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Development of a biocompatible hydrogel

Abstract: The temporomandibular joint disc (TMJd) is an avascular and
fibrocartilaginous tissue with low regeneration capacities. To date there is no
permanent solution upon its damage. So, our group hypothesise that the
combination of a synthetic material [poly(ethylene glycol) diacrylate, PEGDA]
and decellularised matrices may be the answer, since it has the advantage of
retaining extracellular matrix (ECM) components. For this purpose, lamb TMJd
were decellularised with ethanol (96%)/ acetone (99.5%) followed by an
analysis to the ECM obtained. Afterwards, different concentrations of ECM
powder were added to the PEGDA to obtain hybrid hydrogels. Their swelling
capacities and mechanical behaviour (hydrated or dry) were assessed. Results
show a reduction of the proteoglycans in the disc, except in the posterior
region. Dried hydrogels with 2% ECM powder are the ones with the closer
compressive modulus to the native disc, along with greater viscoelastic
capacity, representing a possible approach to a TMJd replacement.

Keywords: decellularisation; extracellular matrix powder; poly(ethylene
glycol) diacrylate hydrogels; temporomandibular joint disc.
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1 Introduction

In the temporomandibular joint (TMJ), there is a fibrocartilaginous disc (TMJd)
fundamental for the normal and correct performance of this joint. It absorbs impact by
helping to lessen the incongruity of the involved bone structure. It lubricates the zone and
functions as a load-bearing structure. TMJd main biochemical components are collagen
type I, elastin and glycosaminoglycans (GAGs) as chondroitin sulphate, dermatan
sulphate, hyaluronic acid, keratin sulphate and heparin sulphate (Detamore and
Athanasiou, 2003; Shu et al., 2015). The main cells are fibrochondrocytes, where
fibroblasts represent 70% of the population, founded on porcine tissue (Acri et al., 2019).
The disc is predisposed to damage and degeneration due to its cartilaginous nature, which
consequently leads to additional dysfunctions in the remaining bony structures of the
joint (Juran et al., 2015). Disc dysfunctions involve its displacement from its normal
position, its perforation or thinning, wherein today’s advanced cases of disorder, disc
removal is the most accepted option (Vapniarsky et al., 2018).

Xenogeneic tissues may be a viable approach to a TMJd construct. They present the
necessary ECM components and biochemical signals and adequate three-dimensional
architecture important for cell growth. However, for their application in tissue
engineering (TE), decellularisation methods are necessary to remove the immunogenic
components (Schwarz et al., 2012; Nie and Wang, 2018) and after obtaining the acellular
matrix, the tissue can be subjected to a set of methods: frozen, lyophilised and minced to
powder. The extracellular matrix (ECM) powder can be solubilised or use as it (Edgar et
al., 2018).

Hydrogels are polymeric networks with high water absorption capacity. They allow
the transport of water, cellular waste and nutrients. With the use of ultraviolet or visible
light, synthetic hydrogels can be chemically crosslinked, termed photopolymerisation,
where it is possible to convert a liquid solution into a solid. This procedure also allows
encapsulation of cells or biological agents. Poly(ethylene glycol) (PEG) presents great
biocompatibility, it is non-immunogenic, promoting the production of ECM by
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photoencapsulating chondrocytes in PEG hydrogels (Chung and Burdick, 2008; Zhu,
2010; Cui et al., 2014).

In the TE field of cartilage regeneration, decellularised xenogeneic tissues have been
investigated for the production of ECM scaffolds, where proliferation and differentiation
of chondrocytes were verified (Yang et al., 2008; Oh et al., 2018). The first attempt to use
xenogeneic tissues for TE of the TMJ disc was through the incorporation of porcine
urinary bladder powder in sheets of the same material to form a TMJd shape scaffold.
Implantation of this acellular scaffold demonstrated tissue formation (Brown et al., 2011,
2012). Recently, different studies have demonstrated the benefit of using the combination
of ECM powders with synthetic polymers. For regeneration of the intervertebral disc,
small intestinal submucosa powder was solubilised and coated on polylactic-co-glycolic
acid, where it was found that pore size and area are fundamental for an appropriate
scaffold mechanical performance and ECM synthesis (Kim et al., 2014). For the
production of nanofibrous scaffolds for cartilage, solubilised auricular cartilage was
mixed with polycaprolactone (PCL), where cartilage regeneration was obtained in vivo
(Feng et al., 2020) and nasal cartilage particles were biofunctionalised in
Polyhydroxyalkanoate, where collagen formation and chondrogenic markers expression
was found (Masaeli et al., 2017).

Poly(ethylene glycol) diacrylate (PEGDA) is a PEG acrylate-derived polymer. In this
functionalised form, it can be photopolymerised and in previous investigations of our
group, it was shown to present good results when combined with PCL. The produced
PEGDA hydrogel presented a compressive modulus within the native disc, and when
introduced as a core in the PCL, these properties improved since a better viscoelastic
capacity was found (Moura et al., 2020).

To date, a hybrid hydrogel for TMJd combining a synthetic material and
decellularised matrices has not yet been developed, demonstrating its potentiality, and,
consequently, leading to further work for optimisations. In the present study, different
decellularised lamb ECM powders concentrations were combined with PEGDA to obtain
a hybrid scaffold. It was hypothesised that the addition of the natural components would
mimic the TMJ environment and, consequently, help in its lubrication. Moreover, it will
have greater mechanical performance and will support in the synthesis of cartilage ECM.
The decellularisation impact on the disc ECM was evaluated, and hydrogels behaviour
under compression and their swelling capacity were tested.

2 Materials and methods

2.1 Tissue preparation and decellularisation

TMJ discs were dissected from lamb heads and the retrodiscal tissue and ligaments were
carefully removed (N = 15). Before decellularisation, the discs were washed with
phosphate-buffered saline (PBS) (Sigma-Aldrich®) and cut into small pieces with a
scalpel. Decellularisation was performed with a modification of the protocol by Matuska
et al. (2018), where fresh discs were subjected to 1:1 solution of ethanol (96%)/acetone
(99.5%) in an orbital shaker at 150 rpm for 24 h, followed by two PBS washes of 45 min
to remove the remaining cellular and agent components. Afterwards, samples were frozen
at —80°C overnight, lyophilised for 24 h at 0.01 mBar, milled into a powder and filtered
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in a 300 um mesh to uniform the powder (Figure 1). The final powder obtained from the
15 samples weighted 0.6582 g.

Figure 1 Schematic representation of the different steps performed to obtain the extracellular
matrix powder (see online version for colours)
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Notes: The native discs (a) were cut into small pieces with a scalpel (B) and subjected to
the decellularisation process (C). Afterwards, samples were lyophilised (D),
milled into a powder and filtered in a 300 pm mesh (E).

2.2 Hydrogel production

Poly(ethylene glycol) diacrylate (PEGDA) hydrogels were produced according to Moura
et al. (2020). Briefly, 20% (v/v) PEGDA hydrogels (MW 575, Sigma-Aldrich®)
were dissolved in 0.5 M aqueous solution of 2-[4-(2-hydroxyethyl)piperazin-1-
ylJethanesulfonic acid (HEPES) buffer (Sigma-Aldrich®) and 0.1% (w/v) 2, 2-
dimethoxy-1, 2-diphenylethanone (DMPA) photoinitiator was added (Sigma-Aldrich®).
The mixture was heated at 45°C, at 60 rpm for 5 min and, then, photopolymerised (UV
light, A = 365 nm) for 3 min. Concentrations of 1% and 2% (m/v) of decellularised
powder were combined with PEGDA hydrogels. The solution was obtained by shaking
the components at 100 rpm during photopolymerisation to avoid powder deposition at the
bottom of the mould. Each mould had a capacity of 1 ml of solution and a cylindrical
shape.

2.3 Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy with an attenuated total reflectance
detection mode (Alpha FT-IR, Bruker) was carried out on the native and decellularised
discs, with a resolution of 4 cm™' and 64 scans per spectrum. The FTIR spectroscopic
analysis was performed in triplicates over five different regions of the disc (N = 3)
(Figure 2). Spectra were pre-processed by baseline correction. Quantitative analysis was
conducted as Zhou et al. (2018) and Spalazzi et al. (2013), where the collagen and
proteoglycans content was determined by integrating the area under the amide I region
(1,720 cm™! to 1,590 cm™') and carbohydrate region (1,140 cm™! to 985 ¢cm™!) normalised
to the amide I peak, respectively. Normalisation was performed to eliminate thickness
variations between samples.
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Figure 2 Schematic image of the five regions of the disc evaluated by Fourier-transform infrared
spectroscopy (see online version for colours)

2.4 Compressive mechanical tests

PEGDA and hybrid hydrogels were subjected to uniaxial unconfined compression tests
using a texture analyser with a 1.2 mm min™' extension rate and a 50 kg load cell
(TA . XTplusC, Stable Micro Systems, UK). A set of the produced hydrogels were
compressed by submerging them in dH,O for at least 24h before testing to assure full
hydration (N = 4). Another set was tested in the dried form after lyophilisation at 0.1
mBar for 24h (N = 3). Compressive modulus was calculated by the slope of the elastic
region of the stress-strain curve.

2.5 Swelling ratio assay

The equilibrium swelling ratio (q) was determined by weighting the hydrogels after
photopolymerisation and submerging them for 48 h in dH,O at 37°C to fully hydrate
(N =4). The weight of the different samples was measured periodically until the reach of
the equilibrium state (Wswolien). Afterwards, the hydrogels were dried by lyophilised for
24h at 0.1 mBar (Wary). The q was calculated using equation (1):

_ Wswollen

Wa O

The percentage of water content (WC) of each hydrogel was also calculated using
equation (2):

Wswo en W
WC = —ellen — 74 5100, )
Wswollen

2.6 Statistical analysis

Statistical analysis was performed with GraphPad Prism 8 software. Values are presented
as mean * standard deviation. Statistical analysis to the swelling and mechanical tests
were assessed with one-way ANOVA with multiple comparisons corrected by the
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Dunnett test and FTIR spectra analysis with Mann-Whitney U test. A confidence interval
of 95% was used, where significant different values were considered for p-value < 0.05
(*p <0.05, **p <0.01, and ***p < 0.001).

3 Results and discussion

3.1 Characterisation of the decellularised matrices

Decellularisation is a process that should be optimised for the total removal of cellular
components, while the 3D architecture and composition of the matrix are maintained
(Lopresti and Brown, 2015). The native TMJd used for the proposed work (N = 15)
presented a weighted of 0.343 + 0.066 g. After the ethanol/acetone treatment, they
presented a weight loss of ~16% (0.289 + 0.064 g).

The type of agents used in decellularisation could have a negative impact on the ECM
components, destroying them, which could modify the mechanical properties and
necessary biochemical cues (Kim et al., 2019). Few decellularisation agents have been
tested for obtaining an acellular TMJd. Matuska et al. (2018) compared 0.1% (m/v)
sodium dodecyl sulphate (SDS) and 1:1 solution of acetone/ethanol for the
decellularisation of porcine discs and scanning electron microscopy (SEM) and histology
staining did not show major differences in the ECM structure when compared to the
native disc. Lumpkins et al. (2008) performed SEM analysis on porcine discs after
decellularisation and results showed collagen fibres disorganised in decellularisation with
1:3 solution of acetone/ethanol when compared to 1% (m/v) SDS. Despite this, Juran et
al. (2015) has observed collagen loss after decellularisation with 1% SDS. Considering
these results, the best proposed strategy which did not lead to ECM changes was the 1:1
acetone/ethanol.

Since the TMJd is composed of 70-80% of collagen type I and 1-10% of GAGs, of
the dry weight of the disc (Fazaeli et al., 2016; Acri et al., 2019), the analysis of the
impact of ethanol/acetone on the disc ECM components, specifically in the five regions
of the disc is important. For this, quantitative analysis by FTIR spectroscopy was
performed and the representative spectra of the native and acellular matrices are shown in
Figure 3(a). Results show that peaks of the amide I (1,720 cm! to 1,590 c¢cm!) and
carbohydrate (1,140 cm™! to 985 cm!), corresponding to collagen and proteoglycans,
respectively, are present in all spectra.

The comparison between the cellular and acellular matrices is shown in
Figures 3(b), 3(c) and 3(d). For the collagen content, there were significant differences
between the different regions of the disc, where there was an increase in the area of the
amide I peak of 8.32% in the anterior region (32.33 £ 1.83 vs. 35.02 = 1.14, p < 0.01),
7.19% in the posterior region (33.21 £ 1.25 vs. 35.60 = 1.07, p < 0.001) and 4.72% the
central region (32.82 + 0.93 vs. 34.38 + 1.00, p< 0.01). For the proteoglycans, also
significant differences were found, where there was a decrease of 16.42% in the anterior
region (12.33 + 1.75 vs. 10.31 £ 0.80, p < 0.01), 11.47% in the central region (11.39 +
0.59 vs. 10.08 £ 0.50, p < 0.001), 10.95% in the lateral region (11.29 + 0.63 vs. 10.06 +
0.88, p < 0.01) and 22.49% in the medial region (13.88 £ 1.63 vs. 10.76 = 1.05,
p <0.001).

The increase in the absorbance in the amide I region was not expected, as by Zhou
et al. (2018), it was predicted by FTIR spectroscopy a decrease in 19.1% of collagen and
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27.6% proteoglycan during decellularisation in rabbit pubic symphysis fibrocartilage.
Differences obtained between the present study and the literature cannot be compared as
the animal model and cartilage used was different and, also the decellularisation agent
was different — 2% SDS. In our case, the increase absorbance of amide I in
decellularisation samples could have resulted from denaturation of the collagen fibrils
upon contact with decellularisation agents, which consequently leads to an increase in the
exposure of the amino acids that absorb the infrared radiation of FTIR spectra. Another
reason for the amide I increase with decellularisation, is due to the loss of volume, and
water content, resulting in an increase of concentration in the remaining molecules as
collagen. If that occurred, the proteoglycan decrease could imply that its decrease was
much higher than the gain of its concentration due to water/ volume loss.

Figure 3 FTIR spectroscopic analysis
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Notes: Representative spectra of the native and decellularised discs across the five
regions of the disc (A). Relative collagen (B) and proteoglycan (C) content
distributed across the five regions of the disc, determined as the peak areas shown
in (A). Mean and standard deviation of peak areas relative to collagen and
proteoglycans of the five regions of the disc (D). In (B) and (C), statistical
differences are presented by **p < 0.01 and ***p < 0.001.

3.2 Characterisation of the hydrogels

The hydrogels were successfully produced with the addition of the ECM powders
(Figure 4). This powder, being a natural material, will enhance the synthetic polymer due
to its bioactive properties and beneficial host tissue responses (Nie and Wang, 2018). The
assessment of the swelling and mechanical properties of the hydrogels is important in TE
as it can influence the cellular viability and the success of the material implantation,
respectively (Bryant and Anseth, 2002).
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Figure 4 (a) PEGDA, (b) PEGDA with 1% ECM and (c) PEGDA with 2% ECM, with a closer
view stained with methylene blue (see online version for colours)
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Swelling studies were carried out to the PEGDA and hybrid hydrogels to assess whether
the addition of ECM powder could enhance or decrease the capacity of the hydrogels to
absorb water. PEGDA hydrogels presented an area of 294.09 + 11.94 mm? and a
thickness of 3.94 + 0.44 mm, PEGDA hydrogels with 1% ECM presented an area of
287.76 + 7.99 mm? and a thickness of 3.52 + 0.39 and PEGDA hydrogels with 2% ECM
presented an area of 291.68 + 6.72 mm? and a thickness of 3.87 + 0.37 mm. For this test,
the hydrogels were placed in dH>O at 37°C for 48 h, where the swelling behaviour was
found to be non-statistical different for all specimens (Figure 5). The swelling ratio for
the PEGDA hydrogels, PEGDA hydrogels with 1% ECM and PEGDA hydrogels with
2% ECM was 5.66 + 1.39, 5.30 = 0.50 and 4.96 + 1.21, respectively. This means that the
hydrogels, without dissolving, can absorb 4.96 to 5.66 grams of water per gram of its
weight. Since the disc presents 66% to 80% water content (Detamore and Athanasiou,
2003), the hydrogels must have the same capacity. Therefore, PEGDA hydrogels,
PEGDA hydrogels with 1% ECM and PEGDA hydrogels with 2% ECM presented 81.54
+4.33%, 80.99 + 1.92% and 78.95 + 4.91% of water content, respectively. Although the
value for PEGDA hydrogels with 2% ECM is slightly lower, all hydrogels water content
is within the values for the native disc.

Figure 5 (a) Swelling ratio (b) Water content of the PEGDA and hybrid hydrogels (N = 4)
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Notes: No statistical differences were found.
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The native TMJd has the ability to restore to its original shape due to the elastic fibres
that are parallel oriented to the collagen. GAGs are thought to give the disc the necessary
compressive strength. Collagen provides the tensile strength (Detamore and Athanasiou,
2003; Acri et al., 2019), but it has been shown to confer compression properties (Fazaeli
et al., 2016). So, the mechanical evaluation of the hydrogels is important to understand
their biomechanical behaviour and if the introduction of the powder alter their properties.
For this, two scenarios were tested: in the hydrated form where they were placed in dH,O
for 24 h or in the dry form were they were lyophilised.

PEGDA hydrated hydrogels presented an area of 30.85 + 2.41 mm? and a thickness of
4.28 £ 0.49 mm, PEGDA hydrated hydrogels with 1% ECM presented an area of 297.89
+ 7.23 mm? and a thickness of 4.05 + 0.27 mm and PEGDA hydrated hydrogels with 2%
ECM presented an area of 294.75 + 10.47 mm? and a thickness of 3.80 = 0.43 mm. In the
hydrated form, all hydrogels presented a compressive modulus lower than the native disc
[Figure 6(B)] (compressive modulus of 0.1-10 MPa) (Athanasiou et al., 2009), obtained
from de slope of the stress-strain curves [Figure 6(A)]. Moreover, no significant
differences were found between the obtained values. PEGDA hydrogels presented a
compressive modulus of 0.038 £ 0.021 MPa and PEGDA hydrogel with 1% ECM
presented a value of 0.040 = 0.007. Despite these values, PEGDA hydrogel with 2%
ECM presented a slight increase when compared to PEGDA alone (0.057 = 0.013 MPa).
Although these results are not as desired, when the maximum compression at break is
analysed, some statistical differences are found [Figure 6(C)]. PEGDA hydrogels and
PEGDA hydrogel with 1% ECM presented a maximum compression of 0.063 + 0.022
MPa and 0.085 + 0.022 MPa, respectively. When comparing PEGDA hydrogel with 2%
ECM (0.230 + 0.054 MPa) with PEGDA hydrogel, a significant statistical difference is
found (p < 0.001), where PEGDA hydrogel with 2% ECM has the ability to withstand
greater compressive forces over a greater extent.

Figure 6 PEGDA and hybrid hydrogels behaviour to compression in a hydrated form (N = 4)
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Notes: Stress-strain curve (A) for each hydrogel, and corresponding compressive
modulus (B) and maximum compression at break or at 80% (C). Statistical
differences were performed with PEGDA hydrogel as control and are presented
by ***p < 0.001.

Analysing the dried hydrogels, PEGDA hydrogels presented an area of
202.36 + 6.75 mm? and a thickness of 3.13 + 0,39 mm, PEGDA hydrogels with 1% ECM
presented an area of 166.29 + 20.26 mm? and a thickness of 2.51 + 0.76 mm and PEGDA
hydrated hydrogels with 2% ECM presented an area of 205.49 + 7.90 mm? and a
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thickness of 3.00 + 0.10 mm. The maximum compression obtained at 80% strain for all
hydrogels presented no statistically significant difference [Figure 7(C)], where the values
were 0.257 + 0.098 MPa, 0.262 + 0.141 MPa and 0.356 = 0.162 MPa for PEGDA,
PEGDA with 1% ECM and PEGDA with 2% ECM, respectively. Regarding the
compression modulus, PEGDA hydrogels and PEGDA hydrogels with 1% ECM
presented a compression modulus of 0.048 + 0.014 MPa and 0.047 £ 0.017 MPa,
respectively. Comparing with PEGDA with 2% ECM (0.126 + 0.051 MPa) statistical
differences were found (p < 0.05) with PEGDA alone [Figure 7(B)]. In addition to
presenting a superior compressive module, is within the values for the native disc.

Figure 7 PEGDA and hybrid hydrogels behaviour to compression in the dried form (N = 3)
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Notes: Stress-strain curve (A) for each hydrogel, and corresponding compressive
modulus (B) and maximum compression at 80% strain (C). Statistical differences
were performed with PEGDA hydrogel as control and are presented by *p < 0.05.

Comparing the results obtained between the hydrated and dried hydrogels is possible to
conclude that the hydrated hydrogels have low mechanical capacity and break easily. On
the contrary, dry hydrogels have a more sponge-like structure, giving them a more
viscoelastic structure with greater mechanical capacity. For hydrogels with 1% ECM,
there were no major mechanical improvements over PEGDA, however with a higher
percentage, 2%, some improvements were achieved. The compression module was within
the native values and with previous investigations (Moura et al., 2020). Moreover, the
maximum compression values were also higher compared to the others.

These results may be explained by the fact that the ECM is composed of collagen and
GAGs, which, as previously mentioned, are responsible for the compressive properties in
the disc. However, as in the decellularisation process there was some loss of these
components, the 1% addition in the PEGDA hydrogel was not enough to observe
differences in the compressive mechanical properties, unlike the addition of 2%. With
this, it is believed that a higher concentration could be a possible strategy to achieve
closer mechanical values to the native disc combined with a better protocol for the
decellularisation of the TMIJd. This correlation between the increase in ECM
concentration and the increase in mechanical properties has already been proven for the
production of a scaffold from ECM particles (Rowland et al., 2016) or for the production
of a hydrogel by solubilisation of ECM particles (Liang et al., 2020).
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4 Conclusions

Xenogeneic tissues could represent a suitable approach in TE to find viable replacements
for the TMJd and cartilage in general. In this study, the ethanol/acetone decellularisation
agents were evaluated and a decrease of the proteoglycans was found in the different
regions of the disc, except in the posterior one. To prevent unwanted degradation of ECM
components, the search for an effective decellularisation process needs to be investigated.
Still, the use of 2% powdered decellularised ECM combined with a synthetic polymer,
PEGDA, in the dried form, was found to have greater mechanical performance, essential
for a proper TMJd implant.

References

Acri, TM. et al. (2019) ‘Tissue engineering for the temporomandibular joint’, Advanced
Healthcare Materials, Vol. 8, No. 2, p.1801236, doi: 10.1002/adhm.201801236.

Athanasiou, K.A. et al. (2009) ‘Fibrocartilage of the TMJ disc’, in Athanasiou, K.A. (Ed.): Tissue
Engineering of Temporomandibular Joint Cartilage, Morgan & Claypool, pp.25—40, doi:
10.2200/S00198ED1V01Y200906TIS002.

Brown, B.N. et al. (2011) ‘Extracellular matrix as an inductive template for temporomandibular
joint meniscus reconstruction: a pilot study’, Journal of Oral and Maxillofacial Surgery,
Vol. 69, No. 12, pp.e488—e505, doi: 10.1016/j.joms.2011.02.130.

Brown, B.N. et al. (2012) ‘Inductive, scaffold-based, regenerative medicine approach to
reconstruction of the temporomandibular joint disk’, Journal of Oral and Maxillofacial
Surgery, Vol. 70, No. 11, pp.2656-2668, doi: 10.1016/j.joms.2011.12.030.

Bryant, S.J. and Anseth, K.S. (2002) ‘Hydrogel properties influence ECM production by
chondrocytes photoencapsulated in poly(ethylene glycol) hydrogels’, Journal of Biomedical
Materials Research, Vol. 59, No. 1, pp.63-72, doi: 10.1002/jbm.1217.

Chung, C. and Burdick, J.A. (2008) ‘Engineering cartilage tissue’, Advanced Drug Delivery
Reviews, Vol. 60, No. 2, pp.243-262, doi: 10.1016/j.addr.2007.08.027.

Cui, X. et al. (2014) ‘Human cartilage tissue fabrication using three-dimensional inkjet printing
technology’, Journal of Visualized Experiments, No. 88, p.e51294, doi: 10.3791/51294.

Detamore, M.S. and Athanasiou, K.A. (2003) ‘Structure and function of the temporomandibular
joint disc: Implications for tissue engineering’, Journal of Oral and Maxillofacial Surgery,
Vol. 61, No. 4, pp.494-506, doi: 10.1053/joms.2003.50096.

Edgar, L. et al. (2018) ‘Utility of extracellular matrix powders in tissue engineering’,
Organogenesis, Vol. 14, No. 4, pp.172-186, doi: 10.1080/15476278.2018.1503771.

Fazaeli, S. et al. (2016) ‘The contribution of collagen fibers to the mechanical compressive
properties of the temporomandibular joint disc’, Osteoarthritis and Cartilage, Vol. 24, No. 7,
pp-1292-1301, doi: 10.1016/j.joca.2016.01.138.

Feng, B. et al. (2020) ‘Engineering cartilage tissue based on cartilage-derived extracellular matrix
cECM/PCL hybrid nanofibrous scaffold’, Materials & Design, Vol. 193, No. 2, p.108773,
doi: 10.1016/j.matdes.2020.108773.

Juran, C.M., Dolwick, M.F. and McFetridge, P.S. (2015) ‘Engineered microporosity: enhancing the
early regenerative potential of decellularized temporomandibular joint discs’, Tissue
Engineering Part A, Vol. 21, Nos. 3—4, pp.829-839, doi: 10.1089/ten.tea.2014.0250.

Kim, S.H. et al. (2014) ‘Development of poly(lactide-co-glycolide) scaffold-impregnated small
intestinal submucosa with pores that stimulate extracellular matrix production in disc
regeneration’, Journal of Tissue Engineering and Regenerative Medicine, Vol. 8, No. 4,
pp-279-290, doi: 10.1002/term.1520.



416 D. Trindade et al.

Kim, Y.S. et al. (2019) ‘Applications of decellularized extracellular matrix in bone and cartilage
tissue engineering’, Bioengineering & Translational Medicine, Vol. 4, No. 1, pp.83-95, doi:
10.1002/btm2.10110.

Liang, J. et al. (2020) ‘Acellular matrix hydrogel for repair of the temporomandibular joint disc’,
Journal of Biomedical Materials Research Part B: Applied Biomaterials, Vol. 108, No. 7,
pp.2995-3007, doi: 10.1002/jbm.b.34629.

Lopresti, S.T. and Brown, B.N. (2015) ‘Host response to naturally derived biomaterials’, in
Badylak, S.F. (Ed.): Host Response to Biomaterials, Elsevier, pp.53—79, doi: 10.1016/B978-0-
12-800196-7.00004-9.

Lumpkins, S.B., Pierre, N. and McFetridge, P.S. (2008) ‘A mechanical evaluation of three
decellularization methods in the design of a xenogeneic scaffold for tissue engineering the
temporomandibular joint disc’, Acta Biomaterialia, Vol. 4, No. 4, pp.808-816, doi:
10.1016/j.actbio.2008.01.016.

Masaeli, E. et al. (2017) ‘Bio-engineered electrospun nanofibrous membranes using cartilage
extracellular matrix particles’, Journal of Materials Chemistry B, Vol. 5, No. 4, pp.765-776,
doi: 10.1039/C6TB02015A.

Matuska, A.M., Dolwick, M.F. and McFetridge, P.S. (2018) ‘Approaches to improve integration
and regeneration of an ex vivo derived temporomandibular joint disc scaffold with variable
matrix composition’, Journal of Materials Science: Materials in Medicine, Vol. 29, No. 10,
p.152, doi: 10.1007/s10856-018-6164-z.

Moura, C. et al. (2020) ‘Multi-material implants for temporomandibular joint disc repair: tailored
additive manufacturing production’, Frontiers in Bioengineering and Biotechnology, Vol. 8,
p.342, doi: 10.3389/fbioe.2020.00342.

Nie, X. and Wang, D-A. (2018) ‘Decellularized orthopaedic tissue-engineered grafts: biomaterial
scaffolds synthesised by therapeutic cells’, Biomaterials Science, Vol. 6, No. 11,
pp.2798-2811, doi: 10.1039/C8BM00772A.

Oh, H.J. et al. (2018) ‘Mechanically reinforced extracellular matrix scaffold for application of
cartilage tissue engineering’, Tissue Engineering and Regenerative Medicine, Vol. 15, No. 3,
pp-287-299, doi: 10.1007/s13770-018-0114-1.

Rowland, C.R., Colucci, L.A. and Guilak, F. (2016) ‘Fabrication of anatomically-shaped cartilage
constructs using decellularized cartilage-derived matrix scaffolds’, Biomaterials, Vol. 91,
pp-57-72, doi: 10.1016/j.biomaterials.2016.03.012.

Schwarz, S. et al. (2012) ‘Decellularized cartilage matrix as a novel biomatrix for cartilage
tissue-engineering applications’, Tissue Engineering Part A, Vol. 18, Nos. 21-22,
pp-2195-2209, doi: 10.1089/ten.tea.2011.0705.

Shu, W. et al. (2015) ‘Tissue engineering of the temporomandibular joint disc: current status and
future trends’, The International Journal of Artificial Organs, Vol. 38, No. 2, pp.55-68, doi:
10.5301/ija0.5000393.

Spalazzi, J.P. et al. (2013) ‘Quantitative mapping of matrix content and distribution across the
ligament-to-bone insertion’, PLoS ONE. Edited by A. Almarza, Vol. 8, No. 9, p.e74349, doi:
10.1371/journal.pone.0074349.

Vapniarsky, N. et al. (2018) ‘Tissue engineering toward temporomandibular joint disc
regeneration’, Science Translational Medicine, Vol. 10, No. 446, p.caaql802, doi:
10.1126/scitranslmed.aaq1802.

Yang, Q. et al. (2008) ‘A cartilage ECM-derived 3-D porous acellular matrix scaffold for in vivo
cartilage tissue engineering with PKH26-labeled chondrogenic bone marrow-derived
mesenchymal stem cells’, Biomaterials, Vol. 29, No. 15, pp.2378-2387, doi:
10.1016/j.biomaterials.2008.01.037.

Zhou, Y. et al. (2018) ‘SR-FTIR as a tool for quantitative mapping of the content and distribution
of extracellular matrix in decellularized book-shape bioscaffolds’, BMC Musculoskeletal
Disorders, Vol. 19, No. 1, p.220, doi: 10.1186/s12891-018-2149-9.

Zhu, J. (2010) ‘Bioactive modification of poly(ethylene glycol) hydrogels for tissue engineering’,
Biomaterials, Vol. 31, No. 17, pp.4639—4656, doi: 10.1016/j.biomaterials.2010.02.044.



