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ABSTRACT: In bone tissue engineering, a suitable scaffold is the key. Due to their
similar composition to bone tissue, special structure, good mechanical properties, and
osteogenic properties, acellular fish scale scaffolds are potential scaffolds for bone tissue
engineering. At present, the fish scale decellularization scheme mostly uses a
combination of sodium dodecyl sulfate and ethylenediamine tetraacetic acid (EDTA),
but this method has problems. We optimized this method using a combined method of
Triton X-100, EDTA, and nuclease. In this study, the optimal scheme was screened with
respect to the decellularization effect, extracellular matrix composition and structure
retention, mechanical properties, cell biocompatibility, and osteogenic differentiation
ability. The results showed that the optimal scheme was as follows: the native fish scales
were incubated in 0.1% EDTA for 24 h, and then the cellular components were
removed with 1% Triton X-100 for 4 days, followed by nuclease digestion for 24 h. On
that basis, we proposed a novel and more suitable fish scale decellularization scheme,
and the acellular fish scale scaffold prepared by this decellularization scheme may have great potential in bone tissue engineering.

■ INTRODUCTION
Bone tissue engineering is a complex process, including cell
migration, proliferation, differentiation, matrix formation, and
bone remodeling.1 In bone tissue engineering, a suitable
scaffold is the key.2 In recent years, natural acellular matrix
materials have aroused great interest in the field of tissue
engineering because of their ability to construct biomimetic
scaffolds with low immunogenicity and high biocompatibil-
ity.3,4 These scaffolds show a variety of physiological functions,
such as a repository of cytokines, which transmits specific
signals through interactions with cell surface receptors and
provides a natural microenvironment to regulate the biological
activity of interacting cells.3−5

As the natural leather armor of fish, fish scales can not only
protect fish from a variety of natural enemies but also ensure
unlimited swimming of fish in the water. In recent years, fish
scales have attracted more and more attention in tissue
engineering because of their special composition and structure.
Fish scales are mainly composed of hydroxyapatite and type I
collagen, and their proportion is similar to that of bone tissue.6

The layers of collagen fibers with different orientations form a
special “Bouligand” structure, which gives fish scales excellent
mechanical properties through the deformation coordination
mechanism.7 Fish scales also have excellent biocompatibility,
low immunogenicity,8 and the ability to enhance cell adhesion,
promote cell proliferation, and induce differentiation.9 Fish
scales have been used as scaffolds for bone tissue engineering
to repair and regenerate bone defects, and good results have
been achieved.9,10 The earth is rich in fish resources, but in the

process of fish processing, due to the lack of commercial value,
a large number of fish scales are discarded, resulting in a
serious waste of natural resources and environmental
problems. Using fish scales as a biodegradable and cheap
biological resource for tissue engineering is a kind of resource
reuse. Based on these advantages, acellular fish scale scaffolds
are potential scaffolds for bone tissue engineering.

At present, most of the decellularization methods reported
in the literature use ionic detergent sodium dodecyl sulfate
(SDS) combined with ethylenediamine tetraacetic acid
(EDTA) to decellularize fish scales.9,10 Although SDS has a
good decellularization effect, it can highly destroy the
microstructure of the extracellular matrix and protein activity
in tissue.11−13 In addition, the ionicity and cytotoxicity of SDS,
as well as the difficulty of completely removing SDS from
acellular tissue, may affect the cell biocompatibility in the
acellular matrix scaffold.12−14 As a nonionic cell detergent,
TritonX-100 is a mild decellularization agent that has been
widely used to prepare biological decellularized matrix
scaffolds,15 which destroys the interaction between lipids and
lipoproteins to decellularize while keeping the interaction
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between proteins unchanged.16 Nucleases are endonucleases
that hydrolyze DNA and ribonucleic acid chains. Generally, if
effective decellularization cannot be achieved using nonionic
cell scavengers alone, adding these enzyme preparations to the
detergent can more effectively remove residual DNA.17 To
solve these problems, we decided to optimize the existing
decellularization scheme of fish scales, adopt the combined
method of Triton X-100, EDTA, and nuclease, and verify
whether the new method has more advantages than the
previous method. This study was evaluated from the aspects of
the decellularization effect, extracellular matrix composition
and structure retention, mechanical properties, cell biocompat-
ibility, and osteogenic differentiation ability.

■ MATERIALS AND METHODS
Materials. The healthy Grass carps (age: 2 years, weight: 1

kg, body length: 20 cm) were obtained from a commercial
dealer in Beijing. Tris-hydrochloride (Tris−HCl), SDS, Triton
X-100, EDTA, and ribonuclease A were procured from
Bioroyee Inc. (Beijing, China). Deoxyribonuclease I was
procured from Mreda (Beijing, China). Rat bone mesenchymal
stem cells (BMSCs) were obtained from Procell Life Science
and Technology Co., Ltd. (Beijing, China).
Decellularization of Fish Scales. Larger scales (2−3 cm

in diameter) were chosen and washed with running tap water.
Forceps and scalpels were used to remove their epidermis,
fascia, and other soft tissue, and they were rinsed again with
distilled water 5 times.

For SDS-treated acellular fish scale scaffolds (SAFS), we
used the method reported in the literature.9,10 The native fish
scales (NFS) were incubated in 10 Mm Tris−HCl buffer and
0.1% EDTA at 4 °C for 24 h, and then the cellular components
in the fish scales were removed with 0.1% SDS at 4 °C for 3
days and washed with distilled water for 5 times. Finally, the
acellular fish scales were sterilized with 75% ethanol, freeze-
dried, and stored for later use.

For Triton X-100-treated acellular fish scale scaffolds
(TAFS), we used the combined method of EDTA, Triton X-
100, and nuclease. Referring to the reagent types and
concentrations reported in the literature,15,18,19 we conducted
preliminary experiments and finally determined the decellula-
rization steps as follows. NFS was incubated in 10 mM Tris−

HCl buffer and 0.1% EDTA at 4 °C for 24 h, and then the
cellular components of the fish scales were removed with 1%
Triton X-100 at 4 °C for 3, 4, and 5 days, respectively. After
that, the fish scales were digested with nuclease solution
(containing 500 U/mL deoxyribonuclease I and 1 mg/mL
ribonuclease A) at 37 °C for 24 h and washed with distilled
water 5 times. Finally, the acellular fish scales were sterilized
with 75% ethanol, freeze-dried, and stored for later use.
According to the different Triton X-100 treatment times, the
three groups of scaffolds were named TAFS-3, TAFS-4, and
TAFS-5, respectively (Figure 1).
Histological Evaluation. The scaffolds before or after

decellularization were embedded in paraffin and sectioned
longitudinally at a thickness of 5 μm. Hematoxylin and eosin
(H&E) staining, 4′,6-diamidino-2-phenylindole (DAPI) stain-
ing, and picrosirius red (PR) staining were used to qualitatively
evaluate the decellularization effect and extracellular matrix
retention.
Content of Hydroxyapatite and Collagen. The

scaffolds before or after decellularization were embedded in
paraffin and sectioned longitudinally at a thickness of 7 μm.
After vacuum drying overnight and dewaxing, the slices were
evaluated by Fourier transform infrared spectroscopy (FTIR)
(Thermo Fisher Scientific, USA) to obtain infrared spec-
tra.20,21 According to the literature,21−23 the peak areas of
phosphate (1200−900 cm−1) and amide I (1720−1590 cm−1)
in infrared spectra were respectively calculated to semi-
quantitatively characterize the contents of hydroxyapatite and
collagen of scaffolds (n = 5).
DNA Residence Analysis. To quantitatively compare the

decellularization effect, according to the manufacturer’s
instructions, the total DNA in NFS, SAFS, and TAFS (n =
5) was extracted using a marine animal tissue genomic DNA
extraction kit (Bioroyee, China). Finally, the DNA content was
calculated by a spectrophotometer (DHS, China).
Scanning Electron Microscopy. The scaffolds before or

after decellularization were freeze-dried and sputter-coated
with gold before observation. The surface microstructure of
NFS, SAFS, and TAFS (n = 5) was observed with scanning
electron microscopy (SEM) (JSM-7900F, JEOL, Japan).
During SEM observation, scaffolds were also examined by

Figure 1. Schematic diagram of the process to prepare acellular fish scale scaffolds. NFS: native fish scales; EDTA: ethylenediamine tetraacetic acid;
SDS: sodium dodecyl sulfate; SAFS: SDS-treated acellular fish scale scaffolds; TAFS: Triton X-100-treated acellular fish scale scaffolds.
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using energy-dispersive X-ray spectroscopy (EDS) elemental
mapping.
Water Absorption Capacity. The swelling behavior of the

scaffolds was evaluated by immersing the freeze-dried scaffolds
in phosphate buffered saline (PBS) (PH = 7.4) at 37 °C for 48
h (n = 5). The swelling rate was calculated as follows

= ×W W WSwelling rate ( )/ 100%w d d

where Wd is the initial weight of the freeze−dried sample, and
Ww is the weight of the swollen sample.
In Vitro Degradation. The degradation of the scaffolds

was evaluated by the gravimetric method. The freeze-dried
scaffolds were incubated in PBS (PH = 7.4) at 37 °C, and PBS
was replaced every 3 days (n = 5). At 2, 4, 6, and 8 weeks, the
liquid was removed and freeze-dried, and the remaining
scaffolds were weighed. The degradation rate was calculated as
follows

= ×W W WDegradation rate ( )/ 100%0 t 0

where W0 is the initial weight of the freeze−dried sample, and
Wt is the weight of the remaining sample.
Mechanical Performance Test. The mechanical perform-

ance test was performed by atomic force microscopy (AFM)
(Bruker, Germany). Before the test, the scaffold was fixed to
the sample stage (n = 5); five randomly different 10 μm × 10

μm areas on each sample were measured, and the force−
displacement curves were collected. The force−displacement
curve was fitted by the Hertzian model using NanoScope
Analysis software (Version 3.0, Bruker, Germany) to
determine Young’s modulus of the scaffolds.
In Vitro Biocompatibility. Cell Viability. The calcein-

AM/propidium iodide (PI) kit (Servicebio, China) was used
to observe the cell viability of the scaffolds. Considering that
the scaffolds are not transparent to light and the effect of the
scaffold on the adsorption of the working liquid, we obtained
images of cells co-cultured with the scaffolds rather than
images of cells on the scaffolds. Briefly, scaffolds were cut into
cuboids (about 5 × 5 × 0.5 mm). BMSCs (2 × 104 cells,
Passage 4) were co-cultured with SAFS, TAFS, or tissue
culture polystyrenes (TCPS) (as control) (n = 3) and placed
in a 48-well culture plate. After the 3 day culture, cells were
washed with PBS 3 times and incubated with the working
liquid according to the manufacturer’s recommendations at 37
°C for 20 min. Then the working liquid was removed. The
images were captured with a fluorescence microscope (Leica,
Germany). Cell viability was calculated as follows: (live cells/
total cells) × 100%.

Cell Proliferation. The cell proliferation was quantified by
the cell counting kit-8 (CCK-8) test (Fude Biological, China)
on BMSCs. Briefly, BMSCs (2 × 104 cells, Passage 4) were

Figure 2. (A) Macroscopic features of NFS, SAFS, and TAFS. (B) Histological evaluation of NFS, SAFS, and TAFS. Sections stained with H&E,
DAPI, and PR. Scale bar = 100 μm. HE: Hematoxylin and eosin; DAPI: 4′,6-diamidino-2-phenylindole; PR: picrosirius red; NFS: native fish scales;
SAFS: SDS-treated acellular fish scale scaffolds; TAFS: Triton X-100-treated acellular fish scale scaffolds.
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seeded onto SAFS, TAFS, or TCPS (as control) (n = 5). After
1, 3, 5, and 7 day cultures, the medium was removed, and the
CCK8 working solution was added to assess the cell
proliferation according to the instructions. Then, the
absorbance at 450 nm of the supernatant was measured with
a microplate reader (Molecular Devices, USA).
In Vitro Osteogenic Differentiation. Considering that

TAFS-3 did not meet the minimum requirements for
successful decellularization, we evaluated only the osteogenic
differentiation abilities of SAFS, TAFS-4, and TAFS-5. In this
study, BMSCs were co-cultured with scaffolds to measure
alkaline phosphatase (ALP) activity and calcium deposition to
compare and evaluate their osteogenic inducibilities.
ALP Activity and Alizarin Red Staining. BMSCs (1 ×

104 cells, Passage 3) were seeded onto SAFS, TAFS-4, TAFS-5,
and TCPS (as control) for 24 h (n = 3), and then the medium
was replaced with osteogenic medium, which was replaced
every 2 days. After 7 and 14 days, cells were fixed with 4%
paraformaldehyde and then stained using an ALP staining kit
(Beyotime, China) and Alizarin Red Staining (ARS) kit
(Beyotime, China), respectively. We first took an overall image
of each well with a camera, and then more detailed images
were captured by a microscope (Nikon, Japan). Similarly,
considering that the scaffolds are not transparent to light and
the effect of the scaffold on the adsorption of the working
liquid, we obtained detailed images of cells co-cultured with
the scaffolds rather than images of cells on the scaffolds. In
addition, the ALP activity was measured using an ALP assay kit
(Beyotime, China). The measured ALP activity was
normalized to the total intracellular protein content, which
was measured using a BCA protein assay kit (Beyotime,
China).

Statistical Analysis. The analyses were performed using
SPSS software (Version 25.0, SPSS, USA). The quantitative
data were expressed as mean ± standard deviation. Student’s t-
test was used for the comparison between the two groups.
One-way ANOVA with a post hoc test was used for multiple-
group comparisons. If the data were not normally distributed,
nonparametric tests were used. P < 0.05 was considered
statistically significant.

■ RESULTS
Characteristics of Scaffolds. Macroscopic Observation.

The selected fish scales were translucent and irregularly round,
about 2 cm in diameter. One side of the NFS was covered with
oval dark brown fish skin, covering about a quarter of its area.
The surface of the NFS had ridges and grooves arranged
regularly in a radial or annular manner. After a series of
decellularization processes, acellular fish scale scaffolds were
prepared. Compared with NFS, the surface-covered fish skin
was removed and the acellular fish scale scaffolds became
lighter and more transparent, but the regularly arranged ridges
and grooves on the surface were retained (Figure 2A).
Histological Evaluation. As shown in Figure 2B, H&E,

DAPI, and PR staining were used to evaluate the
decellularization effect of fish scales and the preservation of
extracellular matrix components, such as collagen. Extensive
nuclear staining could be seen in the H&E or DAPI staining of
NFS. The cellular components in SAFS were completely
removed. In TAFS, Triton X-100 treatment for 3 days could
not completely remove the cellular components of the
scaffolds, while extending the treatment time to 4 and 5 days
could completely remove the nuclei of the scaffolds. All
scaffolds showed extensive collagen staining, but all decellula-

Figure 3. (A) Characteristic FTIR spectrum for NFS, SAFS, and TAFS, and note the amide I peak and the phosphate peak are, respectively,
indicative of collagen and hydroxyapatite. Hydroxyapatite (B), collagen (C), and DNA (D) contents of NFS, SAFS, and TAFS. All values are
presented as means ± standard deviation (*P < 0.05, **P < 0.01, ***P < 0.001, ns: P > 0.05). NFS: native fish scales; SAFS: SDS-treated acellular
fish scale scaffolds; TAFS: Triton X-100-treated acellular fish scale scaffolds.
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rization treatments more or less reduced collagen staining. The
collagen staining of TAFS-3 and TAFS-4 decreased slightly,
while the staining of SAFS and TAFS-5 decreased significantly.
In addition, we also found that TAFS-3 and TAFS-4 were
more effective in preserving the microstructure of fish scales.
Content of Hydroxyapatite and Collagen. Hydrox-

yapatite and collagen are the main extracellular matrix
components of the fish scales. We innovatively applied FTIR
to quantitatively evaluate the content of hydroxyapatite and
collagen in the scaffolds (Figure 3). After a series of
decellularization processes, the scaffolds’ hydroxyapatite and
collagen contents were reduced. For hydroxyapatite in
scaffolds, its content decreased by about 55.16% in SAFS,
16.84% in TAFS-3, 28.47% in TAFS-4, and 43.60% in TAFS-5
compared with NFS. For collagen in scaffolds, SAFS, TAFS-3,
TAFS-4, and TAFS-5, respectively, lost about 55.49%, 22.73%,
34.08%, and 39.91% of the collagen content with respect to

NFS. Overall, TAFS-3 and TAFS-4 had better effects in
retaining extracellular matrix components in fish scales.
DNA Residence. The DNA content of NFS was 151.45 ±

11.51 ng/mg (dry weight). After a series of decellularization
processes, the DNA contents of the scaffolds were significantly
reduced. The DNA content of TAFS-3 was 50.15 ± 5.63 ng/
mg. The DNA contents of SAFS, TAFS-4, and TAFS-5 were all
less than 50 ng/mg (Figure 3D).
SEM. SEM was used to observe the surface microstructural

changes of the scaffolds before and after decellularization
(Figure 4). The surface of the NFS had a directional
microstructure, which was characterized by regularly arranged
ridges and grooves. After decellularization, the surface
microstructure of TAFS-3 and TAFS-4 was preserved intact,
while the surface microstructures of SAFS and TAFS-5 were
destroyed, of which SAFS was destroyed most obviously. EDS
elemental mapping was used to analyze the distribution of C,
N, O, Ca, and P elements on the surface of the scaffolds

Figure 4. SEM and EDS elemental mapping images of NFS, SAFS, and TAFS. Scale bar = 100 μm. SEM: scanning electron microscopy; EDS:
energy-dispersive X-ray spectroscopy; NFS: native fish scales; SAFS: SDS-treated acellular fish scale scaffolds; TAFS: Triton X-100-treated acellular
fish scale scaffolds.

Figure 5. Swelling rates (A), degradation rates at 2 weeks, 4 weeks, 6 weeks, and 8 weeks (B), and Young’s modulus (C) of NFS, SAFS, and TAFS.
All values are presented as means ± standard deviation (*P < 0.05, **P < 0.01, ***P < 0.001, ns: P > 0.05). NFS: native fish scales; SAFS: SDS-
treated acellular fish scale scaffolds; TAFS: Triton X-100-treated acellular fish scale scaffolds.
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(Figure 4). The elements mentioned above of NFS were
homogeneously distributed on the surface. Although the
decellularization process destroyed the microstructure of the
surface, the distribution of elements in the scaffolds was still
homogeneous.
Swelling Rate and Degradation Rate. After 48 h of

water absorption and swelling, the swelling rates of each group
were more than 70%. Compared with NFS, there was no
significant difference in the swelling rate of each scaffold, and
there was no significant difference between each scaffold
(Figure 5A).

Regarding the in vitro degradation rate, the degradation
rates of the scaffolds were slow in the first 4 weeks; after 4
weeks, the degradation rates accelerated significantly. At 4
weeks, the degradation rates of the scaffolds in each group

were around 8%, and at 8 weeks, the degradation rates reached
around 40%. For the comparison between scaffolds, the
degradation rates of SAFS and TAFS-5 were higher, of which
SAFS was the highest, and the degradation rate was 49.89 ±
6.56% at 8 weeks. The degradation rates of NFS, TAFS-3, and
TAFS-4 were lower, and there was no significant difference
among them (Figure 5B).
Young’s Modulus. We evaluated the mechanical proper-

ties of the scaffolds by measuring Young’s modulus (Figure
5C). We found that Young’s modulus of NFS was the highest,
which was 7.80 ± 2.83 GPa. After decellularization, the
Young’s modulus of the scaffolds decreased to varying degrees.
The Young’s modulus of TAFS-3 and TAFS-4 decreased
slightly to 6.26 ± 1.49 and 5.80 ± 1.17 GPa, respectively, while

Figure 6. (A) Calcein-AM/PI staining of TCPS, SAFS, and TAFS on which BMSCs had been seeded for 3 days. The representative images show
the live (green) and dead (red) cells. Scale bar = 200 μm. (B) Viability analysis for the cells on TCPS, SAFS, and TAFS. (C) Comparative cell
proliferation assay of BMSCs seeded on TCPS, SAFS, and TAFS. (D) In vitro evaluation of the scaffolds on osteogenesis. Representative images of
ALP staining on day 7 and ARS staining on day 14 and ALP activity of BMSCs on day 7. Scale bar = 200 μm. All values are presented as means ±
standard deviation (*P < 0.05, **P < 0.01, ***P < 0.001, ns: P > 0.05). TCPS: tissue culture polystyrenes; SAFS: SDS-treated acellular fish scale
scaffolds; TAFS: Triton X-100-treated acellular fish scale scaffolds; ALP: alkaline phosphatase staining; ARS: alizarin red staining.
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that of SAFS and TAFS-5 decreased significantly to 3.63 ±
2.34 and 3.79 ± 1.28 GPa, respectively.
In Vitro Biocompatibility. After 3 days of culture, cell

viability on the scaffolds was detected by Calcein-AM/PI
staining. For scaffolds, most cells were stained with fluorescent
green (living cells) and very few with red (dead cells; Figure
6A). Quantitative analysis showed that cell viability on the
scaffolds was slightly lower than that on the TCPS, but only
SAFS had a significant difference (Figure 6B). The CCK8 test
showed that the cells on the scaffolds proliferated well.
Compared with those of TCPS, the cell proliferation rates of
scaffolds were slightly lower, but only SAFS and TAFS-3 had
significant differences (Figure 6C).
In Vitro Osteogenic Differentiation. First, as a key

indicator of initial osteogenic differentiation, ALP activity was
assessed by ALP staining and an ALP assay kit for its
expression in BMSCs on day 7. As expected, the TAFS-4 group
showed the highest ALP activity (Figure 6D). Second, calcium
nodule deposition, a key marker of late osteogenic differ-
entiation, was visualized by ARS. After 14 days of culture,
calcium nodules appeared in all groups, and calcium nodule
deposition was the most obvious and largest in the TAFS-4
group (Figure 6D).

■ DISCUSSION
Currently, the treatment of bone defects remains a major
challenge in the field of orthopedics. Bone tissue engineering is
a bone defect repair strategy that has received increasing
attention. Scaffolds, as a key to bone tissue engineering, have
naturally become a research hotspot. Due to their similar
composition to bone tissue, special structure, good mechanical
properties, and osteogenic properties, fish scales have begun to
be used in bone tissue engineering and have great potential.6−9

Similar to bone tissue, the fish scale-derived scaffold is
composed of type I collagen and hydroxyapatite6 and has a
highly ordered three-dimensional structure.7 Collagen fibers
are arranged layer by layer and embedded with needle-shaped
hydroxyapatite crystals, forming a unique “Bouligand”
structure.7 These components and structures give the scaffold
excellent mechanical properties, and its Young’s modulus is
close to that of bone tissue.24,25 As the scaffold derived from
biomaterials, this scaffold must undergo decellularization
procedures when used in bone tissue engineering.26 The
decellularization process requires maximum removal of nuclei
and cellular components while retaining as many natural
extracellular matrix components and microstructure as
possible, and the decellularization operation will inevitably
affect the extracellular matrix components and native structure,
so this requires striking a balance between the removal of
cellular components and maintenance of the native extrac-
ellular matrix, which is one of the major challenges in tissue
engineering.27,28 At present, there are several methods for
decellularizing fish scales, some of which use highly corrosive
reagents such as acetic acid29 and sodium hydroxide30 during
the decellularization process, causing significant damage to the
composition and structure of fish scales. Among them, the
method using a combination of SDS and EDTA is the most
widely used,9,10 but this method also has problems due to the
ionicity and cytotoxicity of SDS.11−14 We optimized this
method using a combined method of Triton X-100, EDTA,
and nuclease, and our results verified the multiple advantages
of the optimized method.

We used histological staining and DNA residence analysis to
evaluate the decellularization effect at both qualitative and
quantitative levels. Crapo et al.28 proposed the minimum
criteria that tissues should meet to be considered as
successfully decellularized: (1) residual DNA content should
be less than 50 ng/mg (dry weight); (2) any residual DNA
fragment should be less than 200 base pairs; and (3) acellular
tissue should not have visible nuclear material when stained
with DAPI or H&E. Our results showed that SAFS, TAFS-4,
and TAFS-5 all showed the required acellular effect, while
TAFS-3 did not. Histological staining of TAFS-3 revealed
nuclei and the DNA content was 50.15 ± 5.63 ng/mg.
Therefore, the decellularization conditions of TAFS-3 did not
meet the requirements.

Fish scales are mainly composed of hydroxyapatite and type
I collagen, and their proportion is similar to that of bone
tissue.6 These components are of great significance in the
application of bone tissue engineering. Histological staining
showed that the content of the extracellular matrix in fish scales
decreased after decellularization. Does the optimized acellular
method have an advantage in preserving the extracellular
matrix? We used FTIR to quantitatively analyze the reduction
of extracellular matrix components, mainly focusing on
hydroxyapatite and collagen. The spectrum showed a
phosphate peak (1200−900 cm−1) and an amide I peak
(1720−1590 cm−1), representing hydroxyapatite and collagen,
respectively. Similar to the reports in the literature,11−13 the
decellularization process of SAFS not only achieved a better
decellularization effect but also seriously damaged the
extracellular matrix. We found that SAFS had the highest
reduction ratio of hydroxyapatite and collagen contents, both
exceeding 50%, while that of the optimized method was lower.
The optimized method has an advantage in preserving the
extracellular matrix. Studies have shown that surface top-
ography can cause specific cell responses, such as adhesion,31

migration,32 proliferation, and differentiation,33 a phenomenon
known as contact guidance.34 The surface of fish scales is
characterized by regularly arranged ridges and grooves. This
special structure may affect cell adhesion, proliferation,
migration, and other important cellular behavior. Zhou et
al.35 prepared scaffolds derived from fish scales. After 5 days of
culture, the cells on the scaffolds began to gather in the
grooves. The results of DAPI fluorescence staining showed that
nuclei were parallel to the grooves, indicating that the cells
proliferated and migrated along the channels. It would be
beneficial to preserve the surface microstructure as much as
possible in the preparation of fish scale acellular scaffolds.
However, SEM results showed that the surface microstructure
of SAFS was seriously damaged and only TAFS-3 and TAFS-4
basically retained the surface structure. Therefore, the
optimized method was better for the preservation of
extracellular matrix components and the microstructure of
fish scales.

Bone tissue engineering requires scaffolds to have good
mechanical properties.2,36 Currently, various methods to
improve the mechanical properties of acellular matrix scaffolds
have been developed, and most of the procedures are
complicated.37 Fish scales themselves have excellent mechan-
ical properties. As long as the decellularization process does
not seriously damage the mechanical properties, the prepared
scaffolds will have excellent mechanical properties, without
complicated processing. Our results showed that the Young’s
modulus of SAFS and TAFS-5 decreased obviously, while that
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of TAFS-3 and TAFS-4 decreased slightly. SAFS and TAFS-5
could not well retain the extracellular matrix components and
microstructure of fish scales, and accordingly, their mechanical
properties would also be affected. This situation can also be
found in the degradation rate because the content and
structure of the extracellular matrix components were
obviously destroyed, and the degradation rates of SAFS and
TAFS-5 were also faster than those of other groups. Because of
the ionicity and cytotoxicity of SDS, we were worried that it
would have a significant impact on the cell biocompatibility.
The results showed that the cell viability of each group of
scaffolds was >95% and there was no statistical difference in
cell proliferation among each group. However, we need to note
that the cell viability and proliferation of SAFS were
statistically lower than those of TCPS. We also observed that
the cell proliferation of TAFS-3 was also significantly lower,
which we speculated was due to the incomplete decellulariza-
tion of TAFS-3 because its decellularization effect did not meet
the minimum requirements. In comparison, TAFS-4 and
TAFS-5 have more advantages in cell biocompatibility. The
purpose of optimizing the fish scale decellularization method is
to promote osteogenesis. We compared the osteogenic
differentiation abilities of the scaffolds. The results showed
that TAFS-4 showed the best osteogenic differentiation ability
in both early and late osteogenic markers. Generally speaking,
in terms of the decellularization effect, extracellular matrix
composition and structure retention, mechanical properties,
cell biocompatibility, and osteogenic differentiation ability,
TAFS-4 was a more suitable method for decellularization of
fish scales.

This study has several limitations. First, we selected only
grass carp scales for our study. The scales of different fishes will
be different, so our results may not be extended to other types
of fish scales. Second, in this study, we only set the treatment
duration of Triton X-100 as a variable to compare and
optimize the fish scale decellularization scheme. More work
needs to be done in the future to establish an optimal fish scale
decellularization scheme. Third, for in vitro experiments, we
evaluated only the effect on cell biocompatibility and
osteogenic differentiation ability, and more cell studies and
animal studies are needed before clinical trials. Despite these
limitations, this study completed the optimization of the fish
scale decellularization protocol and proposed a more suitable
fish scale decellularization protocol. The acellular fish scale
scaffold not only has good osteogenic induction capabilities
and the advantages of easy access and low cost but also has
been reported to have anti-inflammatory properties.30 We will
conduct further verification of the multiple characteristics of
acellular fish scale scaffolds in future in vivo experiments and
even clinical trials.

■ CONCLUSION
In summary, we combined Triton X-100, EDTA, and nuclease
to optimize the current SDS-based fish scale decellularization
scheme and proposed a more suitable fish scale decellulariza-
tion scheme. We evaluated the decellularization effect,
extracellular matrix composition and structure retention,
mechanical properties, cell biocompatibility, and osteogenic
differentiation ability. The decellularization process of TAFS-4
showed better results. The acellular fish scale scaffold prepared
by this decellularization scheme may have great potential in
bone tissue engineering.
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