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Abstract
In the present study, supercritical fluid was employed to prepare a kind of 
supercritical fluids-decellularized dermal-based scaffold (SFDDS) from porcine 
dermal tissue. Further, new composite bioscaffolds containing SFDDS were designed 
for bioprinting applications. Then, the effect of crosslinking functionality on 
microstructures and thermal properties of the composite bioscaffolds containing 
decellularized extracellular matrix were studied. The results of thermal stability 
from thermogravimetric analysis and difference thermogravimetry demonstrated 
the structural stability of the composite bioscaffolds. A  method was designed to 
prepare bioinspired decellularized dermal-based composite bioscaffolds, which 
were further characterized by infrared spectroscopy, scanning electron microscopy, 
and thermogravimetry analysis.

Keywords: Alginate; Composite membrane; Decellularization; Microstructure; 
Supercritical carbon dioxide

1. Introduction
Numerous natural or modified materials with specific microstructures have been 
studied for medical or bioprinting applications, for instance, the application of bioinks 
or bioscaffolds for tissue reconstruction[1-8]. A wide range of materials with varied 
viscosities and high cell density aggregates can be 3D printed using this technique[2]. 
A large variety of polymers is under research for the use in bioprinting technology. 
Natural polymers, including collagen[3], gelatin[4], alginate[5], and hyaluronic acid[6], 
and synthetic polymers, such as polyvinyl alcohol (PVA)[7] and polyethylene glycol, 
are commonly used in bioinks for 3D printing. Often, these bioinks are post-processed 
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either by chemical or ultraviolet (UV) crosslinking to 
enhance the mechanical properties of the constructs. 
Depending on the type of polymer used in the bioink, 
biological tissues and scaffolds of varied complexity can 
be fabricated[2]. Alginate is a natural polysaccharide that 
typically originates from various species of algae. Due to its 
low cost, good biocompatibility, and rapid ionic gelation, 
the alginate hydrogel is a good option of bioink source for 
3D bioprinting. However, the lack of cell adhesive moieties 
was the critical limitation of alginate hydrogel bioink[8].

For natural material, collagen is the most abundant 
protein in animals and has been widely used in the 
biomedical applications as a biomaterial[9]. Decellularized 
matrix containing collagen segments is considered a 
desirable bioscaffold for tissue regeneration because the 
decellularized matrix maintains the original components 
of native tissue, which could constitute the main structural 
element to provide biocompatibility, structural stability, 
physical and structural configuration, cell adhesion, and 
cell migration for direct tissue development in bioprinting 
applications[10,11]. The decellularized bioscaffold could 
be obtained and purified by a combined procedure 
with decellularizing and defatting, such as supercritical 
fluid treatments, chemical treatments, and enzyme 
treatments[12]. Supercritical fluids could extract the fat 
without damaging and affecting the collagen segments. 
Furthermore, the supercritical fluids could be employed 
at a critical temperature of 31°C, which was low enough 
for processing collagen. Supercritical fluids could provide 
a good and clean choice for decellularizing and defatting 
procedures which have outstanding properties, such 
as being non-corrosive, non-toxic, and non-flammable 
property[13-15]. For natural material, sodium alginate, which 
was extracted from marine brown algae[16,17], has a wide 
range of biomedical and bioprinting applications, such as 
cell immobilization and tissue regeneration[18-20].

Extrusion-based three-dimensional (3D) bioprinting 
strategies are widely used for producing 3D tissue 
constructs. This technology has rapidly evolved over the 
past two decades, providing a powerful tool set for the 
biofabrication of tissues that can facilitate translational 
efforts in the field[21]. Several studies have been conducted 
to explore suitability of extrusion bioprinting in the aspects 
of rheological property, printability and biocompatibility, 
which could provide many valuable information for 
bioprinting application[21]. Further, computer-aided 
processes have been studied and used to build up new 3D 
bioprinting strategies, which would play an important role 
for 3D bioprinting application[22].

In this study, a new biomimetic decellularized 
dermal-based bioscaffold for extrusion bioprinting was 

designed and prepared. The bioscaffold was applied to 
design a series of composite bioscaffolds for bioprinting 
applications. Furthermore, the morphology, structural 
stability, and thermostability of the resulting biomimetic 
supercritical fluids-decellularized dermal-based 
composite bioscaffolds were studied to provide another 
valuable view for bioprinting applications. Supercritical 
carbon dioxide (ScCO2) was employed to prepare a 
kind of supercritical fluids-decellularized dermal-
based bioscaffold (SFDDS). In the previous works, 
supercritical fluid-based decellularization protocols were 
shown to have great advantage over the conventional 
decellularization as it may allow preservation of 
extracellular matrix components and structures[1]. The 
ScCO2 decellularization would significantly reduce 
treatment times, achieve complete decellularization, and 
preserve extracellular matrix structure. The rupture of 
the cells as a result of high pressure of the fluid during 
the treatment and rapid depressurization is expected 
to be effective in removing the cells from the tissues[1]. 
The resulting SFDDS was introduced into the alginate-
based bioink. A series of new alginate-based composite 
bioscaffolds containing SFDDS were designed and 
obtained. The new design of composite bioscaffolds 
has high stability and excellent biological properties 
of the scaffolds in orthopedics and gene therapy. The 
composite bioscaffolds containing collagen scaffolds 
were characterized by Fourier transform infrared 
(FTIR), scanning electron microscopy (SEM), and 
thermogravimetric analysis (TGA) to obtain the results 
on thermostabilities and morphology. Effect of ionic 
crosslinking reaction with various crosslinking time on 
structural stability and thermal stability of the resulting 
composite bioscaffolds was further studied.

2. Materials and methods
2.1. Materials

Chemicals utilized in the present study include sodium 
alginate (Sigma-Aldrich Company), sodium hydroxide 
(Sigma-Aldrich Company), Triton X-100 (Sigma-Aldrich 
Company), calcium chloride (CaCl2, Fluka Company), 
0.5M acetic acid, 20% alcohol, sodium dihydrogen 
phosphate, and disodium hydrogen phosphate (First 
Chemical Works Company).

2.2. Preparation of SFDDS

Before enzyme treatment being used for removing most 
fatty acids and tissues of raw porcine dermal, the ScCO2 
was employed to prepare a new scaffold at 45°C and 18 
mPa for 6 h. Furthermore, raw porcine dermal samples 
were treated at 25°C by aqueous sodium hydroxide solution 
(2 wt %) for 2 h and followed by aqueous Triton X-100 
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solution (3 wt %) for 2 h. The resulting supercritical fluids-
decellularized dermal-based sample was washed with 
double-distilled water under ultrasonic wave, frozen for 6 h, 
and then lyophilized (EYELA and FD-5N) at −45°C and 0.1 
– 0.2 torr. A kind of SFDDS was obtained[23].

2.3. Preparation of alginate-based composite 
bioscaffolds containing ALG and SFDDS

First, the desired amount of SFDDS bioscaffold was added 
and dispersed completely in 40 mL of double-distilled water 
to obtain dispersed SFDDS solution. Then, aqueous sodium 
alginate solution was homogenized thoroughly with the 
dispersed SFDDS solution at 26,000 rpm for 3 min to obtain an 
aqueous ALG/SFDDS solution. Further, the resulting aqueous 
ALG/SFDDS solution was molded and lyophilized at a freeze-
drying temperature of −45°C and pressure of 0.1 – 0.2 torr 
overnight. A series of alginate-based composite bioscaffolds 
with SFDDS bioscaffolds were obtained based on the various 
ratios of sodium alginate and SFDDS (ALG/SFDDS: 80/20, 
85/15, and 90/10; w/w) (Table 1 and Figure 1)[15,24].

2.4. Preparation of cross-linked alginate-based 
composite bioscaffolds

The alginate-based composite bioscaffold containing ALG 
and SFDDS was cross-linked in aqueous CaCl2 solution at 
different crosslinking times such as 2, 4, 6, 8, and 10 min. 
The cross-linked ALG/SFDDS was then frozen and dried. 
The cross-linked alginate-based composite bioscaffolds with 
supercritical fluids-decellularized dermal-based collagen 
bioscaffold could be obtained (Table 1 and Figure 1).

2.5. Instruments

FTIR was determined with a spectrometer (Nicolet IS10, 
Thermo Fisher Scientific, USA), and the data were collected 
from 400 to 4000 cm−1. Morphology was studied by SEM 
(S3400N, Hitachi, Japan). Thermal analysis was performed 
by TGA using a thermoanalyzer (7300TG/DTA, Seiko, 
Japan).

3. Results and discussion
In this study, the SFDDS was prepared and identified by 
collagen. The ScCO2 decellularization significantly reduced 
treatment times, achieved complete decellularization, and 

Figure 1. Schematic drawing for preparation of ionic cross-linked 
composite bioscaffold was illustrated, including (A) extrusion-based 
bioprinting procedure, (B) molding procedure, (C) freeze-drying, 
(D ionic crosslinking procedure, and (E) freeze-drying procedure.
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Table 1. Preparation of ionic cross-linked composite 
bioscaffolds with SFDDS.

Sample no. ALG/SFDDSa 
(w/w)

Ionic crosslinking timeb 
(min)

ADDS0T1 100/0 2 

ADDS0T5 100/0 10 

ADDS1T1 90/10 2 

ADDS1T2 90/10 4 

ADDS1T3 90/10 6

ADDS1T4 90/10 8 

ADDS1T5 90/10 10 

ADDS2T1 85/15 2 

ADDS2T5 85/15 10 

ADDS3T0 80/20 0

ADDS3T1 80/20 2 

ADDS3T5 80/20 10
aALG: Alginate; SFDDS: Decellularized dermal scaffold through ScCO2 treatment. 
bThe reaction time for ionic crosslinking reaction with 0.5 wt% CaCl2 (aq).
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preserved extracellular matrix structure. High pressure 
of the fluid could rupture the cells during the treatment 
and rapid depressurization[1]. A series of alginate-based 
composite bioscaffolds with different introducing amounts 
of SFDDS were prepared by lyophilization. Further, the 
resulting alginate-based composite bioscaffolds were cross-
linked with aqueous CaCl2 to prepare the corresponding 
ionic cross-linked composite bioscaffolds with enhanced 
structural stability and thermal stability. The morphology 
and thermal stability with various ionic crosslinking time 
were studied, the composite bioscaffolds were sampling 
every 2 min from 2 min to 10 min as listed in Table 1. 
Possibly, the crosslinking functionality would affect the 
microstructures of cross-linked composite bioscaffolds 
during various ionic crosslinking times. Depending on 
different ionic crosslinking time, the Ca2+ ions might 
penetrate inside the loose microstructures with rich 
porosity. The penetrated Ca2+ ions would be associated 
with acidic groups within composite bioscaffolds.

3.1. Identification of alginate-based composite 
bioscaffolds

From the results of FTIR spectroscopy, the alginate-based 
composite bioscaffolds containing decellularized SFDDS 
were identified through collagen characterization. The 
incorporation of SFDDS in the resulting alginate-based 
composite bioscaffolds was confirmed.

From the spectra of SFDDS, the amide A band and B 
band were centered at 3289 and 3182 cm−1, respectively, 
which were attributed to the stretching vibration of N-H 
group. In addition, the absorption bands at 1632 cm−1 
and 1552 cm−1 were attributed to amide I and amide II 
of collagen structures, respectively. The absorption band 
at 1454, 1408, 1336, and 1241 cm−1 was attributed to 
the amides III of collagen structures (Figure 2A). The 
amide I band is related to the stretching vibrations of 
C═O groups, which participate in the formation and 
maintenance of the triple helical structure of collagen. 
The amide II band was related to N–H bending and C–N 
stretching vibrations, which generally occur in the 1550 
– 1600 cm–1 range. A shift to lower wavenumbers would 
be observed when it participates in the formation of 
hydrogen bonds. Amide III was related to C−N stretching 
vibration and N−H deformation[25-28]. For ADDS3T0, 
absorption bands of the -COOH group and NH₂ group 
in comparison with the pure components are shown in 
Figure 2. Due to the strong absorption of collagen, the 
signal differences of COOH group and NH2 group were 
overlapped with absorption band of SFDDS (Figure 2B). 
The FTIR spectra of alginate are shown in Figure 2C, and 
typical absorption bands were observed, such as the band 
at 3338 cm−1 for O–H stretching, the bands at 2901 and 

2921 cm−1 for C–H stretching of pyranoid ring, the band 
at 1590 cm−1 for COO symmetric stretching, the band at 
1410 cm−1 for COO asymmetric stretching, the band at 
1296 cm−1 for C–O stretching, and the bands at 1072 cm−1 
and 1002 cm−1 for C–O–C stretching.

In the spectra of the resulting alginate-based composite 
bioscaffolds with ALG and SFDDS, such as ADDS3T5 
(Figure 2D), besides retaining the above-mentioned 
bands of alginate, such as the pyranoid ring (6-membered 
ring) C–H stretching at 2920 cm−1 and 2851 cm−1, COO 
symmetric stretching at 1605 cm−1, COO asymmetric 
stretching at 1409 cm−1, C–O stretching at 1296 cm−1, 
and C–O–C stretching at 1082 cm−1 and 1022 cm−1, the 
absorption bands at 1605 cm−1 for the carbonyl group 
and 1537 cm−1 for asymmetric and symmetric stretching 
of carboxylate salt groups were also observed. A strong 
absorption band at 1605 cm−1 and two remarkably 
shoulders at 1610 cm−1 and 1550 cm−1 were attributed 
to carbonyl groups of SFDDS. In the spectra of resulting 
alginate-based composite bioscaffold, such as ADDS3T5, 

Figure 2. FTIR results of (A) SFDDS, (B) ADDS3T0, (C) ALG, and 
(D) cross-linked alginate-based composite bioscaffold of ADDS3T5.
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the absorption bands at 3293 and 3120 cm−1 were attributed 
to the N-H stretching vibration of amide A and amide B, 
respectively (Figure 2D). The amide A of the spectrum 
had direct relationships with changes in collagen triple 
helix and hydrogen bonding patterns. The absorption peak 
at 3293 cm−1 of ADDS3T5 was the amide A band, which 
is due to N−H stretching vibration and hydrogen bonds. 
When N−H participates in the formation of a hydrogen 
bond, the wavenumber of its stretching vibration would be 
shifted to ~3300 cm−1[25-28]. The amide B band was related 
to asymmetric stretch vibrations of –NH3

+ and =C–H, and 
the shift of amide B to higher wavenumber (~3120 cm−1) 
was associated with an increase in free NH–NH3

+ groups 
from both lysine residues and the N-terminus[25-28]. The 
same results were observed in ADDS1T5, ADDS2T5, and 
ADDS3T5.

3.2. Morphology of alginate-based composite 
bioscaffolds with decellularized SFDDS

The microstructures of cross-linked ALG bioscaffolds, such 
as ADDS0T1 and ADDS0T5 (Table 1), were characterized 
by SEM (Figure 3). The sheet shape loose bioscaffold could 
be found. Furthermore, SEM results of new alginate-
based composite bioscaffolds with decellularized SFDDS 
bioscaffolds are shown in Figures 3-5. Effect of ionic 
crosslinking on morphology of designed composite 
bioscaffolds with different introducing amounts of SFDDS 
was studied. The remarkable porous microstructures 
could be exhibited in the alginate-based composite 
bioscaffolds. With the increasing introducing amounts of 
SFDDS, the porous microstructure could be changed to 
a relatively compacted microstructure. It might be due to 
the crosslinking reaction that enhanced the compacted 
microstructures of alginate-based composite bioscaffolds. 
The high introducing amount of SFDDS would provide 

a relative complicated microenvironment in existence of 
slight CaCl2 (0.5 wt%), as illustrated in Figure 6.

When a little amount of SFDDS was introduced into the 
alginate-based composite bioscaffolds with 0.5 wt% CaCl2 
during different ionic crosslinking time, weak association 
between functional groups would be formed, such as weak 
ionic interactions among Ca2+ ions and acidic groups of 
ALG and weak interaction between ammonium group of 
SFDDS and acidic group of ALG, as shown in Figure 2. Most 

Figure 3. Morphology of the alginate-based bioscaffolds. 
(A) ADDS0T1 (300×), (B) ADDS0T5 (300×), and (C) ADDS0T5 (100×).

C

BA

Figure 5. Morphology of the alginate-based composite bioscaffolds. 
(A) ADDS2T1 (300×), (B) ADDS2T5 (300×), and (C) ADDS2T5 (100×).

C

BA

Figure 4. Morphology of the alginate-based composite bioscaffolds. 
(A) ADDS1T1 (300×), (B) ADDS1T2 (300×), (C) ADDS1T3 (300×), 
(D ADDS1T4 (300×), (E) ADDS1T5 (300×), and (F) ADDS1T5 (100×).
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area of alginate-based composite bioscaffolds exhibited 
a sheet shape microstructure similar to that for alginate 
bioscaffold. The degree of sheet shape microstructure 
would increase with ionic crosslinking time as shown in 
Figures 4A and B. Some area of composite bioscaffolds 
would show a mixed shape containing block shape and 
fibrous shape in the microstructure, which might be due to 
the mixed association among ALG segments and SFDDS 
segments (Figure 4B-F).

When a large amount of SFDDS was introduced into 
the alginate-based composite bioscaffolds with 0.5 wt% 
CaCl2, some interactions would build up a complicated 
microstructure, as shown in Figure 6. These interactions 
would contribute to ionic interaction between acidic group 
of ALG and ammonium group of SFDDS, ionic interaction 
among Ca2+ ions, acidic groups of ALG molecules, and 
acidic groups of SFDDS, and ionic interaction between 
Ca2+ ions and acidic groups of SFDDS. Most area of 
composite bioscaffolds would show a block shape in 
the microstructure, which might be due to the mixed 
interaction among ALG and SFDDS in the existence of 
Ca2+ ions, such as ADDS1T5, ADDS2T5, and AddS3T5, 
as shown in Figures 4E, 4F, 5B, 5C, 6B, and 6C. As the 
incorporation of SFDDS increasing, the fibrous shape and 
block shape microstructure would be increased. In the 
morphology of ADDS3T5, a relative remarkable block 
shape microstructure in comparison with ADDS2T5 was 
observed which would be contributed to the complicated 
microstructure. Before penetration of Ca2+ ions, the non-
ionic crosslinking structure containing microstructures 
(I), (II), and (III) was formed (Figure 7A). When the 
soaking time increased, penetration of Ca2+ ions would 
be increased to form weak ionic crosslinking structure 
containing microstructures (I), (II), and (III) (Figure 7B). 

The penetration of Ca2+ ions would be increased with 
soaking time. After a relative long soaking time, a large 
amount of Ca2+ ion would penetrate into the microstructure 
of the alginate-based composite bioscaffolds with SFDDS 
to form a strong ionic crosslinking structure containing 
microstructures (I), (II), (III), and (IV) (Figure 7C).

3.3. Structural stability and thermal stability 
of alginate-based composite bioscaffolds with 
decellularized SFDDS

Effect of Ca2+ ion penetration on structural stability and 
thermal stability of alginate-based composite bioscaffolds 
containing decellularized SFDDS was discussed. TGA 
and difference thermogravimetry (DTG) results were 
employed to study the structural stability and thermal 

Figure 7. (A) Non-ionic crosslinking structure, (B) weak ionic 
crosslinking structure, and (C) strong ionic crosslinking structure.
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B

A

Figure 6. Morphology of the alginate-based composite bioscaffolds. 
(A) ADDS3T1 (300×), (B) ADDS3T5 (300×), and (C) ADDS3T5 (100×).

C

BA



Effect of ionic crosslinking on composite membranes

Volume 9 Issue 1 (2023) 42 http://doi.org/10.18063/ijb.v9i1.625 

International Journal of Bioprinting

stability of alginate-based composite bioscaffolds with 
SFDDS (Figure 8). The maximum pyrolysis temperature 
(TdMax) of the alginate was ca. 250°C. In this study, 
the supercritical fluids-decellularized dermal-based 
bioscaffold (SFDDS) that was used to prepare alginate-
based composite bioscaffolds might have relatively high 
thermal stability and good structural stability. The Tdmax 
of the alginate-based composite bioscaffolds was higher 
than 300°C, indicating that the bioscaffolds become heat-
resistant biomaterial, following the introduction of SFDDS 
molecules after a suitable crosslinking reaction (e.g., 
soaking time > 5 min), which is suitable for bioprinting 
applications (Figure 8C-E). If the soaking time is too short, 

the Tdmax of the alginate-based composite bioscaffolds 
exhibited a temperature lower than 300°C, which would 
be due to the non-ionic cross-linked structure and weak 
cross-linked structure (Figures 7A, B and 8A, B). DTG 
curves would provide useful information to study the 
effect of Ca2+ ion penetration on structural stability and 
thermal stability. Different microstructures, such as (I), 
(II),(III), and (IV) (Figure 7A and B), might be proposed 
depending on the TGA and DTG results, which exhibited 
maximum pyrolysis temperatures in different temperature 
stages, such as the Tdmax peak of ca. 90°C at the stage of 
50 – 200°C, the Tdmax peak of ca. 270°C at the stage of 200 – 
300°C, the Tdmax peak of ca. 360°C at the stage of 300 – 
400°C, and the Tdmax peak of ca. 460°C at the stage of 400 
– 500°C. Formations of specific microstructures would 
be reflected in Tdmax peaks of DTG curves. Before ionic 
crosslinking reaction, a series of porous alginate-based 
composite bioscaffolds could be lyophilized and obtained. 
Furthermore, the resulting alginate-based composite 
bioscaffolds were ionically cross-linked with CaCl2 (aq) to 
obtain cross-linked alginate-based composite bioscaffolds 
through Ca2+ ion penetration. The Ca2+ ions could 
penetrate into the porous microstructures during the 
different soaking time. The Ca2+ ions could not penetrate 
into the porous microstructures completely during the 
short soaking time (Figure 7A). Most of microstructures 
would be proposed as microstructure I and microstructure 
II. The microstructure III might be formed with the 
increase of soaking time in an aqueous solution of CaCl2. 
The heat resistance would be enhanced.

The Tdmax of cross-linked composite bioscaffolds 
was lower than 400°C. Even most of ALG molecules 
could be associated with SFDDS, as shown in 
Figure 8D and E. Compared with SFDDS, cross-linked 
composite bioscaffolds showed relatively high Tdmax of 
360 – 380°C because of the formation of microstructure 
II and microstructure III (380°C). The Tdmax of SFDDS 
was observed at 340°C (Figure 9A). The increased Tdmax 
might be resulted from enhanced interaction among SFDDS 
and ALG segments. Compared with alginate-based ALG 
bioscaffold, the Tdmax of ALG molecules was observed at 
240°C (Figure 9B). The cross-linked alginate-based composite 
bioscaffolds showed relatively high Tdmax of 270 – 280°C for 
microstructure I. The microstructure I could be regarded as 
cross-linked ALG molecules with Ca2+ ions.

New microstructures IV were formed and observed 
as shown in DTG results of Figure 9D and E when an 
increased amount of SFDDS was buried into alginate-
based composite bioscaffolds with 0.5 wt% CaCl2. Tdmax of 
cross-linked composite bioscaffolds, which was relatively 
higher than 400°C, was observed, as shown in Figure 9C-E. 

Figure 8. TGA and DTG results of alginate-based composite bioscaffolds: 
(A) ADDS1T1, (B) ADDS1T2, (C) ADDS1T3, (D) ADDS1T4, and (E) 
ADDS1T5.
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Even most of ALG molecules could be associated with 
SFDDS molecule, as shown in Figure 8D and E. A high 
ratio of introducing amounts of SFDDS and ALG such as 
80/20 (PCM3T5) would provide a relatively complicated 
microenvironment in the existence of CaCl2, which could 
introduce a complicated microstructure (microstructure III) 
within the cross-linked composite bioscaffolds (Figure 7).

TGA analysis of the composite bioscaffolds was 
performed. Main losses were observed in several 
temperature ranges such as 200 – 300°C, 300 – 400°C, 
and 400 – 500°C. The weight loss of TGA curve in 
temperature range of 50 – 200°C was due to the chemical 
and physisorbed water, which exhibited the weight loss 

of 5 – 12 wt%. The following main losses observed in the 
temperature ranges of 200 – 300°C, 300 – 400°C, and 400 – 
500°C in the TGA and DTG results contributed to the 
combustion of the cross-linked alginate-based composite 
bioscaffolds for ALG segment, SFDDS segment, and 
associated microstructure. The corresponding Tdmax in 
different temperature ranges was observed at 280°C, 350°C, 
and 420°C. The cross-linked alginate-based composite 
bioscaffolds showed a good thermal stability compared 
with the porous alginate materials. The morphology and 
thermal stability with various ionic crosslinking time were 
studied, and the composite bioscaffolds were sampled every 
2 min. After 10 min, the additional changes of morphology 
and thermal stability were not observed (230 – 240°C).

3.4 Mechanical features of resulting cross-linked 
alginate-based composite bioscaffolds using 
extrusion-based bioprinting and freeze-drying 
procedures

The mechanical properties of the cross-linked alginate-
based composite bioscaffolds, such as ADDS0T5, 
ADDS1T5, ADDS2T5, and ADDS3T5, using extrusion-
based bioprinting and freeze-drying procedures were 
measured by tensile tests. Figure 10 shows the tensile 
strength and elongation at break. The cross-linked alginate-
based composite bioscaffolds containing SFDDS (such as 
ADDS3T5) showed relatively better mechanical properties 
than the cross-linked alginate-based composite bioscaffolds 
without SFDDS (such as ADDS0T5). The introduction of 
decellularized SFDDS into the composite bioscaffolds 
enhanced mechanical properties. The tensile strengths of 
the cross-linked composite bioscaffolds were determined to 
be 6.3 mPa, 8.1 mPa, and 9.2 mPa for ADDS1T5, ADDS2T5, 
and ADDS3T5, respectively, which were relative higher 
than the value of 3.9 mPa for the composite bioscaffolds 
without SFDDS such as ADDS0T5, as shown in Figure 10. 

Figure 9. Thermogravimetric analysis of the alginate-based composite 
bioscaffolds: (A) SFDDS, (B) ALG, (C) ADDS1T5, (D) ADDS2T5, and 
(E) ADDS3T5.

D

C

B

A

E

Figure 10. Tensile strength and elongation at break of alginate-based 
composite bioscaffolds: (A) ADDS0T5, (B) ADDS1T5, (C) ADDS2T5, 
and (D) ADDS3T5 (n = 3).
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The elongation at break of the cross-linked alginate-based 
composite bioscaffolds showed almost the similar values in 
a range of 5.0 – 5.2%.

Introduction of decellularized extracellular matrix derived 
from porcine tissue into the materials showed relatively 
good mechanical properties and good thermal stability, 
which could be employed for biomedical applications using 
bioprinting technology and designing bioinks containing 
ALG and SFDDS with ALG/SFDDS in the ratio of 90/10 
– 80/20. Furthermore, the cells might be introduced in
the bioinks for tissue engineering applications. Naghieh
et al. reported that the mechanical behavior of 3D-printed
alginate scaffolds and the important printing parameters,
such as printing speed, printing pressure, or material inflow,
were the essential information in extrusion bioprinting
for the preparation of 3D-printed macroscaffolds[29]. In
this study, the 3D-printed scaffolds containing micro-
bioscaffolds were considered and designed. The supercritical 
fluids-decellularization technique was applied to obtain
decellularized dermal-based micro-bioscaffolds. The
designed 3D-printed scaffolds containing supercritical
fluids-decellularized dermal-based micro-bioscaffolds were
successfully prepared by extrusion bioprinting and freeze-
drying. For specific medical applications of 3D-printed
macro-scaffolds containing the resulting micro-bioscaffolds
in the future, the printing parameters for the preparation
of 3D-printed macro-scaffolds might be useful to obtain
preferable 3D-printed scaffolds[29].

4. Conclusions
A new cross-linked alginate-based composite bioscaffold 
containing supercritical fluids-decellularized dermal-based 
bioscaffolds, which could maintain the microstructure of 
integrity extracellular matrix, was successfully prepared. 
Effect of Ca2+ ion penetration on structural stability and 
thermal stability of the resulting cross-linked alginate-
based composite bioscaffold was studied with different 
ionic crosslinking. Furthermore, several types of 
microstructures were proposed within the cross-linked 
alginate-based composite bioscaffolds in evidence of DTG 
and morphology results. The cross-linked alginate-based 
composite bioscaffolds exhibited good thermal stability, 
and its Tdmax could reach up to 400°C. Furthermore, the 
cross-linked alginate-based composite bioscaffolds showed 
a relatively good structural stability, indicating that it could 
be a potential biomaterial for bioprinting applications.
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