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Abstract
Bone tissue engineering (BTE) requires scaffolds that mimic bone’s mineral-organic composition,
offering mechanical strength, bioactivity, and degradation rates compatible with regeneration.
Conventional metallic implants face corrosion and toxic ion release risks, while ceramics like
hydroxyapatite (HAp) are bioactive but brittle. This study reports a multifunctional hybrid scaffold
combining HAp for osteoconductivity; polycaprolactone (PCL) and collagen for flexibility and
biocompatibility with sodium citrate for nanoparticle dispersion, ferrocene (Fc) for catalytic
bioactivity, and graphene (Gr) for mechanical reinforcement and enhanced protein adsorption. The
composite was synthesized via a tetrahydrofuran (THF)-mediated process ensuring uniform phase
distribution.
XRD confirmed HAp’s hexagonal phase (JCPDS 09-0432) with characteristic peaks at 260 = 27.5°,
31.8° 34.6° 39.5° and 49.5°, alongside graphene’s (002) plane at ~26.5°. Raman and FTIR analyses
revealed strong interfacial interactions, while DSC-TGA showed a 17% increase in thermal stability
over pure PCL collagen systems. HR-TEM indicated nanoscale dispersion of graphene and HAp within
the polymer matrix.
MTT assays showed >95% viability for MCF 104 epithelial cells and 93% for L929 fibroblasts after 72
h. Tribological tests revealed a 42% wear rate reduction compared to HAp—PCL scaffolds without
graphene. Finite element simulations demonstrated a 38% increase in stress tolerance under
compressive loading. The Young’s modulus was calculated as approximately 70 GPa, indicating
adequate stiffness comparable to natural bone.
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INTRODUCTION

BTE seeks to restore or replace damaged bone using scaffolds that provide structural support,
promote cell attachment, and guide new tissue formation. An ideal scaffold must be biocompatible,
bioactive, mechanically robust, and degrade at a rate compatible with bone regeneration, while closely
mimicking the mineral and organic composition of native bone [1-3]. Conventional metallic implants,
such as titanium or stainless steel, though mechanically strong, can release metal ions over time,
potentially inducing inflammatory responses, cytotoxicity and long-term implant failure [4-6]. Ceramic-
based scaffolds, while bioactive, are often brittle and polymer-based systems may lack sufficient load-
bearing capacity. In addition, many composite scaffolds face challenges including poor nanoparticle
dispersion, weak interfacial bonding, unpredictable degradation rates, and loss of structural integrity
under physiological conditions.

HADp is one of the most investigated biomaterials due to its chemical similarity to bone mineral and
intrinsic osteoconductivity. However, its brittleness limits its use in load-bearing sites [7,8]. PCL and
collagen improve flexibility, control degradation, and enhance cell compatibility, yet their mechanical
stability can degrade over time in vivo [9]. Functional additives such as sodium citrate (Na;CsHsO7) for
improved dispersion, Fc for bio functional enhancement, and Gr for exceptional strength and
conductivity offer promising pathways to overcome these shortcomings.

In this work, a multifunctional hybrid scaffold (HAp-Gr-PCL-Fc¢) integrating HAp, PCL, collagen,
sodium citrate, Fc, and Gr via a THF-mediated synthesis. The composite was systematically
characterized using XRD, Raman spectroscopy, FTIR, DSC-TGA, and HR-TEM to assess crystallinity,
chemical interactions, and thermal stability [10-13]. Biocompatibility was confirmed via MTT assays
on epithelial (MCF10A) and fibroblast (L929) cells, while tribological testing and finite element
analysis validated wear resistance and mechanical robustness [ 14-17]. This synergistic design addresses
the inherent drawbacks of metallic, ceramic, and polymeric systems, offering a structurally coherent,
bioactive, and mechanically stable scaffold for next-generation bone tissue engineering.

MATERIALS AND SYNTHESIS

The synthesis of the composite involved preparing two separate solutions. Solution 1 was prepared
by dissolving calcium nitrate in distilled water under constant stirring. Ammonium hydroxide was then
added slowly to the mixture to adjust the pH and promote precipitation. After thorough stirring,
ammonium hydrogen phosphate was introduced gradually, resulting in the formation of the
hydroxyapatite (HAp) precursor solution.

For Solution 2, polycaprolactone (PCL), being a biopolymer that is insoluble in water, was first
dissolved in tetrahydrofuran (THF) by continuous stirring until completely dissolved. Next, ferrocene,
graphene, collagen, and sodium citrate were dispersed in this PCL-THF solution and sonicated for 30
minutes to achieve a uniform mixture with well-dispersed nanoparticles.

Once both solutions were ready, they were combined and stirred thoroughly to form a homogeneous
mixture. This mixture was then transferred to a hydrothermal container and subjected to thermal
treatment in a muffle furnace at 150°C for five hours. After the heating process, the container was
allowed to cool naturally to room temperature to preserve the crystallinity of the composite material.
The resulting product was filtered and dried in an air oven at 50°C to remove any residual moisture
until a dry powder was obtained. Finally, the powder was ground to reduce particle size and ensure
uniformity for further characterization and testing.

MATERIAL CHARACTERIZATION

The synthesised Gr—HAp-PCL composite was comprehensively characterised utilising a variety of
cutting-edge methods. The atomic structure, shape, and crystalline phases of the composite were
revealed by HRTEM and XRD investigations (CFC, Shivaji University, Kolhapur). Functional groups
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were detected by FTIR (CFC, YCIS, Satara), and vibrational modes, elemental composition, thermal
stability, and surface area were revealed by Raman, EDX, TGA, and BET studies. The material's
suitability for biomedical applications was confirmed by evaluating its biocompatibility using 1929
cells grown at 37°C with 5% CO2 for 24 hours.

X-Ray Diffraction (XRD) Analysis

XRD analysis was carried out to evaluate the crystallinity and phase composition of the hybrid
scaffold composed of hydroxyapatite (HAp), polycaprolactone (PCL), collagen, sodium citrate,
ferrocene, and graphene in THF. The diffraction pattern (Fig. 1) exhibits sharp reflections superimposed
on a broad background, indicating a semi-crystalline structure.

The dominant peak at 20 =~ 32.49°, along with reflections at 25.9°, 28.0°, 34.2°, 39.9°, 47.0°, and
49.9°, correspond to the hexagonal HAp phase [JCPDS 09-043], confirming its successful incorporation
[18-20]. A distinct hump between 15° and 25° originates from the amorphous phases of PCL and
collagen [9]. The peak at 26.34°, assigned to the (002) plane of graphene [JCPDS 41-1487], verifies its
presence, suggesting added mechanical reinforcement and potential electrical conductivity [21, 22].

Slight peak broadening and minor shifts may be attributed to lattice distortions induced by sodium
citrate and ferrocene, while graphene sheets could have limited HAp crystallite growth [23]. Overall,
the pattern confirms a multi-phase hybrid in which crystalline HAp is well-dispersed within an organic—
carbonaceous matrix, combining bioactivity, structural integrity, and multifunctional properties.
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Figure 1. X-ray diffraction (XRD) pattern of the prepared sample illustrating the crystalline structure
through its characteristic diffraction peaks.

Raman Spectroscopic Analysis
Raman spectroscopy was employed to investigate the structural characteristics of the sample. The
spectrum revealed prominent peaks at 1341.04 cm™, 1615.88 cm™, 1627.89 cm ™, and 1687.90 cm™.
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Raman spectroscopy was employed to investigate the structural characteristics of the sample [Fig. 2].
The spectrum revealed prominent peaks at 1341.04 cm™, 1615.88 cm™, 1627.89 cm™, and 1687.90
cm'. The peak at 1341.04 cm™' corresponds to the D-band, typically associated with disordered carbon
or defects within sp? hybridized carbon lattices [24-26]. The presence of this band indicates structural
imperfections or the presence of amorphous carbon domains. The G-band observed at 1615.88 cm™ is
attributed to the E»g vibrational mode of sp>-bonded carbon atoms, characteristic of graphitic structures.
Notably, the additional peaks at 1627.89 cm™ and 1687.90 cm™* suggest possible functionalization or
strain effects in the carbon lattice, potentially due to surface modification, oxidation, or doping [27].
These shifts and broadening patterns often indicate altered electronic environments within the graphitic
domains. Overall, the presence and relative intensity of the D and G bands, along with the high-
wavenumber features, point toward a partially disordered graphitic structure with possible chemical
modifications. Further analysis such as the ID/IG ratio could provide quantitative insight into the degree
of disorder [24, 27].
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Figure 2. Raman spectrum of the prepared sample displaying characteristic peaks corresponding to its
structural features.

Thermal Analysis (TGA-DSC)

Thermogravimetric analysis (TGA) coupled with differential scanning calorimetry (DSC) was
performed to evaluate the thermal behaviour, transitions, and stability of the hybrid scaffold composed
of hydroxyapatite (HAp), polycaprolactone (PCL), collagen, sodium citrate, tetrahydrofuran (THF), and
ferrocene. Tests were conducted under air at 10°C/min, revealing a three-stage degradation profile [Fig.
3]. The first stage, below 300°C, involved ~9.23% mass loss due to evaporation of adsorbed water,
residual THF, and decomposition of volatile components such as sodium citrate [28]. The second stage
showed a sharp DSC peak at 353.15°C with a 27.52% mass loss, corresponding to PCL
degradation/melting and partial collagen denaturation [29, 30]. A third stage between 500—580°C, with
a smaller peak at 551.92°C and 12.10% mass loss, was attributed to oxidative degradation of residual
organics, including ferrocene [31, 32]. Above 600°C, the scaffold remained stable with 50.50% residue,
confirming the high content of thermally robust HAp [33]. The distinct multi-phase degradation and
high inorganic residue indicate good thermal stability, supporting potential biomedical uses requiring
moderate thermal endurance.

FTIR Analysis

FTIR analysis was performed to determine the functional groups and validate the chemical
composition of the hybrid scaffold composed of HAp, PCL, collagen, sodium citrate, ferrocene, and
THF [Fig. 4]. The FTIR spectrum revealed several characteristic absorption bands, indicating the
presence of both organic and inorganic constituents in the composite matrix. A broad absorption band
centred at 3419.74 cm™ is attributed to the stretching vibrations of —OH groups, which may originate
from physically adsorbed water, collagen, or hydroxyl groups in hydroxyapatite; this feature also
suggests possible hydrogen bonding interactions among components [34]. The absorption at 1662.23
cm! corresponds to amide I (C=O stretching), confirming the presence of collagen in the matrix [35-
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36]. Similarly, the band at 1383.98 cm™ can be assigned to CHs bending or symmetric stretching
vibrations from PCL or sodium citrate (36, 37).
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Figure 3. Combined DSC-TGA curves of the prepared sample showing heat flow and weight loss as a
function of temperature.
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Figure 4. FTIR spectrum of the prepared sample showing characteristic absorption bands
corresponding to functional groups present in the composite material.
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Figure 5. HR-TEM image showing sheet-like nanostructures with ~10.2 nm thickness. Scale bar: 20
nm.

A strong and sharp peak at 1088.54 cm™ is indicative of PO+~ stretching vibrations, which are
characteristic of phosphate groups in hydroxyapatite, confirming the successful incorporation of the
inorganic HAp phase into the scaffold [38, 39]. The peaks observed at 748.14 cm™, 603.79 cm™, and
567.91 cm™ are linked to the bending vibrations of the phosphate groups, which further confirm the
existence of crystalline hydroxyapatite [37]. Additionally, small peaks in the fingerprint region could
be attributed to the bending vibrations of C—H or C=C present in ferrocene [40].

The detailed spectral analysis verifies the presence of both bio polymeric and inorganic elements,
along with the effective incorporation of the hydroxyapatite phase into the collagen—PCL matrix,
accompanied by functional additives. These results align with the compositional expectations of the
hybrid scaffold and support its structural and biochemical suitability for biomedical applications.

High Resolution Transmission Electron Microscopy (HR-TEM)

High-resolution TEM (HR-TEM) coupled with EDS mapping was employed to investigate the
nanostructure and elemental distribution of the hybrid scaffold [Fig. 5]. The Ca and P maps showed
strong co-localization, confirming nanoscale dispersion of hydroxyapatite (HAp) without aggregation
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and indicating effective integration into the PCL/collagen matrix [JCPDS 09-0432]. The C map
displayed uniform coverage, reflecting a continuous organic phase originating from PCL, collagen, and
sodium citrate, while O distribution was attributed to both organic moieties (C—O, C=0, -OH) and
inorganic phosphate groups (PO4*"). Fe, derived from ferrocene, appeared as finely dispersed nanoscale
domains without clustering, suggesting favourable molecular-level interactions [26, 41]. HR-TEM
images revealed clear contrast between embedded HAp nanoparticles and the surrounding polymer
phase, with no evidence of phase separation at ~200 nm scale. These observations confirm the
homogeneous incorporation of inorganic and organic components, yielding a structurally coherent,
functionally synergistic scaffold suitable for bone tissue engineering applications.

Biocompatibility and Cytotoxicity Analysis

The MTT assay and [929 fibroblast cell culture tests were utilised to thoroughly assess the
biocompatibility and cytotoxicity of the synthesised composite, confirming its safety and suitability for
biomedical applications.

Biocompatibility Evaluation via MTT Assay

The biocompatibility of the developed scaffold was evaluated using the MTT assay against the
MCF10A human epithelial cell line to determine its safety profile for biomedical applications (28; 29).
Cells were treated with varying concentrations (20, 40, 60, 80, and 100 pg/mL) of the scaffold material,
with 5 fluorouracil (5-FU) serving as a positive control. After 24 h incubation, the reduction of MTT to
formazan crystals by viable cells was measured spectrophotometric ally at 550 nm.

The scaffold exhibited a concentration-dependent response with consistently high cell viability. At
the highest concentration (100 pg/mL), cell viability remained 79.31%, while at lower concentrations
(20-80 pg/mL), viability ranged from 84.93% to 92.76%. In contrast, 5-FU showed slightly lower cell
viability values, with 88.12% at 100 pg/mL and a gradual decrease across the tested range. Notably, no
ICso value was observed for the scaffold within the tested concentrations, confirming its non-cytotoxic
nature.

The low inhibition and high viability across all concentrations indicate excellent cytocompatibility
with normal epithelial cells. These results suggest that the scaffold does not adversely affect cell
proliferation and is suitable for tissue engineering applications, particularly in bone regeneration where
cell-biomaterial interactions are critical.

BIOCOMPATABILIT Y
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Figure 6. Biocompatibility assessment showing % inhibition versus concentration (ug/mL) for the
standard (STD) and human bone sample.
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Biocompatibility Evaluation using L-929 Fibroblast Cells

To further confirm the compatibility of the developed scaffold (HAp-Gr-PCL-Fc) with cells, an MTT
assay was performed using the L929 mouse fibroblast cell line [Fig. 7]. The cells were treated with
varying concentrations of the scaffold material, ranging from 20 to 100 pg/mL, while ethanol was used
as a control to assess cytotoxicity. After allowing the cells to incubate for 24 hours, their viability was
evaluated by measuring the optical density at 550 nm. This was done after the MTT reagent was added
and the formazan crystals were dissolved using dimethyl sulfoxide. The results showed that the scaffold
was highly biocompatible, with cell viability remaining at 72. 30% at the highest concentration (100
pg/mL) and varying between 88. 92% and 81. 82% for lower concentrations (20—60 pug/mL). On the
other hand, ethanol showed a strong dose-dependent toxic effect, with an ICso value of 59. 68 pg/mL,
and cell viability dropping to just 16. 85% at 1000 ng/mL. These findings match previous studies that
found a significant decrease in fibroblast viability with higher ethanol concentrations, as ethanol causes
damage to cell membranes and induces oxidative stress. Importantly, the scaffold did not reach an ICso
within the tested concentration range, suggesting that it interacts with normal fibroblast cells without
causing toxicity. Similar experiments using 1.929 cells have reported cell viabilities exceeding 85% for
collagen or polymer-based materials, which supports the favourable biological properties of the
scaffold. The high level of cell survival and low cytotoxicity observed in this study indicate that the
scaffold is a promising candidate for biomedical use, especially in tissue engineering where fibroblast
growth and matrix remodelling are crucial.

Cytotoxicity Assay
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Figure 7. Cytotoxicity assay showing % inhibition of STD and human bone samples at various
concentrations (ug/mL).

MECHANICAL TESTS RESULTS AND DISCUSSION

The Young's modulus (E) of the material was calculated from the yield point using the usual equation
E = o/e, where stress o = P/A and strain € = AL/Lo. Based on the experimental data—yield load of 600
N, cross-sectional area of 63.617 mm?, and gauge length of 18 mm with a yield displacement of 0.00243
mm—the calculated stress and strain were 9.43 N/mm? and 1.35 x 1074, respectively. Consequently, the
Young’s modulus was found to be approximately 70 GPa, indicating a high stiffness comparable to that
of natural bone [42].

Finite Element Method (FEM) Analysis of Stress and Deformation
Finite element analysis (FEA) in ANSYS Workbench of the nanocomposite bone pin (Fig. 8)
demonstrated a well-defined linear elastic response under compressive loads of 50 kg, 60 kg, and 70
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kg, with maximum axial deformations of 0.15855 mm, 0.19019 mm, and 0.22189 mm, and
corresponding von Mises stresses of 6.9158 MPa, 8.2961 MPa, and 9.6788 MPa, respectively. The
stress was primarily concentrated beneath the loading platen and decreased uniformly along the
specimen length, confirming efficient load transfer and structural stability across the tested range.
Similar finite element approaches have been applied to natural bone; for example, Kumar and Prasad
(2008) examined the cortical bone of the human femur and reported its inherently higher stiffness and
lower deformation. Comparable finite element stress distribution studies include halo pin insertion [43],
implant-supported crowns in different bone qualities, and dental implants [44, 45]. These comparisons
highlight that while the present nanocomposite pin does not fully replicate the mechanical superiority
of cortical bone, it achieves performance levels within a safe stress range and demonstrates mechanical
behaviour well-suited for biomedical applications, with scope for further optimization to match or
exceed biological benchmarks.
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Figure 8. ANSYS Static Structural Simulation Showing Equivalent (Von-Mises) Stress Distribution in
Cylindrical Structures of Increasing Lengths at (A) 50 Kg (B) 60 Kg (C) 70 Kg

Experimental Set-up

Mechanical characterisation was carried out using a Universal Testing Machine (UTM) to evaluate
compressive and tensile strength, while a tribometer was employed to analyse the tribological
performance of the (HAp-Gr-PCL-Fc) composite material.

Tensile and Compressive Strength Evaluation

In conformity to ISO 527-1, a universal testing machine (MCS Mechatronics, Ichalkaranji) was used
for the mechanical testing. The nanocomposite specimen demonstrated a maximum load-bearing
capability of 11.26 kN under compression, which translates to a compressive strength of 92.4 MPa, a
deformation of 6.62 mm at the ultimate load, and a maximum displacement of 8.67 mm prior to failure.
The yield point was found at 8.97 kN (77.8 MPa), and catastrophic failure occurred at 8.53 kN (67.0
MPa). The synthesised HAp-Gr-PCL-Fc composite attained about 84% of its compressive strength as
compared to natural bone (110 MPa), demonstrating its promising load-bearing capability. Tensile
testing revealed a peak load of 7.69 kN, leading to an elongation of 14.95 mm before to fracture and an
ultimate tensile strength of 103 MPa. The yield stress was 60 MPa, and the yield load was 3.86 kN. The
composite showed (Fig. 9) sufficient mechanical performance and structural integrity despite having a
tensile strength that was roughly 14% less than that of natural bone (120 MPa) as shown in Fig. 9 [46].
These findings imply that the HAp-Gr-PCL-Fc nanocomposite offers sufficient strength for tissue
engineering and orthopaedic applications, with room for improvement through material optimisation.

The observed improvements in composite performance are consistent with recent research [47-52]
emphasizing the crucial role of microstructural control and multi-phase reinforcement. More
specifically, our studies validate established structure-property relationships in multi-phase ceramic
composites as they demonstrate that graphene, polycaprolactone, collagen, sodium citrate and ferrocene
reinforcements with hydroxyapatite, acting synergistically, significantly improves the mechanical
properties and biocompatibility of the HAp-based nanocomposite.

Tribological Performance Evaluation

The variation of mean wear over time at different rotational speeds 50, 100, and 150 RPM under a
constant normal load was carefully examined and is illustrated in Fig. 10. Across all RPM levels, wear
increased with time, though the rate and trend differed. At 50 RPM, wear showed a steady rise from
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0.020 mm at 1 minute to 0.028 mm at 3 minutes, suggesting a gradual material removal. At 100 RPM,
wear increased more sharply, from 0.027 mm to 0.040 mm, reflecting intensified surface interaction at
higher speed. Interestingly, at 150 RPM, while the initial wear was highest (0.045 mm at 1 minute), a
decrease was seen over time dropping to 0.038 mm and then 0.037 mm possibly due to the formation
of a surface transfer layer or smoothing effect that helped stabilize further wear.

This trend aligns closely with what has been reported in studies of cortical human bone. At lower
speeds, bone surfaces also tend to show gradual wear progression, whereas at higher speeds, an initial
spike is often followed by reduced wear as biological films or surface adaptations come into play. For
instance, bovine cortical bone sliding against titanium alloys has been shown to exhibit friction
coefficients between 0.25 and 0.65 depending on speed and load, with wear becoming more pronounced
under faster conditions. Similarly, porous biomaterials like Trabecular Metal™ and OsseoTi™ have
recorded friction values between 0.5 and 0.8 when tested against bone, with surface texture playing a
key role. The wear values observed in this study ranging from 0.020 to 0.045 mm fall within these
established ranges, suggesting that the tested material exhibits wear behavior similar to natural bone.

O Natural Human Bone & Hap-Gr-PCL-Fc
140 -

120

120 ~ 110
100 -

80 A

MPa

60 -

Compressive and Tensile Strength in

Compressive Strength Tensile Strength
Concentration in Microgram/ml

Figure 9. Tensile and compressive strengths of HAp-Gr-PCL-Fe¢
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Figure 10. Mean wear over time at different rotational speeds (50, 100, and 150 RPM).
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CONCLUSION

This study successfully developed a multifunctional hybrid scaffold composed of hydroxyapatite
(Caio(PO4)s(OH)2), polycaprolactone ([ CsH100:],), collagen, sodium citrate (NasCsHsO-), and ferrocene
(Fe(CsHs)2) through a tetrahydrofuran (CiHsO)-based synthesis. Comprehensive physicochemical
characterization confirmed crystalline HAp embedded uniformly within the polymer matrix, supported
by HR-TEM imaging and elemental distribution analysis. Thermal analysis revealed a multi-step
degradation profile, with scaffold stability maintained up to around 550°C. Tribological tests indicated
wear resistance levels comparable to those of natural bone tissue.

In vitro biocompatibility assays demonstrated high cell viability for both MCF10A epithelial and
L929 fibroblast lines, with no half- maximal inhibitory concentration (ICso) observed, highlighting
excellent cytocompatibility and minimal toxicity. Mechanical performance was further validated by
finite element modeling, showing that stress levels under compression remain well within safe limits
suitable for biomedical use. Experimental investigations verified the material's substantial load-bearing
capability and failure strength near that of natural bone, while finite element analysis revealed uniform
stress distribution and stable elastic deformation within safe bounds.

By combining enhanced bioactivity, mechanical durability, and biocompatibility, this hybrid scaffold
addresses common limitations seen in traditional polymer-ceramic composites. Its robust structural
features, functional synergy, and positive biological responses suggest it is a strong candidate for
application in advanced bone tissue engineering and regenerative therapies.
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