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The complex microenvironment changes in the bone defect site are the main reason for its refractory
treatment, including the significant increase in the level of reactive oxygen species (ROS) and
inflammatory dysregulation. There is an urgent need to develop some bioactive materials that can
regulate the microenvironment and promote bone regeneration. This study proposed a new strategy for
designing bone tissue engineering scaffolds based on fish scales and developed a polydopamine-
functionalized acellular fish scale scaffold (PDA-AFS). The results showed that PDA-AFS had excellent
mechanical properties, special three-dimensional surface topography, and biodegradability. In vitro
results showed that PDA-AFS had good biocompatibility and cell adhesion ability, could effectively
reduce ROS levels, and had immunomodulatory activity. More importantly, PDA-AFS can enhance
osteogenic differentiation of bone marrow mesenchymal stem cells and promote endogenous bone
regeneration in critical-sized calvarial bone defects. In addition, transcriptome analysis also provided
clues to its possible osteogenic mechanism. Overall, we provide a new strategy for designing bone tissue
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1. Introduction

Bone defects caused by various reasons such as infection, tumor,
and trauma are common diseases in clinical practice." The
complex microenvironment changes in the bone defect site are
the main reason for its refractory treatment, including the
significant increase in the level of reactive oxygen species (ROS)
and inflammatory dysregulation.>® High levels of ROS can cause
cell damage and disrupt normal signaling pathways, causing the
differentiation of bone marrow mesenchymal stem cells (BMSCs)
to shift from osteogenic to adipogenic phenotypes, ultimately
inhibiting bone healing.* Bone regeneration begins with an
inflammatory response, accompanied by a dynamic regulation of
the inflammatory microenvironment.> Macrophages are one of
the most important immune cells, and they polarize to the M1
phenotype in the early stage of bone regeneration, giving these
cells phagocytic and scavenging properties. Subsequently, anti-
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engineering scaffolds based on fish scales for bone regeneration treatment of bone defects.

inflammatory M2 phenotype macrophages dominate within the
first three days.® Studies have found that M2 phenotype macro-
phages can not only secrete anti-inflammatory factors such as
interleukin-10 (IL-10), effectively alleviating the local inflamma-
tory environment at the defect site, but also release cytokines that
promote stem cell migration, osteogenesis, and angiogenesis
differentiation, including stromal cell-derived factor-1, bone
morphogenetic protein-2, and vascular endothelial growth
factor.” However, bone defect sites are often accompanied by an
imbalance in inflammatory regulation, manifested as a long-term
pro-inflammatory response, which hinders the transition of
macrophages from M1 to M2, thereby delaying bone regenera-
tion.* Therefore, regulating the immune microenvironment
around the bone defect, optimizing the transition from M1 to
M2, and timely terminating the pro-inflammatory response can
better achieve bone regeneration. To solve this problem, various
functional bone tissue engineering scaffolds have been
developed.®™ However, scaffolds with natural acellular extracel-
lular matrix materials as the core have been extensively studied
for their multiple advantages, such as low immunogenicity, high
biocompatibility, and biodegradability."**?

As a major fishing country, China produces a large amount of
fish waste every year, of which fish scales account for about 15%,
which is a low-cost and easily accessible biological resource.**
Fish scales are mainly composed of hydroxyapatite and type I
collagen fibers and have a highly ordered three-dimensional
structure.” Their structure and composition are very similar to
bone tissue. Collagen fibers arranged in a special “Bouligand”
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structure and needle-shaped hydroxyapatite crystals distributed
in the collagen fibers give fish scales excellent mechanical
strength, good biocompatibility, and the ability to induce osteo-
genic differentiation.’®"® Several recent studies have used fish
scales as scaffold materials for bone defect repair."**”* In addi-
tion, there are radial grooves and annular ridges on the surface of
fish scales. This topological structure may affect important cell
behaviors such as cell adhesion, proliferation, and migration.>
Therefore, acellular fish scale scaffolds (AFS) are promising
scaffolds for bone tissue engineering.

In recent years, the strategy of using mussel-inspired poly-
dopamine (PDA) to functionalize the surface of scaffold mate-
rials has received widespread attention. Due to the complex
surface shape of some scaffolds and a limited line of sight,
many surface modification methods are not suitable.*® By
simply dipping the scaffold in an aqueous dopamine solution,
PDA can easily form a 50 nanometer-thick coating on the
surface of the scaffold.” This method is particularly suitable for
scaffolds with complex surface shapes. The formation mecha-
nism of PDA coating is mainly based on the oxidative autopo-
lymerization of dopamine molecules under alkaline conditions
and the strong adhesion of catechol and amino groups of
dopamine.”® PDA coatings have efficient redox capabilities to
remove potential ROS due to their large number of reducing
groups, such as phenol and catechol.”*** PDA also has immu-
nomodulatory activity, reducing M1 macrophage polarization to
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down-regulate inflammatory cytokines, and activating M2
macrophage polarization.***” In addition, PDA coating can also
enhance the adhesion, proliferation, and osteogenic differen-
tiation of BMSCs, as well as accelerate new bone formation and
enhance osseointegration.**** This evidence suggests the huge
potential of PDA in bone regeneration.

Therefore, from the above viewpoint, integration of AFS with
PDA would provide a new strategy for the treatment of bone
defects. In our study, PDA was used to functionalize AFS to
obtain PDA-functionalized acellular fish scale scaffolds (PDA-
AFS). We used a novel decellularization scheme to prepare
AFS, then dipped AFS in dopamine solution and freeze-dried to
obtain PDA-AFS. We hypothesized that PDA-AFS has ROS scav-
enging activity, osteo-immunomodulation, and osteogenic
abilities for bone defect repair. In this study, we evaluated the
application potential of scaffolds for bone regeneration through
multiple aspects such as scaffold characterization, cyto-
compatibility, ROS scavenging activity, immunomodulation,
and osteogenic differentiation ability in vitro and in vivo, and
their potential mechanisms (Fig. 1).

2. Materials and methods
2.1. Materials

Fish scales were isolated from Grass carps obtained from
a commercial dealer in Beijing, China. Tris-hydrochloride
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Fig. 1 Schematic illustration of a polydopamine-functionalized acellular fish scale scaffold (PDA-AFS) with reactive oxygen species (ROS)
scavenging, immunomodulation, and osteogenic differentiation ability for cranial bone defect repair. NFS: native fish scales; AFS: acellular fish

scale scaffolds; BMSCs: bone marrow mesenchymal stem cells.
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(Tris-HCl), Triton X-100, ethylenediamine tetraacetic acid
(EDTA), and ribonuclease A were procured from Bioroyee Co.,
Ltd (Beijing, China). Deoxyribonuclease I was procured from
Mreda Co., Ltd (Beijing, China). Fetal bovine serum (FBS), a-
MEM, DMEM, penicillin-streptomycin, and trypsin were
purchased from Gibco Life Technologies Co., Ltd (Grand Island,
USA). Dexamethasone, ascorbic acid, B-sodium glycerol 3-
phosphate, bovine serum albumin (BSA), and phosphate buff-
ered saline (PBS) were purchased from Solarbio Science &
Technology Co., Ltd (Beijing, China).

2.2. Preparation of scaffolds

First, AFS was prepared using a novel decellularization
scheme.®® The native fish scales (NFS), measuring 2-3 cm in
diameter, had their epidermis, fascia, and other soft tissues
removed with forceps and scalpels, and were rinsed five times
with distilled water. Next, fish scales were treated with 10 mM
Tris-HCI buffer containing 0.1% EDTA at 4 °C for 24 hours, and
the cellular components of fish scales were removed with 1%
Triton X-100 at 4 °C for 4 days. Then, fish scales were digested
with nuclease solution (containing 500 U per mL deoxyribonu-
clease I and 1 mg per mL ribonuclease A) at 37 °C for 24 hours
and washed with distilled water 5 times. After that, AFS was
immersed in dopamine hydrochloride solution (2 mg mL™" in
10 mM Tris-HCI buffer, pH 8.5) at room temperature for 24
hours under mechanical stirring to promote dopamine's
oxidation and polymerization. All the scaffolds were carefully
washed with distilled water 5 times. Finally, AFS and PDA-AFS
were sterilized with 75% ethanol and ultraviolet, freeze-dried,
and stored for later use.

2.3. Characterization of scaffolds

2.3.1. Decellularization effect evaluation. We used histo-
logical staining and DNA residence analysis to evaluate the
decellularization effect at both qualitative and quantitative
levels. NFS and AFS were sectioned into 5 um slices and stained
with hematoxylin and eosin (H&E), 4/,6-diamidino-2-
phenylindole (DAPI), and picrosirius red (PR). The marine
animal tissue genomic DNA extraction kit (Bioroyee, China) was
used to quantify the total DNA content of NFS and AFS (n = 5).

2.3.2. FTIR analysis. NFS, AFS, and PDA-AFS were
embedded in paraffin and sectioned into 5 um slices. After
overnight drying under vacuum followed by dewaxing, the
sections were evaluated with Fourier transform infrared spec-
troscopy (FTIR) (Thermo Fisher Scientific, USA) to obtain
infrared spectra (n = 5).** The amide I (1720-1590 cm™ ") and
phosphate (1200-900 ¢cm™") peaks were respectively used to
semi-quantitatively characterize the contents of collagen and
hydroxyapatite of scaffolds.?**

2.3.3. Scanning electron microscopy (SEM). SEM and
energy-dispersive X-ray spectroscopy (EDS) (JSM-7900F, JEOL,
Japan) were used to observe and capture images of the surface
morphology and element distribution of scaffolds. Prior to
imaging, all samples were coated with a thin gold layer.

2.3.4. Swelling test. The initial weight of the freeze-dried
scaffolds (M,) was noted. Subsequently, the scaffolds were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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submerged in phosphate buffered saline (PBS) with a pH of 7.4
at 37 °C for 48 hours (n = 5). The wet weight of each scaffold
(M,) was then determined. The swelling rate was calculated as
follows:

Swelling rate = (M, — My)/ My x 100%

2.3.5. Invitro degradation. The scaffolds were fully swollen
in PBS (pH = 7.4) at 37 °C for 48 hours, and the weight (W) was
recorded (n = 5). Subsequently, the remaining weight (W,) of the
scaffolds was recorded at different weeks (2, 4, 6, and 8 weeks).
The degradation rate was calculated as follows:

Degradation rate = (W, — W)IW, x 100%

2.3.6. Mechanical test. Before testing, the scaffolds were
trimmed to 5 mm x 5 mm in size and then tested with atomic
force microscope (AFM) (Bruker, Germany) to collect force-
displacement curves (n = 3). 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.

2.4. In vitro experiments

2.4.1. Cell viability and proliferation. BMSCs (2 x 10" cells,
passage 4) were seeded onto the scaffolds (n = 3). After 1 and 3
days of culture, a live/dead cell kit (Servicebio, China) was used
to detect the cell viability according to the instructions. In
addition, the cell counting kit-8 (CCK-8) (Fude Biological,
China) was used to evaluate cell proliferation on days 1, 3, 5,
and 7.

2.4.2. Cell adhesion and morphology.
microscopy and SEM visualized cell adhesion and morphology.
Specifically, BMSCs (2 x 10" cells, passage 4) were seeded onto
AFS and PDA-AFS (n = 3) and cultured for 1 and 3 days. Scaffolds
with cells were fixed with 4% paraformaldehyde. The cytoskel-
eton and nucleus were stained with FITC-phalloidin and DAPI
(Solarbio, China), respectively, and then observed with a fluo-
rescence microscope (Nikon, Japan). For SEM observation,
scaffolds with cells were fixed in 2.5% glutaraldehyde, dehy-
drated with gradient ethanol, and critical-point dried. Finally,
scaffolds with cells were sputter-coated with gold and observed
using SEM (JSM-7900F, JEOL, Japan).

2.4.3. ROS scavenging activity

2.4.3.1 1,1-Diphenyl-2-picrylhydrazyl (DPPH) scavenging effi-
ciency. The ROS scavenging activity of scaffolds was evaluated in
vitro using the DPPH assay. The DPPH scavenging efficiency was
determined using the DPPH scavenging efficiency assay kit
(Yuanye, China) according to the instructions. Vitamin C (40 pg
mL ") was used as the positive control group, and the scaffold
was not placed as the negative control group (n = 5).

2.4.3.2 Cell protective effect. The protective effect of scaffolds
on cells against oxidative stress induced by H,O, treatment was
evaluated using a live/dead cell kit (Servicebio, China) and CCK-
8 (Fude Biological, China). BMSCs (2 x 10" cells, passage 4)

Fluorescence
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were seeded in 48-well plates and cultured for 24 hours, then
scaffolds were added and the medium was replaced with
medium containing 200 pM H,O, (n = 5). Cells grown without
H,0, and scaffolds served as the control group. After another 24
hours of culture, scaffolds, and medium were removed, and cell
viability was assessed using a live/dead cell kit and CCKS,
respectively.

2.4.3.3 Intracellular ROS detection. BMSCs (2 x 10* cells,
passage 4) were seeded in 48-well plates and cultured for 24
hours, then scaffolds were added and the medium was replaced
with medium containing 200 pM H,0, (n = 5). Cells without
scaffolds and H,0, were used as the control group. After
another 2 hours of culture, a reactive oxygen species assay kit
(2/,7'-dichloro fluorescein diacetate, DCFH-DA, Beyotime,
China) was used to evaluate the effect of scaffolds on intracel-
lular ROS production induced by oxidative stress. Finally, cells
were observed using a fluorescent microscope (Nikon, Japan)
and quantified using a multifunctional microplate reader with
an excitation wavelength of 488 nm and an emission wave-
length of 525 nm (Molecular Devices, USA).

2.4.4. Immunomodulation and osteogenic differentiation
in vitro

2.4.4.1 Enzyme-linked immunosorbent assay (ELISA). A co-
culture system of RAW264.7 cells and scaffolds was used to
evaluate the immunomodulatory performance of scaffolds.
RAW264.7 cells (5 x 10* cells) were seeded on the scaffolds and
cultured for 3 days (n = 5). A blank group and a lipopolysac-
charide (LPS) group (200 ng mL ") were set up simultaneously.
The cell supernatant was collected and tumor necrosis factor-
o (TNF-o) and IL-10 contents were measured according to the
instructions of the ELISA kits (Multisciences, China).

2.4.4.2  Alkaline phosphatase (ALP) staining and ALP activity.
BMSCs (1 x 10" cells, passage 3) were co-cultured with the
scaffolds and the osteogenic induction medium was added (n =
3). After 7 and 14 days of culture, cells were fixed with 4%
paraformaldehyde and then stained using an ALP staining kit
(Beyotime, China). In addition, the ALP value was determined
using an ALP assay kit (Beyotime, China), and the ALP activity of
each well was normalized to the total protein content of the
corresponding supernatant determined by a BCA protein assay
kit (Beyotime, China).

2.4.4.3 Alizarin red staining (ARS). After 21 days of osteo-
genic induction, cells were fixed with 4% paraformaldehyde and
stained using an ARS kit (Solarbio, China) (rn = 3). After
observing the results, the stained calcium nodules were dis-
solved by immersing them in 10% cetylpyridinium chloride
solution, and then the absorbance was measured at 570 nm
using a Microplate Reader (Molecular Devices, USA).

2.4.4.4 Immunofluorescent (IF) staining. After 3 days of co-
culture of RAW264.7 cells with scaffolds and 14 days of osteo-
genic induction of BMSCs with scaffolds (n = 3), cells were fixed,
permeabilized, and blocked. Then, specific primary antibodies
were incubated overnight at 4 °C. The relevant primary anti-
bodies are as follows: CD86 (13395-1-AP, Proteintech, 1 :200),
CD206 (18704-1-AP, Proteintech, 1:200), RUNX2 (20700-1-AP,
Proteintech, 1:100), OPN (22952-1-AP, Proteintech, 1:200) and
COL-1a. (14695-1-AP, Proteintech, 1:100). The next day, cells
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were labeled with fluorescent secondary antibodies, cell nuclei
were stained with DAPI (Solarbio, China), and observed under
a fluorescence microscope (Nikon, Japan).

2.4.4.5 Quantitative real-time PCR (qRT-PCR). The expres-
sion of CD86, CD206, RUNX2, OPN, and COL-1a was detected by
gRT-PCR. Briefly, RAW264.7 cells were co-cultured with scaf-
folds for 3 days and BMSCs were induced with scaffolds for 14
days (n = 3), total RNA from RAW264.7 cells or BMSCs was
extracted using an RNA extraction kit (Accurate Biotechnology,
China), and cDNA was obtained using a reverse transcription kit
(Accurate Biotechnology, China). The qRT-PCR was performed
using a real-time PCR system. mRNA levels were assessed and
further normalized to endogenous control GAPDH. The primers
used are listed in Table S1.7

2.4.4.6 RNA sequencing. After 14 days of osteogenic induction
of BMSCs with PDA-AFS, transcriptome analysis was performed.
Briefly, cells were collected and total RNA was extracted using
Trizol reagent (n = 3). Samples were sent to Majorbio Biotech-
nology Co., Ltd (Shanghai, China) to perform RNA purification,
reverse transcription, library construction and sequencing.
Differential expression analysis, Gene Ontology (GO) terms
enrichment analysis, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis were performed
using the Majorbio Cloud Platform (https://www.majorbio.com).

2.5. In vivo experiments

2.5.1. Cranial bone defect model. Animal experiments were
approved by the Animal Care and Use Committee of Peking
University Health Science Center (DLASBD0205). 8 week-old
male C57BL/6] mice were anesthetized with 2.5% pentobar-
bital, and 2 circular full-thickness bone defects with a diameter
of 3 mm were made on both sides of the top of the skull. AFS
and PDA-AFS were implanted in the bone defects, respectively,
and no scaffold was placed in the control group. The perios-
teum was protected and retained during the operation. Mice
were euthanized 4 and 8 weeks after surgery, and skulls, hearts,
livers, spleens, lungs, and kidneys were obtained and fixed with
4% paraformaldehyde.

2.5.2. Micro-CT analysis. The skulls of all mice were scan-
ned with micro-CT (Siemens, Germany). After the scan data
were obtained, the skulls were three-dimensional visualized
and reconstructed by software, and the percentage of bone
volume relative to tissue volume (BV/TV) and bone mineral
density (BMD) of each sample were calculated.

2.5.3. Histological evaluation. After micro-CT scanning, the
skulls were decalcified, dehydrated, and embedded in paraffin.
The specimens were cut into 5 um sections across the center of
the bone defect, followed by H&E and Masson trichrome stain-
ing. In addition, immunohistochemical (IHC) staining of RUNX2
and OCN was performed to further analyze osteogenesis. Hearts,
livers, spleens, lungs, and kidneys were sliced and stained with
HE to evaluate the biosafety of scaffolds in vivo.

2.6. Statistical analysis

The analyses were performed using GraphPad Prism 10 soft-
ware. The quantitative data were presented as mean =+ standard

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deviation. The Student's t-test was performed for two-group
comparisons. One-way or two-way analysis of variance with
Tukey's post hoc test was analyzed for more than two groups.
Statistical significance was defined as p < 0.05 (ns: no significant
differences, *: p < 0.05, **: p < 0.01, ***: p < 0.001, **** p <
0.0001).

3. Results

3.1. Characterization of scaffolds

The NFS were harvested from grass carp and decellularized.
After decellularization, compared with NFS, the fish skin on the
surface of AFS was completely removed. AFS became more
transparent, and the ridges and grooves on its surface were well
preserved (Fig. 2A). H&E and DAPI staining of AFS did not show
extensive nuclei. PR staining showed that AFS was rich in
collagen and the content was not significantly reduced. Quan-
titatively, the DNA content in AFS was significantly less and less
than 50 ng mg ™" (Fig. 2A), which was the minimum criterion for
successful decellularization.** Fish scales are mainly composed
of collagen and hydroxyapatite. We innovatively used FTIR to
quantitatively evaluate the reduction in collagen and hydroxy-
apatite contents in AFS (Fig. 2B). The results showed that the
collagen and hydroxyapatite contents of AFS decreased by about
28.56% and 28.93% compared with NFS, respectively. In addi-
tion, we also found that due to the functionalization of PDA, the
amide I peak of PDA-AFS shifted backward, which was caused
by the vibrations of C=C of the aromatic cycles of PDA at
1598 cm ™ L.®

After PDA functionalization, PDA-AFS appeared tan. The
microstructure of the scaffold surface was observed by SEM
(Fig. 2C). The AFS surface had a directional three-dimensional
topological ~microstructure, characterized by regularly
arranged ridges and grooves. PDA-AFS had a similar surface
microstructure, but because of the coverage of PDA, the ridges
and grooves were smoother. EDS elemental mapping was used
to analyze the distribution of C, N, O, Ca, and P elements on the
scaffold surface. The distribution of the above elements on the
surfaces of AFS and PDA-AFS was homogeneous and similar.
The swelling rates of the two kinds of scaffolds were similar
(Fig. 2D). During in vitro degradation, neither scaffold
completely degraded at 8 weeks. There was no statistical
difference in their degradation rates at 2, 4, and 6 weeks, but at
8 weeks, the degradation rate of AFS was significantly higher.
The 8 week degradation rates for AFS and PDA-AFS were 36.18
1.71% and 32.13 =+ 1.85%, respectively (Fig. 2E). In addition, the
Young's modulus of AFS and PDA-AFS were 5.84 £ 1.21 GPa and
5.81 + 1.90 GPa, respectively. There was no significant differ-
ence in Young's modulus between them (Fig. 2F).

3.2. Cytocompatibility of scaffolds

The cytocompatibility of the scaffolds was evaluated by detect-
ing the viability, proliferation, and adhesion of BMSCs on the
scaffold surface. After 1 and 3 days of culture, live/dead staining
showed that most of the BMSCs were stained with fluorescent
green (living cells), and very few were red (dead cells) (Fig. 3A).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Quantitative analysis showed that the cell viability of the two
kinds of scaffolds were similar and both were above 95%, and
there was no difference with the control group (Fig. 3B). We also
found that the cells on the scaffold surface grew along the
topological structure of the scaffold surface and showed
a regular arrangement, and the cells on the PDA-AFS surface
were more obvious. We used CCK-8 to evaluate the proliferation
of BMSCs on the scaffolds on days 1, 3, 5, and 7. As shown in
Fig. 3C, the number of BMSCs increased with the extension of
culture time. There was no significant difference in the prolif-
eration level at each time point compared with the control
group.

We used fluorescence microscopy and SEM to observe the
adhesion morphology of BMSCs on the scaffold. After 1 and 3
days of culture, DAPI and phalloidin were used for staining
(Fig. 3D). BMSCs were long spindle-shaped and grew along the
ridges and grooves on the scaffold surface, among which the
cells on PDA-AFS adhered more tightly. As cells proliferated and
their number increased, the arrangement of cells on AFS
became increasingly chaotic, while the cells on PDA-AFS still
showed regular arrangement, showing better adhesion. Similar
results were observed by SEM (Fig. 3E). BMSCs on PDA-AFS
extended more pseudopodia, were flatter, and adhered more
tightly.

3.3. ROS scavenging activity of scaffolds

We evaluated the ROS scavenging activity of scaffolds based on
in vitro DPPH scavenging efficiency, cytoprotective effect, and
intracellular ROS scavenging ability. We first conducted a DPPH
assay and found that the DPPH scavenging efficiency of PDA-
AFS (84.87 £ 3.12%) was higher than that of AFS (13.71 +
2.57%) and was comparable to that of the antioxidant vitamin C
(87.39 + 0.35%) (Fig. 4A). This demonstrated the excellent
antioxidant ability of PDA-AFS. We further explored the
protective effect of scaffolds on BMSCs under H,0,-induced
oxidative stress. After co-culture with H,O, for 24 hours, cell
viability was evaluated using live/dead staining and CCK-8. The
results showed that a large number of dead cells appeared in the
control group after co-culture with H,0,. When scaffolds were
added, this situation was significantly improved and dead cells
were significantly reduced (Fig. 4B). CCK-8 also showed similar
results. Notably, compared to AFS, PDA-AFS treated cells
showed higher cell viability after exposure to H,0O,, only slightly
lower than the control group (Fig. 4C). To further demonstrate
the ROS scavenging properties of PDA-AFS, the intracellular
ROS levels of BMSCs after co-culture with two kinds of scaffolds
were studied using the DCFH-DA probe (Fig. 4D). The PDA-AFS
group showed the lowest fluorescence intensity. Quantitative
fluorescence intensity showed that the fluorescence intensity of
the PDA-AFS group was comparable to that of the control group
(Fig. 4E). These results demonstrated that PDA-AFS had good
ROS scavenging activity.

3.4. Immunomodulation of scaffolds

Immunomodulation plays an important role in the process of
bone regeneration. In our study, we co-cultured RAW264.7 cells
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with scaffolds to evaluate the effect of scaffolds on macrophage
polarization, and then evaluate the immunomodulatory effect
of scaffolds. Cells added with LPS were set as the positive
control group. Cell supernatants were first collected to measure
the contents of TNF-a and IL-10, and then the expression of the
M1 marker (CD86) and M2 marker (CD206) was also assessed.
As shown in Fig. 5A, the TNF-a content in the PDA-AFS group
was significantly lower than that in the AFS group but was also
significantly higher than that in the control group. The TNF-
a content in the LPS group was much higher than that in the
other three groups. Regarding IL-10 content (Fig. 5B), the PDA-
AFS group was significantly higher than other groups. Judging
from IF staining and mRNA expression (Fig. 5C and D), the
expression levels of CD86 in the PDA-AFS group and the control
group were the lowest, but there was no statistical difference in
the mRNA expression level of CD86 between the PDA-AFS group
and the AFS group. This may be due to the inclusion of data
from the LPS group in the analysis, as the mRNA expression
level in the LPS group was much higher than in other groups. As
for the expression level of CD206, the expression level in the
PDA-AFS group was the highest in terms of IF staining and
mRNA expression. These results suggested that macrophages
stimulated by PDA-AFS tend to polarize to the M2 phenotype
rather than the M1 phenotype and secrete more anti-
inflammatory cytokines than AFS.

13864 | RSC Adv, 2025, 15, 13857-13873

3.5. Osteogenic differentiation in vitro

In this study, BMSCs were co-cultured with scaffolds and
induced osteogenesis. The ALP activity, calcium deposition, and
expression of osteogenic markers were measured at different
time points to evaluate their osteogenic induction ability. Early
osteogenesis ability was evaluated using ALP staining and ALP
assay kit (Fig. 6A). After 7 and 14 days of culture, ALP staining
was positive in each group, with the PDA-AFS group showing the
highest ALP activity, followed by the AFS group. The quantita-
tive determination results were consistent with the staining
results. Calcium nodule deposition is a key marker of advanced
osteogenic differentiation, and calcium nodule deposition was
assessed by ARS staining (Fig. 6A). After 21 days of culture,
calcium nodules appeared in each group, with the most obvious
and largest calcium nodules deposition in the PDA-AFS group,
followed by the AFS group. Quantitative analysis also showed
that the PDA-AFS group had the largest amount of calcium
nodule deposition. We also stained for osteogenic markers
(RUNX2, OPN, and COL-1a proteins) expressed in BMSCs by IF
staining (Fig. 6B and C). After 14 days of culture, the fluores-
cence intensity of RUNX2, OPN, and COL-1a proteins in the
PDA-AFS group was the strongest in all groups. In addition, we
also used gqRT-PCR to detect the mRNA expression levels of
RUNX2, OPN, and COL-1a in different groups of cells after 14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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days of culture (Fig. 6D). Compared with the control and AFS
groups, the mRNA expression levels of the above markers were
significantly increased in the PDA-AFS group. The above results
indicated that PDA-AFS had excellent osteogenic induction
ability.

In order to further clarify the potential mechanism of PDA-
AFS inducing bone regeneration, cells from the PDA-AFS
group and control group were collected for transcriptome
analysis after 14 days of culture. Differential expression gene
analysis showed that compared with the control group, the PDA-
AFS group had 302 gene expressions up-regulated and 174 gene
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expressions down-regulated, revealing a huge difference in gene
expression (Fig. 7A and B). We performed GO and KEGG
enrichment analysis for upregulated genes. GO enrichment
analysis showed that PDA-AFS may promote osteogenesis by
participating in “biomineral tissue development”, “bone
remodeling”, and “bone mineralization” (Fig. 7C). KEGG
pathway enrichment analysis showed that these differentially
expressed genes were enriched in some pathways, such as
“Cytokine-cytokine receptor interaction”, “MAPK signaling
pathway”, “HIF-1 signaling pathway”, “PI3K-AKT signaling
pathway”, “Cell adhesion molecules”, and “Calcium signaling
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pathway” (Fig. 7D). The above results suggested that PDA-AFS
may promote bone regeneration through the above pathways.

3.6. In vivo bone regeneration

Invitro experiments, PDA-AFS showed excellent ROS scavenging
activity, immunomodulation, and osteogenic ability. We
implanted the scaffolds into mouse cranial bone defect models
(3 mm in diameter) to evaluate bone regeneration in vivo.
Endogenous bone regeneration was assessed by micro-CT and

A
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histological staining at 4 and 8 weeks postoperatively. The
micro-CT three-dimensional reconstruction in Fig. 8A showed
that 4 weeks after surgery, only a very small amount of new bone
was formed near the severed ends in the control group. The new
bone in the AFS group and PDA-AFS group was more than that
in the control group, especially in the PDA-AFS group. Eight
weeks after implantation, all groups showed more new bone
than before. More importantly, the PDA-AFS group had the most
bone formation. From the analysis results of BV/TV and BMD,
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Fig. 8 Bone regeneration ability of scaffolds in vivo. (A) Representative three-dimensional reconstructed micro-CT images of mouse skull and
quantitative analysis results of BV/TV and BMD at 4 and 8 weeks after surgery. (B) HGE and Masson trichrome staining of bone defect region at 4
and 8 weeks after surgery. Scale bar = 100 um. All values are presented as means + standard deviation (ns: no significant differences, *: p < 0.05,

**: p < 0.01, ¥** p <0.001, **** p <0.0001).
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the PDA-AFS group also showed the best bone regeneration
effect. At 4 and 8 weeks after surgery, the new bone mass in the
PDA-AFS group was significantly higher than that in the control
group and the AFS group.

H&E and Masson trichrome staining were performed after
micro-CT examination (Fig. 8B), further confirming the results
of micro-CT. Four weeks after surgery, no obvious new bone was
found in the control group, a small amount of new bone
appeared in the defect area in the AFS group, and the fibrous

A
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tissue and new bone in the PDA-AFS group were more obvious
and larger than those in the AFS group. Eight weeks after
surgery, a small amount of new bone was also observed in the
defect area in the control group, while a large amount of
continuous new bone filled the defect in the AFS group and
PDA-AFS group. The PDA-AFS group had the highest level of
bone regeneration. In addition, we also performed IHC staining
to assess the expression levels of osteogenic markers RUNX2
and OCN in the defect area (Fig. 9A). Four weeks after surgery,
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Fig.9 (A) Immunohistochemical staining of RUNX2 and OCN of bone defect region at 4 and 8 weeks after surgery. Scale bar =100 um. (B) H&GE-
stained samples were obtained from the hearts, livers, spleens, lungs, and kidneys of mice at postoperative week 8. Scale bar = 100 um.
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the expression of RUNX2 and OCN was not significant in the
control group, and the expression of OCN was not significant in
the AFS group, while both RUNX2 and OCN were significantly
expressed in the PDA-AFS group and the expression level was
the highest. Eight weeks after surgery, RUNX2 and OCN were
significantly expressed in both the AFS group and PDA-AFS
group, and the PDA-AFS group also showed the highest
expression level. Furthermore, H&E staining images of animal
viscera showed that the scaffolds were non-toxic to organisms
(Fig. 9B). These results indicated that PDA-AFS had excellent
bone regeneration capabilities in vivo.

4. Discussion

There are still many problems in the treatment of bone defects,
which is a challenge in clinical treatment. In recent years, the
continuous development of bone tissue engineering has
provided a promising strategy for bone defect repair.*® There are
various scaffold materials designed in the field of bone tissue
engineering, including acellular extracellular matrices, metallic
materials, organic materials, etc.>'® They all have their unique
advantages and corresponding shortcomings. For example,
metal materials have excellent mechanical properties and can
provide early mechanical support for bone defects, but they are
difficult to degrade, and the degraded heavy metal ions may be
toxic.”” Most acellular extracellular matrix materials have the
advantages of low immunogenicity, high biocompatibility, and
biodegradability, and have attracted widespread attention, but
most acellular extracellular matrix materials have poor
mechanical properties.”"® Here, we successfully prepared
a polydopamine-functionalized acellular fish scale scaffold. It
takes natural acellular matrix materials as its core and has the
advantages of acellular matrix materials as well as excellent
mechanical properties. More importantly, this scaffold not only
has good osteogenic ability but also can effectively scavenge
ROS, and regulate immunity and inflammation, thereby
providing an osteo-friendly microenvironment for bone defect
repair. This PDA-AFS scaffold may become a promising bone
defect repair material in the field of bone tissue engineering in
the future.

Fish scales, as biological wastes, have received little atten-
tion. However, recent studies have found that the main
components of fish scales are hydroxyapatite and type I collagen
fibers, and their calcium-to-phosphorus ratio is similar to that
of bone tissue.” The AFS obtained after decellularization has
good osteogenic differentiation ability and can be used as
a scaffold for bone defect repair.’'”* PDA has also received
widespread attention due to its special viscosity and can be used
for surface functionalization of scaffold materials.”* Studies
have found that PDA coating can not only enhance the osteo-
genic differentiation of BMSCs but also have efficient redox
ability and immunomodulatory activity, which makes it have
application prospects in the field of bone regeneration.* > After
we functionalized AFS with PDA coating, we gave PDA-AFS more
advantages. First, our SEM results showed that the PDA-AFS
surface has a regular three-dimensional topological structure,
making it an ideal candidate material for three-dimensional
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tissue engineering. Studies have shown that directional three-
dimensional surface topography can trigger specific cellular
responses such as adhesion,*® migration,* proliferation, and
differentiation,* a phenomenon known as contact guidance.*
Currently, many scaffolds require complex processing methods
to fabricate such directional three-dimensional structures, such
as aligned electrospinning, directional freezing, and micro-
patterns, which will lead to controversy about the cost and
biocompatibility of these materials.** PDA-AFS naturally has
this structure and does not require additional processing.
Moreover, our results showed that the PDA coating did not
destroy the surface structure of the AFS compared to unfunc-
tionalized AFS. The PDA-AFS surface had a similar three-
dimensional topography but was smoother. Because of the
characteristics of PDA, the surface structure covered by this PDA
coating had better cell adhesion than AFS and was more
conducive to cell colonization.

As a scaffold for repairing bone defects, excellent mechanical
properties are one of its necessary conditions.*> At present,
many scaffolds prepared from decellularized extracellular
matrices and hydrogels have good biocompatibility, but their
poor mechanical properties are an insurmountable short-
coming.*>** However, due to the special “Bouligand” structure
of the fish scales, PDA-AFS has extremely excellent mechanical
properties. Our results showed that the Young's modulus of
PDA-AFS was 5.81 =+ 1.90 GPa. The “Bouligand” structure is also
called a twisted plywood structure.*® Its characteristics are
briefly introduced: collagen fibrils with a diameter of 100-
160 nm embedded with hydroxyapatite nanocrystals form
collagen fibers with a diameter of 1 um, which are in turn
assembled into lamellae with a thickness of 50 um. The orien-
tation of collagen fibers in each lamella is consistent, but
adjacent lamellae are misaligned and the direction is 60-75°
from each other. Collagen lamellae are arranged layer by layer
in this way. The existence of the “Bouligand” structure can
improve the mechanical properties of fish scales through
multiple mechanisms such as lamellar rotation and separation,
collagen fiber tension/compression, fiber delamination, and
bridging.*>**

High levels of ROS and dysregulated inflammation make the
microenvironment in the bone defect site unfavorable for bone
regeneration, which is the main reason why bone defects are
difficult to treat.>* Studies have confirmed that high levels of
ROS are negatively correlated with bone health.>* Early
inflammation starts with bone injury, if there is an imbalance, it
can manifest itself as a long-term pro-inflammatory response,
which can also lead to poor bone regeneration.® ROS and
inflammation often occur together and form a vicious cycle.
Scavenging high levels of ROS and manipulating macrophages
to switch from a pro-inflammatory M1 phenotype to a pro-
regenerative M2 phenotype to reduce early inflammatory
responses can achieve better bone regeneration.*® This is also
a hot topic in the design of various bone tissue engineering
scaffolds.” PDA coatings contain a large number of reducing
groups, such as phenol and catechol, and have an efficient
redox ability to remove potential ROS.>*** In addition, studies
have confirmed that PDA has immunomodulatory activity,
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which can reduce the polarization of M1 macrophages, thereby
down-regulating inflammatory cytokines, and activating the
polarization of M2 macrophages.®®* What's even more
surprising is that Lin et al.'s study reported that AFS also has the
effect of promoting the polarization of macrophages towards
the M2 phenotype.** Our study results confirmed these findings.
Compared with AFS and control groups, PDA-AFS had good ROS
scavenging activity and can polarize more RAW264.7 cells
towards the M2 phenotype and release anti-inflammatory
cytokines. Furthermore, compared with the control group,
more M2 phenotypic macrophages appeared in the AFS group,
which also confirmed the findings of Lin et al.** PDA-AFS, which
had ROS scavenging and immunoregulation capabilities, also
achieved better bone regeneration in vivo in mouse cranial bone
defects. These all indicated the huge application potential of
PDA-AFS in the field of bone regeneration. To explore the
possible mechanism of PDA-AFS in promoting bone regenera-
tion, we performed transcriptome analysis and the PDA-AFS
group showed gene enrichment in “Cytokine-cytokine
receptor interaction”, “MAPK signaling pathway”, “HIF-1
signaling pathway”, “PI3K-AKT signaling pathway”, “Cell
adhesion molecules”, and “Calcium signaling pathway”. In the
future, we can design some molecular biology experiments to
further clarify the mechanism of PDA-AFS in promoting bone
regeneration.

5. Conclusion

This study proposed a new strategy for designing bone tissue
engineering scaffolds based on fish scales and developed a PDA-
coated acellular fish scale scaffold, in which PDA was innova-
tively used to functionalize AFS. PDA-AFS had excellent
mechanical properties, special three-dimensional surface
topography, and biodegradation. In vitro, results showed that
PDA-AFS had good biocompatibility and cell adhesion ability,
could effectively reduce ROS levels, and had immunomodula-
tory activity. More importantly, PDA-AFS can enhance osteo-
genic differentiation of BMSCs and promote endogenous bone
regeneration in critical-sized calvarial bone defects. Therefore,
based on these characteristics, PDA-AFS is a promising bone
tissue engineering scaffold that can be used to promote bone
regeneration in bone defects.
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