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Purpose: Methacrylic anhydride-modified gelatin (GelMA) hydrogels exhibit many beneficial biological features and are widely
studied for bone tissue regeneration. However, deficiencies in the mechanical strength, osteogenic factors and mineral ions limit their
application in bone defect regeneration. Incorporation of inorganic fillers into GelMA to improve its mechanical properties and bone
regenerative ability has been one of the research hotspots.
Methods: In this work, hydroxyapatite nanofibers (HANFs) were prepared and mineralized in a simulated body fluid to make their
components and structure more similar to those of natural bone apatite, and then different amounts of mineralized HANFs (m-HANFs)
were incorporated into the GelMA hydrogel to form m-HANFs/GelMA composite hydrogels. The physicochemical properties,
biocompatibility and bone regenerative ability of m-HANFs/GelMA were determined in vitro and in vivo.
Results: The results indicated that m-HANFs with high aspect ratio presented rough and porous surfaces coated with bone-like apatite
crystals. The incorporation of biomimetic m-HANFs improved the biocompatibility, mechanical, swelling, degradation and bone
regenerative performances of GelMA. However, the improvement in the performance of the composite hydrogel did not continuously
increase as the amount of added m-HANFs increased, and the 15m-HANFs/GelMA group exhibited the best swelling and degradation
performances and the best bone repair effect in vivo among all the groups.
Conclusion: The biomimetic m-HANFs/GelMA composite hydrogel can provide a novel option for bone tissue engineering in the future;
however, it needs further investigations to optimize the proportions of m-HANFs and GelMA for improving the bone repair effect.
Keywords: biomimetic composite hydrogel, mineralized hydroxyapatite nanofiber, GelMA, bone regeneration

Introduction
Tissue engineering holds great promise in regenerating bone defects of large volumes.1 Scaffolds serve as templates for
bone regeneration while providing a matrix for cellular support and are known to be one of the three essential factors
involved in bone tissue engineering.2,3 An ideal bone tissue engineering scaffold should be biocompatible, highly porous
and biodegradable, with good osteogenic inductive activities, and its mechanical properties should match those of host
bone tissues.4,5

Hydrogels, such as those of natural and synthetic polymers,6 have been widely used in tissue engineering because they can
be easily formed and processed. More importantly, their microstructures are similar to that of the natural extracellular

International Journal of Nanomedicine 2022:17 1511–1529 1511
© 2022 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 23 December 2021
Accepted: 15 March 2022
Published: 30 March 2022

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-7828-5814
http://orcid.org/0000-0002-4641-1468
http://orcid.org/0000-0003-2423-6336
http://orcid.org/0000-0002-0224-6640
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com


microenvironment, which is favorable for cell growth and tissue regeneration.7,8 Polysaccharide-type natural polymers, such
as hyaluronate,9 alginate and chitosan,10,11 protein-type natural polymers, such as gelatin and collagen,12,13 and synthetic
polymers, such as poly(N-isopropylacrylamide) and poly(ethylene glycol),14,15 have all been well studied. In particular,
gelatin is a collagen derivative with many beneficial biological features, such as thematrix metalloproteinase (MMP)-sensitive
degradation sites and the Arg-Gly-Asp (RGD) sequence, which facilitates cell migration, adhesion and differentiation.16

Methacrylic anhydride-modified gelatin (GelMA) is a modified gelatin grafted with methacrylic anhydride and inherits the
aforementioned molecular characteristics from collagen.17,18 GelMA can be easily used to prepare hydrogels by a chemical
crosslinking or photocrosslinking method. However, the lack of mechanical strength and mineral ions such as calcium and
phosphorus, which are essential for osteogenesis, limits the application of these hydrogels in the field of bone repair.19

Therefore, enhancing the mechanical properties of these hydrogels to meet the requirements of bone regeneration has always
been one of the research hotspots in bone tissue engineering.

Some researchers have modified hydrogels by incorporating different inorganic nanoparticles, such as hydroxyapatite
(HA),20,21 bioactive glass and β-tricalcium phosphate nanoparticles,22,23 to improve the bone regeneration capacities of
hydrogels. The results demonstrated that these fillers could, to some extent, change the hydrogel structure and improve its
mechanical strength and osteoinductivity.24,25 However, the effect of nanoscale particle fillers on increasing the
mechanical strength of materials is limited when they are added at a relatively low level. Moreover, it is difficult for
nanoscale particles to achieve a homogeneous dispersion in a polymeric matrix, especially when the amount of the filler
added is increased to a relatively high level, because excess fillers tend to agglomerate, and this has a negative impact on
the mechanical properties of the resulting substrates and may affect the final osteogenic effect.26 Therefore, one-
dimensional bioceramic fillers with high aspect ratios are considered more promising reinforcements in this context,
owing to their better supporting effect with ability to bridge and form networks.27 To date, many one-dimensional fillers,
such as HA nanofibers (HANFs),28 glass fibers and halloysite nanotubes,29,30 have been used to strengthen materials and
develop bone grafts and cements with a higher bone regenerative capacity. Among them, HANFs, a synthetic inorganic
material with a chemical composition similar to that of biological bone tissue, can confer an enhanced biological activity
and mechanical performance to GelMA.31 However, traditionally synthesized HANFs are HA crystals that preferentially
grow along the c-axis,32 which is a property that differs from those of natural bone tissues in organisms.33 The inorganic
phase of natural bone tissues is mostly bone-like apatite with a low degree of crystallization.34 It can constantly release
calcium (Ca2+) and phosphate (PO4

3-) ions, which have a great influence on the bone mineralization process. Therefore, it
is critical to further modify the HANFs to make them more biomimetic and similar to natural bone tissues. However, so
far no published studies have tried to utilize biomimetically modified HANFs to enhance GelMA to improve its bone
regenerative capacity.

Therefore, in this study, we successfully prepared HANFs with ultrahigh aspect ratio and mineralized them in a
simulated body fluid (SBF) to make their surfaces coated with a layer of bone-like apatite. The trace element doped
biomimetic apatite mineral layer on the mineralized HANFs’ (m-HANFs) surfaces simulated the natural bone apatite in
structure and composition and was beneficial for bone regeneration. Then, different amounts of m-HANFs were
incorporated into GelMA to form m-HANFs/GelMA composite hydrogels. We determined the physicochemical proper-
ties, biocompatibility and bone regenerative effect of these composite hydrogels in vitro and in vivo and preliminarily
explored the optimal amount of m-HANF addition to promote bone regeneration, in order to provide a theoretical basis
for the application of m-HANFs/GelMA composite hydrogels in bone tissue engineering in the future (Figure 1).

Materials and Methods
Materials
Calcium chloride (CaCl2), sodium dihydrogen phosphate (NaH2PO4), sodium hydroxide (NaOH), oleic acid, anhydrous
ethanol and phosphate buffer (PBS) were obtained from Chengdu Kelong Chemical Co., Ltd. (Chengdu, Sichuan, China).
Gelatin, methacrylic anhydride, ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) were purchased
from Aladdin Reagent Company (Shanghai, China). Fetal bovine serum (FBS) and α-Minimum Essential Medium (α-
MEM) were purchased from Gibco (Grand Island, NY, USA). Streptomycin, penicillin and trypsin were purchased from
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Biosharp (Anhui, China). Dexamethasone, ascorbic acid-2 phosphate and β-glycerophosphate were purchased from
Beijing Solarbio Sciences Co. (Beijing, China). Mouse calvaria-derived (subclone 14) osteoblast-like cells (MC3T3-E1)
were purchased from Cobioer Co. (Nanjing, Jiangsu, China). The Sprague-Dawley rats used in this study were purchased
from Chongqing Medical University Animal Care and Use Committee. All reagents were analytically pure and used as
received. The experimental water was deionized water.

Preparation of m-HANFs/GelMA Composite Hydrogels
Mineralized Hydroxyapatite Nanofibers
HA nanofibers were prepared by a solvothermal method according to a previous report with some modifications.35 In
brief, the calcium oleate precursor was prepared first. Ten milliliters of a NaOH solution (0.5 g) was slowly added to an
ethanol (6 g) and oleic acid (6 g) mixture with even mixing, and then 10 mL of a CaCl2 solution (0.11 g) and 5 mL of a
NaH2PO4·2H2O solution (0.2 g) were added dropwise. The mixture was transferred to an autoclave at 180 °C for 23 h.
The product was washed with ethanol and deionized water by centrifugation and then freeze-dried to produce HA
nanofibers.

The as-prepared HA nanofibers were immersed in SBF to induce mineralization.36 The HA nanofibers (20 mg) were
dispersed in a 30 mL SBF solution, sealed in EP tubes (50 mL) and placed in a 37 °C incubator. After 1 day, 3 days and 5
days, the incubated HA fibers were removed and rinsed with deionized water. The mineralization of HA nanofibers was
observed through scanning electron microscopy (SEM, JSM-7800F, JEOL, Japan). Finally, mineralized HA nanofibers
(m-HANFs) were selected after 5 days for subsequent experiments.

Methacrylic Anhydride-Modified Gelatin (GelMA)
GelMA was prepared according to our previous report.37 Briefly, 5 g type A gelatin was dissolved in a 50 mL PBS
solution with magnetic stirring at 50 °C. After the solution became transparent, 5 mL methacrylic anhydride was added
dropwise. After 3 h of reaction, the mixture was diluted with 250 mL PBS and transferred to a dialysis tube (the
molecular weight cutoff (MWCO) was 12,000–14,000 Da; VWR Scientific, USA) for dialysis against deionized water for
5 days at 60 °C to remove unreacted MA. After dialysis, the GelMA solution was further purified by centrifugation and
then lyophilized (Lab-1D-80, BoYiKang, Beijing, China).

Figure 1 Fabrication of m-HANFs/GelMA hydrogels for the advancement of osteogenic differentiation of MC3T3 cells in vitro and bone formation in vivo.
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m-HANFs/GelMA Composite Hydrogel
m-HANFs/GelMA composite hydrogels with different amounts of m-HANFs were prepared. Typically, 100 mg GelMA
was dissolved in 1 mL PBS (ie, 10% by mass and volume), and 0 mg, 5 mg, 15 mg and 25 mg m-HANFs were added to
the solution (Table 1). The mixture underwent an ultrasound treatment for 5 min to evenly mix the solutions. After 5 mg
of APS and 2.5 μL of TEMED were mixed in the solution, the mixture was rapidly transferred to a homemade resin mold
to form the m-HANFs/GelMA hydrogel (Figure S1). The process of m-HANFs/GelMA hydrogel preparation is shown in
Figure 1.

Physical and Chemical Characterization
Morphology and Phase Composition
The m-HANFs were dispersed in alcohol, dripped on a conductive adhesive, sprayed gold, and observed by a scanning
electron microscope (JSM-7800F, JEOL, Japan). After being freeze-dried, the m-HANFs/GelMAwas quenched in liquid
nitrogen and cut apart. The cross section of the sample was observed through SEM. To observe the structure and
distribution of m-HANFs inside the composite hydrogel, the 5, 15, and 25m-HANFs/GelMA composite hydrogel
samples were scanned by Micro-CT (Scanco, Brüttisellen, Switzerland). The samples were ground into powder, and
the phase composition was analyzed with X-ray diffraction (XRD, Smartlab-9, Rigaku, Japan) with Cu Kɑ radiation. The
XRD patterns were recorded at a rate of 2.0°/min at 40 kV and 30 mA in the range of 2θ=20–55°.

Mechanical Test
The mechanical properties of the composite hydrogel were characterized by stress-strain curves. A cylindrical hydrogel
sample with a diameter of approximately 8.50 mm and a thickness of approximately 3.50 mm was prepared. The
hydrogel material was compressed in the axial direction using a universal mechanical test machine (CMT-1202, SUST
Electrical Equipment, Zhuhai, China) with a 200 N load cell at a cross head rate of 1 mm/min, and the compression rate
was reduced to 90% when the strain or fracture was stopped. A total of 10 samples were taken from each group for
testing. The compressive modulus of the hydrogel was calculated utilizing the first 10% of the stress-strain curve of the
sample, and the expression of the obtained elastic modulus is the mean value of the standard deviation.

Swelling Property and Degradation Performance
The dry weight of the composite hydrogels was recorded after they were freeze-dried, and the hydrogels were then
soaked in PBS at 37 °C. The composite hydrogels were removed at predetermined times, and the weights were recorded
after the surface moisture was absorbed. There were 6 samples in each group. The swelling ratio of the m-HANFs/
GelMA composite hydrogel under PBS conditions is as follows:

Swelling ratio=(W1-W0)/W0×100%
where W0 (g) is the mass after drying and W1 (g) is the mass after water absorption.
The composite hydrogels were freeze-dried and weighed. The dry composite was added to 7 mL of PBS and placed

into a shaker (Figure S2). The temperature was set to 37 °C, and the rotation speed was 120 r/min. After the
predetermined degradation time, the solution in the centrifuge tube was removed, and the sample was washed twice

Table 1 Sample of m-HANFs/GelMA

No. m-HANFS/mg GelMA/mg PBS/mL APS/mg TMEDA/μL Mass Fraction/wt%

0m-HANFs/GelMA 0 100 1 5 2.5 0

5m-HANFs/GelMA 5 100 1 5 2.5 4.5

15m-HANFs/GelMA 15 100 1 5 2.5 12.5

25m-HANFs/GelMA 25 100 1 5 2.5 19.2

Abbreviations: PBS, phosphate buffer; APS, ammonium persulphate; TMEDA, N,N,N’,N’-tetramethylethylenediamine.
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with water. The sample was lyophilized, and the weight was recorded. The formula of the m-HANFs/GelMA hydrogel
degradation rate in PBS is as follows:

Degradation rate=(W0-W)/W0×100%
Where W0 (g) is the original weight after drying, and W (g) is the lyophilized weight after different times.

In vitro Cell Culture and Cytocompatibility Investigation
MC3T3-E1 cells and rat bone marrow mesenchymal stem cells (rBMSCs) were cultured in 10 cm petri dishes with
complete medium (αMEM supplemented with 10% FBS, 100 mg/mL streptomycin and 100 U/mL penicillin) at 37 °C in
a 5% CO2 humidified incubator. The medium was replaced every 3 days. When the cells were 80% to 90% fused, they
were digested with trypsin for subsequent use.

To quantitatively estimate the biocompatibility of our composite hydrogel, we conducted a cytotoxicity study with
MC3T3-E1 cells and rBMSCs. The four groups of hydrogels (0, 5, 15, 25, n=5) were incubated with complete medium at
37 °C in a 5% CO2 incubator for 24 h. The extract was collected and diluted with fresh complete medium. Confluent
MC3T3-E1 cells and rBMSCs were trypsinized and seeded in a 96-well plate at 1×103 cells/well and incubated for 24 h.
After 24 h, the medium was replaced with diluted composite hydrogel extracts or fresh complete medium and incubated
for 1, 3, 5 and 7 days. Cell viability was detected utilizing Cell Counting Kit-8 (CCK-8, Abcam, Cambridge, UK) at each
timepoint. The absorption values were read with an automated microplate reader (Perkin Elmer, USA) at a wavelength of
450 nm. The experiment was repeated 3 times.

Next, the composite hydrogels (diameter 3 mm) were sterilized under UV light for 2 h, placed in a 48-well plate with
500 µL complete medium and cocultured for 3 h. Then, the medium was aspirated, and MC3T3-E1 cell suspensions were
seeded onto the composite hydrogel surfaces (n=5) at 2×104 cells/sample. After 3 days of incubation, cells were treated
with a calcein-AM/EthD1 double stain kit (Dojindo, Japan) and observed under a laser confocal scanning microscope
(LCSM, Leica SP8, Germany). For SEM observation, cells were fixed with 2.5% glutaraldehyde for 4 h, followed by
sequential dehydration in a graded series of ethanol (50, 70, 80, 90, 95 and 100 v/v%) for 10 min each. After the cells
were freeze-dried, the MC3T3-E1 cell morphology of the four groups was observed utilizing SEM (Hitachi, Japan).

In vitro Osteogenic Differentiation
To compare the in vitro cell osteoinductivity of the composite hydrogels, we performed alkaline phosphatase (ALP) and
alizarin red staining. ALP is a glycoprotein expressed by osteoblasts and is a sensitive and reliable indicator of early bone
differentiation. Alizarin red dye binds to Ca2+, one of the main inorganic components of bone. Four groups of composite
hydrogels were placed in a 48-well plate and seeded with cells at 2×104 cells/sample. After 24 h, the medium was
replaced with osteogenic induction medium (complete medium with 50 μg/mL ascorbic acid-2 phosphate, 10 mM β-
glycerophosphate, and 10 nM dexamethasone) and cultured for 7 and 21 days. The medium was replaced every 3 days.
All experiments were repeated three times.

ALP Staining
After 7 days of culture, ALP staining was conducted following the ALP staining kit (Beyotime, Shanghai, China)
instructions. Briefly, the samples were washed twice with PBS, fixed with 4% paraformaldehyde (PFA, Solarbio) for 30
min and washed twice with PBS again to remove the participating fixative, and correlated staining was performed
according to the instructions. After being stained, the samples were observed under a light microscope, and images were
captured with a stereo microscope (StereoDiscovery, Carl Zeiss, Germany). All experiments were repeated three times.

Alizarin Red Staining
The calcium deposition from cells in the composite hydrogel was evaluated by alizarin red dye. After 21 days of culture,
the samples were washed twice with PBS, fixed with 4% PFA for 30 min and washed again. Alizarin red solution
(Solarbio, Beijing, China) was added to the well plates, and the plates were incubated for 30 min in the dark. After
incubation, the samples were washed 3 times with deionized water. The plate was placed under the stereo microscope to
obtain images. To quantify calcium deposition, the samples were stained with alizarin red then destained with 10%
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cetylpyridinium chloride monohydrate (CPC, Solarbio, Beijing, China). The dissolved mixture (n = 5) was then
transferred to a 96-well plate, and the absorbance was measured at 402 nm by a microplate reader (Perkin Elmer,
USA). All experiments were repeated 3 times.

Repair Assay in the Rat Critical-Size Calvarial Defect Model
The animal experiments were approved by the Animal Experimental Ethics Committee of Stomatological Hospital of
Chongqing Medical University (Permit Number: 2021057) and the animals were kept following the guidelines of the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised
1978). 6-week-old Sprague-Dawley rats (250 ± 50 g) were randomly distributed to the blank, 0, 5, 15 and 25m-HANFs/
GelMA groups. After anesthesia was administered, each rat was shaved from the snout to the end of the calvarium, the
skin was painted with iodine swabs, and an incision was made. Then, a surgical drill and trephine were used to create
full-thickness critical-size calvarial defects (8 mm in diameter) under the irrigation of sterile normal saline. The defects
were placed with different groups of composite hydrogels or left untreated. The periosteum and skin were closed
separately with interrupted 3–0 nylon sutures. The animals were housed singly in cages at a constant temperature of 23 ±
3 °C. Twelve weeks after the operation, the rats were euthanized by CO2 asphyxiation, and then the calvarias were
harvested and fixed in 10% (vol/vol) buffered formalin. Micro-CT scanning was conducted to evaluate the reparative
efficacies of the implantations. The calvaria samples were decalcified with 10% EDTA for 2 months and then sectioned
in the coronal plane for H&E, Masson trichrome, and immunohistochemistry (Runx2, Col1a1, OCN) staining.

Statistical Analysis
The data are presented as the mean ± standard deviation. One-way analysis of variance (ANOVA) was used to analyze
the significant differences between samples. For all tests, the levels of significance were set to p < 0.05, p<0.01, p<0.001
and p<0.0001. All the data were statistically analyzed using GraphPad Prism 9.0.

Results and Discussion
GelMA has been widely used for tissue engineering with cell-binding sequence RGD and MMP-sensitive degradation
motifs.38,39 Unfortunately, unmodified GelMA hydrogels degrade quickly, lack mechanical integrity, and, most impor-
tantly, lack calcium and phosphorus needed in the osteogenic process; therefore, the application of these hydrogels in the
field of bone regeneration is limited. The combination of bioceramic materials and hydrogels to form composites with
better osteogenic ability for the repair of bone defects has long been a hotspot of research.

Nanoscale particle fillers, like hydroxyapatite nanoparticles (HANPs) are widely used to reinforce hydrogel in the
field of bone tissue engineering, in spite of the fact that their effect on increasing the mechanical strength of the hydrogel
is limited. By contrast, HANFs with super aspect ratio can provide stronger reinforcements for the hydrogel owing to
their better supporting effect with ability to bridge and form networks.27 Moreover, traditionally synthesized HA are HA
crystals that preferentially grow along the c-axis,32 which is a property that differs from those of natural bone tissues.33

Therefore, it is critical to further modify HANFs to make their structure and components more similar to those of natural
bone tissues and then incorporate them into GelMA to endow it with better bone regenerative ability. However, so far no
published studies have utilized biomimetically modified HANFs to enhance GelMA with improved bone regenerative
capacity. Moreover, as observed by other authors, the physicochemical properties and osteogenic ability of the composite
hydrogel could be greatly affected by the amounts of bioceramic materials incorporated,40,41 which, however, might not
follow a proportionate trend as the amounts of added fillers increased.42

Therefore, in this study, a biomimetic m-HANFs incorporated GelMA hydrogel was successfully developed. We
determined the physicochemical properties, biocompatibility and bone regenerative effect of these composite hydrogels
in vitro and in vivo and preliminarily explored the optimal amount of m-HANF addition to promote bone regenerative
efficiency, in order to provide a theoretical basis for the application of m-HANFs/GelMA composite hydrogels in bone
tissue engineering in the future.
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Morphology and Phase Composition
Figure 2 shows the SEM images of HA nanofibers and mineralized HA nanofibers after they were immersed in SBF for
different times. The HA nanofibers prepared by the solvothermal method clearly had lengths that were too long to be
accurately measured by SEM and had an ultrahigh aspect ratio (Figure 2A1 and A2). On the one hand, with time
increasing from 0 to 5 days (Figure 2A–C), it could be clearly found that the diameter of nanofiber increased
significantly. On the other hand, as the mineralization time increased from 0 to 3 days (Figure 2A and B), an increasing
number of flower-like minerals were formed on the surface of the HA nanofibers. After 5 days (Figure 2C1 and C2), all
their surfaces were covered by flower-like minerals with regular shape. SBF is a solution highly supersaturated with
respect to apatite, which contains abundant ions such as PO4

3−, Ca2+ and CO3
2−. When HANFs were immersed in SBF,

the PO4
3−, Ca2+ and some oleic acid molecule from HANFs could induce the deposition of PO4

3−, Ca2+ and CO3
2− from

SBF onto the surface of HANFs to form flower-like apatite crystals with regular shape.36 So it could be concluded that
the PO4

3−, Ca2+, CO3
2− and other ions from SBF could be also incorporated into the flower-like apatite crystals. This

trace element doped flower-like apatite mineral layer simulated the natural bone apatite in structure and composition,
which was beneficial for bone regeneration.36 Moreover, the surfaces of m-HANFs became rougher and more porous
after mineralization. More enhanced cell adhesion and tissue ingrowth can occur with rough implant surfaces than with

Figure 2 SEM images of HANFs that were mineralized for 0 d (A1 and A2), 3 d (B1 and B2) and 5 d (C1 and C2).
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smooth surfaces.43,44 Therefore, we successfully prepared m-HANFs with super aspect ratio, and after 5 days of
mineralization, the m-HANFs coated with biomimetic apatite were incorporated into GelMA to prepare composite
hydrogels for subsequent experiments.

Figure 3 shows the cross-sectional images of pure GelMA and m-HANFs/GelMA composite hydrogels, and the
m-HANFs were mixed homogeneously within the GelMA matrix. All m-HANFs/GelMA hydrogels had a loose network

Figure 3 SEM images of 0m-HANFs/GelMA (A1 and A2), 5m-HANFs/GelMA (B1 and B2), 15m-HANFs/GelMA (C1 and C2) and 25m-HANFs/GelMA (D1 and D2)
composite hydrogels.
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porous structure with a pore size of approximately 100 μm regardless of the amount of m-HANFs added, which
suggested that the addition of m-HANFs had little effect on the pore size of the GelMA hydrogel; this structure thus
contributed to the retention of large amounts of water and further promoted diffusion of nutrients and macromolecules
inside the GelMA matrix.41,45 With the increase in the mass fraction of m-HANFs, the m-HANFs in the pore wall of the
hydrogel increased significantly, which might provide the foundation for energy dissipation that enhanced the mechanical
properties and increased cell adhesion at the same time.

Three-dimensional (3D) reconstruction was conducted after micro-CT scanning to observe the inner structure of
m-HANFs inside the composite hydrogel (Figure S3). The top view clearly showed that in the 5m-HANFs/GelMA
group, m-HANFs were scarce and were distributed inhomogeneously, with no stable structure formed. In the 15m- and
25m-HANFs/GelMA groups, m-HANFs both formed network structures, but the network structure in 25m-HANFs/
GelMA seemed denser and more inhomogeneous than that of 15m-HANFs/GelMA.

The phase composition of the m-HANFs/GelMA composite hydrogel with different weight fractions of m-HANFs
was analyzed by XRD. As shown in Figure 4, 0m-HANFs/GelMA had no typical diffraction peaks. HANFs and
m-HANFs had characteristic peaks similar to those of HA standards (JCPDS #09-0432). Notably, compared with each
other, the diffraction intensity of HA nanofibers was very sharp at a 2θ of 33°, which indicated that the HA nanofibers
grew preferentially along the c-axis. When it was modified with SBF and incorporated into GelMA, the diffraction peak
intensities of m-HANFs/GelMA increased significantly as the weight fraction of m-HANFs increased.

Mechanical Properties of the m-HANFs/GelMA Composite Hydrogel
Figure 5 showed the stress-strain curves, maximum strain, maximum compressive strength and Young’s modulus of the
four groups. As shown in Figure 5A, the addition amounts of m-HANFs had a great impact on the mechanical properties
of the composite hydrogel. From Figure 5B, we could see that the maximum strain of the m-HANFs/GelMA composite
hydrogel showed an upward trend with increasing amounts of m-HANFs, indicating that m-HANFs played an important
role in regulating the strain at failure of the composite hydrogel and could enhance its toughness. Figure 5C showed that
the maximum stress of the four groups of composite hydrogels increased as the weight fraction of m-HANFs increased
except for the 5m-HANFs/GelMA group. On the one hand, this result probably occurred because the added m-HANFs
did not homogeneously fill in the whole inner space of the hydrogel when the quantities of m-HANFs were low, which
means that m-HANFs cannot form a network structure with low additions of m-HANF, resulting in a weak energy
dissipation ability. On the other hand, the inhomogeneous distribution of m-HANFs might affect the photocrosslinking of
GelMA, leading to an even lower compressive strength. As the content of m-HANFs increased, they could probably form

Figure 4 XRD patterns of HANFs, m-HANFs, and m-HANFs/GelMA with different weight fractions of m-HANFs.
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a network structure with enhanced strength to resist external forces. As shown in Figure 5D, the Young’s modulus of the
m-HANFs/GelMA composite hydrogel showed an upward trend with increasing amounts of m-HANFs, especially the
25m-HANFs/GelMA group, in which the Young’s modulus was significantly higher than in the other groups. This result
further demonstrated that increased amounts of m-HANFs could form denser networks inside composite hydrogels,
which improved their mechanical properties and enhances their energy dissipation ability. These results suggested that
the addition of m-HANFs could improve the mechanical properties of GelMA and probably provided more stable support
for bone regeneration.

Swelling Property and Degradation Performance
Figure 6A shows the swelling ratio profiles of the composite hydrogels. The trend of swelling ratios for samples of the
four groups changed to a similar extent. All samples rapidly absorbed water in the initial 1–15 h, and the swelling curve
of the samples gradually increased. Notably, the swelling ratios of the composite hydrogels increased with the
incorporation of m-HANFs. This was probably due to the fact that the rough and porous m-HANFs incorporated had
better hydrophilicity, thus facilitating the diffusion of water molecules into the composite hydrogel. According to the
swelling ratio of all groups at 24 h when swelling balances were achieved, we can see that the swelling property did not
further increase as the amount of m-HANFs added increased, and the 15m-HANFs/GelMA exhibited higher swelling
ratio than 25 m-HANFs/GelMA. This was probably due to m-HANFs forming a denser network structure in 25m-
HANFs/GelMA than in 15m-HANFs/GelMA, which hindered their further swelling. The higher swelling capacity of the
composite hydrogel reflected its more porous structure, which promoted the exchange of nutrients, metabolic wastes and
cell-matrix interactions, ultimately benefiting encapsulated cell survival and reproduction.

Figure 6B shows the degradation rate profiles of the four groups of composite hydrogels. Generally, hydrogels with
higher swelling ratios should have a faster degradation rate. However, interestingly, the m-HANFs/GelMA composite
hydrogels we prepared, which had increased swelling properties according to the results above, did not exhibit a faster
degradation rate. The results (Figure 6B) showed that the 0m-HANF/GelMA group had the highest mass loss percentage,
which reached 42% on day 56. When the m-HANFs were incorporated, the degradation rate decreased significantly

Figure 5 Mechanical properties of m-HANFs/GelMA hydrogels with different weight fractions of m-HANFs. (A) Stress-strain curves; (B) Strain at failure; (C) Ultimate
tensile strength; (D) Young’s modulus. Data are presented as the mean ± SD (n = 6). ****p < 0.0001 compared with the 0m-HANFs/GelMA hydrogel. ####p < 0.0001.
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compared with that of the 0m-HANF/GelMA. GelMA is known to degrade faster than crystalline HA,46 which limits its
application in bone regeneration. This result could be explained that the connection between GelMA and m-HANFs
could strengthen the structural continuity of GelMA after a long immersion in SBF and thus promoted the overall
stability of the composite hydrogel, which, therefore, might be able to provide more sustained support for bone
regeneration. In addition, the incorporated m-HANFs with high aspect ratio could form a network structure inside
GelMA and protected it from degradation to some extent, even after a long SBF immersion, and thus elevated the
stability and integrity of composite hydrogels. Further comparison revealed that the percentage of the mass loss due to
degradation in the 15m-HANFs/GelMA group was lower than that of 25m-HANFs/GelMA on days 28 and 56. This can
be explained that m-HANFs formed a more uniform network structure in 15m-HANFs/GelMA, which caused them to
more strongly combine with GelMA. Meanwhile, the higher amount of m-HANFs in 25m-HANFs/GelMA group led to
an inhomogeneous overlap in the m-HANF network structure, and excessive m-HANFs might have weakened their
complex with GelMA. Consequently, after soaking for a long time in the SBF, m-HANFs in 25m-HANFs/GelMA tended
be detached from the composite hydrogel more easily, and led to material disintegration.

Gu et al directly incorporated unmineralized HA nanowires (HANWs) into gelatin cryogels to improve their
mechanical properties.47 Their results showed that the swelling ratio of the composite cryogel decreased and the
degradation rate increased with the addition of HANWs. Moreover, a deterioration tendency was observed as the amount
of HANWs increased, which was not conducive to osteogenesis. Although their results indicated that the composite
cryogels exhibited better osteoinductivity in vitro, the same was not further demonstrated in animal experiments, which
should be the key for evaluation of the bone regenerative ability of materials. However, in our study, the addition of
m-HANFs increased the swelling property of GelMA while decreasing its degradation rate. This might be ascribed to
differences in the preparation methods. Gu et al used a quite complicated preparation method for cryogels,47 but we used
the chemical crosslinking method, and the composite hydrogels could be prepared in just one step. The m-HANFs in our
study were mineralized in SBF and coated with a layer of biomimetic apatite crystals. This rough and porous layer
favored the diffusion of water molecules into the composite hydrogel, thus improving its swelling properties. On the
other hand, the rough and porous structure could strengthen the combination inside the composite hydrogel, thus slowing
its degradation. However, the sintered unmineralized HANWs reported in the study of Gu et al had smooth surfaces,
which probably indicate their weak association with GelMA.47 Thus, as GelMA gradually degraded, the HANWs
precipitated more easily, resulting in faster degradation of the composite hydrogel. In summary, the composite hydrogel
prepared in this paper exhibited higher swelling properties and a slower degradation rate than those of previous
composite hydrogels, which probably promoted the exchange of nutrients, metabolic wastes and encapsulated cell
survival and reproduction, consequently benefiting bone regeneration.

Figure 6 (A) Swelling properties and (B) degradation performance of m-HANFs/GelMA hydrogels with different weight fractions of m-HANFs vs time. Data are presented
as the mean ± SD (n = 6). *p < 0.05; **p < 0.01; ****p<0.0001 compared with the 0m-HANFs/GelMA hydrogel. #p < 0.05.
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Cell Viability and Proliferation Assay
Good cytocompatibility is the foundation of biomimetic scaffold materials in tissue engineering. CCK-8 was used to
detect the activity of cells cocultured with the extracts of the four composite hydrogel groups at each time point.
Compared with the control group, MC3T3 cells (Figure 7A) and rBMSCs (Figure S4) in the four experimental groups did
not exhibit significant cell viability differences. Then, live/dead cell staining was carried out to further assess the survival
of the cells laden in the composite hydrogels. Observations from the top of the samples revealed many living cells (color
green) with different distributions and few dead cells (color red) (Figure 7B). Relatively fewer cells were observed in
0m-HANFs/GelMA and with increasing m-HANF concentration, more green living cells were observed and distributed
more broadly in the hydrogels, which might be related to that the rough and porous surface of m-HANFs facilitated cell
adhesion and reproduction. Collectively, the results demonstrated that the composite hydrogels had good cytocompat-
ibility, and the addition of m-HANFs was conducive to cell adhesion and growth.

Cell morphology and cytoskeletal organization are important clues that indicate cell homeostasis.48 The SEM images
of the MC3T3-E1 cells that were grown on the composite hydrogels for three days are shown in Figure 7C. In the 0m-
HANFs/GelMA group, there were less cells and no evident neurites spreading was observed. In contrast, more cells were
observed in the 15 and 25m-HANFs/GelMA groups, and the flattened cells were well-spread with many filopodia,
lamellipodia, and cytoplasmic extensions, probably because the rough surface of m-HANFs is more favorable for cell
attachment and growth. The relatively smooth surfaces of the 0 and 5m-HANFs/GelMA were unsuitable for cell
attachment. This is consistent with the live/dead cell staining results. More elongated cells result in a higher degree of
cytoskeletal tension (F-actin filaments) and differential expression of downstream effectors, which could probably
enhance pathways associated with osteogenesis.49,50 In the present study, compared with the other hydrogels, MC3T3-
E1 cells in the 15 and 25m-HANFs/GelMA presented a more elongated morphology with evident cytoplasmic exten-
sions, probably suggesting their better cell functionality and osteogenic potential.

In vitro Osteogenic Differentiation Evaluation
To compare the osteogenic inductive effects of the composite hydrogels on cells, we performed ALP and Alizarin red
staining. Alkaline phosphatase activity reflects the early stage of osteogenesis, and alizarin red staining detecting calcium
deposition can reflect the late stage of osteogenesis.51,52 As shown in Figure 8, the lightest staining was observed for the
0mHANFs/GelMA group, and the staining of the 5, 15, and 25m-HANFs/GelMA gradually deepened with increasing

Figure 7 Biocompatibility of the m-HANFs/GelMA hydrogels. (A) Proliferation of MC3T3 cells cocultured with the extracts of m-HANFs/GelMA hydrogels for different
time. (B) Live/dead cell staining of m-HANFs/GelMA hydrogels with different weight fractions of m-HANFs. Live cells were stained green and dead cells were stained red
after 3 days of culture on the hydrogels. (C) SEM images of MC3T3 cells on composite hydrogels with different weight fractions of m-HANFs after 3 days of culture. Data are
presented as the mean ± SD (n = 3).
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m-HANF addition, and the quantitative analysis of alizarin red staining showed the same trend (Figure 8C). The results
of rBMSCs presented the similar trends (Figure S5A and B). These results indicated that the addition of m-HANFs
enhanced the osteoinductivity of the composite hydrogel, and the effect gradually increased with the increase of added
m-HANFs. On one hand, these results could be explained by the observation that the m-HANF we prepared had a bone-
like apatite on its surface, which was similar to the inorganic contents of bone tissue, and had good osteoinductivity; on
the other hand, as the quantities of m-HANFs increased, the amount of Ca2+ ions released from the hydrogels increased,
promoting cellular osteogenic differentiation and favoring re-deposition of apatite and mineralization.53

In vivo Bone Regeneration Analysis
The obtained results of in vitro experiments showed that the incorporation of m-HANFs modified the physicochemical
characteristics of the GelMA-based hydrogel system, which exhibited good biocompatibility and osteoinductivity in

Figure 8 (A) ALP and (B) alizarin red staining images of MC3T3 cells cultured on m-HANFs/GelMA hydrogels with different m-HANF contents for 7 and 21 days,
respectively. (C) Quantification of alizarin red staining. Data are presented as the mean ± SD (n = 3). *p < 0.05; ***p < 0.001; ****p < 0.0001 compared with the 0m-HANFs/
GelMA hydrogel. #p < 0.05; ##p < 0.01; ####p < 0.0001.

Figure 9 (A) Schematic diagram of a calvarial defect. (B) Top view of the micro-CT 3D reconstruction of the calvarial defect. (C) Measurement of the bone volume/total
volume ratio (BV/TV), trabecular number (Tb.N) and trabecular thickness (Tb.Th). Data are presented as the mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001 compared with the control hydrogel. #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 compared with the 0m-HANFs/GelMA hydrogel. Δ< 0.05; ΔΔp < 0.01; ΔΔΔp
< 0.001.
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vitro. However, animal experiments are essential for testing the performance of materials before they are applied in the
clinic. Hence, we established critical-size calvarial defects in rats (Figure 9A).54 No obvious weight loss or wound
infection was observed after the operation, and the activity of the rats was normal. Twelve weeks after the operation, the
skulls were harvested, and bone healing was evaluated with micro-CT, H&E, Masson trichrome and immunohistochem-
ical staining.

First, micro-CT scanning was used to measure the new bone mass and quality in the defects. Figure 9B shows the
typical 3D reconstruction figures of calvarial samples, and the defect area is marked by the red circle (8 mm in diameter).
The top view clearly shows that all the groups implanted with composite hydrogels displayed more new bone formation
than that of the blank group; the 15 and 25m-HANFs/GelMA groups displayed more bone regeneration, and significantly
less new bone was observed in the 0 and 5m-HANFs/GelMA. The new bone volume ratio (BV/TV) (Figure 9C) results
were basically consistent with the 3D reconstruction figures, while the BV/TV value of the 15m-HANFs/GelMA was
slightly higher than that of the 25m-HANFs/GelMA. The trabecular thickness and number are important indexes
reflecting the quality of new bone.55 In Figure 9C, we can see that the measurements of trabecular thickness and number
exhibited a similar trend with BV/TV between the groups.

We conducted H&E and Masson’s trichrome staining to further evaluate the mass and quality of new bone. The H&E
staining (Figure 10) showed that defects in the blank and 0m-HANFs/GelMA groups were mainly filled with granulation
tissue. The 5m-HANFs/GelMAexhibited little woven bone formation on the edge of the defect area, while much more
new bone formation was observed in the 15 and 25m-HANFs/GelMA groups. In the 25m-HANFs/GelMA group,
although some connective tissue remained in the center of the defect area, a bony bridge was almost formed. In addition,
some new blood vessels (Figure 10, marked by yellow arrows) could be seen around the newly formed trabeculae in the
defect area. Since blood vessels play a vital role in the new bone regeneration process, the occurrence of new blood
vessels further indicated excellent ongoing bone remodeling.56 In the 15m-HANFs/GelMA, bony bridges connecting the
defect margins had already formed, and in the new bone area, some mature bone structures could be identified. The
cortical-like lamellar bone was combined with the woven bone, and many blood vessels appeared (Figure 10, marked by
yellow arrows).

Figure 10 H&E staining of decalcified sections. a) The middle part of the defect in the control group. b) The margin of the defect in the control group. c) The middle part of
the defect in the 0m-HANFs/GelMA group. d) The margin of the defect in the 0m-HANFs/GelMA group. e) The middle part of the defect in the 5m-HANFs/GelMA group. f)
The margin of the defect in the 5m-HANFs/GelMA group. g) The middle part of the defect in the 15m-HANFs/GelMA group. h) The margin of the defect in the 15m-
HANFs/GelMA group. i) The middle part of the defect in the 25m-HANFs/GelMA group. j) The margin of the defect in the 25m-HANFs/GelMA group. New blood vessels
are marked by yellow arrows. Masson’s trichrome staining of decalcified sections. k) The middle part of the defect in the control group. l) The margin of the defect in the
control group. m) The middle part of the defect in the 0m-HANFs/GelMA group. n) The margin of the defect in the 0m-HANFs/GelMA group. o) The middle part of the
defect in the 5m-HANFs/GelMA group. p) The margin of the defect in the 5m-HANFs/GelMA group. q) The middle part of the defect in the 15m-HANFs/GelMA group. r)
The margin of the defect in the 15m-HANFs/GelMA group. s) The middle part of the defect in the 25m-HANFs/GelMA group. t) The margin of the defect in the 25m-
HANFs/GelMA group. Scale bar: green: 1 mm, yellow: 100 μm.
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Masson staining can effectively distinguish new and old bone, collagen fibers and muscle fibers according to
molecular weight and tissue permeability.57 Thus, Masson staining was conducted to further confirm new bone formation
and maturation (Figure 10). As shown in Figure 10, defects were mainly filled with blue-stained fibrous tissues in the
blank, 0 and 5m-HANFs/GelMA groups. In contrast, newly formed woven bone (blue-stained) filled larger areas in the
defects in the 15 and 25m-HANFs/GelMA groups than in the other groups. Additionally, more well-arranged bone
structures, such as woven bone stained blue and cortical-like lamellar bone stained red, were clearly observed in the 15m-
HANFs/GelMA, indicating that it was at the late stage of osteogenesis, which was consistent with the results of H&E
staining.

The immunohistochemical staining images of Runx2, Col1a1 and OCN are shown in Figure 11. Runx2 is a key
transcriptional regulator of osteogenic differentiation that directly and indirectly modulates the expression of osteoblast-
specific genes.58 More Runx2 proteins were expressed in the 15 and 25m-HANFs/GelMA groups than in the other
groups, especially in the 15m-HANFs/GelMA group. Col1a1 is a major constituent of the organic extracellular matrix of
bone tissue, and its expression has been found to occur at high levels during the early stages of osteogenesis;59,60 thus,
Col1a1 is considered an early osteogenic marker. The results showed higher Col1a1 expression in the blank and 0m-
HANFs/GelMA groups than in the other groups, indicating that these groups were still in the early stages of osteogenesis.
OCN encodes a major noncollagenous protein of the extracellular matrix and is regarded as a late marker of the
osteogenic differentiation pathway.61 A higher level of OCN expression was observed in the 15 and 25m-HANFs/
GelMA groups than in the other groups, which is thought to be associated with the osteoblastic populations of these two
groups having better maturation and differentiation properties.62,63

In this study, we successfully prepared HANFs with ultrahigh aspect ratio and mineralized them in SBF to make their
surfaces coated with bone-like apatite that simulated the natural bone apatite in structure and composition. Then, different
amounts of biomimetic m-HANFs were incorporated into GelMA to form m-HANFs/GelMA composite hydrogels. The
results showed that the incorporation of m-HANFs successfully improved the mechanical, swelling, degradation proper-
ties and bone regenerative ability of GelMA. However, the physicochemical and bone regenerative performances of the
composite hydrogels did not continuously increase as the content of m-HANFs increased. Although 25m-HANFs/GelMA
exhibited better mechanical properties and osteoinductivity in vitro, 15m-HANFs/GelMA displayed better swelling and
degradation performances and a better bone repair effect in vivo, which was probably related to the structure of
m-HANFs inside the hydrogel. As shown in Figure S3, the m-HANFs in the 25m-HANFs/GelMA exhibited a dense
and inhomogeneous network structure, which probably exerted a negative impact not only on the swelling and
degradation performances but also on cell migration, growth and the exchange of nutrients and metabolic wastes. By
contrast, 15m-HANFs/GelMA presented a relatively more uniform and stable network, and they had higher swelling

Figure 11 Immunohistochemical staining of Runx2, Col1a1, and OCN (brown). Scale bar: 50 μm.
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rates and prolonged degradation, thus favoring cell growth and providing more stable support for bone regeneration in
vivo.

The results of our in vitro osteoinduction experiments were not exactly consistent with our in vivo experiments,
probably because cells were mainly seeded and incubated on the surface layer of the composite hydrogel due to short-
term culture in vitro, while in the repair process of calvarial defects, cells grew and differentiated inside the hydrogel,
thus probably being more influenced by the inner network structure of the composite hydrogel. A previous study reported
that a gelatin cryogel exhibited constantly increasing osteoinductivity in vitro as the content of unmineralized HANWs
increased, but the same result was not demonstrated in vivo.47 Thus, the data could not reflect the actual bone
regenerative ability of the composite hydrogel.

In vivo bone regeneration, unlike in vitro short-term osteogenic induction, occurs in a more complex environment, which
is influenced by various factors, including more complicated cell sources, mesenchymal stem cell recruitment and further
differentiation, and angiogenesis. Moreover, in vivo bone regeneration involves the connection and reconstitution of the
original and new bones, rather than merely new bone regeneration. Barros et al studied the influence of the HANP content (30
to 70 wt%) on alginate-based hydrogels to evaluate the best formulation for maximizing bone tissue regeneration.42 Their
results also showed that the bone regenerative effect of the composite hydrogel did not continuously increase as the content of
HANPs increased. The hydrogel with a 30% HANP content exhibited higher expression of osteogenic transcription factors
and higher collagenous deposition, trabecular bone formation and matrix mineralization than hydrogels with higher HANP
contents (50 and 70%). This was probably related to the optimal concentration of Ca2+ ions released from composites because
of the degradation of incorporated minerals.42,64 Some studies have reported that Ca2+ ions released from composites, though
regarded as an osteoinductive factor, can, to some extent, affect the metabolism of osteoblasts and bone remodeling within the
implantation site; in addition, long exposure to an environment with an excessively high concentration of Ca2+ ions might
exert a negative effect on bone regeneration.42,65 Therefore, a higher content of inorganic mineral fillers does not necessarily
suggests a better bone regenerative ability of composite hydrogels.

In this study, we found that the addition of m-HANFs played a very important role in the physico-chemical properties
and osteoinductivity of the composite hydrogel. However, the bone regenerative capacity of the composite hydrogel did
not continuously increase as the content of m-HANFs increased. In particular, 15m-HANFs/GelMA formed a more
uniform network inside the composite hydrogel and exhibited higher swelling rates, prolonged degradation, and the best
bone regenerative effect in vivo. Therefore, the proportion of m-HANFs and GelMA needs to be further optimized to
better promote bone tissue regeneration.

Conclusion
In this study, we successfully prepared HANFs with ultrahigh aspect ratio and mineralized them in SBF to make their
surfaces coated with bone-like apatite. The trace element doped biomimetic apatite mineral layer on the m-HANFs’
surfaces simulated the natural bone apatite in structure and composition and was beneficial for bone regeneration.
Different amounts of biomimetic m-HANFs were incorporated into GelMA to form m-HANFs/GelMA composite
hydrogels. The results indicated that the addition of biomimetic m-HANFs improved the mechanical and swelling
properties and degradation and osteoinductive performance of GelMA; however, the performance improvement of the
composite hydrogel did not continuously increase as the content of m-HANFs increased. Collectively, 15m-HANFs/
GelMA exhibited the best swelling and degradation performances and the best bone repair effect in vivo. Therefore,
biomimetic m-HANFs/GelMA hydrogel may provide a novel option for bone tissue engineering in the future. More
investigations are needed to further optimize the proportion of m-HANFs and GelMA for improving their bone repair
effect.
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