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Abstract
One of the most challenging reconstructions in maxillofacial surgery is that 
involving the condyle and ramus. Common reconstructive techniques involve 
either autogenous bone grafting such as costochondral rib grafting, a sliding pos-
terior ramus border osteotomy, microvascular free fibula graft, or alloplastic 
reconstruction involving either stock or custom total joint replacement. None of 
these techniques specifically address the articular disc and some address only 
bone and not soft tissue. Bioengineering, which uses cells, molecules, chemistry, 
and scaffolds with engineering principles, is now providing novel solutions to 
complex biological problems.
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15.1  Introduction

In the United States alone, temporomandibular joint (TMJ) disorders (TMDs) are 
reported to affect close to ten million Americans annually. TMJ disorders requir-
ing reconstruction of the ramus/condyle unit (RCU) can be the result of genetic 
disorders such as hemifacial microsomia and Treacher Collins syndrome; inflam-
matory disorders resulting in chondromalacia, arthritis, and condylar resorption; 
and acquired defects secondary to trauma, infection, failed surgery, and neoplasms. 
The underlying pathology, the anatomic defect, and the effect on function will 
dictate whether nonsurgical or surgical treatment is required. One of the most 
challenging reconstructions in maxillofacial surgery is that involving the condyle 
and ramus. Common reconstructive techniques involve either autogenous bone 
grafting such as costochondral rib grafting, a sliding posterior ramus border oste-
otomy, microvascular free fibula graft, or alloplastic reconstruction involving 
either stock or custom total joint replacement. None of these techniques specifi-
cally address the articular disc and some address only bone and not soft tissue. 
Bioengineering, which uses cells, molecules, chemistry, and scaffolds with engi-
neering principles, is now providing novel solutions to complex biological 
problems.

15.2  Anatomy and Function

A brief review of the anatomy and function (although presented elsewhere in the 
text) is essential to understand the challenges inherent in designing an engineered 
graft that precisely replicates the defect. The temporomandibular joint is one of the 
most intricate functional joints in the human body. It is a ginglymoarthrodial joint, 
with both the ability for hinging movement (ginglymoid) in one plane and at the same 
time gliding movement (arthrodial) in another plane. Adding to its functional and 
reconstruction complexity is that it is the only joint in the body in which movement 
of one joint is always synchronous with the contralateral joint. Interestingly, unlike 
most other human joints that are composed of hyaline cartilage, the TMJ’s articulat-
ing zone is made of dense fibrous connective tissue and fibrocartilage. The only other 
regions of the body that have similar fibrocartilage is the meniscus of the knee and 
annulus fibrosis of intervertebral discs. The articular surfaces of both the temporal 
bone and condyle are lined with the fibrous connective tissue. The head of the con-
dyle is composed of four distinct layers—the most superficial is the articular zone 
composed of dense fibrous connective tissue; the next is the proliferative zone, which 
is mostly cellular and reparative and housing the stem cell niche; the third layer is the 
fibrocartilaginous zone providing support and resistance; and the deepest zone is the 
calcified cartilage zone, comprised of chondrocytes and chrondroblasts [1].

The condyle is separated from the roof of the glenoid fossa of the squamous por-
tion of the temporal bone by a thin articular disc, thereby creating two joint spaces. 
The articular disc functionally serves as a non-ossified bone and is composed of 
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dense fibrous connective tissue [1]. The disc enables the joint to do its complicated 
movements and also contributes to the reconstructive challenge of this anatomic 
structure. The articular surface of the condylar head abuts the thinnest and most 
central portion of the disc. The disc is attached via the main three functional liga-
ments of the TMJ, the capsular ligament, collateral ligaments, and temporoman-
dibular ligament, and it maintains its position circumferentially around the entire 
condyle. Endothelial cells producing synovial fluid line the superior and inferior 
joint spaces—hence the TMJ is also a synovial joint.

Lastly, it is important to understand the muscle attachments in this area. The 
superior lateral pterygoid inserts on the articular capsule, disc, and neck of condyle. 
The inferior lateral pterygoid inserts primarily onto the neck of the condyle. 
Currently, muscle attachments are not addressed with any of the reconstruction 
options following condylectomy.

The normal range of motion of the mandible includes rotation within the inferior 
joint space to approximately 25 mm and then translation within the superior joint 
space to approximately 40–45 mm of opening. As the condyle slides anteriorly and 
posteriorly, moving in and out of the fossa, the articular disc rotates around the 
attachments of the discal collateral ligaments to maintain its position. Lateral and 
protrusive excursions through contraction of the lateral pterygoid muscles also 
occur. Movement should be smooth without any joint noises. At the end of the range 
of motion, the condyle should rest under the articular eminence with the biconcave 
portion of the disc sitting between the two. During function the loose synovium 
provides nutrition and lubrication to the articulating surfaces. It is the intimate and 
intricate anatomic relationship of the articular disc to the mandibular condyle via 
the main supportive ligaments in addition to the external pterygoid attachments that 
are vital to healthy and normal TMJ function.

15.3  Current Treatment Modalities

While autogenous reconstruction is the current gold standard, it is almost impos-
sible to recreate the precise three-dimensional geometric shape, structure, and sup-
porting tissues that are being replaced. Autogenous reconstruction also requires 
additional surgical sites to harvest tissues and carries the risk of donor site morbid-
ity. There is still no gold standard for replacement of the disc, but options include 
dermis fat graft, auricular cartilage, or rotating a temporalis fascia or temporalis 
muscle flap to line the joint and separate the new condyle from the glenoid fossa 
roof [2]. Further, the literature supports that disc resection without replacement has 
predictable long-term success [2]. Previous attempts to use alloplasts such as silas-
tic sheets or Teflon-proplast were dismal failures [2–4].

Alloplastic reconstruction is very technique sensitive, which will result in no 
excursive movements off of the ipsilateral side, and although failure rate is low, an 
infection of the joint would require its removal resulting in a significant postopera-
tive deformity [5].
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Bioengineering solutions such as the injection of growth and repair factors to serve 
as homing agents, the direct injection of stem cells to permit repair of diseased tissue, 
and the combination of scaffolds and stem cells engineered to precisely reconstruct the 
anatomic defect will play an increasingly important role in repair and regeneration. 
Recent advances in bioengineering employing stem cell technologies have brought us 
closer to an autologous graft (derived from recipient cells ±  scaffold) that precisely 
reconstructs the anatomy of the bone and articulating cartilaginous surfaces. 
Bioengineered constructs would also limit donor site morbidity and decrease the length 
of stay; both of which would improve patient care and potentially decrease cost of care.

Osteochondral grafts to replace articulating surfaces like the RCU have an 
increased degree of complexity. We will explore here the components required for 
tissue engineering and its impact for reconstructive oral and maxillofacial surgery. 
Successful bioengineering would allow reconstructive surgeons to design scaffolds 
for each patient and their specific defect being treated (Fig. 15.1). We will discuss 
the process required for bioengineering a RCU including scaffold selection and 
fabrication, cell selection, seeding of scaffold with cells (±growth factors), viable 
tissue growth, surgical implantation into chosen animal model, and postimplanta-
tion evaluation of remodeling and breakdown (Table 15.1).

Patient
3D Imaging

Functional Graft

Bioreactor Cultivation

Cellularized
Construct

Cells

Scaffolds

Cartilage

Bone

Fig. 15.1 Engineering of cartilage/bone grafts. The process begins with 3D imaging of the defects 
for manufacturing an anatomical shape scaffold, consisting of strong mineralized region for the 
formation of bone and hydrogel region for the formation of cartilage. Both regions are seeded with 
cells and cultured in a bioreactor (also manufactured with the aid of imaging) that provides envi-
ronmental control and physical stimulation, perfusion for bone, dynamic mechanical loading for 
cartilage
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15.4  Scaffold Selection

A scaffold is a mechanical template that supports cell attachment, growth, and dif-
ferentiation, and its main purpose is to provide the compositional, structural, and 
mechanical properties of native extracellular matrix (ECM) [6]. Intrinsic or external 
growth factors can assist the scaffold in performing its function. Scaffolds have 
been in use for decades in reconstructive surgery, such as for placing allogeneic 
bone grafts into a defect, as templates for endogenous bone formation with eventual 
replacement of the graft with host tissues. However, when bioengineering anatomic 
structures with cells, the success of such a construct naturally becomes more com-
plex and unpredictable. Ideally, the engineered construct would simulate both the 
ECM and local microenvironment to support or induce tissue formation [7].

Appropriate selection of the correct material is critical to the success of any bio-
logic scaffold. The ideal qualities of such a construct are (1) sufficient mechanical 
strength; (2) appropriately sized and positioned pores to allow for cell seeding, 
transport, and interconnectivity; (3) being non-immunogenic and biocompatible, 
and (4) being biodegradable to allow for future proliferation and differentiation of 
the cells into the desired tissue phenotype (see Table 15.1). These features allow for 
crucial biologic functions such as vascular infiltration and waste management, 
while also maintaining enough structural integrity to withstand the load-bearing 
function of the RCU. Equally important is finding a material that degrades and/or 
resorbs at a similar rate to replacement tissue formation by the recipient. For man-
dibular reconstruction, the scaffold must be able to withstand compressive forces 
during the healing phase when the graft is being replaced by host bone and remod-
eled. While many believe being non-immunogenic is still an important principle in 
material selection, some research has shown that finding a material able to produce 
a controlled immune response may actually enhance integration [8]. Finding the 
appropriate materials for craniofacial tissue engineering has been a vibrant area of 
research over the past decade.

Table 15.1 Required armamentarium and steps for bioengineering

1. Fabrication of scaffold
 – Precise anatomical shape
 –  Material selection: sufficient mechanical strength, appropriately sized and positioned pore, 

non-immunogenic, biocompatible, biodegradable
2. Selection of appropriate cells
 –  Mesenchymal stem cells: bone marrow, adipose, umbilical cord, peripheral blood, dental 

pulp, exfoliated deciduous teeth, dermis, amniotic fluid, tumors
3. Seeding of cells
 – Lineage-specific media ± growth factors
4. Bioreactor
 – Dynamic tissue growth
5. Implantation into host
6. Assimilation, maintenance
 – Rejection, biodegradation, de novo synthesis
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15.5  Scaffold Types

The craniofacial engineering material armamentarium consists of natural and syn-
thetic polymers, decellularized bone, ceramics, composite materials, silk, and elec-
trospun nanofibers [9].

Research started with natural polymers such as polypeptides (e.g., collagen) 
polysaccharides (e.g., hyaluronic acid, chitosan), and silk. Collagen was a popular 
material as it is a predominant organic component of bone ECM and total bone 
protein. The benefits of natural polymeric materials include the proven ability to 
support the attachment, proliferation, and differentiation of cells [10, 11]. However, 
investigations into the material showed utility was limited by natural polymeric 
mechanical strength, unpredictable degradation and breakdown rates, and risk of 
infection [7].

Silk fibroin, derived from silkworms, has shown excellent biocompatibility, 
mechanical properties, and degradation patterns. Silk sponges, tubes, and fibers 
have been used for cartilage [12], blood vessels [13], and ligaments [14], respec-
tively. Until recently, silk was never investigated as a scaffold for bone regeneration. 
However, the porosity of silk sponges behaves quite favorably as a bone scaffold 
allowing for cell attachment and nutrient and waste transport [15]. Further, the silk’s 
pore size and geometry, as well as material stiffness were important factors for bone 
formation with adipose derived stem cells [15]. Silks remain a viable option as a 
dependable scaffold in the future.

Synthetic polymers such as poly (lactic acid), poly (glycolic acid), and poly 
(methyl methacrylate) demonstrate greater structural stability than their natural 
counterparts and provide support for bone tissue formation [16]. Synthetic poly-
mers compared to their natural counter parts are more convenient because they can 
be reproduced easily with targeted mechanical properties and degradation kinetics 
[17]. Natural bone is composed of collagen and hydroxyapatite. Bioceramics such 
as hydroxyapatite (HA) and tricalcium phosphate (TCP) have been used for bone 
regeneration. Hyaluronic acid alone has also been used in CAD-CAM designs for 
TMJ replacement with promising results in sheep [18]. When a polymer matrix is 
incorporated with TCP or HA, the material then becomes a hybrid/composite. The 
fillers enable the tissue engineer to alter the degradation and resorption kinetics of 
the planned complex tissue [19]. It is important to understand the degradation of the 
synthetic product in vivo; i.e., if acid products are produced by scaffold degradation, 
a prolonged inflammatory response may result.

Hydrogels such as agarose, alginate, and chitosan are important polymers for 
tissue engineering purposes. Cartilage matrices consist of a highly hydrated proteo-
glycan hydrogel embedded into a type II collagen network [20]. Hydrogels have 
been very successful as the material of choice for cartilage scaffolding since they 
support the spherical shape and normal phenotype of chondrocytes [21].

The process of electrospinning allows scientists to accurately recapitulate the 
bone extracellular matrix. The natural network that makes up bone is intricately 
interspersed with nanocrystallites such as hydroxyapatite, which allows it to func-
tion as a nanocomposite organized on the nanoscale [22]. Nanofibrous matrices 
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have high porosity and a favorable surface area to volume ratio, which allow the 
material to maximize protein adsorption, cell adhesion, nutrient exchange, angio-
genesis, and other critical cellular tissue functions. Further, different materials can 
be cross-linked to polymers by electrospinning, which would enhance the weak 
mechanical strength of certain polymers.

The authors’ own research focuses primarily on using decellularized bovine tra-
becular bone as the scaffold for RCU bioengineering with promising translational 
successes [23–25]. We use an already FDA-approved decellularized bovine trabecu-
lar bone and utilize image-guided micromilling to craft a scaffold into an anatomi-
cally correct shape for the target host defect [24]. The xenograft has intrinsic 
adhesion molecules for the cells. However, care must be taken to ensure no anti-
genic proteins remain after decellularization.

15.6  Scaffold Fabrication

Scaffolds can be fabricated via fiber bonding, solvent casting, freeze-drying, salt 
leaching, and phase separation among other more traditional mechanisms. Both 
computer-aided design (CAD) and computer-aided manufacturing (CAM) provided 
an important progressive step in scaffold fabrication. CAD-CAM 3D printing or 
micromilling from existing materials and electrospinning now allow engineers the 
precision to craft most infrastructures they require.

When preparing autologous derived grafts (grafts made for hosts using their own 
stem cells), the TMJ can be imaged via a computed tomography (CT) scanner simi-
lar to a patient preparing for virtual surgical planning for orthognathic surgery. 
Subsequently, depending on the clinician’s and engineer’s material of choice, one 
option is to either 3D print the scaffold with a synthetic polymer or micromill it 
from an existing block. We recently reported successful use of micromilling a large 
decellularized cancellous bone block from bovine femurs. The scaffold was milled 
to the custom geometric specifications based on the CT images of each study animal 
(Fig. 15.1) [24]. This can hopefully be done clinically as well, by imaging a patient 
defect or mirror-imaging their “healthy TMJ” if applicable and preparing a unique 
autologous graft for that patient. Regardless of what technique is being used, the 
geometry, pore size, and dispersal are critical for cell seeding. CAD technology has 
allowed groups to precisely fabricate a scaffold to mimic exact bone defects needed 
to be reconstructed with improved internal architecture.

Following the fabrication of the construct, it must be cultivated with the cells of 
choice for adhesion and future development of the desired tissue. This step is criti-
cal and frequently a problem for research laboratories. The bioreactor must main-
tain appropriate conditions for tissue growth and maturation prior to implantation. 
The provision of precise interstitial flows and physiologic functions during this cul-
ture period is highly technique sensitive, and laboratory dependent, yet ultimately 
crucial for biologic success. Ideally, a bioreactor should be capable of coordinating 
biological, mechanical, and physiological stimuli in a spatially and temporally con-
trolled manner to support a desired cell and tissue growth [20].

15 Bioengineered Constructs of the Ramus/Condyle Unit
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15.7  Stem Cells and Growth Factors

There are two basic types of stem cells: embryonic and adult. Embryonic stem cells 
are harvested from embryos in the blastocyst stage of development and are capable 
of dividing indefinitely and, under appropriate stimulation and/or culture medium, 
can differentiate into all cell types of all three germ layers (termed pluripotent) [26, 
27]. However, due to ethical concerns, the use of embryonic stem cells in the United 
States has been controversial and therefore limited.

Scientists have been forced to focus their efforts on harvesting other cell lineages 
that would be of similar pluripotent and multipotent utility. Adult stem cells are 
undifferentiated cells that reside in a stem cell niche among differentiated cells until 
they are called upon to initiate repair. Most human tissues have delineated reservoirs 
of stem cells used for repair—neural, hematopoietic, gastrointestinal, and mesen-
chymal [27]. For example, transcription cofactor YAP activates mesenchymal stem 
cells (MSCs) residing in the synovium to initiate repair of damaged cartilage [28]. 
Future therapy may be directed to providing the appropriate cues to initiate this 
mechanism of repair in damaged joints and elsewhere.

MSCs are multipotent cells that give rise to a variety of tissue types: bone, carti-
lage, vascular, and adipose tissues [29]. Multipotent cells are more limited than 
pluripotent cells because they are not able to produce cells of all three germ layers. 
For completeness, it is worth mentioning that some researchers have demonstrated 
MSCs to have pluripotential when reprogrammed [30–32]. Regardless, this cell line 
is the one of most interest to bioengineers and clinicians alike focusing on craniofa-
cial reconstruction [30, 33]. MSCs have been the cell line of choice due to little or 
no ethical limitations, availability, minimal immunogenicity, and ability to produce 
the relevant tissues. During the harvest of either a cancellous or corticocancellous 
autogenous bone graft, MSCs are naturally harvested.

Original cell-based bioengineered TMJ grafts used mature osteoblasts and chon-
drocytes to seed the constructs [34]. Now investigations have advanced to employing 
MSCs that can be harvested with ease from adipose or bone marrow tissues [24, 35]. 
Bone marrow tissues were the original source of MSCs and previously the “standard 
of care” for obtaining the multipotent cells [36]. Now MSCs can be isolated from 
adipose [37], umbilical cord blood [38], peripheral blood [39], dental pulp [40], 
exfoliated deciduous teeth [41], dermis [42], amniotic fluid [43], and tumors [44]

We have found success using both bone marrow MSCs and adipose derived stem 
cells (ASCs) for bioengineering of the RCU [23–25]. Despite bone marrow-derived 
MSCs having higher osteogenic potential, ASCs have sufficient osteogenic capacity 
and similar in vitro self-renewal and are widely available with easy harvest from any 
subcutaneous source of fat (sourced commonly from elective liposuction aspirates) 
when compared to traditional bone marrow harvests [45]. Thus, ASCs have come to 
the forefront of the bone regeneration research community.

There have been countless laboratory and clinical successes using ASCs for bone 
regeneration, which we will describe later in this chapter. Recently we reported a 
successfully tissue-engineered autologous facial bone reconstruction using recipi-
ent animal subcutaneous fat as a source for ASCs [24, 46]. ASCs have a vast amount 
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of differentiation capabilities and need to be cultured in lineage-specific media. 
They can be predictably cultured to differentiate toward chondrocytes and osteo-
blasts [45]. Osteogenic media may include 1,25-dihydroxyvitamin D3, ascorbate- 2- 
phosphate, and bone morphogenetic protein (BMP)-2 (BMP-2) [47]. Also important 
for any bioengineered RCU would be the formation of a cartilage cap through the 
utilization of the chondrogenic potential of cells. ASCs demonstrate chondrogenic 
potential if its media contains other supplements such as transforming growth factor 
beta 1 (TGF-β1), insulin, dexamethasone, ascorbate-2-phosphate, BMP-6, and a 
high-density pellet culture [35].

The placement of some of the above osteogenic growth factors, molecules, or 
cells alone into defects can initiate cell homing for repair. The placement of human 
recombinant BMP-2 is the most obvious example of this. BMPs are able to initiate, 
promote, and support chondrogenesis and osteogenesis [48]. BMP-2 has been dem-
onstrated to recruit mesenchymal stem cells that then differentiate into bone. It does 
this by stimulating transcription of core binding alpha-1 (Cbaf-1/RunX2) and 
Osterix, which are responsible for activating osteoblastic specific genes (e.g., alka-
line phosphatase (ALP); osteopontin; osteonectin; bone sialoprotein, collagen type 
I) [49]. BMP-2 has been used to reconstruct both maxillary and mandibular defects 
such as alveolar clefts and continuity defects following ablative surgery for benign 
disease [50]. However, the use of BMP-2 for creation of a new condyle has not been 
reported. In maxillofacial surgery, BMP-2 is FDA approved only for sinus lifts and 
socket preservation and is not approved in children. Other uses of BMP-2 are neces-
sarily off-label.

It is important to understand some of the genes and proteins involved with bone 
production because the osteogenic potential of the ASCs can be measured in fre-
quent time points by measuring mRNA expression of the well-known bone markers. 
Early in the growth process proteins Runx-2, Osterix, or the gene ALP can be quan-
tified, compared to more mature stages when collagen type I can be found. Some 
studies have found expression of Runx-2 in their culture media as early as 1 and 
4 days [51, 52]. Researchers depend on the presence of these proteins to determine 
experimental efficacy and success (Fig. 15.2).

15.8  Clinical Investigations and Applications 
to the Maxillofacial Skeleton

Now that we have reviewed the scientific and engineering components of what is 
required for craniofacial bioengineering, we can now begin to discuss promising 
areas of translational investigation and preliminary research results. While much 
work remains for optimization of tissue engineering, the reconstructive surgeon is 
closer than ever to having this in their surgical armamentarium.

One of the earliest reports of using autologous stem cells for bone regeneration 
in a human was reported in 2004, when a 7-year-old girl suffered widespread cal-
varial defects after trauma and cranial surgeries. Due to limited autogenous cancel-
lous bone, the team utilized autologous adipose stem cells and mixed them with 
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milled cancellous bone and autologous fibrin glue manufactured from the patient’s 
plasma. They reported a great yield of stem cells and marked ossification after 
3 months but concede that it is impossible to determine to what degree the stem cells 
were responsible for regarding the regeneration [53]. Nonetheless, the results were 
promising and helped show proof of concept for ASCs use in a pediatric human 
subject who has limited autogenous bone sources.

Warnke PH et  al. reported a successful outcome of a custom bone implant 
through a bone-muscle-flap technique [54]. A CT was taken of the patient’s man-
dibular defect following a 7 cm, subtotal mandibulectomy. With the use of CAD 
technology, a Teflon construct was milled to the exact specifications of the planned 
reconstruction geometrical shape. Ultimately, they used pre-bent titanium mesh; 
filled it with bone mineral block grafts and particles, BMP-7, collagen type I, and 
autologous aspirate from iliac crest; and then implanted it into the patient’s latissi-
mus dorsi muscle as an in vivo bioreactor. They eventually implanted the graft into 

Fig. 15.2 Ontogeny of osteoblast and regulatory control of osteoblast lineage progression and 
phenotypic features. Sequence and stages of the osteoblast lineage from a self-renewing, pluripo-
tent mesenchymal stem cell to terminally differentiated osteocyte is diagrammatically illustrated. 
The characteristic feature of each developmental stage is indicated below the cell morphology. 
Next row summarizes the key transcription factor and co-regulatory protein involved in genetic 
control of osteoblast differentiation. Factors that negatively regulate Runx2 activity and osteoblast 
differentiation are indicated in red. Several physiologic mediators influencing osteoblast develop-
ment, including transforming growth factor β (TGFβ), the bone morphogenetic proteins (BMPs), 
and fibroblast growth factors (FGFs), Wnt/β-catenin signaling, and hormones, are also indicated. 
Secretory molecules, receptor, and signal transducer that inhibit osteoblast maturation are high-
lighted in red. Last row summarize phenotypic marker genes expressed at different developmental 
stages of osteoblast differentiation. The understanding of these markers allows scientists to evalu-
ate the stage of MSC induction. Reprinted from Oral and Maxillofacial Surgery Clinics of North 
America, 22, Genetic and Transcriptional Control of Bone Formation, 283–293, (2010), with per-
mission from Elsevier
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the mandibular defect, and it proved viable for 15  months until the patient 
unfortunately died from an unrelated comorbidity [55]. These early human reports 
provide hope that bioengineered constructs can be translated to human application.

15.9  Ramus Condyle Unit

The earliest report investigating cell-based TMJ engineering was in 2001. 
Investigators used a polyglycolic and polylactic acid as a scaffold and seeded them 
with mature osteoblasts and chondrocytes [34]. Scaffolds were implanted subcuta-
neously for 12 weeks in a non-load-bearing region of nude mice. This study demon-
strated not only trabecular bone formation but also a bone-cartilage interface 
representative of articulating joints.

Other proof-of-concept studies were published regarding MSCs and scaffolds 
for the mandible and RCU. Abukawa, H, et al. isolated porcine MSCs and cul-
tured them with osteogenic supplements [56]. A porcine mandibular condyle was 
then used as a model to fabricate poly-DL-lactic-co-glycolic acid (PLGA) scaf-
folds. Once the osteoblasts were differentiated, they were transferred to the scaf-
fold and cultured for 6  weeks in a rotational oxygen-permeable bioreactor. 
Evaluation of the constructs showed promising radiographic radiodensity, and 
histology proved that bone existed on the entire surface of the scaffold [56]. The 
same group then published the first report in our literature of using autologous 
MSCs from a Yucatan mini-pig and biodegradable scaffold for actual implantation 
into a mandible [57]. Porcine MSCs were isolated from the ilium and seeded onto 
poly-DL-lactic-co-glycolic acid (PLGA) scaffolds. Compared to controls, iatro-
genic full thickness bony defects (2 × 2 cm) showed filling with hard tissue that 
were uniformly radiodense with indistinct interfaces between native bone and 
implanted constructs [57].

Additional studies aimed to engineer osteochondral grafts in the shape of 
human TMJs [58–62]. Since the synovial joint head has a combination of fibrocar-
tilage and bone, this model may have high utility in not only reconstruction but 
also long-term success of any implanted scaffold. Groups have applied the prin-
ciples that we have outlined throughout the chapter to achieve this—a bilayered 
hydrogel or scaffold, mixed with lineage-specific growth factors for chondrocytes 
and osteoblasts, seeded with MSCs and either evaluated in vitro or in vivo. As an 
example, Re’em et al. used a bilayered affinity binding alginate scaffold. TGF-β1 
(for chondrocytes) and BMP-4 (for osteoblasts) were affinity bound to two dis-
tinct layers of the hydrogel, and the entire complex was subsequently seeded with 
MSCs isolated from human donors. After evaluation they determined that both 
cartilage and bone formed. Further, when implanting an acellular two-layer 
hydrogel in situ, they found tissue growth after 4  weeks [62]. However, this 
required the use of growth factors.

Sheehy et al. described a novel approach to osteochondral constructs [60]. They 
describe the difficulty investigators have in maintaining MSC-derived cartilage from 
resisting hypertrophy and ultimate endochondral ossification compared to fully dif-
ferentiated chondrocytes [63, 64]. However, this limitation for MSC engineered carti-
lage formation can be employed for in vivo bone regeneration. This route may be 
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more advantageous because of the natural conditions that cells typically endure dur-
ing endochondral ossification. For example, hypertrophic chondrocytes are already 
designed to withstand hypoxic conditions that occur during the early implantation 
stage of a tissue-engineered scaffold in vivo and also release natural angiogenic and 
mineralization factors that promote bone growth [65]. Farrell, E, et al used a bilayered 
hydrogel with chondrogenically primed cells, MSCs, in one layer and stable cartilage, 
chondrocytes, on top. They reported success in finding enhanced chondrogenesis in 
the cartilage layer and mineralization of the MSC-seeded layer when cultured in a 
hypertrophic medium with osteogenic supplements [65].

Recently Vunjak-Novakovic’s lab successfully engineered autologous grafts for 
facial bone reconstruction. Bhumiratana et al. describe the process in which they 
grew an anatomically precise RCU and repaired a large defect in the jaw of a 
Yucatan mini-pig without using BMPs or other growth factors. Instead, they used 
the decellularized native bovine bone matrix to induce osteogenic differentiation of 
ASCs [24]. By utilizing computer-aided micromilling guided by three-dimensional 
reconstructions of CT images of each individual pig jaw, precise anatomically 
shaped scaffolds were customized to each animal. All scaffolds were cultured for 
3 weeks with autologous porcine ASCs in an anatomically shaped, perfused biore-
actor system with tight control of exchange of nutrients, metabolites, and oxygen 
[23]. Fourteen mini-pigs had their left condyle resected to create a standardized 
defect and were then either reconstructed with a tissue-engineered scaffold, cell- 
free scaffold, or not reconstructed. Ultimately, through sequential CT-imaging, sac-
rifice, and histological and bone marker assay analysis, the investigators 
demonstrated that over 6  months of implantation, the engineered grafts reestab-
lished the entire RCU, integrated with host bone, and formed extensively vascular-
ized bone-like tissue that was significantly different than both control groups 
(Fig. 15.3).

Fig. 15.3 Morphology and structure of regenerated RCU. (a) Condyle regeneration was assessed 
using μCT 3D reconstruction and (b) Movat’s pentachrome staining at low magnification (top; 
1-cm scale) and high magnification (bottom; 2-mm scale) of the condylectomy site. The dashed 
circumferences indicate the remaining graft regions, with the red trabecular structure representing 
the remaining scaffold material. (c) μCT 3D reconstruction of the graft-host interface and Movat’s 
pentachrome staining were used to assess integration of the implanted graft with the host bone. For 
acellular grafts, the mineralized host bone (hb) and the graft structures (g) were separated by soft 
fibrous tissue (f). In contrast, host bone extended into the tissue-engineered bone graft. In the prox-
imity of the new bone, osteoclastic resorption (white arrowheads) was detected on the implanted 
scaffold with the lining of osteoblasts (black arrowheads), indicating active ossification. Scale 
bars, 1 mm (4×) and 100 μm (40×).  From Bhumiratana S, Bernhard JC, Alfi DM, et al. Tissue-
engineered autologous grafts for facial bone reconstruction. Sci Transl Med. 2016;8(343):343–83. 
Reprinted with permission from AAAS
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The bioengineered RCU successfully reconstructed a load-bearing joint. Multiple 
previously described proof-of-concept studies, such as those looking into scaffold 
material, bioreactor design, cell seeding, stem cell selection, and stem cell differen-
tiation, were all combined and in one successful investigation. The investigation 
also mimicked the logistics of a future commercial process. Grafts were grown and 
implanted at two locations greater than 1200 miles apart. This would allow surgeons 
to send images and patient information to a centralized bioengineering center, which 
would then fabricate and return a custom bioengineered scaffold loaded with cells 
to the treating surgeon.

To summarize, as we focus on temporomandibular joint reconstruction, there 
are a few principles to highlight when reviewing replacement of the TMJ in the 
literature moving forward. First, it is important to create an osteochondral con-
struct. Cartilage is believed to be necessary for maintaining a stable functional 
joint as it enables friction-free physiologic activity. Further, both cell layers—car-
tilaginous and bony—need to be able to repair themselves and have cells capable 
to regenerate as a healthy joint would. To complement the accurate cellular 
makeup of two tissues, correct geometry of the anatomy to allow for precise joint 
mechanics is of equal importance. This depends on anatomically shaped scaf-
folds, bioreactors, and the advent of CAD with either 3D printing or micromill-
ing. For any future RCU construct to be successful, patients will have to be 
imaged using computed tomography and then have scaffolds fabricated via solid 
free-form fabrication (SFF) [66]. This technique simply uses the patient-specific 
imaging and allows engineers to design scaffolds with the specific internal archi-
tecture of the target, in our case, the TMJ. This helps optimize mechanical proper-
ties that are of most importance when fabricating load-bearing, stratified 
osteochondral joints [67].

15.10  Articular Disc

Although we have discussed briefly the principles of bioengineering cartilage as it 
pertains to osteochondral constructs, the process of engineering the disc itself is 
unique and worth reviewing. Cartilage responds poorly to injury due to its avascular 
and acellular makeup. Unfortunately, damage to cartilage is often progressive, lead-
ing to subchondral bone remodeling, and ultimately osteoarthritis. However, due to 
its avascular nature, the tissue is also immunoprivileged and therefore engineered 
cartilage replacements do not generate large immune responses [68, 69]. In addi-
tion, the ECM of cartilage is dense and does not enable cells from within the matrix 
to repair damage at a distant site, further adding to the reparative challenge of carti-
laginous tissue.

Load-bearing joints and their cartilaginous tissues have received a great deal of 
attention primarily in the orthopedic community. It is important to remember that 
only the TMJ disc and the meniscus in the knee are composed of fibrocartilage. 
Fibrocartilage differs from hyaline cartilage by its histomorphology and the ratio 
and amounts of collagen type I and II, with the TMJ disc nearing a ratio close to one 
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(Col I/II), with hyaline cartilage close to zero (Col I/II) [70]. Nonetheless, many of 
the principles of cartilage reconstruction from orthopedics are still transferrable to 
the TMJ.

The cell choice for engineering cartilaginous tissues has proven to be more 
difficult than for engineering bone. MSC-derived chondrocytes have a tendency 
to hypertrophy, mineralize, and undergo endochondral ossification, which is not 
acceptable for cartilage replacement applications. For cartilage tissue alone, 
bone marrow, synovium, and periosteum are the best sources for MSC-induced 
chondrogenesis [71]. Synovium-derived MSCs, referred to as SDSCs, are 
believed to have the greatest potential to produce cartilaginous ECM when sup-
plemented appropriately [72–75]. SDSCs can undergo chondrogenesis in vitro 
when combined with specific growth factors such as basic fibroblast growth fac-
tor (bFGF), and insulin- like growth factor I, TGF-β1 [72]. Until recently, MSCs 
were much more difficult to use in cartilage tissue engineering than juvenile 
chondrocytes, until a breakthrough finding revealed that a condensation step 
needed to be added, forming condensed mesenchymal bodies [76]. The key for 
TMJ-targeted tissue will be to find the best combination to produce in vivo con-
ditions of collagen type I.

In 1991 the first pilot study on TMJ disc growth was reported by using TMJ car-
tilage from New Zealand white rabbits and mixing them with collagen type I to 
inject into a collagen matrix in vitro [77]. A few years later, another group demon-
strated true hyaline cartilage growth in the shape of a TMJ disc and biomaterial 
polymer success and explored the biomechanical nature of their constructs [78]. 
These early investigations frequently harvested mature chondrocytes from newborn 
calves as their cell source. However the TMJ disc is composed of fibrocartilage, not 
hyaline cartilage.

A decade after the first investigation of biomaterials for disc replacement, 
researchers found that, unlike other joint engineering success, TMJ chondrocytes 
(isolated from porcine discs) prefer PGA non-woven meshes when compared to 
alginate hydrogels [79]. There has been more recent success using an alternative 
material, poly (glycerol sebacate) (PGS) as a scaffold material in growing fibrocar-
tilage through their experimental process, where they found both cell seeding time 
and density were important variables for success [80].

There is an alternative approach to cell-based, scaffold models for TMJ disc 
replacement. Brown BN, et al followed up on their original pilot study by more 
thoroughly investigating the use of an acellular, scaffold-based approach for disc 
replacement [81, 82]. They creatively used decellularized porcine urinary bladder 
tissue (urinary bladder matrix (UBM)) alone as a scaffold without any isolated 
chondrocytes, MSCs, or SDSCs, to serve as an interpositional graft and inductive 
template for reconstruction of the disc in vivo [81]. They prepared the UBM and 
layered it onto a hard plastic mold, which mimicked the approximate TMJ disc 
size. Following complete, bilateral disc removals on ten adult female mongrel 
dogs, each subject received one graft and had the contralateral side left alone. 
Animals were sacrificed at 6 months, and analysis indicated that multiple tissue 
types formed throughout the scaffold, and histology showed architecture highly 
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analogous to native disc tissues [82]. If reproducible, this approach to replace-
ment would serve as a stock packaged option for replacement during TMJ 
surgery.

In recent years, multiple studies exploring in vitro fibrocartilage for the TMJ disc 
have been performed finding answers to important clinical questions. It is believed 
that either costal chondrocytes or articular chondrocytes are both superior cell 
sources for disc engineering than TMJ disc cells [83]. When comparing IGF, TGF- 
β1, and bFGF, TGF-β1 demonstrated the greatest ability to produce ECM, glycos-
aminoglycans (GAGs), and collagen [84, 85]. Scaffoldless constructs may be better 
than cell-seeded scaffold constructs [70]. Yet, all current methods are still inferior in 
strength and chemical makeup to native TMJ disc tissue [70, 85–87]. Perhaps a 
more focused stem cell approach may be the next wave of fibrocartilage research for 
TMJ disc investigators.

15.11  Future Directions and Challenges

Significant advances in the field of tissue engineering as it pertains to the RCU have 
been made. As with all translational research, there is still much to be done moving 
forward.

Ideally a standardized scaffold for the RCU could be developed. For example, 
either decellularized bovine bone or one synthetic option such as PGA would be 
optimized and available for all researchers to then proceed with further research 
focusing on other aspects. Also, many studies have done only in vitro or ex vivo 
synthesis on a small scale. Groups need to ensure they are able to not only scale up 
their tissues but to employ methods like CAD/CAM to ensure their constructs are 
anatomically precise and unique.

ASCs seem to be a promising cell type that is easily accessible and useful for 
hard tissue. As we have discussed, some groups use growth factors and others do 
not. A standard cocktail for media would help standardize experiments across all 
laboratories trying to answer the same clinical question. In view of the current con-
troversies surrounding the use of growth factors, the ideal culture medium would be 
designed without them.

Creating an osteochondral construct with a bilayered system of bone and carti-
lage that would be able to repair itself and thrive in vivo still remains to be seen. 
Most studies that have done animal implantation have sacrificed the animals at 
around 6  months postimplantation. True long-term viability data is needed; can 
these grafts survive long term as a load-bearing joint?

Another challenge in maxillofacial reconstruction is the need to replace a large 
volume of soft tissue and bone. The workhorse of maxillary and mandibular recon-
struction of cancer patients who have undergone ablative surgery is the microvascu-
lar free fibula graft. The use of an engineered bone construct without an adequate 
vascularized soft tissue bed will be unsuccessful. One technique that has been 
reported would be to implant the graft into a muscle bed and then bring the muscle 
with feeding and draining vessels and the graft to the recipient site. However, this 
requires two surgeries and a second surgical site at the time of tissue transfer. 
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Ultimately an engineered construct of bone enveloped into a soft tissue of appropri-
ate size with blood vessels for anastomosis would be ideal and allow for wide appli-
cability of engineering techniques for facial reconstruction in acquired and 
congenital disease.

An important question is if the disc and RCU engineering and implantation can 
be coupled together. There does not seem to be any investigations at this point that 
have resulted in implanting a bioengineered RCU and articular disc simultaneously. 
Using bioreactors for osteochondral constructs allowing for the formation of both 
tissues would be groundbreaking. Perhaps, fabrication of a dual-compartment bio-
reactor would allow precise control of two separate environments, one chondro-
genic and one osteogenic.

Also, no current studies address muscle reattachment of the external pterygoids. 
Alloplastic total joint replacement does not allow for lateral or protrusive movement 
because of the inability of the lateral pterygoid muscle to attach to the alloplast. This 
is another important area of research for total ramus condyle reconstruction utiliz-
ing engineered biologic constructs.

A possible augmenting area of bioengineering is gene therapy. Gene therapy 
depends on the transfer of genetic material into living cells in order to regenerate 
tissue, treat a disease process, or silence the unwanted gene expression. Through 
viral transfection or non-viral physical and chemical means, manipulated genetic 
material is taken up by the host cells that begin to express the transfected proteins of 
the selected gene (e.g., BMP-2, bFGF, etc.). For example, if increased levels of 
BMP-2 in vivo help bone regeneration from TMJ osteoarthritis, transfected cells 
can be injected locally into the joint space or necessary area, BMP-2 will be upregu-
lated in the local environment, and bone regeneration will occur. The possibilities of 
gene therapy, if controlled, can be endless. They do come with risk, however, as 
viral infection is one of the more common ways of transfecting target cells. The 
possibility of gene silencing and editing strategies with methylation and miRNA, 
respectively, will hopefully expand gene therapy utility in the future without the risk 
for infection.

Some investigations for bone regeneration have already demonstrated great 
promise with this modality. In rabbits, orbital bony defects were repaired with 
BMP-2- and VEGF- transfected rabbit BMSCs [88]. Maxillofacial-derived stem 
cells, when transfected with osteogenic gene BMP-2 via adenoviral vector, also 
showed high utility in treating a mandibular bony defect with high expression levels 
of the desired growth factor [89]. This is an avenue worth exploring to repair bony 
defects throughout the cranio-maxillofacial skeleton and possibly pairing with RCU 
engineering.

15.12  Conclusion

Numerous studies over the past decade provided opportunities for what the future of 
TMJ bioengineering may hold. Anywhere from stock disc replacement to custom, 
anatomical autologous condylar reconstruction will broaden the reconstructive sur-
geon’s armamentarium to help the patients in need. We look forward to an 

15 Bioengineered Constructs of the Ramus/Condyle Unit



368

integrated use of biomaterials, bioactive factors, and cells toward serving the 
patients’ needs.
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