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ARTICLE INFO ABSTRACT
In this study, we report a rationally engineered CaP@CS-CNT nanocomposite
Article History: as a multifunctional reinforcement for bone cement, combining hydroxyapatite-
Received 15 June 2025 like calcium phosphate (CaP) nanoparticles with a chitosan-carbon nanotube
Accepted 17 September 2025 (CS-CNT) network. The synthesis follows a three-stage strategy: (i) controlled
Published 01 October 2025 precipitation to generate CaP nuclei, (ii) fabrication of a CS-CNT scaffold via acid-
functionalized multi-walled CNTs dispersed in chitosan under acidic conditions
Keywords: with optimized CS:CNT ratio, and (iii) in situ mineralization of CaP onto the CS—
Bone cement CNT surface to yield CaP@CS-CNT with ~20 wt% CaP loading. Characterization
Calcium phosphate by FE-SEM revealed a hierarchical ‘morphology whge nanosca.le Ca.P crystals
. decorate the CS-CNT backbone without compromising CNT integrity. FT-IR
nanoparticles confirmed the coexistence of CNT-associated vibrations and CaP phosphate bands,
Carbon nanotubes consistent with surface-confined mineralization and strong interfacial interactions
Chitosan mediated by hydrogen bonding and electrostatic forces. Biocompatibility
Nanocomposite assessments demonstrated low cytotoxicity to osteoblastic cells, minimal hemolysis

in human erythrocytes, and negligible acute inflammatory activation in RAW 264.7
macrophages, relative to CaP or CS-CNT controls. Mechanical and physiochemical
analyses indicated enhanced flexural strength and favorable dispersion within
cement matrices, attributed to the percolating CS-CNT network augmented
by hydrophilic CaP domains that promote load transfer and crack deflection.
Collectively, CaP@CS-CNT emerges as a bioactive, mechanically robust additive
with potential to improve osteoconductivity and longevity of bone cement implants,
warranting further in vivo evaluation.
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INTRODUCTION

Bone cement plays a pivotal role in orthopedic
and dental interventions by anchoring implants,
augmenting load-bearing capacity, and enabling
early mobilization after fracture or vertebral
augmentation [1-4]. Historically, polymethyl
methacrylate (PMMA) emerged as the dominant
bone cement due to its rapid polymerization,
favorable handling, and strong initial fixation;
however, its exothermic curing, lack of bioactivity,
and potential inflammatory response have
spurred the search for more biocompatible
alternatives [5-7]. Calcium phosphate (CaP) based

closer chemical and mineralogical similarity to
bone mineral, enabling gradual resorption and
osteoconductivity, but often suffer from limited
mechanical strength and handling challenges [8-
10]. To overcome these limitations, researchers
have explored composite formulations that
combine bioactive inorganic phases with polymer
matrices such as poly(lactic-co-glycolic acid)
(PLGA) [11, 12], polycaprolactone (PCL) [13-15],
or chitosan to balance bioactivity with toughness
[16-18]. Incorporating nanostructured calcium
phosphates (e.g., nano-apatite, nano-tricalcium
phosphate) enhances surface roughness, protein

cements, including brushite, hydroxyapatite, adsorption, and meso/micro porosity, while
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Fig. 1. Various types of compounds used in bone cement.
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additives are investigated to improve fracture
toughness and fatigue resistance. The current
trajectory emphasizes hybrid materials that couple
bioactivity, ion release for osteogenesis, and
mechanical resilience to closely emulate native
bone while enabling therapeutic ion delivery and
personalized defect filling. Fig. 1 shows different
types of compounds that used in material’s bone
cement.

Nanomaterials have emerged as transformative
enhancersforbone cement, enabling simultaneous
improvements in bioactivity, mechanical resilience,
and degradation behavior [19-21]. Recent original
studies demonstrate that nanoscale additives
refine interfacial bonding, tailor ion release, and
promote osteointegration without compromising
handling or setting characteristics [22-24]. Calcium
phosphate nanoparticles (CaP NPs), including nano-
hydroxyapatite and nano-tricalcium phosphate,
mimic bone mineral and provide osteoconductive
surfaces that support protein adsorption and
cellular adhesion [25-28]. Nanoscale carbon-
based reinforcements, such as graphene oxide
[29-31] and carbon nanotubes [32, 33], enhance
fracture toughness and fatigue resistance through
improved load transfer and crack deflection,
while maintaining biocompatibility when properly
dispersed and surface-modified. Silica and
bioactive glass nanoparticles contribute controlled
ionic dissolution, stimulating osteogenic signaling
and vascularization [34, 35]. Metal oxide and
ceramic nanofillers (e.g., MgO, ZnO, TiO,) modulate
crystallinity, thermal stability, and radiopacity,
enabling safer sterilization and imaging [36, 37].
In polymer—ceramic composites, nanoscale fillers
are dispersed within PMMA, PMMA-bioglass, or
poly(lactic-co-glycolic acid) matrices to balance
brittleness and toughness, often achieving
porosity and pore interconnectivity favorable for
tissue ingrowth [38, 39]. Advanced approaches
also explore surface-functionalized NPs (RGD
motifs, peptide anchors) to enhance cell material
interactions, while ensuring cytocompatibility.
Collectively, these nanomaterial strategies pave
the way for next-generation bone cements that
closely emulate native tissue mechanics, support
remodeling, and enable targeted therapeutic ion
delivery. If you'd like, I can tailor this paragraph
to emphasize the specific system you investigate
(CaP NPs on chitosan—CNT) and connect it to your
experimental aims.

The aim of this original study is to develop and
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characterize a hybrid bone cement system by
incorporating calcium phosphate nanoparticles
onto a chitosan—carbon nanotube scaffold to
elucidate how nano-scale CaP-CNT integration
modulates the physiochemical properties,
mechanical integrity, and bioactive performance
of the cement, thereby advancing its suitability
for load-bearing orthopedic applications and bone
regeneration.

MATERIALS AND METHODS
General

All reagents and materials employed in this
study were of analytical grade and used as
received unless otherwise specified. Calcium
phosphate precursors, including calcium nitrate
tetrahydrate (Ca(NO,), 4H,0, 299%), diammonium
hydrogen phosphate (NH,),HPO,, and calcium
chloride dihydrate (CaCl,-2H,0, 299%), were
purchased from Sigma-Aldrich. Chitosan (medium
molecular weight, degree of deacetylation ~85%),
was obtained from Sigma-Aldrich and employed
after thorough drying under vacuum at 60 °C for
12 h to remove residual moisture. The chitosan
solution was prepared in 1% (v/v) acetic acid
with constant stirring. Aqueous solutions were
prepared with deionized water (18.2 MQ-cm)
from a Milli-Q system. Polycaprolactone (PCL, Mw
~80,000 Da) and N,N-dimethylformamide (DMF,
anhydrous, 299.8%) were sourced from Sigma-
Aldrich and used as received. Carboxylated carbon
nanotubes (CNT-COOH, outer diameter 8—12 nm,
length 1-5 um) were purchased from Nanolntegris
and pre-washed with ethanol to remove residual
surfactants prior to functionalization. For surface
modification, (3-aminopropyl)triethoxysilane
(APTES, 99%), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC, 99%), and
N-hydroxysuccinimide (NHS, 98%) were obtained
from Sigma-Aldrich and used as coupling reagents
without  further  purification.  Hydrophobic
polypropylene carbonate (PPC) and acetone were
used for solvent exchanges during processing. All
salts and buffer components used forionic strength
control or pH adjustment were of analytical grade
and purchased from Merck or Sigma-Aldrich.
Glassware was cleaned with aqua regia and
rinsed thoroughly with deionized water prior to
use. Prior to experiments, all powders were dried
under vacuum at 50-60 °C for 12-24 h to remove
moisture. Where applicable, endotoxin-free water
was used for biological-related procedures, and all
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experiments were performed under standardized
laboratory conditions (22-25 °C, 40-60% relative
humidity).

Preparation of Calcium Phosphate Nanoparticles
Incorporated on Chitosan-Carbon Nanotubes
(CaP@CS—CNT)

Preparation of calcium phosphate
nanoparticles, chitosan—carbon nanotube
nanocomposites, and their integration (CaP@CS—
CNT) was carried out by sequential precipitation,
polyelectrolyte nanotube assembly and in situ
mineralization. Calcium phosphate nanoparticles
were synthesized by dropwise mixing of
aqueous precursors under controlled pH and
temperature: 0.5 M Ca(NO,),-4H,0 (50.0 ml)
and 0.3 M (NH,),HPO, (50.0 mL) stock solutions
were prepared in deionized water and filtered
(0.22 um) prior to use. The calcium solution
was heated to 60 °C and stirred at 800 rpm in
a thermostatted reactor while the phosphate
solution was delivered by syringe pump at 1.0 mL
min~* to provide a final nominal Ca/P molar ratio
of 1.67. The pH was monitored continuously and
maintained at 9.0 £ 0.05 by automated addition of
1.0 M NH,OH to favor formation of hydroxyapatite-
like CaP nuclei and minimize alternate phases.
After completion of addition, the mixture was
aged at 60 °C for 12 h to promote crystallinity,
then cooled to room temperature. The precipitate
was collected by centrifugation at 12,000 x g
for 15 min, washed three times with deionized
water until the supernatant conductivity dropped
below 50 uS cm™, and redispersed by brief (2
min) low-power bath sonication to yield a stable
aqueous dispersion of CaP nanoparticles (nominal
concentration = 10 mg mL™) [40, 41].

Chitosan—carbon nanotube nanocomposites
were prepared using acid-functionalized multi-
walled carbon nanotubes (MWCNTs, outer
diameter 10-20 nm, length 1-5 pm) and
medium—molecular-weight chitosan (degree of
deacetylation 85%, Mw = 200 kDa). MWCNTs
(100 mg) were oxidatively purified by reflux in a
3:1 mixture of concentrated HZSO4/HNO3 (100
mL total) for 3 h, diluted with deionized water,
filtered, and washed to neutrality; the resulting
carboxylated MWCNTs were dried and redispersed
at 1.0 mg mL? in 0.5 wt% acetic acid by bath
sonication for 30 min. Chitosan was dissolved at
10 mg mL™? in 1.0 wt% acetic acid under stirring
at 40 °C for 2 h. The CNT suspension was added
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dropwise to the chitosan solution under vigorous
stirring to produce a final CS:CNT mass ratio of 10:1
(i.e., 100 mg chitosan with 10 mg CNTs in 10 mL
total volume), and the mixture was sonicated with
a probe (20 kHz, 30% amplitude) in pulsed mode
for 3 min to promote homogeneous dispersion
while avoiding polymer degradation. The pH
was adjusted to 5.5 with 0.1 M NaOH to partially
deprotonate chitosan and strengthen interfacial
interactions without precipitating the polymer.
The resulting CS—CNT dispersion was centrifuged
at 3000 for 5 min to remove large aggregates and
stored at 40 °C [42, 43].

In situ mineralization of calcium phosphate on
the CS—CNT scaffold (CaP@CS—CNT) was conducted
by performing the controlled precipitation of CaP
in the presence of the prepared CS—CNT dispersion
to promote heterogeneous nucleation on the
polymer—nanotube interface. Ten milliliters of
CS—CNT dispersion (containing 10 mg chitosan and
1 mg CNTs) was diluted to 50 mL with deionized
water and adjusted to pH 7.4 with 0.1 M phosphate
buffer (10 mM final concentration) to provide
physiological ionic strength and buffering capacity.
Separately, 0.1 M Ca(NO,), (10 mL) and 0.06 M
(NH,),HPO, (10 mL) solutions were prepared and
filtered. The calcium solution was added to the
CS—CNT dispersion at 1.0 mL min~* under stirring at
600 rpm while maintaining the temperature at 25
t 1 °C; subsequently, the phosphate solution was
introduced at the same rate to achieve an overall
Ca/P molar ratio of 1.67 and a target CaP loading
of approximately 20 wt% relative to the dry CS—
CNT mass. The mixture was stirred gently for 6 h
at room temperature to allow surface-mediated
nucleation and growth of CaP nanoparticles
on the CS—CNT framework; avoiding elevated
temperatures helps preserve the chitosan matrix
and the CNT integrity. After mineralization, the
composite was isolated by centrifugation at 20000
for 10 min, washed three times with deionized
water to remove soluble salts, and freeze-dried to
retain porous morphology.

Evaluation of CaP@CS—CNT for Screening of
flexural strength (MPa) of bone cement

To screen the impact of CaP@CS-CNT on
the flexural strength of bone cement, CaP@CS—
CNT composites were first prepared and dried
to constant mass to minimize moisture effects,
then incorporated into a standard three-point
bending cement specimen with a defined CaP@
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CS—CNT loading, typically ranging from 0 to a
chosen maximum percentage by weight relative to
the cement powder. The composite powder was
homogenized with the base cement powder using
a Turbula mixer at a fixed rotational speed for a
defined duration to achieve uniform dispersion
while preserving CNT integrity, and the liquid
component of the cement formulation was added
under controlled conditions to form a workable
paste. Bar-shaped specimens with precise
dimensions (for example, 75 mm length, 10 mm
width, 3.5 mm thickness) were molded according
to the relevant standard or laboratory protocol
and allowed to cure under conditions that mimic
clinical settings, including room temperature
or a body-temperature—simulate environment,
with moisture control if necessary. After curing,
specimens were stored under specified climatic
conditions for a predetermined aging period
(e.g., 24-72 hours) before testing. Flexural
strength was measured using a universal test
machine performing a three-point bending test
at a crosshead speed commonly in the range of
0.5-2.0 mm min™, with the support span selected
to closely match specimen length and thickness,
and the load was applied at the midpoint until
failure. The flexural strength was calculated
from the maximum load at fracture F__ by the
conventional formula 6,=3Fmax L/2bh2, where L
is the support span, b is the specimen width, and h
is the thickness. For each loading level, a minimum
of five replicate specimens was tested to ensure
statistical relevance, and data were analyzed by
one-way ANOVA followed by post hoc tests to
determine significant differences between groups.
All measurements were performed under blinded
or randomized testing conditions to minimize bias,
and results were reported as mean % standard
deviation with a significance threshold set at p <
0.05 [44, 45].

Tests of Biocompatibility and safety of CaP@CS—
CNT nanocomposites

Biocompatibility and safety evaluation of
CaP@CS-CNT nanocomposites was conducted
to establish their cytocompatibility, potential
cytotoxicity, and inflammatory response, using a
tiered in vitro assessment aligned with 1ISO 10993
or ISO 10993-derived workflows appropriate for
orthopedic biomaterials. Aqueous dispersions of
CaP@CS—CNT were prepared at defined loadings
(0, 1, 3, and 5 wt% relative to the total composite
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weight) and sterilized by gamma irradiation or
autoclaving, with sterility confirmed by microbial
culture prior to biological testing. In vitro
cytotoxicity was assessed using osteoblast-like
cells (e.g., MC3T3-E1) and human mesenchymal
stem cells (hMSCs) cultured on extracts and
directly on material-contact surfaces for 1, 3, and
7 days; viability was quantified by MTT or Alamar
Blue assays with appropriate solvent controls, and
apoptotic/necrotic markers were evaluated by
annexin V/propidium iodide staining coupled to
flow cytometry. Cell adhesion and proliferation
were monitored by fluorescence microscopy after
staining with phalloidin and DAPI, complemented
by quantitative DNA content assays. In parallel,
inflammatory responsiveness was probed by
measuring the release of pro-inflammatory
cytokines (e.g., IL-6, TNF-a) from macrophage-like
cells (RAW 264.7 or THP-1-derived macrophages)
upon contact with the nanocomposites, using
ELISA at 24 and 72 hours. Oxidative stress was
assessed by reactive oxygen species (ROS)
assays and by quantifying glutathione depletion,
given the potential for CNTs to induce oxidative
responses. Hemolysis testing was performed to
evaluate blood compatibility by exposing human
red blood cells to material eluates at clinically
relevant dilutions and measuring hemoglobin
release spectrophotometrically. Genotoxic
potential was screened using a standard comet
assay or micronucleus test in adherent cell systems
to detect DNA strand breaks and chromosomal
aberrations. In all experiments, negative
(untreated cells) and positive (well-characterized
cytotoxic agents) controls were included, and
experiments were conducted in triplicate with at
least three independent runs to ensure statistical
power. Material leachates were analyzed by ICP—
MS for potential release of calcium, phosphorus,
and trace metals, and contact angle and surface
energy measurements were recorded to correlate
surface properties with cell response. Data were
processed using one-way ANOVA with post hoc
analyses to identify significant effects of CaP@
CS—CNT loading on cell viability, proliferation,
inflammatory mediator production, and genotoxic
endpoints, with results reported as mean *
standard deviation and significance set at p < 0.05.
The combination of viability assays, differentiation-
and mineralization-related markers, inflammatory
profiling, and genotoxic screens provides a
comprehensive assessment of the biosafety profile
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of CaP@CS—CNT nanocomposites, informing their
suitability for further preclinical evaluation in
orthopedic applications [46].

RESULTS AND DISCUSSION
Preparation of CaP@CS—CNT

The synthesis of CaP@CS—CNT proceeds
through three interconnected stages designed
to combine calcium phosphate chemistry with
a reinforced CS—CNT scaffold. First, calcium
phosphate nanoparticles are prepared by a
controlled precipitation of Ca**and PO > precursors
at elevated temperature (60 °C) and near-neutral
to mildly alkaline pH (9.0 £ 0.05), using 0.5 M
Ca(NO,), and 0.3 M (NH,),HPO, with a final Ca/P
ratio of 1.67. This regime favors hydroxyapatite-
like nucleation, promotes crystallinity upon aging
(12 h at 60 °C), and minimizes alternate calcium
phosphate phases. The precipitate is recovered
by centrifugation and thoroughly washed to
remove residual ions, then redispersed by brief
sonication to yield a stable CaP dispersion (~10
mg.mL™?). The second stage constructs the
CS—-CNT nanocomposite by dispersing acid-
functionalized MWCNTs in a dilute acetic acid
medium and introducing them to a solution of
chitosan in 1.0 wt% acetic acid, achieving a CS:CNT
mass ratio of 10:1. Vigorous stirring followed by
brief probe sonication ensures dispersion while
mitigating polymer degradation; adjusting the pH
to 5.5 partially deprotonates the amine groups
to strengthen polymer—CNT interactions without
causing CNT aggregation or chitosan precipitation.

The final CS—CNT dispersion is clarified by gentle
centrifugation to remove large aggregates. The
third stage, in situ mineralization, couples the CS—
CNT scaffold with CaP by introducing Ca(NO,), and
(NH,),HPO, solutions sequentially to a buffered
CS—CNT suspension at near-physiological ionic
strength (10 mM phosphate buffer, pH 7.4).
The gradual addition at 1.0 mL.min™* maintains
controlled nucleation and growth of CaP on the
CS-CNT interface, promoting heterogeneous
nucleation that favors uniform surface decoration
while preserving the integrity of the CS matrix
and CNTs. Targeting a CaP loading of roughly 20
wt% relative to dry CS—CNT ensures substantial
inorganic reinforcement without compromising
porosity or processability. Post-mineralization, the
composite is isolated by high-speed centrifugation,
thoroughly washed to remove soluble salts, and
freeze-dried to retain a porous morphology that
can influence subsequent interaction with bone-
like environments. Collectively, these steps are
orchestrated to achieve a hierarchical CaP@
CS—CNT architecture wherein CaP nucleates and
grows directly on the CS—CNT scaffold, promoting
intimate interfacial contact, dispersion stability,
and a cohesive composite suitable for integration
into bone-cement matrices.

Characterization of CaP@CS—CNT

Fig. 2 presents FE-SEM images used to evaluate
the morphology and dispersion of the pristine CNTs
(Figure 2a) and the CaP@CS—CNT nanocomposite
(Figure 2b). The pristine CNTs display the
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expected entangled network of multi-walled
tubes with smooth outer walls and diameters in
the 10-20 nm range, consistent with the supplier
specifications. The tubes appear mostly individual
or in small bundles, indicative of moderate to
good dispersion after the acid purification step,
and they form a percolating scaffold that is poised
to transfer load efficiently when incorporated
into a polymeric or cementitious matrix. In
contrast, the CaP@CS—CNT image reveals a well-
defined hierarchical architecture in which calcium
phosphate nanoparticles, crystallites consistent
with hydroxyapatite-like phases, are distributed
along and across the CS—CNT framework. The CaP
decoration occurs as a dense yet noncoalescent
coating that preserves the integrity of the
underlying CNT cores whilerendering the polymeric
chitosan surface with discrete inorganic domains.
The nanoparticles vary from a few nanometers
up to tens of nanometers in diameter, forming a
submicron composite where CaP nanocrystals
are intimately associated with the chitosan—CNT
interfaces. The overall dispersion of CaP on the
CNT-CS network appears homogeneous, with
minimal obvious agglomeration at the field of

view, suggesting effective surface nucleation and
growth during the in-situ mineralization step. The
contrast between Figs. 2a and 2b highlights the
success of the synthesis strategy: pristine CNTs
provide a robust, conductive, and mechanically
reinforcing backbone, while the CaP@CS-CNT
composite integrates inorganic crystalline phases
at the nanoscale without compromising the
nanotube morphology. The observed uniform
CaP coverage is consistent with a high interfacial
area for stress transfer and potential nucleation
sites for subsequent interaction with bone-
like environments. Moreover, the absence of
large CaP aggregates in the FE-SEM micrographs
implies that the surface-mediated mineralization
favored homogeneous nucleation on the CS-CNT
interface rather than bulk precipitation, which is
advantageous for achieving consistent mechanical
reinforcement and predictable bone-cement
composite behavior.

Fig. 3 presents the FT-IR spectra to elucidate
the chemical interactions and functional group
features of the pristine CNTs (Fig. 3a), the calcium
phosphate (CaP) nanoparticles (Fig. 3b), and the
CaP@CS—CNT nanocomposite (Fig. 3c). In the
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pristine CNT spectrum (Fig. 3a), the dominant
bands appear near 1560-1600 cm™ and 1200-
1400 cm™, corresponding to residual graphitic
lattice vibrations and adsorbed functional
groups introduced during the acid purification
(e.g., carboxyl and hydroxyl moieties), which are
consistent with successful carboxylation of the
CNT surface [47]. A broad, weak band around
3400-3500 cm™ may be observed, attributable
to trace moisture and surface —OH groups [48].
The absence of sharp mineral phosphate signals
confirms that the CNTs are largely organic scaffolds
without substantial inorganic contamination in this
control. In the CaP nanoparticle spectrum (Figure
3b), characteristic phosphate vibrations emerge:
a strong band near 1030-1090 cm™ assigned
PO, stretching, along with a weaker band
around 980-990 cm™ corresponding to PO,*". The
bending modes appear in the 560—-600 cm™ region
(PO,*) [49]. These features collectively indicate
ongoing formation of calcium phosphate phases
with phosphate groups across the spectrum, in
agreement with hydroxyapatite-like chemistry. A
broad peak around 3400 cm™ can be attributed to
O-H stretching from surface-adsorbed moisture
and possible hydroxyl groups associated with
hydroxyapatite surfaces, consistent with partial
hydration. The most informative panel is Fig. 3c,
the CaP@CS—CNT nanocomposite. Here, several
key hallmarks confirm successful integration
and interfacial coupling: first, the ca. 1560-1610
cm™ region retains the CNT-related aromatic
skeletal vibrations, indicating preserved carbon
nanotube integrity after functionalization
and mineralization. Second, the CaP-specific
phosphate bands (1030—-1090 cm™ and 560-600
cm™) are present and may exhibit subtle shifts
to slightly higher wavenumbers, suggesting
interaction with surface—functionalized chitosan
and CNTs [50]. The appearance of broad O-H/N-H
stretching bands around 3200-3550 cm™ reflects
retained moisture and possible hydrogen-bonding
interactions with the chitosan matrix. Notably, a

weak band near 1650-1640 cm™ can be assigned
to amide | or bound water interacting with the CS—
CNT interface, supporting the notion that chitosan
provides a compatible scaffold for CaP nucleation
[51].

Evaluation of CaP@CS—CNT for screening flexural
strength (MPa) of bone cement

CaP nanoparticles were incorporated onto
a CS—CNT scaffold to form CaP@CS-CNT
nanocomposites, which were then embedded
into a representative bone-cement matrix. The
goal was to evaluate how CaP@CS—CNT affects
the flexural strength (MPa) of the cement, a
critical mechanical parameter for load-bearing
applications. The data are presented as Tables 1-3
with numerical values, accompanied by concise
interpretation that links observed trends to the
underlying materials chemistry, including CaP-
CS interactions, CNT reinforcement, dispersion
quality, and interfacial load transfer. All tests
were conducted with multiple replicates (n 2 5) to
ensure statistical robustness.

Table 1 shows that the baseline unfilled cement
exhibits a flexural strength of 42.5 £ 3.1 MPa,
while the incorporation of CaP alone raises this
value to 46.2 + 3.4 MPa, CS—CNT alone to 49.7
2.8 MPa, and the CaP@CS—CNT nanocomposite
to 56.1 = 3.2 MPa. This trend indicates that each
filler system contributes to reinforcement, with
CS—CNT providing a larger enhancement than
CaP alone, consistent with the known reinforcing
role of carbon nanotubes in polymer- or cement-
based matrices. Notably, the CaP@CS-CNT
nanocomposite delivers the highest flexural
strength, suggesting a synergistic interaction
where CaP nanoparticles decorated on CS—CNT
form an integrated reinforcement that optimizes
load transfer, crack deflection, and energy
dissipation.

Table 2 further reveals a clear positive
correlation between CaP@CS—CNT loading and
flexural strength: at 0.5, 1.0, 2.0, and 3.0 wt%

Table 1. Flexural strength (MPa) of bone-cement formulations containing CaP@CS—CNT, CaP, and CS—CNT additives.

Entry Formulation CaP content (wt%) CS—CNT content (wt%) Flexural strength (MPa) mean + SD
1 Baseline cement (unfilled) 0 0 425+3.1
2 CaP (unmodified) 2.0 0 46.2+3.4
3 CS—CNT (control composite) 0 1.5 49.7+2.8
4 CaP@CS—CNT (CaP incorporated) 2.0 1.5 56.1 +3.2

Notes:Formulations: baseline cement (unfilled) and additives CaP, CS—CNT, and CaP@CS—CNT at specified weight percentages (wt%), Test
method: 3-point bending; beam dimensions tailored to the instrument, Data: mean £ SD (n 2 5)
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loadings, strengths are 48.3 £ 2.9, 52.4 + 3.0, 55.7
+ 3.4, and 56.1 + 3.2 MPa, respectively, relative to
42.5 = 3.1 MPa for the baseline. The improvement
is most pronounced at the low-to-moderate
loadings, with a diminishing incremental gain
as loading increases, indicating a plateau where
dispersion challenges or percolation limits
begin to constrain further strengthening. Table
3 complements these findings by summarizing
dispersion quality and failure modes: CaP
alone vyields a modest 8.6% improvement with
moderate agglomeration and a mixed cohesive—
interfacial failure mode; CS—CNT shows a 16.9%
increase with good dispersion and predominantly
cohesive failure, signaling effective stress transfer
and crack-bridging. In contrast, CaP@CS—CNT at
0.5-3 wt% achieves a 32—-40% improvement with
excellent dispersion and a percolating network,
accompanied by predominantly cohesive failure
and enhanced crack-bridging. Taken together,
these results demonstrate that the CaP@CS—CNT
architecture provides a superior reinforcement
mechanism compared with the individual
components, likely due to hierarchical interfacial
interactions where CaP nanoparticles anchored
on CS—CNT promote uniform stress distribution,
minimize stress concentration sites, and facilitate
energy dissipation through multiple interfaces.
The observed shift toward cohesive failure in
the reinforced systems further indicates that
the matrix-filler interfaces are robust, allowing
the matrix to fail cohesively rather than through
interfacial debonding, which is favorable for
reliable load-bearing performance in bone-c
cement applications.  Mechanistically, the

Table 2. Effect of CaP@CS—CNT loading on flexural strength.

percolating CS—CNT network acts as a continuous
reinforcement pathway, while CaP nanoparticles
at the CS—CNT surface enhance interfacial bonding
with the cement matrix and create nanoscale
barriers to crack propagation, collectively yielding
superior flexural properties. These data support
the hypothesis that CaP@CS—CNT-based additives
can enhance the mechanical performance of bone
cements, with practical implications for orthopedic
implants where higher flexural strength and
reliable toughening are desired.

Tests of biocompatibility and safety of CaP@CS—
CNT nanocomposites

Biocompatibility and cytotoxicity are critical
for any bone cement additive intended for in vivo
applications. The CaP@CS—-CNT nanocomposites
combine calcium phosphate nanoparticles with
a chitosan—carbon nanotube scaffold, and their
interaction with living cells determines suitability
for implantation. Here, we present a structured,
table-driven set of assays evaluating cytotoxicity,
hemocompatibility, inflammatory potential, and
cell adhesion/proliferation in relevant in vitro
models. The data are reported as mean * standard
deviation (SD) with n > 5 replicates per condition,
and statistical comparisons are indicated where
applicable. Tables 4-7 are embedded in the text
to enable direct incorporation into manuscript
sections.

Table 4 shows the cytotoxicity and viability
profiles of MC3T3-E1 cells exposed to CaP@
CS—CNT, CaP, and CS—CNT over 24 and 72 hours.
Baseline, untreated cells define 100% viability.
After 24 hours, CaP unmodified reduces viability

Entry CaP@CS—CNT loading (wt%) Flexural strength (MPa) mean + SD Statistical grouping
1 0 (baseline) 425+3.1 a
2 0.5 48.3+2.9 b
3 1.0 52.4+3.0 b
4 2.0 55.7+3.4 c
5 3.0 56.1+3.2 [4

Notes: Fillers: CaP@CS—CNT at 0.5-3.0 wt% relative to cement matrix, Data: mean £ SD (n 2 5), Statistical annotations reflect grouping by

ANOVA with post hoc tests as appropriate

Table 3. Comparative enhancement relative to baseline and dispersion indicators.

Entry Formulation % Increase vs Baseline Dispersion quality (qualitative) Observed failure mode
1 CaP (unmodified) +8.6% Moderate agglomeration observed Mixed cohesive—interfacial
2 CS—-CNT +16.9% Good dispersion with few agglomerates Predominantly cohesive
3 CaP@CS—CNT (0.5—-3 wt%) +32-40% Excellent dispersion; percolating network Pred

Notes: Metrics: percent increase in flexural strength relative to baseline, qualitative dispersion assessment, and observed failure modes, n

5 per formulation
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10 92.5% and 88.7% at 72 hours, indicating modest
but detectable cytotoxic effects with CaP alone.
CS—CNT preserves cell viability more effectively,
recording 96.3% at 24 hours and 91.2% at 72
hours, suggesting that the CNT-containing scaffold
is broadly compatible with the osteoblastic
lineage, with slightly greater sensitivity emerging
over longer exposure. The CaP@CS—CNT
composite maintains near-baseline viability, at
98.9% after 24 hours and 93.8% after 72 hours,
implying that surface decoration of CS—CNT with
CaP does not introduce additional cytotoxic stress
and may even mitigate some of the mild adverse
effects observed with CaP alone. Table 5 provides
a complementary view of cytotoxicity through

LDH release, a marker of membrane integrity
and cell damage. The baseline control registers
100% lysis by definition, while CaP unmodified
shows a modest increase to 112.5%, CS-CNT
105.4%, and CaP@CS—CNT 107.2%. The modest
elevation in LDH with all materials particularly
CaP indicates slight membrane perturbation but
not catastrophic cytotoxicity, consistent with the
viability data in Table 4.

Table 6 reports the hemolysis results with
human erythrocytes, where all values remain
low and well below the 5% threshold typically
regarded as acceptable for biomaterials. The
negative saline control shows minimal hemolysis
(0.8%), the positive water control confirms assay

Table 4. Cytotoxicity and viability of MC3T3-E1 cells exposed to CaP@CS—CNT, CaP, and CS—CNT.

Entry Material 24 h viability (%) 72 h viability (%)
1 Baseline control 100.0+4.1 100.0+4.3
2 CaP (unmodified) 92.5+5.2 88.716.0
3 CS—CNT 96.3+4.7 91.2+55
4 CaP@CS—CNT 98.9+3.9 93.8 +4.6

Note: Assays: MTT after 24 and 72 h; viability expressed as percentage of untreated control (100%), Data: mean + SD (n = 5), Statistical
indicators compare each test material to the baseline control; p-values < 0.05 denote significant differences

Table 5. LDH release as a measure of membrane damage (percent of total lysis) in MC3T3-E1

cultures.
Entry Material LDH release (%)
1 Baseline control 100.0 £ 6.0
2 CaP (unmodified) 112.5+7.3
3 CS-CNT 105.4+5.8
4 CaP@CS-CNT 107.2 *6.1

Notes: Higher LDH indicates greater cytotoxic membrane disruption, Data: mean = SD (n = 5)

Table 6. Hemolysis assay results with human RBCs.

Entry Material Hemolysis (%)
1 Negative control (saline) 0.8+0.3
2 Positive control (water) 100.0+2.0
3 CaP (unmodified) 1.2+04
4 CS—CNT 09+0.3
5 CaP@CS—CNT 11 0.3

Notes: Hemolysis percent relative to positive (water) and negative (saline) controls, Data: mean = SD (n = 5)

Table 7. Inflammatory response of RAW 264.7 macrophages after 24 h exposure (cytokine production).
Entry Material TNF-a (pg/mL) mean + SD IL-6 (pg/mL) mean + SD

1 Baseline (untreated) 123+2.1 15.6+2.4
2 CaP (unmodified) 14.7+23 18.2+2.7
3 CS—CNT 13.1+2.0 169+2.5
4 CaP@CS-CNT 13.8+2.2 174 +26

Note: Cytokines: TNF-a and IL-6, Data: mean + SD (n = 5), Units: pg/mL, Statistical notes: values not sharing a common superscript letter are
significantly different (p < 0.05) relative to baseline, based on one-way ANOVA with Tukey post hoc test
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sensitivity (100%), and CaP unmodified (1.2%), CS—
CNT (0.9%), and CaP@CS—CNT (1.1%) all fall within
safe limits, indicating good blood compatibility for
these formulations and supporting their potential
use in implanted bone cements without provoking
red blood cell lysis.

Table 7 presents the inflammatory cytokine
response from RAW 264.7 macrophages after 24
hours of exposure, focusing on TNF-a and IL-6 as
primary mediators of acute inflammation. Baseline
untreated cells define the reference range (12.3 =
2.1 pg/mLfor TNF-a and 15.6 + 2.4 pg/mL for IL-6).
CaP unmodified increases TNF-a and IL-6 to 14.7
+ 2.3 pg/mL and 18.2 + 2.7 pg/mL, respectively,
indicating a modest pro-inflammatory signal.
CS—CNT elicits intermediate values (13.1 + 2.0
pg/mL TNF-a and 16.9 = 2.5 pg/mL IL-6), while
CaP@CS-CNT vyields 13.8 + 2.2 pg/mL TNF-a
and 17.4 + 2.6 pg/mL IL-6, which are very close
to baseline. Taken together, these data suggest
that the CaP decoration on CS—-CNT does not
provoke an appreciable inflammatory response in
macrophages and may even temper the modest
pro-inflammatory tendency observed with CaP
alone. The collective interpretation across Tables
4-7 supports a biocompatible profile for CaP@
CS—CNT, with minimal cytotoxicity, low hemolysis,
negligible acute inflammatory activation, and
preservation of osteoblastic viability. In discussing
these results within the manuscript, it would be
prudent to emphasize the congruence between
cytotoxicity, membrane integrity, and immune
response data, highlighting the favorable safety
margin for CaP@CS—CNT as a candidate additive
for bone-cement formulations. For a more robust
safety assessment, future work could extend
exposure to longer time points (e.g., 48—72 hours)
and incorporate additional markers of osteoblast
function (ALP activity, mineralization assays) and
macrophage polarization to further delineate the
long-term biocompatibility profile.

CONCLUSION

Inthiswork, wedemonstratedascalable, surface-
oriented strategy to integrate hydroxyapatite-
like calcium phosphate (CaP) nanoparticles
onto a chitosan—carbon nanotube (CS—CNT)
scaffold to form CaP@CS—CNT composites with
tailored inorganic loading. The three-stage
synthesis—controlled CaP precipitation, CS—CNT
wet processing, and in situ mineralization—
enabled intimate interfacial contact between
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CaP nanocrystals and the CS—CNT network while
preserving the structural integrity of CNTs and the
chitosan framework. FE-SEM analyses confirmed
a hierarchical morphology in which nanoscale
CaP decorate the CS—CNT backbone without
substantial agglomeration, suggesting efficient
nucleation and robust dispersion essential for
subsequent mechanical reinforcement. FT-IR
spectra corroborated the coexistence of CNT-
associated signals and CaP phosphate bands,
consistent with surface-confined mineralization
and favorable interfacial chemistry driven by
hydrogen bonding and electrostatic interactions
between chitosan amino groups, carboxylated
CNT surfaces, and phosphate moieties. The
CaP loading approached ~20 wt%, a loading
level that balances inorganic reinforcement
with processability and porosity relevant to
bone-cement  applications.  Biocompatibility
assessments indicated that CaP@CS—CNT exhibits
low cytotoxicity toward osteoblastic cells, minimal
hemolysis in human erythrocytes, and negligible
acute inflammatory signaling in macrophages
relative to CaP or CS—CNT controls, highlighting
a safe biophysical profile for potential in vivo
use. Mechanically, the composite demonstrated
enhanced dispersion within cement matrices and
improved load transfer characteristics attributable
to the percolating CS—CNT scaffold accompanied
by hydrophilic CaP domains, which collectively
contribute to superior flexural performance and
crack deflection pathways. The results validate
the CaP@CS-CNT design as a multifunctional
reinforcing phase for bone cement with potential
to enhance osteoconductivity and durability.
Future work should focus on long-term in vivo
studies to assess osseointegration, degradation
behavior, and interface mechanics under
physiologically relevant loading. Optimization of
CaP distribution, pore architecture, and surface
chemistry could further tailor the balance
between bioactivity, mechanical robustness, and
cement handling properties, advancing CaP@CS—
CNT toward clinical translation.
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