) were conducted on all 

animals at 2 months before surgery (Fig. 3-2). 

 

 

Figure 3-2. Representative CT slices of pig head. Slices were combined to reconstruct the head in 
3D. 

 

3.2.2 Adipose tissue harvest and stromal cell isolation 

At the same time as the initial CT procedure and while the animals were under 

anesthesia, subcutaneous adipose tissue (about 100 ml) was harvested from the dorsal 

lumbar region of each animal. From this tissue, ASCs were isolated as previously described 

by a third-party company LaCell LLC in New Orleans, Louisiana (40). The cryovials 

containing passage 0 (P0) ASCs were verified for quality, sterility, and proliferative 

potential by LaCell LLC and shipped overnight on dry ice from New Orleans to Columbia 

University, New York.  

 

3.2.3 Stromal cell expansion and fluorescent tagging 
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The ASCs were expanded in high-glucose Dulbecco’s modified Eagle’s medium 

(DMEM; Gibco), 10% fetal bovine serum (FBS; Corning), 1% penicillin/streptomycin 

(P/S; Gibco), and fibroblast growth factor (0.1 ng/ml; Peprotech) with media changes twice 

per week. They were passaged by trypsinization up to passage 5 (P5) to generate the 

requisite number of cells per scaffold (about 200 million chondrogenic and about 120 

million osteogenic progenitors), based on previous work (34). Scaffolds for the small 

constructs were seeded at the same densities as their larger counterparts, using a 

heterogeneous population of ASCs from several animals (n = 7) to normalize for biological 

differences between experimental groups. This equated to about 30 million chondrogenic 

cells per construct (as surface area was the key measurement), and about 8 million 

osteogenic cells per construct (as volume was the key measurement). See section 3.2.4 

Scaffold fabrication for RCU graft and small construct dimensions. 

 

A subset of RCU grafts (n = 10 of 20) contained ASCs that were fluorescently 

tagged prior to cell expansion, with n = 4 in the cartilage-bone group, and n = 6 in the bone-

only group (Table 3-1). We generated stably transduced ASCs at an early passage with 

GFP to facilitate cell tracking in the graft. The lentiviral vector plasmid pLenti CMV GFP 

Hygro (Addgene #17446) and auxiliary packaging plasmids pMD2.G (Addgene #12259) 

and pCMV-� R8.2 (Addgene #12263) were co-transfected into packaging HEK293T cells 

using polyethylenimine (PEI 25K, Polysciences). Viral supernatant was filtered 48 hours 

after transfection and either used immediately for transduction or stored at -80 °C. For 

transduction, the filtered supernatant was mixed with 8 � g/ml of Polybrene and added to 

the ASCs. Successfully transduced ASCs were isolated by hygromycin selection (250 
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µg/ml). P5 transduced cells were stained for GFP in 2D culture by immunohistochemistry 

(VECTASTAIN Elite ABC Universal Kit, Peroxidase) using the primary antibody ab290 

(Abcam) at a 1:500 dilution.  

 

3.2.4 Scaffold fabrication 

Large cancellous cylindrical bone cores, 4 cm in diameter and 7 cm long, were 

created from the distal aspect of adult bovine femurs (>2 years old animals) using a 44-

mm diameter, 75-mm long hole saw (PipeMan Products, Inc.) attached to a hammer drill 

(Bosch) (Fig. 3-3). To fabricate precise RCU scaffolds, we segmented the anatomy of each 

animal from its CT scan image stack using Mimics software (Materialise, V16).  This 

segmented volume was exported as an STL mesh and converted into Initial Graphics 

Exchange Specifications (IGES) format in RapidForm software (Inus, vXOR3).  The IGES 

formatted file was then imported into SOLIDWORKS software (Dassault Systems, v2017) 

for use in bioreactor design and scaffold fabrication (Fig. 3-4). To machine the bone block, 

Mastercam-for-SOLIDWORKS software (CNC Software Inc, v2017) was used to generate 

G-code to control a 4-axis milling machine (Taig Tools) (Fig. 3-5). The cylindrical bone 

cores were milled using a 3/16 in diameter ball endmill into the custom geometry of the 

RCU for each animal (Fig. 3-6). To fabricate the small scaffolds, the same bovine femurs 

were used, from which cylindrical scaffolds with a domed surface to mimic the condyle 

were milled. The cylindrical portion of the scaffolds were 9 mm in diameter and 7.5 mm 

tall, and the dome surface had a height of 1.5 mm with uniform curvature (based on a 

sphere of radius 7.5 mm). 
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The anatomical and small scaffolds were subsequently stripped of all cellular 

material to leave behind the extracellular matrix with largely preserved composition, 

architecture, and mechanical properties using our previously established protocol (34) 

which removes all cellular material (41, 42). The bone was washed with high-velocity 

streams of water to remove the marrow from the pore spaces, and treated on an orbital 

shaker in four steps to remove any remaining cellular material: (i) phosphate-buffered 

saline (PBS; Corning) with 0.1% EDTA (w/v) for 1 hour at room temperature; (ii) 

hypotonic buffer [10 mM Tris (Sigma), 0.1% EDTA (w/v) in DI water] overnight at 4 °C; 

(iii) detergent [10 mM Tris, 0.5% SDS (w/v; Sigma) in DI water] for 24 hours at room 

temperature; (iv) enzymatic solution (100 U/ml DNase, 1 U/ml RNase, 10 mM Tris in DI 

water; Sigma) for 6 hours at 37 °C.  

Decellularized bone blocks were freeze-dried, subjected to sonication treatment to 

remove any remaining debris, and stored in 70% ethanol (v/v) under ultraviolet light (UV) 

for sterilization. Prior to cell seeding, the scaffolds were washed and submerged in DMEM 

overnight. 
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Figure 3-3. Bovine distal femurs (left), and drilled bone core (right). A hammer drill was used to 
extract two bone cores from each femur by drilling into each of the lateral and medial condyles. 
This ensured the bone core contained the maximum length of cortical bone before reaching the 
softer cancellous bone.  

�

 

Figure 3-4. Segmenting and thresholding CT scans to generate mandible and RCU region of interest 
on the left side of the jaw (green).  
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Figure 3-5. Digitized anatomy to create milling toolpath (left). Screenshot from video modeling 
path of milling machine (right). 

 

 

Figure 3-6. Image of bone core undergoing milling (left). The base of the bone core is affixed 
securely while the milling tip gradually removes fragments of bone. Image of a scaffold that has 
undergone milling and decellularizing (right). Note the paler color and increased porosity after 
decellularization. The base has not yet been sawed off.  

 

3.2.5 Perfusion bioreactor design and operation 

The perfusion bioreactors were developed starting from a previous bioreactor 

system that was used to generate anatomical pieces of tissue-engineered bone (34). Briefly, 

a soft, disposable manifold was assembled around the engineered bone in two pieces by 

3D-printing a negative cast using an autoclavable, biocompatible resin (Dental SG; 



29 
 

formlabs), which was then filled with liquid polydimethylsiloxane (PDMS; Dow Corning). 

Air bubbles were removed before curing at 60 �C overnight. The 3D-printed cast was then 

broken and the manifold pieces carefully removed. These two sections distributed the flow 

of osteogenic media throughout the graft, with one at the inlet side, and one at the outlet 

side. These two sections were created with channels for bone perfusion whose size, 

placement, and number were designed to provide close to an optimal flow velocity (800 

µm/s) throughout the graft, based on previous work (Fig. 3-7) (34, 43). The design 

objective was to provide adequate mass perfusion along the perfusion paths ranging from 

5-7 mm (thickness of the ramus) to 25 mm (at the condylar head).  

 

For the cartilage-bone bioreactors, a third PDMS piece was added atop the graft, 

and additional fluidic routing conduits from inlet to outlet were designed to perfuse 

chondrogenic medium along the condylar surface, without mixing with the osteogenic 

medium introduced into the bone region (Fig. 3-7). These flow channels were roughly 0.75 

mm tall, 1.0 mm wide, spaced 2.0 mm center-to-center, and aligned in parallel to the 

sagittal plane. The design was informed by computational simulation in SOLIDWORKS 

(see section 3.3.3 below). The chondrogenic cells at the surface of the graft were shielded 

from fluidic shear stress with a porous hydrophobic polycarbonate membrane (1 µm pores; 

Sterlitech Corp). The three PDMS manifolds were sealed against the graft by an external 

shell machined from polycarbonate and tightened with screws and zip ties. Peristaltic 

tubing from the inlet and outlet ports in each section of the bioreactor was connected to a 

pump and reservoir for recirculating flow (Fig. 3-8).  
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 For the small cylindrical constructs, bioreactors were designed similarly, with three 

PDMS pieces forming a tight manifold and allowing for osteogenic and chondrogenic 

medium flow to their respective regions (Fig. 3-7). An external polycarbonate shell was 

also machined to seal the manifolds against the construct. 

 

 

Figure 3-7. Bioreactor models. Manifold and scaffold designs shown in SOLIDWORKS. (A) Bone-
only design with two PDMS pieces. Inlet and outlet channels to perfuse bone. (B) 3D-printed 
negative molds for cartilage-bone bioreactor, holes for PDMS injection visible at top (left). Three-
piece PDMS design with channels for both bone at the sides and cartilage at top (right). (C) Three-
piece PDMS design with similar channels as (B) for small cylindrical construct. Red corresponds 
to bone, yellow to cartilage layer. 

 

 

 

 

 

 

 

3.2.6 Cultivation of the cartilage layer 

Figure 3-8. Schematic for simultaneous dual perfusion of cartilage-bone bioreactor. Both medium 
reservoirs are connected to the same pump, but with different diameter tubing to achieve different 
flow rates. 
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The cartilaginous layer was generated from condensed mesenchymal cell bodies 

(CMBs) using our previously established protocol (38). P5 ASCs were suspended in 

chondrogenic medium [high-glucose DMEM (Gibco) supplemented with 100 nM 

dexamethasone (Sigma), 50 � g/ml ascorbic acid-2-phosphate (Sigma), 100 � g/ml sodium 

pyruvate (Corning), 40 � g/ml proline (Sigma), 1% insulin, transferrin, sodium selenite 

(ITS+; Corning) mix, and 1% P/S]. The only growth factor added to the medium was 

transforming growth factor beta (TGF-� ; Peprotech), which is known to be critical for 

chondrogenic induction (44). Each CMB was formed using 2.5×105 cells/ml based on 

previous experiments demonstrating the formation of compact spherical bodies measuring 

1 mm in diameter (38). Cell suspension was aliquoted into deep round-bottom 96-well 

plates at 1 ml per well and centrifuged at 250 g for 5 minutes, and the CMBs were allowed 

to self-assemble over 3 days in the incubator at 37 °C, 5% (vol/vol) CO2 with daily media 

changes. 

 

 The cartilage region covering the articulating surface of the condyle was sized to 1 

mm thick, corresponding to 800 CMBs per anatomical scaffold and 120 CMBs per small 

scaffold. The scaffold condylar surface areas determined by the SOLIDWORKS software 

were 4–5 cm2 for the anatomical scaffolds and 0.70 cm2 for the small scaffolds. The CMBs 

were placed onto the polycarbonate membrane (cut to match the condylar surface), in the 

void of the condylar PDMS block, and the decellularized scaffold was pressed onto the 

CMB layer (Figs. 1-10 and 3-9).  
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 The CMB layer was allowed 1 day to attach to the scaffold under static culture 

conditions, with the bioreactor oriented with the condylar end face-down. Chondrogenic 

media were perfused for 5 weeks over the condylar surface at a flow rate of 1 ml/min, 

separated from direct contact with the CMB layer by the polycarbonate membrane to 

reduce shear stress. Culture medium was changed twice per week. The total culture time 

was selected based on preliminary studies for the CMBs to form a cartilage layer integrated 

with the underlying scaffold. Osteogenic cells were introduced to the graft 2 weeks after 

the initial seeding of the CMB layer, by which time a compact cartilage layer had formed. 

 

 

Figure 3-9. Cartilage pellet pressing method. Condensed neocartilage pellets (yellow) collected in 
polycarbonate membrane and PDMS manifold (left); RCU scaffold soaked in culture medium, 
about to be pressed on to pellets (middle); condylar surface pressed into pellets to embed them in 
the scaffold (right). Pellet pressing for small cylindrical cartilage-bone constructs was performed 
similarly. 

 

3.2.7 Cultivation of the bone region 

P5 ASCs were suspended in osteogenic medium [low-glucose DMEM (Gibco) 

supplemented with 10% fetal bovine serum (FBS; Corning), 1% P/S, 10 mM sodium beta-

glycerophosphate (Sigma), 100 nM dexamethasone, and ascorbic acid 2-phosphate (50 

mg/ml)]. No bone morphogenic proteins (BMPs) nor any other growth factors were used 
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for osteogenic culture. The scaffold volumes as determined by the SOLIDWORKS 

software were in the range of 9 - 15 cm3 for the anatomical scaffolds and 0.53 cm3 for the 

small scaffolds. A cell suspension of 107 cells/cm3 was infused into the bioreactor chamber, 

using 12 ml volume for the anatomical scaffold and 630 � l volume for the small 

scaffold. The cells were allowed 3 hours to attach to the scaffold under static culture 

conditions, during which the bioreactor was flipped every 30 minutes to facilitate spatially 

uniform attachment throughout the scaffold volume.  

 

Osteogenic media was perfused through the construct for 3 days at 10% of the 

calculated optimal flow rate (80 µm/s), and for an additional 3 weeks at the set optimal 

flow rate (800 µm/s), with medium changes twice per week, for a total of 5 weeks culture 

for the cartilage-bone grafts (3 weeks for the bone-only group). The culture time was 

selected on the basis that ASCs highly express osteogenic markers after 3 weeks of in vitro 

differentiation. The small constructs were grown in bioreactors using the same culture 

media and under the same local velocities as the anatomical grafts during perfusion culture. 

 

Due to constraints with animal housing, as well as limitations with space for cell 

expansion and bioreactor culture, the clinically sized RCU grafts were grown in three 

separate sets of experiments, and implanted in three separate surgical rounds in March 

2017, April 2018, and June 2018. 

 

3.2.8 Friction analysis of condylar surface 
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Cartilage strips (about 10 mm by 30 mm) used as the opposing cartilage counter-

face were harvested from the tibial plateaus of immature bovine knee joints (2-3 months 

old). Strips were placed articular surface down on the freezing stage of a sledge microtome 

(Physitemp Instruments #BFS-30TC; Leica Instruments #SM2400), fixed in a water-

soluble embedding matrix (Thermo-Fisher Scientific #1310APD), then trimmed to remove 

bone and to expose a flat and even surface. Strips were rinsed in filtered PBS and either 

stored frozen in PBS supplemented with 0.04% isothiazolone-based biocide (Proclin 950, 

Sigma-Aldrich #46878-U) and 0.1% protease inhibitor (0.05 M Ethylenediaminetetraacetic 

acid, EDTA) at -20 
C or immediately mounted for testing. 

 

Frictional tests were performed using two identical custom testing devices, adapted 

from (45). Devices were controlled with custom LabVIEW software (National Instruments 

Corporation LabVIEW 2010) and motion controllers (National Instruments Corporation 

#7354), which provided continuous measurements of displacements, applied loads, and 

reaction loads. The two-axis loading devices provided translational motion which produced 

sliding between the engineered or native cartilage and cartilage strip counterface. Testing 

devices were each equipped with a six-axis load cell (JR3 Inc. #20E12A4) mounted on a 

horizontal translation stage (JMAR xy motorized linear stage) driven by a stepper motor 

(Oriental Motor, Vexta line #PK266-03B). Two linear encoders (RSF Electronics MSA 

65x series, 5-10 µm resolution; Renishaw #T1031-30A) recorded the horizontal (Ux) and 

vertical displacements (Uy). Sliding motion was prescribed at 1 mm/s over a wear track of 

total length of Ux = 5 mm for a total testing duration of 20 minutes (120 cycles) under 4.45 
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N load. Loads were applied manually by placing known weights on the vertical translation 

stage. 

 

Cartilage strip counter-faces were immersed in a bovine synovial fluid bath 

(Animal Technologies, Inc.) and mounted on top of the load cell and horizontal translation 

stage. Synovial fluid underwent centrifugation (1500 g, 10 minutes) prior to frictional 

testing to remove particulates and debris. The strip was aligned in the direction of 

translational motion. Small constructs were mounted by their bottom flat surface on the 

horizontal translation stage, and the condylar surface was brought into contact with the 

articular surface of the cartilage strip. The forces tangential (Ft) and normal (Fn) to the 

articular surface were recorded and used to calculate the pointwise friction coefficient at 

each position Ux by using µ = (F+t – F-t) / (F+n + F-n), where + and – refer to the force 

values at the forward and reverse strokes of each cycle. The friction coefficient was 

averaged over each cycle and the mean of all cycle-averaged values through the entire test 

duration was calculated.  

 

3.2.9 Histological evaluation and analysis 

The small constructs were analyzed after 1 day and after 5 weeks of bioreactor 

culture. They were fixed in 10% formalin (v/v) for 3 days, decalcified in Immunocal 

(StatLab) for 5 days, and sliced sagittally to expose the cartilage-subchondral bone 

interface. The pieces were dehydrated in 70% ethanol (v/v), embedded in paraffin, and 

sliced 5 � m thick. Sections at or near the articulating surface peak were chosen, and stained 
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with hematoxylin and eosin (H&E), Movat’s pentachrome, and Masson’s trichrome. High 

magnification images (20x) were taken of entire slides using the Olympus BX61VS.  

 

3.2.10 Transportation of engineered grafts 

The grafts were transported within their bioreactor culture chambers providing 

sterile containment from Columbia University, where they were grown, to the animal 

facility at Louisiana State University (Baton Rouge, LA), where they were implanted. Each 

bioreactor was aseptically disconnected from the pump and media reservoirs, and the 

tubing was assembled into a closed loop. The bioreactor was then packaged into a 

protective hard case, cushioned with foam, and filled with ice packs. Upon arrival at the 

animal facility, each bioreactor was aseptically reassembled by connecting the chamber to 

the reservoir, and maintained in a tissue culture incubator with medium perfusion until 

implantation (<48 hours). The total travel time was approximately 10 hours. In previous 

work, we have shown by finite element modeling that under these conditions the minimum 

oxygen concentration reached was � 0.14 mol/m3, and in that study it was verified that this 

oxygen concentration was sufficient for cell survival by live-dead assays before and after 

transportation (34). 

 

3.2.11 Statistical analysis 

 The results of friction analysis were presented as mean ± standard deviation (SD) 

(n = 6 cartilage-bone, n = 6 bone-only, n = 4 acellular). For the small constructs, all data 

were normally distributed and used for analysis. Statistical analysis was performed with 

GraphPad Prism 8 software (GraphPad Software Inc.) using one-way ANOVA with 



37 
 

Tukey-Kramer’s multiple comparison post-hoc analysis (�  = 0.05). The P values were 

reported for statistically significant difference among the groups. 

 

3.3 Results 

3.3.1 Cells are successfully tagged and fluoresce strongly   

 Transduced cells expanded to P5 were cultured in 2D tissue culture plastic and 

stained for GFP to verify fluorescence. All of the targeted populations of cells showed a 

high proportion of fluorescence with strong signal (Fig. 3-10). This suggests that our 

transduction method is robust after multiple passages, and is reliable and replicable for 

future studies involving ASCs and cell tracking. 

 

 

 

 

 

3.3.2 Computer simulations inform bioreactor design and validate optimal flow velocities 

through constructs 

 Fluid flow simulations conducted in SOLIDWORKS using actual bioreactor 

parameters (peristaltic pump speed, tubing diameter, PDMS manifold channel sizes) show 

that medium velocities were in the optimal range (400 – 1200 � m/s) and relatively uniform 

for cartilage-bone RCU grafts, bone-only RCU grafts, and small cylindrical constructs 

(Fig. 3-11).  

Figure 3-10. Representative anti-GFP staining of P5 transduced cells in 2D culture. Fluorescent 
imaging (left) with bright field imaging (right). Scale bar 100 � m. 
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3.3.3 Scaffold and bioreactor engineering process achieves high precision 

 The milled and decellularized RCU scaffolds encased in the new three-piece PDMS 

manifolds created from 3D-printed casts formed a tight fit with no gaps (Fig. 3-12). This 

was also the case for the two-piece bone-only scaffolds and manifolds, and the small 

Figure 3-11. Computational simulation of fluid flow through bioreactors. Fluid velocity scale at 
left for reference. (A) 3D view of flow through cartilage-bone RCU graft. Condyle and 
chondrogenic medium flow oriented upward. (B) 3D view of flow through small cylindrical 
construct. Condyle and chondrogenic medium flow oriented downward. (C) Simulated flow 
through cartilage-bone graft, with sagittal and lateral views. (D) Simulated flow through bone-only 
graft. (E) Simulated flow through small construct (condyle oriented upward). Length scales in (C)-
(E) for reference. 



39 
 

scaffolds and their manifolds (Fig. 3-13). These results suggest that our method is both 

highly accurate for custom grafts, while being reproducible on a larger scale, as the steps 

requiring the most precision were machine automated. 

 

 

Figure 3-12. Three-piece PDMS manifold tightly encases cartilage-bone RCU scaffold. Channels 
in lower two pieces run perpendicular to scaffold for osteogenic medium delivery, while channels 
in third PDMS piece run parallel to condylar head for chondrogenic medium delivery. 

 

 

Figure 3-13. Two-piece PDMS manifold encasing bone-only RCU scaffold (left). Channels run 
perpendicular to scaffold along length of manifold. Three-piece PDMS manifold encasing small 



40 
 

cartilage-bone scaffold (right). Condyle surface is oriented downward, with channels parallel to the 
condyle in the thinner PDMS piece for chondrogenic medium delivery.   

 

3.3.4 Bioreactor tests show rapid and thorough perfusion without leaks  

 When assembled in the hard external polycarbonate shell and attached to the 

peristaltic pump, perfusion of the constructs was rapid and thorough, with no leaks (Fig. 3-

14). Separate but simultaneous delivery of chondrogenic and osteogenic medium to their 

respective locations without significant mixing was achieved with some difficulty, as the 

different pressures generated through the graft tended to push both media toward one 

reservoir. By adjusting the relative height of each reservoir, we were able to utilize gravity 

to counteract this effect and ensure that the respective levels of medium in the two 

reservoirs did not change markedly. 
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3.3.5 Small cartilage-bone constructs develop neocartilage 

 After 5 weeks of culture for the cartilage-bone samples, and 3 weeks culture for the 

bone-only samples, the small constructs were removed from their bioreactors and analyzed. 

The cartilage-bone constructs had formed a thin cartilaginous layer that appeared more 

Figure 3-14. Bioreactor assembly. (A) Representative setup of dual-perfusion bioreactor, with 
peristaltic pump, osteogenic and chondrogenic medium reservoirs, and hard polycarbonate shell 
encasing PDMS manifold and cartilage-bone graft, all connected in a closed system. (B) Closeup 
bottom view of cartilage-bone graft, showing watertight fit and osteogenic medium delivery 
channels (left). Test perfusion through bioreactor showed almost immediate complete infiltration, 
seen by color change from pink to white (right). (C) Closeup side view of small construct bioreactor 
(left). Test perfusion yielded similar results (right). 
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cohesive than the individual pellets that had been originally embedded (Fig. 3-15). There 

was no such layer in the bone-only and acellular groups. 

 

 

 

 

  

 

 

 

Friction tests were performed immediately on the condylar surface of the intact 

construct. Interestingly, there were no significant differences in the friction coefficient 

among the three experimental groups (acellular: 0.248 ± 0.024; bone-only: 0.336 ± 0.059; 

cartilage-bone: 0.258 ± 0.063), though the values were comparable with those of previous 

in vitro friction results (Fig. 3-16) (38). A potential cause for the lack of significant 

difference among the frictional coefficients despite the visual differences may be because 

the neocartilage had not yet formed a thick layer atop the bone, leading to some contact 

with bone during the test. Friction tests were not performed on day 0 cartilage-bone 

constructs, as the CMB pellets were too weakly attached and would have sheared off, 

producing unreliable results. Mechanical compression tests were also not performed, as we 

feared that even very slight compression would lead to measuring bone stiffness, resulting 

in poor data and potentially damaging the sensitive testing instruments. 

Figure 3-15. Representative cartilage-bone small construct after in vitro culture. Side view (left) 
and top view (right) show thin layer of cohesive neocartilage. Sample 9 mm in diameter, mounted 
on acrylic disc. 
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Figure 3-16. Friction properties of small constructs. (A) Among time 0 acellular scaffolds, 5-week 
bone-only constructs, and 5-week cartilage-bone constructs, there were no significant differences 
in friction coefficient, though values for the cartilage-bone group were slightly lower than those of 
bone-only. Data are means ± SD. (B) Representative friction testing curves for each experimental 
group. Each testing cycle is represented by a colored line. The friction coefficients were averaged 
over each cycle, and the equilibrium friction coefficient presented in (A) is the mean of all cycle-
averaged values through the entire test duration. 

 

Pentachrome staining of the sagittal cross section showed that there was some 

glycosaminoglycan (GAG) development on the condylar surface, while confirming that 

there was a thin layer of neocartilage (Fig. 3-17). Interestingly, there appeared also to be 

some GAG on some of the bone-only samples, though less than that of the cartilage-bone 
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group. This is perhaps not too surprising, as our previous work with bone-only grafts also 

yielded some neocartilage formation (34). 

 

Trichrome staining of the same cross sections showed an osteoid-dominant, 

immature bone tissue in the cellularized groups, without significant differences (Fig. 3-18). 

This was expected and preferred, as past results have shown that implantation of an 

immature bone graft allows for greater development and integration in vivo (34).  

 

 

Figure 3-17. In vitro culture shows glycosaminoglycan (GAG) development. Left schematic shows 
location of staining, with condyle oriented upward. Representative pentachrome and H&E stains 
show GAG formation via alcian blue in the cartilage-bone constructs, and slight amounts in the 
bone-only constructs. Scale bar 2 mm. 
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3.3.6 Cartilage-bone RCU grafts developed neocartilage after 5 weeks 

 After 5 weeks in vitro culture, the clinically sized RCU grafts were transported 

aseptically in their bioreactors to Louisiana State University, Baton Rouge, LA. Upon 

arrival, they were reconnected in the same manner to an on-site peristaltic pump to maintain 

perfusion until implantation (which occurred over several days). Immediately before 

implantation, the bioreactor was disassembled and graft compared to the excised native 

RCU. By visual observation, the cartilage-bone grafts similarly possessed a thin 

cartilaginous layer, while there was no such tissue in the bone-only grafts (Fig. 3-19). As 

a final validation of the accuracy and precision of our engineering process, the geometry 

and size of the scaffolds closely matched those of the respective excised native pieces. 

Figure 3-18. Bone tissue still immature after in vitro culture. Representative trichrome stains show 
the small constructs are still dominated by osteoid-heavy tissue (red), though the cartilage-bone 
group has some signs of maturation (blue). Scale bar 2 mm. 
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3.4 Discussion 

Our objective was to engineer autologous cartilage-bone RCUs with patient-

specific geometry at a clinically translatable scale. To this end, we used anatomically 

matched decellularized bone matrix scaffolds, autologous ASCs, and dual-perfusion 

bioreactors with separate compartments and culture media for bone and cartilage 

cultivation. For comparison, we also used a similar process to engineer bone-only RCUs 

in a single-perfusion bioreactor, as previously described (34). To better understand the 

processes contributing to tissue development, we engineered additional small cylindrical 

constructs with representative curvature of the articulating surface and investigated these 

constructs in bioreactor studies, in parallel with the clinically sized cartilage-bone and 

bone-only RCUs.  

 

Figure 3-19. Representative images comparing engineered grafts and native RCU. For each 
experimental group (bone-only and cartilage-bone), the top condyle view (top) and lateral ramus 
view (bottom) are shown. There is a high degree of similarity in size and geometry between the 
excised tissue (left) and engineered graft (right). Notably, the cartilage-bone grafts had a thin 
cartilaginous layer, with grooves reflecting the channels in the PDMS manifold. 



47 
 

Scaffolds were successfully derived from the trabecular bone of bovine distal 

femurs, completely decellularized, and milled into anatomically precise replicas of each 

animal’s RCU based on CT guided reconstructions, with each RCU measuring about 3 cm 

wide by 6 cm long, 0.7 cm thick at the base and 2.5 cm thick at the condylar head. For the 

smaller constructs, scaffold dimensions (9 mm diameter, 9 mm height) and surface 

curvature were chosen such that they would be representative of a core taken from the 

center of the condylar head of the RCU.  

 

For each animal, we isolated ASCs from a small subcutaneous adipose biopsy and 

expanded the cells to sufficient numbers. A subset of the cells was successfully transduced 

with GFP to enable cell tracking within the implanted RCU grafts. 

 

Dual-perfusion bioreactors were fabricated to match the graft geometry of each 

animal. The bioreactors supported the cultivation of cartilage-bone RCUs by enabling 

sufficient transport of nutrients, oxygen, and metabolites, while also providing separate 

physical cues and culture media for each tissue type, as cartilage and bone require different 

culture conditions. Low hydrodynamic shear has been shown to result in better 

cartilaginous tissue (39), whereas higher hydrodynamic shears induced by interstitial 

velocities in bone favor osteogenic maturation (34, 43). Using computational flow 

simulation, the number, placement, and diameter of bioreactor channels were designed to 

achieve perfusion velocities ranging from 400 to 1200 � m/s, depending on the graft 

thickness at each channel. Thorough and rapid perfusion of the scaffold without leaks was 

confirmed experimentally by flowing medium through the bone in the bioreactor prior to 
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adding cells. A 1-µm porous polycarbonate membrane between the condylar surface and 

perfusion channels was placed to shield the neocartilage and reduce shear forces to 

negligible rates, while allowing for medium exchange.  

 

To provide tissue-specific chemical cues, chondrogenic or osteogenic culture media 

was distributed to the appropriate regions of the RCU via separate fluid flow loops. Single-

perfusion bioreactors for the bone-only RCUs were similarly fabricated and validated 

computationally and experimentally to favor osteogenic maturation. Additional dual- and 

single-perfusion bioreactors were designed for the small constructs (cartilage-bone and 

bone-only) such that each tissue type experienced the optimal range of hydrodynamic 

shear, corresponding to that in the bioreactors for the larger RCUs. The different culture 

media were successfully prevented from significantly intermixing. 

 

The cartilage-bone RCUs and their small-size counterparts were cultured in the 

dual-tissue perfusion bioreactors for 5 weeks, while the bone-only RCUs and their small-

size counterparts were cultured in single-perfusion bioreactors for 3 weeks. After 5 weeks 

of culture, the small cartilage-bone constructs formed visible neocartilage, with histology 

revealing some GAG formation. Friction tests on the condyle and staining of the bone 

tissue revealed few differences among the experimental groups, suggesting the constructs’ 

development was still immature.  

 

To recapitulate the envisioned clinical application of bioengineered grafts that will 

be prepared at centralized locations and shipped to hospitals for implantation, the grafts 
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were cultured in our laboratory in New York City and implanted into animals residing in 

Baton Rouge, LA (a 10-hour distance door to door). During transport between these 

geographically distant sites, perfusion was discontinued for up to 10 hours. Previous 

computational modeling from our group of oxygen transport and consumption in RCUs of 

comparable dimensions indicated that the oxygen concentration after 10 hours within the 

RCUs was sufficient for cell survival (34). 

 

3.5 Conclusion and Future Work 

Here we report, to our knowledge, the first example of a large dual osteochondral 

graft. Furthermore, the grafts were successfully engineered in a patient-specific manner 

(exact geometry, autologous cells) in a clinically translatable way.  

 

This was accomplished by carefully preparing the chondrogenic and osteogenic 

progenitors, seeding them at appropriate densities and timepoints on to decellularized bone 

matrix precisely milled to each animal’s specification, and finally cultivating the graft in 

an advanced dual-perfusion bioreactor such that each tissue type was exposed to the 

optimal medium type and perfusion velocity. This combination cartilage-bone approach 

generated grafts containing neocartilage, with no apparent negative effects on the living 

bone tissue underneath.  

 

A significant limitation of this study is the lack of thorough investigation into the 

biological details underpinning what happens during in vitro cultivation. While our work 

was guided by previous research and tissue engineering principles, this study’s 
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fundamental goal was to first assess the feasibility of creating such a graft for implantation, 

and therefore much future work could be done to elucidate the mechanisms of cartilage 

and bone development, as well as investigate the crosstalk that likely occurs between the 

two tissue types. This includes more histomorphological and biomechanical analyses at 

additional timepoints, and also the use of labeling methods to track cells and extracellular 

matrix molecules (the former of which was done for the implanted RCU grafts, but not for 

the in vitro constructs). A deeper understanding of the cellular details would enable further 

optimization of parameters such as cell or molecule type and number, bone matrix source, 

bioreactor design, and culture conditions. As one example, while this study used minimal 

exogenous molecules in our culture of the grafts, recent work has indicated that agrin, a 

proteoglycan previously implicated in the development of the neuromuscular junction, may 

be important in cartilage repair and regeneration (46). These possibilities are explored in 

more detail in the final sections of Chapter 4. 

 

In particular, it would be of great interest to see whether a thicker, more native-like 

cartilage layer could be cultured in vitro. It is well known that this has not been feasible as 

yet, but perhaps the inclusion of both cartilage and the underlying bone could produce more 

positive results, considering the established intimate relationship between the two. With 

more substantial cartilage, certain analyses would be more feasible to characterize the 

tissue, such as biochemical assays and mechanical tests. 
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Chapter 4 

 

Implant cartilage-bone RCU grafts, 

and evaluate in vivo outcomes 

 

4.1 Introduction 

 Towards the treatment of large cartilage-bone defects using tissue engineering 

approaches, early work focused on establishing the optimal environment to support 

regeneration. The use of the in vivo environment as a bioreactor helped inspire designs of 

more advanced in vitro bioreactors (47–49). For craniofacial tissue engineering in 

particular, initial efforts targeted the repair of small bone-only defects in non-load bearing-

regions of the skull (50–53). More recent work addressed large defects in load-bearing 

regions of the mandible, but primarily emphasized bone formation and integration (32, 34). 

Some studies have attempted to incorporate cartilage with bone, but have primarily done 

so in vitro with decellularized bone matrix (38, 39). Functional repair of ramus-condyle 

defects relies on the presence of both cartilage and bone tissue types. Our study bridges 

this gap. Specifically, we hypothesized that immature cartilage and bone tissues formed in 

vitro would serve as effective templates for functional tissue development, maturation, and 

integration in vivo, thereby taking an important step towards clinical translation of 

engineered grafts. Bioengineered grafts were investigated for their capacity to regenerate 

the ramus-condyle unit to a native-like state during a 6-month period of implantation in 

Yucatan minipigs.  
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To this end, we report the implantation of autologous, anatomically correct RCUs 

with stratified cartilage interfacing underlying bioengineered living bone to achieve TMJ 

regeneration. The performance of cartilage-bone RCUs for TMJ replacement was 

demonstrated in the Yucatan minipig, an animal model with human-sized TMJ and 

adequate jaw anatomy, loading, and remodeling (54–56). We compared the performance 

of anatomically precise cartilage-bone grafts to that of bone-only grafts and acellular 

scaffolds, hypothesizing that inclusion of a cartilage precursor leads to improved graft 

quality. As described in the last chapter, we advanced the design and capabilities of our 

previously established bioreactors for cultivation of anatomically shaped bone into a dual-

perfusion bioreactor for cultivation of an anatomically correct RCU comprised of cartilage 

and bone regions formed from the same autologous population of ASCs. This complex 

tissue graft was evaluated against contralateral native tissues, bone-only grafts without a 

cartilage region, and acellular scaffolds over 6 months of orthotopic implantation in a 

clinically sized animal model. We also investigated the roles of implanted cells in the 

progression of cartilage and bone regeneration via cell tracking in vivo. 

 

The implantation studies were conducted using 20 skeletally mature male Yucatan 

minipigs between 13 and 23 months old, weighing 58.7 ± 11.5 kg. The RCUs remained 

implanted for 6 months, and were subsequently analyzed by histological staining, 

biochemical assays, mechanical testing, and CT and micro-CT (µCT) imaging. The safety 

of the procedure and biocompatibility of the grafts were checked by pig weights over the 

duration of study; complete blood count and serum chemistry panels were also conducted 
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to ensure consistency with physiologic variation and post-operative inflammation and 

healing.  

 

Of the 20 animals, 19 underwent the procedure until the 6-month endpoint without 

apparent distress. One animal was euthanized early (1 month post-surgery) after implant 

displacement due to snapping of the fixation plate. Another animal developed infection as 

determined from inspection by an expert maxillofacial surgeon. Although there was no 

frank purulence, the gross appearance of the tissue was necrotic and indicative of a chronic 

infection. One animal lacked the TMJ disc and synovial fluid. After exclusion of these 

three animals, we analyzed the remaining 17 implanted RCUs (n = 6 cartilage-bone, n = 8 

bone-only, and n = 3 acellular controls), along with the 19 native contralateral RCUs (Table 

3-1). 

 

4.2 Materials and Methods 

4.2.1 Animal implantation 

The animal implantation study was conducted over the course of three trips (March 

2017, April 2018, June 2018) at the Louisiana State University School of Veterinary 

Medicine under an approved Institutional Animal Care and Use Committee protocol (14-

077). A total of 20 skeletally mature Yucatan minipigs (Lonestar Laboratory Swine) were 

randomly assigned to three treatment groups as previously described: (i) acellular scaffold 

implantation (n = 3), (ii) engineered bone implantation (n = 9), and (iii) engineered 

cartilage and bone implantation (n = 8).  
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For each animal, we used its reconstructed 3D CT images (described in section 

3.2.1) to select the left TMJ RCU, measuring about 3 cm along the dorsal plane by 6 cm 

along the transverse plane, as the region for defect creation and reconstruction. 

Additionally, the Digital Imaging and Communications in Medicine (DICOM) data set 

obtained from the preoperative CT scan was used to perform virtual surgical planning (3D 

Systems, Inc.). Through an online meeting between the maxillofacial surgeon and the 3D 

Systems, Inc engineer, the resection was mapped out on the reconstructed CT scan and 

surgical cutting guides were manufactured.   

 

For each of the three surgical rounds, grafts were implanted on consecutive days, 

with 2 to 3 surgeries performed per day. The surgical procedure was designed by an expert 

maxillofacial surgeon to closely mimic the current clinical procedure in human patients. 

After 12 hours of fasting, animals were sedated and anesthetized similarly for when 

preoperative CT scans were taken (see section 3.2.1). The left side of the face was 

aseptically prepared with alternating chlorhexidine and isopropyl alcohol scrubs and 

draped to isolate the surgical field (Fig. 4-1). 

 

The planned retromandibular and submandibular incision was then marked about 

one to two centimeters below the inferior border of the mandible.  After incising through 

skin and subcutaneous tissue, dissection continued to the inferior and posterior border of 

the mandible.  The pterygoid-masseteric muscle sling was then sharply incised to expose 

the entire lateral surface of the ramus and condyle.  A retractor was placed in the sigmoid 

notch to reflect the flap superiorly. The medial pterygoid muscle was also elevated. 
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The surgical cutting guide was then placed and secured with two 1.7 mm screws of 

8 – 10 mm length (Stryker, Inc) (Fig. 4-2).  A reciprocating saw with saline irrigation was 

then used to create a vertical osteotomy from the sigmoid notch that was joined to a 

horizontal osteotomy. The RCU was then dissected free from its attachments and delivered. 

The animal-specific graft was inserted and rigidly fixated with either a box plate (6 screws 

each side, 12 total) or two straight plates (7 screws each plate, 14 total) with 2.0 mm 

diameter screws (Stryker, Inc.) (Fig. 4-3). The incision was subsequently closed in layers 

using standard technique. A sterile dressing was applied and an immediate postoperative 

CT scan was performed prior to extubation. Animals were treated for post-op pain relief 

with 0.03 mg/kg buprenorphine intramuscularly every 6 hours for 24 hours after 

extubation, and 5 mg/kg phenylbutazone every 24 hours for 3 days. The animals in this 

study were immediately allowed to return to a solid diet. 

 

 

Figure 4-1. Surgery prep. Image of surgical room with pig draped on center table (left). Image of 
pig intubated and turned on right side so left TMJ is accessible (right).  
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Figure 4-2. Surgical cutting guide with holes at bottom for 1.7 mm screw fixation (left). Cutting 
guide in place during surgery, before native RCU removal (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. (A) Fixation of engineered graft to mandible below using metal box plate (left) with 6 
screws on each side, or two straight plates (right) with 7 screws in each plate (all screws 2.0 mm 
diameter). (B) Representative reconstructed post-operative CT scan showing high accuracy of graft 
implantation. 
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4.2.2 Postoperative CT scans and oxytetracycline injections 

Postoperative CT scans were conducted in the same fashion as the preoperative 

scan (section 3.2.1) three times: immediately, 3, and 6 months after surgery. At the time of 

the 3-month CT scan, each animal also received intravenous oxytetracycline (25 mg/kg; 

Ventrimycin, VetONE), administered over 15 min via a 20 gauge catheter in an auricular 

vein, to mark new sites of bone formation. 

 

4.2.3 Animals ages and weights 

 One animal in the bone-only group had to be euthanized 1 month after surgery, as 

the implant had been displaced due to the fixation plate snapping (Table 3-1). The 

remaining 19 animals survived until euthanasia at 6 months, and maintained or gained 

weight and showed no visible issues (Table 4-1).  

�

Table 4-1. Animal ages at surgery and weights before surgery, after 3 months, and after 6 months. 

 Animal ages 
(months) 

Animal weights (kg) 

Cartilage-
bone 

At surgery Before 
surgery 

3 months post-
op 

6 months post-
op 

1 15 41 52 59 
2 14 47 54 62 
3 14 50 58 68 
4 19 54 62 78 
5 18 54 69 87 
6 23 72 77 82 
7 22 74 86 96 
8 22 80 95 (missing) 
Bone-only     
1 14 45 55 64 
2 14 50 59 67 
3 19 51 71 87 
4 19 54 61 67 
5 18 60 72 90 
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6 13 61 56 65 
7 20 63 72 91 
8 23 75 92 99 
Acellular     
1 13 48 58 61 
2 20 65 74 93 
3 22 70 88 93 

 

4.2.4 Blood counts and metabolic panels 

To ensure biocompatibility and safety, roughly 15 ml of blood was collected and 

analyzed from the cranial vena cava of each animal during the post-surgery, 3-month, and 

6-month CT scans. Blood was analyzed with automated systems within 6 hours of 

collection (CBC, Siemens Bayer Avia 120 Hematology system; serum chemistry, 

Beckman Coultier AV680).  

 

4.2.5 Animal euthanasia and sample harvest 

 Animals were sedated as before (section 3.2.1) at least 15 min prior to euthanasia, 

which was conducted with an intracardiac injection of 200 mg/kg of sodium pentobarbital. 

Animal heads were shipped on ice to Columbia University and dissected within 24 hours 

of euthanasia. For each animal, the adipose and muscular tissue above the jaw on both sides 

was removed with a scalpel to expose the TMJ. The implanted left RCU and about 3 cm 

of native bone along the implant interface were removed with a reciprocating saw (Stryker, 

Inc) and stripped of soft tissue (Fig. 4-4). The equivalent contralateral right native ramus-

condyle structure was removed similarly. Two animals in the cartilage-bone group were 

excluded after dissection revealed gross pathological issues (Table 3-1), but the 

contralateral native structures were included in testing. 

 



59 
 

 Macroscopic observations were recorded and the condylar head was washed and 

kept hydrated in PBS. The condyle was then carefully removed with a reciprocating saw 

along the widest plane of its base and kept in chondrogenic medium until mechanical 

testing (Fig. 4-5). The remainder of the ramus was immediately fixed in 10% formalin. End 

point analyses included histological and immunohistological evaluation, biochemical 

assays, and mechanical and frictional testing. 

 

 

Figure 4-4. Dissection of pig head and extraction of RCU. Left: muscle and skin removed from left 
cheek to reveal left mandible and TMJ, immediately prior to cutting bone with reciprocating saw 
(left). Right: representative images of dissected and cleaned native RCU from right side of minipig 
(clockwise from top left: front, lateral, top views). The condylar cartilage is smooth and 
homogenous. 
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Figure 4-5. Condyle isolation. (A) Schematic of dissected graft and location of cut to remove intact 
condyle. (B) Representative example of native condyle (left) separated from native ramus (right). 

 

4.2.6 Friction testing 

The entire fresh condylar head (as removed during explantation in section 4.2.5) 

was affixed at the base to an acrylic disc using cyanoacrylate for both friction and 

compression testing. The sectioned condyles were stored in chondrogenic media at 4 °C 

when not being tested. After the mechanical tests, 3-4 mm biopsy punches were taken from 

the condylar surface for biochemical analysis, and the remainder of the condyle was fixed 

in 10% formalin. 

 

Friction tests were conducted in the same way as previously described for the small 

constructs (section 3.2.8) (Fig. 4-6). Cartilage strips were used as a counterface, and the 

condyles were slid at 1 mm/s over a track length of Ux = 5 mm, under a 4.45 N load, for a 

total testing duration of 20 minutes (120 cycles). 
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Figure 4-6. Friction testing. Left: schematic of testing setup. Mean friction coefficient was 
calculated for a 20-minute oscillating test on the intact condyle against a cartilage counterface in 
synovial fluid (SF). Middle: closeup photograph of condyle attached to tester with articulating 
surface pointed downward and in contact with cartilage counterface. Right: photograph of onset of 
testing procedure as condyle is being lowered into synovial fluid bath and on to cartilage strip.   

�

4.2.7 Unconfined compression creep testing 

After completion of friction testing, TMJ condyles underwent unconfined 

compression creep testing to probe the mechanical response. The condyle was allowed to 

rest in PBS between mechanical tests for at least the equivalent test time. Creep testing was 

chosen because cartilage thicknesses were unknown prior to mechanical testing and strains 

could not be prescribed. Samples were loaded in a custom compression device as described 

previously (Fig. 4-7) (57). A 25.4 mm diameter steel platen was just brought into contact 

with the condylar surface as determined by the presence of a nonzero force measured by 

the load cell. A 0.03 N step load was then applied, with the device controlled by custom 

LabVIEW software. The displacement evolution was governed by the proportional-

integral-derivative (PID) controller to maintain the applied force. The displacement speed 

was not directly controlled, but the maximum speed attained occurred at the beginning of 

tests (up to 1 mm/s), and speeds after application of the step load were below 0.1 mm/s. As 
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TMJ condylar cartilage creep has been shown to be very slow (58, 59), this study did not 

perform testing until creep equilibrium; rather, tests ran for a fixed duration of 20 minutes. 

 

 

Figure 4-7. Compression creep testing setup. Left: schematic of uniaxial unconfined compression 
of intact condylar cartilage over 20 minutes, condyle immersed in PBS. Middle: photograph of 
representative intact native condyle attached to acrylic disc. Right: platen applying creep load to 
condyle immersed in PBS. 

  

 4.2.8 Computational modeling for creep testing 

Following a previously described protocol (60), this study used sample-specific 

geometry to develop finite element models, which were then incorporated into an inverse 

analysis which curve-fit unconfined compression creep data to extract material properties 

of condylar tissues. Native and engineered condyles were laser scanned before frictional 

and mechanical testing, using a Keyence profilometer (LJ-V7080) that produced a dense 

surface point cloud of 50,000 points/cm2 (Fig. 4-8). Point cloud data were imported into 

SOLIDWORKS, where the density was reduced and the remaining points fitted to smooth 

spline surfaces to generate a solid geometry of the condyle. Sample-specific thickness data 

(acquired from histology) were used to segment the solid geometry into bone and cartilage 

regions, under the assumption of uniform cartilage thickness (Fig. 4-8). To faithfully 

reproduce the experimental testing conditions, the applied force data was used as an input 



63 
 

to the computational model, which provided greater fidelity than simply applying a perfect 

step load. The final engineering strains were calculated from thicknesses as determined by 

histology and displacement data as measured by the PID controller.  

 

Solid geometries of the cartilage and bone were then transferred to the Cubit 

meshing software (cubit.sandia.gov, version 13.2). To reduce computational time, the solid 

geometry was trimmed such that only an 8 mm by 8 mm section surrounding the contact 

region (determined by finding the most prominent point on the surface) remained (Fig. 4-

8). Preliminary studies indicated this area was sufficiently large to avoid finite element 

edge effects. Both cartilage and bone layers were subsequently meshed using eight-node 

hexahedral elements. Calculated contact areas at the end of the test were based on the finite 

element simulation results (section 4.2.9 below).  

 

4.2.9 Finite element modeling for creep testing 

Meshes were imported into the free, open-source FEBio finite element software 

suite (www.febio.org, version 2.9) (61) to prescribe material models and boundary 

conditions (Fig. 4-8). Bone was modeled as a rigid body. Cartilage layers were modeled as 

biphasic materials, with a constant, isotropic hydraulic permeability k measuring the 

resistance to interstitial fluid flow. The solid matrix was a mixture of a neo-Hookean elastic 

solid, modeling the contribution from the proteoglycan ground substance, and a continuous 

spherical fiber distribution, accounting for an isotropic distribution of collagen fibrils (62). 

Material parameters for the neo-Hookean material (63) were Young’s modulus E and 

Poisson’s ratio v. Based on our previous work modeling fiber-reinforced cartilage 
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mechanics, the fibers were modeled with a power law stress-strain relationship (63); 

material parameters consisted of the fiber modulus �  and power law exponent b (62). To 

reduce the number of parameters for subsequent curve fitting, Poisson’s ratio was set to v 

= 0 (to account for pore compressibility) and the power law exponent for the fibril strain 

energy density set to b = 2 (to produce a linear stress-strain response in tension). The curve 

fits were found to be not sensitive to the fiber modulus �  so this parameter was not reported. 

The set of parameters needed to characterize the cartilage response then consisted of 

Young’s modulus E and the hydraulic permeability k. 

 

For each condyle, the finite element analysis replicated the unconfined compression 

creep procedure. A rigid platen contacting the cartilage surface was used to apply 

prescribed creep loads (0.03 and 0.1 N), utilizing a frictionless biphasic contact algorithm 

implemented in FEBio which automatically enforces free-draining boundary conditions 

outside the contact region (64). Curve fitting was performed with FEBio’s built-in 

parameter optimization suite, where a Levenberg-Marquardt algorithm adjusted the 

parameters E and k to match nodal displacement of the rigid platen to the experimentally-

measured creep displacement. 
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Figure 4-8. Computational modeling steps. Laser-scan data of sample topography was converted 
to a 3D meshed model. Specific geometry, material conditions, and stress-strain data were input 
into the model and a finite element analysis (FEA) simulation was used to estimate the Young’s 
modulus and permeability of cartilage based on the inverse method. 

 

4.2.10 Biochemical analysis 

Immediately after friction and compression testing, fresh cartilage biopsy punches 

were taken from the center of the condylar surface when possible (approximately 2 

replicates per condyle 3-4 mm in diameter, depending on sample surface area), and samples 

were blotted dry, weighed, snap frozen, and stored at -20 °C. The samples were digested 

in 1.0 ml papain solution (� 16 U/mg, 15-30 mg/ml) at 60 °C. dsDNA content was measured 

using the PicoGreen assay, and sulfated GAG content was measured using the 1,9-

dimethylmethylene blue dye colorimetric assay. The sample digests were then hydrolyzed 

at 110 °C with 6 N HCl. Hydroxyproline content was determined from the hydrolysates. 

Content values were normalized to wet weight. 

 

4.2.11 Oxytetracycline imaging 
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The bone of the RCUs below the condyle was sectioned transversely with a 

reciprocating saw to enable imaging and staining, where the first cut was made below the 

base of the condyle and subsequent ramus cuts were made approximately every 3 cm  (Fig. 

4-9). To visualize new bone growth that occurred between 3 and 6 months after 

oxytetracycline injection, the cross sections were imaged before decalcification on a 

fluorescent microscope (IX 81 Olympus), using a purple excitation wavelength of 458 nm 

and visualizing with a green channel at an emission peak of 529 nm. Due to the large sizes 

of the samples, one section often required multiple images that were then stitched together. 

All engineered RCUs were imaged (n = 20). After oxytetracycline imaging, the samples 

were decalcified for histology. 

 

 

Figure 4-9. Ramus bone sectioning for oxytetracycline imaging and immunohistochemistry 
staining. Left: schematic of transverse sections. Middle: photograph of representative native ramus 
sectioned with reciprocating saw, with cuts made roughly every 3 cm. Note the condyle has already 
been removed for mechanical testing. Right: photograph of ramus cross section being fluorescently 
imaged to visualize new bone growth after oxytetracycline injection. 
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4.2.12 Histology and immunohistochemistry 

After mechanical testing, the intact condyle was cut in half sagittally to expose the 

cartilage-subchondral bone interface (Fig. 4-10). The pieces were fixed for 1 week and 

decalcified for 8-10 weeks. The samples were trimmed along the non-cutting faces by a 

scalpel to fit the embedding cassette (29 mm × 25 mm × 5 mm), dehydrated, embedded, 

and sliced as before. Sections at or near the articulating surface peak were chosen, and 

stained with H&E, Movat’s pentachrome, and Masson’s trichrome. Multiple sections (n = 

3 bone-only, 3 cartilage-bone, 4 native samples) were stained at the same locations by 

immunohistochemistry (VECTASTAIN Elite ABC Universal Kit, Peroxidase) using the 

following primary rabbit antibodies (Abcam) at a 1:500 dilution: aggrecan (ab36861), 

collagen I (ab34710), collagen II (ab34712), GFP (ab290), lubricin (ab28484), RUNX2 

(ab192256), and SOX9 (ab26414). To show the specificity of the antibody binding, 

negative controls were stained in a similar fashion, without primary antibodies and on 

neighboring section slices. High magnification images (20x) were taken of entire slides 

using the Olympus BX61VS. Ramus sections, cut transversely as in Fig. 4-9, were also 

stained by immunohistochemistry and imaged for the following primary antibodies 

(Abcam) at a 1:500 dilution: BSP (ab52128), GFP, OPN (ab8448), and OSC (ab93876). 
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4.2.13 Image quantification 

Cartilage layer thicknesses were quantified based on Movat’s pentachrome stain 

using the distance-between-lines ImageJ plugin. The field of view included the entire 

condylar cross section. For measurement of bone volume fractions and trabeculae 

properties, all the engineered rami and a subset of native samples (n = 3 acellular, n = 8 

bone-only, n = 6 cartilage-bone, n = 6 native) were measured via µCT above the fixation 

plate as described (section 4.2.14). 

 

4.2.14 � CT imaging 

µCT imaging was done using a Scanco VivaCT 80 System (Scanco Medical AG) 

at an external facility (Columbia University) in a blinded fashion. Energy settings were 70 

kVp, 114 µA, 8W, with an integration time of 300 ms. Scans were reconstructed at 24 µm 

voxel size, a threshold of 22% maximum grayscale value, and a Gaussian filter was applied 

to reduce noise (sigma = 0.8, support = 1). Representative cross sectional and 3D images 

were generated using standard software included with the scanner.  

Figure 4-10. Condyle sectioning for histological analysis. Schematic of intact condyle used for 
mechanical testing cut sagittally to expose the cartilage-subchondral bone interface. Each condyle 
was sectioned multiple times as depicted to fit in the embedding cassettes. Sections near the 
articulating surface peak were chosen for staining. 
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For subchondral bone, a 2.5 mm region of interest beginning approximately 2.5 mm 

below the cartilage surface was analyzed. For the rami, bone microstructural properties 

were computed in volumes starting at the superior end of the implant hardware (or about 

60% of the way from the base of the ramus to the top of the condyle) and extending 3.6 

mm upward. The bone volume was obtained from the application of a global thresholding 

technique so that only the mineralized tissue was detected. There was no difficulty in 

distinguishing the grafted material from the miniplates and screws used for fixation, which 

appeared in � CT as compact and geometrically defined structures. 

 

4.2.15 Statistical analysis 

The sample size of n = 5 or greater per treatment group was determined using power 

analysis, with an SD of 20% (based on the 10-20% SD observed in cartilage friction 

coefficients from our previous in vitro cartilage work) (38), power of 90%, difference to 

detect 50% of the mean average, and �  of 0.05. The sample size of n = 5 or greater per 

group for in vitro constructs was determined similarly. 

 

Statistical analysis was conducted using GraphPad Prism 8 software. Data for 

cartilage thickness, biochemical content, friction coefficient, creep compression 

parameters, and µCT bone quantification were checked for whether they fit Gaussian 

distributions using the Shapiro-Wilk normality test. When normality was confirmed, 

statistical analysis was carried out by one-way ANOVA test and post-hoc Tukey-Kramer’s 

comparison test to compare means between groups (biochemical content, Young’s 
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modulus, friction coefficient). When normality was not confirmed, or when sample size 

was <4, statistical analysis was carried out by nonparametric Kruskal-Wallis test and post-

hoc Dunn’s multiple comparison test to compare the means between groups (cartilage 

thickness, permeability, µCT bone quantification). Native data, which were expected to be 

normally distributed, were checked for outliers using the Robust regression and Outlier 

removal (ROUT) method and a Q coefficient of 1% to limit the false discovery rate (65). 

Specific information on sample size, data collection, and inclusion and exclusion details 

are provided in the results of each experimental stage. Data were calculated as means ± 

SD. P < 0.05 was considered significant. 

 

4.3 Results 

4.3.1 Blood counts and metabolic panels confirm biocompatibility and safety 

The safety of the procedure and biocompatibility of the grafts were demonstrated 

by the maintenance or increase in pig weights over the duration of study (Table 4-1), as 

well as by the complete blood count and serum chemistry panels, which were consistent 

with physiologic variation and post-operative inflammation and healing (Tables 4-2 and 4-

3). Reference ranges were taken from the Merck Veterinary Manual for the Vietnamese 

Potbellied Pig (66, 67). 
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Table 4-2. Complete blood counts immediately after surgery, 3 months, and 6 months, sorted by 
animals in each treatment group. RBC, red blood cells; HBG, hemoglobin; HCT, hematocrit; PLT, 
platelets; WBC, white blood cells; LYMPH, lymphocytes; MONO, monocytes. 

 RBC (106/µL) 
Ref. range: 3.6-

7.8 

HGB (g/dL) 
Ref. range: 
 7.8-16.2 

HCT (%) 
Ref. range: 

 22-50 

PLT (103/µL)  
Ref. range:  

204-518 

WBC (103/µL) 
Ref. range:  

5.2-17.9 

LYMPH (%) 
Ref. range:  

15-55 

MONO (%) 
Ref. range:  

0-13 
Cartilage-
bone 

Post-
op 

3 
mo 

6 
mo 

Post-
op 

3 
mo 

6 
mo 

Post-
op 

3 
mo 

6 
mo 

Post-
op 

3 
mo 

6 
mo 

Post-
op 

3 
mo 

6 
mo 

Post-
op 

3 
mo 

6 
mo 

Post-
op 

3 
mo 

6 
mo 

1  7.4 5.4  16.011.7 47.034.2  311 401  13.411.9 46.056.0  4.0 2.0
2  6.1 6.2  12.613.2 37.539.3  336 392  8.9 7.7 53.045.0  6.0 9.0
3  7.2 7.0  14.815.1 43.445.3  335 413  14.017.4 42.032.0  4.0 7.0
4 5.6 4.7 8.0 12.1 10.017.8 35.530.252.9 398 325 292 13.3 10.0 7.2 30.053.064.0 5.0 3.010.0
5 6.8 4.9 4.9 14.5 10.610.8 42.231.331.9 410 386 396 12.0 9.8 7.5 44.058.052.0 8.0 9.011.0
6 4.7 6.1 5.1 10.3 13.711.2 30.440.332.9 412 406 439 14.5 13.010.8 47.035.042.0 8.0 12.0 5.0
7 5.9 4.3 5.1 12.7 9.210.7 37.426.431.6 362 406 452 7.5 7.4 7.5 54.039.051.0 7.0 11.0 3.0
8 5.1 4.4 5.1 10.9 9.811.1 33.128.032.9 372 427 407 12.1 17.513.9 53.028.040.0 8.0 13.0 4.0

Bone-only      
1  6.1 6.1  12.512.9 37.439.0  367 141  11.6 5.7 51.056.0  2.0 1.0
2  6.6 8.0  14.417.9 41.654.0  218 275  10.2 9.4 33.037.0  5.0 4.0
3 6.0 5.2 6.6 12.6 10.914.0 36.832.642.5 327 338 348 9.4 8.8 9.3 49.050.069.0 8.0 2.0 6.0
4 6.1 5.6 5.6 12.8 11.812.2 37.635.335.6 137 524 434 13.9 15.915.9 46.058.034.0 4.0 6.0 8.0
5 6.4 5.5 13.4 11.6 38.934.2 382 310 8.8 9.7 36.055.0 6.0 6.0
6  6.7 6.6  14.014.4 42.843.4  223 385  10.7 7.9 51.046.0  2.0 4.0
7 6.1 5.5 5.2 13.3 12.011.6 38.635.334.0 304 251 252 9.7 10.610.3 69.062.060.0 2.0 3.0 5.0
8 5.1 5.1 5.4 11.1 11.411.9 32.833.434.2 417 396 372 13.4 12.514.0 80.057.059.0 2.0 8.0 4.0

Acellular      
1  6.4 6.9  13.315.4 39.846.5  334 273  10.0 9.2 38.032.0  8.0 4.0
2 6.4 5.3 14.0 11.5 40.233.8 332 338 9.7 9.7 33.046.0 11.0 6.0
3 4.8 4.6 4.9 10.4 10.110.8 30.428.831.4 519 426 442 9.9 10.510.9 74.065.053.0 3.0 7.0 5.0

 

Table 4-3. Metabolic panels after surgery, 3 months, and 6 months, sorted by animals in each 
treatment group. GLU, glucose; AST, aspartate amino transferase; ALP, alkaline phosphatase; 
GGT, gamma-glutamyl transferase; BUN, blood urea nitrogen; CREAT, creatinine. 

 GLU (mg/dL) 
Ref. range:  
59.8-175.2 

AST (U/L) 
Ref. range:  

16-64  

ALP (U/L) 
Ref. range:  

27-160 

GGT (U/L) 
Ref. range:  
14.5-56.2 

BUN (mg/dL) 
Ref. range:  

4.2-15.1 

CREAT (mg/dL)  
Ref. range:  

1.0-2.3 
Cartilage-bonePost-op3 mo6 mo Post-op3 mo 6 mo Post-op 3 mo 6 moPost-op3 mo6 mo Post-op3 mo 6 mo Post-op 3 mo 6 mo 

1 62 77 36 116  120 66 60 43 20 17 1.4 1.4
2 82 80 74 33  57 51 49 37 22 17 1.2 1.2
3 66 78 32 37  58 51 54 98 17 15 1.2 1.4
4 53 72 76 30 28 35 50 39 38 80 38 55 18 15 15 0.7 0.9 0.8
5 89 60 37 29 35 51 69 54 54 42 61 85 19 17 18 0.8 1.1 1.0
6 212 62 67 27 56 27 78 82 75 90 386 66 20 21 22 1.0 1.1 0.9
7 69 78 59 37 152 29 73 53 51 107 38 66 17 14 21 1.0 0.9 0.9
8 65 75 79 32 27 27 63 41 53 116 74 60 15 13 20 1.2 1.0 0.9

Bone-only  
1 70 71 53 43  61 48 49 44 20 18 1.0 1.1
2 78 95 43 40  39 47 40 134 18 18 1.1 1.2
3 70 38 123 48 31 29 63 76 80 72 60 82 13 17 20 0.6 0.8 0.9
4 79 51 93 31 20 28 44 53 34 53 41 75 19 18 11 0.7 1.1 0.8
5 66 63 52 40 36 42 48 41 13 19 0.8 1.0
6 84 82 45 104  55 59 40 55 23 15 1.4 1.3
7 75 74 90 23 23 21 47 47 41 46 36 37 15 17 18 1.0 1.3 1.2
8 123 74 82 25 25 34 59 37 36 70 26 40 17 20 19 1.0 1.0 0.7

Acellular  
1 66 95 30 40  132 140 53 92 20 17 1.0 1.1
2 68 47 37 30 39 35 50 61 18 18 1.2 1.4
3 83 116 144 26 26 28 57 52 52 51 38 48 17 15 21 1.0 0.9 0.8
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4.3.2 Macroscopic observations after RCU excision 

 After 6 months in vivo, the macroscopic quality of cartilage in each engineered 

RCU was compared immediately post-dissection to the same animal’s native RCU from 

the contralateral side. An intact TMJ disc and synovial fluid were found in nearly all 

samples by visual inspection (Fig. 4-11). However, the appearance of the cartilage and the 

shape of the joint were on average best recapitulated in the cartilage-bone group and were 

the least native-like in the acellular control group (Figs. 4-12 and 4-13). In particular, the 

cartilage-bone grafts best approximated the size and smoothness of the native condylar 

cartilage. Nearly all cartilage-bone and bone-only RCUs had considerable bone growth in 

the transverse plane along the thinnest dimension of the ramus. 

 

 

Figure 4-11. Graft excision after 6 months implantation. Representative photographs of excised 
engineered graft. (A) Superior surface of intact articular disc (solid arrow) and articular surface of 
glenoid fossa (hashed arrow) visible. (B) Synovial fluid and condylar cartilage visible in engineered 
cartilage-bone graft as articular disc is peeled back. Completely excised native RCU at right for 
comparison. 
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Figure 4-12. Representative images of excised native RCU (top) and corresponding cartilage-bone 
graft from same animal (bottom). From left to right: condyle top view, showing graft cartilage with 
very similar appearance to native, though with slightly smaller surface area; sagittal view, showing 
reactive bone growth in the transverse plane; and left transverse view, showing bone growth over 
and around the fixation plate. Bone integration was not complete, and fibrous tissue provided some 
of the support between the graft and native bone. 

 



74 
 

 

Figure 4-13. Representative images of excised bone-only graft (top) and excised acellular scaffold 
(bottom), with contralateral native RCU for comparison in each. Left: condyle top view; bone-only 
graft had some cartilage regeneration but surface appeared small and not smooth, while acellular 
scaffold had a flat cartilage layer that failed to mimic shape or curvature of native condyle. Middle: 
sagittal view, showing reactive bone growth in the transverse plane; acellular scaffold lacked height 
compared to native RCU.  Right: left transverse view; bone-only graft showed some bone 
integration at bottom, but fibrous tissue removed near condyle revealed noticeable gap, while 
acellular scaffold was loose, mostly resorbed, and held in place by fibrous tissue. 

 

4.3.3 Cartilage histological and immunohistochemical analysis 

Through Movat’s pentachrome staining, it was apparent that the post-implantation 

engineered cartilage-bone RCUs matched the native samples in terms of overall cartilage 

thickness. While some of the bone-only and acellular explants exhibited full-thickness 

cartilage as well, the cartilage-bone RCUs also more closely recapitulated the native 

samples with respect to the presence of distinct and typical cartilage zones: moving from 

the superficial surface to the subchondral bone, the fibrous, proliferative, hypertrophic, and 

calcified zones were well established (Figs. 4-14). Unlike hyaline cartilage on other joints, 
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porcine TMJ cartilage is known to have a fibrous superficial layer dominated by collagen 

I (13). These stratified layers are important for recapitulating the functional responses of 

cartilage under compressive and shear loading. In contrast, the bone-only RCUs and 

acellular samples were mostly dominated by a fibrous layer and lacked the requisite 

proliferative and hypertrophic zones.  

 

This result was especially striking compared to our previous work with bone-only 

grafts (42). From that study, the cartilage developed on the RCUs after 6 months in vivo 

was less native-like in its composition, noticeably thinner, and covered less area (Fig. 4-

15). As we believe this was one of the most convincing pieces of evidence supporting the 

efficacy of the cartilage-bone graft, all the pentachrome stains for engineered RCUs are 

included below (Fig. 4-16). The acellular controls exhibited worse morphology and 

cartilage could not be reliably sampled, therefore subsequent cartilage analyses focused on 

elucidating the differences among the cellularized grafts and native tissue. 

 

 Immunohistochemical staining for common cartilage markers further revealed 

similarities between the engineered cartilage-bone samples and native cartilage, and 

differences with the bone-only group. Stains for collagen II, the predominant solid 

component of hyaline cartilage (68) and deeper zone mandibular condylar cartilage (69), 

were comparably strong in condylar sagittal cross sections from the cartilage-bone and 

native groups, but noticeably weaker in the bone-only group (Fig. 4-17). Stains for collagen 

I, the dominant component of fibrous cartilage (13, 70), appeared to be most prominent in 

the bone-only group, but relatively less present in the cartilage-bone and native groups, as 
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determined from qualitative analysis. Additional stains for the hyaline cartilage markers 

aggrecan, RUNX2, and SOX9 were closer to native expression in the cartilage-bone group 

than the bone-only group (Fig. 4-17).  

 

 

Figure 4-14. Schematic and representative photographs, Movat’s pentachrome, and H&E stains of 
implanted and native RCUs from sagittal condylar cross sections. A fibrous layer dominates in the 
acellular and bone-only pentachrome stains (yellow), while the cartilage-bone stains show distinct 
fibrous, proliferative (light green), and hypertrophic (dark green) zones, similar to the native 
samples. Scale bar 500 � m. 
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Figure 4-15. Comparison of condylar cartilage in cartilage-bone engineered RCUs to previous 
study with bone-only engineered RCUs. (A) Example from current study of condyle from cartilage-
bone group after 6 months in vivo implantation, with low (top) and high (bottom) magnification. 
(B) Same views from our previous study’s bone-only RCUs after 6 months implantation. The 
cartilage development is much sparser in (B), evident from the smaller coverage area, more limited 
GAG staining (blue), and lesser thickness. Scale bars 1 cm low magnification, 2 mm high 
magnification. 
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Figure 4-16. Morphology and composition of engineered cartilage. Pentachrome stains of condylar 
sagittal cross sections of all engineered RCUs (acellular, bone-only, cartilage-bone) in addition to 
those shown in Figure 4-14, along with representative native sections. Note that the cartilage-bone 
group tended to not only have more stratified cartilage, but also tended to have more native-like 
subchondral bone. Scale bar 500 µm. 
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Figure 4-17. Additional histological properties of engineered cartilage. Representative 
immunohistochemistry of common cartilage markers from sagittal condylar cross sections. Images 
taken from the indicated area on a low magnification image of a native sample (left). There was 
some nonspecific staining of the subchondral bone, which is visible about halfway down in each 
image. The cartilage-bone samples tended to stain more strongly in cartilage than those in the bone-
only group, and more similarly to those of the native group, with the exception of collagen I, which 
is more commonly found in fibrocartilage. Scale bar 500 µm high magnification, 5 mm low 
magnification. 

 

4.3.4 Cartilage thickness 

Likewise, quantitative measurement of the thicknesses of the stained condyle slices 

using ImageJ showed that the engineered cartilage-bone RCUs more closely recapitulated 

the relative layer thicknesses (fibrous, proliferative, hypertrophic) of the native samples 

(all zones n.s., not significant) than did the bone-only and acellular groups (all zones P < 

0.05) (Fig. 4-18). One cartilage-bone sample was excluded after a fibrous layer sheared off 
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the condyle during friction testing, leaving n = 8 bone-only, 5 cartilage-bone, 19 native 

samples. The data had normal distributions across all groups for the proliferative and 

hypertrophic zones, while the data did not pass normality for the bone-only group in the 

hypertrophic zone. 

 

Interestingly, many of the samples from engineered condyles appeared to have 

thicker overall cartilage than native samples, though in this metric as well the cartilage-

bone group was not significantly different from native (total thickness acellular: 0.744 ± 

0.255, bone-only: 0.579 ± 0.243, cartilage-bone: 0.622 ± 0.331, native: 0.422 ± 0.0799 

mm; P < 0.05 acellular and native).  

 

Combined with the histological and immunohistochemical results, this suggests 

that the addition of chondrogenic precursors during RCU cultivation in vitro ultimately 

resulted in better, more native-like quality cartilage regeneration following 6 months of 

orthotopic implantation, by not only aiding regeneration of the appropriate volume of 

tissue, but also by facilitating the necessary stratified structure within the cartilage.  
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4.3.5 Cartilage biochemical analysis 

Samples of the condyle cartilage were biopsy punched, digested, and analyzed for 

biochemical composition (multiple replicates per condyle) to further compare the treatment 

groups and native tissue. GAG, DNA, and hydroxyproline (OHP) values matched well with 

previous data for porcine mandibular condylar cartilage (71). GAG content normalized to 

wet weight was significantly higher in native tissue (11.2 ± 2.6 µg/mg) than in cartilage-

bone explants (8.8 ± 3.2 µg/mg, P < 0.05) or bone-only explants (7.9 ± 3.3 µg/mg, P < 

0.01). DNA and OHP expression showed no significant difference across experimental 

groups (Fig. 4-19). Although the OHP assay found no difference between groups, it is 

worth nothing that the test measures total collagen content. As seen previously, stains for 

collagen II were more prominent in cartilage from the cartilage-bone and native groups, 

but noticeably weaker in the bone-only group, while stains for collagen I appeared to have 

the reverse trend (most prominent in the bone-only group), suggesting perhaps that the total 

collagen content was balanced by this difference. 

Figure 4-18. Quantitative analysis of fibrous, proliferative, hypertrophic zonal distributions relative 
to total cartilage thickness. There were no significant differences between the cartilage-bone and 
native group for any of the three zones. There were significant differences between the native group 
and each of the acellular and bone-only groups in all three zones. Data are means ± SD. **P < 0.01, 
*P < 0.05 
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For statistics, GAG and OHP data passed the normality test (n = 13 bone-only, 11 

cartilage-bone, 48 native), and were analyzed with one-way ANOVA test and post-hoc 

Tukey-Kramer’s comparison test. DNA data did not pass the normality test for the bone-

only and native groups; one native sample was excluded as an outlier by the method 

described in the Statistical analysis section (4.2.15), and analysis was carried out by 

nonparametric Kruskal-Wallis test and post-hoc Dunn’s multiple comparison test (n = 13 

bone-only, 11 cartilage-bone, 47 native). 

 

 

Figure 4-19. Glycosaminoglycan (GAG), DNA, and total collagen (OHP) content of RCU cartilage 
normalized to wet weight. Cartilage GAG content in both cartilage-bone and bone-only groups was 
significantly different from that of native cartilage, though the bone-only average was relatively 
lower. There were no significant differences in DNA and OHP content. Data are means ± SD. **P 
< 0.01, *P < 0.05. 

 

4.3.6 Cartilage creep compression analysis 

Material properties of the condylar tissues excised after 6 months in vivo were 

determined via compressive creep testing. Computational cartilage-bone models with 

sample-specific geometry were used in conjunction for inverse analysis and curve-fitting 

the raw creep data (Figs. 4-7, 4-8, and 4-20) (60). Young’s modulus of the cartilage layer 

was measured on the peak of the entire condylar head while immersed in PBS in 

unconfined compression under a 0.03 N creep step load for 20 minutes. The entire condylar 
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surface was measured intact, as we believe it represented more physiologically faithful 

conditions compared to conventional testing of punch biopsy samples (13, 72, 73). In a 

neo-Hookean ground matrix model, the Young’s modulus represents the contribution of 

the proteoglycan constituents to compressive strength (62, 63). Cartilage-bone and bone-

only RCUs had similar Young’s moduli and permeability values 6 months post-

implantation [12.97 ± 10.15 and 14.23 ± 15.26 kPa, respectively; 0.02646 ± 0.01371 and 

0.01111 ± 0.01160 mm4/(N�s), respectively], and both were comparable to native cartilage 

[22.19 ± 13.19 kPa; 0.009158 ± 0.006259 mm4/(N�s)] (Fig. 4-21). 

 

The variance within each group (including native samples) was quite high, which 

could be attributed to both inter-sample differences, as well as inherent imprecisions in the 

computer modeling and curve fitting procedures. More specifically, because Young’s 

modulus is a measurement of bulk cartilage properties, and the cartilage component of the 

modeling was limited to an overall thickness input, some information was lost as it did not 

distinguish between the more fibrous-dominant bone-only samples, and the more evenly 

stratified cartilage-bone and native groups. This compositional difference probably is 

directly correlated to different material properties, but this zonal effect was not possible to 

measure directly nor account for in current modeling systems. This is corroborated by the 

fact that the cartilage strains predicted by the modeling were not significantly different 

among groups (bone-only: 0.246 ± 0.140, cartilage-bone: 0.268 ± 0.148, native: 0.182 ± 

0.051), nor were the predicted contact areas (bone-only: 4.000 ± 0.255, cartilage-bone: 

7.354 ± 4.169, native: 4.167 ± 1.752 mm2). Additionally, while overall the values were 

comparable to those found in literature (though on the smaller side), research on porcine 
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TMJ cartilage properties is not extensive, particularly with regards to testing the whole 

condyle surface as we did (Table 4-4). Further supporting our theory, these studies shows 

that testing different locations on the condyle, both in terms of the transverse plane 

(anterior/posterior, medial/lateral) and the sagittal plane (different zones in the cartilage 

depth), can produce markedly different moduli results. This suggests that more 

comprehensive analysis is needed to better understand the mechanics of this region. 

 

Lastly, there were some difficulties in analysis due to the shape of the condyle, 

quality of the cartilage, and discrepancies between measurements and model. Two bone-

only RCUs recorded creep displacements in excess of the total cartilage thickness 

measured by histology, suggesting cartilaginous and subchondral bone material that was 

exceedingly soft and of low quality. These could not be analyzed and were excluded. One 

cartilage-bone RCU had a fibrous layer on the condyle that sheared off and was therefore 

excluded from this test. Two native RCUs had faulty tests that did not produce analyzable 

data and were excluded. 

 

Young’s modulus data were found to be normally distributed, and analyzed using 

one-way ANOVA and post-hoc Tukey-Kramer’s comparison test (n = 6 bone-only, 5 

cartilage-bone, and 17 native samples). Permeability data did not pass the normality test; 

two native samples were excluded as outliers by the method described in the Statistical 

analysis section (4.2.15), and analysis was carried out by nonparametric Kruskal-Wallis 

test and post-hoc Dunn’s multiple comparison test (n = 6 bone-only, n = 5 cartilage-bone, 

and n = 15 native samples). 
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Figure 4-20. Representative curve fitting (red) of raw creep compression data from bone-only, 
cartilage-bone, and native groups (black). Using inverse analysis, Young’s modulus (E) and 
permeability (perm) values were extracted for each sample based on a cartilage-bone model and 
sample-specific geometry.  

 

 

Figure 4-21. Mechanical properties of engineered RCU cartilage after 6 months in vivo. Left: 
Young’s modulus in bone-only, cartilage-bone, and native RCUs. Right: permeability across 
groups. In both Young’s modulus and permeability, there were no significant differences between 
groups, though all had high variances. Data are means ± SD. 

 

Table 4-4. Published values on modulus data for porcine TMJ. CB, cartilage-bone; BO, bone-
only. 

Creep 
Compression 

Modulus (kPa) ± 
SD 

Methodology Notes 

Our data Native: 22.19 ± 
13.19 
CB: 12.97 ± 10.15 
BO: 14.23 ± 15.26 
(Young’s modulus) 

Whole porcine TMJ 
condyle in PBS under 
unconfined creep 
compression with 10 g 

Condyle laser-scanned 
and modeled in FEBio, 
data curve fitted to 
experiment to extract 
material parameters. 
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step load at center for 45 
min. 

X. Chen, B.K. 
Zimmerman, 
X.L. Lu, J 
Biomech, 2015 
(58) 

130 – 240 
(Aggregate 
modulus)  

1.6mm indentation test on 
native whole porcine TMJ 
condyle (5 locations) in 
PBS, 50 mN for 30 min 
then 200 mN for 1 h.  

Aggregate modulus 
similar to Young’s 
modulus due to small 
Poisson’s ratio. Showed 
knee cartilage (bovine) 
has higher modulus than 
TMJ cartilage. 

L. Ruggiero, 
2015 (13) 

Superficial zone: 
28 ± 16 
Middle-deep zone: 
140 ± 86 
(Aggregate 
modulus) 

1.2 mm indentation test, 
similar to (58). 5 mN 
preload for 5 min then 20 
mN for 1 h.  

Aggregate modulus 
similar to Young’s 
modulus. Highlights 
significant difference 
between superficial and 
middle-deep zones. 

B.K. 
Zimmerman, 
2015 (59) 

250 ± 60 
(Aggregate 
modulus) 

Same as (58), but 50 mN 
preload for 5 min. 

 

E. Tanaka et 
al., J Biomech, 
2014 (74) 

97.5 ± 19.6 (central 
region) 
(Relaxation 
modulus) 

Native whole porcine TMJ 
condyle in PBS, 3 mm 
indentation to 5% strain 
for 5 min. 

Relaxation modulus 
similar to aggregate 
modulus. Dependent on 
condyle region tested. 

X.L. Lu, V.C. 
Mow, X.E. 
Guo, J Dent 
Res, 2009 (75) 

51 ± 21 
(Intrinsic aggregate 
modulus) 

Same as (58), but 0.2 g 
preload 15 min, then 2 g 
load 2-3 h. Tested 0.15 M 
vs 2 M PBS. 

Thawed from -80 °C. 
Dependent on solution 
ionicity (fixed-charge 
density osmotic effects) 
and region tested. 

K. Kim et al., 
Ann Biomed 
Eng, 2003 (76) 

36.5 ± 13.3 (central 
region) 
(Aggregate 
modulus) 

2mm indentation test, 
similar to (58), but on 
porcine temporal fossa 
cartilage with 0.5 g 
preload, then 1.9 g until 
equilibrium. 

Thawed from -20 °C. 
Dependent on region 
tested. 

 

4.3.7 Cartilage friction analysis 

Friction tests produced far clearer distinctions. The equilibrium friction coefficient 

of each intact condylar surface was determined under a  sliding load moving for 20 minutes 

against a flat cartilage counterface in a synovial fluid bath (Fig. 4-6). After 6 months in 

vivo, the friction coefficient across all groups was an order of magnitude lower than values 

measured after 5 weeks of in vitro culture on small tissue constructs (Fig. 4-22). These 

results are consistent with the thin cartilage layers on the small constructs that were 
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observed macroscopically and histologically. However, the cartilage-bone RCUs achieved 

physiological friction coefficients with no significant difference between the engineered 

cartilage (0.012 ± 0.004) and native TMJ cartilage (0.011 ± 0.002). In comparison, the 

bone-only RCUs (0.039 ± 0.028) had significantly higher friction coefficients than either 

the cartilage-bone (P < 0.01) or native (P < 0.001) groups (Fig. 4-22). The individual 

samples’ values were much more tightly clustered in the cartilage-bone and native groups 

than in the bone-only group, indicating a consistent higher tissue quality. 

 

This is further supported by the measurements of the instantaneous friction 

coefficients during each sliding cycle: surface roughness and unevenness are evident in the 

magnitudes and “bumpiness” of the friction cycle curves in the small construct and bone-

only RCU samples, but  the cartilage-bone and native samples exhibit curves with much 

smaller amplitude and smoother profile (Fig. 4-23). Furthermore, the friction coefficients 

measured for the native cartilage and cartilage-bone groups were comparable to those 

reported in the literature using similar setups (Table 4-5). 

 

As these results solely relied on measurements of normal and tangential forces, 

there was much less room for error in this set of tests, compared to the creep compression 

analysis. For the RCU graft explants, one cartilage-bone sample had a fibrous layer on the 

condyle that sheared off and was therefore excluded from these results, and one native 

sample was found to be an outlier by the method described in the Statistical analysis section 

(4.2.15), and was excluded, leaving n = 8 bone-only, n = 5 cartilage-bone, and n = 18 native 

samples, all of which were normally distributed. 
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Figure 4-22. Left: comparison of friction coefficients for in vitro small constructs (acellular at Time 
0, bone-only and cartilage-bone after 5 weeks culture) and engineered RCU condyles (bone-only 
and cartilage bone after 6 months in vivo implantation), with the average friction coefficient of 
native samples as reference. Right: zoomed in view of friction coefficients of RCU condyles in 
bone-only, cartilage-bone, and native cartilage samples after 6 months in vivo implantation. Data 
are means ± SD. ***P < 0.001, **P < 0.01, *P < 0.05.  
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Figure 4-23. Representative friction cycle curves for each experimental group. Small in vitro 
constructs had friction coefficients of 0.3–0.5 while implanted RCUs had values of 0.01–0.05. Each 
colored line represents a sliding cycle; friction coefficients were averaged over a cycle, then the 
average of all the cycle averages was reported as the equilibrium coefficient.�
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Table 4-5. Published values on friction and modulus data for porcine TMJ. CB, cartilage-bone; BO, 
bone-only. 
 
Friction Friction 

coefficient ± SD 
Methodology Notes 

Our data Native: 0.011 ± 
0.002 
CB: 0.012 ± 
0.004 
BO: 0.039 ± 
0.028 

Whole porcine TMJ 
condyle sliding in synovial 
fluid against tibial cartilage 
strip counterface. ±5 mm 
stroke length, 1 mm/s speed, 
4.45 N load. 

Contact at condyle peak. 
Testing on custom devices 
adapted from (45). 

L. Ruggiero et 
al., Ann 
Biomed Eng, 
2015 (13) 

0.027 ± 0.004  Native whole porcine TMJ 
condyle, custom micro-
tribometer with spherical 
stainless steel probe, in 
PBS. 2 mm/s speed, 100 mN 
loading. 

Frozen at -80 °C first. 
Friction coeff decreased 
with increased sliding 
speed. No significant 
effect between 25 and 200 
mN load 

B.K. 
Zimmerman et 
al., J Dent Res, 
2015 (59) 

0.025 ± 0.003 Same as (13). Dependent on sliding 
direction and speed. 

J. Katta, Z. Jin, 
E. Ingham, J. 
Fisher, Med 
Eng Phys, 2008 
(77) 

0.015 – 0.06 Review. Cartilage-cartilage 
pin-on-plate testing in PBS. 
4 mm stroke length, 4 mm/s 
speed, range of contact 
stresses 0.5-3.15 MPa. 

Showed that factors like 
stroke length and contact 
stress can greatly affect 
measured friction 
coefficient. 

E. Tanaka et 
al., J Oral 
Maxillofac 
Surg, 2006 (72) 

0.0361 ± 0.0063 Native whole porcine TMJ 
condyle against temporal 
bone, pendulum setup in 
saline. 80 N load. 

TMJ disc resection 
significantly increased 
friction coeff (see below) 

E. Tanaka et 
al., J Dent Res, 
2004 (73) 

0.0145 ± 0.0027 Same setup as (72), but with 
intact TMJ disc and 50 N 
load. 

Friction coeff increased 
with length of loading 
duration, and with larger 
load force. 

 

4.3.8 Progression of ramus-condyle regeneration 

 While the main focus of this study was on condylar cartilage regeneration and 

quality, the engineered bone in the cartilage-bone group was also analyzed to assess 

whether the grafts performed similarly or better than the bone-only grafts. As noted 

previously, after 6 months in vivo nearly all RCUs (cartilage-bone, bone-only, acellular) 

had considerable bone thickening in the transverse plane along the thinnest dimension of 

the ramus, indicating reactive bone growth, perhaps from the loading stresses placed on the 
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implant. In general, the majority of the implant was still visible, in place, and providing 

structural support for the cartilage-bone and bone-only RCUs, with some bone growth 

around the graft. While the integration with native bone was incomplete and significantly 

supported by fibrous tissue, this was still a marked improvement over the acellular 

scaffolds, in which there was total or substantial resorption in the ramus region, leaving a 

large condylar cap with little to no mineralized bone underneath  (Figs. 4-12 and 4-13). 

The whole-jaw CT scans taken before, immediately after, 3 months after, and 6 months 

after surgery confirmed that the engineered bone throughout the ramus region in cartilage-

bone RCUs was comparable to the engineered bone in bone-only RCUs in terms of bone 

tissue maintenance and structural integrity, and better than that of the acellular group (Fig. 

4-24). 
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Figure 4-24. Progression of ramus-condyle regeneration. Reconstructed computed tomography 
scans of representative animals taken before surgery, immediately after surgery, at 3 months, and 
at 6 months. Implant highlighted in red. Top: caudal view showing ramus-condyle height on 
implant versus native side of the jaw. Bottom: lateral view showing fixation and integration of 
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implanted RCU with surrounding native bone. Boxed regions are shown at higher magnification 
on the right in each column. Scale bars 5 cm, at bottom right of caudal and lateral views. 

 

4.3.9 Morphology and structure of engineered bone 

In the ramus regions more distal from the condyle, 3D µCT reconstructions 

confirmed similar microstructure and mineral distribution in the engineered bone in the 

cartilage-bone and bone-only groups 6 months post-implantation, and greater bone 

development compared to the acellular group (Fig. 4-25). µCT cross sections throughout 

the ramus matched macroscopic observations and CT data that showed similar bone 

morphology in the ramus regions of the cartilage-bone and bone-only groups, contrasted 

with substantial bone loss in the acellular controls (Fig. 4-26). � CT quantification (bone 

volume normalized by total volume, trabecular thickness, trabecular number, trabecular 

spacing) of the ramus regions also confirmed that the cellularized RCUs performed 

similarly, though none matched native bone values (Fig. 4-27). One of three acellular 

scaffolds performed better and led to high variance in the group. The comparable features 

achieved in the ramus regions of the cartilage-bone and bone-only RCUs indicate that the 

added complexity of engineering the cartilage-bone RCUs did not compromise the 

previously established quality of engineered bone in large anatomical RCUs (34). For 

statistics, all samples (n = 3 acellular, n = 8 bone-only, n =  6 cartilage-bone, n = 19 native) 

were used, and all data passed the normality test. Due to the small n for the acellular group, 

P values were determined by Kruskal-Wallis with Dunn’s multiple comparison post-hoc 

test. 
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Figure 4-25. Reconstructed 3D � CT scans of representative samples. Top: Representative condyles 
in acellular, bone-only, cartilage-bone, and native samples. Bottom: Representative rami samples. 
Scale bars 5 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-26. Representative cross sectional � CT images. Section sampled from slices taken from 
the corresponding locations indicated on the RCU schematic. Scale bars 5 mm. 
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Figure 4-27. � CT quantification of rami regions above the metal fixation plate. Bone volume over 
total volume (BV/TV), trabecular thickness (Tb.Th.), trabecular number (Tb.N.), and trabecular 
spacing (Tb.Sp.) of engineered and native RCUs. Data are means ± SD. **P < 0.01, *P < 0.05. 

 

4.3.10 Subchondral bone analysis 

In the condylar region, 3D and cross sectional µCT images indicated that native-

like bone was regenerated in the cartilage-bone group in the subchondral region after 6 

months in vivo. We investigated this region further, as the health and morphology of the 

subchondral bone is known to contribute to cartilage health and load sharing (78, 79). In 

the bone-only and acellular groups, there was often incomplete remodeling with noticeable 

fissures and inhomogeneous trabecular size and spacing, while the cartilage-bone RCUs 

recapitulated native-like appearance (Figs. 4-25 and 4-26).  

 

Additional � CT quantification confirmed that the subchondral bone of the 

cartilage-bone group was similar to native tissue, and there was less inter-sample variability 

compared to the bone-only and acellular groups (Fig. 4-28), although there were no 

statistically significant differences with respect to bone volume and trabecular morphology 

between groups.  
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Masson’s trichrome staining of subchondral bone also showed a positive 

progression from osteoid-heavy, immature bone tissue in the acellular and bone-only 

implants, to more mature bone matrix in the cartilage-bone RCUs after 6 months in vivo 

(Fig. 4-29). Stains for known osteogenic markers in the RCUs further confirmed the native-

like morphology of engineered subchondral bone. Compared to native samples, stains from 

the cartilage-bone and bone-only groups were similarly positive in osteocalcin (OCN) and 

osteopontin (OPN). For bone sialoprotein (BSP), cartilage-bone and native samples 

appeared to stain similarly, whereas bone-only samples stained more weakly (Fig. 4-29). 

 

 

Figure 4-28. � CT quantification of rami regions above the metal fixation plate. Bone volume over 
total volume (BV/TV), trabecular thickness (Tb.Th.), trabecular number (Tb.N.), and trabecular 
spacing (Tb.Sp.) of engineered and native RCUs. No significant differences among groups. Data 
are means ± SD. 
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Figure 4-29. Histological properties of engineered subchondral bone. (A) Representative Masson’s 
trichrome staining in sagittal subchondral cross sections of acellular, bone-only, cartilage-bone, 
and native samples. Scale bars 200 µm high magnification, 2 mm low magnification. (B) Schematic 
and representative immunohistochemistry staining for common bone markers bone sialoprotein 
(BSP), osteocalcin (OCN), and osteopontin (OPN). Images taken from the indicated area on a low 
magnification image of a native sample. Scale bar 500 µm high magnification, 5 mm low 
magnification.  
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4.3.11 Visualizations of regeneration by fluorescent tags 

Oxytetracycline injections at 3 months post-surgery marked patterns of new bone 

deposition that occurred between 3 and 6 months. Within the subchondral bone there was 

positive signal along the radial circumference and in the trabeculae pores, perhaps 

indicating new bone deposition both along the periphery as well as in the internal structure. 

In the ramus, the oxytetracycline revealed a tidemark (interface between calcified and non-

calcified tissue) running down the transverse length (Fig. 4-30). 

 

To investigate the role of the implanted ASCs in the regenerative process, groups 

of RCUs contained GFP-tagged chondrogenic progenitors or GFP-tagged osteogenic 

progenitors (Table 3-1). It was difficult to directly visualize cell fluorescence within the 

excised tissues; however, we located labeled cells via positive anti-GFP 

immunohistochemical staining in both cartilage-bone and bone-only groups after 6 months 

in vivo. GFP-tagged chondrogenic progenitors were found throughout the condylar region 

of the RCU, both within the cartilage surface where they were first seeded and extending 

into the subchondral bone. GFP-tagged osteogenic progenitors were found throughout the 

ramus where they were initially seeded in the RCU, but also further up into the remodeled 

subchondral bone, suggesting that these cells and their progeny played a role in the 

regeneration process, at least near the condyle (Fig. 4-31). GFP-tagged cells were seen 

across the graft volume but not in the native bone surrounding the implanted RCU, 

indicating that these cells did not migrate out of the graft into the surrounding bone. 
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Figure 4-30. Fluorescent imaging of oxytetracycline. Injections 3 months post-surgery marked sites 
of new calcium deposition. Arrows extend from the deposition sites at 3 months to the outer edge 
of the explanted sample at 6 months. Left: subchondral bone with new growth along the 
circumference and in the trabeculae. Right: Tidemark pattern along the length of the ramus. 
Sections sampled from slices taken at locations marked on schematic in center. Scale bars 5 mm. 

�

 

 

Figure 4-31. (B) Anti-GFP immunohistochemistry staining of sagittal condyle cross sections (left) 
and transverse ramus cross sections (right). High magnification images taken from indicated areas 
on low magnification sections. Negative immunohistochemistry shown to account for nonspecific 
background staining, with darker brown staining in positive immunohistochemistry panels 
indicating GFP-positive cells. GFP-tagged chondrogenic and osteogenic progenitors were present 
throughout the graft after 6 months in vivo. GFP-tagged progenitors were not located in native 
tissue surrounding the graft (section 6). Scale bars 100 µm high magnification, 5 mm low 
magnification. 
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4.4 Discussion 

Current treatments of large TMJ defects (both transplants and synthetic options) 

tend to perform poorly, and most importantly do not recapitulate the form and function of 

the condylar cartilage. Furthermore, current bioengineering strategies have focused on the 

bone component without addressing the critical cartilage layer. Here, we engineered 

patient-specific, large dual cartilage-bone RCU grafts, implanted them in a large animal 

model, and showed that the addition of chondrogenic progenitors during in vitro culture 

enabled formation of condylar cartilage in vivo with native-like properties. 

 

This entire study from start to finish was conducted to mimic a clinical human RCU 

transplantation. Accordingly, the implantations were performed by an expert maxillofacial 

surgeon, using standard clinical protocols and tools for TMJ surgery. Safety and 

biocompatibility were confirmed by maintenance or increase of the animals’ weights, as 

well as by normal ranges of blood counts and serum chemistry values measured across 6 

months. 

 

The advantages of implanting the RCU containing a cartilage layer integrated with 

the underlying condyle bone as compared to the bone-only and acellular grafts were 

evidenced by the superior appearance, morphology, biochemical content, and mechanical 

properties of the cartilage-bone grafts following 6 months of implantation. 
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After 6 months in vivo, the resulting cartilage-bone RCUs recapitulated key native-

like features within the regenerated cartilage. Using the bone-only RCUs and native 

contralateral tissues as benchmarks, the cartilage-bone RCUs produced cartilage with 

better gross appearance, zonal distribution, and expression of key markers. In particular, 

the cartilage of the cartilage-bone and native samples contained mostly collagen II, whereas 

the bone-only samples predominantly featured collagen I. This corroborates the more 

fibrocartilaginous profile of the cartilage in the bone-only RCUs and could explain why 

the total measured collagen was similar amongst the groups. Though biochemical analyses 

of small local biopsies indicated no significant difference in GAG content between 

cartilage-bone and bone-only RCUs, comprehensive pentachrome staining revealed the 

spatial distribution of GAGs throughout the entire sagittal condylar plane with more native-

like zonal organization in the cartilage-bone group. Future studies should perform 

additional quantitative enzyme-linked immunosorbent assay (ELISA) analyses for 

collagen and GAG subtypes.  

 

The cartilage-bone RCUs successfully restored functionality of the jaw, as 

indicated by the native-like mechanical properties of the cartilage layer 6 months post-

implantation. Non-destructive mechanical tests were conducted on the entire fresh 

condylar head, to mimic physiological loading conditions as closely as possible. Because 

measured values can be affected by the testing setup and parameters, we benchmarked our 

values using the native contralateral side in addition to the literature data on native porcine 

TMJ. This approach allowed rigorous mechanical and tribological testing of large tissue-

engineered condyles. 
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The 6-month post-implantation cartilage-bone RCUs achieved an average friction 

coefficient (0.012) that closely matched that of native cartilage (0.011), with both values 

being significantly lower than the coefficients achieved by the bone-only RCUs (0.039). 

The measured Young’s moduli for cartilage on the cartilage-bone RCUs also were in the 

range of native tissues, and similar to the moduli for bone-only RCUs, presumably because 

the Young’s modulus represents a bulk measurement of cartilage properties that does not 

reflect the differences in its zonal organization between the groups. The friction coefficient 

may be a more realistic indicator of the properties of the cartilage layer, as it is largely 

determined by the superficial layer of cartilage. Bite force measurements, mastication 

imaging, and synovial fluid and TMJ disc analyses could provide additional insight into 

the quality and function of the regenerated cartilage.  

 

Previous work demonstrated that the in vitro formation of cartilage is markedly 

facilitated by the underlying decellularized bone matrix (38). Clinically, it is known that 

subchondral bone plays a role in the initiation and progression of cartilage damage (78, 80, 

81). We were interested in the effects of the cartilage layer on the formation of subchondral 

bone. Indeed, the subchondral bone in the 6-month post-implantation cartilage-bone RCUs 

recapitulated the mature bone matrix and trabecular distribution of the native tissue, in 

contrast to the more variable and osteoid-heavy immature bone matrix of the bone-only 

and acellular RCUs. The key marker BSP appeared more highly expressed in the 

subchondral bone of cartilage-bone RCUs compared to bone-only RCUs, whereas OSC 

and OPN were similarly stained. In the more distant ramus, the bone quality was less 
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affected by the cartilage layer and remained comparable to the bone-only group. Acellular 

RCUs showed greater bone resorption 6 months post-implantation, though some resorption 

was observed in both cartilage-bone and bone-only RCUs. Bone resorption rates are known 

to be a function of post-operative immobilization (82), and while the animals in this study 

were immediately allowed to return to normal function, additional studies are needed to 

determine best practices for improved regenerative outcomes. Three-point bending tests 

for peak and equilibrium flexural modulus and force could be used for future mechanical 

testing of the bone (34). 

 

In addition to demonstrating safe and effective repair of the large defects in the 

lower jaw using engineered RCUs, we hoped to investigate the progression of the 

regenerative processes and the respective contributions of the living cartilage and bone 

regions. We hypothesized that our cartilage-bone RCU would serve as a template for 

remodeling and regeneration, rather than a direct replacement of the native tissue. To this 

end, we compared tissue properties pre-implantation (after 5 weeks of bioreactor culture) 

and after 6 months in vivo. The inclusion of a cartilage precursor positively contributed to 

tissue regeneration in vivo, as seen by the more native-like phenotype of cartilage in the 

cartilage-bone RCUs compared to the bone-only RCUs. Consistently, the small difference 

in cartilage friction coefficients between the cartilage-bone group and bone group at the 

end of in vitro culture markedly increased by 6 months of implantation, with cartilage-bone 

group reaching the frictionless behavior of native tissue samples.  
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The GFP-positive cartilage or bone precursor cells initially seeded in grafts that we 

were able to locate after 6 months of implantation indicated that the implanted cells had 

lasting contributions to regeneration. Another fluorescent tag, oxytetracycline, allowed us 

to identify the areas of calcium deposition within implanted RCUs in both the subchondral 

and ramus regions of the bone and indicated that further remodeling took place after the 3-

month mark.  

 

Taken together, these data provided two important insights: (i) the majority of tissue 

remodeling and regeneration occurred in vivo, and (ii) the progression and outcomes of 

tissue regeneration is dependent on the properties of the engineered graft. The cartilage-

bone RCUs served as the most effective regeneration templates, resulting in the best 

structural and functional tissue properties.  

 

4.5 Conclusion and Future Work 

Overall, this study resulted in a promising approach to large-scale joint 

reconstruction using viable tissues and opened several avenues of investigation. Through 

culturing a layer of neocartilage in a large, complex bone graft, in vivo regeneration of 

condylar cartilage was significantly improved over bone-only constructs, and in fact was 

nearly indistinguishable from native cartilage in many respects.  

 

To our knowledge, this is the first instance of native-like cartilage formation in the 

reconstruction of a large, load-bearing craniofacial defect. This specific technique could 

conceivably be easily adapted and adopted for other osteochondral tissue engineering, and 
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the general principles of creating effective regeneration templates in vitro could be of value 

for studying other complex tissue systems. 

 

 The 11-week preparation and in vitro culture period is compatible with the timeline 

of two-stage maxillofacial reconstruction, which is widely used for many clinical 

indications, from cancer surgery to traumatic injury. The time between the first operation 

(damaged tissue resection, space maintainer placement) and the second operation (graft 

reconstruction) usually spans several months, allowing ample time to prepare and culture 

patient-tailored living autologous grafts (83, 84). 

 

The time limiting step in our current protocol is the expansion of cells to usable 

numbers. We chose to conduct this initial study using autologous cells for rigor of 

experimental design. Notably, mesenchymal stromal/stem cells have substantial immune 

privilege and can be transplanted between HLA-incompatible patients without adverse 

response (85), an option that needs to be validated, as it would lead to an off-the-shelf 

therapy.  

 

Interestingly, while human patients undergo jaw immobilization after an analogous 

procedure, the animals in this study were immediately allowed to return to a solid diet, and 

the positive performance of our implanted grafts may suggest limiting the duration of 

immobilization. This is supported by the knowledge that during TMJ development, an 

interzone forms and cavitation occurs before cartilage develops. It is theorized that the 
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cavitation process is assisted by muscular movements like mastication, suggesting that 

some amount of activity is beneficial for proper joint growth (8–10). 

 

A limitation of this study is the lack of histomorphological and biomechanical 

analyses at additional timepoints to better understand the regenerative processes which 

occur in vivo. Studies over longer periods of time would lead to more detailed 

understanding of the remodeling of engineered RCUs. Future studies should not only focus 

on more temporal analyses, but also make use of alternative labeling methods for 

longitudinal cell and extracellular matrix tracking (86). In addition, it has been shown in 

many tissue types that mechanical conditioning can help create more mature tissues in vitro 

(87–89). Because healthy bone remodeling depends on appropriate mechanical stimuli 

(90), a more advanced bioreactor should have both loading and perfusion capabilities.  

 

The engineered bone in this study was comprised of decellularized bovine bone 

matrix and osteogenic porcine cells. We hypothesized that the inclusion of additional cell 

types such as osteoclasts, endothelial and stromal cells would further improve the integrity 

of our engineered bone. From a disease modeling perspective, it would also be 

advantageous to develop a model incorporating more cell types. Particularly in the TMJ, 

vascularization and chondrocyte-osteoblast transdifferentiation were recently reported to 

play a role in osteoarthritis and other pathologies (91). Our study was conducted in healthy 

animals, and future studies are needed to evaluate the graft performance in more 

challenging unhealthy joint environments. Though age was randomly distributed between 

experimental groups, the animals in our study were relatively young overall, between 13 
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to 23 months at the time of graft implantation, and all animals were male. Future studies 

are needed to understand the potential contributions of ASC donor and engineered graft 

recipient ages to regenerative outcomes, and to investigate any sex-based differences. 

Finally, inclusion of the adjacent tissues such as soft connective tissues and the TMJ disc 

(92, 93) could further extend the functional integration of engineered RCUs with the host.  
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