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ARTICLE INFO ABSTRACT
Keywords: Bone lamellae are the fundamental basis of bone structure and function. Simulating the multilevel ordered soft-
Electrospun hard alternating multilayer microstructures of these materials is extremely challenging. In this study, amorphous
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and highly structurally connected flexible inorganic silica nanofibers (SiO2 NF) consisting of a network of silica-
oxygen-silica bonds were prepared by sol-gel electrospinning and high-temperature calcination techniques, and
highly entangled with organosodium alginate and hydroxyapatite nanoparticles (HAPs) to form soft-hard

alternating structures wrapped in fixed-points by hydrogen bonding. Finally, soft-hard self-alternating flexible
organic-inorganic intercalated short-fiber mimetic bone lamellae (ASH) were successfully constructed via the
selective crystallization technique to adjust the temperature gradient for crystallization, thereby precipitating the
intercalated structure. Based on the principles of crystal growth kinetics and solubility product equilibrium, ASH
was transformed from a conventional disordered structure to a highly ordered multilayered soft-hard alternating
structure with a porosity of up to 95 %. The ASH scaffold demonstrated exceptional shape memory properties,
maintaining structural stability under 80 % strain and over 100 compression cycles. In vitro analyses revealed
that sustained release of bioactive ions from ASH significantly enhanced osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs), as evidenced by upregulated expression of Fgf and Pdf/Flt4 genes.
Furthermore, in vivo studies validated the scaffold’s capacity to promote BMSCs recruitment and migration,
thereby accelerating bone regeneration. In summary, mimetic bone lamellae were successfully constructed and
accurately replicated the microstructure of natural bone lamellae, providing a new perspective and strategy for
exploring the structure-function relationships of bone lamellae.

1. Introduction

In nature, organisms commonly employ soft-hard alternating struc-
tures to fulfill multiple functions, such as protection, support and flex-
ibility. They are found in bones, teeth, shells, skin, plant stems, spider
silk, and the raptorial appendages of mantis shrimp and wood [1,2]. For
example, the soft-hard alternating structure of the mantis shrimp’s
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raptorial appendages plays a crucial role for the penetration of hard
objects [3]. Due to the soft-hard alternating structure of spider silk, it has
extremely high strength and toughness, and its elasticity is maintained
[4]. Notably, bones are composed of an organic matrix (primarily
collagen) and inorganic minerals (primarily hydroxyapatite), forming
an organic/inorganic composite soft-hard alternating structure at the
microscale [5,6]. When fractures, osteoporosis, or bone defects occur,
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the soft-hard structures are disrupted, leading to limb deformities and
functional impairments. For the clinical treatment of bone defects, the
development of biomimetic matrices that can mimic the structure and
composition of bone is therefore crucial. However, despite encouraging
progress in mimicking bone structures in recent years, most studies still
focus on designing disordered matrices structures [7-11]. Thus, devel-
oping novel matrices that can simulate both the hard mineral compo-
nents and the soft organic matrix while precisely replicating the highly
complex layered microstructure of natural bone tissue presents a
formidable challenge.

Bone tissue serves as the quintessential dynamic load-bearing
structure within the human body, and its optimal mechanical proper-
ties are typically derived from the harmonious integration of organic
and inorganic components [12]. Inorganic components are composed of
hydroxyapatite, which provides support and transmits external forces,
whereas organic components are composed of collagen fibers, which
effectively absorb and disperse energy [13]. This composite structure
not only provides excellent mechanical properties to the lamellae but
can also effectively regulate the cell biological behaviors. Therefore, to
accurately replicate the natural organic-inorganic composite architec-
ture of bone, various advanced technologies have been applied to the
fabrication of biomimetic bone matrices, including phase separation
[14,15], electrospinning [16-18], three-dimensional (3D) printing [19],
sol-gel [20], self-assembly [21], and bio-3D braiding technologies [22].
Most existing scaffolds fail to replicate the multilayered soft-hard
alternation and organic-inorganic intercalation of natural bone
lamellae, leading to suboptimal mechanical stress conduction and
osteogenic regulation. Sun et al. assembled hybrid interlaced scaffolds
with nanoscale interfacial integration through nanoscale organ-
ic/inorganic interaction bonding to promote bone regeneration [23].
Additionally, Xie et al. prepared a porous organic/inorganic composite
scaffold composed of bioglass and PLGA-collagen-gelatin nanofibers by
electrospinning to promote bone regeneration [24]. Despite advance-
ments in the fabrication of organic/inorganic nanofiber composite
scaffolds, the mechanical stress conduction performance and bone
regeneration capacity of these scaffolds are limited due to the excessive
rigidity of inorganic nanofibers; effective promotion of bone regenera-
tion could not be achieved by soft-hard self-alternating organ-
ic/inorganic intercalated structures. Inorganic nanofibers in
conventional scaffolds are overly rigid, impairing shape memory and
dynamic load adaptation. Therefore, the development of simple and
effective strategies to prepare simulated natural bone lamellae with
excellent osteogenic properties remains a challenge.

The development of biomimetic bone scaffolds faces significant
challenges in simultaneously achieving mechanical robustness and
biological functionality. Current approaches often struggle with funda-
mental trade-offs: highly mineralized scaffolds provide adequate
strength but lack the porosity for cell infiltration, while soft polymeric
structures offer biocompatibility but insufficient load-bearing capacity.
Additional limitations include difficulties in replicating bone’s hierar-
chical organization, accommodating dynamic remodeling processes,
ensuring concurrent vascularization, and maintaining clinical scalabil-
ity. As the basic functional unit in bone tissue regeneration and repair,
the bone lamella plays a crucial role because of its exquisite soft-hard
alternating lamellar structure [25]. To recapitulate the lamellar archi-
tecture of native bone tissue, Chen et al. developed biomimetic hierar-
chical hydrogel scaffolds featuring precisely organized multilayered
concentric circular structures using a free-form injection fabrication
approach [26]. However, the lack of interconnected porous channels in
the ordered microstructures limited the cell signaling. In addition, Teng
et al. prepared multilayered dense structured scaffolds based on the
collagen fiber bundle structure of tendons via the mineralization tech-
nique [27]. However, the unidirectional array bundles of collagen layers
could not achieve organic/inorganic intercalated structures. This
occurred because existing techniques rely mainly on bottom-up stacking
strategies. Bottom-up stacking strategies often lack interconnected
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porosity (<80 %) and bioactive ion release, hindering cell signaling and
vascularization. Phase separation techniques facilitate the precise en-
gineering of biomaterials with tunable lamellar architectures, tailored
surface characteristics, and controlled mechanical properties through
systematic optimization of processing conditions and parameters [28].
However, scaffolds prepared by a single-phase separation technique lack
soft-hard alternating structures that are insufficient to accurately mimic
the complex structure of bone lamellae. Notably, the soft-hard alter-
nating lamellar structure affects the distribution and release of cyto-
kines, which in turn regulate bone metabolism and remodeling
processes [29-31]. Therefore, accurately simulating the multilayered
ordered structure of soft-hard alternating laminae in bone lamellae to
regulate cellular behaviors is the key to promoting bone regeneration.

Building upon the multilayered hierarchical porous architecture of
native bone lamellae, novel soft-hard self-alternating flexible organic-
inorganic intercalated short-fiber mimetic bone lamellae were meticu-
lously constructed by combining flexible SiO, NFs at fixed points on the
surfaces of sodium alginate and HAPs through sophisticated intermo-
lecular hydrogen-bonding interactions and advanced selective crystal-
lization techniques (Scheme 1A). ASH’s soft-hard alternating
multilayers (95 % porosity) mimic natural bone lamellae, enabling
mechanical resilience (96 % shape recovery after 100 cycles) and
nutrient diffusion. Flexible SiOy nanofibers and HAPs create a hydrogen-
bonded intercalated network (Scheme 1B), balancing elasticity (101.4
kPa compressive strength) and bioactivity (Ca2+/Si04’ release). The
effects of the ASH on the osteogenic induction of BMSCs and the
vascularization of mixed cells within the metatarsal bone were further
assessed via an osteogenesis-related protein expression assay and fetal
rat metatarsal bone tube formation assay. Transcriptome sequencing
elucidated that ASH bidirectionally accelerated bone regeneration
through the activation of the Notch proangiogenic pathway and positive
regulation of the cell adhesion-induced osteogenic pathway. Finally, in
vivo experiments have demonstrated that the soft-hard self-alternating
multilayered ordered structure of ASH promotes bone regeneration by
inducing osteogenic differentiation of osteoblasts and angiogenesis
(Scheme 1C). In conclusion, the soft-hard self-alternating flexible
organic-inorganic intercalated short-fiber mimetic bone lamellae, with
the accurate replication of the natural bone lamellae microstructure
innovatively developed in this study, provides a groundbreaking ther-
apeutic strategy for bone regeneration.

2. Experimental section
2.1. Preparation of flexible inorganic SiOz nanofibres

Tetraethyl orthosilicate (TEOS, 10 g) was combined with phosphoric
acid (H3POs4, 0.07 g) and deionised water (DW, 10 g) in a stoichiometric
ratio and homogenised for 24 h to facilitate the forming of a uniform
silica sol. In this system, H3PO4 acted as an acid catalyst to promote the
hydrolysis and subsequent polycondensation of TEOS. At the same time,
an aqueous solution of 10 wt% poly(vinyl alcohol) (PVA) was prepared.
The resulting silica sol was then mixed with the PVA solution in a 1:1
mass ratio to obtain a homogeneous electrospinning precursor solution.
This step was critical, as it involved the compatibility and interaction of
two different materials and had a significant effect on the morphology
and properties of the final nanofibers. The electrospinning process was
conducted under optimized parameters as follows: A 20G needle was
employed under an applied voltage of 20 kV, with a controlled solution
flow rate of 1 mL/h. The nanofibers were collected on a nonwoven fabric
substrate positioned at a fixed working distance of 20 cm from the
spinneret. Subsequently, the as-spun nanofibrous membranes were
subjected to thermal treatment in a muffle furnace (FP310C, Yamato,
Japan) with a controlled heating rate of 5 °C/min up to 800 °C, followed
by isothermal calcination for 2 h. The high-temperature calcination
process was used to remove PVA while promoting the formation of the
amorphous structure of the SiO5 NFs to obtain flexible and pure SiO,
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Scheme 1. Schematic diagram of the preparation and promotion of bone regeneration using a soft-soft self-alternating flexible organic-inorganic intercalated short-
fiber mimetic bone lamellae. (A) Design of the mimetic bone lamellae inspired by natural bone structures. (B) Preparation process of the ASH. (C) ASH promoting
vascular regeneration and directing stem cell differentiation to repair cranial defects in rats.
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nanofiber membranes.

In this study, we used sodium alginate (Aladdin, Shanghai, China)
with a viscosity of 200 cps as the base material. First, 0.15 g of SiO5 NFs,
0.35 g of sodium alginate, and different masses of HAPs were uniformly
dispersed in 50 mL of DW. A uniformly distributed dispersion of each
component was produced by high-speed homogenization at 14,000 rpm
for 30 min. Next, we stirred the resulting dispersion at room temperature
for an additional 30 min to further stabilize the mixture. The dispersion
was then transferred into preprepared molds of various shapes and sizes.
Gradient cooling was applied, and the process was as follows: the
dispersion was frozen in a cryogenic environment at —20 °C for 3 h; and
next, the dispersion was placed in a cryogenic environment at —80 °C
overnight to promote scaffold structure formation. Freeze-drying was
performed to obtain uncrosslinked ASH. To enhance the structural
integrity and biological compatibility of the scaffolds, the freeze-dried
ASH constructs were subjected to ionic cross-linking by immersion in
a 0.3 M calcium chloride (CaCly) solution for 30 min. This treatment
facilitated the formation of stable calcium-mediated bridges between
alginate chains, thereby improving both mechanical stability and cyto-
compatibility. The cross-linked mimetic bone lamellae were obtained by
freeze-drying again. Scaffolds with varying HAPs contents were created
by adding 0 %, 10 %, and 20 % (wt/v) HAPs to the dispersion, referred
to as AS, ASH-0.1, and ASH-0.2, respectively. Scaffolds made from so-
dium alginate solution without SiO2 NFs or HAPs (with a constant solid
mass ratio of 30 %) were denoted AL and used as controls. Detailed
scaffold material characterisation methods are provided in the Sup-
porting Information.

2.2. Biocompatibility of the mimetic bone lamellae

To systematically evaluate the cytocompatibility of ASH scaffolds,
we conducted parallel co-culture studies with BMSCs and HUVECs. The
scaffolds were precision-sectioned into 2 mm-thick slices, sterilized in
75 % ethanol for 24 h, and extensively rinsed with PBS to ensure optimal
cell culture conditions. First, cell viability was quantified via live/dead
staining (Invitrogen, L3224, USA) using calcein-AM (green fluores-
cence) to identify viable cells and propidium iodide (red fluorescence) to
detect non-viable cells. Proliferation kinetics were measured through
CCK-8 assays (Yeasen, China) following manufacturer specifications. To
examine the adhesion pattern of BMSCs on the scaffolds, skeleton
staining (Yeasen, China) was employed to observe the cell morphology.
Detailed experimental protocols and additional methodological speci-
fications are available in the Supporting Information.

2.3. Osteogenesis of the mimetic bone lamellae

This study systematically investigated the osteoinductive capacity of
biomimetic bone lamellae scaffolds on BMSCs. BMSCs were initially
seeded at the density of 4 x 10* cells/well in DMEM/F-12 medium and
allowed to adhere for 24 h under standard culture conditions. To induce
osteogenic differentiation, the growth medium was replaced with oste-
ogenic induction medium supplemented with 10 mM f-glycer-
ophosphate, 0.1 pM dexamethasone and 0.25 mM ascorbic acid to create
a defined osteogenic microenvironment. The induction process was
evaluated at 4, 7, and 14 days to observe the osteogenic differentiation
of the BMSCs over time. At each time point, we performed alkaline
phosphatase (ALP) staining and alizarin red staining (ARS) and detected
the expression of osteogenesis-related proteins via immunofluorescence
in BMSCs cultured on the mimetic bone lamellae.

ALP and mineralization staining and analysis: BMSCs were inocu-
lated in 24-well plates. After 7 and 14 days of osteogenic induction, the
cells were fixed with 4 % paraformaldehyde. ALP and ARS staining were
subsequently conducted to observe and quantitatively analyze ALP ac-
tivity and matrix mineralization. Immunofluorescence Assay: BMSCs
were also inoculated in 24-well plates. After 14 days of osteogenic in-
duction, the cells were washed three times with PBS and then fixed with
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4 % paraformaldehyde. A 0.1 % Triton X-100 treatment was performed
for 15 min, followed by a 1 % bovine serum albumin (BSA) blocking step
for 30 min to reduce nonspecific binding. Afterward, incubation with the
target primary antibody and fluorescent secondary antibody was per-
formed to observe the expression of osteogenesis-related proteins, such
as collagen type I (Col I) and osteopontin (OPN), in the BMSCs using
confocal microscopy.

2.4. RNA sequencing analysis

Total RNA extraction was performed from BMSCs co-cultured with
either AL or ASH-0.1 scaffolds using TRIzol™ reagent (Thermo Fisher
Scientific, USA), followed by purification to ensure RNA integrity. High-
throughput sequencing was conducted on the Illumina NovaSeq™ 6000
platform (LC-Bio, Hangzhou, China) employing paired-end 150 bp
(PE150) sequencing chemistry. Raw sequencing reads were subjected to
quality control filtering to generate high-confidence clean data, which
were subsequently processed using R-based bioinformatics pipelines.
Differential gene expression analysis identified statistically significant
DEGs (p < 0.05, fold-change >2) between experimental groups. These
DEGs underwent comprehensive functional characterization through:
(1) Gene Ontology (GO) annotation to elucidate biological processes,
molecular functions, and cellular components, and (2) pathway
enrichment analysis using the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) database to identify significantly regulated signaling
pathways.

2.5. Angiogenesis of the mimetic bone lamellae

To test the angiogenesis of the mimetic bone lamellae, the main
experiments included the cell scratch test, cell migration test, fetal rat
metatarsal angiogenesis model test, immunofluorescence test, and
angiogenesis test. Detailed experimental protocols and additional
methodological specifications are available in the Supporting
Information.

2.6. Animal experimentation

2.6.1. Modeling and detection of the cranial defects in rats

In this study, we first sterilized the AL and ASH-0.1 scaffolds (2 mm
thick and 5 mm in diameter) to ensure aseptic conditions for the ex-
periments. Next, 6-week-old SD rats were selected as experimental an-
imals and anesthetized via an intraperitoneal injection of sodium
pentobarbital. Under anesthesia, we created a standardized defect
model with a diameter of 5 mm in the cranium of each rat. The rats were
then randomly divided into two groups, with sterilized AL and ASH-0.1
implanted into the cranial defects, to assess the effects of these scaffolds
on cranial defect repair. Additionally, a blank control group was
established; in this group, no treatment was applied to the cranial defect.

Postoperatively, all rats received routine husbandry management. At
6 and 12 weeks post-surgery, the rats were euthanized using an overdose
of pentobarbital sodium solution to collect cranial bone samples. The
collected skull samples were first fixed in 4 % PFA and then scanned
using micro-CT. The scanning parameters were set to 65 kV, 100 pA
current, and 120 pm resolution. The image data obtained from the
micro-CT scans were quantitatively analyzed using SkyScan image
analysis software, CTAn 1.14; the focus of this software is primarily on
bone density. Bone mineral density (BMD) and the bone volume/total
volume (BV/TV) ratio were used to evaluate the effects of material
implantation on cranial defect repair at different time points.

2.6.2. Histological and immunofiuorescent analyses

Following micro-CT analysis, the tissue samples were immersing in
decalcification solution at 37 °C for one month to ensure complete
decalcification. This step was crucial for histological analysis and
facilitated subsequent sectioning and staining. After decalcification, the
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tissue samples were dehydrated in graded alcohol, embedded in
paraffin, and cut into 5 pm thick sections. Next, we stained the sections
using hematoxylin-eosin (H&E) staining and Masson’s trichrome stain-
ing to assess new bone formation 12 weeks after surgery. The tissue
sections were then incubated with primary antibodies (CD31/a-SMA,
OPN/OCN) for 1 h at room temperature, followed by washing with PBS
to remove unbound antibodies. Afterward, the sections were incubated
with the corresponding secondary antibody for 1 h at room temperature
to detect specific antigen-antibody complexes. The signal intensity was
quantified using ImageJ software.

2.7. Statistical analysis

All experiments were performed with a minimum of three indepen-
dent replicates. Quantitative data are expressed as mean + standard
deviation (SD). For comparisons between two groups, statistical signif-
icance was determined using unpaired two-tailed Student’s t-tests.
Multiple group comparisons were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s honestly significant difference
post hoc test. A probability value (p) of less than 0.05 was considered
statistically significant for all analyses.

3. Results and discussion
3.1. Preparation and characterization of the mimetic bone lamellae

To accurate replication of the natural bone lamellae microstructure,
the soft-hard self-alternating flexible organic-inorganic intercalated
short-fiber. bone lamellae were innovatively constructed. Specifically,
HAP is the main inorganic component of human bone and was selected
as the performance-modifying component for the ASH because of its
excellent biocompatibility, osteoinductive properties, ease of modifica-
tion, and good mechanical properties [32,33]. Firstly, the SiO2 NFs was
prepared using electrospinning and sol-gel methods [17]. Secondly, SiO2
NFs, HAP, and sodium alginate were combined to create a homogeneous
dispersion through high-speed homogenization, which ensured the
uniform distribution of components in the solution and facilitated the
formation of a porous structure. Thirdly, the prepared dispersion was
poured into a mold, and after two freeze-drying processes and chemical
cross-linking with a calcium chloride solution, a novel soft-hard self--
alternating flexible organic-inorganic intercalated short-fiber mimetic
bone lamella was successfully synthesized (Fig. 1A and B). The design of
this scaffold exploited the principle of phase separation induced by
water crystallization, where the phase separation of sodium alginate and
SiOy NFs occurred during cryogenic freezing to form a layered porous
structure, which endowed the mimetic bone lamella with shape memory
functionality. The initial shape of the mimetic bone lamella was con-
cealed in a temporary shape that could revert to the original form under
appropriate stimuli. As shown in Fig. 1C and D, ASH recovered its initial
shape in aqueous solution in 10-15 s, and the process can be recycled
many times, which indicates that ASH has excellent shape memory
properties (movie s1). The ASH scaffold’s unique shape memory capa-
bility stems from an innovative triple-network design combining dy-
namic alginate chains, a SiO; nanofiber framework, and HAP
nanoparticle interlocking. This sophisticated architecture enables tem-
porary deformation through reversible ionic bond dissociation in the
calcium-crosslinked alginate matrix, while the covalently-bonded silica
network and HAP surface interactions provide the restoring forces to
recover the original configuration.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2025.112581

Furthermore, the surface morphology of the ASH was examined
using scanning electron microscopy (SEM) and environmental scanning
electron microscopy (ESEM). SEM images showed that all scaffolds
presented a fibrous porous structure composed of randomly oriented
fibers, closely resembling the natural extracellular matrix (ECM).
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(Fig. 1E). Notably, the cross-sectional structure of the mimetic bone
lamella containing SiO, NFs displayed a unique soft-hard alternating
multilayer  structure  with  organic-inorganic intercalation
(Supplementary Fig. S1). The integration of flexible inorganic SiO2 NFs
transformed the ASH from a conventional hydrogel architecture into a
biomimetic ECM mesh fiber structure with organic-inorganic interca-
lation. Temperature gradient crystallization was regulated using a se-
lective crystallization technique to achieve gradual crystallization of
solutes and solvents.

At a specific low temperature, the water molecules initially formed
columnar crystals, whereas the insoluble solute of SiOy NFs was pref-
erentially excluded from the edges of the ice crystals and uniformly
dispersed. As the temperature continued to decrease, sodium alginate
and the functional ingredient HAPs gradually precipitated in an orderly
manner between the neighboring ice crystals. Under the influence of
hydrogen bonding, sodium alginate molecules became tightly bound to
the surface of the short-fiber, and a dense encapsulation layer was
formed. This process further increased the porosity and complexity of
the hierarchical gradient structure of the mimetic bone lamella. The
two-stage temperature gradient protocol (—20 °C for 3 h followed by
—80 °C overnight) was meticulously developed to achieve three critical
objectives in scaffold fabrication. First, the initial —20 °C phase
(0.5-1 °C/min cooling rate) enables controlled ice nucleation that pre-
serves bioactive component integrity while establishing directional
crystal growth for aligned porosity formation. Second, the subsequent
—80 °C phase ensures complete solvent crystallization while maintain-
ing essential hydrogen bonding networks between SiO, nanofibers and
alginate matrix, achieving optimal porosity preservation. Third, this
specific gradient uniquely replicates native bone’s lamellar spacing
(3-7 pm) while maintaining exceptional HAP nanoparticle distribution
uniformity. This optimized approach overcomes key limitations of
conventional freeze-drying methods by simultaneously ensuring struc-
tural precision, bioactive preservation, and mechanical robustness -
three factors essential for functional bone regeneration.

Additionally, energy spectral analysis and semi-quantitative detec-
tion revealed that elements such as carbon, oxygen, silicon, calcium and
phosphorus were uniformly distributed on the surface of the mimetic
bone lamella. The semiquantitative analysis indicated no significant
difference in the silicon content among the AS, ASH-0.1, and ASH-0.2
containing SiO2 NFs. However, the phosphorus content in the ASH-0.2
was greater than those in the other groups (Fig. 1G). The pore size of
the mimetic bone lamella gradually decreased as the HAP content
increased (Fig. 1F). High porosity not only facilitated the transport of the
cellular nutrients and waste but also promoted the cell proliferation and
migration [34]. As shown in Fig. 2D-F, the porosities of the AL, AS,
ASH-0.1, and ASH-0.2 increased from 63 % =+ 3 %-93 % + 2 % as the
HAPs content increased from 0 % to 20 % (Fig. 1H). These results further
confirmed that the incorporation of HAPs and inorganic short-fiber
successfully provided the mimetic bone lamellae with multilayered
and porous structural features.

Furthermore, the mimetic bone lamella was analyzed by compre-
hensive infrared spectroscopy and thermogravimetric analysis to assess
their chemical structure and thermal stability. Firstly, fourier transform
infrared spectroscopy analysis revealed characteristic absorption peaks
of the SiO5 NF at 802 cm ™+ and 1051 cm™}; these peaks corresponded to
the stretching vibration of the Si-O (Si-O-Si) bond. These results
confirmed the successful preparation of the SiO2 NFs and characteriza-
tion of their chemical structure. The sodium alginate hydrogel showed a
hydroxyl (O-H) stretching vibration at 3400 cm™?, along with an ab-
sorption peak at 1650 cm ™! associated with the trans conformation of
the carboxyl group (COO™) (Fig. 2A). These characteristic peaks high-
lighted the chemical structure of sodium alginate and its role in the
mimetic bone lamella. Additionally, X-ray diffraction analysis (Fig. 2B)
indicated that the HAPs in the ASH-0.1 and ASH-0.2 exhibited charac-
teristic peaks at 20 = 32°. Based on these results, it was confirmed that
the HAPs were successfully incorporated into the mimetic bone lamellar
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Fig. 1. Morphological characterization of the mimetic bone lamellae. (A) Preparation process of the ASH. (B) Optical image of the 2D inorganic SiO, NF membrane
incorporated into the ASH. (C) Optical image depicting the shape recovery process of the snowflake-like ASH following water absorption. (D) Digital camera images
demonstrating the shape memory properties of the heart-shaped ASH. (E) SEM images and elemental mapping of the ASH (Carbon: red, Oxygen: green, Silicon: blue,
Calcium: purple, Phosphorus: yellow). (F, G) Pore size distribution of the ASH and semiquantitative analyses of silicon and phosphorus. (H) The statistical analysis of
the porosity for the different ASH. Two-way ANOVA with Tukey’s post hoc test, n = 3, * indicates p < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Physicochemical characterization of the mimetic bone lamellae. FTIR (A) and XRD (B) analyses of the scaffolds with varying HAPs contents, along with TGA
(C) to assess the thermal stability properties of each group. (D) Optical images of the water absorption properties of the ASH taken with a digital camera. (E-F)
Quantitative analysis of water absorption in the ASH and the changes observed over 10 cycles. (G) Assessment of the degradation rate of the ASH over 6 weeks in
vitro. (H) Macrostructural changes in the ASH during compression and shape recovery in aqueous media. (I-K) Stress-strain curves for the different scaffolds in the
wet state after 1 cycle, 50 cycles, and 100 cycles. (L) Compressive stress-strain curves, (M) maximum compressive strength (UCS), and (N) compressive modulus of
the ASH under dry conditions. Two-way ANOVA with Tukey’s post hoc test, n = 3-4, * indicates p < 0.05.
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materials while maintaining their crystal structure. The thermal stability
of the mimetic bone lamella was assessed by thermogravimetric anal-
ysis. Fig. 2C shows the weight loss of the mimetic bone lamella with
respect to the temperature. The weight of the HAPs remained relatively
stable throughout the temperature increase, indicating good thermal
stability. In contrast, the weight loss of the scaffolds occurred in three
stages: 0°C-150 °C, 290°C-320 °C, and 320°C-650 °C. In the ranges of
0°C-150 °C and 250°C-350 °C, the weight loss was more rapid, likely
caused by the release of moisture and volatile components. Above
350 °C, the rate of weight loss gradually decreased; these results indi-
cated that the mimetic bone lamella began to reach a thermally stable
state. Ultimately, above 600 °C, more than half of the weight of the AL
was lost, whereas only 30 % of the weight of the mimetic bone lamella
containing inorganic short-fibers (AS, ASH-0.1, and ASH-0.2) was lost.
These results indicated that incorporating inorganic short-fiber signifi-
cantly improved the thermal stability of the mimetic bone lamella.

The wettability and water absorption of the mimetic bone lamella is
one of the key factors for cell survival. The high-water absorbency of the
mimetic bone lamella is conducive to providing the necessary nutrient
conditions for cell proliferation and differentiation. The experimental
results revealed a significant increase in water absorption with
increasing HAPs content. Specifically, as shown in Fig. 2D-F, the water
absorption of ASH-0.2 was higher than that of AL (749 % =+ 96 %, p = 0),
AS (1122 % + 111 %, p = 0) and ASH-0.1 (1451.82 % =+ 35 %, p =
0.00119), with a statistically significant difference between the groups.
Notably, the mimetic bone lamella reached near-maximum water ab-
sorption in less than 1 min of immersion, and a maximum water ab-
sorption of 1621 % was achieved (Fig. 2E). Furthermore, the water
absorption remained almost constant after 1 min of absorption, indi-
cating that the water absorption behavior of the scaffolds rapidly
reached equilibrium in the initial period. After 80 % compressive
deformation was applied to the mimetic bone lamella after water ab-
sorption, approximately 1000 % of the water was extruded. Upon
repeating the compression and immersion operations ten times, the
scaffold groups containing only short-fiber (AS, ASH-0.1, and ASH-0.2)
rapidly absorbed water and returned to their initial morphology
(Fig. 2F). The results of the water absorption test proved that the porous
structure of the mimetic bone lamella fibers facilitates the rapid entry
and retention of water. Additionally, the increase in porosity was posi-
tively correlated with the improved water absorption performance. The
high water absorption capacity not only enhanced the cell adhesion and
growth but was also crucial for bone tissue regeneration [35,36].
Furthermore, the reversible water-absorbing properties of the mimetic
bone lamella suggest the ability to retain water after implantation and
promote efficient penetration of nutrients to maintain cell survival and
differentiation.

The excellent water-absorbing properties of the aforementioned
scaffolds are mainly due to their connected porous structure and high
porosity, which facilitates water absorption and retention. In addition,
even after multiple successive compressions, these scaffolds can
‘remember’ and quickly return to their original shapes, which may be
mainly related to the water absorption and the elasticity of the scaffolds.
In order to test this hypothesis, the compressive strength of the simu-
lated bone plates was exhaustively tested to evaluate their mechanical
properties in both dry and wet states. To simulate the wet environment
accurately in vivo, the compressive mechanical properties of the scaf-
folds were measured, especially in the aqueous environment. The
experimental results revealed significant differences in compression
performance between the AL and ASH-0.1. The ASH-0.1 demonstrated
excellent elasticity and recovered to its initial height after cyclic
compression at 80 % strain (Fig. 2H). For further testing, the mimetic
bone lamellae was subjected to wet compression at 80 % strain for 1
cycle, 50 cycles and 100 cycles. (Fig. 2I-K). Quantitative analysis
showed that the ASH-0.1 scaffold has good elasticity and shape memory,
recovering 96 % and 94 % of its original shape after 50 and 100 cycles of
80 % strain compression, respectively. This is superior to many reported
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scaffolds, such as those produced by electrospinning or 3D printing,
which typically lack this toughness under cyclic loading. To visually
demonstrate the shape recovery ability of the ASH-0.1, the compressed
scaffold in water was immersed. Experimental video S1 recorded the
rapid recovery of the ASH-0.1 to its original state in approximately 10 s.
In addition, the mimetic bone lamella was compressed to 90 % strain in
the dry state and the compression characteristics were recorded
(Fig. 2L). The maximum compressive strength of ASH-0.1 reached 101.4
+ 14.6 kPa; this value was significantly greater than that of AL (58.3 +
6.8 kPa), AS (79.3 + 3.0 kPa), and ASH-0.2 (78.8 & 6.5 kPa) (Fig. 2M).
Similarly, ASH-0.1 presented the highest value of the compression
modulus (Fig. 2N). ASH-0.1 has the highest mechanical properties
because a 10 % HAP content provides the desired reinforcement without
impairing flexibility, while higher HAP contents (e.g. 20 % in ASH-0.2)
can lead to brittleness. Due to these properties, ASH-0.1 is a highly
promising candidate for bone tissue engineering.

3.2. Cytocompatibility of the mimetic bone lamellae

In bone tissue engineering, biocompatibility is the primary criterion
for assessing the performance of bone scaffold materials since it directly
affects the interaction between the materials and host cells and tissues
[37]. Mimetic bone lamellae are flexible organic and inorganic com-
posites made from short-fiber and essential for clinical applications. To
comprehensively evaluate the biocompatibility of the mimetic bone
lamellae, several experimental methods were used. In vivo live-dead
fluorescence staining experiments were performed to visually assess
the survival of BMSCs after 4 days of co-culture with AL, AS, ASH-0.1
and ASH-0.2. The results showed that although there was some cell
death, the majority of cells maintained good morphology and viability.
These scaffolds therefore support cell survival. Notably, the cell prolif-
eration rate in the HAPs-containing ASH-0.1 and ASH-0.2 groups was
significantly higher than that in the AL and AS groups (Fig. 3A). These
results indicate that the addition of HAPs promotes cell proliferation. To
further quantify cell proliferation, the proliferation of BMSCs on days 1,
4 and 7 was analyzed using the cell counting kit-8 (CCK-8) (Fig. 3B). The
results aligned with the live-dead fluorescence staining findings.
Initially, no significant difference was observed in the effects of the
different scaffolds on cell proliferation. However, after four days of
coculture, the cell densities in the ASH-0.1 and ASH-0.2 scaffold groups
were significantly greater than those in the AL and AS groups; these
results further confirmed the good cytocompatibility of the ASH-0.1 and
ASH-0.2 scaffolds. Additionally, the skeletons of BMSCs co-cultured
with the four sets of scaffolds were also stained on day 4 to observe
cell morphology (Fig. 3C). After 4 days of culture, no significant dif-
ference was observed in the cell adhesion and spreading among the
groups; these results indicated that all scaffolds supported cell adhesion
and growth. Confocal microscopy images revealed the infiltration of
BMSCs into the different scaffolds. Although BMSCs primarily aggre-
gated on the surface of AL, variations in their penetration depths were
observed in the nanofiber-containing AS, ASH-0.1, and ASH-0.2.
Notably, the highest cell density and deepest penetration were
observed in the ASH-0.1 (Fig. 3D), likely due to the porous structure and
suitable porosity of the ASH-0.1. In summary, the results from live-dead
fluorescence staining, CCK-8 proliferation analysis, backbone staining,
and confocal microscopy demonstrated that the ASH exhibited good
biocompatibility and supported the adhesion, proliferation, and pene-
tration of BMSCs. These properties are crucial for the application of bone
scaffold materials in bone tissue engineering and provide strong support
for the effective repair and regeneration of bone defects.

3.3. Osteogenesis of the mimetic bone lamellae
In the field of bone tissue repair and regeneration, the efficient

progression of the bone repair process depends on a precisely regulated
cascade of biological events. This process is typically divided into three
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Fig. 3. Assessments of the in vitro biocompatibility and osteogenic differentiation properties of the mimetic bone lamella on BMSCs. (A) Survival/death fluorescence
staining analysis of the BMSCs after coculture with the different scaffold groups (AL, AS, ASH-0.1, and ASH-0.2); live: green, dead: red. (B) CCK-8 determination of
the cell proliferation rate of the BMSCs after 1, 4, and 7 days of coculture. (C) Observation of the morphology of the BMSCs after 4 days of coculture with different
scaffolds; Nuclei: blue, F-actin: red. (D) Laser confocal microscopy images for the assessment of the cell growth in the scaffolds. (E, F) Images of the immunoflu-
orescence staining of BMSCs; COL1A: blue-green; OPN: green. (G, H) Graphs showing the statistical analysis of the fluorescence intensity. (I, J) ALP staining and
quantitative analysis of ALP protein expression. (K) ARS staining of the BMSCs cultured in osteogenic medium supplemented with MCM. (L) Quantitative analysis of
the ARS staining. Two-way ANOVA with Tukey’s post hoc test, n = 3; * indicates p < 0.05. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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consecutive phases: the reaction phase, the repair phase, and the
remodeling phase [38]. The initial reaction phase with the active
participation of stem cells marks the beginning of anabolism laying the
foundation for tissue repair [39]. Afterward, the rapid formation of
cartilage tissue is crucial at the site of the bone defect. This formation not
only provides early biomechanical stability to the broken bone but also
facilitates a smooth transition to the osteogenic process [40]. The design
of bioactive materials plays a critical role in promoting the interplay and
interdependence of bone regeneration and osteogenic activities in this
ongoing biological process. The softness and stiffness of the mimetic
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bone lamellae significantly impact the behavior of BMSCs, including cell
adhesion, proliferation, differentiation, and ultimately, osteogenic ca-
pacity. Studies indicate that BMSCs are sensitive to the mechanical
properties of the mimetic bone lamellae. Mimetic bone lamellae with
appropriate softness and stiffness can better mimic the ECM environ-
ment and provide BMSCs with the essential physical and chemical sig-
nals to promote their osteogenic differentiation. To investigate this
mechanism in depth, the focus was on validating and testing the oste-
ogenic capacity of the mimetic bone lamellae and its molecular mech-
anisms. After induction using osteogenic medium, the expression levels

Fig. 4. Transcriptome sequencing analysis of the osteogenic capacity of the BMSCs induced by the ASH-0.1. (A, B) Sequencing of a total of 30,560 genes through
transcriptome analysis, accompanied by PCA and correlation heatmap results. (C) Scatterplot indicating the expression changes of 831 differential mRNAs. (D, E)
Gene Ontology enrichment analysis of the mRNA sequencing results showing that ASH-0.1 alleviated cellular stress and promoted the osteogenic differentiation of
BMSGs. (F, G) KEGG enrichment analysis indicating that ASH-0.1 may directly or indirectly bind to protein ligands, activating the pro-vascular pathway.
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of osteogenesis-related proteins in BMSCs co-cultured with the four
groups of scaffold materials were measured using immunofluorescence
assays at 7 and 14 days. In the immunofluorescence assay at 14 days, the
intensity of the collagen type I (Col-I) protein was greater in the ASH-0.1
group than in the AL, AS, and ASH-0.2 groups (Fig. 3E). The same
deduction was reached in the quantitative analyses (Fig. 3G). The high
expression level of Col-I, which is a major collagen protein in the bone
matrix, indicated the bone-enhancing efficiency of the mimetic bone
lamellae. Similarly, consistent results were obtained for osteopontin
(OPN) in the immunofluorescence experiments after 14 days of cocul-
ture (Fig. 3F-H). The elevated expression of OPN, which is a protein
closely related to the mineralization process, further confirmed the
osteogenic differentiation ability of the BMSCs in the ASH-0.1 group.

Moreover, alkaline phosphatase (ALP) and alizarin red staining
(ARS) was performed on BMSCs after 14 days of co-culture with the four
groups scaffolds. The marked variation in ALP staining intensity
(Fig. 3I), a well-established biochemical marker of early osteogenic
differentiation, quantitatively demonstrated the differential osteoin-
ductive capacity of the various scaffold formulations on BMSCs. Both the
staining intensity and the results from the quantitative analysis of the
ALP protein expression indicated that the ASH-0.1 had the most pro-
nounced osteogenic induction effect. Notably, the expression of ALP in
the ASH-0.2 group was slightly lower than that in the ASH-0.1 group,
possibly due to the amount of HAPs (Fig. 3J). Excessive HAPs potentially
hindered the osteogenic differentiation of the cells, indicating that an
appropriate amount of HAPs doped in the scaffolds was crucial for this
process. Furthermore, ARS staining revealed that the size and number of
mineral nodules in the ASH-0.1 group were significantly greater than
those in the other groups (Fig. 3K-L). These results indicated that cal-
cium deposition was most efficient in BMSCs cultured with the ASH-0.1.
Therefore, the osteogenic differentiation of BMSCs could be effectively
promoted by precisely regulating the softness and bioactive components
of the scaffolds. The ASH-0.1 exhibited the best osteogenic induction
effect because of its optimal HAPs content and softness.

To investigate the molecular mechanism by which the ASH-0.1
scaffold promotes the osteogenic differentiation of BMSCs, two sepa-
rate RNA sequencing experiments were performed: control group and
ASH-0.1 group. A total of 30,560 genes were sequenced in the tran-
scriptome. The results from principal component analysis (PCA) and the
correlation heatmap revealed a good distribution of relative expression
abundance, and differences were observed between groups but not
within groups (Fig. 4A and B). Our analysis identified a total of 831
DEGs between the two groups, including 364 upregulated genes and 467
downregulated genes. These findings indicated that ASH-0.1 signifi-
cantly altered the gene expression (Fig. 4C). The up-down regulated
DEGs were further analyzed through GO enrichment. The upregulated
genes were significantly enriched in the pathways related to network-
forming collagen trimers, regulation of transforming the growth factor
beta3 production, positive regulation of the calcium-independent cell
adhesion, and bone regeneration, among others (Fig. 4D). These results
indicated that the introduction of ASH-0.1 promoted the activation of
osteogenesis-related pathways in BMSCs. Additionally, the GO enrich-
ment results for the downregulated DEGs revealed that pathways such as
JAK pathway signal transduction adaptor activity, positive regulation of
the toll-like receptor 8 signaling pathway, and cell junction disassembly
showed increased enrichment factors; thus, the ASH-0.1 alleviated the
cellular stress (Fig. 4E). Furthermore, KEGG enrichment analysis
revealed significant enrichment of proangiogenic pathways, including
the notch signaling pathway, wnt signaling pathway, and hippo
signaling pathway, in the set of upregulated genes (Fig. 4F). These re-
sults indicated that ASH-0.1 could bind to protein ligands, activating
pro-vascular pathways either directly or indirectly. Moreover, KEGG
enrichment analysis of the downregulated genes revealed a significant
difference between cytokine-cytokine receptor interactions and ECM-
receptor interactions; this result supported our deduction (Fig. 4G).

The ASH scaffold’s ability to simultaneously activate the Notch pro-
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angiogenic pathway and cell adhesion-induced osteogenic pathway
plays a pivotal role in bone regeneration. The Notch pathway drives
angiogenesis by promoting endothelial cell migration and tubule for-
mation (Fig. 6), ensuring vascularization—a critical step for delivering
oxygen, nutrients, and osteoprogenitor cells to the defect site [41,42].
Additionally, Notch signaling in BMSCs upregulates osteogenic genes (e.
g., Runx2), directly enhancing bone formation [43]. Concurrently, the
scaffold’s fibrous porous structure mimics the native ECM, facilitating
BMSC adhesion via integrin-mediated binding. This triggers mechano-
transduction pathways (e.g., Wnt, Hippo) that further promote osteo-
genic differentiation (Fig. 4D-F), as evidenced by elevated expression of
Col-I and OPN (Fig. 3E-H). Clinically, the synergistic coupling of early
vascularization (Notch) and sustained osteogenesis (adhesion signaling)
addresses a major challenge in large bone defect repair [44]. By
co-activating these pathways, the ASH scaffold not only enhances
regeneration efficiency but also demonstrates significant translational
potential, positioning it as a biomimetic breakthrough that outperforms
conventional scaffolds in both structural and functional performance.

3.4. Angiogenesis of the mimetic bone lamellae

Early reconstruction of the vascular network is essential for the
effective treatment of large bone defects. Rapidly restoring damaged
vascular networks to ensure blood flow in cranial defect models is
challenging under normal physiological conditions [44]. Therefore,
developing materials that can induce angiogenesis is essential for the
early vascularization of the regenerated bone tissue. Vascular regener-
ation not only supplies vital nutrients and oxygen to the bone tissue but
also promotes the proliferation and differentiation of the osteoblasts
through the secretion of various growth factors and cytokines. Addi-
tionally, the migration and proliferation of HUVECs are critical in the
vascularization process [45]. The vascularization potential of bionic
bone fragments is important to promote bone regeneration, and the cell
proliferation, scratch test and migration test were chosen to assess the
effect of the scaffold on HUVECs. Live-dead fluorescence staining was
performed on HUVECs cocultured with the scaffolds on days 1, 4, and 7
using the same method as that used for the BMSCs. The results showed
that most of the cells maintained good morphology and viability. The
cell proliferation rate in the ASH-0.1 and ASH-0.2 groups was signifi-
cantly greater than those in the AL and AS groups (Fig. 5A). Quantitative
analysis further revealed that the viable cell area was significantly
higher in ASH-0.1 than that of the other groups (Fig. S4). These findings
were consistent with those from the CCK-8 experiments (Fig. 5D) and
further confirmed the promotional effect of the mimetic bone lamellae
on HUVEGs proliferation. Endothelial cell migration is a key component
of tissue repair [46]. The ability of the mimetic bone lamellae to induce
cell migration was verified by performing scratch assay (two-dimen-
sional migration) and transwell migration assay (three-dimensional
migration). The results from the scratch assays indicated that the
ASH-0.1 and ASH-0.2 groups had the highest cell migration rates
(Fig. 5B-E). Transwell experiments further revealed that the migration
rate of HUVECs in the ASH-0.1 group (p < 0.05) was significantly greater
than those in the other groups and was followed by that in the ASH-0.2
group (Fig. 5C-F). Thus, inorganic ions released from the mimetic bone
lamellae containing appropriate amounts of HAPs and SiO, NFs could
significantly induce the proliferation and migration of HUVECs, effec-
tively promoting angiogenesis.

Angiogenesis in bone is regulated by various cell types, including
osteoblasts, stromal cells, and bone marrow components [47]. The blood
vessels in metatarsal bones can form complex networks without exog-
enous angiogenic factor stimulation. Thus, these components are valu-
able models for assessing the effects of bioactive substances released
from materials on the angiogenic process [48]. In the present study, it
was investigated how inorganic ions in the scaffolds regulate the number
and activity of osteoblasts, which in turn affects angiogenesis in the
metatarsal bones of foetal mice. Metatarsal bones of day 17.5 embryonic
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Fig. 5. Assessments of the in vitro biocompatibility and migration activity of the mimetic bone lamella on HUVECs. (A) Live/dead fluorescence staining analysis of
HUVECs cocultured with different scaffold groups (AL, AS, ASH-0.1, and ASH-0.2) for 1, 4, and 7 days; live: green; dead: red. (B) Wound healing rate of the migrating
cells in the wound scratch assay for HUVECs cultured in the extracts from the different scaffold groups (purple). (C) Cell migration assay using HUVECs stained with
crystal violet. (D) CCK-8 quantification to assess the proliferation rate at corresponding time points. (E) Quantitative statistics of the number of migrating HUVECs.
The data are expressed as the means + SD, n = 3; * indicates p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 6. Assessments of the mimetic bone lamella for in vitro angiogenic evaluation of HUVECs. (A) Schematic of the mouse fetal metatarsal bone stripping and graft
angiogenesis culture model. (B) Confocal images of angiogenesis in mouse fetal metatarsal bones cocultured with the different scaffold extracts for 3 days. The results
from the quantitative analyses included the total length of the hybrid cell-forming tubes (C), number of lattices (D), number of connections (E), and total lattice area
(F). (G) Images of HUVECs stained with CD31 for immunofluorescence analysis; nucleus: blue; cytoskeleton: red; CD31: green. (H) Quantitative analysis of CD317"
immunofluorescence intensity. (I) Confocal images of the blood vessel formation in HUVECs cocultured with different scaffolds for 24 h. Quantification includes the
total length (C), number of grids (D), number of connections (E), and total grid area (F). (N) Quantification of VEGF produced by different groups of scaffolds
cocultured with HUVECs. Two-way ANOVA with Tukey’s post hoc test; * indicates p < 0.05 vs. AL. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

mice were first cultured in vitro on the surface of a matrix gel (Fig. 6A).
During culture, endothelial cells formed tubular structures through
mixed cell growth. Skeleton fluorescence staining and laser confocal
microscopy revealed that the metatarsal bones presented significantly
more blood vessel structures in ASH-0.1 containing HAPs and SiO5 NFs
(Fig. 6B). Additionally, increases in total tubule length, the number of
connections, the number of lattices, and the total area of the lattices
were also attained (Fig. 6C and D).

Simultaneously, co-culture of HUVEC with each group of scaffolds
for 4 days was subjected to CD31 immunofluorescence staining. The
results indicated that CD31 protein expression in the ASH-0.1 and ASH-
0.2 groups was greater than those in the AL and AS groups (Fig. 6G). The
results from the quantitative analysis of fluorescence intensity
confirmed these observations (Fig. 6H). Notably, more tubes formation
was observed in the ASH-0.1 and ASH-0.2 groups. These results were
likely caused by the different amounts of HAPs in both scaffold groups
since the bioactive ions they released effectively stimulated VEGF
release; this accelerated tube formation and facilitated early vascular-
ized bone repair (Fig. 6I). Quantitative analyses revealed that the total
length of tubules, number of connections, number of grids, and total
area of grids were greater in the ASH-0.1group than in the other groups
(Fig. 61-M). The results from the quantitative analysis of VEGF expres-
sion were similar (Fig. 6N). Overall, these findings indicated that ASH-
0.1 significantly enhanced the vasculogenic ability of HUVECs by
releasing bioactive ion.

3.5. Invivo study of the mimetic bone lamellae for the treatment of large
bone defects

The development of bioactive scaffolds with improved osteogenic
capacity is crucial for repairing bone defects. Designing biomimetic
structures that mimic the natural composition and structure of bone is an
effective strategy for developing these scaffolds [49-51]. HAPs are a
major component of natural bone tissue, is osteoconductive and pro-
motes cellular differentiation, facilitating the formation of new bone
tissue. Based on these properties of HAPs, mimetic bone lamellae were
constructed using the principles of crystal growth kinetics and solubility
product balance. Their osteogenic function in vivo was further evaluated
in a rat cranial defect model (Fig. 7). Three-dimensional reconstruction
using micro-CT was performed at 6 and 12 weeks after scaffold im-
plantation to directly observe the formation of new bone at the defect
site. Cross-sectional and coronal assessments enabled the analysis of the
3D structure of the regenerated bone in detail. Micro-CT analysis at 12
weeks post-implantation (Fig. 7A) revealed distinct osteogenic outcomes
across experimental groups: The negative control group demonstrated
minimal new bone formation (BV/TV: 17.7 4+ 1.6 %), while the AL
scaffold group showed moderate but statistically significant osteo-
genesis (BV/TV: 27.1 + 1.2 %, p < 0.05 vs control). Notably, the
ASH-0.1 group exhibited substantially enhanced bone regeneration
(BV/TV: 51.7 + 2.0 %, p < 0.01 vs both control and AL groups),
conclusively demonstrating the critical role of HAPs in accelerating the
bone healing process through enhanced osteoconduction and osteoin-
duction (Fig. 7B). Bone mineral density (BMD) measurements (Fig. 7C)
revealed that the ASH-0.1 scaffold group achieved superior minerali-
zation (1.596 + 0.055 g/cm>) compared to both the negative control
(1.125 =+ 0.072 g/em® p < 0.001) and AL scaffold groups (1.273 +
0.047 g/cm3; p < 0.01). This 29.2 % increase in BMD relative to the AL
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group and 41.9 % enhancement versus controls (p < 0.01 for both
comparisons) provides compelling evidence of the ASH-0.1 scaffold’s
enhanced osteoconductive potential. In summary, the ASH-0.1 effec-
tively mimicked the natural bone environment through its biomimetic
structure and composition, providing suitable conditions for cell
attachment and differentiation and thus significantly promoting bone
regeneration.

3.6. Histological and immunofluorescent analyses

Histological analyses were performed and immunohistochemical
techniques were used to assess the bone regeneration potential of the
mimetic bone lamellae within 12 weeks in a rat model of cranial defects,
and H&E staining and Masson’s trichrome staining were performed on
treated bone tissue from each group. This approach revealed the quality
and maturity of the newly formed bone and was used to assess the de-
gree of mineralization and collagen fiber arrangement (Fig. 7D and E).
The results indicated that the defect area in the control group was pre-
dominantly filled with fibrous tissue, indicating limited new bone for-
mation (Fig. 7D). In contrast, the AL group completely degraded within
12 weeks and exhibited some inward growth of new bone. The ASH-0.1
group demonstrated significant osteoconductive and osteoinductive
properties, and new bone grew toward the interior of the scaffold and
nearly filling the defect area by 12 weeks. The AL group experienced
prolonged hypoxia in the center of the defect due to destruction of the
vascular network and delayed reconstruction of the vasculature. This led
to decreased cell viability and even tissue necrosis. However, the ASH-
0.1 group provided an optimal environment for cell growth and prolif-
eration because of its internal pore structure and fibrous multilayer
design, thereby promoting greater new bone formation. Additionally,
the ASH-0.1 group facilitated a favorable microenvironment for bone
regeneration through the continuous release of calcium and silicon ions,
combined with its layered fibrous porous structure. This structure not
only supported cell adhesion and proliferation but also promoted
angiogenesis and osteoblast differentiation, possibly through the release
of biologically active substances such as silicon ions.

For immunohistochemical analysis, we performed immunofluores-
cence staining for the endothelial marker CD31 and the vascular smooth
muscle marker a-SMA at 12 weeks. These experiments showed the effect
of silicon ions released by ASH-0.1 on angiogenesis during bone repair.
Compared with those in the blank control and AL groups, numerous
CD31/a-SMA-positive vessels were present at the edges and centers of
the defects in the ASH-0.1 group; thus, ASH-0.1 promoted angiogenesis
(Fig. 7F). Quantitative analyses further confirmed this finding and
showed that the areas positive for CD31 and a-SMA were significantly
greater in the ASH-0.1 group than in the control and AL groups (Fig. 7H).
Immunofluorescence staining for the osteoblast markers OPN and
osteocalcin (OCN) was also performed. The expression levels of OPN and
OCN were significantly greater in the ASH-0.1 group than in the control
and AL groups, showing their effectiveness in promoting osteoblast
differentiation and maturation (Fig. 7G). Quantitative analysis revealed
that the areas positive for OCN and OPN were significantly greater in the
ASH-0.1 group (Fig. 7H). In summary, through histological analysis and
immunohistochemical techniques, we confirmed that the ASH-0.1
significantly promoted bone regeneration and angiogenesis.

In summary, while the ASH scaffold showed good osteogenic and
angiogenic properties in rat cranial defects, it must be acknowledged
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Fig. 7. Assessments of the mimetic bone lamella in a rat cranial bone defect model in vivo for up to 12 weeks. (A) Micro-CT images of the rat cranial bone defect
model at different time points; blue areas indicate new bone. (B) Volume fraction of new bone in the cranial defect area at 6 and 12 weeks. (C) Bone mineral density
in the cranial defect area at 12 weeks after surgery. H&E staining (D) and Masson’s trichrome staining (E) were conducted on decalcified cranial bone tissue.
Additionally, immunofluorescence staining of regenerated tissues was performed 12 weeks after surgery, revealing CD31 (green) and a-SMA (red) staining (F), as
well as OCN (red) and OPN (green) staining (G). (H) Quantitative analysis of the positively stained areas was conducted using Image-Pro Plus software. The data are
expressed as the means + SD, n = 3; * indicates p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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that it has some limitations to guide future studies. First, its performance
in large, load-bearing defects (e.g., segmental long bone defects) re-
mains unvalidated, and mechanical properties may require further
optimization for high-stress applications. Second, the 12-week study
duration limits understanding of long-term scaffold degradation, in-
flammatory responses, and bone remodeling kinetics. Third, clinical
translation faces challenges in scaling up production while maintaining
the scaffold’s intricate soft-hard microstructure and 95 % porosity, with
sterilization methods and shelf-life stability yet to be addressed. Finally,
the cell-free approach’s efficacy in compromised healing environments
(e.g., aged or diabetic models) remains unknown. To address these
limitations, future research should focus on: (1) large animal studies
using load-bearing defect models; (2) immunomodulation studies to
optimise host responses; and (3) long-term (>6 months) evaluations of
bone maturation and mechanical recovery. These strategic directions
will significantly advance the translational potential of the scaffold
while addressing current research limitations in bone tissue engineering.

4. Conclusion

In this study, inspired by the multilayered hierarchical porous
structure of natural bone lamellae, soft-hard self-alternating flexible
organic-inorganic intercalated short-fiber mimetic bone lamellae were
innovatively constructed. This structure featured a highly ordered soft-
hard alternating multilayered fibrous porous design, effectively pro-
moting bone defect regeneration by activating angiogenic and osteo-
genic signaling pathways. Due to the ordered structural and functional
components, the mimetic bone lamellae had characteristics similar to
natural bone, inducing directed osteogenic differentiation of stem cells
and angiogenesis of endothelial cell through its soft-hard self-alternating
structure and bioactive components significantly enhancing the forma-
tion of new bone tissue. In conclusion, the multilayered gradient soft-
hard self-alternating flexible organic-inorganic intercalated short-fiber
mimetic bone lamella prepared using selective crystallization tech-
niques holds significant clinical potential for bone defect repair.
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