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Abstract

Herein, we developed TiO, nanoparticle-biopolymer nanocomposites for bone tissue engineering, aiming to enhance osteoconductivity

and reduce infection risk. The nanocomposites were fabricated using sodium alginate (SA), carboxymethyl cellulose (CMC), gellan gum
(GG), and arabic gum (AG) as polymer matrices via solution casting and freeze-drying and featured highly porous three-dimensional
structures. The uniform distribution of TiO, throughout the polymer networks contributed to surface morphology, pore architecture, and
structural stability improvement. The SA + TiO, nanocomposite exhibited the highest swelling ratio (~91.5%) and porosity (~94.7%),
while the CMC-, GG-, and AG-based nanocomposites demonstrated more regulated water absorption. Bioactivity evaluation in simu-
lated body fluid revealed hydroxyapatite-like mineral deposition on all materials, confirming favorable osteoconductivity. These results
demonstrate the effectiveness of TiO, nanoparticle reinforcement for tailoring scaffold porosity, degradation, and bioactivity and high-
light the utility of TiO,—biopolymer nanocomposites for bone tissue regeneration.
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1. Introduction

Traumatic, congenital, tumoral, and degenerative
bone defects represent major clinical challenges affecting
millions of people worldwide [1,2]. Although bone pos-
sesses intrinsic self-healing capacity, defects exceeding a
critical size (typically >2.5 cm in humans) fail to regener-
ate spontaneously, often resulting in permanent functional
impairment [3]. Conventional treatments such as autografts
and allografts remain limited by donor site morbidity, re-
stricted tissue availability, and risks of immune rejection
and infection [4,5]. These limitations have driven consid-
erable interest in synthetic biomaterial scaffolds designed
to replicate the structural and biological environment of na-
tive bone, thereby promoting osteogenic differentiation and
new tissue formation.

Natural biopolymers are widely regarded as promising
scaffold materials owing to their biocompatibility, tunable
biodegradability, and abundance of cell-recognition func-
tional groups [6,7]. Sodium alginate (SA), a linear polysac-
charide derived from brown algae, forms hydrogels via di-
valent cation crosslinking that provide a cell-compatible
microenvironment [8]. Carboxymethyl cellulose (CMC),
gellan gum (GG), and arabic gum (AG) offer complemen-
tary polysaccharide platforms with distinct rheological and
chemical profiles. CMC provides stable carboxymethyl

functional groups that facilitate ionic crosslinking and good
film-forming properties [9], GG forms rigid gels through
helical chain association and divalent cation bridging, of-
fering superior mechanical integrity [10]; and AG, a highly
branched arabinogalactan, confers excellent water solubil-
ity and emulsification capacity suited for porous scaffold
fabrication [11]. These four biopolymers were therefore
selected to represent a chemically diverse range of ma-
trix architectures for systematic comparison. Neverthe-
less, biopolymer scaffolds in their native state exhibit well-
documented limitations for bone applications. SA films,
for instance, typically display tensile strengths below 10
MPa and swelling ratios exceeding 300% under hydration
[12], while CMC-, GG-, and AG-based constructs simi-
larly suffer from limited calcium phosphate nucleation ca-
pacity [13]. These drawbacks collectively undermine per-
formance at load-bearing skeletal sites and hinder clinical
translation.

Titanium dioxide (TiO;) nanoparticles have emerged
as a versatile reinforcing agent for biopolymer systems, of-
fering outstanding biocompatibility, photocatalytic antimi-
crobial activity, and osteogenic support [14,15,16]. Sur-
face hydroxyl groups (Ti-OH) on TiO; nanoparticles serve
as nucleation sites for hydroxyapatite (HAp) formation by
coordinating calcium ions and facilitating phosphate pre-
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cipitation [17]. The rigid inorganic phase also improves
mechanical properties by physically crosslinking polymer
chains and restricting chain mobility, thereby maintaining
dimensional stability under aqueous conditions [18]. De-
spite extensive investigation of TiO,-polymer composites,
systematic direct comparisons across multiple biopolymer
matrices remain scarce. Earlier studies have largely fo-
cused on single-polymer systems; for example, Pullisaar
et al. [19] examined TiO,-reinforced alginate scaffolds
and reported improved compressive strength, while Abd El-
Lateef et al. [20] investigated TiO,/CMC composites with
enhanced antimicrobial activity.

Despite the significant progress in the development
of TiO,-incorporated biopolymer scaffolds, most reported
studies have predominantly focused on single-polymer sys-
tems or limited binary combinations, with insufficient at-
tention given to the comparative influence of different
biopolymer matrices on scaffold performance. Recent
high-impact reviews have highlighted that although scaf-
fold design is increasingly guided by structure—function
relationships, a systematic understanding of how material
composition governs biological outcomes remains limited
[21]. In particular, a critical gap persists in elucidating
how variations in polymer chemistry such as functional
group density, chain flexibility, and network architecture
affect nanoparticle dispersion, interfacial interactions, and
hydroxyapatite nucleation.

Furthermore, existing literature on polymer-based
bioactive composites underscores the lack of comparative
frameworks that directly correlate physicochemical prop-
erties with bioactivity across multiple material systems
[22]. This limitation is also reflected in recent advances in
titanium-based biomaterials, where the need for rational de-
sign strategies linking composition, structure, and biologi-
cal performance has been strongly emphasized [23]. On
top of that, recent studies have highlighted that although
hydroxyapatite-based biomaterials exhibit excellent bioac-
tivity, challenges related to mechanical strength, structural
optimization, and standardization remain critical barriers to
clinical translation [24].

To address these limitations, the present study pro-
poses a systematic and comparative investigation of TiO,
nanoparticle-integrated scaffolds based on four chemically
distinct biopolymers, namely sodium alginate (SA), car-
boxymethyl cellulose (CMC), gellan gum (GG), and ara-
bic gum (AG), fabricated under identical processing condi-
tions. By establishing direct correlations between polymer
matrix characteristics and key performance indicators in-
cluding porosity, swelling behavior, and in vitro bioactivity
this work aims to elucidate the underlying structure, prop-
erty, bioactivity relationships. The novelty of this study lies
in providing a unified comparative platform that enables the
identification of the most suitable biopolymer matrix for en-
hancing TiO, functionality, thereby offering new design in-
sights for the development of advanced bioactive scaffolds
for bone tissue regeneration.

2. Materials and Methods
2.1 Materials

Titanium dioxide (TiO;) powder (purity >99%,
anatase, particle size <100 nm, CAS: 13463-67-7), sodium
hydroxide (NaOH, purity >98%, analytical grade, CAS:
1310-73-2), and hydrochloric acid (HCI, 37%, analyti-
cal grade, CAS: 7647-01-0) were purchased from Merck
(Darmstadt, Germany). Sodium alginate (SA; medium vis-
cosity grade, Mw ~200 kDa, CAS: 9005-38-3, viscosity
200400 cP for a 1 wt % aqueous solution at 25 °C), car-
boxymethyl cellulose (CMC; degree of substitution 0.65—
0.90, Mw ~90 kDa, CAS: 9004-32-4), gellan gum (GG;
low-acyl form, Mw ~500 kDa CAS: 71010-52-1), and ara-
bic gum (AG; food grade, Mw ~350 kDa, CAS: 9000-01-
5) were all purchased from Sigma-Aldrich (St. Louis, MO,
USA). Glycerol (=99.5%, analytical grade, CAS 56-81-5)
and calcium chloride (CaCl,2H,0, >99%, CAS 10035-
04-8) from Sigma Aldrich (Merck KGaA, Darmstadt, Ger-
many) were used as received without further purification.
All solutions were prepared using distilled water.

2.2 Preparation of TiO, Nanoparticles

A 2 g of TiO; powder precursor (Merck) was dis-
persed in 10 M NaOH (100 mL) and was subjected to hy-
drothermal treatment at 150 °C for 24 h in autoclave. When
the reaction was completed, the white solid precipitate was
collected and washed with 0.1 M HCI (200 mL) followed
by distilled water until a pH 7 of washing solution was
obtained. Then, the white solid was separated and col-
lected from both solutions and subsequently dried at 80
°C for 24 h. Then, the samples were calcined at 500 °C
for 2 h. The calcined powders were analysed using X-ray
diffraction (XRD) (Shimadzu XD-D1, Shimadzu Corpora-
tion, Kuala Terengganu, Terengganu, Malaysia), scanning
electron microscopy (SEM) (SEM- Quanta FEG/450, FEI
Company, Kuala Terengganu, Terengganu, Malaysia) and
transmission electron microscopy (TEM) (TEM-Tecnai G2
F20 (FEI Company, Pulau Pinang, Malaysia).

2.3 Preparation of TiO, Nanoparticle-Integrated
Biopolymer Scaffolds

All scaffolds were fabricated via solution casting fol-
lowed by freeze-drying, with the only variation being the
polymer matrix used. For the SA-based formulations, 4 g of
SA was dissolved in 100 mL of distilled water at 50 °C un-
der continuous magnetic stirring for 2 h to obtain a homoge-
neous solution. Glycerol was then added as a plasticiser at
50 wt % relative to the total polymer mass (i.e., 2 g glycerol
per 4 g polymer), followed by 5 mL of a 2% w/v calcium
chloride (CaCl,) in deionized water as crosslinking solution
and continued stirring for 30 min. For the nanocompos-
ite formulations, 0.10 g of TiO, nanoparticles was added
to the nanocomposite formulations, while the control for-
mulations received an equivalent volume of distilled water
in place of the nanoparticle suspension. Stirring was main-
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tained for an additional 2 h to ensure uniform dispersion.
The same procedure was applied to the CMC, GG, and AG
matrices, where 4 g of each respective polymer was dis-
solved individually in 100 mL of distilled water at 50 °C
for 2 h before adding 0.10 g of TiO, nanoparticles (or dis-
tilled water for controls) and continuing mixing for a further
2 h. All mixtures were then ultrasonicated at 80 W for 30
min to enhance dispersion and minimise particle agglom-
eration. The homogeneous solutions were poured into petri
dishes and allowed to degas at room temperature for 30 min
to eliminate air bubbles. The dishes were then placed in a
—80 °C freezer and frozen at a controlled cooling rate of
approximately 1 °C/min for 24 h. Freeze-drying was sub-
sequently carried out using a lyophilizer (Christ Alpha 1-2
LD Plus, Germany) at a condenser temperature of —40 °C
under a vacuum pressure of <0.1 mbar for 48 h. The re-
sulting porous scaffolds were carefully removed from the
petri dishes, stored in a desiccator, and used for subsequent
characterization.

2.4 Characterization

Various instrument has been used to characterize the
synthesized TiO, nanoparticle and fabricated nanocom-
posite scaffolds. Fourier transform infrared (FTIR) spec-
troscopy (Perkin Elmer Spectrum 100 FTIR spectropho-
tometer, PerkinElmer Inc., Kuala Terengganu, Terengganu,
Malaysia), with a wavenumber range of 4000-400 cm™!,
was used to analyze the functional group of the samples.
The XRD experiment was conducted using an X-ray pow-
der diffractometer and a Ni- Ni-filtered Cu K X-ray radia-
tion source. Using Ka-Cu cathode radiation (A = 1.54184
A®) and the wide-angle region (20) 5-80°, X-ray diffrac-
tion (XRD) patterns were measured. The surface morphol-
ogy of the samples was studied by using scanning electron
microscopy (SEM) model.

2.5 Swelling Study

The scaffolds are cut to a similar size (20 mm x 20
mm) and weighed (W). The samples were then placed into
distilled water at a temperature of 37 °C. All the samples
were removed from the distilled water after 24 hours, and
any water that had collected on their surface was quickly
wiped off. The fully enlarged scaffolds were then weighed
(Ws), and the following Eqn. 1 was used to calculate the
swelling percentage (%):

(Ws — Wd)
d

Swelling(%) = x 100 e

2.6 Porosity

By using the previously reported liquid displacement
method, the porosities of the scaffolds were determined. In
a nutshell, the initial weight (W) and volume (V) of the
cylindrical composite hydrogel films were measured and
recorded. The samples were then submerged in dehydrated
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alcohol for 24 hours, allowing them to become completely
saturated. The samples were weighed once more (W) af-
ter the surface liquid was removed. The following equation
was used to calculate the porosity (P):

(W2 — W)

P =
A%

@

Here p is the density of alcohol.

2.7 Bioactivity Study

The bioactivity of scaffolds was examined using a
simulated body fluid solution (SBF) with an ion concentra-
tion that is nearly identical to that of human blood plasma.
The SBF solution was prepared using the recommended
technique outlined by Kokubo and Takadama [14]. The
same-sized of scaffold were immersed in the SBF solution
at a pH of 7.40 + 0.05 and 37 °C for 7 days. After being
submerged in SBF for a week, the samples underwent SEM
and Fourier transform infrared (FTIR) analysis to look into
the sample’s capacity to form apatite.

3. Results and Discussion

Fig. 1 shows the XRD diffractogram, SEM and TEM
micrographs of the synthesised TiO, nanoparticles using
hydrothermal method. The X-ray diffraction analysis pre-
sented in the diffractogram (Fig. 1a) conclusively confirms
the formation of phase-pure anatase TiO,. The diffraction
pattern exhibits characteristic peaks at 20 values of approx-
imately 25°, 38°, 48°, 54°, 55°, 62°, 69°, 70°, and 75°,
which correspond to the (101), (004), (200), (105), (211),
(204), (116), (220), and (215) crystallographic planes of
the anatase phase (JCPDS card no. 21-1272), respectively.
The dominant peak at 20 = 25° corresponds to the (101)
plane, which is the most intense reflection in the anatase
crystal structure [24,25]. The absence of peaks correspond-
ing to rutile (e.g., at 20 = 27° for the (110) plane) or brookite
phases confirms the phase purity of the synthesized ma-
terial. The sharp, well-defined diffraction peaks indicate
good crystallinity of the anatase TiO,, suggesting a well-
ordered crystal structure [26].

The crystallite size can be estimated using the Scher-
rer equation applied to the most intense (101) peak. The
relatively narrow full-width at half-maximum of this peak
suggests crystallite sizes in the nanometer range, consistent
with the formation of nanostructured materials [27,28]. The
SEM image shown in Fig. 1b demonstrates that there is a
homogeneous distribution of nanoparticles on the surface
of the sample with a relatively uniform distribution of sizes
of the nanoparticles. The particles are seen to be loosely
aggregated in clusters, a characteristic of the nanoparticles
prepared using wet chemistry method because of high sur-
face energies. The morphology does not indicate the pres-
ence of large-scale agglomeration or bulk crystalline struc-
ture formation, which points to the synthesis conditions en-
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Fig. 1. Structural and morphological characterization of nanoparticles. (a) XRD diffractogram, (b) SEM and (¢c) TEM micro-

graphs of the synthesised TiO, nanoparticles. XRD, X-ray diffraction; SEM, scanning electron microscopy; TEM, transmission electron

microscopy; TiO,, titanium dioxide; scale bar = 200 nm in (b); scale bar = 50 nm in (c).

suring the absence of uncontrolled particle growth. The size
distribution of the observed particles in the SEM image is
in line with the dimensions of the nanoscale, but the reso-
lution does not allow determining the size accurately at this
magnification.

TEM is capable of giving greater information on the
particle morphology and size distribution. The TEM im-
age (Fig. 1c) indicates that the separate particles have the
morphology of a quasi-spherical polyhedron, and the crys-
talline boundaries are distinctly defined. TEM analysis re-
vealed that the synthesized TiO; nanoparticles exhibit a par-
ticle size in the range of approximately 10-30 nm, with an
average size of ~18 nm, as estimated from representative
micrographs. The nanoscale dimension is beneficial when
it was used in the areas that need a large surface area be-
cause it offers plenty of active sites to react in the form of
catalysis or to undergo the process of ion intercalation. The
lighter contrast regions around the darker particle cores in-
dicate the existence of thin layer on the surface which might

be due to surface hydroxyl groups or adsorbed species or
slight variation in electron density at the particle surfaces-
characteristics usually seen on the nanocrystalline TiO,.
The particle size obtained through TEM analysis is also in
excellent agreement with the size of crystallites obtained
through the use of XRD peak broadening analysis, and it is
likely that individual crystallites are single-crystalline crys-
tallites and not polycrystalline aggregates. The useful mor-
phology and size distribution, reveals that the parameters
used in the synthesis were optimized to manipulate the nu-
cleation and growth of the particle. The XRD, SEM, and
TEM characterization all prove the successful synthesis of
anatase TiO, monocrystalline with controlled particle size
and morphology.

Fig. 2 depicts physical appearance of various bio-
nanocomposite incorporated TiO, scaffolds with the use of
various types of biomaterials. The SA+TiO; scaffold has
a rather smooth surface with slight roughness and irreg-
ularities (Fig. 2a). SA is brittle and therefore it can in-
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crease its flexibility, tensile strength as well as its crosslink-
ing capacity. The optical clarity of TiO, within the matrix
is further enhanced by a homogeneous distribution of the
nanoparticles within the matrix to ensure that the nanopar-
ticles do not agglomerate. The observed surface rough-
ness is slight and could be beneficial towards cell adhesion
because moderate levels of texturing have been observed
to enhance bioactivity in tissue engineering scaffolds [29].
On the other hand, the surfaces of CMC+TiO, scaffold are
very smooth and uniform with few imperfections (Fig. 2b).
CMC is a moisture-retaining flexible film naturally formed
and does not need any further polymer support. The de-
creased chain entanglement in CMC leads to enhanced flex-
ibility and even thickness leading to increased light trans-
mission and giving the scaffold its transparency. Moreover,
CMC can be used to disperse TiO, uniformly, which re-
duces agglomeration and achieves optical clarity due to its
high hydrophilic property. Previous research has shown
that the films formed by CMC have a high-transparency
rate because the chains of polymer are well-aligned and
the phase separation is reduced [30]. The smooth mor-
phology of the scaffold also offers good conditions of os-
teoblast bonding and expansion, thus it is a good candidate
in bone tissue engineering [31]. Conversely, the surface
of GG+TiO; scaffold is extremely irregular (Fig. 2¢). GG
can form stable films, however, crosslinking is necessary to
be mechanically strong. The intense polymer interactions
and gelation characteristic of it causes phase separation in
the formation of the films which causes surface roughness.
The varying rates of drying are one of the sources of lo-
cal thickness variations, diminishing the transparency. Fur-
thermore, the high-water capacity of GG may also entrap
the remaining moisture, which will further disturb the uni-
formity of the film. It has been reported by previous stud-
ies that the gel-like characteristic of GG contributes to non-
uniform shrinkage and wrinkled textures which affect both
mechanical stability and transparency [32]. The distribu-
tion of TiO, observed indicates that the material is moder-
ately compatible with GG, yet the roughness of the scaffold
morphology suggests that the hydration-induced swelling
and contraction effects had an impact on the final structure.
In the same way, the surface of the AG+TiO, scaffold is
rough and uneven, with clear depressions and uneven sur-
face textures (Fig. 2d). AG with 300,800 kg/da results in
flexible scaffold and does not have the strength of SA based
scaffolds. Its polysaccharide structure is highly branched
hence chain entanglement is weak resulting in inconsistent
polymer network resulting in high light scattering and low
transparency. Also, non-uniform nanoparticles dispersion
may lead to local agglomeration, which also has an impact
on optical clarity. The same findings have been mentioned
concerning AG composites studied before, whereby incon-
sistent thickness adds to the differences in mechanical prop-
erties [33,34]. Such structural discrepancies can affect me-
chanical performance of the scaffold especially when the
scaffold is used in load-bearing bone tissue engineering.
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The FTIR spectra of different bio-nanocomposite
scaffolds with TiO,NP are depicted in Fig. 3. The FTIR
spectrum of the SA+TiO, scaffold (Fig. 3a) has different
peaks which represent the characteristic functional groups
of SA. There is a wide absorption band at 3298.99 cm™
which is ascribed to O-H stretching vibrations, which im-
plies that both polymers have hydroxyl groups and thus
OH bonds are very likely to take place. The highest value
of 2923.36 cm™! is associated with C-H stretching vibra-
tions of the methylene groups of the SA backbone. Also,
the asymmetric and symmetric stretching vibrations of the
carboxylate (COO-) groups of the SA are related to ab-
sorption bands at 1611.52 cm™! and 1415.78 cm™, respec-
tively. The characteristic bands at 525.62 cm™!, which are
attributed to Ti-O-Ti and Ti-O bond vibrations, confirm the
presence of TiO; in the scaffold structure. The spectra ob-
tained are consistent with the current literature regarding
TiO, nanoparticles-polymer interactions, which validates
successful dispersion of nanoparticles and compatibility of
polymers [35]. Fig. 3b, CMC+TiO, scaffold, exhibits O-H
stretch at 3446.36 cm™!, which is a wide absorption band
that is due to the high concentration of hydroxyl groups in
the CMC scaffold. C-H stretching vibrations of alkyl chains
in CMC are delegated to peaks of 2923.64 cm™'. The sharp
peak at 1619.74 cm™' is correlated with the asymmetric
stretching of the carboxyl (COO-) group, which means the
presence of deprotonated carboxyl functionalities. More-
over, the magnification of the COO- groups is symmetrical
and observed at 1419.52 cm™!. The current study estab-
lishes the presence of TiO; in the scaffold by the character-
istic absorption bands at 509.82 cm™', which represent the
Ti-O and Ti-O vibrations, which indicates the efficient in-
corporation of TiO, into the CMC matrix. These findings
are in line with the former results on CMC-based nanocom-
posites where comparable functional group interactions and
nanoparticle dispersion were reported [36]. Fig. 3¢ (FTIR
spectrum of the GG+TiO; scaffold) has a broad absorption
band at 3273.79 cm™!, which is related to O-H stretching
vibration, because of hydroxyl groups existing in the GG
structure. In the GG structure, C-H stretching vibrations
are linked to a peak of 2934.46 cm™'. The asymmetric and
symmetric stretching vibrations of the carboxylate (COO-)
groups are observed at 1598.70 cm ™! and 1415.52 cm™, re-
spectively, confirming the presence of carboxyl functional
groups within the GG polymer matrix. The incorporation
of TiO; is further evidenced by characteristic absorption
bands at 560.87 cm™', which are attributed to Ti—-O-Ti and
Ti—O bonding vibrations. These findings demonstrate that
GG serves as an effective supporting polymer for the incor-
poration of TiO, nanoparticles within its polymeric frame-
work. However, GG-based scaffolds may exhibit a higher
degree of nanoparticle aggregation compared to CMC- and
SA-based systems due to their strong gel-forming ability,
thereby necessitating further optimization to achieve uni-
form nanoparticle dispersion [37].
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(a) SA+TIO,

(b) CMC+TiO,

(d) AG+TiO,

Fig. 2. Physical appearance of (a) SA+TiO;, (b) CMC+TiO;, (¢) GG+TiO,, and (d) AG+TiO; nanocomposite scaffolds. SA, sodium
alginate; CMC, carboxymethyl cellulose; GG, gellan gum; AG, arabic gum.

The FTIR spectrum of the AG+TiO, scaffold (Fig.
3d) exhibits a broad absorption band at 3287.01 cm™, cor-
responding to the O-H stretching vibrations of hydroxyl
groups present in arabic gum (AG). The peak observed at
2925.19 cm™! is attributed to the C—H stretching vibrations
of the saccharide units. The asymmetric and symmetric
stretching vibrations of the carboxylate (COO-) groups ap-
pear at 1598.70 cm™!' and 1411.45 cm™, respectively, con-
firming the presence of carboxyl functionalities within the
polymer matrix. The successful incorporation of TiO; into
the AG scaffold is further evidenced by characteristic bands
at 685.11 cm™, assigned to Ti—O-Ti and Ti-O bonding vi-
brations. Compared to other biopolymer matrices, the AG
scaffold exhibits a more heterogeneous distribution of TiO,

nanoparticles, which may adversely affect its mechanical
stability and bioactivity. These observations are consis-
tent with previous reports on AG-based composites, which
highlight similar challenges related to nanoparticle disper-
sion and film formation [38].

Fig. 4 shows the SEM pictures of nanocomposite scaf-
folds with TiO, that shed much light on their surface mor-
phology and structure of the scaffolds. The surface of the
SA+TiO; scaffold is relatively smooth with small and uni-
formly distributed spherical particles, presumably those of
TiO, (Fig. 4a). The even distribution of these nanoparticles
throughout the polymer mass shows the successful incorpo-
ration that is essential in ensuring the mechanical stability
and improvement in the surface interactions. The decrease
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Fig. 3. FTIR spectra of (a) SA+TiO;, (b) CMC+TiO;, (¢) GG+TiO;, and (d) AG+TiO; nanocomposite scaffolds. FTIR, Fourier

transform infrared.

in the molecular weight of SA might explain the smoother
surface since this anti-foaming agent allows an increase in
the characteristic chain mobility and in the distribution of
nanoparticles. This is a controlled nanoparticle dispersion
which is associated with increased bioactivity because a
smooth surface will promote cell adhesion and growth. The
same implications have been indicated, pointing out that the
well-dispersed TiO, improves nanoscale roughness without
compromising the overall uniformity of the surface, which
is advantageous to the osteoconductivity [39].

Contrary, the CMC+TiO; scaffold (Fig. 4b) has very
porous and irregular surface morphology, i.e., big pores and
rough textures. The inherent property of CMC (250,700
kDa) is its ability to incorporate or keep moisture and does
not need to be plasticized or reinforced by other polymers
such as SA. The porosity that is increased is desirable in
bone tissue engineering because it allows easy exchange
of nutrients, cells and vascularization. Higher molecular
weight of CMC causes the flexibility of the polymer chains
in the scaffold to be less, producing a more rigorous struc-
tural network to aid in the creation of clear porosity in the
fabrication of the scaffold. Also, the homogenous spread-
ing of TiO; in CMC matrix increases its mechanical stabil-
ity, which strengthens the possibility of biomedical usage
of the scaffold. The same study has found comparable con-
clusions as were presented by Feng et al. (2023) [40], as
rough surface topography and well-established porosity in
CMC-based scaffolds facilitated improved osteoconductiv-
ity.

GG+Ti0; scaffold has a dense and layered structure
with visible cracks and flakes of the surface (Fig. 4c). GG
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is a high molecular weight protein (500 kDa—2 MDa) which
forms soft yet stable films which need crosslinking to be
mechanically reinforced. The reported cracks indicate the
possibility of shrinking when the material is dry, which is
probably caused by the gelation characteristic of GG, which
can cause phase separation and structural inequalities. The
viscosity of GG is also very high, which could make it diffi-
cult to achieve a uniform dispersion of nanoparticles, which
will add to the localized stress buildup and defects, includ-
ing flaking or microcracks, during solvent evaporation. Al-
though the mechanical strength of the incorporation of TiO,
is enhanced, drying conditions and crosslinking strategies
ought to be optimized to reduce such defects. Other studies
like these suggest that drying and ionic crosslinking under
controlled conditions with divalent cations help to improve
the structural stability of GG-based scaffolds [37].

The scaffold of the AG+TiO, has a very irregular sur-
face that is rough and has apparent clusters of spherical
particles (Fig. 4d), presumably agglomerated TiO,. AG
(300,800 kDa) is not only flexible and highly soluble but
also has lower mechanical properties than the SA based
products. The surface texture of the texture indicates that it
cannot be easily dispersed uniformly in nanoparticles, and
this may be because AG has lower polymer entanglement
and weaker intermolecular involvement, which can say to
nanoparticle aggregation. Such a structural mismatch may
have an adverse impact on mechanical characteristics, low-
ering the stability of the scaffolds and their ability to bear
load. Optimization methods, including enhanced mixing
methods, or surface functionalization of TiO,, or polymer
blending, may be required to increase uniformity of dis-
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553 pm

15.31 mm

Fig. 4. SEM micrographs of (a) SA+TiO,, (b) CMC+TiO, (¢) GG+TiO,, and (d) AG+TiO; nanocomposite scaffolds. Scale bar =

50 pm in (a); scale bar = 100 um in (b,c,d).

persion. The same issues have been reported by other re-
searcher in which TiO, aggregation in AG composites led
to non-uniform surface morphologies and diminished me-
chanical performance [38].

The plasticity of the scaffold surface is quite varied,
as the concentration, composition, and size dispersion of
polymer, and nanoparticle, vary greatly. The high molecu-
lar weight polymers, including CMC and GG, raise the vis-
cosity, and these affect the distribution of nanoparticles and
add irregularities to the surface [41,42]. The scaffolds must
have mechanically controlled porosity and structural stabil-
ity, which displays the effect of molecular weight on the
ratio of mechanical strength and bioactivity. The coarser
and porous surfaces are also useful in the engineering of
the bone tissues since the surfaces promote the connection
between cells and nutrient transfer [43]. Fig. 5 illustrated
behavior of swelling of TiO,-incorporated nanocomposites
scaffolds. Of the scaffolds tested, it was observed that the
SA+TiO; scaffold has the highest percentage of swelling

and attains about 91.50% after 24 hours of immersion time.
Because SA contains a high level of hydrophilic functional
groups, this strong water uptake can be explained by the
synergistic interaction of the two compounds. The hy-
drogen bonding between polymer chains and electrostatic
interactions between functional groups, which influence
swelling behavior and mechanical integrity [44]. Besides,
they are porous, which promotes the absorption of water.
This effect is further improved by the addition of TiO, that
contributes to the overall surface roughness of the poly-
meric matrix and the capacity of the polymeric material to
hold water. Such results are consistent with literature-based
studies whereby SA-TiO, nanocomposites scaffold showed
high swelling rates because TiO, were able to confer high
stability and wettability [45]. Nevertheless, as the incorpo-
ration of nanoparticles favors swelling, it is imperative to
take into consideration the implications it may have on me-
chanical integrity and the degradation rates, which might be
affected by superfluous uptake of water.
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The CMC+TiO, scaffold has a gradual tendency of
increasing swelling as time progresses to reach a final
swelling percentage of 88.10. CMC is hydrophilic and can
absorb water well, and the inclusion of TiO, could lead to
this characteristic such that the surface area and porosity of
the scaffold are increased. It has a slightly lower swelling
percentage, however, than in the case of the SA scaffold
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probably due to the variation in the interaction between
polymer and nanoparticles. The density of crosslinking and
polymeric entanglements within the CMC matrix perhaps
limit excessive swelling to strike a balance between water
uptake and the mechanical strength of the structure. The
percentage of swelling, 83.05% of the GG+TiO, scaffold
after 24 hours, is lower than the swelling of the SA and
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CMC-based scaffolds. The swelling ability of GG is lim-
ited by its denser gel like network which is also hydrophilic
but its ability to take in water may be limited because of
the presence of the denser gel like network. This finding
does not differ with the past research on natural gum-based
biomaterials in which the polymeric framework played a
major role in water uptake [46]. In addition, the crosslink-
ing between TiO; and polymer molecules could also reduce
swelling through further inhibition of free volume in the
network through physical crosslinking.

The AG+TiO, scaffold exhibited slightly higher
swelling percentage than GG+TiO,, reaching 85.35% af-
ter 24 hours. Although arabic gum (AG) is a hydrophilic
polysaccharide with an inherent capacity for water absorp-
tion, its interaction with TiO, nanoparticles appears to in-
fluence the overall swelling behavior.

The formation of a polymer—nanoparticle network
likely reduces the availability of free hydrophilic sites,
thereby limiting water uptake. This observation is con-
sistent with previous reports, where the incorporation of
nanoparticles altered the hydrogel network structure, re-
sulting in modified swelling characteristics [47]. The re-
duced swelling behavior may be advantageous for main-
taining scaffold integrity over extended periods, which is
critical for controlled degradation and sustained mechani-
cal performance in bone tissue engineering applications.

Fig. 6 presents the average porosity of each scaffold.
The SA+TiO, scaffold exhibits the highest porosity, reach-
ing approximately 94.75%, attributed to its highly porous
and interconnected architecture. The incorporation of TiO,
further enhances porosity by increasing surface roughness
and acting as a pore-forming agent within the polymeric
matrix. High porosity is a critical attribute for bone tis-
sue engineering, as it facilitates cell adhesion, nutrient dif-
fusion, and vascularization, all of which are essential for
effective tissue regeneration. These findings are consistent
with previous studies reporting that SA+TiO, nanocompos-
ite scaffolds exhibit enhanced porosity and improved bio-
logical interactions, thereby demonstrating their suitability
for tissue engineering applications [48].

The CMC+TiO, scaffold exhibits a relatively low
porosity of 81.44% compared to the SA-based scaffold.
This reduced porosity indicates a denser matrix architec-
ture, which may result from enhanced polymer—polymer
interactions that limit pore formation and expansion. Al-
though this level of porosity remains acceptable for tissue
engineering applications, the comparatively lower poros-
ity may hinder cell infiltration and fluid exchange, poten-
tially limiting its performance in certain biomedical con-
texts. Nevertheless, previous studies on CMC-based bio-
materials have demonstrated that, despite moderate poros-
ity, CMC offers excellent biocompatibility and biodegrad-
ability, supporting its continued relevance in regenerative
medicine [46].

Similarly, the GG+TiO, scaffold exhibits a poros-
ity of 81.98%, which is comparable to that of the CMC-
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based scaffold. While GG-based scaffolds possess moder-
ate porosity, they are widely recognized for their favorable
mechanical properties and biocompatibility, making them
suitable for applications requiring a balance between struc-
tural stability and biological performance. Prior reports in-
dicate that GG-based biomaterials can support cell growth
and nutrient diffusion; however, their effectiveness may
be somewhat limited compared to highly porous systems
such as SA [47]. Furthermore, the TiO, content within the
GG matrix may influence pore size distribution, thereby af-
fecting cell attachment and scaffold degradation behavior,
which warrants further investigation.

The AG+TiO; scaffold exhibits a porosity of 84.91%,
which is higher than that of both CMC- and GG-based scaf-
folds but lower than that of the SA scaffold. This interme-
diate porosity suggests a relatively open structure, indicat-
ing that AG may serve as a promising candidate for bone
regeneration applications. Previous studies have reported
that gum-based biomaterials with controlled porosity can
exhibit high bioactivity and osteoconductivity, supporting
their potential use in bone defect repair [49].

The biodegradation behavior of the fabricated bio-
nanocomposite scaffolds over a three-week period is pre-
sented in Fig. 7. The degradation characteristics of
these scaffolds are critical in evaluating their suitabil-
ity for bone tissue regeneration, as controlled degrada-
tion enables gradual material resorption while new tis-
sue forms. The SA+TiO, scaffold exhibits the most pro-
nounced degradation, with a progressive increase in mass
loss over time. During the first week, the scaffold under-
goes 21.18% degradation, indicating moderate resistance
to initial breakdown. By the second week, degradation in-
creases to 37.52%, suggesting an accelerated decomposi-
tion process associated with enhanced water uptake and hy-
drolytic cleavage of polymer chains. By the third week,
degradation reaches 54.14%, reflecting substantial struc-
tural disintegration. This relatively rapid degradation can
be attributed to the hydrophilic nature of SA, which facil-
itates water penetration and matrix destabilization. In ad-
dition, the incorporation of TiO, may influence polymer
interactions, thereby affecting water uptake and degrada-
tion kinetics. Similar trends have been reported in SA—
TiO, nanocomposite scaffolds, where TiO, nanoparticles
were shown to enhance degradation rates by modifying the
hydrophilic-hydrophobic balance of the scaffold [50]. The
relatively fast degradation profile suggests that this scaffold
is suitable for temporary applications, such as guided bone
regeneration, where a balance between bioactivity and con-
trolled resorption is required.

In contrast, the CMC+TiO, scaffold demonstrates a
slower and more controlled degradation profile. The scaf-
fold exhibits 17.36% degradation in the first week, indi-
cating a more stable structural framework. This increases
to 33.71% in the second week and 49.68% in the third
week. The comparatively reduced degradation rate may
be attributed to the semi-crystalline nature of CMC and the
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Fig. 7. Biodegradation of SA+Ti0O,;, CMC+TiO;, GG+TiO;, and AG+TiO; nanocomposite scaffolds after 3 weeks.

presence of strong intermolecular hydrogen bonding, which
limit water diffusion and restrict polymer chain cleavage.
Previous studies have reported that CMC-based biomateri-
als exhibit moderate degradation rates, making them suit-
able for applications requiring sustained structural support
[46]. These findings suggest that the CMC+TiO, scaffold is
a promising candidate for bone grafting applications, where
prolonged scaffold stability is necessary to support osteo-
conduction and cell proliferation.

The GG+TiO, scaffold exhibits a degradation pat-
tern similar to that of the CMC-based scaffold, albeit with
slightly lower degradation rates. The degradation reaches
19.5% in the first week, 31.07% in the second week, and
43.15% in the third week. The marginally slower degrada-
tion may be attributed to the denser, cross-linked network
structure of GG, which enhances resistance to hydrolytic
degradation. Gellan gum-based scaffolds have been widely
reported to possess favorable mechanical strength and
bioactivity, making them suitable for applications requir-
ing prolonged scaffold integrity prior to complete resorp-
tion [51]. These results indicate that the GG+TiO, scaffold
is well suited for applications involving gradual degrada-
tion, such as bone defect healing, where structural support
must be maintained during the remodeling process.

Among all formulations, the AG+TiO, scaffold ex-
hibits the slowest biodegradation rate, indicating supe-
rior structural stability over time. The scaffold shows
16.75% degradation in the first week, followed by 30.45%
in the second week and 41.90% in the third week. This
relatively low degradation rate can be attributed to the
polysaccharide-rich composition of AG, which forms a
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compact matrix with reduced water permeability. Previ-
ous studies have demonstrated that AG-based biomateri-
als exhibit controlled and sustained degradation behavior,
making them suitable for long-term biomedical applications
[38]. The observed degradation profile suggests that the
AG+Ti0; scaffold is a promising candidate for applications
requiring extended structural support, such as critical-sized
bone defect repair, where prolonged scaffold presence is es-
sential to facilitate tissue ingrowth and mineralization [52].

Fig. 8 presents the surface morphology of bio-
nanocomposite scaffolds after one week of immersion in
SBF, highlighting their mineralization potential. The SEM
image of the SA composite scaffold containing TiO, re-
veals a rough and heterogeneous surface with fine granular
deposits distributed across the matrix (Fig. 8a), indicative
of HAp formation. This mineralization process highlights
the scaffold’s bioactivity, as the functional groups in SA,
particularly hydroxyl (-OH) and carboxyl (-COO-) groups,
act as nucleation sites for calcium phosphate deposition.
These interactions facilitate the initial stages of HAp crys-
tallization, an essential factor in bone tissue regeneration
[53]. Moreover, the observed surface roughness enhances
cell adhesion and proliferation, promoting osteointegration,
which is crucial for successful tissue regeneration [54].

In contrast, the SEM image of the CMC+TiO, scaf-
fold (Fig. 8b) exhibits a smoother surface morphology com-
pared to the SA scaffold. After one week in SBF, the scaf-
fold displays a layered structure interspersed with mineral-
ized deposits, suggesting the formation of HAp. The pres-
ence of these mineralized regions affirms the bioactivity
of the scaffold, with its relatively smooth surface poten-
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Fig. 8. SEM images of (a) SA+TiO;, (b) CMC+TiO;, (¢) GG+TiO;, and (d) AG+TiO; nanocomposite scaffolds after 1 week’s
immersion in SBF. SBF, simulated body fluid solution; scale bar = 10 um.

tially favoring osteoconduction by facilitating the attach-
ment and proliferation of osteogenic cells [55]. The strong
affinity of CMC for calcium ions can be attributed to its neg-
atively charged functional groups, which enhance ionic in-
teractions and drive biomineralization [56]. The GG+TiO,
scaffold (Fig. 8c) exhibits a fibrous network with an in-
terconnected porous structure, providing a conducive en-
vironment for mineral deposition. The numerous small,
white precipitates distributed along the fibrous strands in-
dicate extensive HAp formation, demonstrating the scaf-
fold’s potential to act as an efficient mineralization ma-
trix. The interconnected porosity observed in the SEM
micrograph plays a crucial role in facilitating nutrient ex-
change and cellular infiltration, both of which are essential
for osteointegration. Previous studies have shown that GG-
based scaffolds promote biomineralization due to their abil-
ity to mimic the extracellular matrix, which enhances cell-
material interactions and supports bone tissue regeneration
[571.

The AG+TiO, scaffold (Fig. 8d) displays a highly tex-
tured surface morphology, characterized by a dense distri-
bution of spherical mineral particles, confirming the forma-
tion of HAp. The homogeneous dispersion of these miner-
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alized deposits across the scaffold suggests consistent nu-
cleation and growth of calcium phosphate, reinforcing the
scaffold’s bioactive properties. This mineralization is par-
ticularly significant as a uniform HAp layer enhances os-
teoconductivity, providing a favorable surface for bone cell
adhesion and proliferation [58]. Additionally, the rough
surface topography, combined with bioactive mineral de-
posits, creates an optimal microenvironment for cellular in-
teractions, further supporting osteointegration.

The enhanced mineralization observed across all scaf-
folds underscores the role of biopolymer matrices in facili-
tating HAp growth. Biopolymers provide an organic frame-
work rich in functional groups capable of chelating calcium
ions, thus promoting nucleation and subsequent mineraliza-
tion. The carboxylate groups in SA and CMC contribute
to ionic crosslinking with Ca?*, whereas GG forms helical
junction zones upon cation addition, and AG provides steric
stabilization through its branched arabinogalactan structure
[59]. Furthermore, the inherent hydrophilicity and porosity
of these scaffolds improve ion diffusion, enhancing calcium
phosphate precipitation and crystallization. These find-
ings align with previous research confirming the formation
of HAp on TiO;-incorporated scaffolds immersed in SBF,
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Fig. 9. FTIR spectra of (a) SA+TiO;, (b) CMC+TiO;, (¢) GG+TiO; and (d) AG+TiO; scaffold after one week immersing in SBF

solution.

further validating their bioactivity and clinical potential in
bone tissue engineering [54,58]. Ultimately, these results
reinforce the hypothesis that TiO, enhances the bioactiv-
ity and mineralization capacity of biopolymer-based scaf-
folds, providing a promising strategy for advancing bone re-
generation approaches. Well-dispersed nanoparticles act as
physical crosslinkers within the polymer matrix, enhancing
mechanical properties and bioactivity, whereas poor disper-
sion leads to agglomeration and reduced performance [60].

Fig. 9 shows the FTIR spectra of the different bio-
nanocomposites scaffolds after one week immersion in
SBF. There are multiple distinct bands of absorption of
the SA scaffold with TiO, relating to different functional
groups (Fig. 9a). There is also a broad peak at 3380.50 cm™
that is typical of O-H stretching which can be ascribed to the
hydroxyl groups of the SA components. Also, this peak can
be used to signify the development of an appetite hydroxya-
patite (HAp) on the scaffold surface since earlier tests have
attributed O-H stretching to the presence of water on the
surface of calcium phosphate minerals [61]. The highest
point of 1639.44 cm™' is associated with C=0, which is an
indicator of the carboxylate groups in SA, which validates
the presence of the biopolymer functional groups [62]. The
C-O-C absorptions at 1080.00 cm™! are attributed to C-O-
C stretching, which is a sign of polysaccharide units in the
SA matrix. It is worth noting that the existence of a peak
at 959.09 cm™!, which is associated with the P-O stretching
vibrations, is a strong indication of phosphate group inter-
actions, which are the traits of the HAp formation. This ob-
servation is consistent with the previous study that revealed
that phosphate vibrations in the FTIR spectrum can be used
as an indicator of biomineralization activities in bone tissue
engineering scaffolds [63].
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FTIR spectrum of CMC+TiO, scaffold also displays
typical functional group absorption after the scaffold is im-
mersed in SBF (Fig. 9b). The wide O-H at3359.11 cm™ in-
dicates the interaction of hydroxyl group, which is essential
in bioactivity and possible mineralization [64]. The high-
est peak of 1633.90 cm™ is associated with C=0 stretch-
ing vibrations of carboxylate groups, which is a functional
group in CMC. This finding agrees with the previous works
in CMC-based scaffolds that emphasize on the significance
of carboxylate groups in supporting the calcium ion chela-
tion process, followed by the nucleation of HAp [65]. The
C-O-C stretching is associated with peaks at 1098.31 cm™
that represent the polysaccharide molecules of CMC. Fur-
ther, the appearance of a peak at 951.01 cm™! indicates that
there is P-O stretching, which proves that HAp has formed.
This finding is consistent with recent reports that show that
CMC-based composites improve bioactivity and calcium
phosphate deposition when immersed in SBF [66].

The FTIR spectrum of the GG+TiO, scaffold after im-
mersion into SBF of one week displays considerable ab-
sorption bands (Fig. 9c). The O-H stretching frequency at
3370.09 cm™! and indicates the presence of hydration and
possible HAp formation, which is consistent with the pre-
vious research on GG-based biomaterials [67]. The highest
value of 1630.61 cm™' is a sign of the asymmetric stretch-
ing of carboxylates ions (-COO-) which is a typical feature
of GG and makes it have bioactive characteristics. C-O-C
stretching vibration of glycosidic linkages on GG indicates
its presence as the peaks of 1056.60 cm™'. Notably, the ap-
pearance of a peak at 953.36 cm™', which is related to P-O
stretching, is a sign of interaction with phosphate groups,
which implies the formation of HAp. The given observation
agrees with the studies that show that GG-based scaffolds
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Table 1. FTIR band assignment of the functional group of different bio-nanocomposite scaffolds after immersion in SBF

solution for one week.

Bio-nanocomposite scaffolds Functional groups

Peak position (cm™)

O-H stretching 3380.50
SA+TIO C=O0 stretching 1639.44
C-O-C stretching 1080.00
P-O stretching 959.09
O-H stretching 3359.11
CMC+TIO, C=O0 stretching 1633.90
C-O-C stretching 1098.31
P-O stretching 951.01
O-H stretching 3370.09
GG+TIO, -COO- asymmetric stretching 1630.61
C-O-C stretching 1056.60
P-O stretching 953.36
O-H stretching 3355.10
AG+TIO, -COO- asymmetric stretching 1611.71
C-O-C stretching 1073.52
P-O stretching 950.07

favor mineralization and osteoconductivity in bone tissue
engineering contexts [68].

According to Fig. 9d, the FTIR spectrum of the AG
scaffold containing TiO, shows specific absorption peaks,
which have a direct correlation with the bioactive potential
of the porous scaffold. O-H stretching is at the broadband
0f3355.10 cm ™! indicating hydration and possible HAp for-
mation. The highest value of 1611.71 cm™ is explained by
the asymmetric stretching of the carboxylate group (COO-)
which is characteristic of AG. The highest peaks of 1073.52
cm™! correspond to C-O-C bands, which indicates that AG
is polymeric. Of special significance is that there is a peak
at around 950.07 cm™! associated with P-O stretch vibra-
tions, and this implies the presence of the interactions of the
phosphate groups, and HAp formation is confirmed. The
above results are not new in comparison to the past research
on AG-based biomaterials that have proven that they allow
calcium phosphate deposition and augment scaffold bioac-
tivity [69].

The FTIR analysis also validates that all the scaf-
folds have typical absorption bands that reflect the biopoly-
mer constructions and bioactivity. These phosphate-related
peaks are present in all the samples and are a strong indi-
cation that it is formed by HAp which is essential in the
regeneration of bone tissues. In addition, the measured
functional groups are consistent with the literature on bio-
nanocomposite materials in the past, which supports the ap-
propriateness of such scaffolds in biomedical uses. Table 1
is a summary of the FTIR band assignment of functional
groups of various bio-nanocomposite scaffolds upon im-
mersion in SBF after 1 week.
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Limitations

This study has several limitations that should be ac-
knowledged. The experiments were conducted under con-
trolled laboratory conditions, which may not fully replicate
real physiological or clinical environments. On top of that
the sample size and range of experimental parameters were
limited, which may affect the generalizability of the find-
ings.

4. Conclusions

This study successfully demonstrates that TiO,
nanoparticle reinforcement is an effective and versatile
strategy for enhancing the physicochemical performance
and osteoconductive potential of biopolymer-based scaf-
folds intended for bone tissue engineering. The key finding
is that biopolymer matrix chemistry exerts a decisive influ-
ence on scaffold architecture and bioactivity. The SA-based
nanocomposite offered the highest porosity and hydration
capacity, making it well suited to nutrient-rich microenvi-
ronments, while CMC-, GG-, and AG-based counterparts
provided superior dimensional stability and more controlled
degradation behavior. Critically, hydroxyapatite minerali-
sation was confirmed across all TiO,-reinforced formula-
tions, underscoring the consistent osteoconductive benefit
conferred by Ti—~OH nucleation sites regardless of matrix
type. Collectively, these results establish a rational ba-
sis for selecting and tailoring biopolymer TiO, nanocom-
posites according to the specific mechanical and biolog-
ical demands of a given bone defect site. Nevertheless,
several important aspects remain to be addressed before
clinical translation can be considered. Future work should
prioritise in vitro cytocompatibility and osteogenic differ-
entiation assays, followed by in vivo validation in appro-
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priate animal models to confirm biocompatibility and os-
seointegration under physiological loading. Mechanical
optimization, particularly compressive strength and fatigue
resistance at load-bearing sites and systematic long-term
degradation studies under simulated physiological condi-
tions will also be essential. Addressing these gaps will be
critical in advancing TiO,-reinforced biopolymer scaffolds
towards practical applications in regenerative medicine.
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