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Enhanced bone regeneration in critical-size =

defects using novel ultralong hydroxyapatite
microtubes/chitosan composite scaffolds

Liang Liang"*™", Junyan Wang'", Wei Shang', Haslina Taib? Tang Liszen* and Zuryati Ab Ghani?’

Abstract

Background This study evaluated the effects of hydroxyapatite microtubes and chitosan composite scaffold (HMTs—
CHS) on bone regeneration in rat calvarial critical-size defects (CSDs).

Methods HMTs—CHS composites were fabricated through hydrothermal synthesis and atmospheric pressure
sintering. The scaffolds were analyzed using SEM, XRD, and FTIR to verify their structural and chemical characteristics.
In vitro studies assessed cell proliferation, cytotoxicity, and osteogenic differentiation using bone marrow mesenchy-
mal stem cells (BMSCs). For in vivo evaluation, 24 rats with 8-mm critical-size calvarial defects were divided into three
groups: blank, CHS, and HMTs—CHS. Bone regeneration was evaluated at 30 and 60 days using micro-CT and histologi-
cal analysis.

Results The HMTs—CHS scaffold exhibited a well-organized honeycomb-like structure with optimal pore size
distribution (100-160 um). The scaffold significantly enhanced BMSC proliferation and osteogenic differentiation,
with increased EdU-positive cells, elevated ALP activity, and enhanced matrix mineralization. Osteogenic markers
(RUNX2, COLT, OPN, OCN, BSP) were significantly upregulated in the HMTs—CHS group at both gene and protein
levels. In vivo, the HMTs—-CHS group showed superior bone regeneration with higher bone volume fraction (BV/TV:
14.07 +0.84% at 60 days, representing a — 44% relative improvement over the CHS group at 9.74 +1.36%) and better
trabecular architecture (p <0.05). Histological examination confirmed enhanced bone formation and maturation.

Conclusions The HMTs—CHS composite significantly improved bone regeneration in CSDs compared to CHS alone
or no treatment. These findings suggest HMTs—CHS could be a promising biomaterial for treating cranial bone
defects, offering an alternative to traditional bone grafts.
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Introduction

While autologous bone grafting remains the clinical “gold
standard” for bone regeneration, it is associated with sig-
nificant limitations that restrict its clinical application.
Limited bone supply and donor site morbidity repre-
sent the most critical disadvantages of autografting [1].
The harvesting procedure itself carries substantial risks,
including chronic pain at the donor site (occurring in
over 25% of patients), nerve injury, hematoma formation,
infection, and potential fracture at the harvest site [2, 3].
Furthermore, procurement morbidity and constraints
on obtainable bone quantities significantly limit the use
of autografts, particularly for large cranial defects [4].
These inherent limitations have driven extensive research
toward developing synthetic bone graft substitutes that
can replicate the osteogenic, osteoinductive, and osteo-
conductive properties of autologous bone without the
associated donor site complications.

In contrast to autografts, synthetic composite scaffolds
combining hydroxyapatite (HA) and chitosan (CHS)
offer distinct advantages by eliminating donor site mor-
bidity while providing controlled degradation rates and
enhanced osteogenic potential. HA, with its crystalline
structure mimicking natural bone mineral, provides an
ideal osteoconductive scaffold for cell attachment, pro-
liferation, and new bone formation [5]. CHS is a natu-
rally biodegradable polymer primarily produced through
the deacetylation of chitin, one of the most abundant
polysaccharides found in nature and extracted from the
exoskeletons of crustaceans [6]. The synergistic combina-
tion of HA and CHS in scaffolds promotes mesenchymal
stem cell differentiation into osteoblasts through HA’s
bioactive signals and CHS’s supportive matrix structure
[7, 8]. Recent studies have demonstrated that CHS/HA
composites significantly promote bone regeneration in
critical-size defects (CSDs) [9-11]. These biomimetic
scaffolds can be fabricated with precise architectural
control and optimal pore sizes for cell infiltration and
vascularization while maintaining mechanical proper-
ties similar to natural bone that allow their use in load-
bearing tissue engineering applications [12]. CHS acts as
a stabilizer for hydroxyapatite nanoparticles, maintain-
ing the electrostatic stability of the composite in slightly
acidic environments, which is beneficial for long-term
applications [13]. The controlled degradation rate of
CHS/HA composites allows for the gradual release of
incorporated drugs or growth factors, which can further
enhance osteogenesis [14]. Moreover, the combination of
CHS and HA in scaffolds significantly enhances biomin-
eralization, as evidenced by the formation of a bone-like
apatite layer on the scaffold surface after incubation in
simulated body fluids [15]. In addition, CS/HA com-
posite materials demonstrate antimicrobial effects on
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various bacteria types, inhibiting microbial attachment
and biofilm development—a significant benefit for infec-
tion prevention in osseous implants [16]. This multifunc-
tional approach creates a synergistic environment that
supports new bone formation without the risks inherent
to autograft harvesting.

Zhang and colleagues have developed a novel compos-
ite scaffold comprising ultralong HMTs and CHS in 2017
[17]. The HMT-CHS composite scaffold exhibits sig-
nificantly improved mechanical properties compared to
scaffolds made from CHS alone or CHS combined with
HA nanorods [17]. The combination of HMT and CHS
results in a composite material with enhanced mechani-
cal properties, biocompatibility, and potential for vari-
ous biomedical applications. This composite leverages
the strengths of both components: the structural simi-
larity of hydroxyapatite to bone mineral and the bioac-
tivity and biodegradability of CHS. Similar to Zhang
et al’s approach [17], other researchers have explored
the unique structural advantages of hydroxyapatite in
tubular and nanowire forms for bone regeneration. Hou
et al. [18] demonstrated that HMTs can form a "pipeline
framework" structure within GelMA scaffolds, enhanc-
ing mechanical properties, breathability, and signal
transmission for bone tissue regeneration. In addition,
ultralong hydroxyapatite nanowires have shown promis-
ing results when combined with CHS or other polymers.
Sun et al. [19] developed porous nanocomposites com-
prising ultralong hydroxyapatite nanowires decorated
with zinc-containing nanoparticles and CHS, showing
excellent bone repair capability in CSDs. Chen et al. [20]
further advanced this field by creating biomimetically
ordered ultralong hydroxyapatite nanowire-based hier-
archical scaffolds with osteoimmunomodulatory prop-
erties, demonstrating superior bone defect regeneration
through regulation of macrophage polarization. These
studies collectively suggest that the elongated morphol-
ogy of hydroxyapatite—whether in microtube or nanow-
ire form—provides unique advantages for scaffold design
and bone regeneration applications.

Building upon these studies shown above [17-20],
the HMT-CHS composite scaffold has shown promis-
ing potential in tissue engineering. However, to date, no
studies have systematically investigated its efficacy in
promoting bone regeneration in cranial CSDs. While the
composite’s enhanced mechanical properties and bio-
compatibility have been established, its osteogenic poten-
tial in vivo, particularly in cranial bone repair, remains
unexplored. The present study aims to address this
knowledge gap by evaluating the capacity of HMT-CHS
scaffolds to promote bone regeneration in rat calvarial
CSDs. This investigation represents the first comprehen-
sive assessment of HMT-CHS scaffolds in cranial bone
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repair, potentially offering a novel therapeutic strategy
for treating cranial bone defects.

In this study, we conducted a comprehensive investi-
gation of the HMTs—CHS composite scaffold’s poten-
tial for bone regeneration through both in vitro and
in vivo experiments. Scaffold physicochemical attributes
were assessed through multiple analytical techniques,
including SEM for morphological examination, XRD
for crystalline structure analysis, and FTIR for molecu-
lar interaction evaluation. In vitro studies evaluated
the scaffold’s biocompatibility and osteogenic potential
using bone marrow mesenchymal stem cells (BMSCs).
Cell proliferation was assessed through CCK-8 and EdU
assays, while cytotoxicity was evaluated using LDH
release measurements. The osteogenic differentiation
capacity was examined through ALP activity, matrix
mineralization, and the expression of osteogenic markers
at both gene and protein levels. Furthermore, we estab-
lished a rat calvarial CSD model to evaluate the scaffold’s
bone regeneration capacity in vivo, utilizing micro-CT
analysis and histological examination to assess new bone
formation. This systematic approach allowed us to evalu-
ate the potential of HMTs—CHS composite scaffolds as a
promising biomaterial for bone tissue engineering appli-
cations, particularly in the treatment of cranial bone
defects.

Materials and methods

Synthesis of HMTs

HMTs were prepared using a modified hydrothermal
method (12). Initially, deionized water (4.5 mL), etha-
nol (8.5 mL), and oleic acid (7 mL) were combined in a
polytetrafluoroethylene reactor and stirred for 10 min
using a magnetic stirrer. Aqueous solutions of CaCl,
(0.2200 g in 10 mL H,0), NaOH (0.600 g in 10 mL H,0),
and (NaPO;), (0.2377 g in 10 mL H,O) were then added
dropwise to the stirring mixture. The prepared mixture
underwent thermal processing in a TR 30 oven (Ger-
many) at 180 °C for 25 h within a sealed stainless steel
pressure vessel. Following natural cooling to ambient
temperature, the resultant material was harvested and
subjected to comprehensive purification using sequen-
tial ethanol and deionized water wash cycles. The washed
hydroxyapatite microtube sample was placed in a culture
dish and freeze-dried (SCIENTZ-12N) for 48 h until a
white powdery substance was obtained, indicating the
successful formation of HMTs.

Synthesis of CHS

To prepare the CHS solution, 2 g of CHS powder (CAS:
9012-76-4, Shanghai Aladdin Bio-Chem Technology
Co., LTD, Shanghai, China) was added to 98 mL of 1%
acetic acid solution. The mixture was stirred at room

Page 3 of 22

temperature for 12 h to obtain a CHS solution with a
solid content of 2%. The solution was then transferred to
a mold and frozen at — 20 °C overnight. Subsequently, the
frozen sample was subjected to a 48 h freeze-drying pro-
cess. Prior to use, the sample was sterilized under ultra-
violet light in a clean bench for 2 h [21].

Synthesis of HMTs-CHS

Initially, a dilute CHS solution (0.5% solid content) was
formulated. This base medium was enriched with HMTs
to establish a 6.5 wt% concentration relative to the sol-
vent mass. After 12 h of constant agitation produced a
homogeneous white suspension, the material was trans-
ferred to cylindrical alumina molds (10 mm internal
diameter) and subjected to a freezing protocol (—20 °C
for 4 h). Following lyophilization for 48 h, the specimens
underwent thermal processing in a Cameo AGT-3 rapid
sintering unit (China) using a precisely controlled three-
stage sintering protocol [17].

The sintering program consisted of: (1) a heating phase
with a controlled temperature ramp rate of 10 °C/min-
ute from room temperature (approximately 25 °C) to
1300 °C, resulting in a total heating time of approximately
127.5 min; (2) a soaking phase at 1300 °C for 2 h under
atmospheric conditions to ensure complete densification
and phase transformation; and (3) a cooling phase with
natural cooling to room temperature at an average rate of
approximately 5 °C/minute. The total sintering cycle time
was approximately 6.5 h.

In this fabrication strategy, CHS serves as a processing
aid rather than a final component of the scaffold. Dur-
ing freeze—drying, the CHS matrix acts as a binder that
maintains the spatial arrangement of HMTs and provides
the template for creating the hierarchical porous archi-
tecture. The heating rate of 10 °C/minute was selected
to allow gradual thermal decomposition of the organic
components, minimizing thermal stress and preventing
crack formation while preserving the templated porous
structure. During the sintering process at 1300 °C under
atmospheric conditions, the CHS undergoes complete
thermal decomposition and oxidative removal, leaving
behind a porous calcium phosphate ceramic scaffold.

This high sintering temperature was selected spe-
cifically to optimize the hydroxyapatite component.
Temperatures above 1200 °C are necessary to achieve
sufficient densification of hydroxyapatite, improving
mechanical strength through enhanced particle bond-
ing and grain growth. The 2 h soaking time at 1300 °C
was optimized to achieve adequate densification of
hydroxyapatite and phase transformation (as con-
firmed by XRD analysis) without excessive grain growth
that could compromise the porous structure. The sin-
tered ceramic structure achieves mechanical properties
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suitable for bone tissue engineering applications, which
would not be possible with lower temperature processing
that might retain organic content but would compromise
structural integrity.

Materials characterization

Comprehensive material characterization employed
multiple analytical methods to examine HMTs, CHS,
and their composite. Morphological assessment utilized
Hitachi TM-3000 electron microscopy operated at 15 kV
(10 mm working distance). Crystallographic proper-
ties were investigated via Rigaku SmartLab SE diffrac-
tometer with copper radiation (A=1.5406 A), scanning
between 10° and 80° (20) at 0.02° increments and 2°/min
velocity. Molecular composition analysis was conducted
using Thermo Fisher Nicolet iS20 spectroscopy spanning
400-4000 cm™ wavenumbers with 4 cm™ resolution
(32 measurement cycles per specimen). Supplementary
nanoscale structural visualization of HMTs employed
Hitachi HT7800 TEM (transmission electron micros-
copy) (200 kV acceleration voltage) using carbon-coated
copper specimen supports [22].

Isolation, culture and characterization of BMSCs

BMSCs were isolated from 10- to 12 day-old Sprague—
Dawley rats following established protocols [23]. Bone
marrow cell isolation and culture were performed using
the following protocol: bone marrow was extracted from
rat femurs and tibias using DMEM/F12 medium supple-
mented with 10% fetal bovine serum and 1% penicillin—
streptomycin. The cell suspension was processed through
a 70 pm cell strainer and centrifuged at 1000 rpm for
5 min. Cell pellets were resuspended in complete cul-
ture medium and seeded into 75 cm? culture flasks.
After 24 h, non-adherent cells were removed by medium
replacement. Adherent cells were maintained at 37 °C in
a humidified 5% CO2 atmosphere, with media refreshed
every 3 days. Upon reaching 80-90% confluence, cells
were passaged using 0.25% trypsin—-EDTA, with passages
3-5 selected for subsequent experimental procedures.

To induce osteogenic differentiation, BMSCs were cul-
tured in a specialized medium composed of basal cul-
ture medium enriched with 10 mM [-glycerophosphate,
50 pg/mL ascorbic acid, and 10~ M dexamethasone. Cul-
ture media were replenished tri-weekly, and osteogenic
progression was evaluated through Alizarin Red S stain-
ing at 14 and 21 days to quantify calcium mineralization.
For adipogenic differentiation, BMSCs were exposed
to an induction medium containing basal medium sup-
plemented with 0.5 mM isobutylmethylxanthine, 1 uM
dexamethasone, 10 pg/mL insulin, and 100 uM indo-
methacin. Media were replaced every 3 days, and lipid
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accumulation was assessed via Oil Red O staining after
14 days to visualize adipogenic transformation.

Bone marrow mesenchymal stem cell (BMSC) phe-
notyping was conducted through immunophenotypic
characterization via multiparameter flow cytometry.
Cellular surface marker expression was evaluated using
fluorescently labeled monoclonal antibodies. Specifically,
potential mesenchymal stem cell markers were assessed,
including CD29, CD73, and CD90 as positive indica-
tors, while CD14, CD34, and CD45 served as exclusion
markers.

CCK-8 assay

The Cell Counting Kit-8 (CCK-8 MCE, China) was
used to perform the CCK-8 assay [24]. Scaffold materi-
als measuring 5X5 mm were positioned at the base of
96-well culture plates and categorized into three groups:
blank control group (BMSCs cultured directly on tis-
sue culture plastic without any scaffold materials), CHS
group and HMTs—CHS group. Each group had 3 samples.
BMSCs at passage 3 were seeded into the 96-well plates.
After a duration of 24 h, the culture medium along with
non-adherent cells was discarded. The culture medium
was then replaced and cultivation continued. This pro-
cess was documented as day O for the CCK-8 evaluation,
which was used to assess cell viability and proliferation
on different substrates after incubation periods of 1, 3,
and 7d. The optical density (OD) value for each group
was determined using an enzyme microscope at a wave-
length of 450 nm.

EDU cell proliferation assay

Cell proliferation dynamics were assessed through a
comprehensive 5-ethynyl-2’-deoxyuridine (EdU) incor-
poration proliferation assay [25]. BMSCs were strategi-
cally distributed across varied culture conditions (blank
control: cells cultured directly on tissue culture plastic
without scaffolds, CHS: cells cultured on CHS scaf-
folds, and HMTs—CHS: cells cultured on HMTs—CHS
composite scaffolds) in 24-well culture plates, main-
taining a consistent cellular seeding density of 2x10*
cells per well. The proliferative potential was systemati-
cally examined at multiple timepoints: days 1, 3, 5, and
7. During each assessment interval, cells underwent a
targeted EAU labeling protocol, involving a 2 h incuba-
tion with 50 uM EdU solution at 37 °C. Subsequently,
cells were processed through a standardized fixation and
permeabilization sequence: initial 4% paraformaldehyde
fixation followed by 0.5% Triton X-100 permeabiliza-
tion. Utilizing the Cell-Light™ EdU Apollo® 488 In Vitro
Imaging Kit, cellular proliferation was visualized through
precise fluorescent staining. DAPI was employed for
nuclear counterstaining, enabling comprehensive cellular
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visualization. Fluorescence microscopy captured repre-
sentative images, with EdU-positive cell quantification
performed across five randomly selected microscopic
fields per experimental condition. Proliferation rates were
mathematically derived by calculating the proportion of
EdU-positive cells relative to the total DAPI-stained cel-
lular population, providing a quantitative measure of cel-
lular replication potential.

Alkaline phosphatase (ALP) staining

Osteogenic differentiation of BMSCs was evaluated
using ALP staining across Blank control (cells cultured
on tissue culture plastic without scaffolds), CHS, and
HMTs—CHS scaffolds at 7, 14, and 21 days. Cells were
cultured in osteogenic medium supplemented with
[-glycerophosphate, ascorbic acid, and dexamethasone in
24-well plates. At designated timepoints, cells underwent
fixation with 4% paraformaldehyde and were washed
with PBS. ALP enzymatic activity was detected using the
BCIP/NBT ALP Color Development Kit. Stained samples
were examined under a light microscope, with blue—vio-
let staining intensity indicating ALP activity levels [26,
27].

Alizarin red S staining

Matrix mineralization of BMSCs was evaluated using
Alizarin Red S staining [28, 29] on Blank control (cells
cultured on tissue culture plastic without scaffolds),
CHS, and HMTs—CHS scaffolds at 14 and 21 days. Cells
were cultured in osteogenic medium and subsequently
fixed with 4% paraformaldehyde. Following careful wash-
ing with distilled water, samples were stained with 2%
Alizarin Red S solution (pH 4.2) for 15 min. After thor-
ough dye removal, calcium deposits were visualized and
documented under light microscopy. Intense red staining
signified extracellular matrix mineralization.

LDH cytotoxicity assay

Scaffold cytotoxicity was assessed through lactate dehy-
drogenase (LDH) release measurement using a com-
mercial cytotoxicity assay kit [30]. BMSCs were cultured
on Blank control (cells cultured on tissue culture plastic
without scaffolds), CHS, and HMTs—CHS scaffolds in
24-well plates. Culture supernatants were collected at 1,
3, 5, and 7 days, centrifuged, and processed according to
the kit’s protocol. LDH enzymatic activity was quantified
spectrophotometrically at 490 nm, with results expressed
in units per liter.

Quantitative real-time PCR analysis

RNA was isolated from BMSCs cultured on various scaf-
folds using TRIzol reagent, with concentration and qual-
ity assessed spectrophotometrically. ¢cDNA synthesis
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was performed following standard reverse transcription
protocols. Quantitative real-time PCR was conducted
using SYBR Green chemistry, targeting osteogenic genes
RUNX2, COL1, OPN, OCN, and BSP, with GAPDH serv-
ing as the normalization control. Gene expression was
quantified utilizing the 2724t comparative method [31].

Western blot analysis

Protein extraction from BMSCs was performed using
RIPA lysis buffer supplemented with protease inhibitors.
Protein quantification was conducted via BCA assay, with
30 pg samples separated through SDS-PAGE and trans-
ferred to PVDF membranes. Immunoblotting involved
milk-based membrane blocking, followed by overnight
incubation with primary antibodies against osteogenic
markers and GAPDH at 4 °C. After secondary antibody
treatment, protein visualization was achieved using
chemiluminescence, with band quantification performed
through Image] software and normalized to GAPDH
[32].

Animal ethics and housing conditions

Ethical approval for the study was obtained from the
Changzhi Medical College Laboratory Animal Center
(Permit Number: DW2022083) and the Universiti Sains
Malaysia Institutional Animal Care and Use Committee.
Experimental procedures adhered to the Guide for the
Care and Use of Laboratory Animals. The research uti-
lized 24 male Sprague Dawley rats (5 months, 230-350 g)
and one juvenile rat (10-12 days) for bone marrow mes-
enchymal stem cell isolation. Rats were maintained under
controlled environmental conditions (20-26 °C, 40-70%
humidity) with unrestricted access to standard diet and
water. Sample size calculation was based on the 3R prin-
ciples (replacement, reduction, and refinement) of animal
experimentation as described by Russell and Burch [33].
Sample size was calculated using G*Power statistical soft-
ware (@ =0.05, power =0.8), ensuring the minimum num-
ber of animals necessary for statistically robust results.

Surgical procedure and experimental design

A total of 25 male Sprague Dawley rats were used in
this study, including one 10-12 day-old rat for BMSCs
isolation and 24 rats for the critical-size calvarial defect
model. The 24 rats were randomly divided into three
experimental groups (n=8 per group): (1) blank con-
trol group (BG group): critical-size calvarial defects left
empty without any scaffold implantation; (2) CHS group:
defects filled with CHS scaffold; and (3) HMTs—CHS
group: defects filled with HMTs—CHS composite scaf-
fold. Each group was further subdivided for analysis at
two timepoints (n=4 per group per timepoint): 30- and
60 day post-surgery.
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Rats were anesthetized via intraperitoneal injection of
ketamine (90 mg/kg) and xylazine (5 mg/kg), with body
weight recorded. The skull surgical site was sterilized
using compound iodine, and local anesthesia was admin-
istered through subcutaneous lidocaine injection [34]. A
midline sagittal incision exposed the parietal region, with
skin and periosteum carefully retracted. Using a trephine
under sterile saline irrigation, an 8-mm diameter cranial
defect was precisely created. This specific defect size was
selected based on prior studies demonstrating spontane-
ous non-healing in rat calvaria [35].

UV-sterilized scaffold materials (8 mm diameter) were
implanted into defect sites for treatment groups, while
the blank group defects remained unaltered. Wounds
were meticulously sutured, with animals individually
housed and marked. At 30- and 60 day post-surgery, rats
underwent humane euthanasia following AVMA guide-
lines via carbon dioxide inhalation. Respiratory and car-
diac cessation were confirmed, with cervical dislocation
performed as a secondary verification method. Skulls
were subsequently harvested, fixed in 4% formaldehyde
for 48 h, and prepared for micro-CT bone regeneration
analysis.

Micro-CT analysis

Calvarial defect bone regeneration was assessed through
high-resolution micro-computed tomography at 30- and
60-day post-surgery using a Skyscan 1176 micro-CT sys-
tem. Image acquisition parameters included 55 kV volt-
age, 200 pA current, 40 ms exposure, and 0.3° rotational
increments with an aluminum filter. Scan reconstruction
was performed utilizing NRecon software, enabling com-
prehensive three-dimensional visualization of bone heal-
ing progression.

The 8 mm diameter defect was selected as the CSD
model for this study based on well-established criteria
in bone regeneration research. A CSD is defined as the
smallest intraosseous wound that will not heal sponta-
neously during the lifetime of the animal or within the
study period [36]. The 8 mm calvarial defect in adult rats
has been extensively validated and is widely accepted as
the standard CSD model for evaluating bone regenerative
therapies and biomaterials [37]. This defect size ensures
that any observed bone regeneration can be attributed
to the therapeutic intervention rather than spontane-
ous healing, providing a stringent and clinically relevant
testing environment. Furthermore, the rat calvarial CSD
model offers several advantages, including reproduc-
ibility, minimal surgical morbidity, a non-load-bearing
orthotopic site that mimics clinical craniofacial bone
defects, and the ability to create bilateral defects for
direct comparison of treatments [38]. The region of inter-
est (ROI) for analysis was defined as a cylindrical volume
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corresponding to the original 8-mm diameter defect area.
This standardized ROI was used consistently across all
samples and timepoints to ensure comprehensive evalu-
ation of new bone formation throughout the healing pro-
cess. In the blank group (empty defects), the measured
radiopacity directly represented the volume of newly
formed bone tissue (BV). However, for defects filled with
CHS or HMTs—CHS scaffolds, the measured radiopac-
ity represented the combined signal from both the scaf-
fold material and newly formed bone tissue, as their gray
levels were similar [39]. Precise differentiation between
scaffold and newly formed bone tissue was achieved by
establishing a grayscale threshold calibration using pre-
implantation scaffold reference scans.

Bone regeneration was quantitatively assessed through
multiple morphometric parameters [40]. Volume-based
metrics included tissue volume (TV), bone volume (BV),
and bone volume percentage (BV/TV). Surface-related
analyses encompassed total tissue surface (TS), bone sur-
face (BS), specific bone surface (BS/BV), and bone sur-
face density (BS/TV). Trabecular microarchitecture was
evaluated by measuring trabecular thickness (Tb.Th),
number (Tb.N), and separation (Tb.Sp). These compre-
hensive parameters provided insights into both the quan-
tity and structural quality of newly formed bone within
the defect sites.

Histological analysis

Following micro-CT analysis, skull specimens were fixed
in 10% neutral formaldehyde fixative for 48 h. The 10%
neutral formaldehyde fixative was prepared by adding
4.4 g sodium dihydrogen phosphate and 25.9 g disodium
hydrogen phosphate to 900 ml ultrapure water, stirring
until completely dissolved, then adding 100 ml formalde-
hyde solution and mixing well.

After fixation, specimens underwent decalcification in
15% EDTA solution for 4 weeks, with solution replace-
ment every 3 days. The 15% EDTA decalcification solu-
tion was prepared by dissolving 300 g EDTA-2Na and
45 g Tris in ultrapure water to a final volume of 2000 ml.
Following complete decalcification, specimens were
progressively dehydrated through graded ethanol series
(70%, 80%, 90%, 95%, and 100%), cleared with xylene, and
embedded in paraffin wax [41].

Coronal Sections (5 pm thick) were prepared using
a microtome, with three sections per defect sampled to
ensure comprehensive bone regeneration assessment.
Standard hematoxylin and eosin (H&E) staining was per-
formed, involving deparaffinization, rehydration, hema-
toxylin and eosin staining, and mounting. Histological
analysis was conducted using a digital light microscope,
enabling detailed examination of bone regeneration
across the defect site.
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Statistical analysis

The collected in vitro experimental data were processed
and analyzed using GraphPad Prism software (v9.0). The
results are expressed as the mean *standard deviation
(SD). Statistical analyses of cell proliferation, EdQU-posi-
tive cell rates, LDH activity, ALP activity, calcium deposi-
tion, and gene/protein expression levels were performed
using two-way ANOVA, with time and treatment as vari-
ables, followed by Tukey’s post-hoc test for multiple com-
parisons. For the in vivo studies, micro-CT quantitative
data were statistically analyzed using IBM SPSS Statistics
(v24.0). Differences between groups were assessed using
one-way ANOVA with Bonferroni post-hoc test. Statisti-
cal significance was set at p <0.05 for all analyses.

Results

Morphological and structural characterization of HMTs,
CHS, and HMTs-CHS composites

The microstructure and morphology of HMTs were
investigated using SEM and TEM, as shown in Fig. 1A—
D. The SEM micrographs revealed well-dispersed HMTs
with distinct tubular structures at both ends (Fig. 1A, B).
TEM analysis confirmed that these tubular structures
extended throughout the entire length of each micro-
tube (Fig. 1C, D). Morphometric analysis showed that
the HMTs had an average length of 25+4.8 pm and an
average width of 1+0.3 um, resulting in an aspect ratio of
approximately 25.

The pure CHS scaffold exhibited a highly porous struc-
ture with non-uniform pore distribution, as shown in
Fig. 1IE-G. These pores formed an interconnected net-
work throughout the scaffold, with pore diameters vary-
ing from tens to hundreds of micrometers. The scaffold
walls appeared thin and delicate, indicating the inherent
porosity of the CHS material. In contrast, the HMTs—
CHS composite scaffold demonstrated more organized
structural features (Fig. 1H-]). The scaffold displayed a
uniform honeycomb-like architecture with pore sizes

(See figure on next page.)
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ranging from 30 to 200 um, predominantly between 100
and 160 pm. Higher magnification images revealed that
HMTs were evenly dispersed and well-integrated within
the CHS matrix, forming an interconnected three-dimen-
sional network structure. Notably, the tubular structure
of HMTs was preserved throughout the composite scaf-
fold, suggesting successful incorporation of HMTs into
the CHS matrix without structural deterioration.

The crystalline characteristics of the materials were
analyzed using XRD (Fig. 1K). The CHS pattern exhib-
ited diffuse diffraction peaks with a characteristic broad
peak near 20=20°, consistent with its semi-crystalline or
amorphous structure. In contrast, HMTs displayed sharp,
symmetrical diffraction peaks matching the standard
hydroxyapatite pattern, with no impurity peaks and low
background noise, indicating high crystallinity and purity
of the sample. The XRD pattern of the HMTs—CHS com-
posite scaffold revealed a mixed crystalline phase con-
taining both hydroxyapatite and tricalcium phosphate,
suggesting partial phase transformation of hydroxyapa-
tite during the sintering process. While the characteris-
tic sharp peaks of hydroxyapatite were prominent in the
composite, the broad peak of CHS near 26 =20° was not
clearly visible due to the overlapping diffraction patterns
and the relatively low intensity of tricalcium phosphate
peaks.

The chemical composition and molecular interactions
of the materials were characterized using FTIR spec-
troscopy (Fig. 1L). In the HMTs spectrum, characteris-
tic OH stretching vibrations were observed at 3571 cm™
and 2924 cm™, with the latter peak primarily attributed
to hydrogen bonds in water molecules and hydroxyl
groups. Multiple peaks characteristic of phosphate
groups (P—O vibrations) were identified at 470 cm™,
560 cm™, 602 cm™, 961 cm™, 1024 cm™, and 1096 cm ™.
The CHS spectrum revealed several characteristic peaks:
the amino functional group at 3419 cm™, C—H stretching
vibration of methyl and methylene groups in the sugar

Fig. 1 Comprehensive morphological and structural characterization of HMTs, CHS, and HMTs—CHS materials. A, B SEM micrographs showing
the overall distribution and detailed structure of HMTs with scale bars of 10 um and 2 pum, respectively; (C, D) TEM micrographs demonstrating
the hollow tubular structure of HMTs with scale bars of 10 um and 1 um, respectively; (E-G) pure CHS scaffold at different magnifications (scale
bars: 500 pm, 200 um, and 50 um) demonstrating irregular pore distribution with thin walls; (H-J) HMTs—CHS composite scaffold at different
magnifications (scale bars: 500 um, 200 pm, and 50 pum) showing uniform pore distribution with sizes ranging from 30 to 200 um, and evenly

dispersed HMTs stacked within the CHS matrix forming a network structure; (K) XRD patterns of HMTs, CHS, and HMTs—-CHS scaffolds showing their
crystalline characteristics. The HMTs demonstrate sharp, symmetrical diffraction peaks indicating high crystallinity, while the CHS shows diffuse
peaks near 20=20°. The HMTs—CHS composite exhibits a mixed crystalline phase combining characteristics of both materials. The X-axis represents
the diffraction angle (26) in degrees, and the Y-axis shows the diffraction intensity in arbitrary units (a.u.). Black dots indicate the characteristic
diffraction peaks; (L) FTIR spectra of HMTs, CHS, and HMTs-CHS scaffolds demonstrating their chemical composition and molecular interactions. The
X-axis represents the wavenumber (cm™), indicating the frequency of molecular vibrations, and the Y-axis shows the transmittance (%) representing
the proportion of radiation transmitted through the sample. Key absorption peaks are labeled with their corresponding wavenumbers, and dashed
lines indicate the alignment of significant peaks across different samples
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Fig. 1 (Seelegend on previous page.)



Liang et al. European Journal of Medical Research (2025) 30:1076

ring structure at 2874 cm™, and C=O stretching vibra-
tion at 1647 cm™ indicating the material’s crystallinity
and degree of deacetylation. Additional peaks included
the amino group (-NH,) and amide bond (-CONH-) at
1594 cm!, acetic acid-derived vibrations at 1417 cm,
and C-O-C stretching vibrations of the glycosidic bonds
at 1109 cm™ and 1132 cm™. Analysis of the HMTs—CHS
composite scaffold showed enhanced intensity of peaks
at 3419 cm!, 2924 cm!, 2874 cm™!, and 1594 cm™! com-
pared to HMTs while maintaining the distinctive phos-
phate peak at 1024 cm™. These spectral characteristics
confirmed the successful preparation of the HMTs—CHS
composite.

Characterization of rat BMSCs

BMSCs were characterized through morphological
observation, differentiation potential assessment, and
surface marker analysis (Fig. 2). Phase contrast micros-
copy of passage 3 BMSCs revealed homogeneous, spin-
dle-shaped cells arranged in a characteristic whirlpool
pattern (Fig. 2A). The multipotent differentiation capac-
ity of BMSCs was confirmed by their ability to differ-
entiate into adipogenic and osteogenic lineages. After
adipogenic induction, Oil Red "O" staining demonstrated
the presence of red-stained lipid droplets within the cells
(Fig. 2B). Similarly, Alizarin Red S staining revealed the
formation of mineralized nodules following osteogenic
induction (Fig. 2C). Flow cytometric analysis of cell sur-
face markers confirmed the typical BMSC immunophe-
notype (Fig. 2D). The cells showed high expression
levels (>95%) of positive mesenchymal markers, includ-
ing CD29 (99.3%), CD73 (97.2%), and CD90 (99.5%).
Conversely, the cells exhibited minimal expression (<2%)
of hematopoietic markers CD14 (1.1%), CD34 (1.1%), and
CD45 (1.2%), consistent with the standard criteria for
BMSC identification.

Cell viability and proliferation analysis

As shown in Fig. 3A, both HMTs—CHS and CHS scaf-
folds demonstrated good biocompatibility and promoted
cell growth. During the initial culture period (days 1-3),
both groups showed similar proliferation patterns with
relatively moderate growth rates. By day 5, the HMTs—
CHS group exhibited significantly higher cell viability
compared to the CHS group. Cell proliferation rates sta-
bilized in both groups by day 7, with the HMTs—CHS
group maintaining higher cell viability compared to the
CHS group.

The proliferation of BMSCs on different scaffolds was
quantitatively assessed using EdU staining (Fig. 3B-
D). At day 1, while there was no significant difference
between the Blank and CHS groups (ns) or between CHS
and HMTs—CHS groups (ns), the HMTs—CHS group
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showed significantly higher proliferation compared to the
Blank group (*» <0.05). By day 3, both CHS and HMTs—
CHS groups demonstrated significantly higher EdU-pos-
itive cell rates compared to the Blank group (*p<0.05),
though no significant difference was observed between
CHS and HMTs—CHS groups. At day 5, the CHS group
showed significantly higher proliferation than the Blank
group (***p<0.001), and the HMTs—CHS group exhib-
ited significantly higher rates than both the CHS group
(*p<0.05) and Blank group (***p<0.001). This trend
became more pronounced at day 7, where highly signifi-
cant differences (***p <0.001) were observed between all
groups, with HMTs—CHS showing the highest prolifera-
tion rate, followed by CHS, and the Blank group showing
the lowest rate. The fluorescence images clearly showed
a progressive increase in EdU-positive cells (green) over
time, with the HMTs—CHS group consistently showing
the highest number of proliferating cells across all time-
points. Cell nuclei were counterstained with DAPI (blue),
and merged images showed the overlay of EQU and DAPI
signals, confirming the superior proliferation-promoting
effects of the HMTs—CHS scaffold.

Cytotoxicity assessment by LDH release

The cytotoxicity of different scaffolds was evaluated by
measuring LDH release from BMSCs over a 7-day period
(Fig. 4). At day 1, both CHS and HMTs-CHS groups
showed significantly higher LDH activity compared to
the Blank group (***p <0.001), with the CHS group exhib-
iting the highest LDH release, while HMTs—CHS group
showed significantly lower LDH levels than CHS group
(***p<0.001). By day 3, while the CHS group maintained
significantly elevated LDH levels compared to both Blank
and HMTs—CHS groups (***p<0.001), there was no
significant difference between HMTs—CHS and Blank
groups. By days 5 and 7, LDH levels had decreased and
stabilized across all groups, with no significant differ-
ences observed between any of the experimental groups
(ns). This trend suggests an initial adaptive response of
cells to the scaffold materials, followed by stabilization
and improved cell compatibility over time. The reduction
in LDH release to levels comparable with the Blank group
indicates good biocompatibility of both CHS and HMTs—
CHS scaffolds after the initial contact period.

Osteogenic differentiation assessment by ALP and Alizarin
Red S staining

The osteogenic differentiation potential of BMSCs on
different scaffolds was evaluated using ALP staining
(Fig. 5A). At day 7, all groups showed minimal ALP activ-
ity, with the HMTs—CHS group displaying slightly more
intense staining compared to the CHS and blank control
groups. By day 14, there was a notable increase in ALP
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Fig. 2 Characterization of SD rat BMSCs. A Phase contrast microscopy of P3 BMSCs showing typical spindle-shaped morphology and whirlpool-like
arrangement; (B) oil red “O”" staining demonstrating adipogenic differentiation potential with red-stained lipid droplets; (C) Alizarin Red S staining
showing osteogenic differentiation potential with mineralized nodule formation; (D) flow cytometry analysis of surface markers CD14, CD29, CD34,
CD45, CD73, and CD90, confirming the characteristic BMSC immunophenotype with specific expression percentages indicated in each panel

(See figure on next page.)

Fig. 3 Cell viability and proliferation analysis of BMSCs on different scaffolds. A Cell viability evaluated by CCK-8 assay over 7 days of culture. The
Y-axis represents cell viability as a percentage of the control group (100%), and the X-axis shows the culture time in days. Data are presented

as mean = SD. B Quantitative analysis of BMSC proliferation rate by EdU staining. Data are presented as mean+SD (n=5). ns: not significant;
*p<0.05; ***p <0.001. C, D Representative fluorescence images of EdU staining at different timepoints (1d, 3d, 5d,and 7d). EdU-positive cells
(green) indicate proliferating cells, cell nuclei were counterstained with DAPI (blue), and merged images show the overlay of EJU and DAPI signals.
Both HMTs—CHS and CHS groups promoted cell growth, with HMTs—CHS showing superior proliferation-promoting effects across all timepoints
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Fig. 4 Cytotoxicity assessment of different scaffolds by LDH release assay. The LDH activity in culture supernatant was measured at 1, 3, 5,

and 7 days. The Y-axis represents LDH activity (U/L), and the X-axis shows the culture time in days. Data are presented as mean + SD. Statistical
significance: ns=not significant; *p < 0.05; **p <0.01. Higher LDH activity indicates greater cytotoxicity. Both CHS and HMTs—CHS groups showed
initially elevated LDH levels at day 1, which gradually decreased and stabilized to levels comparable to the blank control by day 7, suggesting good

biocompatibility after the initial adaptation period

activity across all groups, with both CHS and HMTs—
CHS groups exhibiting more intense blue—violet staining
compared to the blank control. The HMTs—CHS group
showed the most pronounced ALP activity, suggesting
enhanced osteogenic differentiation. At day 21, the differ-
ence in ALP staining intensity became more prominent.
The HMTs—CHS group demonstrated the strongest ALP
activity, characterized by extensive and intense blue—vio-
let staining throughout the culture area. The CHS group
also showed increased ALP activity compared to the
blank control, but to a lesser extent than the HMTs—CHS
group. This progressive increase in ALP expression over
time, particularly in the HMTs—CHS group, indicates
that the composite scaffold effectively promotes osteo-
genic differentiation of BMSCs.

The extent of matrix mineralization on different
scaffolds was evaluated using Alizarin Red S staining
(Fig. 5B). At day 14, all groups showed evidence of cal-
cium deposition, with varying degrees of intensity. The
HMTs—CHS group exhibited more intense red stain-
ing and larger mineralized nodules compared to both
the CHS and blank control groups, indicating enhanced

calcium deposition. The CHS group showed moderate
mineralization, while the blank control group displayed
minimal calcium deposits. By day 21, the differences in
mineralization became more pronounced. The HMTs—
CHS group demonstrated extensive mineralization char-
acterized by intense red staining throughout the culture
area and the formation of large mineralized nodules. The
CHS group also showed increased mineralization com-
pared to day 14, but to a lesser extent than the HMTs—
CHS group. The blank control group exhibited the least
mineralization, though showing some increase from day
14. These results suggest that the HMTs—CHS compos-
ite scaffold significantly enhances matrix mineralization
during osteogenic differentiation of BMSCs.

mRNA and protein expression analysis of early and late
osteogenic marker genes

The qRT-PCR analysis revealed significantly increased
expression of osteogenic marker genes in both CHS
and HMTs—CHS groups compared to the control group
(Fig. 6A). RUNX2 expression was significantly higher
in both CHS (**p<0.01) and HMTs—-CHS (**p<0.01)
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Fig. 5 Osteogenic differentiation analysis of BMSCs on different scaffolds. A ALP staining of BMSCs cultured on different scaffolds (blank control,
CHS, and HMTs—-CHS) at 7, 14, and 21 days. Blue-violet staining indicates ALP activity, showing progressive increase in intensity with the HMTs—CHS
group demonstrating the strongest staining. B Alizarin Red S staining of BMSCs cultured on different scaffolds at 14 and 21 days. Red staining
indicates calcium deposition in the extracellular matrix, with the HMTs—CHS group showing the most extensive mineralization, particularly at day
21.Both assays demonstrate enhanced osteogenic differentiation in the HMTs—CHS group compared to CHS and blank control groups

groups compared to the control, with HMTs—CHS
showing higher expression than CHS (*p <0.05). COL1
showed marked upregulation in the HMTs—CHS group
(***p<0.001) compared to both control and CHS
groups, with CHS also showing significant increase
compared to control (*p<0.05). Similar patterns were
observed for OPN, where both experimental groups
showed significant upregulation compared to control
(*p<0.05, *p<0.01), with HMTs—CHS demonstrating

higher expression than CHS (*p < 0.05). For OCN, both
groups showed significant increases compared to con-
trol (**p <0.01), with HMTs—CHS exhibiting the high-
est expression (****p<0.0001 vs. control, **p<0.01 vs.
CHS). BSP expression followed a similar trend, with
significant upregulation in both CHS and HMTs-CHS
groups compared to control (**p<0.01, ***p<0.001),
and HMTs—CHS showing higher expression than CHS
(*p<0.05).
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Fig. 6 Expression of osteogenic markers in BMSCs cultured on different scaffolds. A gRT-PCR analysis of RUNX2, COL1, OPN, OCN, and BSP gene
expression. B Western blot analysis of osteogenic proteins. C Quantification of protein expression levels normalized to GAPDH. Data are presented

as mean=SD. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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Western blot analysis revealed significant changes in
the expression of both early and late osteogenic mark-
ers (Fig. 6B, C, Supplementary file Figs. S1-S7). The
early osteogenic markers RUNX2 and COL1 showed
progressive increases across the groups. Compared to
the Blank Control group, the CHS group demonstrated
significantly increased expression of both RUNX2 and
COL1 (*p<0.05). The HMTs—CHS group showed fur-
ther enhanced expression of these markers, with signifi-
cantly higher levels compared to both the Blank Control
(*p<0.05) and CHS groups (#p <0.05). For the late osteo-
genic markers, a similar trend was observed. The expres-
sion levels of OPN, OCN, and BSP were significantly
upregulated in the CHS group compared to the Blank
Control (*p <0.05). The HMTs—CHS group exhibited the
highest expression levels of all three proteins, showing
significant increases compared to both the Blank Con-
trol (*»<0.05) and CHS groups (#p<0.05). Specifically,
OPN levels increased approximately 1.8-fold, OCN lev-
els increased about twofold, and BSP levels increased

A. Blank control_30 day

B. CHS_30 day
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approximately 1.6-fold in the HMTs—CHS group com-
pared to the Blank Control.

Micro-CT analysis of bone regeneration

Bone regeneration within the calvarial CSDs was evalu-
ated using micro-CT at 30- and 60 day post-surgery
(Fig. 7). The pattern of new bone formation in all groups
progressed from the defect periphery toward the center.
The blank group showed minimal bone regeneration,
limited primarily to the defect margins, indicating that
these CSDs could not heal spontaneously. In contrast,
both CHS and HMTs—CHS groups demonstrated new
bone formation in the central region of the defects, with
the HMTs—CHS group exhibiting more extensive bone
coverage.

Quantitative analysis at 30 day post-surgery (Table 1)
revealed significant differences in bone surface (BS;
p=0.019), bone surface density (BS/TV; p=0.035), and
trabecular number (Tb.N; p<0.001). Notably, trabecular
separation (Tb.Sp) also showed significant differences

C. HMTs-CHS_30 day

D. Blank control_60 day

E. CHS_60 day

F. HMTs-CHS_60 day

Fig. 7 Micro-CT analysis of bone regeneration in rat calvarial CSDs. A-C Representative images at 30-day post-surgery and (D-F) at 60 day
post-surgery for Blank Group, CHS group, and HMTs—CHS group, respectively. Green coloring indicates new bone formation
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Table 1 Quantitative micro-CT analysis of bone repair parameters in each experimental group at 30- and 60-day post-surgery,
showing mean =+ SD values and statistical significance (p values) between groups

Bone repair parameters Units BG CHS HMTs-CHS p value

30 days
Tissue volume (TV) mm? 102.03 (1.55) 103.02 (1.30) 102.38 (0.80) 0.556
Bone volume (BV) mm? 7.92 (1.38) 8.33(0.82) 9.06 (0.83) 0.342
Percent bone volume (BV/TV) % 7.76 (1.36) 8.09(0.77) 8.84(0.75) 0.342
Bone surface (BS) mm? 71.26 (6.24) 85.76 (6.23) 86.83 (8.13) 0.019
Bone surface/volume ratio (BS/BV) 1/mm 9.25(1.77) 10.34 (0.98) 9.64 (1.15) 0.527
Bone surface density (BS/TV) 1/mm 0.70 (0.07) 0.83 (0.07) 0.85 (0.08) 0.035
Trabecular thickness (Tb.Th) mm 0.51 (0.08) 0.36 (0.09) 037 (0.11) 0.103
Trabecular number (Th.N) 1/mm 0.16 (0.02) 0.26 (0.02) 9 (0.06) <0.001
Trabecular separation (Tb.Sp) mm 1.06 (0.16) 147 (0.14) 1.53(0.18) 0.005

60 days
Tissue volume (TV) mm? 102.92 (1.94) 102.52 (1.86) 102.56 (0.71) 0.902
Bone volume (BV) mm? 10.28 (1.41) 1112 2.71) 13.92 (1.36) 0.060
Percent bone volume (BV/TV) % 10.00 (1.52) 9.74 (1.36) 14.07 (0.84) 0.002
Bone surface (BS) mm? 71.31 (16.40) 104.60 (20.78) 150.03 (23.81) 0.001
Bone surface/volume ratio (BS/BV) 1/mm 7.12(1.83) 9.95 (3.68) 10.82 (1.65) 0.158
Bone surface density (BS/TV) 1/mm 0.69 (0.15) 1.02 (0.20) 47 (0.24) 0.001
Trabecular thickness (Tb.Th) mm 0.41 (0.06) 0.42 (0.04) 0.46 (0.05) 0.436
Trabecular number (Tb.N) 1/mm 027 (0.11) 0.27 (0.02) 0.37(0.03) 0.096
Trabecular separation (Tb.Sp) mm 157 (0.14) 1.60 (0.17) 135(0.11) 0.068

between groups (p=0.005). Other parameters includ-
ing tissue volume (TV; p=0.556), bone volume (BV;
p=0.342), percent bone volume (BV/TV; p=0.342),
bone surface/volume ratio (BS/BV; p=0.527), and tra-
becular thickness (Tb.Th; p=0.103) showed no signifi-
cant differences at this timepoint. At 60-day post-surgery
(Table 1), while absolute bone volume (BV) showed a
trend toward higher values in the HMTs—CHS group
(13.92 +1.36 mm®) compared to CHS (11.12+2.71 mm?)
and blank groups (10.28+1.41 mm?®), this difference did
not reach statistical significance (p=0.060). However,
bone quality parameters demonstrated significant superi-
ority of the HMTs—CHS scaffold. The bone volume frac-
tion (BV/TV), which normalizes bone volume to the total
defect volume and provides a more accurate assessment
of defect filling, was significantly higher in the HMTs—
CHS group (14.07+0.84%) compared to both CHS
(9.74 £ 1.36%) and blank groups (10.00+ 1.52%, p=0.002).
Moreover, surface-related parameters including bone
surface (BS, p=0.001) and bone surface density (BS/TV,
p=0.001) were significantly elevated in the HMTs—CHS
group, indicating not only greater quantity but also supe-
rior quality and maturity of newly formed bone tissue.

Histological evaluation of bone regeneration
Histological analysis revealed distinct patterns of bone
regeneration across all experimental groups at both

timepoints. At 30-day post-surgery, the Blank Group
(Fig. 8A) showed new bone formation limited to the
defect margins, while the central region was filled with
loose connective tissue. The fibrous tissue distant from
the bone margins appeared more dense, with collagen
fibers arranged parallel to the defect surface. Inflamma-
tory cells, fibroblasts, and newly formed blood vessels
were observed throughout the defect area. In the CHS
group at 30 days (Fig. 8B), irregular scaffold materials
were widely distributed and embedded within collagen
fibers throughout the defect area. The central region con-
tained a mixture of fibroblasts, osteocytes, new bone for-
mation, and blood vessels. Notably, vacuoles and fissures
were observed surrounding the newly formed bone, with
evidence of bone tissue remodeling at both the defect
margins and central regions. The HMTs—CHS group at
30 days (Fig. 8C) demonstrated irregular scaffold material
distribution interwoven with collagen fibers. New bone
formation was observed at the defect margins along-
side highly cellularized connective tissue. Multiple bone
islands composed of osteoid tissue formed in the central
defect region, with some containing medullary spaces.
Some areas showed aseptic inflammatory response dur-
ing the repair process.

By 60-day post-surgery, the Blank Group (Fig. 8D)
showed increased new bone formation at the defect
margins, with visible bone islands connecting to the
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C. HMTs-CHS_30 day

F. HMTs-CHS_60 day

Fig. 8 H&E staining of calvarial defects at 30- and 60 day post-surgery. A-C Representative images at 30 days showing new bone formation in Blank
Group, CHS group, and HMTs—CHS group, respectively. D-F Representative images at 60 day post-surgery for Blank Group, CHS group, and HMTs—
CHS group. The dotted line was used to show the border of the original basal bone and regenerated bone

defect edges. However, the central region remained pre-
dominantly filled with connective tissue. The CHS group
(Fig. 8E) showed significant scaffold degradation, with
new bone formation present at both the margins and
central regions. Multiple irregular bone islands were
observed in the central area, interspersed with loose con-
nective tissue.

The HMTs—CHS group at 60 days (Fig. 8F) exhibited
extensive new bone formation throughout both the mar-
ginal and central regions of the defect. The new bone in
the central region had consolidated into larger segments,
showing increased volume and distribution. Connective
tissue was notably reduced, and small amounts of unab-
sorbed scaffold material remained visible, surrounded by
macrophages.

Discussion

The morphological analysis results revealed that HMTs—
CHS forms a well-organized honeycomb-like struc-
ture with pore sizes predominantly ranging from 100
to 160 pm, encompassed within a broader distribution
of 30-200 pum. This pore size distribution is particu-
larly advantageous for bone tissue engineering applica-
tions, as previous studies have established that pore sizes
between 100 and 400 pm are optimal for bone regenera-
tion [42]. Specifically, pores around 100 pum facilitate cell
adhesion and proliferation, while larger pores promote
cell migration and vascularization [43]. The hierarchical
pore structure observed in our scaffold aligns with these
requirements, where the smaller pores (30-100 pm) can

support initial cell attachment and proliferation, while
the majority pores (100-160 pm) provide adequate
space for cell migration, matrix deposition, and vascular
ingrowth. This structural feature is particularly signifi-
cant as it mimics the hierarchical organization of natural
bone tissue, where multiple scales of porosity contribute
to different biological functions. The honeycomb-like
architecture not only provides mechanical support but
also creates interconnected channels that are crucial for
nutrient diffusion and waste removal, essential factors for
successful bone regeneration [44].

Beyond the pore architecture of our HMTs—CHS scaf-
fold, the elongated morphology of hydroxyapatite itself
plays a crucial role in bone regeneration. The effective-
ness of elongated hydroxyapatite structures extends
beyond nanowires to include microtubes. Hou et al.
(2022) [18] demonstrated that HMTs form a unique
“pipeline framework” within scaffolds, which intercon-
nects adjacent pores and enhances mechanical proper-
ties, breathability, and signal transmission—features that
complement the osteogenic properties observed with
nanowire-based composites. Furthermore, the tubular
morphology of hydroxyapatite structures has been shown
to offer advantages over conventional particle forms,
with Beaufils et al. (2019) [45] reporting that calcium-
deficient hydroxyapatite nanotubes exhibit better biolog-
ical and mechanical properties than spherical particles.
In addition, Fu et al. (2021) [46] found that incorporat-
ing ultralong hydroxyapatite nanowires into composite
membranes effectively enhanced bone tissue formation
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in rat calvarial defects, with optimal mechanical proper-
ties achieved at 10 wt% nanowire content. These findings
collectively support the structural design rationale of our
HMTs—CHS scaffold, where the ultralong tubular mor-
phology of HMTs provides both mechanical reinforce-
ment and bioactive signaling for enhanced osteogenesis.

The CCK-8 assay showed significantly enhanced cell
proliferation in the HMTs—CHS group compared to the
CHS group at day 5, while micro-CT analysis results con-
firmed superior bone regeneration with higher BV/TV,
BS, and BS/TV values (p <0.05) in the HMTs—CHS group
at 60-day post-surgery. The combination of ultralong
HMTs and CHS has been shown to enhance osteogenic
effects compared to using CHS alone. This improve-
ment is attributed to the synergistic properties of HMT
and CHS, which together provide superior mechanical
strength, biocompatibility, and drug delivery capabili-
ties. The integration of these materials results in a com-
posite scaffold that is particularly effective for bone tissue
engineering and regeneration applications. These find-
ings align with previous research by Sun et al. [19], who
demonstrated that combining ultralong hydroxyapatite
nanowires with CHS promotes osteogenic differentia-
tion. In particular, the Zn-UHANWSs/CS (ultralong HA
nanowires decorated with zinc-containing nanoparticles
and CHS) composite scaffold enhances the osteogenic
differentiation of rat bone-marrow-derived mesenchy-
mal stem cells, facilitating in vivo bone regeneration
more effectively than pure CHS scaffolds [19]. Similar
enhancement effects have been reported by Souto-Lopes
et al. [47], who found that HA-CHS composites promote
higher bone volume and new bone formation compared
to CHS alone. This was confirmed through microCT and
histological analysis, which showed increased calcium
deposition and bone ingrowth in the HA—CHS compos-
ite group [47]. In addition, Safira et al. used rats model
and found that HA-CHS composites modulate cytokine
levels and increase biochemical markers associated with
bone formation, such as ALP and calcium, more effec-
tively than CHS alone [48]. Moreover, Gawel et al. have
demonstrated that HA-CHS composites support better
cell proliferation and osteogenic differentiation com-
pared to CHS scaffolds. The superior performance of
such composite systems has been attributed to the syner-
gistic effects between HA and CHS, where HA provides
bioactive signals for osteogenesis, while CHS offers a
suitable matrix for cell growth [47].

The enhanced osteogenic differentiation observed in
the HMTs—CHS group can be attributed to the coordi-
nated regulation of both early and late osteogenic mark-
ers. Our results demonstrated significant upregulation of
RUNX2, a master transcription factor essential for osteo-
genic differentiation, which initiates the expression of key
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bone-specific genes. Peng et al. found that biomimetic
scaffolds composed of HA and CHS have been shown
to support the adhesion and proliferation of murine
mesenchymal stem cells (mMSCs), leading to increased
RUNX2 expression [49]. The simultaneous increase in
COL1 expression, which is crucial for the formation of
the extracellular matrix, suggests that the HMTs—CHS
scaffold effectively triggers the initial stages of osteogenic
differentiation. This finding aligns with previous study
conducted by Yang et al. showing that CS/HA compos-
ite films can enhance the expression of COL1 in MSCs
[50]. The subsequent elevation of late osteogenic markers
(OPN, OCN, and BSP) indicates successful progression
through the osteogenic differentiation cascade. OPN, as
a prominent non-collagenous protein in bone matrix,
plays a crucial role in cell attachment and matrix min-
eralization through its calcium-binding properties and
interaction with integrin receptors [51]. OCN, primarily
expressed during the late stages of osteogenic differentia-
tion, regulates hydroxyapatite crystal formation and acts
as a signaling molecule to coordinate bone mineraliza-
tion [52]. BSP, another key component of mineralized
tissues, facilitates initial crystal formation during bone
mineralization and promotes osteoblast differentiation
through its RGD sequence-mediated cell adhesion [53].
The ability of HMTs—CHS to promote both early and
late markers can be explained by the synergistic effects
of its components: the ultralong HMTs provide sustained
calcium and phosphate ion release, while CHS’s posi-
tive surface charge facilitates cell adhesion and subse-
quent activation of mechanotransduction pathways that
promote osteogenic gene expression. This coordinated
enhancement of the entire osteogenic program likely
contributes to the superior bone regeneration observed
in our in vivo studies.

The superior osteogenic performance of HMTs—
CHS scaffolds can be attributed to the unique struc-
tural characteristics of ultralong HMTs, particularly
their hollow tubular morphology and high aspect ratio.
The hollow tubular structure creates a “pipeline frame-
work” that interconnects adjacent pores, enhancing
mechanical properties, breathability, and signal trans-
mission throughout the scaffold [18]. This hollow archi-
tecture provides a high surface area (>100 m?/g) with
mesoporous shell walls, facilitating enhanced protein
adsorption, cell attachment, and controlled delivery of
bioactive molecules [54]. Studies have demonstrated
that hydroxyapatite with higher aspect ratios exhibit
superior osteogenic effects through osteoimmunomod-
ulation, specifically by promoting T cell infiltration and
IL-22 production, which activates JAK1/STAT3 sign-
aling in bone marrow stromal cells [55]. In addition,
ultralong hydroxyapatite nanowires can be assembled
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into biomimetically ordered structures that guide direc-
tional stem cell migration and promote M2 macrophage
polarization, creating a favorable osteoimmune environ-
ment [20]. The elongated morphology of HMTs (aspect
ratio ~ 25) mimics the anisotropic architecture of natural
bone matrix, providing both mechanical reinforcement
and topographical cues for cell guidance. In contrast to
conventional spherical hydroxyapatite particles that pri-
marily function through passive osteoconduction, the
ultralong tubular morphology of HMTs actively orches-
trates spatial cell organization and enhances osteoinduc-
tion through multiple synergistic mechanisms, explaining
the significantly enhanced bone regeneration observed in
this study.

Despite the promising results of this study, several limi-
tations should be acknowledged. First, while the HMTs—
CHS scaffold demonstrated enhanced bone regeneration,
the molecular mechanisms underlying this improved
osteogenic effect, particularly the signaling pathways
involved in cell-material interactions, remain to be fully
elucidated. Second, our in vivo study was limited to a
60-day observation period, which may not be sufficient
to evaluate the long-term stability and complete remod-
eling of the regenerated bone tissue. A longer follow-up
period, specifically 90- or 120-day studies, would provide
valuable insights into complete scaffold resorption and
bone maturation processes over time. Third, although the
critical-size calvarial defect model is widely accepted for
evaluating bone regeneration, additional studies using
load-bearing bone defect models would be beneficial.
Specifically, biomechanical testing in a rabbit femoral
defect model could validate the scaffold’s load-bearing
capacity under mechanical stress conditions, though
scalability of HMT synthesis may pose challenges for
large-scale production needed for such studies. Further-
more, the current study focused primarily on radiologi-
cal and histological assessments; future research should
include comprehensive biomechanical testing to evalu-
ate the mechanical properties of the regenerated bone
tissue. Finally, while our sample size was sufficient for
statistical analysis, larger scale studies would be valu-
able to validate these findings and assess potential vari-
ations in healing responses. Future investigations should
also explore the possibility of incorporating growth fac-
tors or bioactive molecules into the HMTs—CHS scaffold
to further enhance its osteogenic potential and optimize
its degradation rate to better match the pace of new bone
formation.

The findings of this study open up promising ave-
nues for future research and clinical applications in
bone tissue engineering. The successful development
of the HMTs—CHS composite scaffold suggests sev-
eral directions for further investigation, particularly
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exploring the potential of using the hollow structure of
HMTs as carriers for bioactive molecules and growth
factors to enhance bone regeneration. From a clinical
perspective, the scaffold shows considerable poten-
tial for translation, especially in oral and maxillofacial
surgery, where it could serve as a viable alternative to
traditional bone grafts. This is particularly significant
in cases, where autologous bone grafting is limited by
donor site availability or morbidity. The scaffold’s dem-
onstrated ability to promote bone regeneration, com-
bined with its biocompatibility and suitable mechanical
properties, suggests promising clinical applications. In
the context of maxillofacial surgery, the HMTs—CHS
scaffold could be particularly valuable for reconstruct-
ing cranial bone defects resulting from trauma, tumor
resection, or congenital malformations, where the
non-load-bearing nature of calvarial bones aligns well
with the scaffold’s mechanical properties. The scaffold’s
porous architecture and osteoinductive capacity make
it especially suitable for addressing the unique chal-
lenges of cranial defect repair, including the need for
adequate vascularization and integration with the dura
mater and overlying soft tissues. However, translating
this technology from laboratory to clinical scale will
require addressing the scalability challenges inherent
to hydrothermal synthesis of HMTs, particularly the
batch-to-batch consistency, production time (25-h syn-
thesis cycles), and manufacturing costs associated with
large-volume production. Future work should explore
optimized continuous-flow hydrothermal systems or
alternative synthesis methods that maintain the unique
tubular morphology while enabling cost-effective mass
production suitable for clinical demands. Before clini-
cal implementation, larger animal studies and compre-
hensive safety assessments will be necessary to validate
these findings and optimize the scaffold for human
use. Future research should also focus on optimizing
the degradation rate of the scaffold to better match
the pace of new bone formation. Specifically, modulat-
ing the CHS molecular weight, degree of deacetylation,
and the HA/CHS ratio could provide fine control over
degradation kinetics, ensuring that scaffold resorption
occurs synchronously with new bone formation rather
than prematurely or too slowly. Long-term stability
is another critical consideration for clinical transla-
tion; the scaffold must maintain sufficient mechanical
integrity during the early healing phase while gradually
transferring load-bearing function to the regenerating
bone tissue. Balancing these temporal requirements—
controlled degradation matched to bone regenera-
tion rates while preserving structural stability—will
be essential for achieving optimal clinical outcomes in
CSDs. Incorporating advanced imaging techniques for
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long-term follow-up studies would provide valuable
insights into the complete regeneration process and
integration with host tissue.

Conclusion

In this study, we successfully fabricated and characterized
a novel HMTs—CHS composite scaffold with optimal
structural properties for bone tissue engineering. In vitro
studies demonstrated that the HMTs—CHS scaffold sig-
nificantly enhanced BMSC proliferation and osteogenic
differentiation, supported by elevated expression of both
early and late osteogenic markers. The scaffold’s superior
performance was further validated in vivo using a rat cal-
varial CSD model. Micro-CT analysis revealed that the
HMTs—CHS group achieved a 14.07 + 0.84% bone volume
fraction at 60 days, representing a 44% relative improve-
ment over the CHS group (9.74+ 1.36%), alongside supe-
rior trabecular architecture. Complementary histological
evaluation confirmed more extensive bone formation
throughout the defect site, with greater maturation and
organization of the regenerated tissue. The enhanced
bone formation and maturation observed in the HMTs—
CHS group can be attributed to the synergistic effects of
ultralong HMTs and CHS, where the microtubes provide
biomimetic calcium phosphate signals, while CHS offers
an optimal matrix for cell attachment and growth. These
findings establish the HMTs—CHS composite scaffold
as a promising biomaterial for bone tissue engineering,
particularly in the treatment of cranial bone defects, and
suggest potential for future development in load-bearing
applications.

Reporting guidelines statement

This study was designed and reported in accordance
with the ARRIVE guidelines (Animal Research: Report-
ing of In Vivo Experiments) for the ethical use of animals
in research. All experimental procedures followed these
guidelines to ensure appropriate experimental design,
statistical methods, and comprehensive reporting of rel-
evant details regarding the animals used in this study.
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