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Background: The temporomandibular joint disc plays a vital role in daily activities,
and when it is compromised, it significantly impairs oral health and quality of life.
The use of animal tissues for decellularized tissue engineering applications has
been gaining interest, and an appropriate method for storing these tissues before
processing has yet to be explored.
Methods: This study characterizes the native temporomandibular ovine disc and
compares storage protocols aimed at maintaining its morphology, biochemical
content, and mechanical and thermal properties. Three storage protocols were
tested: (i) freezing at −20 °C in phosphate-buffered saline (PBS) and thawing at
4 °C (PBS + 4 °C); (ii) freezing at −20 °C in PBS and thawing at room temperature
(RT) (PBS + RT); and (iii) wrapping the discs in PBS-embedded gauze, freezing
at −20 °C, and thawing at RT (Gauze + RT). Protocols were evaluated for short-
term storage at 1, 7, and 14 days, and compared with a native and a collagenase-
treated disc.
Results: All conservation protocols induced changes, though less pronounced
than the enzymatic degradation. The PBS + 4 °C and PBS + RT highlighted
contrasting biochemical and mechanical outcomes, and thermal analysis
revealed alterations to collagen structure. The Gauze + RT protocol preserved
the biochemical content over time but exhibited a higher compression modulus
on day 14.
Conclusion: These results highlight how crucial it is to select adequate
conservation techniques when preparing the TMJ disc for future studies.

KEYWORDS

temporomandibular joint disc, ovine model, biochemical composition, freezing time,
storage, extracellular matrix

OPEN ACCESS

EDITED BY

Christian Demitri,
University of Salento, Italy

REVIEWED BY

Finosh Thankam,
Western University of Health Sciences,
United States
Resmi Rajalekshmi,
Western University of Health Sciences,
United States

*CORRESPONDENCE

Daniela Trindade,
daniela.trindade@ipleiria.pt

Nuno Alves,
nuno.alves@ipleiria.pt

Carla Moura,
carla.moura@ipc.pt

RECEIVED 14 October 2025
REVISED 18 November 2025
ACCEPTED 19 November 2025
PUBLISHED 03 December 2025

CITATION

Trindade D, Calado CRC, Silva JC, Maurício AC,
Alves N and Moura C (2025) Impact of storage
techniques on ovine temporomandibular joint
discs composition and
physicochemical properties.
Front. Bioeng. Biotechnol. 13:1725134.
doi: 10.3389/fbioe.2025.1725134

COPYRIGHT

© 2025 Trindade, Calado, Silva, Maurício, Alves
and Moura. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 03 December 2025
DOI 10.3389/fbioe.2025.1725134

https://www.frontiersin.org/articles/10.3389/fbioe.2025.1725134/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1725134/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1725134/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1725134/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2025.1725134&domain=pdf&date_stamp=2025-12-03
mailto:daniela.trindade@ipleiria.pt
mailto:daniela.trindade@ipleiria.pt
mailto:nuno.alves@ipleiria.pt
mailto:nuno.alves@ipleiria.pt
mailto:carla.moura@ipc.pt
mailto:carla.moura@ipc.pt
https://doi.org/10.3389/fbioe.2025.1725134
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2025.1725134


1 Introduction

The temporomandibular joint (TMJ) comprises a
fibrocartilaginous disc between the mandible condyle and the
glenoid fossa-eminence articular complex of the temporal bone
(Donahue et al., 2019), where the disc is crucial for the absorption
of the loads. It presents notoriousmorphological variations and can be
divided into the anterior, intermediate, and posterior regions (in the
anteroposterior dimension). The intermediate region also presents
variations, which can still be divided into medial, central, and lateral
(in the mediolateral dimension). These differences are reflected in the
content of cells, collagen type I, and glycosaminoglycans (GAGs), the
major components of the TMJ disc (Acri et al., 2019; Trindade et al.,
2021). The TMJ is highly predisposed to suffer from trauma or
degenerative events that may lead to deviations or disorders in the
condyle-disc complex, which are characterized as TMJ dysfunctions
(TMDs) (Ivkovic and Racic, 2018). TMDs are present in 31% of adults
and elderly and 11% of children and adolescents (Valesan et al., 2021)
and highly impact the psychological and social experiences of patients
(Taimeh et al., 2023). The dysfunctions that affect the disc include
thinning, perforation, and displacement from the native position
(Vapniarsky et al., 2018). Ultimately, these pathological changes
can lead to more severe degenerative conditions, such as
osteoarthritis and osteoarthrosis (Silva M. et al., 2020).

TMDs can be managed with medications, physiotherapy, and
occlusal splints at the beginning of the disease. In a mid-stage,
minimally invasive procedures are considered as intra-articular
injections, arthrocentesis, and arthroscopy. Unfortunately, these
methods lack the capacity to restore a damaged disc, and there is
no consistently effective treatment or consensus on treatment
choices (Dashnyam et al., 2018). For example, a meta-analysis
showed that platelet-rich plasma (PRP) injections provide lower
pain levels than hyaluronic acid (HA), and either of these injections
is better after arthroscopy (Sakalys et al., 2020). Interestingly, PRP is
as effective as arthrocentesis (Rajput et al., 2020), HA/
corticosteroids, and arthrocentesis (Marzook et al., 2020).
Discectomy, total disc removal, is largely used in more advanced
cases of TMDs. However, despite helping to restore the mandibular
movements and minimize the pain (Ângelo, Sanz, and Cardoso,
2022; Miloro et al., 2017), it does not prevent degenerative events,
such as ankylosis (Wang et al., 2019).

Tissue engineering (TE) is a promising area for the development
of novel therapies for disc dysfunctions. However, despite the similar
incidence of knee and TMJ osteoarthritis, the latter lacks research,
funding, and specialized doctors (Bielajew et al., 2021). One
promising strategy might be the use of decellularized tissues since
they can recreate a highly biomimetic microenvironment,
recapitulating the main morphological, structural, and
biochemical features of native TMJ tissue (Trindade et al., 2021;
Trindade, Alves, andMoura, 2022). To this end, it is critical to define
the animal model for the decellularization process. Different authors
have investigated different animal models. Pig and minipig are
suggested as the most suitable ones since they closely resemble
the human anatomy and alimentary diet (Kalpakci et al., 2011; Lowe
et al., 2018; Vapniarsky et al., 2017). However, access to the disc in
these animal models is obstructed by the zygomatic arch, which
covers the lateral aspect of the joint. In addition, such discs can be
more difficult and expensive to obtain from a local abattoir (Almarza

et al., 2018; Vapniarsky et al., 2017), preventing their standard use in
pre-clinical research. On the other hand, the ovine model, like sheep
and goats, is easy to obtain, inexpensive, and has an accessible
surgical site (Almarza et al., 2018). In addition, compared to
humans, they are similar in shape and structure, and different
authors have already demonstrated their suitability for TMJ
research (Ângelo et al., 2016; 2018; Labus et al., 2021; Bosanquet
and Goss, 1987; Lee et al., 2022).

Another relevant point to be taken into consideration when
biological materials are used is their preservation, as not only can it
be difficult to obtain fresh tissue, but also sometimes it is not possible to
test/use them immediately after extraction due to long experimental
testing protocols. Thus, the study of freezing the TMJ discs for their
conservation is still debatable; in the literature, only two studies address
this subject. Allen & Athanasiou investigated from one to five freezing
and thawing cycles at −20 °C during 6–18h followed by thawing at
room temperature (RT), and observed no changes in the mechanical
behavior of the hogs TMJ discs (Allen andAthanasiou, 2005). However,
Calvo-Gallego et al. showed that freezing the discs for more than
30 days impacted their viscoelastic properties (Calvo-Gallego et al.,
2017). Despite this, in both studies, only the intermediate/central zone
of the disc was analyzed, and the animal model chosen was the pig.
Similar results were found when freezing rat tendons, where one or two
cycles of freezing at −20 °C or −80 °C appear to preserve biomechanical
properties. However, for five cycles and long-term storage (~9months),
tendon properties did deteriorate (Quirk et al., 2018). Conversely, only
one cycle of freezing at −20 °C and thawing at RT produced minimal
deterioration of biomechanical and electromechanical properties in
bovine articular cartilage (Changoor et al., 2010).

In addition to preserving mechanical properties, freezing and
thawing can also alter biochemical content, since collagen and GAGs
are essential for maintaining tissue functionality. Moreover, as there is
currently no standard protocol and, to the best of our knowledge, no
comprehensive characterization on ovine TMJ discs, this work aimed
to characterize this animal model and evaluate the impact of several
conservation protocols for short-term storage on the disc’s native
properties under routine laboratory conditions. Aiming at
extracellular matrix (ECM) preservation, the analyses included disc
morphology, biochemical composition, and thermal and mechanical
properties. The impact of the conservation protocols on the properties
of the disc was analyzed in comparison to a collagenase-treated disc.
Overall, this study intends to serve as a base for future applications of
this material in the TE field, especially focused on TMJ regeneration.

2 Materials and methods

2.1 Tissue preparation

TMJ discs were obtained from local butchers and dissected
from lambs’ joints (7–15 months), in which the ligaments and
retrodiscal tissues were carefully removed. All samples were
morphologically evaluated in weight with a scale, in thickness
with a digital caliper, and the mediolateral and anteroposterior
dimensions were determined using the software ImageJ version
1.54d (NIH, Bethesda, MD, USA). Native discs were stored in
0.01 M phosphate-buffered saline (PBS) (pH = 7.4) at 4 °C until
further use.
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2.2 Storage conditions

After extraction, three storage conditions were tested based on
the modification of previous studies on porcine TMJ discs (Calvo-
Gallego et al., 2017; Allen and Athanasiou, 2005): (i) freezing the
discs at −20 °C in PBS and thawing at 4 °C (PBS + 4 °C_X days), (ii)
freezing the discs at −20 °C in PBS and thawing at RT (PBS + RT_X
days) and (iii) wrapping the discs in a PBS embedded gauze and
freezing at −20 °C followed by thawing at RT in PBS (Gauze + RT_X
days). Moreover, different time intervals of freezing (X) were
assessed for short-term storage: 1, 7, and 14 days, reflecting
laboratory workflows in which TMJ discs are typically processed
within days to a few weeks after collection. Discs were subjected to
characterization immediately after thawing, which required ~1h at
RT and ~3h at 4 °C for complete thawing.

2.3 Enzymatic digestion

Enzymatic digestion was performed using a collagenase type II
solution (0.03% w/v; 125–250 U/mg, Sigma-Aldrich) at 37 °C for 9 h,
adapted from (Fazaeli et al., 2016), with a reduced incubation time to
account for the smaller size and thickness of ovine TMJ discs
compared to porcine tissue(Almarza et al., 2018).

Native and collagenase-treated discs were lyophilized at
0.2 mbar for 24h in a freeze-drier (LyoQuest, Telstar, Japan)
before further characterization. Afterwards, for the native disc,
the five regions of the disc were separated. For the disc subjected
to collagenase, once it had become a thin membrane, separating it
into the five regions was impossible, so it was decided to cut out a
random portion of the disc.

2.4 Water content

Water content for each disc’s region and the disc subjected to
collagenase was calculated with the difference in weight obtained
before and after lyophilization using the following equation:

Water content %( ) � wet weight − dry weight
wet weight

× 100

2.5 Sulfated glycosaminoglycans
quantification

SulfatedGAGs quantification was performed in the native and the
discs that underwent degradation, according to (Silva J. et al., 2020),
using the 1,9-dimethylmethylene blue (DMMB) assay. Briefly,
weighted lyophilized samples were digested in a 100 μg/mL papain
(from papaya latex, Sigma-Aldrich) solution at 60 °C overnight,
followed by combination with the DMMB solution (Sigma-
Aldrich) for 5 min at RT in the dark. A standard curve prepared
using chondroitin 6-sulfate (sodium salt from shark cartilage, Sigma-
Aldrich) was used, and the absorbance was measured at 525 nm using
a microplate reader (SPECTROstar Nano, BMG LabTech, Offenburg,
Germany). Five samples (n = 5) were used for each experimental
group and normalized to the DW of the discs.

2.6 Total and soluble collagen quantification

Collagen was also quantified for the native and the discs that
underwent degradation. For soluble collagen quantification,
weighted lyophilized samples were digested in a solution of 0.1%
pepsin (from pig gastric mucosa, Roche) in 0.01M hydrochloric acid
(HCl) at RT for 48 h. Sirius red staining assay was used for the
quantification as previously described (Keira et al., 2004). Samples
were mixed with 50 µM Sirius Red (Direct red 80, Sigma-Aldrich)
for 30 min at RT, followed by centrifugation at 10,000 rpm for
15 min. The pellet was dissolved in 0.5MNaOH, and the absorbance
was read at 540 nm using a microplate reader (SPECTROstar Nano,
BMG LabTech, Offenburg, Germany). A standard curve of collagen
type I (rat tail collagen, Sigma-Aldrich) was used.

Total collagen was quantified with the hydroxyproline kit (Sigma-
Aldrich), where weighted lyophilized samples were digested in 0.2 mL
of 6MHCL, and the concentration was determined by the reaction of
oxidized hydroxyproline with 4-(dimethylamino)benzaldehyde. The
conversion of hydroxyproline to collagen was performed by
multiplying by 7.52 (Cross, Carpenter, and Smith, 1973).

Five samples (n = 5) were used for each experimental group,
except for total collagen, where three samples (n = 3) were used. All
data was normalized to the DW of the discs.

2.7 Fourier-Transform Infrared
spectroscopic analysis

The molecular composition of the native discs, treated with
collagenase and subjected to the conservation protocols, was also
analyzed by Fourier-Transform Infrared (FTIR) spectroscopy using
an attenuated total reflectance detection mode (Alpha FT-IR, Bruker)
in the mid-infrared region (400–4000 cm-1), with a resolution of 4 cm-

1 and 64 scans per spectrum. All spectra were corrected in relation to
an analysis conducted without the biological sample. Spectra were
acquired with OPUS® software (version 6.5, Bruker), and the five
morphological regions of the disc were analysed (n = 3).

Pre-processing and processing were conducted on Matlab
R2012b (Mathworks Natick, MA, USA). The second derivative
spectra were based on a Savitzky-Golay filter with a second-order
polynomial over a 15-point window, followed by uni-vector
normalization. Specific bands of the normalized second derivative
spectra were used to estimate collagen and GAGs, as previously
shown to be correlated with these compounds (Rieppo et al., 2013;
Rieppo et al., 2012b; Tint et al., 2019): (i) collagen by the negative
band at 1338 cm-1, which is attributed to the CH2 side chains
vibrations, (ii) sulphated GAGs by the negative band at 1052 cm-1,
which is assigned to C-O stretching vibrations of the carbohydrate
residues and SO3

− asymmetric stretching vibrations and (iii)
sulphated and non-sulphated GAGs by the negative band at
1376 cm-1 that is related to CH3 symmetric bending vibrations.
Since the negative peaks are analyzed in the second derivative, this
implies that as the peak decreases, i.e., becomes more negative, the
corresponding content of the target compound increases. These
correlations were verified by comparison of the second derivative
spectra and the non-derivative spectra. Therefore, to simplify
writing, we will refer to whether the compound’s content
increases or decreases wherever we refer to the bands.
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Multivariate spectral analysis was performed by principal component
analysis (PCA) and was conducted with the second derivative spectra
between 800-1800 and 2800–3600 cm-1. Some spectrum regions were not
considered to minimize noise amplification due to derivatives.

2.8 Thermogravimetric analysis (TGA)

The thermal properties of the lyophilized native discs, treated
with collagenase and subjected to the conservation protocols, were
studied using a Simultaneous Thermal Analyser, STA 6000
(PerkinElmer, Waltham, MA, USA) under nitrogen with a flow
rate of 20 mL/min in the temperature range of 30 °C–500 °C and a
heating rate of 10 °C/min (n = 3).

2.9 Mechanical testing under
compressive stress

All samples were subjected to compression tests either immediately
after extraction or immediately following collagenase treatment or
thawing. All discs used for the study presented a thickness of 2.13 ±
0.33 mm, an anteroposterior dimension of 13.21 ± 1.15 mm, and a
mediolateral dimension of 22.78 ± 1.24 mm. The disc area was
calculated using ImageJ and obtained a value of 256.78 ±
45.55 mm2. A texture analyzer was used (TA.XTplusC, Stable Micro

Systems, UK), and the assay parameters were: 1.2 mm min-1 extension
rate, 490 N load cell, and the discs were compressed until a strain of at
least 80%. The compression modulus was obtained from the elastic
region of the graphs (n = 3).

2.10 Statistical analysis

Statistical differences between samples were evaluated on
GraphPad Prism eight software. A repeated measurement two-
way ANOVA with Sidak’s post hoc test was performed for
morphological analysis. A two-way ANOVA with Tukey’s post
hoc test was employed for FTIR spectroscopy analysis. For the
remaining assays, such as TGA, biochemical quantifications, and
mechanical tests, a one-way ANOVAwas used with Tukey’s post hoc
test. All tests were calculated with a confidence interval of 95%.

3 Results

3.1 Biochemical content evaluation

The water, total and soluble collagen, and sulfated GAGs
contents of the native discs were determined for the five regions
of the disc (Figures 1–Ai). The extent to which disc degradation with
collagenase affects water content and biochemical composition was

FIGURE 1
Ovine temporomandibular joint disc and its different regions: anterior, central, medial, lateral, and posterior (Ai). Percentage of water (Aii), total
collagen (Aiii), soluble collagen (Aiv), and sulfated glycosaminoglycans (Av) content of the native and collagenase-treated discs. Significances are
represented by *p < 0.05, **p < 0.01, and ***p < 0.001 when compared with the collagenase-treated disc, and represented by #p < 0.05, ##p < 0.01, and
###p < 0.001 when compared within the five regions of the disc.
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also assessed. The differences in water content (Figures 1–Aii)
between the five regions of the disc were not statistically
significant, varying between 72.48% and 77.08%, with the lowest
and highest values being attributed to the central and anterior
regions, respectively. After degradation with collagenase, the
water content increased to 88.28%, with all regions presenting
statistically significant differences from the native disc. Total
collagen content (Figure 1–Aiii) varied from 50.70% to 67.71%
between regions, and soluble collagen (Figures 1–Aiv) varied
from 11.09% to 13.25%, with the anterior and central regions
having the lowest content for total and soluble collagen. The
opposite was found for sulphated GAGs content (Figures 1–Av),
varying from 3.59% to 5.35%, with the anterior and central regions
having the highest content. When subjected to collagenase, on
average, total collagen increased by 3.8%, soluble collagen
decreased by 27.4%, and sulfated GAGs decreased by 63.2%.

FTIR spectroscopy showed that treatment with collagenase led to
a shift in the band at 1052 cm-1 to 1058 cm-1 (Figures 2–Ai,Aii),
resulting in an estimated decrease in sulfated GAGs in the anterior
andmedial regions (Figure 2–Aiii). As for sulfated and non-sulphated
GAGs (indicated by the band at 1376 cm-1, (Figures 2–Aiv), and
collagen (indicated by the band at 1338 cm-1, (Figures 2–Av), all

regions of the disc estimated a significant increase after treatment with
collagenase. As it will be explicated in the discussion section, this
increase is in fact related to a degradation of these ECM components.
For the preservation protocols, and compared to the native disc, the
collagen content was the one that led to the most significant changes,
specifically in the PBS + RT and PBS+4 °C protocols. These protocols
also showed the most pronounced changes over time.

The PCA of FTIR spectra indicated different molecular
compositions, with clear clustering among the native disc,
collagenase-treated disc, and conservation protocols (Figures 2Bi–Biii).
Day 7 showed the greatest similarity to the native group for the PBS +RT
and PBS+4 °C protocols. However, the Gauze + RT protocol exhibited
the least overlap on this day. The scores from the collagenase-treated disc
are the ones further apart in space in relation to all other scores, pointing
to a very different biochemical composition in relation to the native disc
and in relation to any of the conservation protocols.

3.2 Morphological evaluation

The native discs presented an anteroposterior dimension of
13.44 ± 0.65 mm, a mediolateral dimension of 23.34 ± 1.11 mm,

FIGURE 2
FTIR spectra (Ai), second derivative spectra (Aii), and box-plot graphs of the 1052 cm-1 (Aiii), 1376 cm-1 (Aiv), and 1338 cm-1 (Av) second derivative
bands of the native, collagenase, and storage protocols: PBS+4 °C, PBS + RT and Gauze + RT. The arrow indicates the shift of the band. Principal
components analysis of the second derivative spectra of the native, collagenase-treated discs (Bi, Bii, Biii) and conservation protocols: PBS+4 °C (Bi), PBS
+ RT (Bii), and Gauze + RT (Biii). Statistical analysis was conducted using one-way ANOVAwith Tukey’s post hoc test for figures A, and with two-way
ANOVA with Tukey’s post hoc test for figures B. Significances are represented by *p < 0.05, **p < 0.01 and ***p < 0.001 when compared with the native
disc, and represented by #p < 0.05, ##p < 0.01 and ###p < 0.001 are compared within the same conservation protocol.
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a thickness of 1.62 ± 0.67 mm, and a weight of 0.39 ± 0.03 g.
When subjected to the degradation and conservation protocols,
no statistical differences were found for the anteroposterior
length (Figures 3–Ai,Aii). For the mediolateral length
(Figure 3–Bi.Bii), the protocols PBS+4 °C_7days, Gauze +
RT_1, and 14 days led to a decrease of 4.5%, 4.2% and 4.4%,
respectively. The thickness (Figure 3–Ci,Cii) was the most
affected feature during the degradation process, with a

decrease of 37.9%. The PBS + RT_14days and Gauze + RT_
7days protocols also led to thinner discs with a decrease of
11.1% and 17.3%, respectively. Ultimately, for the weight
(Figure 3–Di,Diii), the collagenase treatment led to a
decrease of 9.8%. For the Gauze + RT protocol, the increase
in the freezing time led to a higher percentage of weight loss:
10.9% after 1 day, 14.4% after 7 days and 17.5% after 14 days, in
relation to the native disc.

FIGURE 3
Relative anteroposterior (Ai) and mediolateral (Bi) dimensions, thickness (Ci), and weight (Di) of the TMJ discs subjected to the collagenase and
different conservation protocols: PBS+4 °C, PBS + RT, Gauze + RT, before and after the freezing storage and its corresponding percentage of increase or
decrease (Aii, Bii, Cii, and Dii). Statistical analysis was conducted with a two-way ANOVA with Sidak’s post hoc test, and differences are represented by
*p < 0.05, **p < 0.01, and ***p < 0.001.
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3.3 Thermal analysis

The TGA and the derivative of the TGA (DTGA) revealed
differences among the experimental groups. For analysis of the
TGA results (Figures 4–A; Table 1), the dehydration phase (WL1:
30 °C < T < 100 °C), the decomposition phase (WL2: 100 °C < T <
300 °C), and the degradation phase (WL3: 300 °C < T < 500 °C) were
considered. From the DTGA (Figures 4–B; Table 1), the
denaturation peak of the hydrated collagen (TP1), the peak that
corresponds to the conformational changes of the collagen
molecule from a triple helix structure to the random coil (TP2),
and the peak that corresponds to the bulk degradation of the
collagen fibrils (TP3) were also evaluated (Rojas et al., 2023;
Fertuzinhos et al., 2020).

The native disc shows a weight loss of 11.60% inWL1, 21.89% in
WL2, and 41% inWL3. When degraded with collagenase, it releases a
greater amount of water - WL1 (15.90%) and consequently reduces
its weight loss during the degradation phase -WL3 (35.47%). For the
conservation protocols, the samples were mainly affected in the
decomposition phase - WL2. For the two protocols where the
freezing is in PBS, the weight loss percentage is significantly
lower on the first day, followed by a continuous increase until
the seventh day, and then until the 14th day, where the values are
similar to the native disc. Analyzing each protocol individually, this
increase in weight loss shows that the 14th day is significantly
different from days 1 and 7. The opposite is observed for Gauze +
RT, in which on the first day of freezing the value is statistically
significantly higher than the native disc, but with continued freezing,

FIGURE 4
TGA (A) and DTGA (B) curves of the discs in the native form, collagenase-treated, and subjected to the different storage protocols.

TABLE 1 Mean and standard deviation values of the weight loss between 30 °C and 100 °C (WL1), 100 °C–300 °C (WL2), and 300 °C–500 °C (WL3), and the
thermal peaks (TP1, TP2 and TP3) obtained from the TGA and DTGA analysis for the native, collagenase-treated, and subjected to storage discs. Statistically
significant differences were calculated with one-way ANOVA with Tukey’s post hoc test, and differences represented by *p < 0.05, **p < 0.01, and ***p <
0.001 are comparedwith the native disc, and represented by #p < 0.05, ##p < 0.01, and ###p < 0.001 are comparedwithin the same conservation protocol.

WL1 (%) WL2 (%) WL3 (%) TP1 (°C) TP2 (°C) TP3 (°C)

Native 11.60 ± 0.75 21.89 ± 0.97 41.55 ± 1.63 63.10 ± 0.88 237.37 ± 2.50 318.20 ± 0.83

Collagenase 15.90 ± 1.52* 20.07 ± 0.86 35.47 ± 0.46*** 57.37 ± 1.81** 224.12 ± 1.50*** 320.07 ± 1.26

PBS +4 °C_1 day 15.23 ± 1.21 16.03 ± 0.75***,## 40.66 ± 1.19 63.57 ± 0.22 - 320.71 ± 2.23

PBS +4 °C_7 days 15.69 ± 1.14 17.05 ± 1.19***,# 38.11 ± 0.63 64.75 ± 1.12 - 317.02 ± 1.48

PBS +4 °C_14 days 12.19 ± 0.65 20.26 ± 0.60##,# 38.91 ± 0.79 61.58 ± 0.66 233.98 ± 3.21 315.86 ± 0.41

PBS + RT_1 day 15.89 ± 0.34 * 16.19 ± 0.28***,## 39.56 ± 1.26 63.42 ± 1.34 - 313.31 ± 1.31##

PBS + RT_7 days 14.45 ± 1.03 17.24 ± 0.78**,# 40.71 ± 0.57 63.57 ± 1.84 - 317.83 ± 1.00

PBS + RT_14 days 12.50 ± 0.87 20.88 ± 1.23##,# 39.33 ± 1.29 60.61 ± 0.99 230.98 ± 1.63 321.92 ± 3.63##

Gauze + RT_1 day 8.83 ± 0.57 25.45 ± 2.20*,# 37.86 ± 2.47* 59.02 ± 2.24# 216.25 ± 4.46***,##.### 310.70 ± 2.98*

Gauze + RT_7 days 10.60 ± 3.30 22.85 ± 1.34 38.46 ± 1.31 60.95 ± 2.47 226.88 ± 0.68**,##,# 316.29 ± 1.92

Gauze + RT_14 days 11.80 ± 1.58 21.79 ± 0.58# 39.62 ± 0.91 63.85 ± 2.20# 234.36 ± 2.62###,# 314.52 ± 3.99

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Trindade et al. 10.3389/fbioe.2025.1725134

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1725134


on days 7 and 14, the value is close to the ones observed for the native
disc. This decrease in value also makes days 1 and
14 statistically different.

Regarding the thermal peaks observed in the DTGA, the native
disc presented three occurrences: TP1 at 63.10 °C, TP2 at 237.37 °C,
and TP3 at 317.20 °C. When the disc is degraded with collagenase,
both the TP1 and TP2 appear at lower temperatures, being
significantly different from the native disc. For the conservation
protocols, the major differences are found in the TP2: the two
protocols where the discs were frozen in PBS, during the first
and seventh day, the peak is non-existent, but at the 14th of
freezing, the value is similar to the native disc. As for the Gauze
+ RT protocol, the peak appears at lower temperatures on the first
and seventh day. Moreover, in this protocol, the degradation peak -
TP3 occurs at lower temperatures when the disc is frozen for 1 day.
Analyzing this protocol individually, statistical differences are also
found between the different freezing times for TP1 and TP2, in which
increasing time leads to an increase in temperature.

3.4 Mechanical evaluation under
compressive loading

Regarding the mechanical behavior evaluation, the native disc
presents a compressive modulus of 2.36 ± 0.07 MPa, and after the
collagenase treatment, the compressive modulus decreased 70% to
0.72 ± 0.04 MPa. For the PBS+4 °C protocol, during the first and
seventh days of freezing, there was a 28% and 32% increase in the
modulus, respectively, followed by a stabilization towards the native
disc values at 14 days (Figures 5–A,D). The opposite was observed
for the PBS + RT protocol, in which the modulus remained the same
for the first and seventh days but increased by 23% after 14 days. For
these two protocols, the difference between freezing for one or
7–14 days is also statistically significant (Figures 5–B,D). Finally, for
the Gauze + RT protocol, the modulus increased by 27% after
14 days of freezing (Figures 5–C,D).

4 Discussion

The characterization of animal-derived tissues is extremely
important to assess their potential to regenerate or replace
human tissues. Different studies have evaluated different animal
models and reported that the ovine model is suitable for TMJ
research (Ângelo et al., 2016; 2018; Labus et al., 2021; Bosanquet
and Goss, 1987; Lee et al., 2022). However, detailed information on
its water and biochemical contents, particularly in terms of its
soluble collagen, and subsequent comparison with a degraded
disc has not yet been evaluated. Furthermore, an optimal
conservation protocol is yet to be established so as not to alter
the disc’s native properties and thus allow it to be used in TE
strategies such as decellularization.

In the current work, it was observed that average values for
native ovine TMJ disc were 75.5% ± 2.9% water, 59.2% ± 2.4% total
collagen, 11.9% ± 0.7% soluble collagen, and 4.3% ± 0.3% sulfated
GAGs by dry weight. These values are similar to the human TMJ
discs (Kuo et al., 2010). Interestingly, it was also found that the
anterior and central regions presented the lowest collagen content

and the highest sulfated GAGs content for the ovine TMJ disc. The
remaining regions display the inverse correlation. Interestingly, this
inverse correlation between the amount of sulfated GAGs and type II
collagen is usually found in the different zones of articular cartilage
(Fu et al., 2020).

Collagenase treatment has a detrimental effect on the collagen
network by cleaving the chains of the triple helix into small
fragments and enabling the subsequent action of other enzymes,
such as gelatinases (Powell et al., 2019; Billinghurst et al., 1997;
Nimptsch et al., 2011; Almalla et al., 2023). These fragmentations
have been observed in internal derangements of the human disc
(Leonardi et al., 2007), so the use of this enzyme was important to
assess the extent to which the conservation protocols damage the
TMJ disc. The degraded native disc turned into a gel-like structure,
which consequently led to a decrease in thickness and weight. In
addition, as expected, the water content increased significantly since
in osteoarthritic samples this also occurs due to the breakdown of
the collagen network (Bank et al., 2000; Broom, Chen, and Hardy,
2001). The total and soluble collagen contents increased and
decreased, respectively. Despite the increase in total collagen, this
was only found for the anterior and central regions. This may be due
to the portion of the disc analyzed, since, after freeze-drying, the disc
remained in a paper-like structure, making it impossible to
distinguish and divide the five regions. Another reason for the
increase is due to the removal of sGAGs, which leaves collagen
as a larger proportion of the tissue dry mass. So, in practice,
collagenase treatment can lead to a stabilization or an increase in
total collagen. This phenomenon is attributed to the limited efficacy
of collagenases in cleaving insoluble collagen, which is characterized
by a higher degree of crosslinked fibers (Eyre, 2001). Interestingly, it
has also been reported that subjecting insoluble collagen type II to
gastric pepsin results in an elevated degree of crosslinked
aggregation within the collagen fibers, while for soluble collagen,
the fibers almost disappear (Xu et al., 2021). It should be noted that
collagenase treatment, by leading to the increase of total collagen,
may negatively affect cellular behavior during tissue remodeling
(Chung et al., 2004). Collagenase treatment also led to a significant
decrease of sulfated GAGs, most probably due to the disintegration
of the collagen network, resulting in GAGs release (Broom, Chen,
and Hardy, 2001). This is concordant with Fazaeli et al. (Fazaeli
et al., 2016) observation of a decrease in sulfated GAGs despite not
finding a statistically significant reduction in collagen. The authors
attributed this low reduction to the time and concentration of the
enzyme. Compared to the present study, the animal model may also
have contributed to this difference, as the ovine model presents a
smaller disc when compared to the porcine model (Kalpakci et al.,
2011), resulting in a much more effective action of the enzyme.
Ultimately, all these changes in biochemical content led to a drastic
reduction in the compressive modulus, which is in accordance with
the reported for the porcine TMJ disc (Fazaeli et al., 2016; Fazaeli
et al., 2019). These changes in the collagen structure after collagenase
were further validated by TGA and DTGA analysis, where (i) a
greater amount of water was released (WL1), (ii) the weight loss in
the degradation zone (WL3) was significantly lower, and (iii) the
peak corresponding to changes in the collagen triple helix (TP2) also
appeared significantly earlier.

To evaluate the ECM of a cartilaginous tissue, usually diverse
laborious and complex methods are conducted based on histology
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and biochemical testing (Tint et al., 2019). FTIR spectroscopic
analysis may present complementary information concerning the
sample molecular characterization while enabling a simple, rapid (a
spectrum is typically acquired in 1min) and economic (no expensive
reagents are required) analysis (Baker et al., 2014; Araújo et al.,
2020). The spectrum represents vibration modes of diverse
functional groups and, consequently, may be used to evaluate the
sample’s whole molecular composition and estimate the quantity of
diverse biomolecules (Belbachir et al., 2009; Malek, Wood, and
Bambery, 2014). Despite the advantages of the FTIR spectroscopy
technique, it can present low specificity due to overlapping bands
and even due to common bonds present in different molecules
(Rieppo et al., 2012a). Spectra derivatives may enable the
deconvolution of some overlapping bands, increasing the spectral
resolution (Saarakkala et al., 2010). Indeed, diverse authors have
used the FTIR technique to estimate collagen and GAGs in the
articular cartilage of steers (Rieppo et al., 2012b), humans, and
bovines (Rieppo et al., 2013).

Based on the analysis of the second derivative spectra, it was
estimated that the collagenase treatment resulted in a decrease in the
content of sulfated GAGs, with an average decrease of 62.9% for all
regions when compared to the native disc, which is in accordance
with the results obtained with the staining methods (63.2%). This

decrease was also validated by the shift of the band to a higher
wavelength (1052–1058 cm-1), as previously shown to occur when
elastin content decreases (Cheheltani et al., 2014). For collagen, a
47.6% increase was inferred based on spectral analysis. A small part
of this increase is in accordance with the 3.8% increase in total
collagen as determined by the staining methods. However, most
probably, based on the FTIR spectra, most of the increase results
from the higher exposition of the aminoacids due to collagen
fragmentation by collagenase. Thus, the increased infrared
absorption of collagen is mainly due to a significant structural
and conformation change of collagen and not due to an
increased quantity of collagen. This is concordant with the
observations based on polarized light microscopy of the loss of
structural integrity after collagenase treatment (Fazaeli et al.,
2016). There was also an increase in content for all GAGs
(sulfated and non-sulfated). Although the band at 1376 cm-1 is
generally used to quantify all GAGs, it also represents the
absorption of glycoproteins (Rieppo et al., 2012b). Therefore,
this absorption increase can also result from the significant
increase in absorption of glycoproteins, due to the proteins’
significant structural changes. Spectral PCA also reinforces this
by pointing to a significant alteration of the molecular composition
between the native and the collagenase-treated discs.

FIGURE 5
Stress-strain curves of the natives and collagenase-treated discs (A–C) and conservation protocols: PBS + 4 °C (A), PBS + RT (B) and Gauze + RT (C).
Correspondent compressive modulus is represented in (D). Statistically significant differences were calculated with one-way ANOVA with Tukey’s post-
hoc test, and differences represented by *p < 0.05, **p < 0.01 and ***p < 0.001 are compared with the native disc, and represented by ###p < 0.001 are
compared within the same conservation protocol.
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Regarding the conservation protocols, the one that most affected
the morphology was the Gauze + RT, which led to a more
dehydrated disc and, consequently, to its reduction in thickness
and weight. Based on the ECM analysis by the second derivative, the
disc’s composition was not significantly affected by the conservation
protocols in comparison to native discs. However, some impact on
the disc’s composition was observed in the spectra PCA, although it
was much smaller than that observed with the collagenase treatment.

With TGA and DTGA, it was possible to observe the impact on
the collagen structure. Both protocols in which the discs were frozen
in PBS present similar results, where for days 1 and 7, the weight loss
in the decomposition phase (WL2) was lower, and the decomposition
peak (TP2) was non-existent. Gelatine, which is composed of
denatured collagen, presents the collagen fibers in a random coil,
meaning that the TP2 peak was also not found (Bozec and Marianne,
2011). Therefore, freezing and thawing caused this modification in
collagen fibers. Contradictorily, for the Gauze + RT protocol, WL2
presented a significantly higher weight loss on day 1, and for TP2, the
peak for days 1 and 7 appears at a lower temperature due to lower
thermal stability, as reported to occur in tendons (Giannini et al.,
2008) and rat tail collagen-based hydrogels (Ozcelikkale and Han,
2016) upon freeze and thawing. Interestingly, day 14 showed a
stabilization of the collagen network for all protocols by presenting
results similar to the native disc. It is known that protein breakdown is
caused by the formation of ice crystals (Ozcelikkale and Han, 2016),
which ultimately appear to have a greater impact on the first and
seventh day of freezing.

It was also observed by FTIR spectroscopy, on all conservation
protocols, a significant impact during the freezing period. To
better analyze this, Figures 6–A shows the average values for all
protocols, simultaneously considering all discs’ regions. It was
possible to observe a pattern for sulfated and non-sulfated GAGs
(1376 cm-1) and for collagen (1338 cm-1): for the PBS+4 °C
protocol, increasing freezing times leads to a decrease of these
compounds, whereas for the PBS + RT protocol, an increase of
these compounds was found. Regarding sulfated GAGs (1052 cm-

1), a decrease was observed for all conservation protocols as the
freezing time increased.

Mechanically, the conservation protocols also had a detrimental
effect on the compressive performance of the discs. PBS+4 °C led to a
stiffer disc on the first and seventh of freezing, while PBS + RT was
on the 14th day. For Gauze + RT, Allen & Athanasiou (Allen and
Athanasiou, 2005) also investigated this protocol and reported that
the discs can be frozen up to 5 times without altering their
viscoelastic properties. However, with the same protocol but with
NaCl instead of PBS, Calvo-Gallego et al. showed that the
viscoelastic properties change after 30 days of freezing (Calvo-
Gallego et al., 2017). Although in both studies only the
intermediate/central zone was analyzed, and the animal model
chosen was the pig, these results are in agreement with those
found in the present study, as with this protocol, there were
alterations in the compression capability after 14 days frozen.
This alteration was defined to be due to the loss of interstitial
fluid in the discs, since a more dehydrated disc was found.

FIGURE 6
Bands of the second derivative spectra associated with sulfated GAGs (1052 cm-1), sulfated and non-sulfated GAGs (1376 cm-1), and for collagen
(1338 cm-1) for all the protocols implemented: PBS+4 °C, PBS + RT, and Gauze + RT, regardless of the disc’s regions (A). Relationship between
compression modulus and sulfated GAGs (B), sulfated and non-sulfated GAGs (C), and collagen (D) for the native disc and the discs submitted to the
different conservation protocols evaluated. Only the average of the results is presented.
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The mechanical performance of the TMJ disc is defined by the
cooperation of the different ECM components, and it is
characterized as a viscoelastic structure, as it helps to absorb
stress and distribute loads on the disc, cartilage, and bone
components (David and Elavarasi, 2016; Fazaeli et al., 2019). In
order to find out if there is a relationship between the quantitative
results from the FTIR bands and the mechanical behavior, three
graphs were plotted, in which only the average is presented for better
visualization. Figures 6–B presents the relationship between sulfated
GAGs (band 1052 cm-1) and the compression modulus. It was
observed that both parameters for collagenase-treated and PBS +
RT_1 decreased, while for the Gauze + RT_1days and Gauze + RT_
14days, they increased. However, for part of the remaining
protocols, the decrease of sulfated GAGs content seems to led to
an increase in the stiffness of the disc. Regarding the sulfated and
non-sulfated GAGs content (Figures 6–C), it was observed that with
the increase in the biochemical content, there is also an increase in
the compression modulus. The same is found in the relationship
with the collagen content (Figures 6–D). The protocols that such a
pattern is not extrapolated are the PBS+4 °C_7days for sulfated
GAGs and PBS + RT_7days for sulfated GAGs and collagen.
Regarding the discs treated with collagenase, this pattern is also
not found because, as explained above, the increase in biochemical
content for collagenase-treated samples in the FTIR analysis is
actually indicative of its fragmentation. Furthermore, through all
the characterizations reported in this study, no profile similar to
collagenase-treated samples was found in the discs subjected to
the protocols.

Although it has been reported that the collagen content is
related to the tensile capacity of the TMJ discs, Detamore et al.
highlighted the challenge of establishing a correlation between
the content of sulfated GAGs and the compressive performance
(Detamore and Athanasiou, 2003). Furthermore, Willard et al.
pointed out that even after removing 96% of the sulfated GAGs
using chondroitinase, there was no significant change in the
instantaneous compressive modulus (Willard et al., 2012). On
the other hand, collagen appears to exert a substantial influence
on the compressive capacity of the TMJ discs (Fazaeli et al., 2016;
Park et al., 2008; Gutman et al., 2018). These results agree with
those found in the present study, in which a stronger relationship
between compression tests and collagen content was found when
compared to sulfated GAG. For total GAGs, there also seems to
be a high association. However, as referred above, this band
seems to have influence from glycoproteins, so extrapolating
that, the mechanical behavior is related to total GAGs is
more complex.

In summary, for the discs frozen in PBS, it was possible to
conclude that the type of thawing can result in opposite
behaviors, as the results of the compression tests align with
those obtained for the quantification of the biochemical content.
However, regarding the morphological and thermal properties,
the impact of the thawing method does not appear significant, as
similar results were obtained. Conversely, when the thawing
process is the same, different results are found across all
evaluated parameters, demonstrating once again the influence
of the freezing method on the disc’s native characteristics. Our
results suggest that all the protocols induced alterations in the
native properties of the ovine disc, so in the case of using the full

disc for TE strategies, these should be taken into account.
However, if future studies involve using the disc in powder
form, we recommend storing the discs in Gauze + RT for
14 days, as the dehydration and mechanical property changes
observed by the 14th day become negligible.

The results of this study have significant translational
implications for TE of the TMJ disc. We provide comprehensive
guidelines for the design of biomimetic constructs by characterizing
the native ovine fibrocartilaginous disc in terms of morphology,
biochemical composition, thermal behavior, and mechanical
properties. Furthermore, the evaluation of different conservation
protocols offers practical insight into how native properties can be
preserved, should this tissue be required for future experimental
work. However, several limitations must be acknowledged. Only a
subset of conservation conditions and periods was investigated, as
long-term storage, lower temperatures, or controlled-rate freezing
may yield different results. Second, the tests did not address how
conservation could influence subsequent processing steps, such as
decellularization efficiency or matrix stability, which are also
important for future applications. Third, the relatively small
sample size (n = three to five per condition) can reduce the
statistical strength of the analysis. Despite these limitations, the
present study provides a basis for standardizing tissue conservation
and characterizing the ovine TMJ disc to support future
translational TE studies.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

DT: Writing – original draft, Formal Analysis,
Conceptualization, Methodology, Writing – review and editing.
CC: Formal Analysis, Writing – review and editing. JS:
Writing – review and editing, Formal Analysis. AM: Formal
Analysis, Methodology, Writing – review and editing. NA:
Writing – review and editing, Methodology, Formal Analysis.
CM: Writing – review and editing, Methodology, Formal Analysis.

Funding

The authors declare that financial support was received for the
research and/or publication of this article. This research was funded
by the Fundação para a Ciência e a Tecnologia (FCT, https://ror.org/
00snfqn58) through the following funding from CDRSP (10.54499/
UID/04,044/2025), Associate Laboratory ARISE (LA/P/0112/2020),
InnovaBIOMAS (2022.10564.PTDC), IBB (UIDB/04565/2020,
UIDP/04565/2020), Associate Laboratory i4HB (LA/P/0140/
2020), and PhD studentship (2022.12030.BD, https://doi.org/10.
54499/2022.12030.BD). This research was also funded through
the institutional scientific employment program-contract
(CEECINST/00077/2021).

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Trindade et al. 10.3389/fbioe.2025.1725134

https://ror.org/00snfqn58
https://ror.org/00snfqn58
https://doi.org/10.54499/2022.12030.BD
https://doi.org/10.54499/2022.12030.BD
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1725134


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Acri, T. M., Shin, K., Seol, D., Laird, N. Z., Song, I., Geary, S. M., et al. (2019). Tissue
engineering for the temporomandibular joint. Adv. Healthc. Mater. 8 (2), 1801236.
doi:10.1002/adhm.201801236

Allen, K. D., and Athanasiou, K. A. (2005). A surface–regional and freeze–thaw
characterization of the porcine temporomandibular joint disc. Ann. Biomed. Eng. 33 (7),
951–962. doi:10.1007/s10439-005-3872-6

Almalla, A., Elomaa, L., Bechtella, L., Daneshgar, A., Yavvari, P., Mahfouz, Z., et al.
(2023). “Papain-based solubilization of decellularized extracellular matrix for the
preparation of bioactive, thermosensitive pregels,”, Biomacromolecules, 24.
5620–5637. doi:10.1021/ACS.BIOMAC.3C00602

Almarza, A. J., Brown, B. N., Arzi, B., Faustino Ângelo, D., Chung, W., Badylak,
S. F., et al. (2018). Preclinical animal models for temporomandibular joint tissue
engineering. Tissue Eng. Part B Rev. 24 (3), 171–178. doi:10.1089/ten.teb.2017.
0341

Ângelo, D. F., Morouço, P., Alves, N., Viana, T., Santos, F., González, R., et al.
(2016). Choosing sheep (Ovis aries) as animal model for temporomandibular
joint research: morphological, histological and biomechanical characterization
of the joint disc. Morphologie 100 (331), 223–233. doi:10.1016/j.morpho.2016.
06.002

Ângelo, D. F., Morouço, P., Gil, F. M., Mónico, L., González-Gárcia, R., Sousa, R., et al.
(2018). Preclinical randomized controlled trial of bilateral discectomy versus bilateral
discopexy in Black merino sheep temporomandibular joint: TEMPOJIMS – phase 1-
histologic, imaging and body weight results. J. Cranio-Maxillofacial Surg. 46 (4),
688–696. doi:10.1016/j.jcms.2018.01.006

Ângelo, D. F., Sanz, D., and Cardoso, H. J. (2022). Unilateral temporomandibular
joint discectomy without interposal material in patients with disc perforation or
fragmentation: a prospective Study. J. Oral Maxillofac. Surg. Med. Pathology 34 (4),
375–380. doi:10.1016/j.ajoms.2021.12.005

Araújo, R., Ramalhete, L., Da Paz, H., Ribeiro, E., and Calado, C. R. C. (2020). A
simple, Label-Free, and high-throughput method to evaluate the Epigallocatechin-3-
Gallate impact in plasma molecular profile. High-Throughput 9 (2), 9. doi:10.3390/
ht9020009

Baker, M. J., Trevisan, J., Bassan, P., Bhargava, R., Butler, H. J., Dorling, K. M., et al.
(2014). Using fourier transform IR spectroscopy to analyze biological materials. Nat.
Protoc. 9 (8), 1771–1791. doi:10.1038/nprot.2014.110

Bank, R. A., Soudry, M., Maroudas, A., Mizrahi, J., and TeKoppele, J. M. (2000). The
increased swelling and instantaneous deformation of osteoarthritic cartilage is highly
correlated with collagen degradation. Arthritis and Rheumatism 43 (10), 2202–2210.
doi:10.1002/1529-0131(200010)43:10<2202::AID-ANR7>3.0.CO;2-E
Belbachir, K., Noreen, R., Gouspillou, G., and Petibois, C. (2009). Collagen types

analysis and differentiation by FTIR spectroscopy. Anal. Bioanal. Chem. 395 (3),
829–837. doi:10.1007/s00216-009-3019-y

Bielajew, B. J., Donahue, R. P., Gabriela Espinosa, M., Arzi, B., Wang, D., Hatcher, D.
C., et al. (2021). Knee orthopedics as a template for the temporomandibular joint, Cell
Rep. Med. 2. 100241. doi:10.1016/j.xcrm.2021.100241

Billinghurst, R. C., Dahlberg, L., Ionescu, M., Reiner, A., Bourne, R., Rorabeck, C.,
et al. (1997). Enhanced cleavage of type II collagen by collagenases in osteoarthritic
articular cartilage. J. Clin. Investigation 99 (7), 1534–1545. doi:10.1172/JCI119316

Bosanquet, A. G., and Goss, A. N. (1987). The sheep as a model for
temporomandibular joint surgery. Int. J. Oral Maxillofac. Surg. 16 (5), 600–603.
doi:10.1016/S0901-5027(87)80113-3

Bozec, L., and Marianne, O. (2011). Thermal denaturation studies of collagen by
Microthermal Analysis and atomic force microscopy. Biophysical J. 101 (1), 228–236.
doi:10.1016/j.bpj.2011.04.033

Broom, N., Chen, M.-H., and Hardy, A. (2001). A degeneration-based Hypothesis for
interpreting fibrillar changes in the osteoarthritic cartilage matrix. J. Anat. 199 (6),
683–698. doi:10.1046/j.1469-7580.2001.19960683.x

Calvo-Gallego, J. L., Commisso, M. S., Domínguez, J., Tanaka, E., and Martínez-
Reina, J. (2017). Effect of freezing storage time on the elastic and viscous properties of
the porcine TMJ disc. J. Mech. Behav. Biomed. Mater. 71 (July), 314–319. doi:10.1016/j.
jmbbm.2017.03.035

Changoor, A., Fereydoonzad, L., Yaroshinsky, A., and Buschmann, M. D. (2010).
Effects of refrigeration and freezing on the electromechanical and biomechanical
properties of articular cartilage. J. Biomechanical Eng. 132 (6), 064502. doi:10.1115/
1.4000991

Cheheltani, R., McGoverin, C. M., Rao, J., Vorp, D. A., Kiani, M. F., and Pleshko, N.
(2014). Fourier transform infrared spectroscopy to quantify collagen and elastin in an
in vitro model of extracellular matrix degradation in Aorta. Analyst 139 (12),
3039–3047. doi:10.1039/C3AN02371K

Chung, L., Dinakarpandian, D., Yoshida, N., Lauer-Fields, J. L., Fields, G. B., Visse, R.,
et al. (2004). Collagenase unwinds triple-helical collagen prior to peptide bond
hydrolysis. EMBO J. 23 (15), 3020–3030. doi:10.1038/sj.emboj.7600318

Cross, H. R., Carpenter, Z. L., and Smith, G. C. (1973). Effects of intramuscular
collagen and elastin on bovine muscle tenderness. J. Food Sci. 38 (6), 998–1003. doi:10.
1111/j.1365-2621.1973.tb02133.x

Dashnyam, K., Lee, J.-H., Mandakhbayar, N., Jin, G.-Z., Lee, H.-H., and Kim, H.-W.
(2018). Intra-Articular biomaterials-assisted delivery to treat temporomandibular joint
disorders. J. Tissue Eng. 9 (January), 2041731418776514. doi:10.1177/
2041731418776514

David, C. M., and Elavarasi, P. (2016). Functional anatomy and biomechanics of
temporomandibular joint and the far-reaching effects of its disorders. J. Adv. Clin. and
Res. Insights 3 (3), 101–106. doi:10.15713/ins.jcri.115

Detamore, M. S., and Athanasiou, K. A. (2003). Structure and function of the
temporomandibular joint disc: implications for tissue engineering. J. Oral
Maxillofac. Surg. 61 (4), 494–506. doi:10.1053/joms.2003.50096

Donahue, R. P., Hu, J. C., and Athanasiou, K. A. (2019). Remaining hurdles for tissue-
engineering the temporomandibular joint disc. Trends Mol. Med. 25 (3), 241–256.
doi:10.1016/j.molmed.2018.12.007

Eyre, D. (2001). Articular cartilage and changes in arthritis: Collagen of articular
cartilage. Arthritis Res. and Ther. 4 (1), 30–35. doi:10.1186/ar380

Fazaeli, S., Ghazanfari, S., Everts, V., Smit, T. H., and Koolstra, J. H. (2016). The
contribution of collagen fibers to the mechanical compressive properties of the
temporomandibular joint disc. Osteoarthr. Cartil. 24 (7), 1292–1301. doi:10.1016/j.
joca.2016.01.138

Fazaeli, S., Ghazanfari, S., Mirahmadi, F., Vincent, E., Smit, T. H., and Jan, H. K.
(2019). The dynamic mechanical viscoelastic properties of the temporomandibular joint
disc: the role of collagen and elastin fibers from a perspective of polymer dynamics.
J. Mech. Behav. Biomed. Mater. 100, 103406. doi:10.1016/j.jmbbm.2019.103406

Fertuzinhos, A., Teixeira, M. A., Ferreira, M. G., Fernandes, R., Correia, R., Malheiro,
A. R., et al. (2020). Thermo-Mechanical behaviour of human nasal cartilage. Polymers
12 (1), 177. doi:10.3390/polym12010177

Fu, L., Yang, Z., Gao, C., Li, H., Yuan, Z., Wang, F., et al. (2020). Advances and
prospects in biomimetic multilayered scaffolds for articular cartilage regeneration.
Regen. Biomater. 7 (6), 527–542. doi:10.1093/rb/rbaa042

Giannini, S., Buda, R., Di Caprio, F., Agati, P., Bigi, A., Pasquale, V.De, et al. (2008).
Effects of freezing on the biomechanical and structural properties of human posterior
tibial tendons. Int. Orthop. 32 (2), 145–151. doi:10.1007/s00264-006-0297-2

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Trindade et al. 10.3389/fbioe.2025.1725134

https://doi.org/10.1002/adhm.201801236
https://doi.org/10.1007/s10439-005-3872-6
https://doi.org/10.1021/ACS.BIOMAC.3C00602
https://doi.org/10.1089/ten.teb.2017.0341
https://doi.org/10.1089/ten.teb.2017.0341
https://doi.org/10.1016/j.morpho.2016.06.002
https://doi.org/10.1016/j.morpho.2016.06.002
https://doi.org/10.1016/j.jcms.2018.01.006
https://doi.org/10.1016/j.ajoms.2021.12.005
https://doi.org/10.3390/ht9020009
https://doi.org/10.3390/ht9020009
https://doi.org/10.1038/nprot.2014.110
https://doi.org/10.1002/1529-0131(200010)43:10<2202::AID-ANR7>3.0.CO;2-E
https://doi.org/10.1007/s00216-009-3019-y
https://doi.org/10.1016/j.xcrm.2021.100241
https://doi.org/10.1172/JCI119316
https://doi.org/10.1016/S0901-5027(87)80113-3
https://doi.org/10.1016/j.bpj.2011.04.033
https://doi.org/10.1046/j.1469-7580.2001.19960683.x
https://doi.org/10.1016/j.jmbbm.2017.03.035
https://doi.org/10.1016/j.jmbbm.2017.03.035
https://doi.org/10.1115/1.4000991
https://doi.org/10.1115/1.4000991
https://doi.org/10.1039/C3AN02371K
https://doi.org/10.1038/sj.emboj.7600318
https://doi.org/10.1111/j.1365-2621.1973.tb02133.x
https://doi.org/10.1111/j.1365-2621.1973.tb02133.x
https://doi.org/10.1177/2041731418776514
https://doi.org/10.1177/2041731418776514
https://doi.org/10.15713/ins.jcri.115
https://doi.org/10.1053/joms.2003.50096
https://doi.org/10.1016/j.molmed.2018.12.007
https://doi.org/10.1186/ar380
https://doi.org/10.1016/j.joca.2016.01.138
https://doi.org/10.1016/j.joca.2016.01.138
https://doi.org/10.1016/j.jmbbm.2019.103406
https://doi.org/10.3390/polym12010177
https://doi.org/10.1093/rb/rbaa042
https://doi.org/10.1007/s00264-006-0297-2
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1725134


Gutman, S., Kim, D., Tarafder, S., Velez, S., Jeong, J., and Lee, C. H. (2018). Regionally
variant collagen alignment correlates with viscoelastic properties of the disc of the
human temporomandibular joint. Archives Oral Biol. 86, 1–6. doi:10.1016/j.archoralbio.
2017.11.002

Ivkovic, N., and Racic, M. (2018). “Structural and functional disorders of the
temporomandibular joint (internal disorders),” in Maxillofacial surgery and
craniofacial deformity - practices and updates. Editors M. A. Almasri and
R. Kummoona (London, UK: IntechOpen), 1–26. doi:10.5772/intechopen.81937

Kalpakci, K. N., Willard, V. P., Wong, M. E., and Athanasiou, K. A. (2011). An
interspecies comparison of the temporomandibular joint disc. J. Dent. Res. 90 (2),
193–198. doi:10.1177/0022034510381501

Keira, S. M., Ferreira, L. M., Gragnani, A., Da, I., Duarte, S., and Barbosa, J. (2004).
Experimental model for collagen estimation in cell culture. Acta Cir. Bras. 19, 17–22.
doi:10.1590/s0102-86502004000700005

Kuo, J., Zhang, L., Bacro, T., and Yao, H. (2010). The region-dependent biphasic
viscoelastic properties of human temporomandibular joint discs under confined
compression. J. Biomechanics 43 (7), 1316–1321. doi:10.1016/j.jbiomech.2010.01.020

Labus, K. M., Kuiper, J. P., Rawlinson, J., and Puttlitz, C. M. (2021). Mechanical
characterization and viscoelastic model of the ovine temporomandibular joint disc in
indentation, uniaxial tension, and biaxial tension. J. Mech. Behav. Biomed. Mater. 116
(April), 104300. doi:10.1016/j.jmbbm.2020.104300

Lee, J. D., Becker, J. I., Larkin, L. M., Almarza, A. J., and Kapila, S. D. (2022).
Morphologic and histologic characterization of sheep and porcine TMJ as large animal
models for tissue engineering applications.Clin. Oral Investig. 26 (7), 5019–5027. doi:10.
1007/s00784-022-04472-3

Leonardi, R., Loreto, C., Barbato, E., Polimeni, A., Caltabiano, R., and Muzio, L.Lo
(2007). A Histochemical Survey of the human temporomandibular joint disc of patients
with internal derangement without reduction. J. Craniofacial Surg. 18 (6), 1429–1433.
doi:10.1097/scs.0b013e31814fb72a

Lowe, J., Bansal, R., Badylak, S. F., Brown, B. N., Chung, W. L., and Almarza, A. J.
(2018). Properties of the temporomandibular joint in growing pigs. J. Biomechanical
Eng. 140 (7), 071002. doi:10.1115/1.4039624

Malek, K., Wood, B., and Bambery, K. (2014). “FTIR imaging of tissues: techniques
and methods of analysis,” in Optical spectroscopy and computational methods in biology
and medicine. Editor M. Baranska (Netherlands: Springer), 419–473. doi:10.1007/978-
94-007-7832-0_15

Marzook, H. A. M., Abdel Razek, A. A., Yousef, E. A., and Attia, A. A. M. M. (2020).
Intra-Articular injection of a mixture of hyaluronic acid and corticosteroid versus
arthrocentesis in TMJ internal derangement. J. Stomatology, Oral Maxillofac. Surg. 121
(1), 30–34. doi:10.1016/j.jormas.2019.05.003

Miloro, M., McKnight, M., Han, M. D., and Markiewicz, M. R. (2017). Discectomy
without replacement improves function in patients with internal derangement of the
temporomandibular joint. J. Cranio-Maxillofacial Surg. 45 (9), 1425–1431. doi:10.1016/
j.jcms.2017.07.003

Nimptsch, A., Schibur, S., Ihling, C., Sinz, A., Riemer, T., Huster, D., et al. (2011).
Quantitative analysis of denatured collagen by collagenase digestion and subsequent
MALDI-TOFmass spectrometry. Cell Tissue Res. 343 (3), 605–617. doi:10.1007/s00441-
010-1113-2

Ozcelikkale, A., and Han, B. (2016). Thermal destabilization of collagen matrix
hierarchical structure by Freeze/Thaw. PLOS ONE 11 (1), e0146660. doi:10.1371/
journal.pone.0146660

Park, S., Nicoll, S. B., Mauck, R. L., and Ateshian, G. A. (2008). Cartilage mechanical
response under dynamic compression at physiological stress levels following collagenase
digestion. Ann. Biomed. Eng. 36 (3), 425–434. doi:10.1007/s10439-007-9431-6

Powell, B., Malaspina, D. C., Szleifer, I., and Dhaher, Y. (2019). Effect of
collagenase–gelatinase ratio on the mechanical properties of a collagen fibril: a
combined monte carlo–molecular dynamics Study. Biomechanics Model.
Mechanobiol. 18 (6), 1809–1819. doi:10.1007/s10237-019-01178-6

Quirk, N. P., Lopez De Padilla, C., De La Vega, R. E., Coenen, M. J., Tovar, A., Evans,
C. H., et al. (2018). Effects of freeze-thaw on the biomechanical and structural properties
of the rat achilles Tendon. J. Biomechanics 81 (November), 52–57. doi:10.1016/j.
jbiomech.2018.09.012

Rajput, A., Bansal, V., Dubey, P., and Kapoor, A. (2020). A comparative analysis of
intra-articular injection of platelet-rich plasma and arthrocentesis in
temporomandibular joint disorders. J. of Maxillofac. and Oral Surg. March 21,
168–175. doi:10.1007/s12663-020-01351-w

Rieppo, L., Rieppo, J., Jurvelin, J. S., and Saarakkala, S. (2012a). Fourier transform
infrared spectroscopic Imaging and multivariate regression for prediction of
proteoglycan content of articular cartilage. PLoS ONE 7 (2), e32344. doi:10.1371/
journal.pone.0032344

Rieppo, L., Saarakkala, S., Närhi, T., Helminen, H. J., Jurvelin, J., and Rieppo, J.
(2012b). Application of second derivative spectroscopy for increasing molecular
specificity of fourier transform infrared spectroscopic imaging of articular cartilage.
Osteoarthr. Cartil. 20 (5), 451–459. doi:10.1016/j.joca.2012.01.010

Rieppo, L., Närhi, T., Helminen, H. J., Jurvelin, J. S., Saarakkala, S., and Rieppo, J.
(2013). Infrared spectroscopic analysis of human and bovine articular cartilage
proteoglycans using carbohydrate peak or its second derivative. J. Biomed. Opt. 18
(9), 097006. doi:10.1117/1.JBO.18.9.097006

Rojas, A., Miriam, G., and Andrade, L. J. (2023). Thermal and compositional
characterization of chicken, beef, and pork cartilage to establish its lifetime. Heliyon
9 (4), e14853. doi:10.1016/j.heliyon.2023.e14853

Saarakkala, S., Rieppo, L., Rieppo, J., and Jurvelin, J. (2010). Fourier transform
infrared (FTIR) microspectroscopy of immature, mature and degenerated articular
cartilage. Microscopy 1, 403–414.

Sakalys, D., Dvylys, D., Simuntis, R., and Leketas, M. (2020). Comparison of different
intraarticular injection substances followed by temporomandibular joint arthroscopy.
J. Craniofacial Surg. 31 (3), 637–641. doi:10.1097/SCS.0000000000006098

Silva, J. C., Udangawa, R. N., Chen, J., Mancinelli, C. D., Garrudo, F. F. F., Mikael, P.
E., et al. (2020). Kartogenin-Loaded coaxial PGS/PCL aligned nanofibers for cartilage
tissue engineering. Mater. Sci. Eng. C 107 (February), 110291. doi:10.1016/j.msec.2019.
110291

Silva, M. A. G., Pantoja, L. L. Q., Dutra-Horstmann, K. L., Valladares-Neto, J., Wolff,
F. L., Porporatti, A. L., et al. (2020). Prevalence of degenerative disease in
temporomandibular disorder patients with disc displacement: a systematic review
and meta-analysis. J. Cranio-Maxillofacial Surg. 48 (10), 942–955. doi:10.1016/j.
jcms.2020.08.004

Taimeh, D., Leeson, R., Fedele, S., and Riordain, R.Ni (2023). A meta-synthesis of
qualitative data exploring the experience of living with temporomandibular disorders:
the patients’ voice. Oral Surg. 16, 152–168. doi:10.1111/ors.12762

Tint, D., Stabler, C. T., Hanifi, A., Yousefi, F., Linkov, G., Hy, K., et al. (2019).
Spectroscopic analysis of human tracheal tissue during decellularization.
Otolaryngology–Head Neck Surg. 160 (2), 302–309. doi:10.1177/
0194599818806271

Trindade, D., Cordeiro, R., Cardoso José, H., Ângelo, D. F., Alves, N., and Moura, C.
(2021). Biological treatments for temporomandibular joint disc disorders: strategies in
tissue engineering. Biomolecules 11 (7), 933. doi:10.3390/biom11070933

Trindade, D., Alves, N., and Moura, C. (2022). From animal to human: (re)using
acellular extracellular matrices for temporomandibular disc substitution. J. Funct.
Biomaterials 13 (2), 61. doi:10.3390/jfb13020061

Valesan, L. F., Da-Cas, C. D., Réus, J. C., Denardin, A. C. S., Garanhani, R. R., Bonotto,
D., et al. (2021). Prevalence of temporomandibular joint disorders: a systematic review
and meta-analysis. Clin. Oral Investig. 25 (2), 441–453. doi:10.1007/s00784-020-
03710-w

Vapniarsky, N., Aryaei, A., Arzi, B., Hatcher, D. C., Hu, J. C., and Athanasiou, K. A.
(2017). The Yucatan Minipig temporomandibular joint disc structure–function
relationships support its suitability for human comparative studies. Tissue Eng. Part
C. Methods 23 (11), 700–709. doi:10.1089/ten.tec.2017.0149

Vapniarsky, N., Huwe, Le W., Arzi, B., Houghton, M. K., Wong, M. E., Wilson, J. W.,
et al. (2018). Tissue engineering toward temporomandibular joint disc regeneration. Sci.
Transl. Med. 10 (446), eaaq1802. doi:10.1126/scitranslmed.aaq1802

Wang, H.-L., Liu, H., Shen, J., Zhang, P.-P., Liang, S.-X., and Yan, Y.-B. (2019).
Removal of the articular fibrous layers with discectomy leads to temporomandibular
joint ankylosis. Oral Surg. Oral Med. Oral Pathology Oral Radiology 127 (5), 372–380.
doi:10.1016/j.oooo.2018.12.002

Willard, V. P., Kalpakci, K. N., Reimer, A. J., and Athanasiou, K. A. (2012). The
regional contribution of glycosaminoglycans to temporomandibular joint disc
compressive properties. J. Biomechanical Eng. 134 (1), 011011. doi:10.1115/1.
4005763

Xu, R., Lin, Z., Su, G., Luo, D., Lai, C., and Zhao, M. (2021). Protein solubility,
secondary structure and microstructure changes in two types of undenatured type II
collagen under different gastrointestinal digestion conditions. Food Chem. 343 (May),
128555. doi:10.1016/j.foodchem.2020.128555

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Trindade et al. 10.3389/fbioe.2025.1725134

https://doi.org/10.1016/j.archoralbio.2017.11.002
https://doi.org/10.1016/j.archoralbio.2017.11.002
https://doi.org/10.5772/intechopen.81937
https://doi.org/10.1177/0022034510381501
https://doi.org/10.1590/s0102-86502004000700005
https://doi.org/10.1016/j.jbiomech.2010.01.020
https://doi.org/10.1016/j.jmbbm.2020.104300
https://doi.org/10.1007/s00784-022-04472-3
https://doi.org/10.1007/s00784-022-04472-3
https://doi.org/10.1097/scs.0b013e31814fb72a
https://doi.org/10.1115/1.4039624
https://doi.org/10.1007/978-94-007-7832-0_15
https://doi.org/10.1007/978-94-007-7832-0_15
https://doi.org/10.1016/j.jormas.2019.05.003
https://doi.org/10.1016/j.jcms.2017.07.003
https://doi.org/10.1016/j.jcms.2017.07.003
https://doi.org/10.1007/s00441-010-1113-2
https://doi.org/10.1007/s00441-010-1113-2
https://doi.org/10.1371/journal.pone.0146660
https://doi.org/10.1371/journal.pone.0146660
https://doi.org/10.1007/s10439-007-9431-6
https://doi.org/10.1007/s10237-019-01178-6
https://doi.org/10.1016/j.jbiomech.2018.09.012
https://doi.org/10.1016/j.jbiomech.2018.09.012
https://doi.org/10.1007/s12663-020-01351-w
https://doi.org/10.1371/journal.pone.0032344
https://doi.org/10.1371/journal.pone.0032344
https://doi.org/10.1016/j.joca.2012.01.010
https://doi.org/10.1117/1.JBO.18.9.097006
https://doi.org/10.1016/j.heliyon.2023.e14853
https://doi.org/10.1097/SCS.0000000000006098
https://doi.org/10.1016/j.msec.2019.110291
https://doi.org/10.1016/j.msec.2019.110291
https://doi.org/10.1016/j.jcms.2020.08.004
https://doi.org/10.1016/j.jcms.2020.08.004
https://doi.org/10.1111/ors.12762
https://doi.org/10.1177/0194599818806271
https://doi.org/10.1177/0194599818806271
https://doi.org/10.3390/biom11070933
https://doi.org/10.3390/jfb13020061
https://doi.org/10.1007/s00784-020-03710-w
https://doi.org/10.1007/s00784-020-03710-w
https://doi.org/10.1089/ten.tec.2017.0149
https://doi.org/10.1126/scitranslmed.aaq1802
https://doi.org/10.1016/j.oooo.2018.12.002
https://doi.org/10.1115/1.4005763
https://doi.org/10.1115/1.4005763
https://doi.org/10.1016/j.foodchem.2020.128555
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1725134

	Impact of storage techniques on ovine temporomandibular joint discs composition and physicochemical properties
	1 Introduction
	2 Materials and methods
	2.1 Tissue preparation
	2.2 Storage conditions
	2.3 Enzymatic digestion
	2.4 Water content
	2.5 Sulfated glycosaminoglycans quantification
	2.6 Total and soluble collagen quantification
	2.7 Fourier-Transform Infrared spectroscopic analysis
	2.8 Thermogravimetric analysis (TGA)
	2.9 Mechanical testing under compressive stress
	2.10 Statistical analysis

	3 Results
	3.1 Biochemical content evaluation
	3.2 Morphological evaluation
	3.3 Thermal analysis
	3.4 Mechanical evaluation under compressive loading

	4 Discussion
	Data availability statement
	Author contributions
	Author contributionsDT: Writing – original draft, Formal Analysis, Conceptualization, Methodology, Writing – review and edi ...
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


