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ABSTRACT: Decellularized extracellular matrix (dECM) has
been extensively employed as tissue engineering scaffolds because
its components can greatly enhance the migration and proliferation
of cultivating cells. In this study, we decellularized Korean
amberjack skin and incorporated soluble fractions in hyaluronic
acid hydrogels with 3D-printed tissue engineering hydrogels to
overcome any limitation of animal-derived dECM. The hydrolyzed
fish-dECM was mixed with methacrylated hyaluronic acid and
chemically crosslinked to 3D-printed fish-dECM hydrogels, where
fish-dECM contents affected both printability and injectability of
the hydrogels. Swelling ratios and mass erosion of the 3D-printed
hydrogels were dependent on fish-dECM contents, where higher
fish-dECM in the hydrogel increased swelling ratios and mass erosion rates. The higher content of fish-dECM considerably
enhanced the viability of the incorporated cells in the matrix for 7 days. Artificial human skin was constructed by seeding human
dermal fibroblasts and keratinocytes in the 3D-printed hydrogels, and a formation of a bilayered skin was visualized with tissue
staining. Thus, we envision that 3D-printed hydrogels containing fish-dECM can be an alternative bioink composed of a non-
mammal-derived matrix.

1. INTRODUCTION
The hyaluronic acid (HA)-based three-dimensional (3D)
printing system has gained attention in the field of tissue
engineering owing to its flexibility to design and fabricate 3D
structures or artificial tissues with high stability, nonimmuno-
genic nature, and good biocompatibility, which may enhance
cell behavior.1 HA is a natural glycosaminoglycan (GAG)
found in almost all tissues and organs. It has a vital role in
promoting the reconstruction, proliferation, and migration of
fibroblasts and endothelial cells, and is also involved in
angiogenesis.2,3 HA improves the shear-thinning and extrusion
properties of 3D printing, which supports the feasibility of the
bioink.4,5 However, unmodified and pure HA is rarely
employed for 3D printing because of its unstable viscosity to
maintain a 3D structure.3,6 Thus, many researchers have
chemically modified HA or mixed this material with a printable
polymer (e.g., alginate or gelatin) for 3D printing.6−8

Nevertheless, chemical modification of HA is a complex
process and usually requires a long reaction time. Additionally,
manipulating the gelation process is essential to maintain the
3D structure of the HA scaffold after the printing process.
Many chemical crosslinking methods have been studied for the
gelation of HA molecules such as 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC), ethylene glycol diglycidyl
ether (EX-810), glutaraldehyde (GA), and 1,4-butanediol

diglycidyl ether (BDDE).9−12 Divinyl sulfone (DVS), which
can react with the hydroxyl group of HA at a high pH and
room temperature to produce sulfonyl bis-ethyl links, has been
widely used as a crosslinking compound for HA gelation
because it can shorten the reaction time compared to other
chemical crosslinking agents.12

The decellularized extracellular matrix (dECM) has been
used as a biocompatible material in various forms, such as
injectable hydrogels,13−15 dermal hydrogels, sheet, and
powder,16,17 in tissue engineering for supporting the
regeneration of skin,18,19 cartilage,20,21 and blood vessels.14,22

dECM maintains the main extracellular matrix structures and
biochemical components of the original tissue or organ,
including collagen, GAGs, and growth factors, which can
enhance cell behaviors, while eliminating the cellular material
and DNA content to avoid immune responses.23 Mammalian-
derived dECM, especially dECM from cattle and pig, has
attracted extensive research in recent decades, and has been
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utilized in most of the commercially available bio-scaffolds
such as Durepair, Pelvicol, Permacol, PriMatrix, and
SurgiMend.17 However, because of the risk of infectious
diseases such as bovine spongiform encyclopedia (BSE),2

transmissible spongiform encephalopathy (TSE), avian and
swine influenza, and foot-and-mouth disease (FMD) from
mammalian-derived dECM, numerous questions have been
raised as to whether this material should be continued widely
using in human clinical applications.24 Moreover, immunoge-
nicity, high cost of fabrication, and religious limitations have
been considered additional drawbacks, which stimulate many
researchers to find better alternatives. Fish-derived dECM has
been found to contain similar composition compared to
mammalian-derived dECM including collagen, GAGs, and
several growth factors that positively affect wound healing,2,25

while causing a relatively lower immune response than
mammalian-originated materials. A study on the high
biocompatibility of collagen-based 3D structures extracted
from fish-derived decellularized skin highlighted the feasibility
of the same in tissue engineering.26 In addition, a
biocompatible hydrogel from fish-derived decellularized skin-
extracted collagen was successfully prepared, which generated

the formation of epidermal layers and maturation of skin
appendages, and thus, accelerated wound healing compared to
commercial products.2 Most previous studies were conducted
on fish collagen-based hydrogel for skin regeneration since
collagen was proved to support the growth, proliferation,
attachment, and infiltration of fibroblasts and keratino-
cytes.2,24,27,28 Nevertheless, single components such as
collagen do not provide a natural enriched composition of
the skin dermis that could simulate an appropriate biological
and biomechanical environment in which fibroblasts function.
It has been proved that the matrix with full-thickness skin-
dECM brought better mechanical properties and also
improved cell behavior compared to pure collagen matrix
due to the rich microenvironment, which induced better
fibroblast interaction.29

In the current study, we proposed an HA-based hybrid ink
composed of a solubilized decellularized fish skin matrix and
HA at different weight ratios. The mixture was further
crosslinked with DVS at a low molar ratio to obtain a pre-
gel of the hybrid ink with stable viscosity for 3D printing. The
3D-printing process of custom-designed models was performed
using the pre-gel and followed by secondary crosslinking with

Figure 1. Schematic diagram of the preparation of solubilized fish-dECM and 3D hybrid bioink for cocultivation of HDF and HaCaT cells with a
3D-printed model in an air−liquid condition. (a) Solubilization process of fish-dECM in alkaline conditions. (b) Preparation of 3D hybrid bioink
(pre-gel) and fabrication of a 3D-printed model via 3D printing and secondary crosslinking of the 3D scaffold.
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higher DVS concentration to maintain the 3D structure of the
scaffold. Studies on decellularized matrices have shown that
the decellularized matrix contains collagen, GAGs, and several
growth factors and may support cell adhesion, migration, and
differentiation because it maintains the characteristics of the
ECM structure of tissue/organ.23,30 Therefore, we hypothesize
that our HA-based hybrid scaffold can be used to regulate cell
adhesion, migration, and proliferation.11

2. RESULTS AND DISCUSSION
Fish-derived decellularized skin has several water-soluble
proteins such as collagen, GAGs, and growth factors, which
have advantageous effects on wound healing and cell growth.31

While collagen was proved to enhance the growth,
proliferation, attachment, and infiltration of fibroblasts and
keratinocytes, which support skin generation and wound
healing,28 a previous study demonstrated that growth factors
and GAGs had a correlation with in vivo constructive
remodeling of biological scaffolds.31,32 Therefore, it is
necessary to extract these cell-friendly factors for further
incorporation in the hybrid ink. However, because of their
strong attachment to the substrate by peptide bonds, many
researchers treated fish-derived decellularized skin in acid or
basic conditions.2,25,27,33 Besides, collagens are almost
insoluble in alkali solution while noncollagenous proteins are
the opposite, and also short-term alkaline pretreatment does
not influence collagen biochemical properties. Thus, alkali
solution has been used as a safe pretreatment strategy to
remove noncollagenous proteins in collagen extraction.27,33,34

Moreover, antigenicity is related to the presence of non-
collagenous proteins;35 hence, it is important to eliminate

these components to enhance the safety of dECM for clinical
applications. Among different kinds of alkali solution, NaOH
and Ca(OH)2 were frequently used as they showed similar
good ability to remove noncollagenous proteins while ensuring
the minimal loss of collagen after the reaction.33 Therefore, in
our study, the decellularized fish-derived skin was solvated in
NaOH solution for 4, 12, 24, and 48 h, and then, dialysis was
performed to remove salts, impurities, and fragmented proteins
in the solubilized product (Figure 1a). Total proteins before
and after dialysis were analyzed by the BCA assay (Table 1).
According to the BCA assay results, total proteins initially
increased and then decreased upon prolonging the solubiliza-
tion time. Particularly, after 4 h, the total protein before dialysis
reached the highest at 741.1 ± 34.0 μg/mL, but after dialysis, it
remarkably diminished to the lowest at 116.2 ± 1.4 μg/mL.
This is because the noncollagenous proteins in the
decellularized fish-derived skin were soluble in the early stage
of the solvate process, and then removed through dialysis.33,34

In the case of 12 and 24 h, the total proteins after dialysis were
157.7 ± 2.5 and 172.0 ± 3.7 μg/mL, respectively, thereby
indicating that collagen and proteins in the decellularized fish-
derived skin were sufficiently soluble. A previous study
evaluated the effect of reaction time from 1 to 12 h, at
NaOH concentration from 0.05 to 0.5 M, and temperature
from 4 to 20 °C on the quantity of removed proteins; the
quantity of removed proteins accelerated maximally as the
reaction time was increased up to 12 h, concentration of
NaOH reached up to 0.5 M, and the temperature raised up to
20 °C.33 Similar results have been indicated by Woo et al.:27

pretreatment periods from 12 to 36 h and NaOH
concentration between 0.5 and 1.3 M gave the maximum

Table 1. Characterization of the Weight of Solubilized Fish-dECM, and Total Protein Performed by the BCA Assay Depending
on Solubilized Time

total protein (μg/mL)

fish-dECM solubilization time
(hours)

initial weight of fish-dECM
(mg)

unsolubilized fish-dECM
(mg)

solubilized fish-dECM
(mg)a before dialysis after dialysis

4 1000 30.7 ± 5.6 211.4 ± 6.8 741.1 ± 34.0 116.2 ± 1.4
12 32.0 ± 2.5 291.7 ± 9.6 434.7 ± 87.9 157.7 ± 2.5
24 12.2 ± 1.4 182.3 ± 6.5 305.6 ± 43.2 172.0 ± 3.7
48 11.1 ± 1.3 73.8 ± 14.7 246.7 ± 51.8 136.8 ± 3.6

aWeight of solubilized fish-dECM after dialysis.

Figure 2. Characterization of dECM. (a) UV−vis spectra of solubilized fish-dECM before or after dialysis. Absorbance was normalized to total
protein determined by a BCA assay. (b) Cytotoxicity of fish-dECM eluant. Fish-dECM (6 cm2) was eluated with DMEM supplemented with 10%
of FBS (1 mL), followed by mixing with cell cultivation medium at different mixing ratios (0−100%) and addition to NIH3T3 cells (1 × 104 cells/
well (surface area = 0.32 cm2)). After 24 h, an MTT-based cytotoxicity assay was performed and the viability of the treated cells was normalized
with respect to those without treatment.
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collagen content extracted from yellowfin tuna skin. Total
protein was found to reduce at 136.8 ± 3.6 μg/mL when we
increased the reaction time up to 48 h. This could be due to
the fragmentation of soluble proteins caused by the negative
effect of NaOH. It has been reported that a longer duration of
pretreatment with NaOH might cause a higher loss of
proteins.36 The results from other studies also revealed that
peptide linkages were broken when treated with NaOH for a
long time.37,38 Therefore, a solubilization time of 12 h was
utilized for further experiments in this study to optimize the
effect of alkali solution in removing the noncollagenous

proteins without risking any negative influence of NaOH on
the fish-dECM.

Proteins generally have maximum absorbance at 280 nm due
to the presence of tryptophan. However, dECM primarily
contains collagen, which is mostly composed of glycine,
followed by proline and hydroxyproline; thus, the maximum
absorbance should be in the range of 210−240 nm.39,40

Herein, we analyzed the normalized absorbance (Figure S1)
and the absorbance/total protein ratio (Figure 2a) of the
solubilized decellularized fish-derived skin before and after
dialysis. Both the normalized absorbance and the absorbance/

Figure 3. Investigation of injectability and printability of different HA-based bioinks, and characterization of 3D-printed models. (a, b)
Optimization of 3D hybrid bioink. Injectability and printability of 3D hybrid bioink crosslinked at various DVS molar ratios (molar ratio of
HA:DVS = 1:0.020−0.055) were examined (O, high; Δ, medium; X, low injectability/printability). (c) Images of the custom design model and 3D-
printed model (scale bar = 1 cm). (d) Water swelling ratio of the 3D-printed model with 7% (v/v) DVS (n = 3). (e) Mass erosion of 3D-printed
model; 3D-printed model was immersed in PBS (pH 7.4) at 37 °C for 7, 14, and 21 d. At the designated time point, the degraded 3D model was
washed thrice with DW and freeze-dried; the dried 3D model weight was recorded (n = 3). *indicates a significant difference between HA/0dECM,
HA/10dECM, and HA/30dECM; p < 0.05 were considered statistically significant.
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total protein ratio of the solubilized fish-dECM after dialysis
were sharply augmented at the wavelength range of 210−240
nm compared to those before dialysis. This confirmed that
most noncollagenous proteins were removed during dialysis,
and the collagen in the solubilized fish-dECM became more
concentrated after dialysis. The results also revealed that the
use of short-term alkali pretreatment in our study did not lead
to the denaturation of collagen, which was in accordance with
previous studies in which proline and hydroxyproline were
investigated to be broken only after treating with NaOH for
several days.37 Therefore, we supposed that our solubilization
methods of fish-dECM successfully concentrated the required
factors for skin regeneration and wound healing. Regarding the
cytotoxicity test of fish-dECM on NIH3T3 cells based on the
MTT assay (Figure 2b), there was no significant difference
among groups of fish-dECM eluent treated cells compared to
untreated cells. Especially, at 100% of fish-dECM eluent, the
cell viability was shown to be similar to fish-dECM untreated
cells, which meant that fish-dECM was biocompatible with
cells. The results are in accordance with previous studies, in
which C619 epithelial cells exhibited high viability when being
treated with fish-dECM extracted from grass carp skin.41

Different dECM-combined HA-based hybrid inks�HA/
0dECM, HA/10dECM, and HA/30dECM�were prepared by
dissolving HA and dECM in 0.3 M NaOH solution and
subsequently crosslinking using different molar ratios of DVS
to form a pre-gel. The different bioinks were evaluated for their
injectability, which allows them to be extruded constantly and
homogeneously from the syringe, and printability, which
relates to the shape fidelity of 3D-printed models. Because of
the discrete change of different bioinks between “low” and
“high”, a qualitative assessment was conducted instead of
quantitative analysis. Considering the high injectability and
printability of different molar ratios of HA:DVS (Figure 3a,b)
as well as the stable formation of the 3D-printed scaffold,
molar ratios of 1:0.035 and 1:0.055 were chosen for initial
crosslinking of HA/10dECM and HA/30dECM, respectively.
Regarding HA/0dECM, although the molar ratio of HA:DVS
at 1:0.020 gave the best injectability and printability, the
postprinting shape of the model was not well maintained.
Thus, we slightly increased the amount of the crosslinking

agent, and a molar ratio of 1:0.025 was employed for further
experiments with HA/0dECM. After the 3D model was
successfully printed using the modified HA-based hybrid ink,
DVS (5, 7, and 10%; v/v) was additionally dropped on the
printed model for secondary crosslinking (Figure 1b). The
design model and 3D-printed scaffolds with different weight
ratios of HA:dECM are shown in Figure 3c. The strategy of
utilizing dual crosslinking in 3D printing has been employed by
several researchers.4,6,42 The initial crosslinking aims to
optimize the injectability and printability as well as the shape
fidelity of the bioink. Meanwhile, the later crosslinking is
necessary to stabilize the shape of the 3D-printed scaffold. In
the studies of Petta et al., horseradish peroxidase and hydrogen
peroxide-mediated enzymatic crosslinking of tyramine func-
tionalized HA was introduced as the first crosslinking method
of the bioink, and eosin Y-induced photocrosslinking was
secondarily applied on the 3D matrix to form a stable
construct.4

The swelling property plays an important role in the
circulation of nutrients, oxygen, and cell waste removal, as well
as the absorption of exudates and body fluids secreted from
wounds.43 Therefore, the swelling ratio of the secondary
crosslinked models with various concentrations of DVS was
measured (Figures 3d and S2). There was no substantial
difference in the swelling ratio of the secondary crosslinked
models with 5 and 7% (v/v) of DVS, but in the case of the 3D
scaffolds crosslinked with 10% (v/v) of DVS, the swelling ratio
of the HA/30dECM-based model was the highest among the
other two groups and was similar to the HA/30dECM-based
models crosslinked with 5 and 7% (v/v) of DVS. This could be
due to the least amount of HA presented in HA/30dECM, and
7% (v/v) of DVS was adequate for fully crosslinking of HA in
HA/30dECM. Thus, an increase of the DVS ratio to 10%
could not induce further crosslinking of HA/30dECM. In the
cases of HA/0dECM and HA/10dECM, which contained a
higher amount of HA, a larger proportion of HA was
crosslinked when increasing the DVS ratio and this caused a
greater decrease of the swelling ratio of these scaffolds. The
highest swelling ratio of the HA/30dECM scaffold could be
because of the swelling properties of collagen fibers presented
in dECM.44 A previous study on 3D gelatin/dECM-based

Figure 4. In vitro studies on cell attachment and cell viability of HA-based 3D-printed scaffolds. (a) NIH3T3 cells attachment on 3D-printed
models. Unbound cells were stained with trypan blue and counted using a hemocytometer. Cell attachment* (%) = ((number of initial cells −
counted cells)/number of initial cells × 100). (b) Proliferation of cells cultivated on 3D-printed models for 3, 5, and 7 d (n = 3). Cell proliferation
was determined by a WST-1-based colorimetric assay. * indicates a significant difference between HA/0dECM, HA/10dECM, and HA/30dECM;
p < 0.05 were considered statistically significant.
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bioink reported that the 3D-printed model with the highest
ratio of dECM showed the highest change in weight after
incubation in the cell culture medium.44 A DVS ratio of 7% (v/
v) was used for further experiments to maintain suitable
swelling properties for wound healing effects. Mass erosion of a
crosslinked scaffold could be considered as a controllable
factor for modulating the cell infiltration or drug release in
different applications, and this property was influenced by the
crosslinking degree.42 After 7 d and up to 21 d of soaking in
PBS, HA/0dECM exhibited the highest mass erosion among
all other groups (Figure 3e). As aforementioned, 7% (v/v) of
DVS would not be enough to fully crosslink the whole HA
content in HA/0dECM and HA/10dECM. In addition,
collagen fiber in dECM could enhance the mechanical
property of the scaffold.45 Thus, the 3D-printed model which
contained the highest amount of the noncrosslinked HA and
without dECM could be eroded more intensively than the
dECM-contained scaffolds. HA/10dECM composed of the
higher amount of crosslinked HA compared with HA/
30dECM, which could result in lower mass erosion at day 21.

Cell viability analysis based on the WST-1 assay was
performed to monitor NIH3T3 cell biocompatibility when
seeding and culturing in a 3D circular model. According to the
WST-1 assay (Figure 4), cell viability of HA/0dECM, HA/
10dECM, and HA/30dECM increased 1.37, 1.23, and 1.46
times, respectively, when compared between day 3 and 7. The
absorbance intensities of HA-based scaffolds containing fish-
dECM were considerably higher than the ones without fish-
dECM at any analyzed periods. Especially, when comparing
the viability of NIH3T3 cells cultivated on HA/0dECM- and
HA/30dECM-based printed models, there were notable
differences of 1.88, 1.39, and 2 times on days 3, 5, and 7,
respectively, which were supposed to be the effect of the
solubilized decellularized fish-derived skin contained in the 3D
circular model. In this research, the studied fish-dECM
contained 35−40% collagen, 2.7−3.5% GAGs, and 2.0−2.5%
growth factors (analyzed using a Sigma Aldrich hydroxyproline
assay, Fastin elastin assay, and Blyscan sGAG assay,
respectively); the presence of these components could enhance

cell proliferation, differentiation, and other cell functions, as
reported in many previous studies.46 Specifically, cell−ECM
interactions supported by GAGs could further promote cell
behaviors by direct interaction with cell membrane receptors
and could serve as binding points for cells to recognize or
adhere to the local ECM structure.47,48 Therefore, higher cell
viability and cell attachment (Figure 4a) was investigated in
the 3D circular model containing a higher ratio of solubilized
decellularized fish-derived skin in comparison with other
groups.

To construct bilayered models mimicking human skin, HDF
and HaCaT cells were cocultivated on the 3D models printed
by HA/0dECM, HA/10dECM, and HA/30dECM bioinks
(Figure 5a). Because of the risk of toxicity caused by DVS49

and NaOH in a free form and the challenges in maintaining a
clean environment for cell growth without any contamination
during the whole 3D-printing process, cells were cultured on
the 3D-printed scaffold instead of mixing with bioinks before
printing process as this method has been used in numerous
studies.50,51 After 5 day-cultivation of HDF cells on the HA-
based scaffolds to form the first dermal layer, HaCaT cells were
subsequently seeded on top of the scaffolds and cultured in an
air−liquid interface for another 5 days to induce keratinization.
To observe the deposition of collagen and keratin in these
cocultivated 3D models, Masson’s trichrome and hematoxylin
staining was applied on the 20 μm sections (Figure 5b). It was
obviously seen that the collagen fibers, which were stained in
blue, could be only noticed in the HA/30dECM-based scaffold
among all groups. In addition, there was a large number of
violet-stained cells infiltrating the dermis of the bilayer models
fabricated from HA/30dECM bioink. In the other two
scaffolds, violet-stained regions were observed in the epidermis,
but not in the dermis; this could be due to the poor
penetration of cells into the bilayered model. Previous studies
reported that dECM could support cell interaction and
attachment,29,47,48 thereby suggesting that dECM would be
crucial to attract HDF cells to be penetrated and distributed in
the scaffold, and then involved in regulating collagen synthesis.
Despite the presence of 10% of dECM, the HA/10dECM

Figure 5. HDF and HaCaT cocultivation on 3D-printed scaffolds. (a) Cocultivation of the HDF/HaCaT/3D-printed model. After 5 d of
incubation with HDF cells, HaCaT cells were added and incubated for another 5 days in air−liquid conditions to induce keratinization of HaCaT
cells. (b) Masson’s trichrome and hematoxylin staining of HDF and HaCaT-cocultivated 3D scaffolds. Collagens (white arrows) and cell nuclei
(white circles) are stained in blue and violet. Dashed lines separate the regions of the epidermis (ED) and the dermis (D) (scale bar = 100 μm).
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scaffold did not show any different results compared to the
biomodel without dECM. Thus, we supposed that the use of a
sufficient amount of dECM should be critically considered to
take advantage of dECM to enhance cell behaviors. In spite of
the infiltration of fibroblasts into the 3D-printed scaffold,
contraction was not observed, which could be because of the
high mechanical properties of the scaffold owing to the
presence of crosslinked HA.52,53 Moreover, previous studies
reported that embedded cells in the hydrogel during the gelling
process could increase the tendency of the cells to contract the
hydrogel, while spontaneous migration of the fibroblasts into
the hydrogel could reduce the propensity of these cells to
contract the scaffold by their traction forces.54 Therefore, we
speculated that our developed solubilized fish-dECM-com-
bined HA-based 3D hybrid bioink can be potentially employed
to construct a non-mammal-derived matrix for skin regener-
ation.

3. CONCLUSIONS
Fish-dECM was solubilized with alkaline conditions, and the
soluble fraction of the solubilized dECM exhibited low
cytotoxicity. Additionally, those with higher dECM contents
showed better printability and injectability at higher concen-
trations of DVS when HA-based bioinks containing the
solubilized dECM were printed into 3D hydrogels. Although
various 3D-printed hydrogels were investigated with marginal
differences in mass erosion rates and swelling ratios, dECM
substantially enhanced the proliferation of cultivating cells for
7 days. Furthermore, bilayered skin models composed of
epidermis and dermis were constructed with the 3D-printed
hydrogels, and investigation by Masson’s trichrome and
hematoxyline staining indicated that the bio-scaffold with
30% solubilized fish-dECM could enhance cell infiltration into
the dermis to induce collagen synthesis.

4. EXPERIMENTAL SECTION
4.1. Materials. Hyaluronic acid (1800−2500 kDa) was

purchased from Stanford Chemicals (Lake Forest, CA).
Decellularized fish-derived skin (fish-dECM) was provided
by Innotherapy, Inc. (Seoul, Republic of Korea). Sodium
hydroxide (NaOH) was purchased from Daejung Chemicals &
Metals Co., Ltd. (Gyeonggi-do, Republic of Korea). Micro
BCA Protein Assay Kit and human dermal fibroblast (HDF)
were purchased from Thermo Fisher Scientific (Waltham,
MA). Divinyl sulfone (DVS) was purchased from Alfa Aesar
(Haverhill, MA). Dulbecco’s modified Eagle’s medium
(DMEM), phosphate-buffered saline (PBS), and streptomy-
cin/penicillin were purchased from Gibco (Grand Island, NY).
Fetal bovine serum (FBS) was purchased from Corning
(Corning, NY). Tissue-Tek OCT (optimal cutting temper-
ature) compound was purchased from Sakura Finetek
(Torrance, CA). Mouse embryonic fibroblast cell line
NIH3T3 and human epidermal keratinocyte cell line HaCaT
were obtained from the Korean Cell Line Bank (Seoul,
Republic of Korea). The WST-1 (water-soluble tetrazolium
salts) reagent (EZ Cytox) was purchased from DoGenBio Co.,
Ltd. (Seoul, Republic of Korea). Masson’s trichrome and
hematoxylin staining kit was purchased from VitroVivo Biotech
(MD). All other chemicals were of analytical grade.
4.2. Preparation of Fish-dECM. The skin of Seriola

quinqueradiata was polished by removing fish scales and flesh,
followed by the decellularization in 0.5% Triton X-100 solution

under stirring for 24 h. After that, the skin was washed using
distilled water (DW) and then immersed in 5% hydrogen
peroxide (H2O2) and 2% sodium metasilicate solution with
continuous shaking for 2 h. The skin was subsequently washed
using DW to remove the remaining chemicals and then freeze-
dried. Cell cytotoxicity of the fish-dECM was evaluated by an
indirect cytotoxicity test using the MTT assay. The
cytotoxicity test was conducted following the ISO 10993-5
protocol. Fish-dECM was sterilized by ethylene oxide gas
treatment and eluted using serum-contained media (6 cm2 of
fish-dECM in 1 mL of cell culture medium) at 37 °C for 24 h
with gentle shaking. For the formation of the cell monolayer, 1
× 104 of NIH3T3 cells were seeded on a 96-well plate and
incubated at 37 °C for 24 h. The eluted medium was mixed
with fresh serum-contained media at different mixing ratios
(0−100%, v/v) and subsequently added to NIH3T3 cell
monolayer (100 μL/ well) and then incubated at 37 °C for 24
h. After 24 h, an MTT-based cytotoxicity assay was performed,
and the viability of the treated cells was normalized with
respect to those without treatment.
4.3. Preparation of Solubilized Fish-dECM. For better

dispersion in HA solution, fish-dECM was solubilized in an
alkali condition. In particular, fish-dECM was cut into pieces
(1 cm × 1 cm) and then 1 g of fish-dECM pieces (10%, w/v)
were solubilized by immersing in 10 mL of 0.5 M NaOH
solution at 25 °C for 12 h under magnetic stirring (Figure 1a).
After 12 h, the mixture was centrifuged at 3000 rpm for 10 min
to collect the solubilized fish-dECM in the supernatant and
insolubilized fish-dECM was discarded. The remaining NaOH
salt in the supernatant was removed via dialysis (molecular
weight cutoff = 1000 Da) against DW at 25 °C for 48 h,
followed by freeze-drying. The obtained solubilized fish-dECM
powder was stored at −80 °C for further use. The solubilized
fish-dECM was characterized by the BCA assay and UV
spectroscopy. The BCA assay was performed following the
recommended protocol from the manufacturer. In brief, the
solubilized fish-dECM collected before and after dialysis was
incubated with the BCA reagent at 37 °C for 1 h, and
absorbance was measured at 562 nm using a plate reader
(Multiskan GO; Thermo Scientific, U.K.). Bovine serum
albumin (BSA) was used as the standard. UV−Vis spectra of
the solubilized fish-dECM were recorded using a spectropho-
tometer (NanoVue Plus; GE Healthcare, U.K.) by scanning
the wavelength from 200 to 400 nm.
4.4. Preparation of HA-Based Hybrid Ink. HA-based

hybrid ink was prepared by mixing HA and solubilized fish-
dECM. To prepare HA-based hybrid ink without solubilized
fish-dECM (HA/0dECM), 1 g of HA was dissolved in 10 mL
of 0.3 M NaOH solution at 25 °C for 24 h (Figure 1b). After
that, DVS (6.2 μL; molar ratio of HA:DVS = 1:0.025) was
added to the HA solution with magnetic stirring to prepare a
pre-gel. To prepare 10 and 30% (w/w) fish-dECM hybrid ink
(HA/10dECM, HA/30dECM), 1 g of HA was dissolved in 9
mL of 0.3 M NaOH solution at 25 °C for 24 h. Following that,
111.1 mg or 250 mg of the solubilized fish-dECM was
dissolved in 1 mL of 0.3 M NaOH solution with respect to 10
or 30% of fish-dECM (prior to mixing with HA solution) by
strong magnetic stirring for 30 min. DVS was added to HA/
10dECM and HA/30dECM solution with a molar ratio of
HA:DVS = 1:0.035 (8.8 μL) and 1:0.055 (13.8 μL),
respectively. After 3 min of vigorous stirring, the HA/
0dECM, HA/10dECM, and HA/30dECM solution was
transferred to a 10 mL syringe and mild sonication (5510;
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Branson, Danbury, CT) was applied for 2 min to remove the
bubbles. The solution was further incubated at 25 °C for 1 h
before 3D printing was performed.
4.5. 3D Printing. The 3D circular model was designed

using Fusion 360 (Autodesk, CA). The designed model was
saved as a standard triangle language (STL) file. The STL file
was converted into G-code and the 3D circular model
(diameter = 1.5 cm) was printed using a three-axis micro-
positioning stage whose motions were controlled using New
Creator K version 9.6.2 (ROKIT Healthcare, Republic of
Korea). An extrude-based dispenser with a 0.4-mm nozzle and
10 mL syringe were used in this study. Extrusion conditions
were set to a nozzle speed of 6 mm/s, an infill of 100%, and a
layer height of 0.2 mm. The 3D circular model was printed on
a dish. To optimize the condition, injectability and printability
of the HA-based bioinks were evaluated based on the
flowability of the bioinks and the shape fidelity of 3D-printed
scaffolds within 1 min after printing. Low printability indicated
the bioink, which formed a low undefined shape, mediate
printability indicated the bioink with intermediate irregular
patterns, and high printability indicated the bioink with a well-
defined structure.1 After printing, the DVS solution was
prepared for the second crosslinking of the 3D model. Briefly,
the crosslinking solution was prepared by mixing 12.5, 17.5, or
25 μL of DVS with 0.3 M sodium hydroxide solution to a final
volume of 250 μL. The crosslinking solution was carefully
dropped on the 3D circular model and incubated at 25 °C for
30 min. The 3D circular model was further washed three times
with DW for 10 min to remove unreacted DVS and then
freeze-dried and stored at −80°C for further uses.
4.6. Characterization of the 3D-Printed Model. The

swelling ratio of the 3D-printed models was determined by
measuring the weight of the 3D-printed models before and
after swelling. The 3D-printed models were soaked in DW at
37 °C for 10, 30, 60, and 120 min, and then the excess water
on the surface was carefully removed using Kimwipes for 20 s
and the weight was measured. The swelling ratio of the 3D-
printed models (n = 3) was gravimetrically determined using
the following formula: swelling ratio (%) = (Ws/Wd) x 100
(%), where Wd is the dried weight of the 3D-printed model
and Ws is the weight of the swollen 3D-printed model. The
mass erosion of the 3D-printed models was determined by
measuring the weight of the 3D-printed models before and
after mass erosion. The 3D-printed models were soaked in
phosphate-buffered saline (PBS) at 37 °C for 7, 14, and 21
days with orbital shaking (60 rpm). The supernatant was
removed at designated time points and the 3D-printed models
were washed five times with DW to remove residual salt and
then freeze-dried.
4.7. In Vitro Cell Cultivation. HA/0dECM, HA/

10dECM, or HA/30dECM printed models were sterilized by
immersing in 70% (v/v) ethanol and irradiating under UV light
for 1 h. The sterilized samples were transferred to a nontreated
12-well plate and washed five times with 1 mL of cell culture
medium for 10 min each. A suspension of NIH3T3 cells (0.5
mL, 2 × 105 cells/well) in DMEM supplemented with 10% (v/
v) FBS and 1% (v/v) streptomycin/penicillin was seeded on
each well. After that, the cell-seeded 3D samples were cultured
at 37 °C under 5% CO2 for 12 h and 0.5 mL of the cell culture
medium was added to each well (final volume = 1 mL/well).
After 1 day of incubation, the cell-seeded 3D samples were
carefully washed three times with PBS to remove unattached
cells, and these unattached cells were collected for trypan blue

staining and counted using a hemocytometer. The cell
attachment (%) was determined by measuring the initial
number of seeded cells and the unattached cells.

To evaluate cell proliferation, the cell-seeded 3D samples
were incubated at 37 °C under 5% CO2 for 3, 5, and 7 days.
After each mentioned specific period, the cell proliferation was
determined using a WST-1-based colorimetric assay according
to the protocol of the manufacturer. Briefly, the entire medium
in the nontreated 12-well plate was discarded, and 1 mL of
fresh medium was added. After that, 0.1 mL of WST-1 reagent
was added to each well and incubated at 37 °C under 5% CO2
for 1 h. The absorbance of the medium was measured at 450
nm using a plate reader (Multiskan GO; Thermo Scientific,
U.K.).
4.8. In Vitro Construction of Bilayered Human Skin.

HA/0dECM, HA/10dECM, or HA/30dECM printed scaffolds
cut into 0.5 cm × 0.5 cm were sterilized by immersing in 70%
(v/v) ethanol and irradiating under UV light for 1 h. The
sterilized samples were washed five times with 1 mL of cell
culture medium for 10 min each, and transferred to a
nontreated 96-well plate. A suspension of HDF cells (0.02
mL, 5 × 104 cells/well) in DMEM supplemented with low
serum growth supplement (LSGS) and streptomycin/penicillin
was seeded on each well, and 0.03 mL of the cell culture
medium was subsequently added. After that, the cell-seeded
3D samples were cultured at 37 °C under 5% CO2. The cell
culture medium was replaced daily with fresh medium. After 5
d of incubation, the HDF-seeded 3D samples were transferred
to a transwell (24-well plate with insert), and a suspension of
HaCaT cells (0.02 mL, 5 × 104 cells/well) in DMEM
supplemented with 10% (v/v) FBS and 1% (v/v) streptomy-
cin/ penicillin was seeded on each well (final volume = 0.4
mL). For keratinization, HDF and HaCaT cell-seeded 3D
model was cultured in an air−liquid environment for 5 d.

The cocultivated 3D models were fixed with 2.5% (v/v)
glutaraldehyde in PBS (pH 7.4) at 4 °C overnight. The fixed
3D scaffolds were washed three times with PBS, dehydrated in
30% sucrose solution, and embedded in Tissue-Tek OCT
compound. The samples were sectioned into 20 μm-thick
slices using a cryostat microtome (CM1850; Leica, Deer Park,
IL), and stained with Masson’s trichrome staining reagents
following the protocol of the manufacturer to observe the
deposition of collagen and keratin. Briefly, 3D model sections
were immersed in DW for 3 min to remove the O.C.T
compound and then mordanted in Bouin’s solution for 1 h at
60 °C, followed by washing under running tap water for 5 min.
The 3D model sections were stained with Weigert’s
hematoxylin for 10 min and washed under running tap water
for 5 min before being incubated in scarlet acid fuchsin
solution for 5 min at 25 ± 2 °C, and washed in DW for 1 min.
These sections were treated with phosphotungstic acid
solution for 10 min at 25 ± 2 °C, and counter-stained with
Aniline Blue for another 10 min, followed by differentiation in
1% acetic acid in DW for 1 min. The stained 3D model
sections were subsequently washed with DW, dehydrated in
gradient concentrations of ethanol, and cleared using xylene.
The dehydrated 3D model sections were mounted using nail
polish for visualization under a fluorescence microscope
(Eclipse Ti-S; Nikon, Japan).
4.9. Statistical Analysis. Statistical analysis was performed

using a one-way ANOVA in the SigmaPlot 14.0 software, and
p-values < 0.05 were considered statistically significant.
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