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Abstract

The effort to develop an effective and safe temporomandibular joint (TMJ) disc
substitute has been one of the mainstreams of tissue engineering. Biodegradable
customized scaffolds could approach safety and effectiveness to regenerate a new
autologous disc, rather than using non-biodegradable materials. However, it is still
technically challenging to mimic the biomechanical properties of the native disc with
biodegradable polymers. In this study, new 3D tailored TMJ disc implants were
developed: (1) Poly(glycerol sebacate) (PGS) scaffold reinforced with electrospun
Poly(ecaprolactone) (PCL) fibers on the outer surface (PGS+PCL); (2) PCL and
polyethylene glycol diacrylate (PEGDA) (PCL+PEGDA); and (3) PCL. The TMJ im-
plants were tested in a randomized preclinical trial, conducted in 24 black Merino
sheep TMJ, perfoming bilateral interventions. Histologic, imaging, and kinematics
analysis was performed. No statistical changes were observed between the PGS
+PCL disc and the control group. The PCL+PEGDA and PCL groups were associated
with statistical changes in histology (p = 0.004 for articular cartilage mid-layer;
p = 0.019 for structure changes and p = 0.017 for cell shape changes), imaging
(p = 0.027 for global appreciation) and dangerous material fragmentation was
observed. No biomaterial particles were observed in the multi-organ analysis in the
different groups. The sheep confirmed to be a relevant animal model for TMJ disc
surgery and regenerative approaches. The PCL and PCL+PEGDA discs presented a
higher risk to increase degenerative changes, due to material fragmentation. None
of the tested discs regenerate a new autologous disc, however, PGS+PCL was safe,
demonstrated rapid resorption, and was capable to prevent condyle degenerative

changes.
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1 | INTRODUCTION

The modern temporomandibular joint (TMJ) surgical techniques are
progressing to more advanced and minimally invasive treatments,
such as TMJ arthroscopic disc repositioning with coblation and su-
ture (Liu et al,, 2018). However, classical techniques involving open
surgery, such as TMJ discopexy (Abramowicz & Dolwick, 2010;
Dolwick, 2001; Hall, 1984; McCarty & Farrar, 1979; Mercuri
et al, 1982; Walker & Kalamchi, 1987) and TMJ discectomy
(Bjgrnland & Larheim, 2003; Candirli et al., 2017; Miloro et al., 2017)
still play an important role on severe joint dysfunction cases.
Temporomandibular joint open discopexy is mainly used in disc dis-
placements, which have failed to respond to conservative, and
minimally invasive treatments (Soni, 2019). Temporomandibular joint
discectomy is mostly reserved for dysfunctional, deformed or
perforated disc, which cannot be saved (Renapurkar, 2018). In
Temporomandibular Joint Interposal Material Study (TEMPOJIMS) 1
(Angelo et al., 2017), the authors have previously studied the func-
tional (Angelo, Gil, et al.,, 2018) and morphologic (Angelo, Morouco,
et al., 2018) TMJ changes after bilateral discectomy and discopexy in
a randomized preclinical trial conducted in purebred black Merino
sheep. According to TEMPOJIMS 1 (Angelo et al., 2017; Angelo,
Morouco, et al., 2018; Renapurkar, 2018) and other clinical results,
TMJ discectomy can induce significative degenerative changes
(Bjgrnland & Larheim, 2003; Candirli et al., 2017; Eriksson & West-
esson, 1987; Hagandora & Almarza, 2012; Holmlund, 1993; Widmark
et al,, 1996, 1997), with osteoarthrosis (OA) and/or osteophytosis
(Eriksson & Westesson, 2001; Holmlund, 1993). These undesirable
results have highlighted the need for a TMJ disc substitute to protect
the condyle and the temporal fossa from degenerative changes after
discectomy. However, currently there are no effective and safe so-
lutions to replace a damaged TMJ disc in humans, besides several
attempts in the past had resulted in worsening rather than improving
patient outcome (Schliephake et al., 1999; Spagnoli & Kent, 1992;
Tucker & Burkes, 1989).

Many materials have been tested for TMJ disc replacement: (1)
polyamide (Springer et al., 2001); (2) polyglycolic acid (PGA) (Wang
et al, 2009); (3) flat discs of poly(glycerol sebacate) (PGS) (Chin
et al., 2018); (4) polylactic acid (PLA) (Ahtiainen et al., 2013); (5)
polytetrafluoroethylene (Lai et al., 2001); (6) silicone sheets (Hart-
man et al., 1988; Schliephake et al., 1999); (7) other biomaterials,
such as collagen hydrogels and decellularized tissues (Brown
et al., 2012; Li et al., 2017). However, none of these has progressed to
clinical trials. Polytetrafluoroethylene has showed particle debris and
breakdown (Alonso et al., 2009; Lai et al., 2001), and silicone sheets
have showed decrease in condylar width, histiocytes accumulation
and presence of T-lymphocytes results from foreign body response
which lead to important safety concerns (Schliephake et al., 1999).

Poly(ecaprolactone) has been widely investigated in tissue engi-
neering (TE), due to its slow degradation rate, for producing scaffolds,
electrospun fibers or composites for cartilage TE, considering the

slow rate of cartilage regeneration (Annabi et al, 2011; Dong
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et al, 2017; Garrigues et al., 2014). In addition to having excellent
biocompatibility and adequate mechanical properties, it has not been
tested as TMJ disc substitute in an adequate preclinical trial. Poly
(ethylene glycol) diacrylate (PEGDA) hydrogels are also widely
studied for cell encapsulation in order to repair cartilage damages in
patients with OA (Musumeci et al.,, 2011, 2013). It is also known that
PEGDA hydrogels suffer a slow in vitro hydrolytic degradation,
reducing degradation rate, enabling them for a long-term implant
(Choi et al., 2019). This degradation happens due to the cleavage of
its ester linkage. Browning group reported a significant in vivo
degradation of PEGDA hydrogels within 12 weeks (Browning
et al,, 2014). In our biomechanical analysis, the PEGDA disc failed in
the loading tests. We reinforced the PEGDA discs with PCL to mimic
native disc biomechanics. This material was not tested previously in a
preclinical trial. In 2013, Hagandora and collaborators referred that
PGS was a novel scaffold material for TMJ disc engineering. Poly
(glycerol sebacate) is described as a biocompatible, biodegradable
elastomer with great potential as a scaffold material for TMJ disc
engineering (Hagandora et al., 2013). The PGS disc was reinforced
with PCL to mimic native disc biomechanics.

In this study, the authors tested the efficacy of three different
biodegradable interposal TMJ disc implants featuring a 3D geometry
and biomechanics properties of the native TMJ disc: (1) PGS scaffold
reinforced with electrospun PCL fibers on the outer surface (PGS
+PCL); (2) PCL and PEGDA (PCL+PEGDA) and (3) PCL. The study
protocol of this rigorous preclinical trial was previously published
(Angelo et al., 2017) as recommended in the ARRIVE guidelines, and
was designed to improve the quality of preclinical trials in this domain,
contributing to improve the safety of future TMJ interposal bio-
materials. We believe this is the first report on PCL, PEGDA and PGS in
combination with PCL tested in a randomized preclinical trial in sheep,
as a large animal model to promote translational studies to humans.

2 | MATERIALS AND METHODS
2.1 | Interposal biomaterials engineering
2.1.1 | Disc design and production

The TMJ disc anatomy of adult black Merino sheep was studied in
2016. The mean length and width of the discs were 21.23 mm
(SD = 1.53) and 11.49 mm (SD = 0.62), respectively. Anterior and
posterior band thicknesses were 1.05 mm (SD = 0.07) and 1.27 mm
(SD = 0.04), respectively. Mean central thickness was 0.76 mm
(SD = 0.09) (Angelo et al., 2016). TMJ disc scanning was perfomed to

obtain a 3D virtual model with rigorous geometry.

PCL disc
The PCL disc (Figure S1A), with a molecular weight of 50 kDa, was
used (MW 6500, Perstorp) (Morouco et al., 2016). The 3D scaffolds

were produced using a BioExtruder®, by fiber deposition with
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300 pum of diameter, 350 um of pore size, and 0°/90° lay-down
pattern. The system was heated to 78°C to fuse the material. For
its extrusion, the deposition spindle was 10.5 rpm and the crosshead

speed was 9 mm s~L.

PCL+PEGDA disc

Poly(ethylene glycol) diacrylate (MW 575, Sigma-Aldrich®) hydrogels
were produced in a concentration of 20% w/V, dissolved in the
aqueous solution of 0.5 M of 2-[4-(2-hydroxyethyl) piperazin-1-yl]
ethanesulfonic acid buffer (Sigma-Aldrich®). Photopolymerization
was induced through the addition of 0.1% w/V 2.2-dimethoxy-1.2-
diphenylethanone (DMPA, Sigma-Aldrich) photoinitiator to 10 ml of
PEGDA solution in a transparent petri dish, followed by UV light
(A = 365 nm) exposure. Hydrogel formation took about 3 min to full
exhaustion of the acetylate groups. The PCL scaffolds were produced
as previously mentioned, and then, a layer of PEGDA was photo-
polymerized surrounding the PCL scaffold, forming a sandwich-type

of composite structure (Figure S1B).

PGS+PCL disc

Prior report of PGS implants were of flat sponges (Chin et al., 2018).
Here we made the implant matching the shape of the native sheep
TMJ disc. Poly(ecaprolactone) was added to PGS disc (Figure S1C) in
a porous scaffold prepared by a modified salt fusion method.
Ground salt particles (150 mg) with a size range of 25-32 um were
placed into the sheep disc 3D printed mold. The mold was trans-
ferred to an incubator at 37°C and 90% relative humidity for 1 h.
The fused templates of salt particles were dried in a vacuum oven at
90°C and 100 millitorr (mTorr) overnight, removing salt cake care-
fully from the mold before further processing. Fresh-made PGS
+PCL dissolved in tetrahydrofuran (THF; 20 wt%, 380 pL, salt: PGS
+PCL = 2:1) was added to the salt cake, and the THF was allowed to
evaporate completely in a fume hood for 30 min. The salt cake was
transferred to a vacuum oven and cured at 150°C and 100 mTorr
for 24 h. The resultant PGS+PCL impregnated salt templates were
soaked in deionized water for 4 h and then replaced with water for
4 h, with water exchange every 4 h during the first 12 h. After the
12 h water bath, scaffolds were transferred to deionized water for
another 24 h with water exchange every 8 h. The resultant scaffolds
were frozen down at —80°C and then the lyophilization process was
applied. The scaffolds were performed by 70% soaking, then fol-
lowed by 50%, 25% ethanol plus Milli-Q water rinsing to remove the
impurities before electro-spinning. To fabricate the PCL layer, PCL
polymer was dissolved (Sigma) in 2.2.2-trifluoroethanol (TFE,
ACROS) at 14% WY/V and electrospun the solution onto the rotating
PGS+PCL disc. Electrospinning solution was delivered via a syringe
pump (NE-1000, New Era Pump Systems Inc.) for controlling the
mass flow rate (25 pL min~Y), the electrical strength applied for
electrospinning PCL was 12 kV cm™2. The Eletrospinning method is
depicted in (Figure S2) The resultant scaffolds with 50 um PCL fiber
were then transferred to vacuum oven at 50°C for 4 h to remove
TFE and enhance fiber fusion, PGS+PCL scaffolds were sterilized

y-radiation.

2.1.2 | Scanning electron microscopy analysis

Scanning Electron Microscopy was performed to all the discs before
surgery (Figure 1).

2.2 | In vivo study design

The rationale and protocol of TEMPOJIMS is published in the study
of Angelo et al. (2017). The present study was approved by the
Portuguese National Authority for Animal Health and registered with
the number 026618. The care and handling of sheep conformed to
the requirements of the animal care and use ethical committee of

University of Lisbon.

2.2.1 | Study population and sample

The animal model selected to conduct this investigation was the
sheep. To reduce biological variability, the authors performed this
study in a black Merino sheep strain (Angelo et al., 2016). The au-
thors used black Merino sheep with the following inclusion criteria:
certified black Merino sheep pure bred, adult (aged between 2 and
5 years), female, good health condition (veterinary checks were

performed on all animals), and normal dentition.

2.2.2 | Randomization

The randomization process was achieved by a statistical group not
tackled in the outcome assessments. In phase 2, 10 sheep were
randomly allocated to each intervention group: bilateral PCL inter-
posal biomaterial group (n = 3), bilateral PCL+PEGDA interposal
biomaterial group (n = 3), bilateral PGS+PCL interposal biomaterial
group (n = 3) and backup group (n = 1). One backup sheep was
planned to be used if death occurred due to anesthesia or other
difficulties not related to surgical intervention. The discopexy group
(n = 3) is a historical control used in TEMPOJIMS phase 1 (Angelo,
Gil, et al.,, 2018). The allocation to each randomized group was per-

formed preoperatively by sealed envelope.

2.3 | Intervention phase

Ten eligible sheep were assigned to their baseline secondary out-
comes measured at days 11, 10, and 9 before surgery in central
TEMPOJIMS facilities. Transportation to surgical facilities was per-
formed 5 days before surgery to avoid animal stress and allow
familiarization to temporary accommodations. The surgical team was
not blinded to treatment allocation given the type of intervention.
However, surgical team members were not involved in outcome
assessment. Serious adverse events were defined as occurrences that

were fatal, or life-threatening or persistent disability, which resulted
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SEM HV: 15.0 kV.
SEM MAG: 70 X Det: SE
PEGDA seccao 70x SEM HV: 15.0 kV

WD: 14.29 mm

SEM MAG: 5.00 kx. Det SE

PGS 5000x Estimated Beam: —

FIGURE 1 Scanning electron microscopy analysis 15.0 kV. (a) Poly(scaprolactone) (PCL) disc 70x amplification. (b) PCL disc section 5000x
amplification. (c) Poly(ethylene glycol) diacrylate (PEGDA) disc section 70x amplification (d) PEGDA disc 5000x amplification. (e) Poly(glycerol

sebacate) (PGS) disc 70x amplification (f) PGS disc 5000x amplification

in death, more than 10% weight loss per week, or clinically significant
hazard or harm to the animal.

2.3.1 | Anesthesia protocol

Fasting and water restriction were required 24 h before surgery.
Sedation was performed with diazepam (0.5 mg kg1 i.v.), followed by
anesthesia induction with ketamine (5 mg kg~ i.v.). Oral intubation
was performed, and anesthesia was maintained with isoflurane (1.5%
to 2%). To assure animal analgesia, meloxicam (0.5 mg kg™ i.v., bid)
was administered in surgery day and for 4 days post-operatively.
Antibiotic prophylaxis with amoxicillin and clavulanic acid were

administrated for 5 days.

2.3.2 | Surgical intervention

Trichotomy of the surgical site was performed and the skin was
prepared with a povidone-iodine solution. Sterile surgical drapes
were placed to isolate the surgical site. Two per cent lidocaine local
anesthetic with vasoconstrictor (1:100,000) was infiltrated in the

subcutaneous tissues. A preauricular incision was performed with a
15 blade scalpel, the skin and subcutaneous tissues were dissected
with a Metzenbaum scissor until reaching the TMJ lateral ligament
and capsule. An incision was performed to access the upper
compartment and the disc was identified. The medial, anterior, pos-
terior, and lateral disc attachments were desiccated with the
monopolar electrosurgery equipment and discectomy was per-
formed. The PCL, PCL+PEGDA or the PGS+PCL scaffolds (n = 6 for
each group) were bilaterally interposed between the condyle and
temporal fossa respectively to substitute the previous native disc
(Figure 2a-d). A PDS 3-0 suture was used to attach the disc anteri-
orly and posteriorly. The capsule was closed with vicryl 4-0. The

wound was closed in layers with vicryl 3-0.

2.4 | Follow-up assessments

Baseline assessment (TO) was performed before surgery on days 11,
10, and 9. Ten days after surgery, animals were transported to TEM-
POJIMS facilities. Follow-up recording of kinematics and body mass
outcomes began on days 19, 20 and 21 after surgery (T1) and it was
repeated on the same days for the next 5 months. TO-T6 were based on
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the means of the three measurements. For kinematics, 4 principal
outcomes were collected: (1) absolute masticatory time; (2) rumination
time per cycle; (3) rumination kinematics and (4) rumination area and
geometry. Temporomandibular joint and organs were explanted on
day 185, and stored for histological and imaging analysis (Figure S3).

2.4.1 | Kinematic analysis

To measure the attributed outcomes a series of stages were per-
formed. Once the sheep was inside the cage, a dose of 150 g of dry
pellets (Rico Gado A3) was placed in the feeder and time was
measured with a chronometer (absolute masticatory time). The
rumination time per cycle was obtained by recording 15 rumination
cycles and tracking the jaw movement obtaining the ruminant cycle.
One cycle was obtained by using a 25 frames per second video
camera (Canon 7D) divided by 25. The rumination area and geometry
were assessed through a 2D tracking software which calculates the
average ruminant cycle, and then the after-effects software converts

the 2D into a geometric form.

2.4.2 | Body mass analysis

Sheep were weighted after eating 150 g of dry pellets. Body mass
assessments were performed by two trained evaluators who were

not affiliated with the interventions.

FIGURE 2 Surgical intervention.

(a) Exposing temporomandibular joint (TMJ)
upper compartment. (b) Exposing TMJ lower
compartment. (c) After discectomy, interposing
de TMJ interposal biomaterial. (d) TMJ
interposal biomaterial interposed between the
condyle and temporal fossa [Colour figure can
be viewed at wileyonlinelibrary.com]

2.5 | Histologic analysis

Intact TMJ was removed using a necropsy bone oscillatory saw
according to the following anatomic references: (1) cranial: cranial
aspect of the coronoid process in the union region of the zygo-
matic process; (2) caudal: external to acoustic meatus; (3) dorsal:
the squamous temporal bone and (4) ventral: 2 cm below the
acoustic meatus in the zone of stylo-hyoid angle. After storage in
10% formalin, the joints were coded and shipped to The Veteri-
nary Faculty of the University of Santiago de Compostela (Lugo,
Spain), and the histological processing and evaluation was per-
formed. The TMJ joints were processed for ground sectioning in
conformity with the method described by Donath and Breuner
(Poveda et al., 2007). The samples were dehydrated in ascending
grades of ethanol, infiltrated and embedded with a light curing
resin (Technovit 7200-VCL, Heraus Kulzer GmbH, Werheim, Ger-
many). From each TMJ one section was prepared and reduced to
a thickness of approximately 40 um using a grinding machine
(Exact Apparatebau). The slides obtained were stained using Levai
Laczké technique (Poveda et al., 2007). Samples were histological
analyzed by two blinded independent examiners with experi-
ence in OA evaluation. These examiners also scored dis-
copexy samples from TEMPOJIMS phase 1 (Angelo, Gil,
et al,, 2018).

The analysis was performed initially, making a histologic
description of the principal features observed in the samples, with

emphasis in cartilage structure, chondrocyte number and shape and
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presence of clusters in both temporal and mandibular surfaces. Also
was observed those parameters separately in superficial and deep
layer of the non-calcified and calcified cartilage. In subchondral bone
the main structure was identified, and parameters related to the
bone remodeling as vascular invasion, osteoblast activation, as well
as, the presence of mature osteocytes. Later, those observations
were transferred to a rank order were O was normal and 3 the most
altered (Table Sé).

2.6 | Imaging analysis

Temporomandibular joint blocks were scanned by computed
tomography (CT) and imaging evaluation was performed and
classified independently by two experienced radiologists
(Rita Sousa, Lia Neto) who were blinded to the intervention using
the criteria and score previously described by the author (Angelo

et al,, 2017).

2.7 | Euthanasia and multi-organ histologic analysis
2.7.1 | Euthanasia protocol

In accordance with directive 2010/63/eu of the European parlia-
ment and the council of September 22, 2010 and Portuguese
decree-law n°® 113/2013 of August 7 the authors performed the
euthanized in the accommodation site, one animal at each time by
barbiturate overdose. Intramuscular administration of 1.5 mg kg™?
Midazolam was injected in the neck muscles for sedation. In some
animals, for deep sedation the authors performed additionally
1 mg kg~! Diazepam intramuscular injection. Once sedated, rapid
intravenous injection of 0.4 ml kg~* Sodium Pentobarbital (Euthasol
vet. 400 mg mlI~Y) through jugular vein was performed. The authors
confirmed death after euthanasia by observing no respiratory
movement for at least 3 min, and no heartbeat (using a stetho-
scope), lack of pulse and corneal reflex, graying of the mucous

membranes, and rigor mortis.

2.7.2 | Multi-organ analysis

Data from cadavers with hip or knee alloplastic replacement show
generally high concentrations of particles in the liver, spleen, kid-
neys and lymph nodes (Urban et al., 2000). Silicone disc substitute
have also been associate with migration of this material into adja-
cent tissues. To evaluate safety of the interposal biomaterials
tested, after euthanasia the authors dissected and histopathologic
analyzed the following organs: brain, cervical lymphonodes, parotid
gland, submaxillary gland, hearth, lungs, liver, kidneys and spleen
(Figure S4).

2.8 | Statistical analysis
2.8.1 | Primary outcome

Histological statistical analysis

Results were expressed as medians. The statistical comparison of the
four groups was performed using the Kruskal-Wallis One-way
Analysis of Variance (ANOVA) on Ranks. The level os statistical
significance used was p < 0.05. The post-hoc test analysis was done
using Dunn's test. All statistical analyses were performed us-
ing commercially available software Sigma Plot 12.5 (Systat

Software Inc.).

2.8.2 | Secondary outcomes

Imaging statistical analysis

The authors evaluated the following outcomes: Shape, Condyle
erosion, Temporal erosion, Condyle sclerosis, Temporal sclerosis,
Condyle marrow, and Temporal marrow. Non-parametric tests were
performed attending to the sample size and the non-normality of the
distribution for most variables in each group, Shapiro-Wilk tests
<0.87,0 < p < 0.212. Kruskal-Wallis tests were performed for group
comparisons, with Bonferroni test for post-hoc test multiple com-
parisons. Partial eta squared (ng) and Cohen's D were used for effect
size calculations. Cohen's categories were used to evaluate the
magnitude of these effect sizes (small if O < |d| < 0.5, medium if
0.5 < |d| < 0.8, and large if |d| > 0.8). Data analyses were performed
using SPSS, version 22.0.

Body mass statistical analysis

To analyze body mass (weight) results, normality tests were per-
formed with Shapiro-Wilk in each time (TO-Té) and in each group,
showing that the outcome variables in pre-hoc (TO) and post-hoc test
(T1-T6) have a normal distribution, p > 0.094. An exception was
found for PGS+PCL in the pre-hoc test and in time three of the post-
hoc test (p < 0.001), and Kruskal-Wallis and Friedman tests were
performed for PGS+PCL to check same sample in different time
periods. Error variances of the dependent variables were tested with
Levene's Test of Equality of Error Variances, showing variances equal
across groups, p > 0.055.

For cross-sectional analysis a one-way ANOVA was performed,
to compare body mass in the four randomized groups before and
after the random treatment group assignment. For longitudinal
analysis, a one-way ANOVA with repeated measures was performed
taking as within-subjects effects observations postoperative (T1-T6)
for all conditions. The tests of within-subjects contrasts were per-
formed in comparison with the baseline (TO). Estimates of effect size
were calculated using partial eta squared (ng). Observed power was
calculated with 1 — B's score. Body mass was measured three times in

the pre-hoc test for supporting invariance concerning the outcome
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measures before the clinical intervention. The post-hoc test analysis
assessed body mass measuring three times, in six time-points (T1-
Té), one per month at the same place, date and hour as in TEMPO-
JIMS phase 1.

Kinematic statistical analysis

The primary analysis tested the effects of the independent variable
for three different interposal biomaterials: (A) PCL bilateral inter-
posal biomaterial; (B) PCL+PEGDA bilateral interposal biomaterial
and; (C) PGS+PCL bilateral interposal biomaterial; (D) bilateral
discopexy (TEMPOJIMS phase 1), using a series of pre-hoc tests
(TO) and post-hoc tests (T1-T6). Randomized pre-hoc and post-hoc
tests were used to evaluate the effects of surgical intervention.
Three measures were performed in the pre-hoc test, supporting
invariance concerning the outcome measures. All statistical analyses
were performed with SPSS, version 22.0. For all analyses a proba-
bility of type | error (@) = 0.05 (95% confidence interval) was
considered. Normality tests were performed with Shapiro-Wilk for
each group in pre-hoc and post-hoc tests (T1-Té), showing that the
outcome variables have a normal distribution, S-W (3) > 0.774,
p > 0.054. Analysis of variance was performed for group compari-
sons. Error variances of the dependent variables were tested with
Levene's Test of Equality of Error Variances, showing equal
variances across groups (p > 0.098) except for T1 in absolute
masticatory time (Levene statistics = 5.26, p = 0.03), which led to
non-parametric tests being calculated for this time.

Measures in the pre-hoc test showed that the sheep did not
change across time until the data of the surgery, p > 0.50. Bonferroni
test was used for post-hoc test for multiple comparisons and Dunnett
test for comparisons with the control group (bilateral discopexy).
Partial eta squared (ng) and Cohen's D were used for effect size
calculations. Cohen (1988) defined effect sizes as “small, d = 0.2,”
“medium, d = 0.5,” and “large, d = 0.8” (p = 0.25). To avoid bias in data
analysis, for animals with no rumination after surgery was assumed:
(1) zero for rumination area and (2) the double of the highest score
for rumination time per cycle. Cohen's D is used to reduce the
dimension bias associated with different sheep mandible physiology.

3 | RESULTS
3.1 | Histological study
3.1.1 | Poly(ecaprolactone)

In the PCL group only five samples were evaluated due to the loss of
a sample during the processing. In those five samples, the interposal
biomaterial was present after 6 months. Extensive condyle osteolysis
in four-fifths samples (Figure 3a). Most of the non-hyaline cartilage of
both surfaces was substituted by fibrous-like tissue (more than 70%
of the non-hyaline cartilage was missing) in four-fifths samples. Two

samples presented a foreign body reaction with presence of giant

FIGURE 3 (a) Extensive osteolysis with poly(ecaprolactone) (PCL) disc. (b) Osteolysis and disc fusion with poly(glycerol sebacate) + PCL.
(c) Cluster formation and cell reduction. (d) Foreign body reaction with the presence of giant cells. (e) Cluster formation and cell reduction

[Colour figure can be viewed at wileyonlinelibrary.com]
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cells (Figure 3d). Due to the absence of the non-hyaline cartilage
most of the features could not be evaluated. Only in one sample,
almost 50% of the calcified and non-calcified cartilage of the tem-
poral surface was still present. In this case in the non-calcified
cartilage draws attention then the deep layer has fibers oriented
parallel to bone surface rather than the normal perpendicular
disposition. When non-hyaline cartilage is present, we observed cell
diminution and some clustering formation (Figure 3e). Subchondral
bone presented osteolytic areas in four-fifths samples.

3.1.2 | Poly(scaprolactone) + Poly(ethylene glycol)
diacrylate

The biomaterial was still present in five of the six samples. The non-
calcified cartilage was absent in more than the 70% of their extent in
both articular surfaces (mandibular and temporal) in five-sixths
samples being substituted by a fibrous-like tissue in three of them.
In all the samples analyzed, the number of cells in the superficial layer
of the non-calcified cartilage were reduced but the cells present
presented a normal shape and do not form clusters except in one
case. In the deep layer, the structure was also altered with fewer
cells, not organized in columns, as in normal cartilage, and with
cluster formation in both surfaces of the same sample (Figure 3e).
The calcified layer was altered in both surfaces of five samples being
in most of the cases almost absent. Finally, the subchondral bone
presented a high rate of remodeling in half of the samples (3/6 in
mandibular bone and 4/6 in temporal bone). When altered, mandib-
ular bone presented high remodeling with structure alteration, but in
one sample the temporal bone structure was considered normal with
only mild alteration in osteoblast activation and vascular invasion.
The other three revealed altered samples of temporal bone with

abnormal bone remodeling.

3.1.3 | Poly(glycerol sebacate) + Poly(ecaprolactone)

In all cases, we observed a total reabsorption of the interposal
biomaterial. There was one sample with high osteolysis with no
calcified cartilage and with the non-calcified cartilage partially fused
between both surfaces (Figure 3b). In the other five samples, the
non-calcified cartilage was present in all the samples in different
degrees. In two was present in more than 70% in both surfaces, in
three in almost 50%. In all the samples there was cluster formation
and cell diminution (Figure 3c). The calcified cartilage was present
in the same degree as the non-calcified one. In two samples was
described as normal and in other two it was thin but with normal or
diminished number of cells. In the other one, the number of cells
was increased respect to the normal cartilage. With respect to the
subchondral bone, it was normal or with a mild remodeling in all the
samples except the one with the osteolysis. The mild remodeling
processes seen in the samples could correspond to suitable bone

remodeling.

A comparing overview of histologic samples can be observed in
Figure 4.

3.1.4 | Histological statistical results

With respect to the statistical comparison of histologic features, the
authors compared discopexy, PCL, PCL+PEGDA and PGS+PCL
groups in mandibular and temporal surfaces of the TMJs. The sta-
tistically significant results (p < 0.05) are exposed in Figures S5-S7).

In the condylar surface of the mandible, the authors found in
cartilage superficial layer (AC lamina) the presence of cloning was
statistically different (p = 0.026) among groups with difference by
Dunn's method between PGS+PCL and PCL+PEGDA but not in the
others. In the evaluation of the cell shape in the AC lamina the
ANOVA on ranks gave statistical significance (p = 0.036) but was
impossible to isolate the groups with differences with the Dunn's
method.

Also, in the mandibular surface but in the deep non-calcified
cartilage (AC mid-layer) the structure was statistically significant
(p = 0.004). In this case when the authors isolate the groups that
differ from the others using multiple comparisons, no differences
were found between any of them.

In the mandibular calcified layer the comparison of the me-
dian values of the groups found statistical differences in structure
(p = 0.019) and cell shape (p = 0.017) but in the pairwise multiple
comparison only was found statistical difference only between
PCL and discopexy in structure. Finally, with respect to sub-
chondral bone parameters differences in structure (p = 0.033),
osteoblast activation (p = 0.015) and vascular invasion (p = 0.015)
were found with the Kruskal-Wallis ANOVA on ranks but only
between discopexy and PCL in both osteoblastic and vascular
parameters.

On the temporal surface, differences were found in AC lamina
cell number (p = 0.016), in osteoblast activation and vascular invasion
in the subchondral bone p = 0.024 and p = 0.018 respectively. When
Dunn's method was applied, only in both subchondral bone param-

eters differences were found between PCL and discopexy.

3.2 | Imaging study
3.2.1 | CT analysis

The authors compared the nine outcomes between discopexy, PCL,
PCL+PEGDA, and PGS+PCL conditions (Table 1). For global appre-
ciation, effect size of the differences were about, eta squared
ng = 41.4%, statistical power (1 — B) > 0.999. Differences between
the four groups were not statistically significant for condyle marrow,
temporal marrow, and calcification (p > 0.10). For each of the
remaining outcomes, and considering a Type | error = 0.10, differ-
ences were higher for shape (p = 0.002), followed by temporal

erosion (p = 0.016), condyle erosion (p = 0.066, condyle sclerosis,
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FIGURE 4 (a) Discopexy (control group—obtained from Temporomandibular Joint Interposal Material Study phase 1). (b) Poly(glycerol
sebacate) + Poly(ecaprolactone) (PCL) disc. (c) PCL + poly(ethylene glycol) diacrylate disc. (d) PCL disc [Colour figure can be viewed at

wileyonlinelibrary.com]

and, at last, temporal sclerosis. The effect size of these differences
ranges from 29.4% to 63.8%. In general, the scores of PCL, PCL
+PEGDA, and PGS+PCL were higher compared to the discopexy.
These effects are depicted in Figure 5.

In Table S1 it is presented the mean differences between dis-
copexy, PGS+PCL, PCL+PEGDA, and PCL conditions. Discopexy only
significantly differed from PCL+PEGDA for global appreciation (ef-
fect size of R? = 40.5%), mainly due to shape (effect size of
R? = 80.4%), but also to temporal erosion (R? = 50.2%) and condyle
erosion (R? = 16.5%). Discopexy did not significantly differ from PGS
+PCL and PCL. According to Cohen's D score, a large effect size is
considered if d > 0.80. Following this classification, the authors also
found lower scores for discopexy in comparison with PCL for shape
(R? = 26.4%), Temporal erosion (R? = 22.3%), Condyle sclerosis
(R? = 22.3%), and Condyle erosion (R? = 19.0%). Apart from the
temporal erosion (R? = 22.3%), discopexy and PGS+PCL were the
groups with no apparent differences (effect sizes between 0.0% and
10.0%).

The mean scores for each outcome and for the global apprecia-
tion are shown in Figure S8.

3.3 | Body mass results

Cross-sectional analysis. Global statistical differences (Bonferroni and
Dunnett test) were not found in body mass in the pre-hoc test (TO)
and in all times for the post-hoc test (p > 0.876) (Table S2).
However, in Figure S9 can be seen that in the PGS+PCL condition
sheep lost weight from TO to T1, and then recovered their weight
during T5 and Té.

A one-way ANOVA with repeated measures was performed
taking as within-subjects effects months after surgery (T1-Té) for
each group (PGS+PCL, PCL+PEGDA, PCL, and discopexy). Statisti-
cally significant differences were found mainly for discopexy
[F (5, 10) = 27.35, p < 0.001, nf, =0.932, (1 — B) > 0.999], PGS+PCL
[F (5, 10) = 9.53, p = 0.001, ng =0.826, (1 — B) = 0.991], and with a
lower effect size for PCL [F (5, 10) = 3.18, p = 0.057, nf, = 0.614,
(1 — B) = 0.650], showing that sheep recovered weight from T1 to Té.
For PEGDA+PCL differences from T1 to Té were not statistically
significant, F (5, 10) = 0.39, p = 0.847, nf, =0.162, (1 — B) = 0.110.

The tests of within-subjects contrasts with the baseline (TO).
Significant contrasts is identified in PCL+PEGDA for T2, T3, T4, and
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) for the outcomes

2
p

TABLE 1 Means, standard deviations, means rank, Kruskal-Wallis tests, and effect sizes (n

Global

Temporal
sclerosis

appreciation

Temporal marrow Calcification

Condyle marrow

Temporal erosion Condyle sclerosis

Condyle erosion

Shape

MR M SD MR

SD

M SD MR

SD MR

M SD MR M

SD MR

MR M

M SD

SD MR

SD MR M

M

Group

8.83

9.33 1.17 098 10.50 0.83 0.98 11.00 0.00 0.00 1150 1.17 041

7.83 0.67 052

792 117 098 11.67 0.67 0.52 1233 1.00 0.63

1.17 041

PGS+PCL

PCL+PEGDA 283 041 20.00 200 0.89 17.17 150 0.84 1850 183 0.75 1533 133 0.52 1650 150 084 1292 167 0.82 17.08 0.17 041 1350 217 0.75 18.00

200 089 14.17 150 0.55 1400 067 052 1233 183 041 16.17 100 0.00 1300 183 041 1533 100 0.89 1217 0.17 041 1350 167 052 1433

PCL

8.83

9.75 000 0.00 1150 1.17 041

6.83 1.33 052 10.67 0.83 041 11.17 133 0.82 1125 0.67 082

7.17 0.17 0.41

1.17 041 792 0.67 0.52

Discopexy

14.39** 7.19** 10.36* 6.92*** 6.70"** 222 4.28 2.09 9.20*

X2(3)

0.002 0.066 0.016 0.075 0.082 0.528 0.233 0.554 0.027

p-value

Abbreviations: M, means; MR, means rank; PCL, poly(ecaprolactone); PCL+PEGDA, poly(ecaprolactone) + poly(ethylene glycol) diacrylate; PGS+PCL, poly(glycerol sebacate) + poly(ecaprolactone); SD,

standard deviations.

***p < 0.082; *p < 0.05; **p < 0.01.

Té6, p < 0.044, and with a lower effect size in T1 (p = 0.063). For
PCL, excluding Té6 (p = 0.109) and considering a p-value < 0.10,
significant contrasts were found in all times. In the discopexy
group, significant differences were found in T5 (p = 0.033) and Té
(p = 0.038), and with a lower effect size in T1 (p = 0.82). For PGS
+PCL the Friedman's non-parametric test showed a significant ef-
fect across time, X?(6) = 17.56, p = 0.007, in which we verify a
weight decrease in T1, and a significant increase from T1 to T6,
X2(5) = 14.90, p = 0.011.

3.4 | Kinematic results

Baseline descriptive statistics are in Table 2, with measurements of
four chosen parameters, weight, absolute masticatory time, ruminant
kinematics area, and ruminant time per cycle. The analyses might
reveal pain in TMJ joint if the animal was increasing or decreasing on
the different parameters.

Cross-sectional and longitudinal analyses were performed for
both absolute masticatory time, rumination time per cycle, and
rumination kinematics area. We used cross-sectional analysis to
compare different interposal biomaterial groups of a single point in
time, and it allowed the comparison of many different variables at
the same time. However, it might not provide definite information
about cause-effect relation. Firstly, a cross-sectional analysis estab-
lishes possible associations between the different variables, and on
the longitudinal analysis the authors studied the cause and the ef-
fect. On the longitudinal analyses, the authors conducted several
observations of the same interposal biomaterial groups over the
follow-up period. The authors intend to observe individual de-
velopments in chosen characteristics for both interposal biomaterial
groups.

3.4.1 | Absolute masticatory time

This parameter was based on the time taken by each animal to eat a
dose of 150 g of dry pellets (Rico Gado A3).

Cross-sectional analysis: an ANOVA was performed, showing
significant differences between the four groups only in T2,
F(3,8) = 6.74,p = 0.014, ng =0.717, (1 — B) = 0.847. Dunnett post-
hoc test in T2 showed a significant difference between PCL and
discopexy group (Mean difference = 32.00, standard error
[SE] = 9.95, p = 0.030), indicating an absolute masticatory time
significantly higher in PCL interposal biomaterial group. Bonferroni
test also showed significant higher scores for PCL in comparison with
PGS+PCL (Mean difference = 40.44, SE = 9.95, p = 0.022) and with
PCL+PEGDA(Mean difference = 35.11, SE = 9.95, p = 0.046).

Longitudinal analysis: a one-way ANOVA with repeated measures
was performed, taking as within-subject effects preoperative (TO) and
postoperative (T1 to Té) for PGS+PCL, PCL, PCL+PEGDA, and dis-
copexy group (Figure 510). Significant effects across time were found
mainly for PCL[F (6,12)=11.64,p <0.001, ng =0.853,(1-p)>0.999],
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FIGURE 5 Representative computed tomography sagittal image of temporomandibular joint. (a) Control group—obtained from
Temporomandibular Joint Interposal Material Study phase 1. (b) Poly(glycerol sebacate) + poly(ecaprolactone) (PCL) disc. (C) PCL disc.
(d) PCL + poly(ethylene glycol) diacrylate disc [Colour figure can be viewed at wileyonlinelibrary.com]

and with lower effect size for PGS+PCL [F (6, 12) = 5.82, p = 0.005,
n% = 0.744, (1 — B) = 0.952] and PEGDA+PCL [F (6, 12) = 3.32,
p=0.036, nf, =0.624,(1 - B)=0.749]. No significant effects were found
for discopexy group [F (6, 12) = 2.65, p = 0.071, nf, = 0.570,
(1 - B) =0.635]. Considering the differences in relation to the baseline
(TO), the within-subject contrasts identified a statistically significant
increase for PCL between TO and T1, F (1, 2) = 60.99, p = 0.016, effect
size of ng =0.968, (1 - B) =0.951. Lower increases were also found for
PEGDA+PCL [F (1, 2) = 14.94, p = 0.061, ng =0.882, (1 - B) =0.541]
and for PGS+PCL [F (1, 2) = 13.05, p = 0.069, ng = 0.867;
(1 - B) =0.497]. For PEGDA+PCL significant increases was also found
for T2 and T3, F (1, 2) = 43.93 and 37.96, n§ = 0.956 and 0.950,
p < 0.025, (1 — B) > 0.851. No differences were found for discopexy
(p > 0.154) and for all groups when comparing baseline (TO) with Té
(p > 0.078) Table S3.

3.4.2 | Rumination time per cycle

Cross-sectional analysis: rumination time per cycle rate did not vary
across groups both in the pre-hoc test (TO) and in all times for the
post-hoc test (p > 0.05), as shown in Table S4.

Longitudinal analysis: a one-way ANOVA with repeated measures
was performed, taking as within-subject effects the baseline (T0O) and
the 6 months after surgery (T1 to Té) for PGS+PCL, PCL, PCL
+PEGDA, and discopexy groups (Figure S11). Significant effects
across time were found for PCL+PEGDA [F (6, 12) = 3.23, p = 0.040,
nﬁ = 0.617, (1 — B) = 0.983] and PCL [F (6, 12) = 7.19, p = 0.002,
Tl,% =0.782, (1 — B) = 0.983], but not for PGS+PCL [F (6, 12) = 2.37,
p = 0.096, nf, =0.542, (1 - B) = 0.581].

3.4.3 | Rumination kinematics area

Cross-sectional analysis: rumination areas varied across groups from
T2 to T6 (Table S5).

Dunnett post-hoc test in T2 showed significant lower rumination
area in PGS+PCL and PCL+PEGDA in comparison with discopexy
group (Mean differences of —4002.3 and —-7403.7, respectively,
SE = 1096.0, p < 0.016). Rumination area in PCL showed to be no
different from the same area in discopexy and in PGS+PCL
(b = 0.373). Rumination area in PCL was significantly higher in
comparison with PCL+PEGDA (Mean difference = 5783.7,
SE = 1096.0, p = 0.004). PGS+PCL and PCL+PEGDA didn't vary
concerning rumination area (p = 0.088). In T3: PGS+PCL, PCL and
PCL+PEGDA obtained significantly lower areas in comparison with
discopexy group (Mean differences of —-4550.0, —-4295.0, and
—6043.3, respectively, SE = 1181.4, p < 0.017). Dunnett post-hoc
test in T4 showed significant lower rumination area in PGS+PCL
and PCL+PEGDA in comparison with discopexy group (Mean dif-
ferences of —-2945.0 and -4679.3, respectively, SE = 785.7,
p < 0.014). PCL and discopexy group showed no significant different
rumination areas (p = 0.071). Rumination areas for PGS+PCL, PCL
+PEGDA and PCL, were found to be similar across these groups
(p > 0.064).

A significant difference was found in T5, between PCL+PEGDA
and discopexy (Mean difference = —5323.7, SE = 1252.9, p = 0.007),
and between PCL and discopexy group (Mean difference = —3581.7,
SE = 1252.9, p = 0.052). All the remaining comparisons didn't show
significant differences in rumination areas across groups (p > 0.127).
In Té: PGS+PCL, PCL and PCL+PEGDA obtained significantly lower

areas in comparison with discopexy group (Mean differences of
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TABLE 2 The summary of ruminant kinetics measurements of sheep jaw movement extracted from videos while the sheep is ruminating

Baseline (mean of three measures)

Allocation

Sheep Weight Absolute masticatory Ruminant kinematics and area Ruminant time per cycle Randomized

ID Date of birth (kg) time (s)? (pixels)® (s)° process

1545 August 12, 2014 52.6 99.3 5664 0.67 PGS+PCL disc

8553 November 10, 66.3 86 7981 0.79 PGS+PCL disc
B ‘

9981 September 2, 66.3 88.3 6253 0.78 PGS+PCL disc
2012 I

9983 September 5, 52 66 5996 0.67 PCL+PEGDA disc
2012 I

1615 November 6, 63 83.3 8103 0.88 PCL+PEGDA disc
h ‘

8258 July 11, 2012 72 62 7880 0.82 PCL+PEGDA disc

6984 August 9, 2014 46 116 6476 0.74 PCL disc

8254 July 23, 2010 54.6 86.3 7064 1.18 PCL disc

8574 November 11, 57 81.3 5968 0.90 PCL disc
2011

<

Abbreviations: PCL, poly(ecaprolactone); PCL+PEGDA, poly(ecaprolactone) + poly(ethylene glycol) diacrylate; PGS+PCL, poly(glycerol sebacate) + poly
(ecaprolactone).

2The absolute masticatory time was measured from 9:00 a.m., when a dose of 150 g of dry pellets (Rico Gado A3) was introduced in the feeder, until all
pellets were eaten.
PRuminant kinematics refers to the average tracking of 15 ruminant cycles and the creation of a geometric form using the software Image J.

°A Canon 7D video camera set at 25 frames per second was used to record 15 ruminatory cycles, approximately 4 h after the 150 g feed. The number of
frames per cycle was divided by 25 to obtain the time in seconds per cycle.
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—-4810.7, —5545.0, and -7585.3, respectively, SE = 11234,
p < 0.007), however, no significant differences were found in rumi-
nation areas between PGS+PCL, PCL, and PCL+PEGDA (p > 0.233).

Longitudinal analysis: a one-way ANOVA with repeated measures
was performed, taking as within-subject effects in baseline period
(TO) and after surgery (T1 to Té) for PGS+PCL, PCL, PCL+PEGDA,
and discopexy group (Figure S12). Significant effects across time
were found for PGS+PCL [F (6, 12) = 4.38, p = 0.014, n2 = 0.687,
(1 — B) = 0.870], PCL [F (6, 12) = 3.10, p = 0.045, ng 0.608,
(1 — B) > 0.714], and PCL/PEGDA [F (6, 12) = 3.70, p = 0.026,
nf, = 0.649, (1 — B) = 0.799], but not for discopexy [F (6, 12) = 1.35,
p =0.310, nf, =0.402, (1 — B) = 0.342]. Considering the differences in
relation to the baseline (T0), the within-subject contrasts identified a
statistically significant difference for PCL+PEGDA between TO and
T2 to Té [F (1, 2) between 16.22 and 105.8, p < 0.056, effect sizes
between nf, = 0.890 and 0.981, (1 — B) between 0.569 and 0.995].
Lower differences between TO and Té were also found for PGS+PCL
[F(1,2) =15.96, p = 0.057, nf, =0.889, (1 — B) = 0.564] and for PCL
[F (1, 2) = 12.74, p = 0.070, ng = 0.864; (1 — B) = 0.490]. No differ-

ences were found for discopexy group (p > 0.289).

3.5 | Multi-organ histologic results

Lungs were affected by granuloma parasites and nematodes
compatible with Cystocaulus ocreatus or Muellerius capillaris. Some
livers also revealed the presence of granuloma parasites compatible
with fasciola hepatica migration. All the hearts presented Sarcocystis.
No interposal biomaterials particles were observed in the studied
organs (Figure S4).

4 | DISCUSSION

This work is original on the study design, using a randomized, blinded,
preclinical study in TMJ domain, that follows ARRIVE guidelines and
to our knowledge it is the first to include bilateral approach with an
independent control group, minimizing possible bias. In TEMPOJIMS
phase 2 the authors aimed to examine potential effects induced by
three different interposal biomaterials using discopexy group as a
control.

Discopexy is a common TMJ surgical technique, carefully used in
this study as a control group to minimize the surgical bias and
accurately measure the interposal biomaterial effect in the joint.
From our previous study TEMPOJIMS phase 1, bilateral discopexy
induced histological changes in cartilage and synovial without sta-
tistical significance when compared with the sham control group,
showing a surgical intervention in the TMJ results in some level of
intra-articular minor damage (Angelo et al., 2018).

In this study, the authors did not find histological significant
statistical difference in most of the outcomes studied between PGS
+PCL and discopexy. A significant statistical difference between PGS
+PCL and PCL+PEGDA was observed in cell shape, condylar surface

and superficial cartilage layer in mandible AC lamina. Major signifi-
cant differences were observed in PCL versus discopexy. Temporal
surface presented significant differences in AC lamina cell number,
and in subchondral bone, the osteoblast activation and vascular in-
vasion presented significant differences in PCL versus discopexy.

Poly(ecaprolactone) interposal biomaterial, at our best knowl-
edge, has not been used to regenerate the TMJ disc but several
authors have performed interesting work in mandibular condyle
regeneration. In 2017 (Wang et al., 2017), a biphasic scaffold was
used to successfully regenerate minipig TMJ condyle with PCL/Hy-
droxyapatite (bone phase) and polyglycolic acid (PGA)/polylactic acid
(PLA), cartilage phase. Although this group used PGA/PLA for carti-
lage regeneration and PCL for bone regeneration, we tested PCL for
disc regeneration due to biomechanical properties. Our results were
not satisfactory, mostly due the breakdown of the PCL material
(Figure 4d). The scaffold used by Wang (Wang et al., 2017), was
seeded with chondrocytes and bone marrow stem cells. We used a
different technique with a pure cell-free PCL, but this difference
should not justify the material breakdown. One significant, and in our
opinion, resemblance in both studies was the exact replica of the
anatomic shape of the scaffold by 3D printing to mimic the native
anatomy. The degradation of PCL is slow. A study in rats showed that
PCL scaffold with an initial molecular weight of 66,000 remained
intact in shape during the 2-year implantation. It degraded into low-
molecular-weight (8000) pieces only at the end of 30 months (Poveda
et al., 2007). This data is consistent with our results, the degradation
of PCL was not completed in 6 months. By seeding it with bone
morphogenetic protein-7 it has altered fibroblasts, and the tested
group by Hollister group achieved compressive moduli and yield
strengths for human trabecular bone (Murphy et al., 2013). Another
study from the same group has reported that biphasic PCL scaffolds
can be seeded with transformed fibroblasts and fully differentiated
chondrocytes. This has provided tissues with a mineralized interface.
Plus, the existence of blood vessels, marrow stroma, and adipose
tissue have exposed a ceramic phase in these scaffolds. As a second
strategy, the Mao group has shown the hidden potential of sequential
photopolymerization of poly(ethylene glycol) hydrogels (Alhadlag
et al., 2004). Through this strategy, osteochondral constructs were
obtained with condyle model shape. More importantly, this group has
demonstrated the potential of inducing differentiation of primary
bone-marrow-derived mesenchymal stem cells into chondrocyte to
develop stratified bone and cartilage layers (Alhadlag et al., 2004;
Murphy et al., 2013). Finally, PCL seems a promising biomaterial for
bone regeneration but not for fibrocartilage.

Our findings are consistent with a study that shows that PGS
+PCL is a promising scaffold on promoting regeneration of TMJ
fibrocartilage (Hagandora et al., 2013). On this study, PGS+PCL has
demonstrated total reabsorption and histologic and imaging results
show a number of cell increase with respect to normal cartilage,
and mild remodeling on the subchondral bone, which could corre-
late with a suitable bone remodeling. In histology outcomes, we
have not seen the production of a foreign body immune response

and capsule development on the PGS+PCL interposal biomaterial,
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as it has been documented in, that exogenous scaffolds induce such
reactions (Vapniarsky et al., 2018). The imaging outcomes based on
scores evaluation have shown that discopexy and PGS+PCL have
no significative differences in condyle and temporal bone changes.
The evaluation of the imaging outcomes is consistent with the ef-
fects induced on TMJ by the surgical intervention (Angelo,
Morouco, et al., 2018). In TEMPOJIMS phase 1, imaging outcomes
have shown minor changes in bilateral discopexy with no statistical
significance, and significant degenerative changes, induced by
bilateral discectomy (Angelo et al., 2017). On body mass outcomes,
discopexy and PGS+PCL were the only groups able to recover from
the postoperative period, and capable of reaching almost the
baseline (TO) level. To the extent of our knowledge, body mass
doesn't seem to be one of the most fundamental outcomes, due to
animal survival instinct.

Other authors implanted an autologous cartilage tissue-
engineered to heal the TMJ disc, and have assessed the efficacy, by
presenting a histologic image where the degenerative defect has
reduced, resulting in conservation of the articular surfaces (Vap-
niarsky et al., 2018). Another author shows the presence of fibro-
cartilaginous tissue formation, from the implantation of scaffolds
loaded with DPSCs (dental pulp stem cells), which acts as a good
substitute of TMJ disc, since it seems to increase storage and elastic
modulus with values similar to native TMJ disc (Bousnaki
et al., 2018). These studies might reinforce the use of a TE implant
instead of a synthetic polymer used in our study. However, such
strategies lack of medical translational applicability.

From the kinematics outcomes, our previous research in TEM-
POJIMS phase 1 (Angelo, Gil, et al., 2018) has concluded that
mastication and rumination in black Merino sheep are outcomes that
should be considered for functional evaluation. Bilateral discopexy
did not induce significant functional analysis changes in mastication
and rumination. Yet, bilateral discectomy induced major changes in
jaw kinematics, although along the study masticatory time and
rumination time per cycle normalized.

Regarding the absolute masticatory time, in phase 1 study the
authors observed that discectomy increased the masticatory time by
28% in T1. The discopexy increased the time by 11.4%, elucidating
about the TMJ intervention effects, even maintaining the TMJ disc. In
phase 2, no differences were observed between the PGS+PCL group
and the control group. In fact, the PGS+PCL group finished the study
eating 30.1% faster than the baseline. This percentage suggests that
these animals had no pain at TMJ level. Both PCL and PCL+PEGDA
achieved a slower food intake with significant increases in mastica-
tory time. Those changes were more detrimental to the PCL group.
Corroborating the phase 1 data, the animals were slowly able to
recover to baseline masticatory time. It suggests an immense ability
to adapt, highlighting again, the importance of function over form
(Poveda et al., 2007).

Regarding the rumination time per cycle, we observed that 2
animals from PCL+PEGDA stopped ruminating through T1 and T2.
Similarly, we have previously detected that 1 animal from discectomy

group stopped the rumination process in T1 and T2 (Angelo, Gil,

et al, 2018). This absence of rumination during a certain period is
intricate, and further studies should clarify these biomechanical
constraints. Regarding PGS+PCL and PCL groups, the authors did not
observe significant changes during the study, and the mechanical
behavior was similar to the control group. After 3 months a remod-
eling and adaptive process occur in sheep TMJ and all interposal
biomaterials presented similar performance. By the end of the study,
no significant differences were found in rumination time, showing
that the animals were able to particulate food appropriately after the
adaptation process.

Considering the rumination area, all experimental groups
finished the study with smaller rumination area when compared with
the control group. A relation exists between rumination time and
area. Thus, possible bias should be considered, regarding if an animal
is ruminating with lower time, it may be because the area is lower and
not because he is faster. In T2 the authors observed significant
smaller rumination area in PGS+PCL and PCL+PEGDA and in T3-Té
all the interposal biomaterials presented lower areas in comparison
to the control group. PGS+PCL and PCL presented more appropriate
behavior when compared to PCL+PEGDA across time. Considering
that PCL would provide an adequate mechanical strength but high
tension between the surfaces, the authors expected PEGDA to
lubricate and diminish the tension and presenting better results. No
differences were observed, demonstrating further development and
optimization on these concepts combining mechanical and biological
virtues.

Regarding kinematics outcomes, the absolute masticatory time
on PGS+PCL and discopexy groups were able to recover from the
postoperative period and reach the TO level. On the rumination time
per cycle, PCL, PCL+PEGDA, PGS+PCL and discopexy groups were
all able to recover to its initial state in TO. However, in rumination
kinematics area, discopexy group was the only to show increase
during the postoperative period.

The present research has a major limitation, the small sample
size and the non-evaluation of stress factors and biomarkers
expression through inflammatory reactions, in order to analyze pain.
Moreover, bioactive signals may also be used to encourage cell
proliferation and biosynthesis, since it has been found that bFGF has
a stimulatory effect on the proliferation of mandibular condylar
chondrocytes over IGF-l1 and TGF-B1 treatments in monolayer cul-
ture (Murphy et al., 2013). Nonetheless, this would require further
immunology and toxicology assessments in the follow-up method,
during postoperative period (T1-Té). In fact, having a sample of three
animals per implant is limited and may be insufficient to detect sig-
nificant statistical outcomes, but both joints were operated and a
total of six interposal biomaterials were tested in each group. Either
way, due to the distinct features of the three types of biomaterials,
the obtained data on histology, imaging, body mass, kinematics and
multi-organ histologic analysis provides interesting insights for
further research. In future studies, from kinematics outcomes, the
absolute masticatory time seems to be the most crucial parameter to
consider. Still, histology results were quite relevant to assess the

performance of the interposal biomaterial and its effects on cartilage.
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The imaging plays a key role to determine degenerative changes and
OA on temporal and jaw bones.

This work recognizes the potential of PGS+PCL scaffold as a
TMJ disc replacement and suggests that when selecting a biopolymer
to interpose in TMJ, there should be an optimization in pore size, and
a correct preclinical trial design. As evidence, at our knowledge there
is an overabundance of possible synthetic interposal biomaterials for
articular disc and condylar TE, but there are few preclinical data
proposing the use in patient-specific morphology and function.
Therefore, the optimization of biomechanical stimulation for the
scaffold under culture, may have a great impact to mimic the physi-
ological loading conditions, influencing the extracellular matrix ar-
chitecture and deposition once implanted. These might be the key
factors to develop a biomimetic interposal biomaterial, able to heal

TMJ and to respond to medical needs.

5 | CONCLUSIONS

In this randomized controlled preclinical trial of TMJ disc interposal
implants, no infections occurred after the operations, and none of
the implants could regenerate a new autologous disc. However, PGS
+PCL disc demonstrated to be a promising choice to interpose in
TMJ because it seems to provide the cushioning function of the
native disc while keeping some cortical bone layer, observed by
histologic analysis. Its elastomeric properties may represent a sig-
nificant feature to approximate the TMJ native disc properties.
Apart from the TMJ damage induced by the surgical intervention,
animals receiving PGS+PCL implants exhibited only small functional
changes. With PGS+PCL implants, we observed preserved non-
hyaline cartilage except in one case, where we found fusion of
the disc into the condyle. All PGS+PCL interposal biomaterial was
reabsorbed in 6 months.

The PCL+PEGDA and PCL implants showed significant detri-
mental functional changes when compared to the discopexy. These
results reinforce that it is more effective to not interpose any ma-
terial in the joint than to use an inappropriate material. Adding
PEGDA altered biomechanical properties of PCL, improved the PCL
characteristics. These effects should be explored in the future. PCL
+PEGDA induced major OA, with significant changes in condylar and
temporal articular surfaces. The PCL disc induced major OA in
mandibular condyle with major changes in non-hyaline cartilage
surface. With PCL we observed foreign body reaction in 40% of the
joints. In both PCL and PCL+PEGDA, the interposal biomaterials
were not reabsorbed in 6 months. An hybrid biomaterial solution will
possibly be part of the future generation of interposal scaffolds,

guiding to cell development as its support the joint loading.
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