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Abstract: This study presents a designed alginate-based polymeric composite foam material contain-
ing decellularized elastic cartilage microscaffolds from porcine elastic cartilage by using supercritical
fluid and papain treatment for medical scaffold biomaterials. The microstructure and thermal prop-
erty of the designed alginate-based polymeric composite foam materials with various controlled
ratios of alginate molecules and decellularized elastic cartilage microscaffolds were studied and
characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
and differential thermal gravimetric analysis (TGA/DTG). The microstructure and thermal property
of the composite foam materials were affected by the introduction of decellularized elastic cartilage
microscaffolds. The designed alginate-based polymeric composite foam materials containing decel-
lularized elastic cartilage microscaffolds were ionically cross-linked with calcium ions by soaking
the polymeric composite foam materials in a solution of calcium chloride. Additional calcium ions
further improved the microstructure and thermal stability of the resulting ionic cross-linked alginate-
based polymeric composite foam materials. Furthermore, the effect of crosslinking functionality on
microstructures and thermal properties of the resulting polymeric composite foam materials were
studied to build up useful information for 3D substrates for cultivating and growing cartilage cells
and/or cartilage tissue engineering.

Keywords: supercritical fluid; decellularized extracellular matrix; elastic cartilage; alginate; foam

1. Introduction

Osteoarthritis (OA) is a common disease of the elderly worldwide, which is character-
ized by articular cartilage destruction and local inflammation, resulting in pain, disability
and a significantly reduced quality of life for the affected individuals. Numerous polymeric
materials such as synthetic materials and natural materials, including sodium alginate,
fibrin, collagen, nanocellulose, chitosan, starch, poly(lactic acid), and polycaprolactone had
been proposed, modified, and used for 3D bioinks or medical applications such as those
for osteoarthritis [1–17]. Some biomaterials may not be suitable for use with cells due to
their physical and structural configuration. Alginate is a natural polysaccharide exhibiting
excellent biocompatibility, biodegradability, and chelating ability, having many different
applications in the biomedical fields. Sodium alginate is a naturally occurring biopolymer
extracted from different species of marine brown algae [13,15–17]. Alginate is readily
processable for applicable three-dimensional scaffolding materials such as hydrogels, mi-
crospheres, microcapsules, sponges, foams, and fibers. Alginate-based biomaterials can
be utilized as drug delivery systems, for cell immobilization, and as cell carriers for tissue
engineering. Alginate can be easily modified via chemical and physical reactions to obtain
derivatives having various structures, properties, functions, and applications [13,15–17].
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Liu et al. reported that calcium alginate membrane with 5 wt% CaCl2 for matrix of protein
molecular-imprinted membrane promoted cell adhesion and proliferation [17]. In addition
to bioinks, acellular materials were used in 3D bioprinted structures. Acellular materials
typically provide structural support for tissue constructs and, when utilized with bioinks,
can generate functional bioprinted tissues. Acellular materials can provide porous mi-
crostructures that recapitulate both mechanical and biochemical properties of the native
extracellular matrix. Porosity enables cell migration, tissue growth, vascular formation, and
cell viability within the microstructural constructs. In addition, acellular materials must
also have the necessary surface chemistry for cell attachment, cell proliferation, and cell
differentiation. Additionally, alginate-based biomaterials can be used as a 3D culture matrix
because the biomaterials can provide support for the integration of cells and can act as a
platform for cellular growth. Alginate-based biomaterials have the ability to form scaffolds
or hydrogels in the presence of divalent ions (such as calcium ions) because of the carboxyl
groups in the polymer chains. Decellularized extracellular matrix scaffolds have a lot of
collagens, which constitute the main structural element of the decellularized extracellular
matrix, provide tensile strength, regulate cell adhesion, support migration, and direct tissue
development [18–21]. The objectives of the present manuscript were to provide a design of
composite foam materials containing alginate and decellularized extracellular matrix with
high stability and their expected effects on the biological properties of the scaffolds [17–20].
Lee et al. reported on the design and preparation of new bone-derived decellularized
extracellular matrix/alginate bioink with a specific decellularized extracellular matrix/AG
ratio less than 50% that was employed to build up a 3D cell-laden mesh structure for
bone tissue engineering [22]. In previous work, a series of amphiphilic polymers and
polybetaines were designed and prepared for biomedical potential applications [1,7–12].
Recently, natural materials such as carbodiimide crosslinked biodegradation-controllable
small intestinal submucosa (SIS) sheets were prepared, which exhibited a good regenerative
potential for soft tissue repair [18]. Moreover, new decellularized fibrous microscaffold and
corresponding alginate-based composite scaffold membranes were prepared from porcine
skin by using a designed decellularization procedure such as plant enzymes/aqueous
two-phase method and supercritical fluid [2,23]. The low hemolysis percentage of the
decellularized scaffolds derived from porcine tissue was observed and demonstrated good
antihemolytic characteristics [24].

In this study, new decellularized elastic cartilage microscaffolds (dECmS) were pre-
pared by using a designed decellularization procedure that combined supercritical carbon
dioxide with specific enzymes with the aim of their use in osteoarthritis treatments and
cartilage regeneration. A series of new composite foam materials containing dECmS and
alginate (AG) were prepared. For clinic applications, the microstructures and thermal
properties of the biomaterials are important. The effect of crosslinking functionality on
microstructures and thermal properties of the resulting polymeric composite foam materi-
als (CFM) containing dECmS with various dECmS/AG ratios less than 50%, such as 5/95,
15/85, and 20/80, was studied to build up useful information for 3D bioprinting as 3D
substrates for cultivating and growing cartilage cells and/or medical application such as
osteoarthritis and cartilage regeneration for cartilage tissue engineering.

2. Materials and Methods
2.1. Materials

The chemicals used in the study, such as sodium alginate, TritonX-100, NH4OH, NaOH,
acetic acid, alcohol, disodium hydrogen phosphate, and calcium chloride (Scheme 1) were
purchased from Sigma-Aldrich Company (Saint Louis, MO, USA).
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Scheme 1. The chemical structure of alginate containing mannuronic acid (A) and guluronic acid (B).

2.2. Treatments with Supercritical Carbon Dioxide (ScCO2)

Considering medical application and gaining ISO13485 quality certification, a steady
thickness of about 0.1 mm of porcine elastic cartilage sheet was obtained by using a
designed tissue-cutting machine (Taiwan PARSD Pharm. Tech. Consulting Ltd. Co.,
Taichung, Taiwan). Supercritical carbon dioxide (ScCO2) was used for preparation of
designed microscaffolds in this study. The ScCO2 was employed before decellularization
treatments for removing most fatty acids and tissues. The resulting porcine elastic cartilage
sheet was placed in a tissue holder, which was then placed into a ScCO2 vessel system.
The ScCO2 system was then operated at 350 bar and 35 ◦C for 2 h [23]. The ScCO2 fluids-
pretreated porcine elastic cartilage sheet was obtained.

2.3. Preparation of Designed Elastic Cartilage Microscaffolds

After treating the samples of porcine elastic cartilage sheet with ScCO2, the samples
were soaked in 25 wt% NH4OH(aq) for 2 h with a magnet mixer and treated with an
aqueous solution of 0.05 U/mL papain at 25 ◦C for 2 h. The resulting samples were
washed with 25% ethanol under ultrasonic wave for 1 h to remove residual fat and organic
matter, frozen for 6 h, and lyophilized (EYELA, FD-5N) overnight at 0.1–0.2 torr at a freeze-
drying temperature of −45 ◦C. A ScCO2 fluids-decellularized elastic cartilage microscaffold
(dECmS) sheet was obtained. After micronization, micronized powders of the resulting
designed elastic cartilage microscaffolds were obtained.

2.4. Preparation of Alginate-Based Composite Foam Materials Containing dECmS

A series of alginate-based composite foam materials with dECmS were prepared based
on various ratios of dECmS and alginate (AG). Briefly, the desired amount of dECmS pow-
der was first dispersed completely in 40 mL of double distilled water with the homogenizer
at 26,000 rpm for 3 min. Then, aqueous AG solution was homogenized thoroughly with
the dispersed dECmS solution at 26,000 rpm for 3 min. The aqueous dECmS/AG solutions
with a fixed solid/solution ratio (w/v) of 5/50 were then molded and frozen for 6 h and
then lyophilized (EYELA, FD-5N) overnight with the use of a freeze dryer at 0.1–0.2 torr at
a freeze-drying temperature of −45 ◦C. A series of AG-based polymeric composite foam
materials with dECmS was obtained, such as PCFM1N, PCFM2N, and PCFM3N (Table 1).

Table 1. Preparation of new composite foam materials with decellularized elastic cartilage microscaffolds.

Sample No. dECmS/AG (a) (w/w) [CaCl2]

PCFM0N 100/0 -
PCFM1N 5/95 -
PCFM2N 15/85 -
PCFM3N 20/80 -
PCFM1H 5/95 5%
PCFM2H 15/85 5%
PCFM3H 20/80 5%

(a) AG, alginate, and dECmS, decellularized elastic cartilage microscaffold, via ScCO2 treatments.
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2.5. Preparation of Cross-Linked AG-Based Composite Foam Materials Containing dECmS

The 2 g of AG-based polymeric composite foam materials with dECmS was further
soaked in 20 mL of 5% aqueous calcium chloride (CaCl2) solution for crosslinking reaction
with magnet mixer. The cross-linked AG-based polymeric composite foam materials with
dECmS was then frozen and dried by the same procedure described above. A series of
designed cross-linked AG-based polymeric composite foam materials with decellularized
elastic cartilage microscaffolds such as PCFM1H, PCFM2H, and PCFM3H was obtained
(Table 1).

2.6. Measurements

Fourier transform infrared (FTIR) spectra were recorded with a spectrometer (Nicolet
IS10, Thermo Fisher, Madison, WI, USA) using KBr discs and collecting data from 400 to
4000 cm−1. Thermal analysis was performed by thermogravimetry analysis (TGA) using a
thermoanalyzer (7300TG/DTA, Seiko, Japan). All measurements employed a linear heating
rate of 10 ◦C min−1, nitrogen as carrier gas, and a platinum empty pan as reference material
and collected data from 50 to 550 ◦C. Microscaffolds were studied by scanning electron
microscopy (SEM) (S3400N, Hitachi, Japan).

3. Results and Discussion
3.1. Characterization of New Elastic Cartilage Microscaffolds

In this study, a decellularized elastic cartilage microscaffold, dECmS, was prepared by
using ScCO2 technology. The microstructure of resulting decellularized elastic cartilage
microscaffold, dECmS, was characterized by scanning electron microscope (SEM). Scanning
electron micrographs of dECmS sample are shown in Figure 1.
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Figure 1. Scanning electron micrographs of the decellularized elastic cartilage microscaffold,
PCFM0N: (A) PCFM0N membrane (scale bar 500 µm), (B) PCFM0N membrane (scale bar 100 µm),
(C) PCFM0N membrane (scale bar 50 µm), and (D) PCFM0N powder (scale bar 50 µm).

The hole microstructure was observed in the PCFM0N derived from porcine elastic
cartilage, which was quite different from the fibrous microstructures of microscaffolds from
porcine skin pretreated by supercritical carbon dioxide [23]. The averaged hole-size was
found in a range of 10–20 µm (Figure 1). After micronization, PCFM0N micronized powder
with a fibrous microstructure was obtained, as shown in Figure 1D. The diameter of the
fibrous microstructure was observed in a range of 2–12 µm. A new microscaffold material
was obtained successfully.

Elastic cartilage contains elastic fibers as well as collagen and proteoglycan (primarily
aggrecan). In the spectrum of dECmS (Figure 2B), the amide A and amide B bands were
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centered at 3290 cm−1 and 3090 cm−1, respectively; these bands are primarily associated
with the stretching vibrations of N-H groups. In addition, the collagen amide I (C=O) and
amide II bands of dECmS were observed at 1632 cm−1 and 1551 cm−1, respectively. The
absorption band at 1240 cm−1 was attributed to the amide III absorptions of collagens in the
dECmS. The bands at 1338 cm−1 are related to the CH2 side-chain vibrations and the triple
helical structure of collagen type II [3]. The bands at 1030–1161 cm−1 are related to the
-C-O-C- stretching vibrations. The absorption bands at 1140–1180 cm−1 and 984–1140 cm−1

were attributed to proteoglycan and aggrecan, respectively [4].
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Figure 2. FTIR spectra of the samples in the 700–1700 cm−1 region: (A) AG, (B) PCFM0N, (C) a
composite foam material PCFM3N without ionic crosslinking reaction of CaCl2(aq), and (D) a cross-
linked composite material PCFM3H with ionic crosslinking reaction of CaCl2(aq).

Furthermore, hemocompatibility of decellularized scaffold was assessed by hemolysis.
The hemolysis percentage denotes the degree of red blood cells broken by the test sample
in contact with blood. In previous work, the low hemolysis percentage of the decellular-
ized scaffolds derived from porcine tissue was observed, and the scaffolds demonstrated
good antihemolysis characteristics [25]. Similarly, Choi et al. reported that biochemical
and mechanical features of a decellularized extracellular matrix supported the adhesion
and growth of human cells in vitro, and the decellularized extracellular matrix exhibited
biocompatibility, long-term stability, and bioinductivity in vivo [26]. The introduction of
decellularized extracellular matrix derived from porcine tissue into the materials could be
useful as an alternative biomaterial for xenograft tissue engineering [26].

3.2. Fourier Transform Infrared Spectroscopy Analysis of Newly Designed Composite Foam
Materials with Microscaffolds

In this study, sodium alginate showed a broad peak at 3437 cm−1 for its hydrogen-
bonded OH group. Asymmetric and symmetric stretching of the C=O group of alginate
was observed at 1593 and 1412 cm−1, respectively. In addition, sodium alginate showed a
characteristic peak at 1096 and 820 cm−1, corresponding to C-O stretching vibration and
Na-O bond vibration, which indicates that sodium alginate has a large number of random
coil structures (Figure 2A).

Furthermore, a series of alginate-based composite foam materials was prepared with
various introduction ratios of AG and dECmS by using lyophilized technology. The FTIR
spectroscopy profiles of the composite foam materials of AG and dECmS are shown in
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Figure 3. The spectra of composite foam materials of AG and dECmS with different AG
and dECmS ratios had slight significant differences, as shown in Figure 3. These com-
posite foam materials showed a wide band of -OH stretching on 3275–3280 cm−1: two
characteristic peaks of symmetric and asymmetric stretching of -COO at 1593–1597 cm−1

and 1408–1409 cm−1, respectively. The peak of 1028–1030 cm−1 corresponds to the
ether (Figure 3).
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In the FTIR spectrum of an alginate-based polymeric composite foam material with
a dECmS/AG ratio of 20/80, in addition to retaining the above-mentioned bands of
alginate, there was COO symmetric stretching at 1597 cm−1, COO asymmetric stretching at
1417 cm−1, C-O stretching at 1297 cm−1, and C-O-C stretching at 1081 cm−1 and 1030 cm−1.
In the spectrum of sodium alginate, the C-O vibration (1266 cm−1) of -COO- was weak, and
a slight absorption peak appeared (Figure 2C). Additionally, FTIR analysis was carried out
to confirm the incorporation of dECmS in the alginate-based polymeric composite foam
materials (Figure 2C). The FTIR analysis of composite material containing dECmS with
a dECmS/AG ratio of 20/80 showed a large overlapping stretching vibration absorption
at -NH2 and -OH in the range of 3600–3000 cm−1 and -CH vibration bands in the range
of 2930~2845 cm−1. The overlapping absorption peak of the collagen amide I (C=O) and
amide II bands of dECmS and COO symmetric stretching of alginate was observed at
1597 cm−1. Two shoulders contributed to by collagen amide I (C=O) and amide II of the
dECmS molecule were observed at 1632 cm−1 and 1553 cm−1, respectively. Furthermore,
the absorption band at 1239 cm−1 was attributed to the amide III absorptions of collagens
in the dECmS (Figure 2C). Observed bands at 1597 cm−1 and 1409 cm−1 were attributed to
asymmetric and symmetric stretching vibrations of the COO- groups, respectively, and were
specific to the ionic binding to form three-dimensional crosslinked networks (Figure 2C).

In this study, the resulting alginate-based polymeric composite foam materials con-
taining dECmS were further crosslinked with CaCl2(aq) to prepare the corresponding
crosslinked composite foam materials, as shown in Table 1. The crosslinking functionality
affected the microstructures and thermal stability of crosslinked alginate-based polymeric
composite foam materials containing dECmS when the added Ca2+ ion penetrated into
the microstructure of the composite foam materials. The cross-linking procedure with
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Ca2+ gave rise to an apparent shift of -COO symmetric stretching vibration from 1409 to
1417 cm−1, showing the formation of an alginate-Ca structure by ionic bonding between
carboxyl groups of alginate and Ca2+. After the addition of CaCl2, the stretching vibration
peak of C-O of the alginate that appeared at 1266 cm-l was attributed to the reaction between
carboxyl and Ca ion (“C-O-Ca-O-CO-” group structure), which enhanced C-O vibration [5].
These changes indicate that the Ca ion formed an “egg tray” structure with the sodium
alginate molecular chain.

The absorption band at 1081 cm−1 relating to the C-C and C-O stretching can be
also attributed to the presence of cross-linking. The peak of C-C stretching (1030 cm−1)
shows a higher intensity, suggesting either a stronger O-H binding vibration or a stronger
binding of the Ca2+ to the guluronic acids from sodium alginate chains. Moreover, the
stretching vibration bands observed at approximately 941 cm−1, 891 cm−1, and 819 cm−1

were specifics to the guluronic and mannuronic acids from sodium alginate chains [6].

3.3. Effect of Crosslinking Reaction on Microstructure of New Composite Foam Materials
with Microscaffolds

The microstructures of the resulting crosslinked composite foam materials with col-
lagen scaffolds were characterized by scanning electron microscope (SEM), as shown in
Figures 4 and 5.

Materials 2022, 15, x FOR PEER REVIEW 7 of 14 
 

 

crosslinked composite foam materials, as shown in Table 1. The crosslinking functional-
ity affected the microstructures and thermal stability of crosslinked alginate-based pol-
ymeric composite foam materials containing dECmS when the added Ca2+ ion penetrat-
ed into the microstructure of the composite foam materials. The cross-linking procedure 
with Ca2+ gave rise to an apparent shift of -COO symmetric stretching vibration from 
1409 to 1417 cm−1, showing the formation of an alginate-Ca structure by ionic bonding 
between carboxyl groups of alginate and Ca2+. After the addition of CaCl2, the stretching 
vibration peak of C-O of the alginate that appeared at 1266 cm-l was attributed to the re-
action between carboxyl and Ca ion (“C-O-Ca-O-CO-” group structure), which en-
hanced C-O vibration [5]. These changes indicate that the Ca ion formed an “egg tray” 
structure with the sodium alginate molecular chain. 

The absorption band at 1081 cm−1 relating to the C-C and C-O stretching can be also 
attributed to the presence of cross-linking. The peak of C-C stretching (1030 cm−1) shows 
a higher intensity, suggesting either a stronger O-H binding vibration or a stronger 
binding of the Ca2+ to the guluronic acids from sodium alginate chains. Moreover, the 
stretching vibration bands observed at approximately 941 cm−1, 891 cm−1, and 819 cm−1 
were specifics to the guluronic and mannuronic acids from sodium alginate chains [6]. 

3.3. Effect of Crosslinking Reaction on Microstructure of New Composite Foam Materials with 
Microscaffolds 

The microstructures of the resulting crosslinked composite foam materials with 
collagen scaffolds were characterized by scanning electron microscope (SEM), as shown 
in Figures 4 and 5. 

 
Figure 4. Scanning electron micrographs of the cross-linked composite foam materials (CFM) with 
decellularized elastic cartilage microscaffolds: (A) PCFM1N (100×), (B) PCFM1N (300X), (C) 
PCFM1N (1000×), (D) PCFM2N (100×), (E) PCFM2N (300×), (F) PCFM2N (1000×), (G) PCFM3N 
(100×), (H) PCFM3N (300×), and (I) PCFM3N (1000×). 

Figure 4. Scanning electron micrographs of the cross-linked composite foam materials (CFM) with de-
cellularized elastic cartilage microscaffolds: (A) PCFM1N (100×), (B) PCFM1N (300X), (C) PCFM1N
(1000×), (D) PCFM2N (100×), (E) PCFM2N (300×), (F) PCFM2N (1000×), (G) PCFM3N (100×),
(H) PCFM3N (300×), and (I) PCFM3N (1000×).
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Figure 5. Scanning electron micrographs of the cross-linked composite foam materials with decel-
lularized elastic cartilage microscaffolds: (A) PCFM1H (100×), (B) PCFM1H (300×), (C) PCFM1H
(1000×), (D) PCFM2H (100×), (E) PCFM2H (300×), (F) PCFM2H (1000×), (G) PCFM3H (100×),
(H) PCFM3H (300×), and (I) PCFM3H (1000×).

The loosened scaffold with a thin sheet microstructure from AG with a wide range
of 1–2 µm was found in PCFM1N, as shown in Figure 4A–C. Furthermore, scanning
electron micrographs of resulting composite foam materials with dECmS scaffold after
different introduction ratios are shown in Figure 4D–I. With increasing introduction ratios
of dECmS/AG, the remarkable loosened porous microscaffold structures with several
fibrous microstructures were observed. Most of the area of the composite foam materials
showed a porous microstructure from AG molecules without the addition of CaCl2, which
showed a sheet boundary in the loosened porous microstructure, such as microstructure (I)
and microstructure (II) (Figure 6A,B). The loosened scaffold with a thin sheet microstructure
from AG and some fibrous microstructures from dECmS with a wide range of 5–10 µm
was found in PCFM3N, as shown in Figure 4G–I. The merged structures that combined
the sheet structure of AG molecules with the microstructure of dECmS molecules were
observed in PCFM1H with relative high incorporation of AG molecules. Similar behaviors
were observed in alginate-based composite scaffold membranes containing decellularized
porcine skin [23].
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Figure 6. Proposed model of ionic associations among Ca2+ ions, AG molecules, and dECmS
molecules within designed composite foam materials (CFM): (A) new composite foam materials with
a small amount of dECmS, (B) new composite foam materials with a large amount of dECmS, and
(C) new cross-linked composite foam materials with a large amount of dECmS.

A high amount of dECmS microscaffold enhanced some associations among AG
molecules and dECmS molecules. A complicated microstructure (III) formed in the mi-
crostructures of the resulting crosslinked composite foam materials, which might further
provide a relatively strong structural stability and high thermal stability, as shown in
Figure 6B. Additionally, Marangoni Júnior reported that incorporating hydrolyzed colla-
gen into alginate film could increase the maximum degradation rate temperature from
226.51 to 232.89 ◦C [27]. In this study, the composite foam materials containing dECmS mi-
croscaffolds and corresponding cross-linked composite foam materials containing dECmS
microscaffolds showed relatively high thermal stabilities (Tdmax > 300 ◦C). However, SEM
images showed that the addition of dECmS microscaffold led to a discontinuity in the
microstructure of the resulting composite foam materials. The discontinuity in the mi-
crostructures was also observed in the alginate-based composite scaffold membrane with
high incorporation of decellularized porcine skin [23] and the hydrolyzed collagen/alginate
composite matrix with high incorporation of hydrolyzed collagen [27].

Furthermore, crosslinking reactions were carried out because of the addition of CaCl2,
and the fibrous microstructures merged in the structure of the resulting crosslinked com-
posite foam materials from AG, and a relatively compacted shape was remarkably formed,
as shown in Figure 5A–I. It might be due to several associations within the microstructures
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of composite foam materials containing some fibrous microstructures from dECmS and
thin sheet microstructure from AG. With the addition of CaCl2, crosslinking reactions
provided a relatively complicated microenvironment in the presence of CaCl2, which is
proposed in the schematic diagrams shown in Figure 6. When Ca2+ was introduced and
penetrated into the composite foam material in a short period of time, the ionic association
between -COO- group of the AG molecule and the -NH3+ group of the dECmS molecule
and ionic associations among the -COO- group of the AG molecule, Ca2+, and the -COO-
group of the AG molecule enhanced structural stability. Similarly, Chen et al. reported
the cross-linked interpenetrating algainte/gelatin material demonstrated super structural
stabilities compared with semi-interpenetrating algainte/gelatin material [25].

Some area of composite foam materials showed smooth morphology in the microstruc-
ture, which might have been due to dECmS segments merging into the AG segments and
the mixed complex associations among AG segments, dECmS segments, and Ca2+ ions.
The mixed complex associations among AG segments, dECmS segments, and Ca2+ ions
introduced complex microstructures, such as microstructure (III) and microstructure (IV),
as shown in Figure 6C. When a large amount of dECmS was introduced and Ca2+ ions was
penetrated into the composite foam material, several kinds of ionic associations such as
ionic association between the -COOH group of AG molecule and the -NH2 group of the
dECmS molecule, ionic associations between the -COOH group of the ALG molecule, Ca2+,
and the -COOH group of the dECmS molecule, and ionic associations between the -COOH
group of the dECmS molecule, Ca2+, and the -COOH group of the dECmS molecule easily
built up a complicated microstructure. Most areas of composite foam materials showed
smooth morphology in the continuous microstructure (Figure 5G–I), which might provide
a strong structural stability and a high thermal stability of new crosslinked composite foam
materials containing AG segments, dECmS segments, and Ca2+ ions. It might be a good
potential material as a bioink for medical applications. When a small amount of dECmS
was introduced and Ca2+ ions were penetrated into the composite foam material, a similar
behavior was observed. However, the small amount of dECmS provided a relatively weak
association and a relatively smooth morphology was observed (Figure 5A–C).

3.4. Effect of Crosslinking Reaction on Thermal Stability of Composite Foam Materials
with Microscaffolds

The thermal stability of 3D bioprinted materials is important. However, AG material
shows quite poor thermal stability (Tdmax < 250 ◦C), which is harmful to being a good
carrier for 3D bioprinting medical applications. In order to enhance the thermal stabil-
ity of the designed polymeric composite foam materials, decellularized elastic cartilage
microscaffolds (dECmS) were introduced. The thermal stability of resulting AG-based
polymeric composite foam materials containing dECmS was characterized by TGA. In this
study, DTG curves were useful for studying the effect of crosslinking functionality on mi-
crostructure and thermal properties of new polymeric composite foam materials containing
dECmS with different introduction ratios of dECmS/AG. The effect of crosslinking func-
tionality on thermal properties of the new polymeric composite foam materials containing
decellularized elastic cartilage microscaffold, dECmS, with various introduction ratios of
dECmS/AG was studied. A series of cross-linked polymeric composite foam materials
containing dECmS was obtained. A relatively higher maximum pyrolysis temperature
(Tdmax) of the resulting composite foam materials containing dECmS than 249 degrees
was obtained because of the introduction of dECmS molecules into the resulting AG-based
polymeric composite foam materials (Figure 7). The resulting composite foam materials
containing dECmS were a good heat-resistant material.
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(A) PCFM1N, (B) PCFM2N, and (C) PCFM3N.

The peaks of DTA curves were considered as some formations of new microstruc-
tures, which showed different maximum pyrolysis temperatures in the different stages
of temperature, such as the stage of 50–200 ◦C, the stage of 200–300 ◦C, the stage of
300–450 ◦C, and the stage of 450–500 ◦C. When large amounts of dECmS were introduced
into the composite foam material (dECmS/AG = 20/80), a complicated microstructure
(III) combining AG molecules with dECmS molecules formed and was observed in the
results of DTA analysis. A maximum pyrolysis temperature of 420 ◦C was observed, as
shown in Figure 7C. The DTA peak of microstructure (I) of AG molecules shifted to a
higher Tdmax value than 260 ◦C, which contributed to the interaction of AG molecules
and dECmS molecules. Similarly, the DTA peak of microstructure (II) shifted to a higher
Tdmax value than 360 ◦C, which contributed to the interaction of dECmS molecules and
AG molecules. When slight amounts of dECmS were introduced into the polymeric com-
posite foam materials (dECmS/AG = 5/95), a complicated microstructure (III) combining
AG molecules with dECmS molecules was not formed in the results of DTA analysis, as
shown in Figure 6A. The DTA peaks of AG molecules’ microstructure (I) and dECmS
molecules’ microstructure (II) was observed at 250 ◦C and 370 ◦C, respectively. The DTA
peak of microstructure (II) shifted to a higher Tdmax value than 370 ◦C which contributed
to the strong interaction of dECmS molecules and AG molecules of the AG-rich composite
material. Similarly, when small amounts of dECmS were introduced into the composite
material (dECmS/AG = 15/85), the complicated microstructure (III) and the shifted Tdmax
value was not observed in the results of DTA analysis, as shown in Figure 7B.
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The composite material was prepared by the lyophilized technology. The resulting
composite material was further crosslinked with CaCl2(aq) to obtain cross-linked polymeric
composite foam materials. However, the crosslinking functionality affected the microstruc-
tures of cross-linked composite foam materials containing dECmS molecules. The Ca2+

ions penetrated into the porous microstructures to build up the complicated microstruc-
ture (III) and a new ionic crosslinked microstructure (IV) of AG molecules, as shown in
Figure 8A–C. When slight amounts of dECmS were introduced into the composite material
(dECmS/AG = 5/95), a complicated microstructure (III) combining AG molecules with
dECmS molecules was not formed in the results of DTA analysis, as shown in Figure 7A.
The DTA peaks of AG molecules’ microstructure (I) and dECmS molecules’ microstructure
(II) was observed at 250 ◦C and 370 ◦C, respectively. The DTA peak of microstructure (II)
shifted to a higher Tdmax value than 370 ◦C which might have contributed to the strong
interaction of dECmS molecules and AG molecules of the AG-rich composite material.
When Ca2+ ions were introduced into the AG-rich composite material (dECmS/AG = 5/95),
the complicated microstructure (III) and the ionic cross-linked microstructure (IV) was
enhanced, as shown in Figure 8A. Good thermal stability of PCFM1H was observed. The
designed cross-linked AG-based composite foam materials containing dECmS and Ca2+

ions with good thermal stabilities was considered to be a good heat-resistant composite
material for medical and bioprinting applications.
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4. Conclusions

In this study, a series of new polymeric composite foam materials containing decellu-
larized elastic cartilage microscaffolds, dECmS, were successfully obtained from alginate
and porcine elastic cartilage by using supercritical carbon dioxide fluid technology and
papain treatments. The retained extra-cellular matrix and integrity of the scaffold-structure
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were observed in the resulting polymeric composite foam materials. This work provides a
simple and time-saving procedure for preparing composite foam materials with decellular-
ized elastic cartilage microscaffolds, which show a microstructure with enhanced thermal
stability. The effect of cross-linking functionality on microstructures and thermal properties
of new polymeric composite foam materials containing dECmS with various dECmS/AG
ratios was studied. Furthermore, the microstructures of the cross-linked composite foam
materials containing dECmS were observed, defined, and studied, depending on their
specific associations and DTG results. The Tdmax of the resulting polymeric composite
foam materials containing dECmS molecules and Ca2+ ions was increased. Polymeric com-
posite foam materials with good thermal stability were successfully obtained. The resulting
polymeric composite foam materials with fibrous microscaffolds could be considered as a
3D bioprinting material or a bioink for medical applications. The properties, depending
on compositions of dECmS and AG, could provide a good parameter for bioinks and 3D
bioprinting applications.
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