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T I S S U E  E N G I N E E R I N G

Tissue engineering toward temporomandibular joint 
disc regeneration
Natalia Vapniarsky1*, Le W. Huwe2*, Boaz Arzi3, Meghan K. Houghton4, Mark E. Wong5,  
James W. Wilson5, David C. Hatcher6, Jerry C. Hu7, Kyriacos A. Athanasiou7†

Treatments for temporomandibular joint (TMJ) disc thinning and perforation, conditions prevalent in TMJ patholo-
gies, are palliative but not reparative. To address this, scaffold-free tissue-engineered implants were created using 
allogeneic, passaged costal chondrocytes. A combination of compressive and bioactive stimulation regimens pro-
duced implants with mechanical properties akin to those of the native disc. Efficacy in repairing disc thinning was 
examined in minipigs. Compared to empty controls, treatment with tissue-engineered implants restored disc in-
tegrity by inducing 4.4 times more complete defect closure, formed 3.4-fold stiffer repair tissue, and promoted 
3.2-fold stiffer intralaminar fusion. The osteoarthritis score (indicative of degenerative changes) of the untreated 
group was 3.0-fold of the implant-treated group. This tissue engineering strategy paves the way for developing 
tissue-engineered implants as clinical treatments for TMJ disc thinning.

INTRODUCTION
The temporomandibular joint (TMJ), or jaw joint, is a synovial ar-
ticulation essential for daily functions such as talking and chewing. 
TMJ dysfunction causes pain and disability in 20 to 25% of adults 
worldwide (1). Not all TMJ disorders require medical intervention, 
but the associated medical costs and loss of economic productivity 
are estimated to be $4 billion per year (2). The TMJ disc is a fibro-
cartilaginous structure within the joint that facilitates load bearing, 
congruity, and smooth movement between the mandibular condyle 
and skull base. Discal pathology is an antecedent to a series of de-
generative changes that can engulf the entire TMJ. Conditions in-
clude internal derangement (disc displacement), disc thinning, and 
perforation (3, 4). Unlike appendicular joints, the early stages of TMJ 
pathologies (such as disc thinning) are underserved by clinical op-
tions. Thus, successful treatment of early TMJ disorders continues 
to be an unmet goal. Furthermore, the complex and unique anatomy 
of this joint presents challenges to the development of new surgical 
strategies for the TMJ, regardless of disease severity.

Clinical options for treating internal derangement vary based on 
the severity of disc and joint degeneration. Noninvasive and mini-
mally invasive options are used to treat patients in early stages of disease 
(5). More aggressive treatments, such as complete disc removal (6–13) 
or prosthetic total joint replacements, are reserved as options of last 
resort in advanced cases of internal derangement, refractory to other 
forms of TMJ surgery. However, discectomy appears to result in the 
development of condylar remodeling, despite an improvement in the 
patient’s symptomatology (14–16). Minimally invasive treatments 
do not repair damaged discs, and disc replacement options are lacking. 
Historical trials with synthetic substitutes, such as the Teflon-Proplast 
implant, produced catastrophic outcomes (17, 18). There is, to this 

day, an unmet need for treatments to repair damaged discs to arrest 
further development toward severe degeneration.

Tissue engineering may offer promising strategies for patients 
suffering from disc degeneration (19–21), especially during the early 
stages of degeneration, such as disc thinning or perforation. Discal 
regeneration is an active field. For example, scaffolds for TMJ discs have 
been created with three-dimensional (3D) printed polycaprolactone 
(22), decellularized extracellular matrix (ECM), and other polymers 
(23, 24). Because scaffold use is associated with foreign body response 
and toxicity due to scaffold degradation (25), scaffold- free methods 
have been developed (26), which create biomimetic tissues with-
out exogenous materials (27). Using a scaffold-free, self-assembling 
process, TMJ disc implants with shape, anisotropy, and biomechanical 
properties similar to native TMJ discs have been successfully engi-
neered (28).

A critical limitation in promoting tissue engineering methods is 
identifying a cell source appropriate for autologous or allogeneic treat-
ments. Recently, costal cartilage (cartilage from the rib) has emerged 
as an attractive cell source for TMJ disc engineering (29, 30). The 
relative abundance of cells from this source, combined with improved 
scaffold-free techniques, yielded implants with a robust ECM and 
high mechanical integrity (31–33). Because this tissue engineering 
approach requires only a small amount of costal cartilage, this cell 
source is attractive clinically; large quantities of cells can be obtained 
with minimal morbidity to the patient.

Toward human translation, tissue-engineered TMJ implants need 
to be evaluated for safety and efficacy in a suitable large-animal model, 
requiring the identification of an appropriate defect model for disc 
thinning, and the development of surgical methods to affix implants 
into the TMJ. Despite the multitude of in vitro tissue engineering 
studies, the lack of an appropriate animal model has been a road-
block in the development of new therapies. Comparison of human 
TMJ disc to multiple species for morphological, biochemical, and bio-
mechanical properties identified the pig model (34)—specifically, the 
Yucatan minipig (35)—as suitable for translational studies (35). However, 
a suitable experimental disc defect model to mimic early TMJ disorders, 
such as TMJ disc thinning and degeneration, did not exist.

Here, we report a series of studies culminating in the examination 
of allogeneic tissue-engineered implants’ safety and reparative capacity 
in a minipig model, compared to empty defect controls (untreated group). 
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We established a surgical approach and implant fixation method to test 
the tissue-engineered TMJ disc biomimetic implants, engineered from 
allogeneic costal chondrocytes, in the orthotopic environment of the 
TMJ using a clinically relevant early-stage TMJ disc disease model. Our 
studies evaluated the hypothesis that a tissue- engineered implant would 
provide sufficient function to promote healing in a defect modeling 
TMJ disc thinning.

RESULTS
TMJ implants, engineered from expanded costal 
chondrocytes, are mechanically robust
Tissue-engineered implants were formed using allogeneic costal 
chondrocytes in conjunction with a scaffold-free, self-assembling 
process (Fig. 1A) (26, 31). Costal chondrocytes were passaged twice 
(expansion factor of 64), using a previously optimized protocol (32), 
while retaining the chondrocytic phenotype using an aggregate re-
differentiation method (31). Implant properties were enhanced by 
treating self- assembled constructs with bioactive and mechanical 
stimuli consisting of transforming growth factor–1 (TGF-1), 
chondroitinase ABC, lysyl oxidase–like 2, and passive axial com-
pression. This combination of stimuli was optimized in previous 

studies for self-assembled cartilage implants (36), resulting in an en-
hancement of collagen production, matrix compaction (36), and col-
lagen cross-linking (37, 38). Tissue-engineered implants were 8 mm × 
8 mm × 0.4 mm (Fig. 1B), exhibiting robust matrix in the absence of 
scaffolds (Fig. 1C).

To ensure that the implants were suitable for in vivo load bearing, 
implant quality was assessed using histology, mechanical testing, and 
biochemical testing. The cells in the implants were viable and homo-
geneously distributed (Fig. 1C). Glycosaminoglycan (GAG) and col-
lagen per wet weight were 4.1 and 2.4%, respectively (table S1, tabs 
1 and 2). Instantaneous compressive and relaxation modulus values 
at 20% strain measured 370 and 47 kPa, respectively (table S1, tabs 
3 and 4). Tensile Young’s modulus and ultimate tensile strength (UTS) 
were 2.9 and 1.1 MPa, respectively (fig. S1 and table S1, tabs 5 and 6). 
The mechanical values were noted to approach those of native minipig 
TMJ discs. The degree of biomimicry to native TMJ disc properties 
and the tissue-engineered implants’ suitability for in vivo implantation 
were evaluated using a modified functionality index (FI) (28), which 
compared the implants’ mechanical and biochemical properties to those 
of native Yucatan minipig TMJ discs (35). The FI (see Supplementary 
Materials and Methods, “Fabrication of tissue engineered implants” sec-
tion, eq. S1) normalizes implant properties to native TMJ disc proper-

ties, and an FI of 1 represents 100% of 
native tissue properties. The average im-
plant FI was 0.42 or 42% of the native 
TMJ disc’s cumulative biochemical and 
biomechanical properties. Given previous 
small-animal in vivo data demonstrating 
the improvement of tissue- engineered 
construct properties after implantation 
(39), the tissue-engineered implants were 
considered suitable for further assessment 
in vivo in a minipig model.

The intralaminar fenestration 
surgical technique reliably 
recreates disc thinning to allow for 
orthotopic implantation
A suitable defect model and implant fixa-
tion method were required to evaluate 
the tissue-engineered implants’ relevance 
for therapeutic use in TMJ defects. In a 
preliminary study, a circular defect mimick-
ing human TMJ disc perforation in the 
minipig disc’s posterolateral portion was 
created and reconstructed with tissue- 
engineered implants sutured to the sur-
rounding native TMJ disc (fig. S2, A to C). 
Eight weeks after implantation, it became 
apparent that the fixation method was 
inadequate: The implants were dislodged, 
and the defect remained empty (fig. S2, 
D to F). Degenerative changes were noted 
on the opposing condylar surface (fig. S2, 
G to I). This observation is consistent with 
other animal studies where disc perfo-
ration was used as a surgical technique 
to create TMJ degeneration (40, 41). From 
this initial minipig study, we concluded 

Fig. 1. Formation of tissue-engineered implants from costal chondrocytes and representative gross morpho-
logical and histological images. (A) Diagram depicting the tissue engineering strategy and timeline from isolation 
of costal chondrocytes to the implants’ in vivo assessment. Costal cartilage from minipigs was harvested as an allogeneic 
donor chondrocyte source. The chondrocytes were then expanded in monolayer, redifferentiated in an aggregate 
culture, and self-assembled into 3D constructs using a scaffold-free approach. Upon construct maturation, the tissue- 
engineered (TE) implants’ safety and efficacy were assessed via orthotopic implantation into TMJ discs. (B) Tissue-engineered 
implants’ gross morphology. The tissue-engineered implants’ dimensions shown are 8 mm × 8 mm × 0.4 mm and trimmed 
before implantation (scale bar, 5 mm; n = 24). (C) Tissue-engineered implants’ histology at time of implantation. Shown 
are hematoxylin and eosin (H&E)–, PicroSirius Red (PSR)–, and Safranin O/fast green (SafO/FG)–stained sections (scale 
bars, 500 and 20 m, respectively; n = 12).
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that direct suturing of implants to a disc perforation defect was in-
effective, inducing degenerative changes in the joint.

To overcome these issues, another surgical technique was developed. 
In this second approach, a horizontal pouch was dissected within 
the disc’s lateral region. After separating the two laminae, a circular 
fenestration removed disc tissue from the inferior lamina, mimicking 
human disc thinning (Fig. 2, A to J and A′ to J′). In short, two defects 
were created: the pouch and the fenestration. To repair these defects, 
a tissue-engineered implant was placed in the pouch to cover the fenes-
tration, and the pouch’s margins were sutured to retain the implant in 
position. This method eliminated the need to have suture knots facing 
the articulating surfaces to retain the implant. Gross (Fig. 3, A and B) 
and histological examination 2 and 8 weeks after implantation in vivo 
showed that this intralaminar technique was effective in securing the 
implant to the native tissue (Fig. 3, C and D). The histological data 
suggest that the technique was sufficient to model the ability of a 
tissue- engineered implant to heal a dissected pouch in the disc and 
also to repair disc thinning (the fenestration).

Tissue-engineered implants are durable after implantation
The tissue-engineered implants were evaluated at 2 and 8 weeks after 
implantation. With the intralaminar fenestration technique, the im-
plants remained in place and did not dislodge. The implants retained 
their shape and size (Fig. 3, E to H), were partially fused with the sur-
rounding native tissue at 2 weeks, and were completely fused at 8 weeks. 
There was no evidence of implant breakage or fragmentation. These 
observations, collectively, indicated that the implants were sufficiently 
robust to withstand forces in the orthotopic environment. They also 
confirmed the effectiveness of our fixation method.

The tissue-engineered implants excised from the TMJs were me-
chanically tested for tensile stiffness and strength at 8 weeks after 
implantation. The results demonstrated that the Young’s modulus 
of tissue-engineered implants 8 weeks after implantation was similar 
to that at the time of implantation (fig. S1). This suggests that the 
implants’ integrity did not deteriorate in vivo in a biomechanically 
loaded environment and compared favorably with the in vitro controls, 
which also maintained their compressive and tensile properties over 
5 weeks in culture (fig. S1).

Allogeneic tissue-engineered implants are safe and 
tolerated immunologically
Within 10 days after surgery, all external incisions healed completely. 
At 8 weeks after surgery, minimal skin scarring was present (fig. S3). 
All animals progressed through the study uneventfully, maintained 
weight, and did not experience issues with chewing or retrieving food. 
One animal developed unilateral septic arthritis in the treated joint 
that was considered iatrogenic in origin. Throughout the study, there 
was no evidence of leukocytosis or abnormal values on routine blood 
work (table S1, tab 7). Upon sacrifice and postmortem examination, 
there was no evidence of inflammation or neoplastic growth in the 
implanted joints. In all animals, treated or with empty controls, the 
joint capsules were completely intact with minimal joint fluid; the syn-
ovial lining displayed none or minimal hyperplasia. Full-body ne-
cropsy examined the histomorphology in multiple organ systems 
including integument, cardiovascular, respiratory, musculoskeletal, 
digestive, urogenital, endocrine, and nervous systems. All systems 
were within normal limits and exhibited no evidence of cellular dam-
age, inflammation, or neoplastic growth. The mandibular and ret-
ropharyngeal lymph nodes’ size, shape, and consistency were also within 

normal limits in both groups. Collectively, these findings indicated 
no evidence of adverse systemic response to allogeneic implants.

Histological (Fig. 3, C to H) and immunohistochemical (Fig. 3, I to N) 
evaluations of treated TMJ discs revealed minimal to mild lymphocytic 
inflammation around the implants. Semiquantitative immunohisto-
chemical assessment for CD3 (T cell) and CD20 (B cell) immuno-
reactivity detected moderate numbers of both cell types, and the number 
of lymphocytes did not change markedly from 2 to 8 weeks after 
implantation (Fig. 3, I to L). CD68 (macrophage) immunoreactivity 
was rare to nonexistent around or within the implants (Fig. 3, M 
and N). Furthermore, there was no histological evidence of multi-
nucleated giant cells, polymorphonuclear cells (neutrophils and 
eosinophils), or capsule formation around the implants, indicating 
that the implants were tolerated immunologically and did not pro-
voke a foreign body response.

Tissue-engineered implants prevent gross, degenerative 
changes to the condylar head caused by disc thinning
Gross and histological examinations of condylar surfaces were in-
formative in determining the effectiveness of tissue-engineered im-
plant treatment in delaying or preventing degeneration of the joint’s 
articulating components (mandibular head and temporal articular 
fossa). Mandibular condyles were scored according to International 
Cartilage Repair Society guidelines (42), where a lower score indi-
cates less degeneration. The mandibular head surfaces in groups that 
received tissue-engineered implants were normal (Fig. 4, A to C) or 
showed minor abnormalities, such as focal surface erosions and oc-
casional small osteophytes (fig. S4, A to F). Mandibular condyles 
from empty defect control groups displayed more extensive surface 
irregularities, deep cavitations, subchondral cysts, large osteophytes, 
and condylar bone flattening and deformation (Fig. 4, D to F, and 
fig. S4, G to L). Corresponding histological analysis showed normal 
articular surfaces in the treated group (fig. S5, A to F) and multiple 
surface irregularities in the untreated group (fig. S5, G to L). These 
observations are consistent with previous work linking degenerative 
changes to discal pathologies (40, 41, 43–47).

Tissue-engineered implants improve the stiffness and 
closure of TMJ disc defects
The efficacy of healing was determined by the functional assessment 
of repair tissue and extent of closure of the pouch and fenestration 
defects. Visual and histological assessments showed that fenestrations 
overlaid with implants underwent defect closure and healing more 
completely than untreated TMJ discs (Fig. 4, G to N). In all six treated 
TMJ discs, new repair tissue formed in the site of fenestration, closing 
the defect (Fig. 4, G to J). In the control group, three discs exhibited 
the fenestrations’ partial closure with repair tissue, whereas the other 
three discs lacked new tissue formation resulting in open fenestrations 
(Fig. 4, K to N). The extent of healing was quantified by measuring 
the perimeter of closure of the pouch and fenestration using histo-
logical sections (table S1, tab 8). Upon examination of the implant- 
treated group versus untreated discs (Fig. 5A), 90% closure of the 
perimeter of the pouch and fenestration defects was achieved (Fig. 5B). 
In the untreated TMJ discs, only 20% of the defect perimeters were 
closed (Fig. 5B). The significant difference (P < 0.05) between the groups 
indicates that the tissue-engineered implants facilitated the repair of 
disc thinning.

The stiffness of the repair tissue that filled the fenestration defects 
in the discs was mechanically tested under tension. Treatment with 
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Fig. 2. Schematic and intraoperative images demonstrating the intralaminar fenestration surgical technique. This technique allowed modeling of TMJ disc thinning, 
orthotopic implantation, and the tissue-engineered implant’s fixation in the TMJ disc of a minipig. (A, A′, B, and B′) Posterolateral surgical approach to the TMJ disc is 
demonstrated. (C and C′) The disc is partially released from its posterolateral attachments, gently pulled caudally, and rotated superiorly. (D, D′, E, and E′) Horizontal dis-
section is performed to create a bilaminar pouch. (F, F′, G, and G′) A 3-mm fenestration defect is made in the pouch’s inferior lamina. (H and H′) The tissue-engineered implant 
is inserted into the pouch. (I, I′, J, and J′) The pouch is closed with sutures, and the disc attachments are reproduced with Quickanchor Plus and #0 suture. Scale bar, 5 mm.
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the tissue-engineered implants resulted in the formation of repair 
tissue with a Young’s modulus that was 3.4-fold greater than the 
repair tissue in untreated TMJ discs (Fig. 5C and table S1, tab 9). In 
addition, it was found that the tensile stiffness of the repair tissue 
that sealed the defects in the treated defects was 37.4% of the native 
tissue value (35) in this region. In contrast, the repair tissue in the 
untreated discs approached 10.9% of native tissue tensile stiffness (35). 
A similar trend was observed for the repair tissue’s UTS in treated 
discs versus untreated discs (table S1, tab 10), where the repair tissue’s 
UTS reached 23.3 and 8.9% of native values (35), respectively. A more 
robust quality of tissue repair was achieved with the tissue-engineered 
implant.

Fig. 3. Histological and immunohistochemical assessment of integration and 
safety of the tissue-engineered implants. (A and B) Gross morphology of the 
sections obtained from the minipig discs treated with tissue-engineered implants, 
2 and 8 weeks after implantation, respectively. (C and D) Low-magnification H&E 
histology of the disc section containing a tissue-engineered implant, which appears 
as a purple band at 2 weeks and as a pale pink band at 8 weeks, respectively. (E to 
H) Higher magnification of the H&E sections containing implants at 2 and 8 weeks 
after implantation, respectively. (I and J) Immunoreactivity for T cells (CD3) at 2 and 
8 weeks, respectively. (K and L) Immunoreactivity for B cells (CD20) at 2 and 8 weeks, 
respectively. (M and N) Immunoreactivity for macrophages (CD68) at 2 and 8 weeks, 
respectively. Scale bars, 2 mm (A to H) and 200 m (I to N).

Fig. 4. Gross morphological and histological assessments of the TMJ disc and 
mandibular heads comparing the tissue-engineered implant–treated group to 
the untreated group at 8 weeks after implantation (n = 6). A, anterior; P, posterior; 
L, lateral; M, medial; S, superior; Inf, inferior. (A to F) Gross morphology and histology 
of the mandibular head articular surfaces in the treated versus untreated cases. (G) Gross 
morphology of the inferior surface of treated TMJ discs. (H) Gross morphology of 
sagittal (anteroposterior) sections of implant-treated discs. The arrow marks the im-
plant’s location and orientation. The square bracket indicates the location of the 
healed defect. (I and J) Low- and high-magnification H&E histology images of 
implant-treated discs. The square bracket indicates the healed defect (I). (K) Gross 
morphology of the inferior surface of untreated TMJ discs. (L) Gross morphology of 
sagittal (anteroposterior) sections of untreated discs. The square bracket indicates 
the open defect’s location. (M and N) Low- and high-magnification H&E histology 
images of untreated discs. The square bracket indicates the open defect (M).
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Tissue-engineered implants improve osteoarthritis scores
Degeneration of untreated joints, as measured using the osteoarthritis 
score, was 7.0 ± 3.9 (Fig. 5D and table S1, tab 11), whereas that of 
the implant-treated group was 2.3 ± 3.2. Thus, the total osteoarthritis 
score in the treated group was one-third (P < 0.05) of the untreated 
controls. These data suggest that (i) the intralaminar fenestration tech-
nique created a defect, akin to disc thinning, that mimicked disease by 
promoting 3.0-fold higher degenerative changes in the condylar articular 
surface, and (ii) implantation of the tissue-engineered construct re-
duced degeneration, resulting in improved preservation of the ar-
ticular surfaces.

Tissue-engineered implants adaptively remodel  
and improve integration stiffness
The intralaminar fenestration technique made a horizontal incision 
into the TMJ disc, creating two laminae and a pouch in which the 
implant was inserted. Eight weeks after implantation, defects treated 
with tissue-engineered implants showed greater integration (fusion) 
(P < 0.05) between the two disc laminae (Fig. 6A). This fusion was 
observed grossly, confirmed histologically, and quantified mechani-
cally (table S1, tab 12). Untreated discs failed to fuse or achieved limited 
fusion (Fig. 6B, arrowheads). In the implanted specimens, the interface 
between the implant and native tissue grossly appeared seamless with-
out voids or gaps (Fig. 6C, arrowheads). To quantify the degree of 
integration to the native disc, tensile stiffness testing at the interface 
was performed (Fig. 6A and fig. S6). The stiffness of integration be-
tween the two laminae was significantly higher (P < 0.05, 3.2-fold) 
when treated with the tissue-engineered implant than without treat-
ment. Histology confirmed the gross observations and mechanical 
testing, demonstrating the implants’ fusion to the native tissue. Fibro-
blasts gradually incorporated into the tissue-engineered implant (Fig. 4, 
I and J). Fusion of native tissue to implant and multifocal ingress into 
the implant by fibroblast-like cells, presumably derived from the native 
perivascular environment, were indicative of integration. Histological 
examination demonstrated that integration progressed from the disc’s 
periphery to central portions (Fig. 3, C to H).

At the time of implantation, the implant appeared to contain more 
GAG (Fig. 6D) and less collagen (Fig. 6E) than reference values of 
native tissue biochemical properties (35). After implantation, tissue- 
engineered constructs underwent adaptive remodeling, and biochemical 
properties approached native tissue values. The implant’s GAG content 
decreased from 4.1 to 0.1 percent per wet weight (%/WW) (Fig. 6D), as 

evidenced by histological staining (Fig. 6, F to H). Collagen content in-
creased from 2.4 to 8.9%/WW from the time of implantation to 8 weeks 
after implantation (Fig. 6E); this was also supported by histochemical 
examinations, which showed a gradual transition from GAG-rich and 
collagen-poor ECM toward collagen-rich and GAG- poor ECM (Fig. 6, 
F to K). The initial GAG content in the tissue-engineered implants 
exceeded that of native tissue (0.8%/WW), and the initial collagen 
content was lower than the native tissue value (25.0%/WW). A grad-
ual reduction in cellularity was observed histologically, represented 
by the multifocal eosinophilia (interpreted as cell death) of occa-
sional chondrocytes at 2 weeks after implantation (Fig. 3, C, E, and 
G), followed by widespread eosinophilia of the cells in the implant 
lacunae at 8 weeks (Fig. 4J). Cumulatively, histological, biochemical, 
and mechanical results suggested that the tissue-engineered implant 
underwent progressive adaptive remodeling to amalgamate with the 
native tissue.

DISCUSSION
This work demonstrates that tissue-engineered implants produced 
from allogeneic, passaged costal chondrocytes can be applied to treat 
TMJ disc thinning, a condition seen in early TMJ disorders that pre-
cedes severe degenerative changes in this joint. Using an innovative 
surgical approach, reproducible defects modeling early-stage TMJ 
disc disease were treated with tissue-engineered implants. Healing 
was more robust in the implant-treated discs compared with un-
treated defects, demonstrating repair of a fenestration defect modeling 
TMJ disc thinning. Repair tissue formed in response to treatment 
exhibited a greater Young’s modulus than that of the repair tissue 
formed in untreated discs. The implants also improved closure of the 
pouch and fenestration defects, and promoted integration with the 
intralaminar pouch (greater fusion between the implant and sur-
rounding native tissue).

By restoring the mechanical properties of discs that had been sub-
jected to experimental disc thinning, the tissue-engineered implants 
were associated with a reduction in the articulating surfaces’ degenera-
tion while demonstrating continued adaptive remodeling. The allo-
geneic implants were associated with a minimal immune response 
and no evidence of acute implant rejection. These results demonstrate 
a strategy capable of producing healing of TMJ disc thinning, paving 
the way toward new clinical applications of tissue-engineered solutions 
for patients with TMJ disc pathologies.

Fig. 5. Quantitative assessment of the efficacy of the tissue-engineered implant to heal the TMJ disc defect. (A) Histological appearance of a defect treated with 
tissue-engineered implant versus untreated discs. Square brackets indicate the defect location. Scale bar, 2 mm. (B) Percent of the combined pouch and fenestration 
defect perimeter closure indicative of the extent of healing. (C) Young’s modulus values representing the tensile stiffness of the repair tissue that formed in the discs 
treated with tissue-engineered implant versus untreated discs. (D) Osteoarthritis (OA) scores derived from evaluation of the mandibular heads in implant-treated groups 
versus untreated groups to measure TMJ degeneration. For all graphs, bars indicate means ± SD (P < 0.05). Student’s t test was used with n = 6, and all data were taken at 
8 weeks after implantation.
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A main objective of this study was to use a tissue engineering strategy 
to address disc thinning before irreversible degenerative changes of 
the articulating surfaces occur. Current clinical options are limited 
for patients suffering from disc thinning and degeneration (5). Once 
the disc loses its structure and integrity (5), discectomy (disc removal) 
without replacement is the current standard of care (48). Alloplastic 
disc replacement has been less than satisfactory (49, 50), and the use of 
autologous fat or dermal grafts has been ineffective in the long term 
(51). This approach attempts to reconstruct damaged discs by repairing 
and strengthening the existing disc through fibrocartilaginous healing. 
By preserving joint anatomy, this approach has the potential to reduce 
degenerative changes at the early stages of injury or pathology, thereby 
preventing disease progression.

A major advantage of the biomimetic TMJ disc implants developed 
in this study is that they are completely devoid of exogenous scaf-
fold materials. Exogenous scaffolds, such as poly(lactic acid) and 
poly(lactic-co-glycolic acid), have been documented to induce a foreign 
body immune response and capsule formation as well as side effects 
induced by the by-products of polymer degradation (52). The absence 
of macrophages, foreign body giant cells, and an inflammatory capsule 

around the implants at 2 and 8 weeks af-
ter implantation are indicative of local 
biocompatibility. A limited lymphocytic 
response and lack of systemic signs of tox-
icity and inflammation further reinforce 
this finding. Ingrowth of fibroblast-like 
cells into the implants demonstrated the 
processes of repair, integration, and adap-
tive remodeling, which appear to be en-
hanced by a scaffold-free approach to 
implant fabrication. Following the trans-
lational pathway, subsequent studies should 
track implant versus host cells to deter-
mine whether larger implants can simi-
larly be remodeled.

The tissue-engineered implants dis-
played mechanical properties similar to 
the native disc, which is crucial for proper 
function in the mechanically demanding 
environment of the jaw joint. At the time 
of implantation, the implant’s Young’s 
modulus and the relaxation modulus were 
similar to the native tissue in the TMJ 
disc’s posterior region, which allowed for 
immediate load bearing and joint move-
ment upon implantation. The implants 
also promoted regeneration of the damaged 
tissue, likely by eliminating stress con-
centrations that can result from dissimi-
larity in stiffness between implants and 
native tissue. The Young’s modulus of 
the repair tissue in the fenestration was 
greater than repair tissue in the untreated 
defect, and this was associated with histo-
logical evidence of healing. By providing 
a balanced mechanical environment, the 
implant treatment protected the condylar 
surface from degenerative changes, evi-
denced by a 3.0-fold reduction in the os-

teoarthritis score. Therefore, the implant’s biomechanical mimicry 
promoted TMJ disc healing.

Integration between cartilaginous tissues and engineered implants 
has been a clinical challenge for surgeons (27). The implants in our 
study were treated with the cross-linking enzyme lysyl oxidase–like 
2. The benefits of using this agent were that (i) it assisted in producing 
mechanically robust implants, as observed in this study and also shown 
in previous studies (19, 38), and (ii) it primed tissue-engineered implants 
to integrate with native tissue (38). Both of these benefits promoted 
success of tissue-engineered implant–based therapy. By improving 
integration to the surrounding native tissue, the implants closed the 
surgically created defects with tissue almost indistinguishable from 
the native disc. Adaptive remodeling of the tissue-engineered implant 
may also have been facilitated by cell-to-cell communication between 
chondrocytes in the allogeneic implant and fibrochondrocytes in the 
native TMJ disc. This tissue engineering strategy solves the persistent 
problem of cartilage-to-cartilage integration when addressing intra-
cartilaginous defects.

This study’s innovative surgical approach examined the tissue- 
engineered implant’s efficacy in an orthotopic environment in a large, 

Fig. 6. Integration stiffness at the interface and changes in the biochemical content of the tissue-engineered 
implants due to adaptive remodeling. (A) Young’s modulus at the interface of the tissue-engineered implant or 
untreated defect. Bars indicate means ± SD (n = 5 to 6; P < 0.05, Student’s t test), and all data were taken at 8 weeks 
after implantation. (B and C) Representative histology (H&E). Arrowheads show the native-to-native or native-to-implant 
interface, which is separated by space in the untreated defect. (D) GAG content in the tissue-engineered implant at 
time zero (n = 6), after 5 weeks of in vitro culture (n = 6), and 8 weeks after implantation (n = 2). (E) Collagen content 
in the tissue-engineered implant at time zero (n = 6), after 5 weeks of in vitro culture (n = 6), and 8 weeks after implantation 
(n = 2). (F to H) Representative Safranin O/fast green histochemical staining. (I to K) Representative PicroSirius Red 
histochemical staining.
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clinically relevant animal model. The dearth of such studies is due in 
part to the absence of appropriate models of disease and the challenges 
of implant fixation. Using both cadaveric and live animal studies, the in-
tralaminar fenestration technique was developed to simulate pathology 
in the clinically relevant posterolateral quadrant of the disc, where disc 
thinning and perforation are most frequent in humans (53). The TMJ 
disc defect size examined in this study, when normalized to surface area, 
corresponds proportionally to a 2-cm2 defect of knee cartilage.

Another advantage of the intralaminar fenestration technique is 
the ability to secure the engineered implant to native tissues without 
direct sutures. Suturing tissue-engineered implants to tissue defects is a 
commonly used fixation method (54). However, our early attempts to 
attach implants to disc defects using sutures resulted in failed cartilage- 
to-cartilage healing. In addition, suture material at the articular surface 
created surface irregularities and stress concentrations that disrupted 
smooth joint articulation. By placing sutures away from the articular 
surface, the joint’s smooth functioning was not impaired, and only 
minor degenerative changes on the condylar surface in treated joints 
were observed. The intralaminar fixation technique is, therefore, a 
promising method that should be considered not only in the TMJ 
but also in other anatomic locations, such as the knee meniscus, hya-
line articular cartilage, and intervertebral disc.

The animal model used in this study opens the door for examina-
tion into how tissue-engineered implants perform in the location 
where implants would likely be used in patients with TMJ internal 
derangement. For the TMJ, in particular, minipigs serve as an excellent 
preclinical model because of their similarities to human TMJ discs, 
with respect to morphology, biochemistry, and biomechanics (35). 
Minipigs also have similar chewing patterns that address an omnivo-
rous diet similar to humans (55). The maxillofacial surgeons in this 
study were successfully able to transfer clinical techniques used in hu-
mans to operate in minipigs; we expect the same to be true when tech-
niques developed in minipigs are translated to human patients.

The allogeneic costal chondrocytes used in this study did not pro-
voke an acute immune rejection. The allogeneic approach’s success 
supports the development of off-the-shelf implants. The maintenance 
of mechanical properties in vitro further strengthens the case for 
allogeneic products. Because there is limited to no healthy TMJ disc 
tissue that can be sourced from patients with TMJ disorders, and 
given that previous work has shown that TMJ disc cells are almost 
completely inadequate for tissue engineering (56–59), autologous TMJ 
cells do not appear to be a viable option. In contrast, as a relatively 
minimally invasive harvesting procedure, the use of costal chondro-
cytes could easily be part of autologous therapies. Use of autologous 
cells may offer additional benefits not observed in this study; however, 
the disadvantages associated with second-site surgery and delays asso-
ciated with implant creation also need to be considered. Subsequent 
studies can also consider the use of cell mixtures, such as costal chon-
drocytes with fibroblasts or other collagen-producing cells.

A limitation of this study is the lack of a comparative therapy (for 
example, a synthetic or natural ECM scaffold) and lack of analysis of 
human TMJ patient samples to directly demonstrate the model’s simi-
larity with human disease. In addition, a partial thickness defect only 
mimics disc thinning in an otherwise nonpathologic joint, which moti-
vates further studies assessing the performance of tissue-engineered 
implants in an inflamed joint environment. Because disc thinning 
represents one aspect of TMJ degeneration, additional studies are war-
ranted to examine the performance and efficacy of tissue-engineered 
implants in treating fully perforated defects as well as larger defects.

This work presents successful healing of TMJ disc defects in a large- 
animal model. Healing was accomplished in an orthotopic environment 
using implants, tissue-engineered via a scaffold-free approach using 
passaged and redifferentiated costal chondrocytes. The intralaminar 
fenestration technique provided a secure fixation of the implants in a 
tissue that experiences repetitive mechanical stresses. The implants’ 
mechanical properties at the time of implantation allowed the implants 
to withstand joint loads and reduce degenerative changes. The quality 
of the resultant repair tissue, the robustness of integration, the com-
pleteness of defect closure, and the absence of an adverse immune 
response indicate successful TMJ disc regeneration. The presence of 
inflammatory cells at the site of implantation 8 weeks after surgery, 
concurrently with enhanced healing, echoes evolving views on the 
beneficial effects of inflammation on healing (60, 61). Building upon 
these results, studies may now be performed to assess long-term safety 
and efficacy. Refinement of the intralaminar fenestration technique 
may eventually lead to arthroscopic procedures that are less invasive. 
The tissue-engineered implants could also be deployed in a pathologic 
environment to determine their effectiveness under inflammatory or 
adverse loading conditions. Overall, this study advances tissue engi-
neering as an approach for regeneration of TMJ discs to address disc 
thinning in the pathogenesis of TMJ degeneration.

MATERIALS AND METHODS
Study design
The objectives of this study were (i) to tissue engineer TMJ disc bio-
mimetic implants from allogeneic costal chondrocytes, (ii) to develop 
a clinically relevant, large-animal TMJ disc disease model, (iii) to 
establish a surgical approach and implant fixation method in vivo, 
and (iv) to evaluate the tissue-engineered implants for safety and 
efficacy in the orthotopic environment of the TMJ. This work was a 
randomized, nonblinded, controlled laboratory experiment. TMJ disc– 
specific implants were fabricated using the self-assembling process. An 
intralaminar fenestration technique was developed in porcine cadavers 
and then implemented in live animals, mimicking TMJ disc thinning. 
This technique also allowed the secure fixation of the implant in situ. 
Finally, the tissue-engineered implants were evaluated for safety and 
efficacy in the minipig disc thinning TMJ model. The quality, safety, 
and efficacy of the tissue-engineered implants were assessed grossly, 
mechanically, biochemically, and histologically. The sample size of 
n = 6 per group for in vitro assessments was based on an SD of 30% 
(the highest SD observed during preliminary implant tensile moduli 
testing), power of 80%, difference to detect 50% of the mean average, 
and  of 0.05. The in vivo assessment was carried out on a total of 19 
male minipigs. The sample size of n = 6 per group for in vivo experiments 
was calculated on the basis of an SD of 28% (highest SD observed in TMJ 
native disc tensile moduli measurements), power of 80%, difference to 
detect 50% of the mean average, and  of 0.05. Specific information on 
sample size, data collection, and inclusion and exclusion criteria are pro-
vided in the context of each experimental stage. Reagents and methods 
used for histological analysis are shown in table S1 (tab 13).

Statistical analysis
All data are reported as means ± SD. Wilcoxon/Kruskal-Wallis rank 
test was performed to compare the tensile properties of the tissue- 
engineered implants at various time points, using JMP 13 statistical 
software. All other comparisons in the study were performed using 
Student’s t tests.
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SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/446/eaaq1802/DC1
Materials and Methods
Fig. S1. Tissue-engineered implants’ tensile and compressive properties at various time points 
in vitro (t = 0 and 5 weeks) and in vivo (t = 8 weeks).
Fig. S2. Method and outcome of the preliminary in vivo experiment exploring disc perforation 
defect and suture fixation of tissue-engineered implants (n = 3 shown).
Fig. S3. Representative external appearances of implantation sites 8 weeks after surgery in 
tissue-engineered implant–treated groups and empty controls, respectively (n = 6).
Fig. S4. The mandibular head articulating surfaces’ gross appearances in tissue-engineered 
implant–treated groups and untreated controls 8 weeks after implantation (n = 6).
Fig. S5. Low-magnification histology (H&E) of the mandibular heads of tissue-engineered 
implant–treated groups and untreated controls 8 weeks after implantation (n = 6).
Fig. S6. Schematic diagram showing specimen preparation for mechanical and histological 
assessments of the tissue-engineered implant–treated TMJ discs and of the discs with 
untreated defects.
Fig. S7. The intralaminar fenestration technique’s ex vivo feasibility validation (n = 3).
Table S1. Primary data (Excel file).
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development of regenerative therapies for TMJ dysfunction.
changes in the jaw joint. This scaffold-free approach to tissue engineering disc implants could help advance 
native discs and improved closure of disc defects, reduced osteoarthritis scores, and reduced degenerative
into a minipig model of TMJ disc thinning. The implants had biomechanical and biochemical properties similar to 

. implanted engineered discs derived from rib cartilage cellset alTo help prevent joint degeneration, Vapniarsky 
the TMJ disc, a fibrocartilage structure that allows for smooth joint movement, is an early sign of TMJ dysfunction. 

Temporomandibular joint (TMJ) dysfunction causes pain and limits movement of the jaw joint. Thinning of
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