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Abstract Biomaterials with exceptional biocompatibility and bioactivity are now pushing the

boundaries of bone tissue engineering. In this study, natural Arabic gum biopolymer incorporating

titanium dioxide nanoparticles (NAG + TiO2NP) nanocomposite film was fabricated. The FTIR

and XRD analysis show the presence of functional groups assigned to NAG biopolymers and

highly crystalline anatase TiO2NP. Well dispersed TiO2NP can be seen from SEM micrograph sug-

gesting good interaction between TiO2NP filler and NAG biopolymer matrix to enhance the

mechanical characteristics of nanocomposite film. The NAG + TiO2NP nanocomposite film exhib-

ited strong bioactivity to form bone-like apatite and promoted the proliferation of MG-63 cells

attributed to their excellent biocompatibility and non-toxicity. The NAG + TiO2NP nanocompos-

ite film also displays high antibacterial activity with (36.33 ± 1.53) mm and (27.00 ± 2.00) mm

inhibition zone were recorded against Staphylococcus aureus and Escherichia coli. The findings indi-

cate that the NAG + TiO2NP nanocomposite film, with its improved mechanical properties, high

swelling capacity, biodegradability, and non-toxicity, shows promise as a viable option for bone tis-

sue regeneration materials.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Physically and functionally, bone is a very dynamic and varied
tissue in the human body. Long to short, flat, and crooked

bones make up the human skeletal structure. Bone pores typ-
ically range in size from 100 to 300 lm. Nutritional active dif-
fusion takes place 150–200 lm pore diameters away from the

blood supply. The primary components of bone extracellular
matrix are nonmineralized and mineralized phases [1]. The
nonmineralized phase is typically a biopolymer that encom-
passes glycoprotein, proteoglycans, glycosaminoglycans, and

type-I collagen, while the mineralized phase primarily consists
of Ca10(PO4)6(OH)2 hydroxyapatite (HAp) [2]. Currently,
bone grafts or synthetic materials are utilized to regenerate

bone tissue; however, these methods are hindered by limita-
tions such as restricted availability, donor site morbidity,
immune rejection, and suboptimal integration with host tissue

[3]. Hence, there is a requirement to explore innovative
approaches, such as tissue engineering, biomaterials, and cellu-
lar therapies, to surmount these obstacles and augment the

regenerative capacity of bone tissue.
Biopolymers are widely utilised in bone tissue regeneration

because they are flexible, lightweight, and simple to manufac-
ture biomedical materials. Degradable biopolymers including

collagen, hyaluronan, chitosan, gelatin, alginate, and gum that
are found in nature are used to create scaffold materials. How-
ever, biopolymers cannot solely accomplish the requirements

of an ideal biomaterial, necessitating the incorporation of inor-
ganic reinforcements. In a bioactive composite, the biopoly-
mers as a matrix and the fillers serve as reinforcement [4,5].

The combination of polymeric components and reinforcements
increased the mechanical strength of composite materials. On
top of that, the physical and chemical characteristics of the

manufactured composite materials was varied. Recent research
has demonstrated the superior biocompatibility and osteogenic
qualities of bioactive nanocomposites, as well as high mechan-
ical strength (to support structures) for biomedical application

[6,7]. As a result, the biopolymeric bioactive nanocomposites
were extensively studied.

Arabic gum (AG) biopolymer is a complex mixture of

polysaccharides, their salts (calcium, magnesium, and potas-
sium), and glycoproteins that is collected as a dried exudate
from the stems and branches of acacia trees. L-arabinose, D-

galactose, rhamnose, and glucuronic acid were produced by
the hydrolysis of AG [8]. The present study has selected natu-
ral Arabic gum (NAG) as the biopolymer matrix, due to its
noteworthy properties such as water solubility, absence of tox-

icity, and a straightforward extraction method [8]. The NAG
was incorporated with titanium dioxide nanoparticles (TiO2

NP) to promote the bio-compatibility and bioactivity of the

nanocomposite for bone tissue regeneration. According to
the Food and Drug Administration (FDA), titanium dioxide
(TiO2) is one of the most biocompatible and hydrophilic inor-

ganic nanoparticles and is thought to be non-toxic, environ-
mentally friendly, and biosafe. The nano TiO2 surface’s
abundant hydroxyl (AOH) groups allow for the functionaliza-

tion and grafting of organic and biopolymer chains [9]. More-
over, the nature of the biopolymer and nanoparticles, as well
as their molecular size, shape, surface charge density,
polymer-particle affinity, interactions, and ratio, substantially

influenced their functional features.
As noted in previous research, Fourier Transform Infrared
(FTIR) confirmed the feasibility of natural biopolymer-TiO2

interactions [10,11]. For example, sage seed gum (SSG) chains

contain a number of carboxyl and hydroxyl agents, giving
TiO2NP surface a lot of potential binding sites as TiO2 has a
great affinity for carboxyl (ACOOH) groups. Additionally,

the Ti atoms on the nano-TiO2 can be coordinated by carboxy-
late groups on the repeating units of SSG chains in three sep-
arate unidentate, chelating, and bridge bidentate modes [12].

The presence of hydrogen bonding, or H-bonding, as a crucial
interaction in the SSG-TiO2 hybrid composite is highly antic-
ipated, as it contributes significantly to the enhancement of
mechanical properties. These benefits render TiO2NP an opti-

mal inorganic strengthening element in the production of SSG-
based nanohybrid hydrogel with novel and promising func-
tional properties and applications.

Incorporating nano-sized materials offers significant advan-
tages in reducing the surface area-to-volume ratio [13], owing
to their larger surface area compared to their bulk counter-

parts. This increased surface area allows for more interactions
with surrounding biological tissues and cells [14]. In the con-
text of bone tissue regeneration, nanomaterials provide a lar-

ger contact area for cell adhesion, proliferation, and
differentiation, facilitating faster and more efficient bone for-
mation [15]. Nanomaterials also exhibit improved biocompat-
ibility due to their resemblance to the natural components of

bone tissue at the molecular level. This helps in reducing
adverse reactions and immune responses, making them more
suitable for implantation and integration with the host tissue

to promote the cells growth and differentiation [16]. Nanoma-
terials have gained significant attention as a remarkable class
of materials due to their unique properties and the fact that

they encompass a wide range of samples with at least one
dimension ranging from 1 to 100 nm [17]. It is worth noting
that nanomaterials can stimulate the expression of certain

human genes involved in bone growth and repair, those encod-
ing for growth factors and extracellular matrix proteins [18].
Notably, TiO2 nanomaterials have been incorporated into var-
ious forms of biopolymer matrices, such as film, fluid, and

double-network gel. In particular, the incorporation of TiO2-
NP into biopolymers has shown substantial potential in over-
coming these obstacles by providing enhanced

biocompatibility, mechanical properties, and osteo-inductive
properties. The nanoparticles also play an important role in
speeding recovery and reducing toxic side effects [19].

Nonetheless, it remains imperative to address key research
questions and optimize the incorporation process. These ques-
tions include evaluating the biocompatibility and cytotoxicity
of the TiO2NP incorporated biopolymers, assessing the

in vivo performance and biodegradability of the nanocompos-
ite film, investigating the impact on mineralization of bone-
forming cells. Ultimately, the aim is to develop TiO2NP incor-

porated NAG biopolymers as a safe and effective biomaterial
for bone tissue regeneration.

2. Experimental

2.1. Chemical

Natural Arabic gum (NAG) powder is a Sudan product
branded ALNOOR. Titanium dioxide nanoparticles (TiO2NP)
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(anatase, Mw 79.87 g/mol, product number 13463-67-7, lot
number K45324808505), and calcium chloride (CaCl2) (CAS
number 10043-52-4, lot number K47117278604) were obtained

from Merck, Malaysia. Glycerol (product number G5516, lot
number STBC1888V) obtained from Sigma-Aldrich, Malaysia.
All materials were used as received.

2.2. Preparation

A solution of NAG was produced through the dissolution of

10 g of NAG in 100 mL of deionized water, while maintaining
continuous stirring for a duration of two hours at a tempera-
ture of 70 �C. To this solution, 0.5 g of glycerol (5 w/w%, rel-

ative to NAG) and 5 mL CaCl2 (at a concentration of 5 mM)
were subsequently added. Following this, 0.1 g of TiO2NP (1
w/w% relative to NAG) was added to the solution while stir-
ring for an additional two hours and sonication with 24 kHz

Hielscher UP200H ultrasound (Hielscher Ultrasonics, Ger-
many) for 5 min at ambient temperature. The resulting solu-
tion was then transferred to a casting dish, where it was

dried in an oven for a period of 24 h at a temperature of
50 �C, thus producing a film. All films were preconditioned
in a desiccator, at a temperature of 27 �C and relative humidity

of 50%, for a minimum of two days prior to testing. A pure
NAG film was fabricated using a procedure similar to the
one described earlier, however, in the absence of TiO2

nanoparticles. Prior to the generation of the film, an optimiza-

tion study was conducted to determine the ideal concentration
of materials required to produce a film of high quality [20].

2.3. Characterization

The presence of bands corresponding to various functional
groups in the nanocomposite films had been studied using

FTIR spectra in the range 4000–400 cm�1 with a resolution
of 4 cm�1 at room temperature on a Perkin Elmer 2400 as a
preliminary investigation regarding chemical interactions

between various components. X-ray diffractometer (XRD)
was utilised to analyse the film samples’ crystallinity and phase
transitions. The results were collected using a Bruker AXS D8
Advance XRD, operating at 40 kV, 30 mA, with Cu K radia-

tion (1.540 A) at a 2� angle between 10� and 70�. The surface
morphology of nanocomposite films was shown by SEM
image from a scanning electron microscope (SEM JEOL,

Japan). The samples were operated at a voltage of 15 kV
and had gold particles applied to them.

The mechanical properties of films were studied utilizing

the Instron Universal Testing machine (model 3366) in accor-
dance with the ASTM D882 [21] standard. To accomplish this,
rectangular strips measuring 2.0 � 6.0 cm were dissected from

the specimens, and five specimens of each sample were sub-
jected to testing.

The process of measuring the swelling properties involved
the weighing of dried films (Wdry) followed by immersion into

50 mL phosphate buffer saline (PBS) (Sigma-Aldrich, Malay-
sia) of pH 7 at 37 ± 0.5 �C. After 24 h, the films were weighed
again (Wwet) and the degree of swelling (%) was determined

using the following equation (1):

Swelling ð%Þ ¼ ðWwet �WdryÞ
Wdry

� 100 ð1Þ
where Wdry and Wwet represent the initial weight and final

weight of the films, respectively. It is noteworthy that a mini-
mum of five independent measurements were conducted per
sample.

The assessment of the biodegradation of pure NAG film
and NAG + TiO2NP nanocomposite film was conducted
through incubation at a temperature of 37 �C in PBS. The
films were cut into identical sizes, and their initial weight prior

to immersion in PBS was denoted as Wi. After a specified
duration, the film was removed, washed with DI water, dried,
and weighed again, with the resulting weight being noted as

Wf. To determine the rate of film degradation, Eq. (2) was
employed;

Degradationrate ð%Þ ¼ ðWi �WfÞ
Wi

� 100 ð2Þ
2.4. Antibacterial study

In this research, an anti-bacterial assay was conducted utilizing
Gram-positive (Staphylococcus aureus) and Gram-negative

(Escherichia coli) microbes. The standard growth medium
employed was the Muller-Hinton (MH) agar (Sigma-Aldrich,
Malaysia), which was prepared by sterilization with an auto-
clave for 15 min at 120 �C. Prior to bacterial inoculation, both

Staphylococcus aureus and Escherichia coli strains were sub-
cultured in MH agar and subsequently incubated aerobically
at 37 �C for 24 h to ensure a stable bacterial condition devoid

of any contamination. To determine bacterial concentrations,
a simple optical density measurement was conducted via a
Spectrophotometer Biomerieux Densicheck Plus at 600 nm.

Equivalence of turbidity at 0.5 McFarland standards was
achieved for all bacterial suspensions in this study. In sterile
Petri plates containing the MH agar, inoculants of Staphylo-

coccus aureus and Escherichia coli were evenly spread. A sterile
cotton swab was employed to swab all bacteria over the sur-
face of the agar plates. The films sample and penicillin as a
control were gently pressed on the agar.

2.5. Cytotoxicity study

The cytotoxicity of the films and its impact on cell viability

were evaluated through cell proliferation analysis using (3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT) (Thermo Fisher Scientific, USA) assays, which was

conducted in accordance with the ISO 10993-5 test protocol.
In this assay, human osteosarcoma (MG-63) cells were initially
seeded in 96-well cell culture plates at a density of 5000 cells

per well. Subsequently, the specimen was introduced to the
cells and incubated for a duration of 24 and 48 h within an
incubator containing 5% CO2 at 37 �C. After 24 and 48 h of
incubation, 50 ml of the MTT test solution was administered

to each plate, and the cell culture plates were then placed inside
the incubator and incubated at 45 �C for 60 min. Untreated
cells were designated as control cells and deemed to have com-

plete viability, whereas the viability of treated cells was
denoted as a percentage in comparison to the control cells.
The measurements were performed thrice using the ELISA

Reader (Tecan, Switzerland) within the reference wavelength
range of 460–520 nm.
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2.6. Bioactivity study

Using a simulated bodily fluid (SBF) solution, which has
nearly identical ion concentration as human blood plasma,
the bioactivity of NAG + TiO2NP nanocomposite film was

studied. The SBF solution was prepared following the method
previously described in Ref. [22]. The NAG + TiO2NP
nanocomposite film, all of equal dimensions, were immersed
in the SBF solution and were subjected to a culture period

of seven days at a temperature of 37 �C. After a week of incu-
bation, SEM, FTIR and XRD analysis were performed on the
samples to evaluate their ability to generate apatite.

3. Results and discussion

Fig. 1 depicts the tangible manifestations of natural Arabic

gum (NAG) film and natural Arabic gum incorporating tita-
nium dioxide nanoparticles (NAG + TiO2NP) nanocomposite
film. The dimensions of the films, in terms of both diameter

and thickness were observed to be approximately �9 cm and
�65 mm, respectively.

The FTIR spectra of the pure NAG and NAG + TiO2NP

nanocomposite films were shown in Fig. 2. Through FTIR spec-
tral analysis, it was feasible to discern the distinctive traits of the
precursor materials within the film composition. The band
located at 3300 cm�1 signifies the elongation vibration of the

AOH groups that are present in the chemical composition of
pure NAG film and NAG + TiO2NP nanocomposite film.
Additionally, a discrete band was observed at 1605 cm�1, which

emanated from the deformation of the OH groups [23]. The
stretching vibration of CAH groups from the biopolymer car-
bon chains is represented by the discreet band located at

2922 cm�1 [23]. The band obtained at 2362 cm�1 results from
stretching modes of the carboxylic acid group and the presence
of the band at 1740 cm�1 because of C‚O stretching [24]. Two
strong bands at 1417 cm�1 and 1370 cm�1 were due to C‚O

symmetric and asymmetric stretching vibration [25]. While,
the band at 1224 cm�1 was appeared because of CAOAC
stretching vibration indicating the glycosidic bonds present in

both samples [26]. Lastly, the presence of a characteristic peak
positioned at approximately 1017 cm�1 corresponds to the
alkene CAH bending in polysaccharides natural Arabic gum

specimens [27]. A distinct peak at 429 cm�1 was only detected
Fig. 1 Physical appearance of (a) pure NAG film
in the NAG + TiO2NP nanocomposite film sample specifically
related to metal oxide bonding [28]. This occurrence can be
attributed to the Ti-O bond, therefore signifying the triumphant

integration of TiO2NP into NAG.
Fig. 3 presents the X-ray diffraction (XRD) patterns of

pure NAG film and NAG + TiO2NP nanocomposite film.

For pure NAG film, a board peak at 2h= 21.12� was observed
which is corresponds to the lattice plane (1 1 0) and indicates
that the NAG sample is in amorphous state. This observation

is consistent with previous researchers who have noted that the
amorphous nature of gum [25,26]. Upon the incorporation of
TiO2NP, similar broad peak was observed at 19.92�, slightly
lower as compared to pure NAG with low intensity indicating

the interaction between NAG biopolymer matrix and TiO2NP
filler. Nevertheless, high intensity peaks were observed at 2h of
25.74�, 38.40�, 48.46�, 54.46�, 55.54�, 63.23�, 69.28�, 70.86�,
and 75.60�, which is refer to the anatase TiO2 phase, suggesting
that highly crystalline of TiO2NP was successfully loaded onto
the NAG + TiO2NP nanocomposite film as supported by

SEM image.
The SEM image in Fig. 4(a), displays a crack rough surface

indicating low mechanical property of the pure NAG film. In

contrast, the inspection of the SEM image revealed no evi-
dence of cracking, splitting, or cleavages in the NAG + TiO2-
NP nanocomposite film (Fig. 4(b), suggesting that the lower
air permeability led to a stronger core material loading of

the nanocomposite. These results may be attributed to the for-
mation of intermolecular hydrogen bonding between biopoly-
mer and TiO2NP [29–31]. The conspicuous existence of

TiO2NP can be seen in the SEM image, exhibiting a well-
distributed and near-spherical configuration. These observa-
tions suggest that TiO2NP and NAG have established a strong

interconnection, leading to the formation of a high-quality
nanocomposite material.

Table 1 presents the mechanical characteristics of prepared

films. The results indicate that the inclusion of TiO2NP is ben-
eficial for enhancing the strength of nanocomposite films, as
evidenced by the increase in young modulus (YM) and tensile
strength (TS) from 44.41 ± 2.93 to 75.22 ± 3.48 and 2.44 ± 1.

18 MPa to 4.86 ± 1.22 MPa, respectively. This improvement is
attributed to the uniform dispersion of TiO2NP filler within
the matrices of NAG indicating a favourable interfacial inter-

action between TiO2NP and NAG [32]. The Young’s modulus
and (b) NAG + TiO2NP nanocomposite film.



Fig. 2 FTIR spectra (a) pure NAG film and (b) NAG + TiO2NP nanocomposite film.

Fig. 3 XRD patterns of (a) pure NAG film and (b) NAG + TiO2NP nanocomposite film.

Fig. 4 SEM micrographs of (a) pure NAG film and (b) NAG + TiO2NP nanocomposite films.
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of NAG + TiO2NP nanocomposites film nanocomposites was

enhanced as compared to pure NAG film. This increase in
stiffness can be attributed to the high crystallinity nature of
TiO2NP. However, the presence of TiO2NP in the NAG film

resulted in a significant decrease in elongation at break
(EAB). This phenomenon suggests that the segment movement
of NAG matrices was restricted during stretching.
The efficient absorption rate of biological fluids in the sur-

rounding area of the implanted film is a crucial factor for con-
sideration. The assessment of swelling behaviour of films are
therefore of utmost importance. In this regard, the

NAG + TiO2NP nanocomposite film exhibited greater swel-
ling percentages with 1280 ± 8%, as compared to
940 ± 6% for pure NAG film, which is conducive to the adhe-



Table 1 Thickness, mechanical properties, and swelling of NAG and NAG + TiO2-NP nanocomposite film.

Sample Thick (mm) TS (MPa) YM (MPa) EAB (%) Swelling (%)

NAG 65.04 ± 0.22 2.44 ± 1.18 44.41 ± 2.93 10.61 ± 0.48 940 ± 6

NAG + TiO2NP 65.08 ± 0.18 4.86 ± 1.22 75.22 ± 3.48 8.81 ± 0.62 1280 ± 8

(mean ± SD) (n = 5); TS (tensile strength), YM (Young’s modulus), EAB (elongation-at-break).

Table 2 Inhibition zone of films and penicillin against

Staphylococcus aureus and Escherichia coli.

Diameter of Inhibition (mm)

Sample Staphylococcus aureus Escherichia coli

Penicillin 17.67 ± 0.58 12.33 ± 1.53

NAG – –

NAG + TiO2NP 36.33 ± 1.53 27.00 ± 2.00

(mean ± SD) (n = 3).
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sion and proliferation of cells on the films. A higher swelling
index can also facilitate the transportation of nutrients and

fluid uptake from the medium [33]. The hydrophilic nature
of NAG may be attributed to the enhanced swelling behaviour
of the NAG + TiO2NP nanocomposites film [34].

Biodegradability constitutes an essential characteristic of

biomaterial, whereby the films must degrade simultaneously
with the complete regeneration of the films’ functional site.
To assess biodegradability, the biodegradation test was con-

ducted in PBS at body temperature for a duration of three
weeks. On day seven, the biodegradation rate of NAG+TiO2-
NP nanocomposite film was shown to be comparable to that of

pure NAG which are 22% and 20%, respectively. While on
days 14 and 21, the biodegradation rate of NAG + TiO2NP
nanocomposite film was increased more rapidly to 56% and

88% as compared to 38% and 64% for pure NAG film, which
may be attributed to the possible interaction of TiO2NP with
the NAG matrix. The results obtained from the swelling and
degradation behaviour analysis were found to be interrelated.

Matrices with higher swell ability interact with a greater num-
ber of H2O molecules, resulting in the quicker degradation of
films. Conversely, slowly degrading matrices exhibited lower

swelling ratios [35]. However, the films are expected to dissolve
in the body without posing any accumulation or hazardous
effects.

The present study employed the disc diffusion method to
explore the antibacterial activity of biofilms against gram-
positive (Staphylococcus aureus) and gram-negative (Escheri-
chia coli) bacterial strains. The occurrence of clear inhibition

zones around the discs was indicative of a positive antibacte-
rial result, and the activity was quantified by measuring the
diameter of the clear zone of inhibition as illustrated in

Fig. 5. The antibacterial results presented in Table 2, was com-
pared to those of the standard drug, penicillin and revealed
that NAG + TiO2NP nanocomposite film exhibited superior

antibacterial activity against Staphylococcus aureus and
Escherichia coli. The enhanced efficacy of NAG + TiO2NP
nanocomposite film can be attributed to the coulombic attrac-

tion that facilitates the interaction between micro-organisms
carrying a negative charge and the net positive charge of the
Fig. 5 Photographs of antibacterial test result of (a) penicillin, (b)

Staphylococcus aureus bacteria.
metal oxide, TiO2 [36,37]. It has been previously reported that
the incorporation of nanoparticles into polymer nanocompos-
ites leads to improved antibacterial activity due to the presence

of TiO2, which can induce deformities in bacterial cell walls,
thereby rendering them leaky and ultimately resulting in bacte-
rial death [38–40].

The present study conducted the in-vitro cytotoxicity of
both prepared films against the human osteosarcoma cell line
(MG-63) through MTT assay. The experiment involved treat-
ing the films’ surface with MG-63 cells for 24 and 48 h, respec-

tively, to detect cell proliferation and viability. The results
demonstrated that the incorporation of TiO2NP into the films
did not have any adverse effects on the viability of cells. In

fact, the NAG + TiO2NP nanocomposite films’ surface exhib-
ited better cell proliferation compared to the control group.
The nanocomposite films’ cell viability also showed an increase

to 120.73% after 24 h and 144.12% after 48 h, as compared to
the control group. Pure NAG film also shows an increased in
the number of cells after 24 h and 48 h, respectively. Therefore,

it can be inferred that the viability of cell towards both films
improved with an increase in culturing time and that the addi-
tion of TiO2NP did not have any cytotoxic effects on the film.
The hydrophilic nature of the NGA biopolymer material in the

nanocomposite demonstrates excellent biocompatibility and
facilitates cell-material interaction [41]. Moreover, TiO2NP
was reported non-toxic in nature [42,43], hence, it can be con-

cluded that NAG + TiO2NP nanocomposite film is capable of
promoting good growth and proliferation of MG-63 cells.
pure NAG film and (c) NAG + TiO2NP nanocomposite against
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Bioactivity, a significant property of biomaterials, pertains
to the capacity to generate a mineralized apatite layer on the
surface of a material in the SBF [22]. Following immersion

in the SBF solution for a period of 7 days, the apatite layer
formed on the surface was analysed by SEM, FTIR, and
XRD. After immersion, the presence of double peaks at

556 cm�1 and 596 cm�1 were observed in the FTIR spectrum
(Fig. 6(a), corresponds to the bending mode of orthophos-
phate and lends support to the formation of HA. According

to the previous researchers, the primary peaks utilized for
characterizing the HA layer are two P-O bending peaks with
a frequency at �560 and �603 cm�1 [44,45]. Moreover, the
presence of strong band at 1022 cm�1 represents the PO4

3�

group’s vibrations [46,47], suggesting that the formation of
hydroxyapatite (HA) was in the crystalline phase on the sur-
Fig. 6 (a) FTIR spectra and (b) XRD pattern of NAG + TiO

Fig. 7 (a) SEM image, (b) EDX spectrum and (c) elemental mapping

after immersion in SBF for 7 days.
face of nanocomposite film. Moreover, the X-ray diffraction
(XRD) in Fig. 6b, exhibiting high intensity and sharp peaks
at 2h of 21.54�, 22.45�, 31.62�, 32.06�, 40.61�, 45.32�, and

56.38�, thus verifying the high degree of crystallinity of the
specimen. The highest intensity of peak situated at 31.62�
assigned to the crystal planes denoted by Miller indices

(2 1 1) of HA [48,49]. Thus, the XRD result this finding reveals
the formation of the HA layer and consistent with the FTIR
results obtained in this study.

Moreover, the SEM image in Fig. 7(a), shows the forma-
tion of the HA apatite layer in comparison to SEM images
before immersion. Evidently, the surface was rough, with
numerous apatite cluster accumulating on the surface, consis-

tent with a similar investigation [50]. In order to determine the
molar ratio of the Ca/P, the EDS analysis was also performed
2NP nanocomposite film after immersion in SBF for 7 days.

images of Ca, P and O on NAG + TiO2NP nanocomposite film
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on the surface of the nanocomposite film as shown in Fig. 7(b).
Fig. 7(c) shows the elemental mapping of Ca, P as well as O
which are corresponding to the chemical formula of HA,

Ca10(PO4)6OH2. The EDS data confirmed that Ca and P ele-
ments dominated the precipitated layers on the surface. In
addition, the Ca and P ratios was found to be 2.89, which is

higher than that of HA in natural bone (1.86) [51], indicating
a marginally more rapid formation rate of HA on
NAG + TiO2NP nanocomposite film. In contrast, the pristine

TiO2NP powder sample did not exhibit the presence of HA
after being immersed in SBF for 21 days [52]. This could be
attributed to the particles settling at the tube’s bottom, offer-
ing limited surface area for HA nucleation [52]. Additionally,

at the nanoscale, pristine TiO2NPs tend to agglomerate, poten-
tially leading to cytotoxicity [53].

4. Conclusion

The present study successfully fabricated the NAG + TiO2NP
nanocomposite film using solvent casting method with desir-

able structures, high swelling and improved mechanical prop-
erties. Incorporating the TiO2NP fillers into the NAG matric
biopolymer enhanced the biological features thereby improv-

ing its bioactivity. The highly bioactive nature of the
NAG + TiO2NP nanocomposite film was confirmed by the
formation of HA on the film after immersion in SBF, as shown

by the results of SEM and EDX analysis. The antibacterial
activity of the NAG + TiO2NP nanocomposite film against
gram positive and gram negative strains can be attributed to
the presence of TiO2NP. The biocompatibility test revealed

that the NAG + TiO2NP nanocomposite film promoted cell
proliferation, indicating its non-toxicity. These results support
the potential use of the NAG + TiO2NP nanocomposite film

as a viable bioactive material for bone tissue regeneration.
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nanoparticles of different crystalline phases and evaluation of

their antibacterial effect under dark conditions against E. coli, J.

Clust. Sci. 30 (2019) 379–391.

[41] S. Dutta, T. Kar, D. Mandal, P.K. Das, Structure and properties

of cholesterol-based hydrogelators with varying hydrophilic

terminals: biocompatibility and development of antibacterial

soft nanocomposites, Langmuir 29 (1) (2013) 316–327.

[42] R. Pandiyan, S. Ayyaru, Y.H. Ahn, Non-toxic properties of

TiO2 and STiO2 nanocomposite PES ultrafiltration membranes

for application in membrane-based environmental

biotechnology, Ecotoxicol. Environ. Saf. 158 (2018) 248–255.

[43] S. Koch, M. Kessler, K. Mandel, S. Dembski, K. Heuzé, S.

Hackenberg, Polycarboxylate ethers: The key towards non-toxic

TiO2 nanoparticle stabilisation in physiological solutions,

Colloids Surf. B Biointerfaces 143 (2016) 7–14.

[44] F. Li, Y. Jiang, M. Chen, B. Yu, J. Wang, F. Wang, Effect of

ZrO2 addition on in-vitro bioactivity and mechanical properties

of SiO2–Na2O–CaO–P2O5 bioactive glass-ceramic, Ceram. Int.

48 (13) (2022) 18541–18550.

[45] M.R. Filgueiras, G. La Torre, L.L. Hench, Solution effects on

the surface reactions of a bioactive glass, J. Biomed. Mater. Res.

27 (4) (1993) 445–453.

[46] H. Gheisari, E. Karamian, M. Abdellahi, A novel

hydroxyapatite–Hardystonite nanocomposite ceramic, Ceram.

Int. 41 (4) (2015) 5967–5975.
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