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HIGHLIGHTS

e TEM demonstrates HAP, and Co304 within GO with particle size of 8 nm for HAP.

e HAP/C0304/GO shows cell viability value of 97.9 + 2.4%.

e The hardness value of HAP/C030,4/GO composition is 4.1 + 0.2 GPa.

e The antibacterial of HA/Ce;03/GO are 15.9 + 0.3, 16.4 + 0.2 mm for E. coli, S. aureus.
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ABSTRACT

Metal oxide nanoparticles are routinely utilized in the biomedical field due to their diverse functionality. In
particular, hybrid nanocomposites containing metal oxides possess a significant tunability of their chemical
properties, as well as modifiable grain size and morphology. Hydroxyapatite (HA) and graphene oxide (GO) are
already widely used in bone tissue engineering. We hypothesized that the addition of cobalt oxide or cerium
oxide to form a hybrid nanocomposite with HA and GO can further enhance their properties toward cell viability
and biodegradability. In this work, cobalt oxide/cerium oxide were individually combined with HA and GO to
fabricate a ternary nanocomposite - HA/C0304/GO and HA/CeO2/GO for its potential use as a bone replacement
hybrid material. The crystal structure of the resulting HA/C0304/GO composite was elucidated with XRD. The
surface composition of the composite was analyzed using X-ray Photoelectron Spectroscopy and complex surface
speciation was observed and assigned to Co(OH), and Co304. The particle length of HA in the composite was
35.5 + 7.0 nm while the particle size of the cubic Co304 was 49.3 + 10.8 nm, as revealed in TEM images. The
antibacterial properties of HA/CeO,/GO were measured with the resulting inhibition area for E. coli and S. aureus
of 15.9 + 0.3 mm and 16.4 & 0.2 mm, respectively. The ternary composite of HA/CeO3/GO and HA/Co0304/GO
showed an improvement in hardness of 4.1 + 0.2 GPa and 3.2 + 0.2. Summarily, HA/C0304/GO exhibited
improved porosity, cell viability, and biodegradability compared with pristine HA. Overall, HA/Co0304/GO
nanocomposite possessed a porous structure and showed excellent antibacterial properties as well as controlled
biodegradability and can be proposed as an improved bone-implant biomaterial.

1. Introduction

the geriatric age group [2]. Intrinsically, human bodies contain bio-
ceramic materials, in addition to numerous metals [3]. Most bio-

Nanotechnology is widely utilized in a plethora of clinical applica-
tions owing to its ability to yield controlled grain size, macrostructure,
chemical composition and topology of the resulting nano-bio materials
[1]. Globally, bone defects affect the human quality of life, especially in
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materials that are used in bone engineering applications consist of
metals or metal oxides as well as calcium phosphate — hydroxyapatite
(HA) [3]. This combination is used to combine the high mechanical
strength of metal oxides and the similarity of hydroxyapatite to the bone
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apatite resulting in composites of better biocompatibility, biodegrad-
ability and other integral properties that suit bone applications [4].
Finally, graphene oxide (GO) sheets are also combined with biomaterials
and used in hard tissue engineering [5].

HA is a ceramic material that possesses a high propensity for hy-
bridization with other materials, especially when formulated as nano-
particles, due to its physical and chemical properties, especially the
ability to be substituted by various ions [6]. Biomaterials containing HA
showed remarkable biocompatibility properties due to their structural
resemblance to the natural apatite [7]. Adding metal ions, such as co-
balt, to HA yields a hard-tissue implant with the solidity advantage, in
addition to its stability in the biological fluids [8]. It was previously
shown that adding HA to graphene oxide sheets improved mechanical
strength and altered the surface roughness of the resulting biomaterial
leading to a more biocompatible composite. Moreover, Y. Zeng et al.
studied the mechanical parameters and biocompatibility of the HA/GO
composite [9]. They revealed that composite structure was strengthened
upon incorporating HA into GO sheets and its biocompatibility
remarkably improved.

Graphene oxide (GO) is a single layer of sp carbons bonded in a form
of a honeycomb structure [10]. GO is characterized as a safe, inexpen-
sive and biocompatible biomaterial [11]. It showed interesting proper-
ties in biomedical application studies due to its surface oxygenated
functional groups and its aromatic nature that enhanced biocompati-
bility and biodegradability [12]. Combining GO and HA for biomedical
applications was studied by Yao et al. [13]. They showed that adding HA
to GO resulted in a bioactive and biocompatible composite due to the
alteration of its surface roughness that occurred after HA addition.
Further, Shin et al. studied the application of HA/GO composite in bone
engineering and illustrated that the osteogenesis process was remark-
ably enhanced when combining GO and HA [14].

The highly oxygenated metal oxide is able to release reactive oxygen
species (ROS) which may clarify the advances in the antibacterial
capability. ROS includes superoxide radicals such as (0_2), (OH) and
active hydrogen peroxide Hy0, [15]. Undeniably, metals oxides
discharge oxonium ions (H30™"), which directly interrupted antimicro-
bial resistance owing to causing change in cellular pH [16]. Thus,
cerium oxide (CeO,) reversible redox reaction of the Ce**/Ce>* couple
regulates the antioxidant behavior of cerium oxide with potential uses in
medicine, acting a vital role as a cell shield against oxidative stress,
besides its usage as a sensitizer in cancer radiotherapy/antibacterial
claims [17]. The performance of cerium oxide depends on its ability to
coordinate oxygen species, but also the redox exchanging process Ce**
< Ce3* Nevertheless, these introduced characteristics are in close
connection with lattice defects, such as oxygen vacancies, leading to
unusual coordination. All these features cause a higher reactivity.
Consequently, defect engineering has been concerned with manipu-
lating the surface chemistry of cerium oxide. In addition, oxygen va-
cancies act a crucial role as antioxidant activity [17].

On the other hand, cobalt oxide is an abundant and inexpensive
transition metal oxide [18]. Cobalt has various oxidation states and
possesses specific physical and chemical properties to be utilized in
many biomedical applications [19]. Many studies demonstrated the
success of implanting orthopedic biomaterials containing cobalt due to
the stimulation of the angiogenesis process and the enhancement of the
oxygen supply [20]. The objective of the present study is to formulate a
ternary nanocomposite consisting of HA, Co3O4 and GO nanosheets, as
each component was already used separately and in binary mixtures in
previous studies related to bone-implant applications and the results
revealed their ability to improve bone repair. The resulting composite
was characterized using different analytical methods to confirm the
presence of the constituent crystalline phases of HA/Co304/GO in the
composite. Experiments to demonstrate the relevance of the resulting
composite for biomedical applications, e.g. evaluation of cell viability,
antimicrobial activity, and corrosion stability, were also conducted.
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2. Experimental and methods
2.1. Materials

Calcium chloride, diammonium phosphate, cobalt oxide, cerium
oxide, potassium permanganate, graphite, and hydrochloric acid were
obtained from LOBA, India, and were used as received.

2.2. Synthesis procedure

The synthesis of HA and GO was performed separately. Firstly, HA
was synthesized by mixing 100 ml of deionized water (DIW), 0.5 M of
CaCly-2H50 and 0.3 M of (NH4)oHPO4 with diluted ammonia used to
maintain the solution pH at 11 + 0.1. The mixture was stirred for 2 h
using a magnetic stirrer at 1200 rpm. Afterward, the solution was aged
for 24 h, and the precipitated gel was filtered and washed with DIW.
Finally, the filtered gel was dried in the drier furnace at 50-60 °C.

Secondly, GO was synthesized using the modified Hummers’
method. 5 g of graphite was added to 120 ml of HySO4 and mixed
vigorously for 30 min. Afterward, 12 g of KMnO4 was added to the
graphite vessel and stirred for 2 h followed by 300 ml of DIW with a rate
of 10 ml/h to avoid a temperature rise. The mixture was cooled, then 10
ml of HoO, was added dropwise. The resulting solution was stirred
vigorously for 30 min. The mixture was filtered and disperse several
times in 500 ml of HCI (20 wt %) solution using an ultrasonic probe for
15 min, then the filtrate was dried at 50-60 °C in a drying furnace.

Thirdly, the following six nanocomposites were prepared. Namely,
nanocomposites containing parent materials, binary mixtures and
ternary mixture were prepared as follows: pure Co30y4, pure CeO,, HA:
Co304=(1:1), HA: CeO3=(1:1), HA: C0304:GO=(1:1:0.05), HA: CeO:
GO =(1:1:0.05),. Weighed materials were added to 50 ml of DIW soni-
cated for 15 min in the probe sonicator to evenly disperse the solution,
then centrifuged at 6000 rpm for 10 min to collect the resulting powder
sample composite materials. Lastly, the samples were dried for several
hours at 50-60 °C. The overall synthesis procedure is summarized in
Fig. 1.

2.3. XRD analysis

The Pertpro, USA diffractometer equipped with Cu k; radiation (A =
1.5404 A) operating at 45 kV and 40 mA was used to record X-ray
diffraction (XRD) patterns.

2.4. FTIR measurements

The Fourier transformed infrared (FT-IR) spectra were acquired
using PerkinElmer 2000 spectrometer in the 4000-400 cm™! range
using transmittance mode. The powdered samples were mixed with KBr
for dilution.
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Fig. 1. Schematic diagram showing the synthesis procedure of the HAP/C0304/
GO nanocomposite.
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2.5. X-ray Photoelectron Spectroscopy (XPS) measurements

XPS was performed using K-ALPHA instrument (Themo Fisher Sci-
entific, USA) utilizing monochromatic X-ray Al Ka radiation in the range
of 10-1350 eV, spot size 400 um operating at pressure 10~° mbar with
full spectrum pass energy of 200 eV and that of high resolution spectrum
of 50 eV. CasaXPS 2.3.23PR1.0 was used for data processing [21]. All
spectra were calibrated to Cls peak at 285.0 eV. Quantification was
performed using Scofield relative sensitivity factors and assuming con-
stant instrument transmission [22].

2.6. Field emission scanning electron microscopy (FESEM)

The reported surface morphology and roughness were obtained
using a ZEISS) scanning electron microscope. Moreover, Energy
dispersive X-ray (EDX) was performed using the same SEM instrument.

2.7. Invitro cell viability tests

The human osteoblast cell line was used to evaluate the cell viability
after culturing in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
at 37 °C and in the presence of 5% CO,. A serialized 96 well plate
containing 5 mg of each sample was prepared by maintaining the cell
density of about 5 x 10% cells/cm? Thereafter, the medium was
removed after incubation for 3 days and (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) (MTT) was added. MTT acts to
interact with the cells to differentiate between the living and the deals
ones. Therefore, it was added to each well and the optical analyzer was
used to detect cell viability. The statistical analysis was performed using
Medcalc software version 15.0 (Mariakerke). The continuous variables
were represented using a mean standard deviation (SD).

2.8. Antibacterial activity

The antibacterial activity of the different samples was evaluated
using the diffusion desk technique. The test was done using two bacteria
(Staphylococcus aureus = S. aureus), and (Escherichia coli = E. coli), which
were purchased from American Type Culture Collection (ATCC) Number
29213, and ATCC number 25922, respectively. The powdered sample’s
initial concentration was about 20 mg/ml. The samples were exposed to
the two pathogens for 24 h then the obtained inhibition zone was
measured in mm. To calculate standard deviation values, the experiment
was repeated three times.

2.9. Hardness

TTS UNLIMITED INC. model: HWDM-7/Japan was used to evaluate
the hardness with in situ imaging mode.

2.10. Ionic release

The concentration of released ions was measured by immersing the
sample in 100 ml of simulated body fluid (SBF). Inductively coupled
plasma (ICP) spectroscopy (720 ICP-OES, Agilent Technologies, USA)
was used for the elemental analysis of the resulting SBF. The experi-
ments were repeated three times.

3. Results and discussion
3.1. Crystalline phase identification

XRD patterns of parent HA, Co304 and the resulting binary and
ternary nanocomposites with GO are shown in Fig. 2. In particular, XRD
shows the change in the structural arrangement of parent material in the
different formulation composites [23]. The diffraction patterns showed
sharp peaks for the cubic crystalline structure of Co304 [24]. All XRD
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Fig. 2. XRD pattern of different nanocomposites: Co304, HA-C0304, GO-HA-
Co304, CeO,, HA- CeO, and GO-HA- CeO, in which (4¢) HAP, () Co304 and
(a) CeOs.

peaks of Co304 were sharp and maintained their sharpness upon the
addition of GO and HA suggesting a highly crystalline structure of Co304
[25]. The sharp peak of (311) plane of Co304 that appeared in the
Co304, HA/Co0304 and HA/Co0304/GO pattern represent the preference
of Co304 crystal growth in this plane [26]. The specific hexagonal crystal
structure of HA was exhibited with the peaks at 25°, 31.5°, 33.2°, 46.7°,
49.9°, and 53.1° attributed to (002), (211), (300), (222), (213), and
(004) planes [27]. The significant peak of GO seems to be lowered in the
patterns of composite materials. The CeO, is confirmed with the
diffraction peaks at 29°, 32°, 46°, 55°, 60° [28]. It can be noticed that
GO peaks are not separated with respect to the other components, which
might be attributed to its poor crystallinity in addition to the low
quantity of GO in the nanocomposites. The HA/CeOo/GO displays
noisy/wide peaks that refer to crystallinity disturbance upon its for-
mation [29]. Therefore, these crystalline defects play a significant role
as active sites in composite applicability.
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Fig. 3. FTIR spectrum of Co304, HA-C0304, GO-HA-C0304, CeO,, HA- CeO,
and GO-HA- CeO,.
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3.2. FTIR spectra

FTIR of the nanocomposites are demonstrated in Fig. 3, whilst the
bands are found in Table 1. The band of 474 cm ™ is attributed the ex-
istence of Ce-O vibrational bond [30]. Moreover, the sharp bands at
1033-1037 cm™! are attributed to the (v3) stretching mode of POﬁ’
group [31,32], while the bands of 565-606 cm ! are accompanied to the
bending mode of vibrational PO3~ group belong to HA structure [31,32].
Moreover, the peak that appeared at 665 cm™! was associated with
0-Co-0 [33,34]. The bands of 1408 and 1405 cm ! refer to the C-OH
stretching mode which might belong to the GO structure [35].
Furthermore, the bands of 1642 cm™! and 3420 cm ™! are assigned to the
O-H vibrational mode. Thus, the most constituents that have been
involved in the composites were detected through the FTIR vibrational
modes.

3.3. XPS spectra

Fig. 4 shows the survey and high-resolution XPS scans for HA/
Co304/GO nanocomposite. XPS is commonly used for analyzing com-
posite materials and identifying their valence; it also is used to suggest
an even distribution of each nanoparticle within the composite [39]. The
presence of Ca, O, P, Co, and C are demonstrated by the survey scan in
Fig. 4. In particular, a doublet with the main Co2p3,» peak located at
780.5 eV structure represents a mixture of Co3O4 with an overlayer of Co
(OH); formed under a moist environment [40]. This is supported by the
O1s peak at 532.0 eV C1s spectrum exhibited the main peak at 285.0 eV
with some oxidized carbon groups at 289.2 eV attributable to a complex
surface layer partially comprised of calcium carbonate [41]. The surface
of the HA/Co304/GO nanocomposite also contained considerable
amounts of calcium and phosphorus. In particular, the resulting XPS
elemental quantification performed resulted in 12% carbon, 12% cal-
cium, 8% cobalt, 56% oxygen and 10% phosphorus.

3.4. Morphological features

TEM micrographs of all binary and ternary nanocomposite materials

Table 1
FTIR bands for all samples upon their bands’ assignments.
Co304 CeO, HA/ HA/ HA/ HA/ Assignment Ref.
Co304 CeOy Co304/ CeOy/
GO GO

- 474 - - - - Ce-0 [301
vibration

570 - - - 574 - Co-O [36]

- - 568 566 568 565 PO3~ bending [31,
(2 32]

- - 602 606 602 602 PO3~ bending [31,
(2 32]

665 - 666 - 666 - 0-Co-O [33,
(vibrations at 34]
a tetrahedral
site)

- - 969 962 - 962 PO}~ [31,
stretching 37,
1)

38]

- - 1037 1034 1032 1033 PO~ [31,
stretching 32]
(v3)

- - - - 1405 1408 C-OH [35]
stretching

1624 1631 1629 1637 1628 1631 Water [31]
absorbed

3420 3432 3434 3434 3433 3434 O-H [25]
stretching
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are in Fig. 5a-d. Fig. 5a displays the crystalline cubes of Co304 where the
dark cubes of Co304 are in contact with the HA rods. This morphology
elucidation is related to the difference in mass and electron density
between Co304 and HA [42] The average size of 49.3 + 10.8 nm for
Co304, while 12.2 + 4.3 nm size and 35.5 + 7.0 nm length for HA.
Fig. 5b shows the morphological pattern of HA/Co304/GO that reveals
the embedding of Co304 particles and HA within GO sheets. This even
scattering of HA, and Co304 within GO yields an integrated nano-
composite and strengthens its structure [43]. The HA/CeO; binary
nanocomposite demonstrates HA grains with higher average length
(110 nm) in comparison with CeO; grains (33 nm), however, it takes the
same displayed shape as shown in Fig. 5c. Finally, the combination of
the triple compositions in one composite shows a great improvement in
raising surface area due to the significant decline in aggregation ten-
dency as it is illustrated in Fig. 5d.

SEM micrographs for all composites are shown in Fig. 6a-f. Fig. 6a
demonstrates a cotton-like shape of HA/Co304 composite showing
distinct incisions associated with the additional Co304 to HA in which
HA diameter reduced to 8-14 nm and length is 35-40 nm while Co304
shows a particle size of 3-11 nm. Moreover, Fig. 6b—c represents the
triple nanocomposite topological changes, showing even incorporation
of HA and Co304 on top of the GO surface. In addition, the reduced grain
size is explained by SEM which agrees with TEM graphs. Fig. 6d exhibits
the homogeneous distribution of HA grains upon CeO,. The HA/CeO,
grains have appeared in a smaller size that offers a higher surface area.
Moreover, the ternary composite is shown in Fig. 6f with clear GO folds
and noticed decreasing in HA and CeO» grains aggregates.

SEM analysis also can provide information about the surface
roughness in a qualitative insight. The surface roughness of the nano-
composites is discussed to assess their appropriateness in biomedical
applications. The roughness increased in the ternary nanocomposites
due to various factors such as reduction in size or inhomogeneous dis-
tribution which creates valley depth and heights. Additionally, the
porous nature of the ternary nanocomposites may enable the movement
of nutrients and oxygen to enhance osteoblast growth. According to
these results, the ternary nanocomposites have improved porosity
structure and integrated rough surfaces making them suitable for bone
implant applications.

3.5. EDX analysis

EDX scan was done to confirm the bulk elemental composites of HA/
Co304/GO and HA/CeO5/GO nanocomposites. Fig. 7a-b demonstrates
the EDX spectrum that reveals peaks that confirmed the presence of
elemental components. Table 2 shows the elemental composite. In
agreement with XRD and FTIR results, EDX suggests the presence of the
three components, HA, Co304, CeO, and GO, in the composite material.

EDX is routinely used to investigate the spatially-resolved elemental
composition. The atomic ratio in EDX denotes the ratio of the bulk
chemical composition. On the other hand, the atomic ratio in XPS for
each element and its fragments are assigned to their surface concen-
tration. The difference between EDX and XPS can thus be assigned to the
compositional differences between the bulk and the surface. These, in
turn, can be affected by the homogeneity of the composite material
component distribution, as well as the spatial resolution of the instru-
ment (EDX usually can analyze the composition from a small electron
beam scanned area whereas XPS analyses much larger, averaged, area of
the sample surface. Using this perspective, the results shown in Table 2
can be compared with those described in XPS analysis section 3.3 for
atomic compositions. It can be seen that the surface of the composite
material is enriched in HA and cobalt components showing Co304 with
HA binding to the surface of GO and partially covering it.

3.6. Cell viability

The samples’ cell viability was assessed using in vitro cell lines. The
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Table 2
Elemental composite of HA/C0304/GO and HA/CeO,/GO composites.
Element Weight % Atomic %
HA/Co0304/GO HA/Ce0O5/GO HA/Co0304/GO HA/Ce0O5/GO
C 39.5 12.12 55.6 21.65
(0] 32.7 38.91 34.6 52.17
P 3.2 16.71 1.8 11.58
Ca 7.6 25.3 3.2 13.54
Co 17.0 0.0 4.9 0.0
CeL 0.0 6.96 0.0 1.07
110
100 A
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Fig. 8. Cell viability of human osteoblasts cell lines of Co304, HA-C0304, GO-
HA-C0304, CeO,, HA- CeO, and GO-HA- CeO,.

cell viability data for each nanocomposite are shown in Fig. 8. Because
of its closeness to genuine bone apatite, HA has a high cell survival of
95.7 + 2.5%. However, Co304 has a lower survivability value of 89.53%
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compared to HA. Furthermore, combining Co3O4 with HA resulted in a
96.4 + 2.8% increase in cell survival. Adding Co304 and HA to GO
sheets increased the biocompatibility of this composite material, ac-
cording to the improved viability values. HA into GO nanosheets
improved cell viability, according to J. Jyoti et al. [44]. They reported
that HA/GO composites had a high survivability value of about 95%,
with improved bioactivity and osteoinductivity owing to the altered
porosity of the structure. The high biocompatibility of these phases, as
seen by the low change in viability between them, is a critical feature for
their use in medical applications. As a result, combining HA and Co304
with GO to make HA/Co304/GO a viable option for bone replacement
research. However, the cell viability of cerium trioxide compound
(Ce0y) occupied the value of 91.3 £ 0.5%. The binary NC of HA/CeO4
persuades mineral trioxide viability percentage, reaching 94.2 + 0.4%.
In addition, The disadvantage of nano-material usage in biological ap-
plications is hydrophilicity and introducing significant stability in
dispersion [45]. Correspondingly, GO nanosheets introduce an electro-
negative surface, causing electrostatic repulsion, hence a stable aqueous
suspension might be obtained [45]. As a result, combining the three
ingredients hits the peak cell viability % at 97.4 + 0.6%.

3.7. Ionic release

The assessment of ion release was done by immersing HA/Co304/GO
composite in (SBF) simulated body fluids at 37 °C for 24 h. Fig. 9
demonstrates the release of cobalt and calcium ions from HA/Co0304/GO
over 24 h. The release of Ca and Co ions within the first 4 h was rela-
tively high due to the dispersion of ions from the nanocomposite surface
via the diffusion method. After that, the ions diffused over the time from
nanocomposite core. Hence, this step depends not only on diffusion but
also on dissolution and controlled biodegradability rate of HA/Co304/
GO which consequently shows the reasonable continuous release of ions
over hours as shown in the plot. The presence of Co?" ions with a high
concentration in biological fluids cause toxicity, consequently, the
proper degradability of biomaterials containing Co ions should be taken
into consideration [46]. The combination of cobalt and hydroxyapatite
shows a controlled release of Co?™ ions, owing to the decreased ability of
HA to substitute Co®" ions which creates a suitable interaction between
Co304 and HA in addition to the managed ion release [47]. The ion burst
release phenomenon can disrupt the efficiency of the biomaterial and
cause toxicity, hence, a hybrid composite with a porous integrated
structure shows a controlled release of ions lowering the risk of showing
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Fig. 9. Elemental concentrations in simulated body fluid (SBF) over time for
nanocomposite HAP/Co304/GO.
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this phenomenon [48]. Therefore, HA/Co304/GO nanocomposite has a
controlled biodegradability which is confirmed with ionic release
analysis.

The releasing of ions from nanocomposites is critical in biomedical
applications since excessive ion release can induce cytotoxicity and
damage to the biomaterial’s efficiency. The chemical degradation of the
material is directly related to the ionic release measurement. Moreover,
the ion concentration discharged may have an effect on the surrounding
biological environment causing cellular toxicity or inflammation. As a
result, the ability to control and manage the released ion is critical for
the development of safe and efficient biomaterial.

3.8. Antibacterial properties

The bacterial toxicity was evaluated against two pathogens, e.g.
E. coli and S. aureus. Fig. 10 demonstrates the toxicity exerted against
these two bacteria in the form of an inhibition zone measured in mm.
Notably, HA shows almost no toxic effect, whereas Co304 shows toxicity
of 11.2 £ 0.8 and 11.6 + 0.7 mm against E. coli and S. aureus. Adding HA
to Co304 shows a significant improvement in bacterial toxicity of 12.3
+ 0.6 and 12.6 + 08 mm. The cerium oxide CeO3 compound shows
accepted antibacterial performance against both E.coli with inhibition
zone 8.4 + 0.3 mm, and S. aureus zone 8.5 + 0.1 mm. The maximum
exerted toxicity is obtained by HA/Co304/GO composite of 13.1 &+ 0.9
mm and 14.1 £+ 0.9 mm. This demonstrates the synergistic antibacterial
activity of HA/Co304/GO which agrees with literature reports. In
particular, Mazinani et al. studied the antimicrobial effect of GO [49].
They revealed that the bacterial toxicity of GO was exhibited via the
formation of reactive oxygen species (ROS). Oxygenated functional
groups of GO interact with the cell membranes of bacteria and damage
the membrane resulting in cell death. The antibacterial activity of
bone-implant biomaterials aids in speeding up the bone-repair process
by avoiding infections that would otherwise slow its healing down [50].
Further, the mineral oxide’s antibacterial actions are tightly bonded to
the released oxonium ions (H3O™) which act a vital role in interrupting
the living cells’ pH, as well as bacterial reproduction, and hence inhibit
drug-resistant phenomenon [16]. Consequently, the binary
nano-composite HA/CeO, breaks bacterial spread and reproduction in a
wider zone of 11.3 £ 0.4 mm in case of E. coli, while it is 11.9 4+ 0.2 mm
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Fig. 10. Antibacterial activity against E. coli and S. aureus of Co304, HA-C0304,
GO-HA-C0304, CeO,, HA- CeO, and GO-HA- CeO,.
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in the case of S. aureus. Krishnamoorthy et al., 2014 elucidated the GO
mechanism against bacterial growth via ROS and trapping of pathogenic
species within the graphene oxide wafers [45]. Inclusion of the three
ingredients in a single TNC hits the peak antibacterial values with 15.9
4+ 0.3 mm for E.coli and 16.4 & 0.2 mm for S. aureus. Further, reactive
species praise such nano-compositions for drug delivery applicability
[51].

Antibacterial activity is a crucial property for nanocomposites
intended for implant applications because the bacterial infection is a
significant concern in implant surgery. Bacterial colonization of the
implant surface can lead to implant failure, prolonged hospitalization,
and even life-threatening conditions. Therefore, developing implant
materials with inherent antibacterial properties is essential to prevent
bacterial colonization and ensure the long-term success of the implant
[52,53]. Nanocomposites with antibacterial properties can inhibit bac-
terial growth, adhesion, and colonization, providing a protective barrier
against infection. Moreover, the use of nanocomposites with antibacte-
rial properties can reduce the dependence on antibiotics, which can lead
to antibiotic resistance.

3.9. Hardness

The strength of the samples is evaluated by a hardness study. Fig. 11
shows the hardness plot. Hardness evaluation is important in most bone
tissue applications [54]. For pure CeO,, the microhardness is 2.4 + 0.2
GPa, while for Co304 without any modifications is around 2.1 + 0.3
GPa. The combination of HA with CeOy and Co304 in binary nano-
composites showed enhancement in the values reached 2.7 + 0.2 and
2.6 + 0.3 GPa respectively. Further, the TNC HA/CeO5/GO occupied the
uppermost micro-hardness in the group of CeO; with 3.2 + 0.2 GPa.
Moreover, HA/C0304/GO composite obtains the maximum hardness
value of 4.1 + 0.2 GPa. This high hardness value of HA/Co304/GO in-
dicates that Co3O4 and GO reinforced the HA structure resulting in the
improvement of structural strength. The even distribution and the
proper interaction between Co304, GO, and HA results in an integrated
structure that can be suggested as a bone implant [55]. Observably, the
resultant data confirms the reinforcement effect of GO ingredients that
boosts interfacial bonding between the formed composites’ raw con-
stituents [56]. The bone implant’s mechanical properties are significant

4.5
| ]

4.0
g
9 3.5 1
(]
% }
c 3.0 1
©
—
®
-g }
5 25- i
= !

2.0 1

1.5 T g T 4 T . T i T T T

o> o> o> oV OV oV
< o S < \?:OQ} y:oe
S KR
Composition

Fig. 11. Hardness graph for different nanocomposites: Co304, HA-Co304, GO-
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for its effectiveness, especially over a long period. The potential implant
material should tolerate mechanical loads and body stresses without
breaking or deforming like the natural bone. As a result, bone implant
design should sustain appropriate mechanical behavior for higher inte-
gration with the host tissue.

4. Conclusions

Different nanocomposites including HA/Co304, HA/Co304/GO, HA/
CeO,, and HA/CeO3/GO were synthesized and analyzed. XRD revealed
the crystalline alteration within the nanocomposite structure. The
embedding of HA and Co304 or CeO; into GO was demonstrated using
TEM micrographs showing an average grain size reached 8 nm and
length of 20 nm for HA and 8 nm size for Co304. Moreover, HA/Co304/
GO and HA/CeO4/GO showed an improved cell viability value of 97.9
+ 2.4% and 97.4 + 0.6% respectively. Furthermore, the antibacterial
activity of HA/Co304/GO and HA/CeO2/GO was evaluated against
E. coli and S. aureus, with the activity of 13.1 + 0.9 mm and 14.1 + 0.9
mm for the cobalt-based nanocomposite and 15.9 4+ 0.3 and 16.4 + 0.2
mm for the cerium based one. The maximum hardness value was
reached by two ternary nanocomposites with values of 4.1 + 0.2 and 3.2
+ 0.2 GPa. Finally, the ternary nanocomposites are integrated and
porous structures with excellent roughness and mechanical properties
that showed improved cell viability, in addition to enhanced antibac-
terial activity. Since ternary nanocomposites exhibited better biocom-
patible and biodegradable properties than binary composites. Therefore,
it can be suggested for future clinical examinations for more bone en-
gineering studies.
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