SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
TISSUE ENGINEERING
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INTRODUCTION

The temporomandibular joint (TMJ) is a complex and highly loaded
joint implicated in many craniofacial diseases and disorders. It is
estimated that 10 million people in the United States alone suffer
from TMJ dysfunction (1). In severe cases, surgical reconstruction
is the only option to treat pain and restore function. The need for
reconstruction may result from congenital defects such as hemifacial
microsomia, damage to the joint due to traumatic injuries or neoplasms, or resorption of the joint due to arthritis, juvenile inflammatory arthritis, or idiopathic condylar resorption (2). All current
treatments have limitations. Steroid injections only provide temporary relief, with some patients experiencing recurring pain within
2 months (3). Surgical interventions, such as condylectomy, that are
most commonly used for condylar hyperplasia produce varying
results and do not fully restore TMJ function (4–6). Patients who
receive condylectomy tend to experience more TMJ problems and
postoperative pain compared to untreated patients (7). Autologous
transplants such as costochondral grafts and fibular flaps, mostly
used for large mandibular defects, are limited by the geometry and
volume of donor tissue and donor site morbidity (8, 9). Last, synthetic options are not without problems. The Teflon-Proplast total
joint replacement induced foreign-body giant cell reactions in most
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patients, with erosions of the glenoid fossa sometimes extending
into the middle cranial fossa, and this prosthesis was pulled from
the market more than 30 years ago (10, 11). The more recent
Zimmer Biomet stock prosthesis and TMJ Concepts patient-
matched device have shown early success, but future studies with
larger cohorts are needed to assess long-term outcomes, particularly
the effects of altered joint loading with alloplastic replacements (12, 13).
More recently, metal hypersensitivity and nickel allergy have caused
concern among surgeons using these systems, with up to 17% of
individuals having metal allergies (14, 15). Metal hypersensitivity to
an implanted joint prosthesis can manifest as localized dermatitis,
swelling, pain, joint effusions, and prosthesis failure. Together, these
considerations make the development of an autologous, bioengineered
mandibular condyle joint replacement all the more compelling (16).
Engineered tissue constructs offer bioinspired and patient-tailored
approaches to the reconstruction of the structural and biological
components of the graft. Initial efforts have focused on the tissue-
engineered bone for the mandible. One recent study proposed an
“in vivo bioreactor” strategy for repair of a large mandibular defect
in a sheep model, allowing the engineered bone to develop against
the rib periosteum before reconstruction of the defect (17). Another
study in an ovine model developed precise customized synthetic
grafts loaded with hydroxyapatite for replacement of the orbital
floor, resulting in neovascularization and bone morphogenesis (18).
Our group previously reported a translational study in Yucatan
minipigs, in which we engineered anatomically correct autologous
bone grafts for reconstructing the ramus-condyle unit (RCU). The
engineered bone showed regenerative advantage over acellular scaffolds,
suggesting that the autologous stromal/stem cells incorporated in the
grafts contributed to successful integration and tissue regeneration.
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Joint disorders can be detrimental to quality of life. There is an unmet need for precise functional reconstruction
of native-like cartilage and bone tissues in the craniofacial space and particularly for the temporomandibular joint
(TMJ). Current surgical methods suffer from lack of precision and comorbidities and frequently involve multiple
operations. Studies have sought to improve craniofacial bone grafts without addressing the cartilage, which is
essential to TMJ function. For the human-sized TMJ in the Yucatan minipig model, we engineered autologous,
biologically, and anatomically matched cartilage-bone grafts for repairing the ramus-condyle unit (RCU), a geometrically intricate structure subjected to complex loading forces. Using image-guided micromilling, anatomically
precise scaffolds were created from decellularized bone matrix and infused with autologous adipose-derived
chondrogenic and osteogenic progenitor cells. The resulting constructs were cultured in a dual perfusion bioreactor
for 5 weeks before implantation. Six months after implantation, the bioengineered RCUs maintained their predefined anatomical structure and regenerated full-thickness, stratified, and mechanically robust cartilage over
the underlying bone, to a greater extent than either autologous bone-only engineered grafts or acellular scaffolds.
Tracking of implanted cells and parallel bioreactor studies enabled additional insights into the progression of
cartilage and bone regeneration. This study demonstrates the feasibility of TMJ regeneration using anatomically
precise, autologous, living cartilage-bone grafts for functional, personalized total joint replacement. Inclusion of
the adjacent tissues such as soft connective tissues and the TMJ disc could further extend the functional integration of engineered RCUs with the host.
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RESULTS

Dual perfusion bioreactors enable development of
cartilage-bone RCUs
Our objective was to engineer autologous cartilage-bone RCUs with
patient-specific geometry at a clinically translatable scale. To this
end, we used anatomically matched decellularized bone matrix
scaffolds, autologous ASCs, and dual perfusion bioreactors with
separate compartments and culture media for bone and cartilage
cultivation (Fig. 1A). For comparison, we also used a similar process to engineer bone-only RCUs in a single perfusion bioreactor, as
previously described (19). To better understand the processes conChen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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tributing to tissue development, we engineered additional small cylindrical constructs with representative curvature of the articulating
surface and investigated these constructs in bioreactor studies, in
parallel with the clinically sized cartilage-bone and bone-only RCUs
(Fig. 1B). The cartilage-bone RCUs and their small-size counterparts
were cultured in the dual-tissue perfusion bioreactors for 5 weeks
(Fig. 1C).
Scaffolds were derived from the trabecular bone of bovine distal
femurs, completely decellularized (19), and milled into anatomically
precise replicas of each animal’s RCU based on computed tomography (CT)–guided reconstructions, with each RCU measuring about
3 cm in width by 6 cm in length and 0.7 cm in thickness at the base
and 2.5 cm in thickness at the condylar head. For the smaller constructs, scaffold dimensions (9-mm diameter and 9-mm height) and
surface curvature were chosen such that they would be representative of a core taken from the center of the condylar head of the RCU.
For each animal, we isolated ASCs from a small subcutaneous
adipose biopsy and expanded the cells to sufficient numbers. No bone
morphogenic proteins nor any other growth factors were used for
osteogenic culture. For cartilage formation, condensed mesenchymal
bodies were formed from the ASCs and seeded onto the RCUs as
previously described (21). The only growth factor used for chondrogenic culture was transforming growth factor– (TGF-), which
is known to be critical for chondrogenic induction (28). ASCs from
each animal were added to the corresponding scaffold, except for
the scaffolds that served as acellular controls. Scaffolds for the small
constructs were seeded at the same densities as their larger counterparts, using a heterogeneous population of ASCs from several animals to normalize for biological differences between experimental
groups.
Dual perfusion bioreactors were fabricated to match the graft
geometry of each animal (Fig. 2, A to D). The bioreactors supported
the cultivation of cartilage-bone RCUs by enabling sufficient transport
of nutrients, oxygen, and metabolites while also providing separate
physical cues and culture media for each tissue type, because the
cartilage and bone require different culture conditions. Low hydrodynamic shear has been shown to result in better cartilaginous tissue
(22), whereas higher hydrodynamic shears induced by interstitial
velocities in the bone favor osteogenic maturation (19, 27). Using
computational flow simulation, the number, placement, and diameter
of bioreactor channels were designed to achieve perfusion velocities
ranging from 400 to 1200 m/s, depending on the graft thickness at
each channel (fig. S1A and movie S1). Thorough and rapid perfusion of the scaffold without leaks was confirmed experimentally by
flowing medium through the bone in the bioreactor before adding
cells (fig. S1, B to D, and movie S2). A 1-m porous polycarbonate
membrane between the condylar surface and perfusion channels
was placed to shield the neocartilage and reduce shear forces to negligible rates while allowing for medium exchange. To provide
tissue-specific chemical cues, chondrogenic or osteogenic culture
media were distributed to the appropriate regions of the RCU via
separate fluid flow loops (fig. S1E). Single perfusion bioreactors for
the bone-only RCUs were similarly fabricated and validated computationally and experimentally to promote osteogenic maturation
(Fig. 2, E to H). Additional dual and single perfusion bioreactors
were designed for the small constructs (cartilage-bone and bone-
only) such that each tissue type experienced the optimal range of
hydrodynamic shear, corresponding to that in the bioreactors for
the larger RCUs (Fig. 2, I to K; fig. S1, F to I; and movies S3 and S4).
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Consistently, the rates of bone resorption and replacement appeared
more balanced in cellular than acellular engineered grafts (19, 20).
Few studies have focused on reconstruction strategies that incorporate a cartilage layer over the underlying bone. The condylar
cartilage of the TMJ is essential to its mechanical function, providing
resistance to compressive loading and frictionless articulation. In
therapeutic approaches to TMJ repair, cartilage regeneration is often
the central goal, because the cartilage is the tissue being degraded
under conditions of arthritis or idiopathic condylar resorption.
However, many studies have demonstrated repair of defects more
distal from the condylar head, because of the lack of techniques to
engineer both the cartilage and bone together in one construct to
enable total joint repair. In our previous work, implanting engineered bone-only RCU grafts in pigs resulted in the formation of a
thin layer of cartilaginous tissue on the condylar head, but this tissue
lacked the zonal organization, biochemical composition, and low
friction coefficient of the native TMJ condylar cartilage (19). Several
studies have demonstrated repair of small, localized cartilage defects but do not offer scalability for in vivo regeneration of the
whole condylar head (21–23). The TMJ cartilage also has a distinct
structure compared to the hyaline cartilage, with a superficial fibrous
layer above proliferative and hypertrophic zones.
Our goal was to overcome the common limitation of previous
studies—the lack of mature, stratified cartilage layers that can restore TMJ function in large defects and total joint replacement procedures. To this end, we report the engineering and implantation of
autologous, anatomically correct RCUs with the stratified cartilage
interfacing the underlying bioengineered living bone to achieve TMJ
regeneration. The performance of cartilage-bone RCUs for TMJ replacement was demonstrated in the Yucatan minipig, an animal
model with human-sized TMJ and adequate jaw anatomy, loading,
and remodeling (24–26). We compared the performance of anatomically precise cartilage-bone grafts to that of bone-only grafts
and acellular scaffolds, hypothesizing that the inclusion of a cartilage precursor leads to improved graft quality. We advanced the
design and capabilities of our previously established bioreactors for
cultivation of the anatomically shaped bone (19, 27) into a dual perfusion bioreactor for cultivation of an anatomically correct RCU
composed of cartilage and bone regions formed from the same auto
logous population of adipose-derived stromal/stem cells (ASCs).
This complex tissue graft was evaluated against contralateral native
tissues, bone-only grafts without a cartilage region, and acellular
scaffolds over 6 months of orthotopic implantation in a clinically
sized animal model. We also investigated the roles of implanted
cells in the progression of cartilage and bone regeneration via cell
tracking in vivo and parallel bioreactor studies.
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After 5 weeks of culture, the small cartilage-bone constructs
formed neocartilage (Fig. 2L). The RCU bioreactors were shipped
from the Columbia University in New York, NY, where the grafts
were grown, to Louisiana State University in Baton Rouge, LA, where
the animals were housed. During transport between these geographically distant sites, perfusion was discontinued for up to 10 hours.
Previous computational modeling from our group of oxygen transport and consumption in RCUs of comparable dimensions indicated
that the oxygen concentration after 10 hours within the RCUs was
sufficient for cell survival (19). The large RCUs were then implanted
into recipient animals. The cellularity after transportation was not
notably different from the cellularity before transportation in large
grafts (19). The RCUs remained implanted for 6 months and were
subsequently analyzed by histological staining, biochemical assays,
mechanical testing, and CT and micro-CT (CT) imaging; small
constructs were used for time point analyses of in vitro development. The safety of the procedure and biocompatibility of the grafts
Chen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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were confirmed by pig weights over the duration of study (table
S1) and the complete blood count and serum chemistry panels that
were consistent with physiologic variation and after operative inflammation and healing (tables S2 and S3).
Engineered cartilage in RCUs recapitulates key features
of native TMJ cartilage
After 5 weeks of culture, alcian blue staining in pentachrome sections showed glycosaminoglycan (GAG) expression in the neocartilage
on the condylar surface of the small cartilage-bone constructs,
whereas only minimal GAG expression was found in the small
bone-only constructs (Fig. 3A). After 6 months in vivo, the macroscopic quality of the cartilage in each engineered RCU was compared immediately after dissection to the same animal’s native RCU
on the contralateral side. Intact TMJ disc and synovial fluid were
found in nearly all samples by visual inspection (fig. S2). The appearance of the cartilage and the shape of the joint were best recapitulated
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Fig. 1. Tissue engineering strategy and timeline. (A) Twenty Yucatan minipigs were housed in Baton Rouge, LA and allowed to reach skeletal maturity. CT imaging of the
skull enabled the creation of anatomically precise scaffolds and bioreactor culture chambers. Autologous ASCs were expanded and differentiated into chondrogenic and
osteogenic progenitors. Each decellularized bovine scaffold (~3 cm in width by 6 cm in length by 7 to 25 mm in thickness) was seeded with cells from the corresponding
animal and cultured in a dual perfusion bioreactor to form a graft. Experimental groups were cartilage-bone (seeded with ~200 million chondrogenic progenitors
and ~120 million osteogenic progenitors), bone-only (seeded with osteogenic progenitors only), and acellular (decellularized scaffold only) RCUs. RCUs were transported
from New York, NY to Baton Rouge, LA and orthotopically implanted. After 6 months, the RCUs and the native contralateral tissues were excised and analyzed. (B) Smaller-
scale cylindrical constructs (~9 mm in diameter and height) were engineered to correspond to a core taken from the center of the RCU condyle to be used for time point
analyses. Cell and scaffold sources were the same as in (A). (C) Timeline of the steps in (A) and (B), including time points at which whole-jaw CT imaging was performed.
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in the cartilage-bone group and were the least native-like in the
acellular control group (Fig. 3B and fig. S3).
The 6-month postimplantation engineered cartilage-bone RCUs
closely recapitulated the native samples with respect to overall
cartilage thickness and the presence of distinct and typical cartilage
zones (Fig. 3B and fig. S3). Moving from the superficial surface to
the subchondral bone, the fibrous, proliferative, hypertrophic, and
calcified zones were established. Unlike the hyaline cartilage on
other joints, the porcine TMJ cartilage is known to have a fibrous
superficial layer dominated by collagen I (29). These stratified layers
are important for recapitulating the functional responses of
the cartilage under compressive and shear loading. In contrast, the
bone-only RCUs and acellular samples were mostly dominated by a
fibrous layer and lacked the requisite proliferative and hypertrophic
zones. The relative layer thicknesses of the native samples were
more closely matched in the cartilage-bone group (all zones, not
significant) than in the bone-only and acellular groups (all zones,
P < 0.05) (Fig. 3C). The inclusion of chondrogenic precursors
during RCU cultivation in vitro ultimately resulted in better cartilage regeneration after 6 months of orthotopic implantation. The
acellular controls exhibited worse morphology and cartilage could
not be reliably sampled, and therefore, subsequent cartilage analyses focused on elucidating the differences among the cellularized
grafts and native tissue.
Chen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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In terms of biochemical composition, GAG, DNA, and hydro
xyproline (OHP) values matched well with previous data for the
porcine mandibular condylar cartilage (30). GAG content normalized to wet weight was significantly higher in native tissue (11.2 ±
2.6 g/mg) than in cartilage-bone explants (8.8 ± 3.2 g/mg; P < 0.05)
or bone-only explants (7.9 ± 3.3 g/mg; P < 0.01) 6 months after
implantation (Fig. 3D). DNA and OHP expression showed no significant difference across experimental groups (Fig. 3, E and F).
Stains for collagen II, the predominant solid component of the hyaline cartilage (31) and the deeper zone mandibular condylar cartilage (32), were comparably strong in condylar sagittal cross sections
from the cartilage-bone and native groups but noticeably weaker in
the bone-only group (fig. S4). Although the OHP assay found no
difference in total collagen content between groups, stains for collagen I, the dominant component of the fibrous cartilage (29, 33), appeared
to be most prominent in the bone-only group, but relatively less
present in the cartilage-bone and native groups, as determined from
qualitative analysis. Additional stains for the hyaline cartilage markers
aggrecan, runt-related transcription factor 2 (RUNX2), and SRY-box
transcription factor 9 (SOX9) were closer to native expression in the
cartilage-bone group than the bone-only group (fig. S4).
Material properties of the condylar tissues excised after 6 months
in vivo were determined via compressive creep testing. Computational cartilage-bone models with sample-specific geometry were
4 of 15
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Fig. 2. Bioreactor cultivation of engineered grafts. Left to right: Schematics showing engineered grafts in bioreactor culture chambers with perfusion channels; simulated
equilibrium flow rates in cartilage and bone components; preculture photographs demonstrating the precise fit of scaffolds within elastomer blocks, which form the inner
bioreactor culture chamber; and postculture photographs of engineered RCUs and the corresponding excised native RCU at time of surgery or the small cylindrical constructs.
(A to D) Dual perfusion bioreactor design and modeling for anatomical cartilage-bone RCUs (~3 cm in width by 6 cm in length by 7 to 25 mm in thickness). (E to H) Single perfusion
bioreactor design and modeling for anatomical bone-only RCUs. (I to L) Scaled-down cartilage-bone bioreactor for small cylindrical constructs, about 9 mm in diameter.
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used in conjunction for inverse analysis and curve-fitting the raw
creep data (Fig. 4A and fig. S5) (34). Young’s modulus of the cartilage layer was measured on the peak of the entire condylar head
while immersed in phosphate-buffered saline (PBS) in unconfined
compression under a 0.03-N creep step load for 20 min. In a neoHookean ground matrix model, the Young’s modulus represents the
contribution of the proteoglycan constituents to compressive strength
(35, 36). Cartilage-bone and bone-only RCUs had similar Young’s
moduli and permeability values 6 months after implantation
[12.97 ± 10.15 and 14.23 ± 15.26 kPa, respectively; 0.02646 ± 0.01371
and 0.01111 ± 0.01160 mm4/(N·s)], and both were comparable to
the native cartilage [22.19 ± 13.19 kPa; 0.009158 ± 0.006259 mm4/
(N∙s)] (Fig. 4B).
Chen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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The friction coefficient of each condylar surface was determined
under a 4.45-N sliding load moving at 1 mm/s for 20 min against a
flat cartilage counterface in a synovial fluid bath (movie S5). The
entire condylar surface was measured intact, representing more
physiologically faithful conditions compared to conventional
testing of punch biopsy samples (Fig. 4C) (29, 37, 38). The friction
coefficients measured for the native cartilage and cartilage-bone
groups were comparable to those reported in the literature using
similar setups (table S4). After 6 months in vivo, the friction coefficient across all groups was an order of magnitude lower than values
measured after 5 weeks of in vitro culture on small tissue constructs
(bone-only, 0.336 ± 0.059; cartilage-bone, 0.258 ± 0.063; Fig. 4D).
These results are consistent with the thin cartilage layers on the
small constructs that were observed macroscopically and histologically. The cartilage-bone RCUs achieved physiological friction
coefficients with no significant difference between the engineered
cartilage (0.012 ± 0.004) and native TMJ cartilage (0.011 ± 0.002)
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Fig. 3. Histological and biochemical properties of engineered cartilage. (A) Schematic and representative Movat’s pentachrome and hematoxylin and eosin (H&E)
staining of small constructs. Scale bar, 2 mm. (B) Schematic and representative
photographs, Movat’s pentachrome, and H&E stains of implanted and native
RCUs from sagittal condylar cross sections. Scale bar, 500 m. (C) Zonal distribution relative to total cartilage thickness. Data are means ± SD [n = 3 acellular,
8 bone-only (BO), 5 cartilage-bone (CB), and 19 native]. P values were determined
by Kruskal-Wallis with Dunn’s multiple comparison post hoc test. (D to F) GAG,
DNA, and total collagen (OHP) content normalized to wet weight (wt.). Data are
means ± SD (n = 13 BO, 11 CB, and 48 native). P values were determined by one-way
ANOVA with Tukey-Kramer’s multiple comparison post hoc test. *P < 0.05 and **P < 0.01.

Fig. 4. Mechanical and tribological properties of engineered cartilage. Cartilage-
bone RCUs achieved native-like mechanical and tribological properties after
6 months in vivo. (A) Schematic of uniaxial unconfined compression of intact condylar cartilage over 20 min. (B) Top: Young’s modulus in CB, BO, and native RCUs.
n = 6 BO, 5 CB, and 17 native. Bottom: Permeability in CB, BO, and native groups. No
significant differences across groups. n = 6 BO, 5 CB, and 15 native. P values were
determined by Kruskal-Wallis with Dunn’s multiple comparison post hoc test. (C) Schematic of friction testing setup. Mean friction coefficient was calculated for a 20-min
oscillating test on the intact condyle against a cartilage counterface in synovial
fluid (SF). (D) Top: Friction coefficients of RCU condyles in CB, BO, and native cartilage samples. Bottom: Friction coefficients for CB, BO, and native RCU condyles at
different time points after implantation. Data are means ± SD (RCUs: n = 8 BO, 5 CB,
and 18 native; small constructs: n = 4 acellular, 6 BO, and 6 CB). P values were determined by one-way ANOVA with Tukey-Kramer’s multiple comparison post hoc test.
**P < 0.01 and ***P < 0.001.
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Fig. 5. Progression of ramus-condyle regeneration. Reconstructed CT scans of representative animals taken before surgery (pre-op), immediately after surgery (postop), at 3 and 6 months. Top: Caudal view showing ramus-condyle height on implant versus native side of the jaw. Bottom: Lateral view showing fixation and integration of
implanted RCU with the surrounding native bone. Boxed regions are shown at higher magnification on the right in each column.
Chen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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Fig. 6. Morphology and structure of engineered bone. (A) Reconstructed CT scans of representative samples. Top: Representative condyles in acellular, BO, CB, and
native samples. Bottom: Representative rami samples. Scale bars, 5 mm. (B) Cross-sectional CT images. Scale bars, 5 mm. (C to F) CT quantification of rami regions above
the metal fixation plate. Bone volume over total volume (BV/TV), trabecular thickness (Tb.Th.), trabecular number (Tb.N.), and trabecular spacing (Tb.Sp.) of engineered
and native RCUs. Data are means ± SD (n = 3 acellular, 8 BO, 6 CB, and 6 native). (G to J) CT quantification of the subchondral bone. BV/TV, Tb.Th., Tb.N., and Tb.Sp. in
engineered and native samples. Data are means ± SD (n = 3 acellular, 8 BO, 6 CB, and 19 native). P values were determined by Kruskal-Wallis with Dunn’s multiple comparison post hoc test. *P < 0.05 and **P < 0.01.
Chen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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In the ramus regions, more distal
from the condyle, three-dimensional
(3D) CT reconstructions confirmed
similar microstructure and mineral distribution in the engineered bone in the
cartilage-bone and bone-only groups
6 months after implantation and greater
bone development compared to the acellular group (Fig. 6A). CT cross sections
throughout the ramus matched macroscopic observations and CT data that
showed similar bone morphology in the
ramus regions of the cartilage-bone and
bone-only groups, contrasted with substantial bone loss in the acellular controls (Fig. 6B). CT quantification (bone
volume normalized by total volume,
trabecular thickness, trabecular number,
and trabecular spacing) of the ramus
regions also confirmed that the cellularized RCUs performed similarly, although
none matched native bone values (Fig. 6,
C to F). One of three acellular scaffolds
performed better and led to high variance
in the group. The comparable features
achieved in the ramus regions of the
cartilage-bone and bone-only RCUs indicate that the added complexity of
engineering the cartilage-bone RCUs did
not compromise the previously established quality of engineered bone in large
anatomical RCUs (19).
In the condylar region, 3D and cross-
sectional CT images indicated that
Fig. 7. Histological properties of engineered subchondral bone. (A) Representative Masson’s trichrome staining
native-like bone was regenerated in the
in sagittal subchondral cross sections of acellular, BO, CB, and native samples. Scale bars, 200-m high magnification
cartilage-bone group in the subchondral
and 2-mm low magnification. (B) Schematic and representative immunohistochemistry staining for common bone
region after 6 months in vivo. The health
markers’ bone sialoprotein (BSP), osteocalcin (OCN), and osteopontin (OPN). Images are taken from the indicated area
and morphology of the subchondral bone
on a low magnification image of a native sample. Scale bars, 500-m high magnification and 5-mm low magnification.
is known to contribute to cartilage health
and load sharing (39, 40). In the bone-
(Fig. 4C). In comparison, the bone-only RCUs (0.039 ± 0.028) had only and acellular groups, there was often incomplete remodsignificantly higher friction coefficients than either the cartilage- eling with noticeable fissures and inhomogeneous trabecular size
bone (P < 0.01) or native (P < 0.001) groups (Fig. 4D and fig. S6).
and spacing, whereas the cartilage-bone RCUs recapitulated native-
like appearance (Fig. 6, A and B). CT quantification confirmed
Engineered bone exhibits comparable features in
that the subchondral bone of the cartilage-bone group was similar
cartilage-bone and bone-only RCUs but not in acellular controls to native tissue, and there was less intersample variability compared
After 6 months in vivo, the engineered bone throughout the ramus to the bone-only and acellular groups (Fig. 6, G to J), although there
region in cartilage-bone RCUs was comparable to the engineered bone were no statistically significant differences with respect to bone
in bone-only RCUs. The whole-jaw CT scans taken before surgery, volume and trabecular morphology between groups. Masson’s
immediately after surgery, 3 months after surgery, and 6 months trichrome staining of the subchondral bone also showed a positive
after surgery showed that the cartilage-bone and bone-only groups progression from osteoid-heavy, immature bone tissue in the acelhad similar bone tissue maintenance and structural integrity. Nearly lular implants, to more mature bone matrix in the cartilage-bone RCUs
all cartilage-bone and bone-only RCUs had considerable bone after 6 months in vivo (Fig. 7A). Stains for known osteogenic markers
growth in the transverse plane along the thinnest dimension of the in the RCUs further confirmed the native-like morphology of the enramus, and integration between the implanted graft and native gineered subchondral bone. Compared to native samples, stains from
bone was incomplete and largely supported by fibrous tissue. In the cartilage-bone and bone-only groups were similarly positive in
contrast, there was total or substantial resorption in the ramus region osteocalcin (OCN) and osteopontin (OPN). For bone sialoprotein
in samples from the acellular control group, leaving a large cap (BSP), cartilage-bone and native samples appeared to stain similarly,
with no mineralized bone underneath (Fig. 5).
whereas bone-only samples stained weaker (Fig. 7B).
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Cell labeling indicates that implanted cells are present
in the regenerating tissues
Oxytetracycline injections at 3 months after surgery marked patterns
of new bone deposition that occurred between 3 and 6 months.
Within the subchondral bone, there was positive signal along the
radial circumference and in the trabeculae pores, perhaps indicating
new bone deposition both along the periphery and in the internal
structure. In the ramus, the oxytetracycline revealed a tidemark
(interface between calcified and noncalcified tissue) running down
the transverse length (Fig. 8A).
To investigate the role of the implanted ASCs in the regenerative
process, groups of RCUs contained green fluorescent protein (GFP)–
tagged chondrogenic progenitors or GFP-tagged osteogenic progenitors (table S5). It was difficult to directly visualize cell fluorescence
within the excised tissues; however, we located labeled cells via positive
anti-GFP immunohistochemical staining in both cartilage-bone and
bone-only groups after 6 months in vivo. GFP-tagged chondrogenic progenitors were found throughout the condylar region of the
RCU, both within the cartilage surface where they were first seeded
and extending into the subchondral bone. GFP-tagged osteogenic
progenitors were found throughout the ramus where they were iniChen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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tially seeded in the RCU but also further up into the remodeled subchondral bone, suggesting that these cells and their progeny played
a role in the regeneration process, at least near the condyle (Fig. 8B).
GFP-tagged cells were seen across the graft volume but not in the
native bone surrounding the implanted RCU, indicating that these
cells did not migrate out of the graft into the surrounding bone.
DISCUSSION

We engineered human-sized, anatomically precise cartilage-bone
grafts representing an entire RCU for repairing the lower jaw, by
bioreactor culture of autologous ASCs in decellularized bone scaffolds.
In a clinical scale animal model (Yucatan minipig), we demonstrated
the utility of these grafts for the functional repair of the ramus-
condyle region in healthy animals. Using CT scans of each animal
(to fabricate the scaffold and the matching bioreactor chamber) and
a minimally invasive adipose tissue harvest (to generate therapeutic cells), each graft was prepared in an animal-specific manner.
Safety and biocompatibility were confirmed by maintenance or
increase in animal weight, as well as by normal ranges of blood counts
and serum chemistry values measured across 6 months.
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Fig. 8. Visualization of ramus-condyle regeneration by fluorescent
tags. (A) Fluorescent imaging of oxytetracycline. Injections 3 months
after surgery marked sites of new calcium deposition. Arrows extend
from the deposition sites at 3 months to the outer edge of the
explanted sample at 6 months. Left: Subchondral bone with new
growth along the circumference and in the trabeculae. Right: Tidemark pattern along the length of the ramus. Scale bars, 5 mm.
(B) Anti-GFP immunohistochemistry (IHC) staining of sagittal condyle cross sections (left) and transverse ramus cross sections (right).
GFP-tagged chondrogenic and osteogenic progenitors were present
throughout the graft after 6 months in vivo. GFP-tagged progenitors
were not located in native tissue surrounding the graft. Negative immunohistochemistry is shown to account for nonspecific background staining, with darker brown
staining in positive immunohistochemistry panels indicating GFP-positive cells. Scale bars, 100-m high magnification and 5-mm low magnification.
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coefficients achieved by the bone-only RCUs (0.039). The measured
Young’s moduli for the cartilage on the cartilage-bone RCUs also
were in the range of native tissues, and similar to the moduli for
bone-only RCUs, presumably because the Young’s modulus represents
a bulk measurement of cartilage properties that does not reflect the
differences in its zonal organization between the groups. Likewise,
there was no difference in total collagen content between groups;
however, the cartilage-bone grafts and native tissues contained
mostly collagen II, whereas bone-only tissues were dominated by
collagen I. The friction coefficient may be a more realistic indicator
of the properties of the cartilage layer, because it is largely determined by the superficial layer of the cartilage. Cartilage-bone RCUs
had low, native-like friction coefficients unlike their bone-only counterparts. Bite force measurements, mastication imaging, and synovial
fluid and TMJ disc analyses could provide additional insight into
the quality and function of the regenerated cartilage.
Previous work demonstrated that the in vitro formation of the
cartilage is markedly facilitated by the underlying decellularized
bone matrix (21). Clinically, it is known that the subchondral bone
plays a role in the initiation and progression of cartilage damage
(39, 40, 48). We were interested in the effects of the cartilage layer
on the formation of the subchondral bone. The subchondral bone
in the 6-month postimplantation cartilage-bone RCUs recapitulated
the mature bone matrix and trabecular distribution of the native
tissue, in contrast to the more variable and osteoid-heavy immature
bone matrix of the bone-only and acellular RCUs. The key marker
BSP appeared more highly expressed in the subchondral bone of
cartilage-bone RCUs compared to bone-only RCUs, whereas OCN
and OPN were similarly stained. In the more distant ramus, the bone
quality was less affected by the cartilage layer and remained comparable to the bone-only group. Acellular RCUs showed greater bone
resorption 6 months after implantation, although some resorption
was observed in both cartilage-bone and bone-only RCUs. Bone
resorption rates are known to be a function of postoperative immobilization (49), and although the animals in this study were immediately allowed to return to normal function, additional studies are
needed to determine best practices for improved regenerative outcomes. Three-point bending tests for peak and equilibrium flexural
modulus and force could be used for future mechanical testing of
the bone (19).
In addition to demonstrating safe and effective repair of the large
defects in the lower jaw using engineered RCUs, our objective was
to investigate the progression of the regenerative processes and the
respective contributions of the living cartilage and bone regions.
We hypothesized that our cartilage-bone RCU would serve as a
template for remodeling and regeneration, rather than a direct
replacement of the native tissue. To this end, we compared tissue
properties before implantation (after 5 weeks of bioreactor culture)
and after 6 months in vivo. The inclusion of a cartilage precursor
positively contributed to tissue regeneration in vivo, as seen by the
more native-like phenotype of the cartilage in the cartilage-bone
RCUs compared to the bone-only RCUs. Consistently, the small
difference in cartilage friction coefficients between the cartilage-
bone group and bone group at the end of in vitro culture markedly
increased by 6 months of implantation, with cartilage-bone group
reaching the frictionless behavior of native tissue samples. The
GFP-positive cartilage or bone precursor cells initially seeded in
grafts that we were able to locate after 6 months of implantation indicated that the implanted cells had lasting contributions to regeneration.
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To mimic the envisioned centralized production of the grafts
and their distribution to hospitals, the grafts were cultured at one
location (New York, NY) and implanted at another, distant location
(Baton Rouge, LA). For further clinical reference, the implantations
were conducted by an expert maxillofacial surgeon, using standard
clinical protocols and tools for TMJ surgery (fig. S7).
The advantages of implanting the RCU containing a cartilage layer
integrated with the underlying condyle bone as compared to the
bone-only and acellular grafts were evidenced by the superior
appearance, morphology, biochemical content, and mechanical
properties of the cartilage-bone grafts after 6 months of implantation.
This achieved native-like cartilage formation in the reconstruction
of a large, load-bearing craniofacial defect.
Toward the treatment of large cartilage-bone defects using tissue
engineering approaches, early work focused on establishing the optimal environment to support regeneration. The use of the in vivo
environment as a bioreactor helped inspire designs of more advanced in vitro bioreactors (41–43). For craniofacial tissue engineering in particular, initial efforts targeted the repair of small
bone-only defects in non–load-bearing regions of the skull (44–47).
More recent work addressed large defects in load-bearing regions of
the mandible but primarily emphasized bone formation and integration (17, 19). Some studies have attempted to incorporate the cartilage
with the bone but have primarily performed so in vitro with decellularized bone matrix (21, 22). Functional repair of ramus-
condyle defects relies on the presence of both tissue types—cartilage
and bone. Our study bridges this gap by incorporating a cartilage
layer on top of a large living bone graft, thereby taking an important
step toward clinical translation of engineered grafts. After 6 months
in vivo, the resulting cartilage-bone RCUs recapitulated key native-
like features within the regenerated cartilage. Using the bone-only
RCUs and native contralateral tissues as benchmarks, the cartilage-
bone RCUs produced cartilage with better gross appearance, zonal
distribution, and expression of key markers. In particular, the cartilage
of the cartilage-bone and native samples contained mostly collagen II,
whereas the bone-only samples predominantly featured collagen I.
This corroborates the more fibrocartilaginous profile of the cartilage
in the bone-only RCUs and could explain why the total measured
collagen was similar amongst the groups. Although biochemical
analyses of small local biopsies indicated no significant difference in
GAG content between cartilage-bone and bone-only RCUs, comprehensive pentachrome staining revealed the spatial distribution
of GAGs throughout the entire sagittal condylar plane with more
native-like zonal organization in the cartilage-bone group. Future
studies should perform additional quantitative enzyme-linked immunosorbent assay analyses for collagen and GAG subtypes.
The cartilage-bone RCUs successfully restored functionality of
the jaw, as indicated by the native-like mechanical properties of the
cartilage layer 6 months after implantation. Nondestructive mechanical tests were conducted on the entire fresh condylar head, to
mimic physiological loading conditions as closely as possible.
Because measured values can be affected by the testing setup and
parameters, we benchmarked our values using the native contralateral
side in addition to the literature data on native porcine TMJ. This
approach allowed rigorous mechanical and tribological testing of
large tissue-engineered condyles.
The 6-month postimplantation cartilage-bone RCUs achieved an
average friction coefficient (0.012) that closely matched that of native
cartilage (0.011), with both values being significantly lower than the
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to an off-the-shelf therapy. Overall, this study resulted in a promising approach to large-scale joint reconstruction using viable tissues
and opened several avenues of investigation.
MATERIALS AND METHODS

Study design
Our objective was to engineer autologous, living, anatomically correct cartilage-bone craniofacial grafts for implantation using ASCs,
native bone matrix scaffolds, image-guided fabrication methods,
and dual perfusion bioreactors with the cartilage and bone regions
independently supplied by their optimal media and regulatory
signals. We hypothesized that immature cartilage and bone tissues
formed in vitro would serve as effective templates for functional
tissue development, maturation, and integration in vivo. Bioengineered grafts were investigated for their capacity to regenerate
the RCU to a native-like state during a 6-month period of implantation in Yucatan minipigs. To recapitulate the envisioned clinical
application of bioengineered grafts that will be prepared at centralized
locations and shipped to hospitals for implantation, the grafts
were cultured in our laboratory in New York City and implanted into
animals residing in Baton Rouge, LA (a 10-hour distance door
to door).
Three groups of bioengineered grafts were investigated: (i) cartilage-
bone RCUs (the main experimental group), (ii) bone-only RCUs (to
assess the regenerative ability of bone and any spontaneous generation of cartilage), and (iii) acellular scaffolds (to assess the role of
exogenous cells in regeneration); data for the condylectomy (no
treatment group) are available from our previous study in the same
animal model (19). Selection of animals into the experimental groups
was randomized. The cells used to seed the scaffolds were derived
from a small fat sample (100 ml) taken from each animal (auto
logous cells). The scaffold and bioreactor chamber for each animal
were specifically made using image-guided fabrication to fit the exact geometry of that animal’s defect. Tissue outcomes included histology, immunostaining, mechanical testing, CT, and CT imaging.
To understand the regenerative processes driven by our grafts
in vivo, we fluorescently tagged the chondrogenic and osteogenic
progenitor cells in some of our grafts, performed CT imaging at
multiple time points, and used oxytetracycline to visualize new
bone formation. To understand the maturation of our tissues during
in vitro culture, we also studied miniaturized, cylindrical cartilage-
bone constructs in the same experimental groups (cartilage-bone,
bone, and acellular scaffold) and using the same methods as for the
clinically sized grafts. These smaller constructs had thicknesses corresponding to the critical distances for nutrient transport, cell
migration, and mechanotransduction in the larger anatomical grafts
and were designed to correspond to a core taken from the middle of
the RCU condyle. To eliminate the potential biological differences
in regenerative capacity of the cells, we pooled the ASCs sourced
from n = 7 animals. The small constructs were grown in bioreactors
using the same culture media and under the same local velocities as
the anatomical grafts during perfusion culture. The assays for
evaluating tissue outcomes were also the same as for the anatomical grafts.
The implantation studies were conducted using 20 skeletally
mature male Yucatan minipigs between 13 and 23 months old,
weighing 58.7 ± 11.5 kg (table S1). The sample size of n = 5 or greater
per group was determined using power analysis, with an SD of 20%
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Another fluorescent tag, oxytetracycline, allowed us to identify the
areas of calcium deposition within implanted RCUs in both the
subchondral and ramus regions of the bone and indicated that further remodeling took place after the 3-month mark. Together, these
data provided two important insights: (i) the majority of tissue
remodeling and regeneration occurred in vivo and (ii) the progression and outcomes of tissue regeneration depended on the properties of the engineered graft. The cartilage-bone RCUs served as the
most effective regeneration templates, resulting in the best structural and functional tissue properties.
A limitation of this study is the lack of histomorphological and
biomechanical analyses at additional time points to better understand the regenerative processes that occur in vivo. Studies over
longer periods of time would lead to more detailed understanding
of the remodeling of engineered RCUs. Future studies should not
only focus on more temporal analyses but also make use of alternative labeling methods for longitudinal cell and extracellular matrix
tracking (50). In addition, it has been shown in many tissue types
that mechanical conditioning can help create more mature tissues
in vitro (51–53). Because healthy bone remodeling depends on
appropriate mechanical stimuli (54), a more advanced bioreactor
should have both loading and perfusion capabilities.
The engineered bone in this study was composed of decellularized
bovine bone matrix and osteogenic porcine cells. We hypothesized
that the inclusion of additional cell types such as osteoclasts, endothelial, and stromal cells would further improve the integrity of our
engineered bone. From a disease modeling perspective, it would also
be advantageous to develop a model incorporating more cell types.
Particularly in the TMJ, vascularization and chondrocyte-osteoblast
transdifferentiation were recently reported to play a role in osteoarthritis and other pathologies (55). Our study was conducted in
healthy animals, and future studies are needed to evaluate the graft
performance in more challenging unhealthy joint environments.
Although age was randomly distributed between experimental groups,
the animals in our study were relatively young overall, between
13 and 23 months at the time of graft implantation, and all animals
were male. Future studies are needed to understand the potential
contributions of ASC donor and engineered graft recipient ages to
regenerative outcomes and to investigate any sex-based differences.
Last, inclusion of the adjacent tissues such as soft connective tissues
and the TMJ disc (56, 57) could further extend the functional integration of engineered RCUs with the host.
The animals in this study were immediately allowed to return to
a solid diet, and the positive performance of our implanted grafts
may suggest limiting the duration of jaw immobilization in patients
after an analogous procedure. The 11-week preparation and in vitro
culture period is compatible with the timeline of two-stage maxillofacial reconstruction, which is widely used for many clinical indications, from cancer surgery to traumatic injury. The time between
the first operation (damaged tissue resection and space maintainer
placement) and the second operation (graft reconstruction) usually
spans several months, allowing ample time to prepare and culture
patient-tailored living autologous grafts (58, 59). The time limiting
step in our current protocol is the expansion of cells to usable numbers. We chose to conduct this initial study using autologous cells
for rigor of experimental design. Mesenchymal stromal/stem cells
have substantial immune privilege and can be transplanted between
human leukocyte antigen–incompatible patients without adverse
response (60), an option that needs to be validated, as it would lead
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Perfusion bioreactor design and operation
The perfusion bioreactors were developed starting from a previous
bioreactor system that was used to generate anatomical pieces of the
tissue-engineered bone (19). Additional fluidic routing conduits
were designed to perfuse chondrogenic medium along the condylar
surface, without mixing with the osteogenic medium introduced
into the bone region, using a soft, disposable polydimethylsiloxane
(PDMS; Dow Corning) manifold assembled around the graft in three
sections. Two sections distributed the flow of osteogenic media
throughout the graft, one at the inlet side and one at the outlet side.
These two sections were created with channels for bone perfusion
whose size, placement, and number were designed to provide an
optimal flow velocity (800 m/s) throughout the graft (19, 27). The
design objective was to provide adequate mass perfusion along the
perfusion paths ranging from 5 to 7 mm (thickness of the ramus) to
25 mm (at the condylar head). The third section of the manifold
transported the chondrogenic media, which was routed along flow
channels from inlet to outlet on the surface of the condyle. The
channels were about 0.75 mm in height, 1.0 mm in width, and
spaced 2.0 mm center to center and were aligned in parallel to the
sagittal plane. The chondrogenic cells at the surface of the graft were
shielded from fluidic shear stress with a porous hydrophobic membrane (1-m pores, Sterlitech Corp.). The three PDMS manifolds
were sealed against the graft by an external shell machined from
polycarbonate. Peristaltic tubing from the inlet and outlet ports in
each section of the bioreactor was connected to a pump and reservoir
for recirculating flow.
Cultivation of the cartilage layer
The cartilaginous layer was generated from condensed mesenchymal
cell bodies (CMBs) using our previously established protocol (21).
Passage 5 ASCs were suspended in chondrogenic medium [high-
glucose Dulbecco’s modified Eagle medium (DMEM; Gibco)
supplemented with TGF-3 (10 ng/ml; PeproTech), dexamethasone
(100 nM; Sigma-Aldrich), ascorbic acid 2-phosphate (50 g/ml;
Sigma-Aldrich), sodium pyruvate (100 g/ml; Corning), proline
(40 g/ml; Sigma-Aldrich), 1% insulin, transferrin, sodium selenite
(Corning) mix, and 1% penicillin/streptomycin (P/S; Gibco)]. Each
CMB was formed using 2.5 × 105 cells/ml based on previous experiments, demonstrating the formation of compact spherical bodies
Chen et al., Sci. Transl. Med. 12, eabb6683 (2020)
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measuring 1 mm in diameter (21). Cell suspension was aliquoted
into deep round-bottom 96-well plates at 1 ml per well and centrifuged at 250g for 5 min, and the CMBs were allowed to self-assemble
over 3 days in the incubator at 37°C, 5% (v/v) CO2 with daily media
changes.
The cartilage region covering the articulating surface of the condyle was sized to 1 mm in thickness, corresponding to 800 CMBs
per anatomical scaffold and 120 CMBs per small scaffold. The scaffold condylar surface areas determined by the SOLIDWORKS software were 4 to 5 cm2 for the anatomical scaffolds and 0.70 cm2 for
the small scaffolds. The CMBs were placed onto the polycarbonate
membrane cut to match the condylar surface, in the void of the condylar PDMS block, and the decellularized scaffold was pressed onto
the CMB layer.
The CMB layer was allowed 1 day to attach to the scaffold under
static culture conditions, with the bioreactor oriented with the condylar end facedown. Chondrogenic media were perfused for 5 weeks
over the condylar surface at a flow rate of 1 ml/min, separated from
direct contact with the CMB layer by the polycarbonate track
etch (PCTE) membrane to reduce shear stress. Culture medium
was changed twice per week. The total culture time was selected on
the basis of preliminary studies for the CMBs to form a cartilage
layer integrated with the underlying scaffold. Osteogenic cells were
introduced to the graft 2 weeks after the initial seeding of the CMB
layer, by which time a compact cartilage layer has been formed.
Cultivation of bone region
Passage 5 ASCs were suspended in osteogenic medium [low-glucose
DMEM (Gibco) supplemented with 10% fetal bovine serum (Corning),
1% P/S, 10 mM sodium -glycerophosphate (Sigma-Aldrich), 100 nM
dexamethasone, and ascorbic acid 2-phosphate (50 g/ml)]. The
scaffold volumes as determined by the SOLIDWORKS software were
in the range of 9 to 15 cm3 for the anatomical scaffolds and 0.53 cm3
for the small scaffolds. Cell suspension (107 cells/cm3) was infused
into the bioreactor chamber, using 12-ml volume for the anatomical scaffold and 630-l volume for the small scaffold. The cells were
allowed 3 hours to attach to the scaffold under static culture conditions, and the bioreactor was flipped every 30 min to facilitate
spatially uniform attachment throughout the scaffold volume. Osteogenic media were perfused through the construct for 3 days at 10%
of the calculated optimal flow rate (80 m/s) and for an additional
3 weeks at the set optimal flow rate (800 m/s), with medium
changes twice per week. The culture time was selected on the basis
that ASCs highly express osteogenic markers after 3 weeks of in vitro
differentiation.
Animal implantation
The animal implantation study was conducted at the Louisiana
State University School of Veterinary Medicine under an approved
Institutional Animal Care and Use Committee protocol (14-077).
A total of 20 skeletally mature Yucatan minipigs (Lonestar Laboratory Swine) were randomly assigned to three treatment groups: (i)
acellular scaffold implantation (n = 3), (ii) engineered bone implantation (n = 9), and (iii) engineered cartilage and bone implantation
(n = 8). Skull CT scans (GE LightSpeed 16; 120-kV peaks and 635-mm
resolution) were performed on all animals at the time of adipose
harvest, 2 to 3 months before facial surgery, to provide the scaffold
fabrication data. Each animal was investigated in a longitudinal
study with data collection up to 6 months after implantation.
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(based on the 10 to 20% SD observed in cartilage friction coefficients from our previous in vitro cartilage work) (21), a power of
90%, a difference to detect 50% of the mean average, and an  value
of 0.05. The sample size of n = 5 or greater per group for in vitro
constructs was determined similarly. Specific information about
sample size, data collection, and inclusion and exclusion criteria are
provided for each experimental stage.
Of the 20 animals, 19 underwent the procedure until the 6-month
end point without apparent distress. One animal was euthanized
early (1 month after surgery) after implant displacement due to the
snapping of the fixation plate. Another animal developed infection
as determined from inspection by an expert maxillofacial surgeon.
Although there was no frank purulence, the gross appearance of the
tissue was necrotic and indicative of a chronic infection. One animal lacked the TMJ disc and synovial fluid. After exclusion of these
three animals, we analyzed the remaining 17 implanted RCUs
(cartilage-bone, n = 6; bone-only, n = 8; acellular controls, n = 3)
(table S5), along with the 19 native contralateral RCUs.
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Mechanical testing
Frictional properties were determined by placing the condyle in
contact against a cartilage counterface under 4.45-N load and prescribing sliding motion over a 5-mm wear track (1 mm/s, 120 cycles).
Tangential and normal forces to the articular surface were recorded
and used to determine the friction coefficient, which was then averaged and reported over each cycle. After frictional testing and sufficient relaxation, unconfined compression creep tests were performed
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under a 0.03-N load for a duration of 20 min. Creep testing was
chosen because cartilage thicknesses were unknown before mechanical testing and strains could not be prescribed. Sample-specific
geometry was obtained from laser scans and used to develop FEBio
finite element models replicating the unconfined compression creep
tests (total thickness: bone-only, 0.579 ± 0.243; cartilage-bone,
0.622 ± 0.331; native, 0.422 ± 0.0799 mm; final contact areas: bone-
only, 4.000 ± 0.255; cartilage-bone, 7.354 ± 4.169; native, 4.167 ±
1.752 mm2) (data file S1). The data from those tests were used in the
models to extract Young’s modulus E and hydraulic permeability k
for each sample. The final engineering strains were calculated from
thicknesses as determined by histology and displacement data as
measured by the proportional-integral-derivative controller (bone-
only, 0.246 ± 0.140; cartilage-bone, 0.268 ± 0.148; native, 0.182 ±
0.051) (data file S1). Additional details are provided in Supplementary
Materials and Methods.
Statistical analysis
Statistical analysis was conducted using GraphPad Prism 8 software
(GraphPad Software Inc.). Data for cartilage thickness, biochemical
content, friction coefficient, creep compression parameters, and CT
bone quantification were checked for whether they fit Gaussian distributions using the Shapiro-Wilk normality test. When normality
was confirmed, statistical analysis was carried out by one-way analysis
of variance (ANOVA) test and post hoc Tukey-Kramer’s comparison test to compare means between groups (biochemical content,
Young’s modulus, and friction coefficient). When normality was
not confirmed or when sample size was <4, statistical analysis was
carried out by nonparametric Kruskal-Wallis test and post hoc Dunn’s
multiple comparison test to compare the means between groups
(cartilage thickness, permeability, and CT bone quantification).
Native data, which were expected to be normally distributed, were
checked for outliers using the robust regression and outlier removal
method and a Q coefficient of 1% to limit the false discovery rate
(61). Specific information about sample size, data collection, and
inclusion and exclusion details are provided in the context of each
experimental stage. Data were calculated as means ± SD. P < 0.05
was considered significant.
SUPPLEMENTARY MATERIALS
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Fig. S1. Cartilage-bone perfusion bioreactor design.
Fig. S2. Graft excision after 6 months of implantation.
Fig. S3. Morphology and composition of the engineered cartilage.
Fig. S4. Additional histological properties of the engineered cartilage.
Fig. S5. Creep compression of the engineered cartilage.
Fig. S6. Tribological properties of the engineered cartilage.
Fig. S7. RCU fixation during surgery.
Table S1. Animal ages at surgery and weights before surgery, after 3 months, and after 6 months.
Table S2. Complete blood counts after surgery, 3 months, and 6 months.
Table S3. Metabolic panels after surgery, 3 months, and 6 months.
Table S4. Published values on friction and modulus data for porcine TMJ.
Table S5. Experimental groups.
Movie S1. Computational simulated flow through RCU bioreactor.
Movie S2. Filling of ramus-condyle scaffold and bioreactor with medium.
Movie S3. Computational simulated flow through small construct bioreactor.
Movie S4. Filling of small scaffold and bioreactor with medium.
Movie S5. Cartilage friction testing.
Data file S1. Primary data for cartilage thicknesses, biochemistry, creep compression, friction, and CT.
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For each animal, we used its reconstructed 3D CT images
(described in the “Scaffold fabrication” section in Supplementary
Materials and Methods) to select the left TMJ RCU, measuring about
3 cm along the dorsal plane by 6 cm along the transverse plane, as
the region for defect creation and reconstruction. In addition, the
Digital Imaging and Communications in Medicine dataset obtained
from the preoperative CT scan was used to perform virtual surgical
planning (3D Systems Inc.). Through an online meeting between
the maxillofacial surgeon and the 3D Systems Inc. engineer, the
resection was mapped out on the reconstructed CT scan and
surgical cutting guides were manufactured.
The grafts were grown in three separate experiments, with randomized division of animals into experimental groups. Grafts from
the same experiment were implanted on consecutive days, with two
to three surgeries performed per day. The surgical procedure was
designed by an expert maxillofacial surgeon to closely mimic the
current clinical procedure in human patients.
After 12 hours of fasting, animals were sedated with ketamine
(3 mg/kg), tiletamine (2 mg/kg), and xylazine (3 mg/kg), administered intramuscularly. Anesthesia was then induced with 5% isoflurane
(MWI Veterinary Supply) in 100% oxygen (1.5 liters/min) via facial
mask. The animals were intubated with a cuffed Murphy’s endotracheal tube (7 to 9 mm in internal diameter), and anesthesia was
maintained at a vaporizer setting of 1.5% isoflurane and oxygen
flow rate of 1 to 2 liters/min in a closed circular system. The left side
of the face was aseptically prepared with alternating chlorhexidine
and isopropyl alcohol scrubs and draped to isolate the surgical field.
The planned retromandibular and submandibular incision was
then marked about 1 to 2 cm below the inferior border of the mandible.
After incising through the skin and subcutaneous tissue, dissection
continued to the inferior and posterior border of the mandible. The
pterygoid-masseteric muscle sling was then sharply incised to expose the entire lateral surface of the ramus and condyle. A retractor
was placed in the sigmoid notch to reflect the flap superiorly. The
medial pterygoid muscle was also elevated.
The surgical cutting guide was then placed and secured with two
1.7-mm screws of 8 to 10 mm in length (Stryker Inc.). A reciprocating
saw with saline irrigation was then used to create a vertical osteotomy
from the sigmoid notch that was joined to a horizontal osteotomy.
The ramus/condyle unit was then dissected free from its attachments and delivered.
The animal-specific graft was inserted and rigidly fixated with
either a box plate (6 screws each side, 12 total) or two straight plates
(7 screws each plate, 14 total) with 2.0-mm diameter screws (Stryker
Inc.) (fig. S7). The incision was subsequently closed in layers using
standard technique. A sterile dressing was applied, and an immediate
postoperative CT scan was performed before extubation. Animals were
treated for post-operation pain relief with buprenorphine (0.03 mg/kg)
intramuscularly every 6 hours for 24 hours after extubation and
phenylbutazone (5 mg/kg) every 24 hours for 3 days.
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Tempering troublesome joints
Temporomandibular joint (TMJ) dysfunction is a common affliction of the jaw that can cause painful
interference with chewing or movement, sometimes requiring surgical intervention. Chen et al. sought to
reconstruct the cartilage and bone components of the ramus-condyle unit of the TMJ. Using bioreactor culture of
autologous cells, they showed that engineered complex tissue grafts repaired TMJ defects in minipigs over 6
months. Results demonstrate the importance of regeneration of the cartilage layer overlying the bone of the
constructs for recapitulation of native-like tissue morphology and biochemical composition, as well as long-term
function.
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