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A B S T R A C T

Patients with bone defects often have weak cell vitality and differentiation ability of endogenous bone marrow 
mesenchymal stem cells (BMSCs), which makes bone regeneration face challenges. At present, the bone tissue 
engineering strategies are mainly to build grafts by loading cells on scaffolds in vitro. These strategies face many 
difficulties that limit their clinical application. To this end, we developed a new strategy for bone defect repair, 
namely chemotactic cell-free scaffolds combined with BMSCs injection. We first prepared a polydopamine- 
functionalized acellular fish scale scaffold that can continuously release stromal cell-derived factor 1α (SDF- 
1α) (termed as SDF-1α/PAFS) in vivo for at least 10 days. The study results showed that the scaffold not only has 
excellent mechanical properties and good biocompatibility but also has reactive oxygen scavenging activity, 
immunomodulation, angiogenesis, and osteogenesis. More importantly, SDF-1α/PAFS can recruit postoperatively 
injected BMSCs into bone defects for bone repair. We constructed the mouse cranial bone defect model, and in 
vivo experimental results confirmed that the strategy of combining SDF-1α/PAFS with BMSCs injection can 
effectively promote bone defect repair. Overall, this study provides a promising strategy for bone defect repair, 
with better clinical convenience and operability.

1. Introduction

Bone regeneration and repair of bone defects caused by severe 
infection, trauma, and other reasons remains a major clinical challenge 
[1]. In recent years, bone tissue engineering has gradually become a 
promising treatment strategy. Although a variety of engineered scaffolds 
have been developed [2,3], natural acellular extracellular matrix ma
terials have been widely studied for their multiple advantages, such as 
low immunogenicity, high biocompatibility, and good biodegradability 
[4,5]. Fish scales, as a biological waste in fisheries that have received 
little attention, are composed of an extracellular matrix, mainly hy
droxyapatite and collagen, which is similar to the composition of bone 
tissue [6]. Compared with collagen derived from terrestrial organisms, 
collagen derived from marine organisms has been shown to have good 
biocompatibility and low immunogenicity [7]. Fish scales also have a 

"Bouligand" microstructure composed of layers of collagen fibers with 
different orientations, which provides excellent mechanical properties 
through the synergy of deformation mechanisms [8]. Studies have re
ported that acellular fish scales have a good ability to induce osteogenic 
differentiation [9–11]. Therefore, acellular fish scale scaffold (AFS) is a 
potential choice for bone tissue engineering scaffolds.

Ideal bone defect repair should be able to recruit a sufficient number 
of normally active bone marrow mesenchymal stem cells (BMSCs) and 
retain them in the bone defect. Endogenous BMSCs play a key role in 
successful bone defect repair [12]. However, bone defects often occur 
with comorbidities as pathological factors, such as infection, tumors, 
and osteoporosis, which can cause systemic or local microenvironment 
disorders, resulting in impairment of the functions of endogenous 
BMSCs, including reduced vitality, poor migration ability, and reduced 
osteogenic differentiation activity [12–15]. These factors limit their role 
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in bone defect repair. To solve this problem, traditional tissue engi
neering is to load BMSCs on scaffolds in vitro and then implant them in 
vivo. However, this mode is very inconvenient when cultured in vitro, 
and there is also concern that the loaded cells will be inactivated before 
implantation [16]. Moreover, after implantation in vivo, most of the 
loaded cells are rapidly inactivated in the damaged microenvironment, 
and only a few cells ultimately participate in the formation of target 
tissues [12,16,17]. To solve these problems, developing a chemotactic 
cell-free scaffold that can recruit postoperatively injected BMSCs to bone 
defect sites in vivo may be a promising method.

Stromal cell-derived factor 1α (SDF-1α) can regulate stem cell 
homing [18] and migration [19] through C-X-C chemokine receptor 
type 4 (CXCR4) [20]. CXCR4 is constitutively expressed on the surface of 
most stem/progenitor cells, including endothelial progenitor cells [21] 
and osteogenic progenitor cells [22], with BMSCs expressing both 
SDF-1α and CXCR4 [23]. Therefore, at the cellular level, SDF-1α induces 
the migration of BMSCs through its receptor, which has been reported in 
multiple studies [24–26]. SDF-1α has also been shown to improve 
angiogenesis [21,27]. But what we need to note is that SDF-1α not only 

recruits endogenous stem cells but also excessive inflammatory cells 
[28,29]. The microenvironment of the bone defect site itself is in a state 
of high levels of reactive oxygen species (ROS) and inflammatory dis
orders that manifest as long-term pro-inflammatory responses [30–32], 
which will inevitably aggravate the deterioration of the microenviron
ment. In addition, the current common method for introducing SDF-1α 
into scaffolds is direct protein incorporation [29,33,34]. When SDF-1α is 
bound to the scaffold in this way, it diffuses and degrades too quickly, 
and shows only a short-term effect on cell recruitment. To solve the 
above problems, functionalizing the scaffold with polydopamine (PDA) 
is a good solution. By simply immersing the scaffold in an aqueous 
dopamine solution, PDA can easily form a 50-nm-thick coating on the 
surface of the scaffold [35]. The PDA coating has a special viscosity and 
adsorption effect, which can fix cytokines on the surface of the scaffold 
without affecting the activity and release them slowly [36,37]. More 
importantly, PDA also has efficient redox ability, which can reduce ROS 
levels [38,39]. At the same time, it also has immunomodulatory activity, 
which can reduce the polarization of M1 macrophages and activate the 
polarization of M2 macrophages, exerting an anti-inflammatory effect 

Fig. 1. Schematic illustration of a novel strategy for the treatment of bone defects of combining postoperative injection of BMSCs and the polydopamine- 
functionalized acellular fish scale scaffold with sustained release of SDF-1α, which can recruit exogenous BMSCs, and also has ROS scavenging activity, immuno
modulation, angiogenesis, and osteogenesis.
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[40,41]. Therefore, after the scaffold is functionalized with PDA (PAFS), 
it can not only have the ability to slowly release SDF-1α, but also 
regulate the damaged microenvironment of the bone defect site.

In summary, we developed a polydopamine-functionalized acellular 
fish scale scaffold with sustained release of SDF-1α (SDF-1α/PAFS), 
which can recruit BMSCs injected postoperatively to bone defects for 
bone repair in vivo. The scaffold can release SDF-1α slowly, recruit 
exogenous BMSCs, and also has ROS scavenging activity, immunomo
dulation, angiogenesis, and osteogenesis, which can be used to repair 
bone defects (Fig. 1). In this study, we evaluated the scaffold’s appli
cation potential in bone regeneration from multiple aspects including 
scaffold characteristics, SDF-1α binding and sustained release ability, 
cell compatibility and cell migration, ROS scavenging activity, immu
nomodulation, and angiogenesis and osteogenic differentiation ability 
in vitro and in vivo. This multifunctional scaffold and repair strategy not 
only has multiple biological activities but also has excellent mechanical 
properties and low-cost accessibility. More importantly, it avoids the 
complex process and rigorous care of in vitro cell loading of traditional 
bone tissue grafts, with better clinical convenience.

2. Experimental section

2.1. Materials

Fish scales were isolated from Grass carps. Tris-hydrochloride (Tris- 
HCl), Triton X-100, ethylenediamine tetraacetic acid (EDTA), and 
ribonuclease A were purchased from Bioroyee (Beijing, China). Deoxy
ribonuclease I was procured from Mreda (Beijing, China). Dopamine 
hydrochloride was purchased from Sigma-Aldrich (Carlsbad, USA). SDF- 
1α was purchased from PeproTech (Rocky Hill, USA). Fetal bovine 
serum (FBS), α-MEM, penicillin-treptomycin, and trypsin were pur
chased from Gibco (Grand Island, USA). Dexamethasone, ascorbic acid, 
β-Sodium Glycerol 3-phosphate, bovine serum albumin (BSA), and 
phosphate buffered saline (PBS) were purchased from Solarbio (Beijing, 
China). Endothelial cell medium was purchased from ScienCell (Carls
bad, USA).

2.2. Fabrication of SDF-1α/PAFS

2.2.1. Preparation of PAFS
The native fish scales (NFS) were obtained from grass carp, and then 

the soft tissues on the surface of NFS were removed. The fish scales were 
immersed in 10 mM Tris-HC1 buffer containing 0.1 % EDTA (4 ◦C, 24 h), 
and the cell components of the fish scales were then removed with 1 % 
Triton X-100 for 4 days. Next, the fish scales were digested with nuclease 
solution (containing 500U/mL of deoxyribonuclease I and 1 mg/mL of 
ribonuclease A) at 37 ◦C for 24 h. After cleaning, AFS was obtained [42]. 
Afterwards, under mechanical stirring, AFS was immersed in dopamine 
hydrochloride solution (2 mg/ml, pH 8.5) at room temperature for 24 h 
for PDA functionalization. Finally, PAFS was sterilized with 75 % 
ethanol and ultraviolet light, freeze-dried, and stored for later use.

2.2.2. SDF-1α binding assay in vitro
To determine the SDF-1α binding ability of PAFS, 100 μL of the same 

concentration of SDF-1α solution was incubated with AFS or PAFS 
(about 5 mm × 5 mm, n = 3) at 4 ◦C for 24 h under different concen
tration gradients (0, 0.5, 1.0, 1.5, 2.0 and 2.5 μg/mL). We collected 
solutions containing unbound SDF-1α and used the SDF-1α enzyme- 
linked immunosorbent assay (ELISA) kit (Multisciences, China) for 
quantitative analysis. Finally, we selected a 2.5 μg/mL concentration of 
SDF-1α solution to prepare SDF-1α/PAFS.

2.3. Evaluation of scaffolds

2.3.1. Decellularization evaluation
We evaluated the decellularization effect and the effect of the 

decellularization process on extracellular matrix content. NFS and AFS 
were first decalcified, paraffin-embedded, and then stained with He
matoxylin and eosin (H&E) and 4’,6-diamidino-2-phenylindole (DAPI) 
(n = 3). The total DNA of NFS and AFS was extracted using a marine 
animal tissue genomic DNA extraction kit (Bioroyee, China) and then 
determined by a spectrophotometer (DHS, China) (n = 5). In addition, 
we also used Fourier transform infrared spectroscopy (FTIR) to detect 
sections of NFS and AFS and obtain their infrared spectra (n = 3) [43,
44]. By integrating the peak areas of the amide I peak (1720-1590 cm− 1) 
and phosphate peak (1200-900 cm− 1) respectively, the content of 
collagen and hydroxyapatite in the scaffolds was semi-quantitatively 
described [44–46].

2.3.2. Characterization of scaffolds
We used scanning electron microscopy (SEM) to observe the surface 

morphology of AFS and SDF-1α/PAFS, and energy-dispersive X-ray 
spectroscopy (EDS) (JSM-7900F, JEOL, Japan) to detect the elemental 
distribution of carbon (C), calcium (Ca) and phosphorus (P) in the 
scaffolds (n = 3). The in vitro swelling and degradation behavior of the 
scaffolds were also tested: the freeze-dried scaffolds (weight: M0) were 
immersed in PBS solution (n = 3), soaked at 37 ◦C for 48 h to fully swell, 
and the wet weight of each scaffold (M1) was measured. Then they were 
immersed in fresh PBS again, and the remaining weight of the scaffolds 
(MX) was recorded at the planned time points (2, 4, 6, and 8 weeks). The 
formulas are as follows: swelling rate = (M1-M0)/M0 × 100 % and 
degradation rate = (M1-MX)/M1 × 100 %. To evaluate the mechanical 
properties of the scaffolds, the scaffolds were tested using the atomic 
force microscope (AFM) (Bruker, Germany) to obtain force- 
displacement curves (n = 3), and then Nanoscope Analysis software 
(Version 3.0, Bruker, Germany) was used to calculate the Young’s 
modulus of the scaffolds. Moreover, we evaluated the controlled release 
of SDF-1α from the scaffolds. Briefly, add 100 μL solution containing 
250 ng SDF-1α to dried AFS and PAFS, respectively, and incubate at 4 ◦C 
for 24 h (n = 3). SDF-1α/AFS and SDF-1α/PAFS were then soaked in 100 
μL PBS and incubated on a shaker platform (37 ◦C, 100 rpm). During 7 
days, PBS was collected every 24 h and replaced with an equal amount 
of fresh PBS. The SDF-1α content in the collected PBS was measured 
using the SDF-1α ELISA kit (Multisciences, China), and the cumulative 
release amount was calculated.

2.4. In vitro experiments

2.4.1. Biocompatibility assay
BMSCs (2 × 104 cells, Passage 4) were seeded onto the scaffolds (n =

3). After 1 and 3 days of culture, the cells were stained using a live/dead 
cell kit (Servicebio, China), and the cell viability was calculated. We 
used fluorescence microscopy and SEM to observe the adhesion and 
morphology of cells on the scaffolds. Specifically, the cytoskeleton and 
nucleus were stained with FITC-phalloidin and DAPI (Solarbio, China), 
respectively, and then observed with a fluorescence microscope (Nikon, 
Japan). The scaffolds with cells were fixed with 2.5 % glutaraldehyde, 
dried, and observed using SEM (JSM-7900F, JEOL, Japan). In addition, 
cell proliferation was quantified using a Cell Counting Kit-8 (CCK-8) 
(Fude Biological, China) after 1, 3, 5, and 7 days of culture.

2.4.2. Chemotaxis assay
The AFS and SDF-1α/PAFS were soaked in 200 μL PBS and incubated 

on a shaker platform (37 ◦C, 100 rpm) for 3 days, with PBS replaced 
every 24 h. Then, AFS and SDF-1α/PAFS were transferred to the lower 
chambers of the 24-well Transwell plate (Corning, USA) and 600 μL of 
the serum-free medium was added, with no scaffold added as the control 
group (n = 3). BMSCs (2 × 104 cells, Passage 4) were added to the upper 
chambers (8-μm pore) and 100 μL serum-free medium was added. After 
incubation for 24 h, cells were fixed in 4 % paraformaldehyde. The cells 
on the upper surface of the upper chamber were wiped off with a cotton 
swab, the migrated cells were stained with crystal violet solution, and 
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finally observed and counted under an optical microscope.
In addition, we also conducted a scratch assay. The scaffolds were 

transferred to the upper chambers of the 24-well Transwell plate and 
BMSCs (1 × 105 cells, Passage 4) were seeded in the lower chambers (n 
= 3). After 24 h of incubation, the scratches were completed with a 200- 
μL pipette tip and suspended cells were washed out with PBS. The me
dium was then replaced with the serum-free medium. After 0 and 24 h, 
scratches were photographed with an optical microscope, and cell 
migration rate was calculated.

2.4.3. ROS scavenging activity
The ROS scavenging activity of the scaffolds was evaluated by 1,1- 

diphenyl-2-picrylhydrazyl (DPPH) scavenging efficiency, the cellular 
protective effect under oxidative stress, and intracellular ROS scav
enging ability. The DPPH scavenging efficiency was determined using 
the DPPH scavenging efficiency assay kit (Yuanye, China) according to 
the instructions, with vitamin C (40 μg/ml) as a positive control (n = 3). 
BMSCs (2 × 104 cells, Passage 4) were seeded in a 48-well plate, and 
after 24 h of culture, the scaffolds were added, and the medium was 
replaced with the medium containing 200 μM H2O2 (n = 3). After 
another 24 h of culture, the scaffolds and medium were removed, and 
the cellular protective effect under oxidative stress was evaluated using 
a live/dead cell kit (Servicebio, China) and CCK-8 (Fude Biological, 
China), respectively. In addition, when the culture continued for 2 h, 
ROS production in BMSCs was detected using a reactive oxygen species 
detection kit (2′,7′-dichloro fluorescein diacetate, DCFH-DA, Beyotime, 
China) (n = 3), and quantitative analysis was performed using a 
multifunctional microplate reader (Molecular Devices, USA).

2.4.4. ELISA
RAW264.7 cells (1 × 104 cells) were seeded on the scaffolds (n = 5). 

After 3 days of culture, the cell supernatant from each group was 
collected, and then the contents of tumor necrosis factor-α (TNF-α) and 
interleukin-10 (IL-10) were determined according to the instructions of 
the ELISA kits (Multisciences, China).

2.4.5. Alkaline phosphatase (ALP) activity and alizarin red staining (ARS)
BMSCs (1 × 104 cells, Passage 3) were seeded on the scaffolds and the 

osteogenic induction medium was added (n = 3). After 7 and 14 days of 
culture, the cells were fixed and then stained with an ALP staining kit 
(Beyotime, China). In addition, the ALP activity of cells was measured 
using an ALP activity assay kit (Beyotime, China) and normalized based 
on the total protein content measured by the BCA protein assay kit 
(Beyotime, China). ARS staining was also performed using an ARS 
staining kit (Beyotime, China) at 21 days of culture. To quantify the 
calcium content, calcium nodules were dissolved in 10 % cetylpyr
idinium chloride solution and the absorbance was measured at 570 nm.

2.4.6. Immunofluorescent (IF) staining
After 3 days of co-culture of RAW264.7 cells or human umbilical vein 

endothelial cells (HUVECs) with scaffolds and 14 days of osteogenic 
induction of BMSCs with scaffolds (n = 3), the expression of relevant 
marker proteins was observed by IF staining. Briefly, cells were fixed, 
permeabilized, blocked, and incubated with specific primary antibodies 
overnight. The relevant primary antibodies are as follows: CD86 (1:200, 
13395-1-AP, Proteintech), CD206 (1:200, 18704-1-AP, Proteintech), 
CD31 (1:200, 11265-1-AP, Proteintech), RUNX2 (1:100, 20700-1-AP, 
Proteintech), OPN (1:200, 22952-1-AP, Proteintech) and COL1 (1:100, 
14695-1-AP, Proteintech). The next day, cells were incubated with 
fluorescent secondary antibodies, cell nuclei were stained with DAPI 
(Solarbio, China), and images were then acquired with a fluorescent 
microscope (Nikon, Japan).

2.4.7. Transwell assay
The scaffolds were placed in the lower chambers of a 24-well 

Transwell plate with 600 μL of medium, and then 2 × 104 HUVECs 

resuspended in 100 μL of serum-free medium were added to the upper 
chambers (n = 3). After 24 h of culture, the cells were fixed and the cells 
on the upper surface of the upper chambers were wiped off with a cotton 
swab. The migrated cells were stained with crystal violet solution and 
finally observed and counted under an optical microscope.

2.4.8. Tube formation assay
The scaffolds were placed in the upper chambers of a 24-well 

Transwell plate, and then HUVECs (8 × 104 cells) were seeded in the 
Matrigel-coated lower chambers (BD Bioscience, USA) (n = 3). After 8 h 
of incubation, images of each well were taken using an optical micro
scope, and tube formation was assessed using ImageJ software.

2.4.9. Quantitative real-time PCR (qRT-PCR)
After RAW264.7 cells and HUVECs were co-cultured with scaffolds 

for 3 days and 7 days, respectively, and BMSCs were induced with the 
scaffolds for 14 days (n = 3), the total RNA of the cells was extracted 
using SteadyPure Universal RNA Extraction kit (Accurate Biotech
nology, China), and cDNA was synthesized by reverse transcription 
using Premix RT Evo M-MLV kit (Accurate Biotechnology, China). 
Finally, qRT-PCR was performed using the SYBR Green Premix Pro Taq 
HS kit (Accurate Biotechnology, China). mRNA expression levels were 
normalized using GAPDH and relative quantification was performed 
using the 2− ΔΔCt method. Primer sequences included GAPDH, CD86, 
CD206, TNF-α, VEGFA, HIF1A, RUNX2, OPN and COL1A1, and were 
listed in Table S1.

2.4.10. RNA sequencing
After 14 days of osteogenic induction of BMSCs with SDF-1α/PAFS, 

we performed transcriptome analysis to explore the potential mecha
nism (n = 3). Briefly, the total RNA of cells was extracted with Trizol 
reagent, and then the samples were sent to Shanghai Majorbio 
Biotechnology Co., Ltd. for sequencing. DESeq2 was used for differential 
expression analysis. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis was also performed. All analyses were 
performed using Majorbio’s cloud platform.

2.5. In vivo experiments

2.5.1. Animal model
Eight-week-old C57BL/6J mice were used to establish cranial bone 

defect models. The study protocol was approved by the Animal Care and 
Use Committee of Peking University Health Science Center 
(DLASBD0205). After anesthesia, round full-thickness bone defects with 
a diameter of 3 mm were made on both sides of the parietal bone using a 
trephine. AFS and SDF-1α/PAFS were implanted into the bone defects, 
respectively, and the dura mater was protected from damage during the 
operation. No scaffold was placed in the control group. In the SDF-1α/ 
PAFS + BMSCs group, 106 BMSCs in 20 μL PBS were injected into the 
vicinity of the bone defects at the center of the top of the mouse’s skull 4 
days postoperatively. For the control, AFS, and SDF-1α/PAFS groups, 
the same volume of PBS was injected.

2.5.2. SDF-1α release assay in vivo
The mice in the control and SDF-1α/PAFS + BMSCs groups were 

sacrificed on day 1, day 3, day 5, day 7, and day 9 after surgery 
respectively for cardiac blood collection (n = 3). The concentration of 
SDF-1α in serum was detected using the SDF-1α ELISA kit (Multi
sciences, China).

2.5.3. BMSCs labeling and tracking
To track the migration of injected BMSCs, BMSCs were pre-stained 

with DiR stain. In addition to injecting DiR-labeled BMSCs into the 
SDF-1α/PAFS + BMSCs group, mice in the AFS group were also injected 
with DiR-labeled BMSCs for control (n = 3). A small animal in vivo 
imaging system (IVIS Spectrum, PerkinElmer, USA) was used to image 
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the fluorescence intensity and distribution in the heads of mice on the 
day of cell injection and on days 8 and 12 after surgery. Finally, the mice 
were sacrificed, the skulls were obtained, and this system was used to 
image again.

2.5.4. Micro-CT evaluation
The mice were sacrificed 4 and 8 weeks after surgery, and skulls were 

obtained and fixed with 4 % paraformaldehyde (n = 3). The entire skull 
was then scanned using micro-CT (Siemens, Germany), and three- 
dimensional reconstruction was performed using software, while the 
bone volume as a percentage of tissue volume (BV/TV), and the 
trabecular number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp) 
were calculated.

2.5.5. Histological evaluation
After micro-CT evaluation, the skulls were decalcified, dehydrated, 

embedded in paraffin, and then made into 5 μm sections. The sections 
were stained with H&E and Masson’s trichrome to assess bone regen
eration. Subsequently, in vivo immunomodulation, osteogenesis, and 
angiogenesis were further evaluated by immunohistochemical staining 
of immunomodulation-related proteins (CD86 and CD206), 
osteogenesis-related proteins (RUNX2 and OCN) and angiogenesis- 
related proteins (CD31 and EMCN). In addition, we also obtained the 
hearts, livers, spleens, lungs, and kidneys of mice and stained them with 
H&E to evaluate the biological safety of the scaffolds in vivo.

2.6. Statistical analysis

The quantitative results were presented as mean ± standard devia
tion. The student’s t-test was used for comparisons between two groups, 
and one-way analysis of variance (ANOVA) and Tukey’s post-hoc test 
were used for comparisons between multiple groups. Statistical analysis 
was performed using GraphPad Prism software (version 10.0), and the 
differences were considered statistically significant when p < 0.05.

3. Results

3.1. Preparation and decellularization evaluation of scaffolds

The native fish scales (NFS) were harvested from grass carp. After 
decellularization and PDA functionalization, we first evaluated the 
binding ability of PAFS to SDF-1α. We found that as the concentration of 
SDF-1α solution increased, the binding amount of PAFS also increased 
linearly, and at different concentrations, the binding amount of PAFS 
was all higher than that of AFS. This showed that PAFS had good binding 
ability to SDF-1α (Fig. 2A). Finally, we selected a 2.5 μg/mL concen
tration of SDF-1α solution to prepare SDF-1α/PAFS. In addition, after 
decellularization, the fish skin on the surface of AFS was completely 
removed and the scales became more transparent. Histological staining 
showed that no cell nuclei were seen in AFS (Fig. 2B). DNA content 
determination results showed that the DNA content in AFS was signifi
cantly reduced and below 50 ng/mg, which is the criterion for successful 
decellularization (Fig. 2C) [47]. Fourier transform infrared spectroscopy 
(FTIR) results confirmed that fish scales are mainly composed of 
collagen and hydroxyapatite (Fig. S1A). Further analysis results showed 
that the collagen and hydroxyapatite contents in AFS were reduced by 
approximately 26.22 % and 26.28 % (Fig. 2D), respectively, compared 
with NFS.

3.2. Characterization of scaffolds

SDF-1α/PAFS was dark brown (Fig. 2E). The surface structure of the 
scaffolds was observed by scanning electron microscopy (SEM), and it 
was found that the surface of AFS was a regular three-dimensional to
pological structure with directional ridges and grooves. The surface 
structure of SDF-1α/PAFS was similar to that of AFS, but its ridges and 

grooves were smoother (Fig. 2E). Energy-dispersive X-ray spectroscopy 
(EDS) analysis of the element distribution on the surface of the scaffolds 
showed that the C, Ca, and P elements were evenly distributed on the 
surface of both scaffolds. Among them, the surface content of the above 
elements of SDF-1α/PAFS was lower due to the surface functionalization 
of PDA (Fig. 2E). The swelling rate and degradation rate of the scaffolds 
were also evaluated. The swelling rates of the two kinds of scaffolds were 
similar and both were above 60 % (Fig. S1B). We measured the degra
dation rate of the scaffolds at 2, 4, 6, and 8 weeks, and found that the 
degradation rates of the two kinds of scaffolds were similar in the first 6 
weeks, but the degradation rate of AFS was higher in the 8th week 
(Fig. 2F). This may be because the surface functionalization of PDA 
delayed the degradation of SDF-1α/PAFS. The results of mechanical 
properties analysis showed that Young’s moduli of the scaffolds were 
similar, 5.90 ± 1.17 GPa (AFS) and 6.01 ± 1.90 GPa (SDF-1α/PAFS), 
respectively (Fig. 2G). Taking advantage of the special adsorption effect 
of PDA, SDF-1α/PAFS can be used as a local delivery system for the 
sustained release of SDF-1α. Our in vitro experimental results showed 
that the release rate of SDF-1α from SDF-1α/PAFS was significantly 
slower than that from SDF-1α/AFS. After 7 days of liquid immersion, the 
cumulative release of SDF-1α/AFS was about 94.00 ± 3.79 %, while that 
of SDF-1α/PAFS was only about 33.08 ± 0.89 % (Fig. 2H).

3.3. Biocompatibility of scaffolds

We directly seeded BMSCs on the scaffolds to explore the biocom
patibility of the scaffolds. After 1 and 3 days of co-culture, live/dead 
staining showed that most of the cells on the scaffolds were stained 
fluorescent green (living cells), and very few were stained red (dead 
cells) (Fig. 3A). Quantitative analysis showed that the cell viability on 
the scaffolds was not significantly different from that in the control 
group (Fig. S2A). The results of CCK-8 also confirmed that the cells on 
the two kinds of scaffolds proliferated well (Fig. S2B). We observed the 
adhesion morphology of BMSCs on the scaffolds. We first used a fluo
rescence microscope to observe and found that the cells on the scaffolds 
were arranged and grew along the ridges and grooves on the surface of 
the scaffolds. Among them, the cells on SDF-1α/PAFS were arranged 
more regularly and adhered more tightly. After 3 days of co-culture, the 
number of cells on the scaffolds increased as the cells continued to 
proliferate. The cells on AFS gradually arranged in disorder, while the 
cells on SDF-1α/PAFS showed a more obvious regular distribution and 
remained tightly adhered (Fig. 3B). Next, we used SEM for further 
observation and found similar results. The cells on SDF-1α/PAFS had 
more pseudopods, were more significantly distributed along the ridges 
and grooves, and adhered more tightly (Fig. 3C).

3.4. Chemotaxis of scaffolds

To verify whether SDF-1α/PAFS can induce directional migration of 
BMSCs, we performed a Transwell assay and a scratch assay. In addition, 
to better simulate the recruitment of BMSCs in vivo, the scaffolds were 
first immersed in PBS for 3 days. The final results confirmed that the 
number of migrated BMSCs and cell migration rate in the SDF-1α/PAFS 
group were both significantly higher than those in the AFS group and the 
control group, while there was no significant difference between the AFS 
group and the control group (Fig. 3D).

3.5. ROS scavenging activity of scaffolds

We evaluated the ROS scavenging activity of the scaffolds from 
multiple aspects. First, we evaluated the DPPH scavenging efficiency of 
the scaffolds and found that the DPPH scavenging efficiency of SDF-1α/ 
PAFS was significantly higher than that of AFS, reaching a level com
parable to that of the antioxidant vitamin C (Fig. 4A). Next, we used 
H2O2 to induce oxidative stress and evaluated the protective effect of the 
scaffolds on BMSCs. The results showed that under oxidative stress, a 
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Fig. 2. Decellularization evaluation and characterization of scaffolds. A. The SDF-1α binding curves of AFS or PAFS. B. Gross view and histological staining of NFS 
and AFS. Scale bar = 100 μm. C. Quantitative analysis of DNA content of NFS and AFS. D. Semi-quantitative analysis of collagen and hydroxyapatite contents of NFS 
and AFS. E. Gross view, SEM, and EDS elemental mapping images of AFS and SDF-1α/PAFS. Scale bar = 250 μm. Quantitative analysis of the degradation rate (F) and 
Young’s modulus (G) of AFS and SDF-1α/PAFS. H. The cumulative release curves of SDF-1α of SDF-1α/AFS or SDF-1α/PAFS in-vitro. The results were presented as 
mean ± SD (ns: no significant differences, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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large number of dead cells appeared in the control group and the AFS 
group, while the number of dead cells in the SDF-1α/PAFS group was 
significantly reduced (Fig. 4B). Further quantitative analysis of CCK-8 
showed similar results, with the SDF-1α/PAFS group having the high
est cell viability (Fig. 4C). Finally, we also used a 2′,7′-dichloro
fluorescein diacetate (DCFH-DA) probe to detect the intracellular ROS 
levels of BMSCs in different groups under oxidative stress. The control 
group without scaffolds showed the highest intracellular ROS level, 
while the SDF-1α/PAFS group showed the lowest ROS fluorescence in
tensity (Fig. 4D). Further quantitative analysis of fluorescence intensity 
showed similar results, with the fluorescence intensity of the SDF-1α/ 
PAFS group comparable to that of the control group without H2O2 
(Fig. S2C). From the comprehensive results of the above multiple as
pects, we can confirm that SDF-1α/PAFS had good ROS scavenging 
activity.

3.6. Immunomodulation of scaffolds

Considering the pro-inflammatory microenvironment at the bone 
defect site and the possible recruitment of inflammatory cells by SDF-1α, 
the immunomodulatory activity of the scaffolds is crucial. We used 
RAW264.7 cells to evaluate the immunomodulatory activity of the 
scaffolds. We first collected the supernatant of the medium after co- 
culture and measured the concentrations of TNF-α and IL-10. We 
found that the TNF-α concentration in the SDF-1α/PAFS group was 
significantly lower than that in the AFS group, but its IL-10 concentra
tion was higher than that in the AFS group (Fig. 5A). Next, we further 
evaluated the expression of mRNA and marker proteins. The mRNA 
expression levels of CD86 (Fig. 5B) and TNF-α (Fig. S2D) in the SDF-1α/ 
PAFS group were lower than those in the AFS group, but the mRNA 
expression of CD206 was higher than that in the AFS group (Fig. 5B). IF 

Fig. 3. Biocompatibility and chemotaxis of scaffolds. A. Live/dead staining of BMSCs cultured on the scaffolds on days 1 and 3. Scale bar = 200 μm. B. Fluorescence 
microscopy images of the phalloidin/DAPI staining of BMSCs cultured on the scaffolds on days 1 and 3. Scale bar = 200 μm. C. The representative SEM images of 
BMSCs cultured on the scaffolds on days 1 and 3. D. Comparison of the chemotaxis of AFS and SDF-1α/PAFS after rinsed 3-day on the migration of BMSCs through the 
Transwell assay and scratch assay. Scale bar = 200 μm. The results were presented as mean ± SD (ns: no significant differences, *: p < 0.05, **: p < 0.01, ***: p <
0.001, ****: p < 0.0001).

Fig. 4. ROS scavenging activity of scaffolds. A. DPPH scavenging efficiency of scaffolds. Live/dead staining images (B) and CCK-8 assay results (C) of BMSCs after co- 
culture with scaffolds and H2O2 for 24 h. Scale bar = 200 μm. D. Intracellular ROS fluorescent images of BMSCs after co-culture with scaffolds and H2O2 for 2 h. Scale 
bar = 200 μm. The results were presented as mean ± SD (ns: no significant differences, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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staining showed similar results (Fig. 5C), with the highest expression 
level of M1 marker protein (CD86) in the AFS group while the highest 
expression level of M2 marker protein (CD206) in the SDF-1α/PAFS 
group. From the above results, it can be seen that SDF-1α/PAFS tends to 

induce macrophages to polarize toward M2 and exert anti-inflammatory 
effects.

Fig. 5. Immunomodulation and angiogenesis of scaffolds. A. The contents of TNF-α and IL-10 of the supernatants of RAW264.7 cells under the stimulation of 
different scaffolds. The mRNA expression levels (B) and IF staining (C) of CD86 and CD206 in RAW264.7 cells under the stimulation of different scaffolds. The 
representative images (D) and quantitative analysis (E, F and G) of Transwell assay, tube formation assay, and IF staining of CD31 under the influence of different 
scaffolds. H. The mRNA expression levels of VEGFA and HIF1A in HUVECs. The results were presented as mean ± SD (ns: no significant differences, *: p < 0.05, **: p 
< 0.01, ***: p < 0.001, ****: p < 0.0001).
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3.7. Angiogenesis of scaffolds

To evaluate the angiogenic activity of the scaffolds, we used HUVECs 
to evaluate it by Transwell and tube formation assays. As shown in 
Fig. 5D, after 24 h of culture, SDF-1α/PAFS significantly promoted the 
migration of HUVECs. The number of migrated cells in the AFS group 
and the control group was similar, and the number of migrated cells in 
the SDF-1α/PAFS group was significantly more than that in the other 

groups (Fig. 5E). Moreover, the tube formation assay showed that SDF- 
1α/PAFS promoted HUVECs to form more tube-like structures (Fig. 5D). 
The quantitative results also showed that the SDF-1α/PAFS group had 
the most tubules and junctions (Fig. 5F). IF staining of CD31 and 
quantitative analysis showed the protein expression level of CD31 in the 
SDF-1α/PAFS group was the highest among all groups (Fig. 5D and G). 
The expression of angiogenesis-related genes (VEGFA and HIF1A) was 
further detected by qRT-PCR. The results showed that the mRNA 

Fig. 6. Osteogenic differentiation in vitro. A. The representative images of ALP and ARS staining, and semi-quantitative analysis of ALP activity and calcium nodules. 
Scale bar = 200 μm. B-C. IF staining of RUNX2, OPN, and COL1 in BMSCs. Scale bar = 100 μm. D. The mRNA expression levels of RUNX2, OPN, and COL1A1 in 
BMSCs. The results were presented as mean ± SD (ns: no significant differences, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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expression levels of VEGFA and HIF1A in the SDF-1α/PAFS group were 
higher than those in the other groups (Fig. 5H). Therefore, SDF-1α/PAFS 
can enhance angiogenesis.

3.8. Osteogenic differentiation in vitro

The osteogenic differentiation ability of the scaffolds was the focus of 
our evaluation. We evaluated the osteogenic ability of the scaffolds from 

the perspective of ALP activity, calcium nodule deposition, and osteo
genic marker expression levels. After 7 and 14 days of osteogenic in
duction, we evaluated ALP activity as an early osteogenic indicator. As 
expected, the SDF-1α/PAFS group showed the highest ALP activity, both 
by ALP staining and quantitative analysis (Fig. 6A). Calcium nodule 
deposition is an indicator of advanced osteogenesis. After 21 days of 
culture, calcium nodules appeared in each group by ARS staining, 
among which the calcium nodules in the SDF-1α/PAFS group were the 

Fig. 7. Transcriptome analysis. The volcano plot (A) and Heatmap (B) of SDF-1α/PAFS group vs. control group differential genes. C. The top 20 enrichment of KEGG 
pathways (Category: Environmental Information Processing and Cellular Processes) in the SDF-1α/PAFS group compared with the control group.
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most obvious, followed by the AFS group (Fig. 6A). Quantitative analysis 
showed similar results, with the SDF-1α/PAFS group having the largest 
number of calcium nodules (Fig. 6A). We further determined the 
expression levels of osteogenic markers (RUNX2, OPN, and COL1) by IF 
staining and qRT-PCR. The results showed that the protein and mRNA 
expression levels of these osteogenic markers in the SDF-1α/PAFS group 
were the highest among all groups (Fig. 6B, C, and D). The excellent 
osteogenic ability of SDF-1α/PAFS has been confirmed.

Furthermore, we performed RNA transcriptome sequencing to reveal 
the potential mechanism of osteogenesis in SDF-1α/PAFS. We found that 
the gene expression in the SDF-1α/PAFS group was significantly 
different compared with the control group, with 276 genes up-regulated 
and 195 genes down-regulated (Fig. 7A and B). Next, the Kyoto Ency
clopedia of Genes and Genomes (KEGG) pathway enrichment analysis 
showed that the up-regulated genes were mainly enriched in some 
specific pathways, such as Calcium signaling pathway, PI3K-Akt 
signaling pathway, Chemokine signaling pathway, HIF-1 signaling 
pathway, Cell adhesion molecules, MAPK signaling pathway and Wnt 
signaling pathway (Fig. 7C). SDF-1α/PAFS may promote osteogenesis 
through the above pathways.

3.9. In vivo bone regeneration

We established the mouse cranial bone defect model to evaluate the 
in vivo bone regeneration ability of the scaffolds. The assessment of SDF- 
1α release of the scaffolds, tracking of injected BMSCs, and functional 
evaluation including osteogenesis, immunomodulation, and angiogen
esis were performed at different time points after surgery (Fig. 8A).

3.9.1. SDF-1α release in vivo
By measuring the concentration of SDF-1α in serum, we evaluated 

the release effect of SDF-1α/PAFS in vivo (Fig. 8B). There was no sig
nificant difference between the SDF-1α/PAFS + BMSCs group and the 
control group on the first day after surgery. We speculated that the SDF- 
1α released by SDF-1α/PAFS had not yet fully diffused into the blood on 
the first day after surgery. On the third day after surgery, the SDF-1α 
concentration in the SDF-1α/PAFS + BMSCs group was significantly 
higher than that in the control group and reached the highest value. 
Until the ninth day after surgery, the concentration of SDF-1α in the 
SDF-1α/PAFS + BMSCs group was still higher than that in the control 
group.

3.9.2. Tracking of injected BMSCs in vivo
To evaluate whether SDF-1α/PAFS can contribute to the targeted 

migration of injected BMSCs, we tracked the migration of injected 
BMSCs. BMSCs were pre-labeled with DiR before injection, and samples 
were detected 8 and 12 days after surgery. In addition, we set up the AFS 
+ BMSCs group as a control (Fig. 8C). Image tracking showed that the 
positive DiR signal of the two groups was similar on the day of cell in
jection, but at 8 and 12 days after surgery, the positive DiR signal in the 
SDF-1α/PAFS + BMSCs group was significantly higher than that in the 
AFS + BMSCs group. Additionally, we further obtained mouse skull 
samples, and we found that the positive DiR signal in the bone defect site 
of the SDF-1α/PAFS + BMSCs group was also significantly higher than 
that in the AFS + BMSCs group. These results indicated that the SDF-1α/ 
PAFS + BMSCs strategy could effectively recruit injected BMSCs to 
participate in bone regeneration.

3.9.3. Functional evaluation
Mice were sacrificed 4 and 8 weeks after surgery, respectively, and 

new bone formation was evaluated using micro-CT and histological 
staining. The results showed that at 4 weeks after surgery, only a very 
small amount of new bone was formed in the control group, and the 
amount of new bone in other groups was significantly higher than that in 
the control group. Among them, the new bone in the SDF-1α/PAFS +
BMSCs group was the most obvious, which was more than that in the 

SDF-1α/PAFS group and the AFS group (Fig. 8D). As time went by, the 
amount of new bone in all groups increased. By 8 weeks after surgery, 
the amount of new bone in the SDF-1α/PAFS + BMSCs group was still 
the largest, more than the other three groups. In terms of quantitative 
analysis (Fig. 8D), whether at 4 and 8 weeks after surgery, BV/TV, Tb. N, 
Tb.Th, and Tb. Sp in the SDF-1α/PAFS + BMSCs group all showed the 
best effect. H&E and Masson’s trichrome staining (Fig. 8E) showed that 
at 4 and 8 weeks after surgery, there was only a small amount of fibrous 
tissue in the bone defect area in the control group, and no significant 
new bone was formed, while new bone was observed in other groups. 
Among all groups, the largest amount of continuous new bone was 
observed in the SDF-1α/PAFS + BMSCs group. These results showed that 
the SDF-1α/PAFS + BMSCs strategy demonstrated the most excellent 
bone regeneration ability in vivo. We also evaluated the in vivo degra
dation behavior of scaffolds by H&E and Masson’s trichrome staining. At 
4 weeks after surgery, the scaffolds showed obvious degradation, and 
the edges of the scaffolds became irregular and tissue grew into them. By 
8 weeks after surgery, as the new bone tissue further increased, most of 
the scaffolds degraded. As a biological scaffold with similar composition 
to bone tissue, the degradation products of the scaffolds can be directly 
utilized for bone regeneration. SDF-1α/PAFS has a good match between 
biodegradation and bone regeneration. In addition, we also obtained 
H&E staining images of the viscera of mice, and the results showed that 
the scaffolds had good biological safety (Fig. S4).

Furthermore, we used immunohistochemical staining to evaluate the 
expression levels of immunomodulation-related proteins (CD86 and 
CD206), osteogenesis-related proteins (RUNX2 and OCN), and 
angiogenesis-related proteins (CD31 and EMCN) (Fig. 9). We harvested 
mouse skulls at 2 weeks after surgery to evaluate the immunomodula
tory effect of the scaffolds. The results showed that the expression levels 
of CD86 and CD206 in the control group were low, while the AFS group 
showed the highest level of CD86 expression. The expression levels of 
CD86 in the SDF-1α/PAFS group and the SDF-1α/PAFS + BMSCs group 
were lower than those in the AFS group. However, the expression levels 
of CD206 in the SDF-1α/PAFS group and the SDF-1α/PAFS + BMSCs 
group were significantly higher than those in the AFS group (Fig. S3). 
SDF-1α/PAFS also tends to induce macrophages to polarize towards M2 
in vivo and exert anti-inflammatory effects. Immunohistochemical 
staining of osteogenesis-related proteins and angiogenesis-related pro
teins was performed 4 and 8 weeks after surgery. As expected, the 
expression levels of RUNX2 and OCN in the SDF-1α/PAFS + BMSCs 
group were the highest among all groups (Fig. S3). Regarding angio
genesis, the expression levels of CD31 and EMCN in the control group 
and AFS group were low, while the expression levels of CD31 and EMCN 
proteins in the SDF-1α/PAFS group and the SDF-1α/PAFS + BMSCs 
group were significantly higher than those in other groups (Fig. S3). It 
can be seen that SDF-1α/PAFS also shows significant promoting angio
genesis in vivo.

4. Discussion

Bone tissue engineering is gradually replacing traditional methods as 
a promising method to repair bone defects. Patients with bone defects 
often suffer from multiple diseases, resulting in low activity of endoge
nous BMSCs, poor migration ability, and reduced osteogenic differen
tiation activity [12–15]. This limits the role of endogenous BMSCs in 
repairing bone defects. At present, bone tissue engineering technology is 
committed to constructing grafts loaded with normally active BMSCs in 
vitro and then implanting them into the body to repair bone defects. 
However, in addition to the troublesome and complicated construction 
process, this method also faces the challenge of only a few cells playing a 
repair role after implantation in the body due to various factors [12,16,
17]. These problems make it difficult to apply traditional bone 
tissue-engineered grafts in clinical practice. To this end, we developed a 
chemotactic cell-free scaffold that can recruit normal BMSCs injected 
postoperatively to the bone defect site in vivo. This bone defect repair 

S. Su et al.                                                                                                                                                                                                                                        Materials Today Bio 32 (2025) 101759 

12 



Fig. 8. In vivo bone regeneration. A. Experimental procedure of the mice cranial bone defect model. B. Concentration of SDF-1α in serum after the implantation of 
SDF-1α/PAFS. C. IVIS imaging system showed the tracking of injected BMSCs in vivo. D. Micro-CT reconstruction and quantitative analysis of skull samples in mice at 
4 and 8 weeks after surgery. E. H&E and Masson trichrome staining of sections of bone defect region. Scale bar = 100 μm. The results were presented as mean ± SD 
(ns: no significant differences, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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strategy based on scaffold combined with BMSCs injection can avoid the 
above problems and promote bone regeneration to complete the repair 
of bone defects. This bone defect repair strategy has very good clinical 
convenience.

AFS has attracted attention in bone tissue engineering in recent years 
[9–11]. Due to its similar composition to bone tissue, mainly composed 
of collagen and hydroxyapatite [6], AFS has excellent osteogenic ability 
[9–11]. Moreover, this scaffold based on an acellular matrix also has 

Fig. 9. Immunohistochemical staining of CD86 and CD206 at 2 weeks after surgery, and RUNX2, OCN, CD31, and EMCN at 4 and 8 weeks after surgery. Scale bar =
100 μm.
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good biocompatibility and low immunogenicity [7]. We also found that 
the surfaces of AFS and SDF-1α/PAFS have characteristic 
three-dimensional structures. Many studies are currently committed to 
building similar three-dimensional structures on scaffolds, which trigger 
specific responses of cells, such as adhesion [48], migration [49], and 
differentiation [50]. However, most of the preparation methods used in 
these studies are very complicated, such as electrospinning, directional 
freezing, and micro-patterning [51]. AFS and SDF-1α/PAFS naturally 
have characteristic three-dimensional structures and are ideal candi
dates for three-dimensional tissue engineering. In this study, it was 
found that the mechanical properties of SDF-1α/PAFS can reach 6.01 ±
1.90 GPa. The Young’s modulus of SDF-1α/PAFS is close to that of 
cortical bone and acellular bone matrix [52], which provides good early 
mechanical support while also avoiding the occurrence of stress 
shielding. Such excellent mechanical properties are unmatched by other 
acellular matrix materials. Multiple studies have also focused on adding 
complex components to scaffolds based on acellular matrices and 
hydrogels to improve the mechanical properties of scaffolds [53–55]. 
SDF-1α/PAFS naturally has excellent mechanical properties. As a bio
logical scaffold with similar composition to bone tissue, SDF-1α/PAFS 
also showed good matching between biodegradation and bone regen
eration. Although the acellular bone matrix has better similarity to 
natural bone, its limited source and bioethical issues limit its widespread 
application possibility [52]. Fish scales have long been used as biolog
ical waste, with extensive sources and low cost. This is also a major 
advantage for future applications.

Some studies have developed scaffolds loaded with SDF-1α to recruit 
endogenous cells [34,56,57]. However, most of the methods to load 
SDF-1α in these studies are direct protein incorporation and encapsu
lation inside the scaffold. These scaffolds generally face the problem of 
initial explosive release, with a short release time, mostly within 7 days 
[34,56,57]. Moreover, there is also concern about the loss of SDF-1α 
activity when it is directly encapsulated inside the scaffold. Chen et al. 
used gene editing to prepare recombinant SDF-1α to develop a scaffold 
that can slowly release SDF-1α for rotator cuff enthesis regeneration 
[58]. It provides us with a new idea, but the preparation method is 
complicated and costly. In addition, these studies have ignored a key 
issue: SDF-1α not only recruits endogenous stem cells such as BMSCs but 
also recruits too many inflammatory cells [28,29]. This is unfavorable 
for bone defects that are already in a state of inflammatory disorder. This 
may offset endogenous stem cell-mediated tissue repair and even 
aggravate the damage. PDA can kill three birds with one stone, which 
not only solves the above two difficulties but also enhances the cell 
adhesion of the scaffold. Taking advantage of the special viscosity of 
PDA, SDF-1α/PAFS could release SDF-1α in vivo for at least 10 days, 
which was the main reason why BMSCs injected after surgery could 
effectively migrate to bone defects 12 days after surgery. Furthermore, 
SDF-1α/PAFS could induce M2 polarization of macrophages in vitro and 
in vivo, playing an anti-inflammatory effect. This immunomodulatory 
activity not only improved the microenvironment of bone defects but 
also solved the problem of SDF-1α recruiting too many inflammatory 
cells. Finally, SDF-1α/PAFS also had better cell adhesion, which played 
an important role in the colonization and repair of BMSCs.

Regarding the problem of insufficient vitality of endogenous BMSCs, 
studies have shown that injection of normally active BMSCs can effec
tively improve bone defect repair [59–61]. In addition, the injection of 
stem cells has been widely used in the treatment of knee osteoarthritis in 
clinical practice [62,63]. These provide an important scientific basis for 
our study. Chen et al. [58] and Hu et al. [33] respectively constructed 
similar chemotactic cell-free scaffolds combined with stem cell injection 
for rotator cuff enthesis regeneration and anterior cruciate ligament 
regeneration, and both showed good results. In our study, the bone 
regeneration effect of the SDF-1α/PAFS + BMSCs group was signifi
cantly better than that of the SDF-1α/PAFS group, which was also due to 
the targeted repair of BMSCs injected. There were some possible 
mechanisms by which the SDF-1α/PAFS + BMSCs group enhanced new 

bone formation: first, SDF-1α/PAFS reduced the level of ROS in bone 
defects and played an immunomodulatory role to improve the micro
environment; then endogenous BMSCs and BMSCs injected were 
recruited to bone defects and underwent proliferation and osteogenic 
differentiation; third, SDF-1α might also mobilize endothelial progenitor 
cells and create a pro-angiogenic microenvironment, further promoting 
local angiogenesis and bone regeneration. Some studies usually set the 
time point for cell injection on the first day after surgery [33,64]. 
However, in the early postoperative period, especially in the first three 
days, a large number of inflammatory cells will infiltrate into the defect 
site, causing a strong inflammatory reaction [65]. Studies have shown 
that inflammation can lead to stem cell dysfunction [66]. This is also a 
dilemma faced by grafts loaded with seed cells in vitro. We set the time 
point for cell injection on the fourth day after surgery, when the edema 
and peak inflammation at the surgical site have subsided, which can 
avoid stem cell dysfunction caused by strong inflammation to a certain 
extent. Our results also showed that the concentration of SDF-1α in 
serum peaked on the third day after surgery. Overall, the fourth day after 
surgery is the suitable time point for cell injection in mice. However, 
there are differences in biological behavior between humans and mice. 
More studies are needed on the best time point for cell injection in 
humans. Traditional bone tissue engineering uses complex methods to 
cultivate grafts in vitro and requires immense care. The grafts also need 
to face strong inflammation in the early stages of implantation, which 
limits their clinical application. Our strategy of implanting scaffolds and 
cells separately effectively avoids the above problems and provides 
convenience for its future clinical applications. Of course, our strategy is 
still in the preliminary stage, and experimental verification of large 
animals and rigorous preclinical trials are needed before entering clin
ical application.

In summary, we have developed a new strategy for bone defect 
repair, in which acellular fish scale scaffolds that can continuously 
release SDF-1α combined with BMSCs injection can effectively promote 
bone regeneration. This strategy improves the shortcomings of tradi
tional bone tissue engineering grafts and has better clinical convenience 
and operability. However, our study also has some limitations. First of 
all, only the scales of grass carp were selected in the study, and the scales 
of different fish may be different. Second, only one SDF-1α loading 
concentration and one injected cell number were studied. Further 
optimizing the SDF-1α loading amount and the injected cell number may 
be of great significance for bone regeneration. Third, we have only 
carried out a preliminary exploration of the bone regeneration mecha
nism of SDF-1α/PAFS, and more experiments are needed to clarify it in 
depth.

5. Conclusion

In this study, we prepared a polydopamine-functionalized acellular 
fish scale scaffold capable of sustained release of SDF-1α, which can 
recruit exogenous BMSCs, and also has ROS scavenging activity, 
immunomodulation, angiogenesis, and osteogenesis. Based on this, we 
developed a novel strategy for the treatment of bone defects of 
combining postoperative injection of BMSCs and SDF-1α/PAFS, which 
can effectively promote bone regeneration, thereby avoiding the short
comings of traditional bone tissue grafts. This strategy has better clinical 
convenience and operability.
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