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A B S T R A C T

Post-implantation, vicinity acquired oxidative stress and bacterial infections lead to apoptosis with eventual
bone-resorption and implant failure, respectively. Thus, in order to combat aforementioned complications, pre-
sent research aims in utilizing antioxidant ceria (CeO2) and antibacterial silver (Ag) reinforced hydroxyapatite
(HA) composite with enhanced mechanical and cytocompatible properties. Highly dense (>90%) spark plasma
sintered HA-based composites elicits enhanced elastic modulus (121–133GPa) in comparison to that of HA. The
antioxidant activity is quantified using ceria alone, wherein HA-ceria and HA-ceria-Ag pellets exhibits ~36 and
30% antioxidant activity, respectively, accrediting ceria as a scavenger of reactive oxygen species, which was
corroborated with the % Ce3+ change quantified by X-ray photoelectron spectroscopy. The HA-Ag pellet shows
antibacterial efficacy of ~61% for E. coli and ~53% for S. aureus, while a reduction of ~59% for E. coli and
~50% for S. aureus is observed for HA-ceria-2.5Ag pellet, affirming Ag reinforcement as an established bacte-
ricidal agent. The enhanced hydrophobicity on all the HA-based composites affords a high protein adsorption
(24h incubation). Further, elevated hFOB cell count (~6.7 times for HA-ceria-Ag on day 7) with filopodial exten-
sions (60–150μm) and matrix-like deposition reflect cell-substrate intimacy. Thus, synergistic antioxidant ceria
and antibacterial Ag reinforcement with enhanced mechanical integrity can potentially serve as cytocompatible
porous bone scaffolds or bioactive coatings on femoral stems.

1. Introduction

Bone injury and chain reactions mediated free radical species (re-
active oxygen species, ROS) generation, is a critical factor to pon-
der upon. ROS affects the long-term stability of bone/implants, medi-
ate apoptosis of osteoblasts and osteocytes, leading to osteoclastogen-
esis thereby favoring bone resorption [1]. ROS triggers responses like:
(i) arresting cell proliferation, (ii) decreasing cell growth and/or dif-
ferentiation, and (iii) promoting cell death by activating various sig-
naling pathways [2,3]. ROS production in diseased states and aging
overwhelms the antioxidant mechanisms (creating oxidative stress) of
the body [4]; post-implantation, in such patients (disease, fracture and
age-being the contributors), the oxidative stress secludes the material
from the surrounding tissue and also leads to cytotoxicity [5]. Rodent
bone resorption was facilitated by free radicals generated in vitro and in

vivo [6]. Furthermore, an in vivo study on rabbits reported that sig-
nificant levels of oxidative stress are induced in the tissues surround-
ing a bone implant (especially, ceramic and titanium in comparison to
polyethylene) [7]. Therefore, incorporating an antioxidant like ascorbic
acid, vitamins, etc. may aid in accelerated healing of fractured bones/
implants (scavenging ROS) and in-turn also provide a protection against
osteoporosis [4,7,8].

Hydroxyapatite (HA, Ca10(PO4)6(OH)2), in the character of orthope-
dic implants, exhibits promising bioactivity on the ground that it shows
structural and chemical similarity to human bone skeleton (Ca/P ratio
1.67) [9,10]. Notwithstanding the excellent biological property of hy-
droxyapatite, it possess poor mechanical strength [11] and in-order to
enhance the same, a second material is used in combination/as a rein-
forcement, for instance carbon nanotube (CNT), silver, alumina, zirco-
nia, etc. [12–14].
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The role of rare-earth elements in bone tissue engineering has been
reported in some studies, for example, the use of lanthanum oxide as a
reinforcement material for HA, which showed enhancement of the mi-
crostructural and mechanical properties [15,16]. The rare earth ions are
gaining popularity due to their similarity with calcium ions (calcium
ion mediated signaling regulates various cellular processes like prolifer-
ation, differentiation and apoptosis) [17]. Due to the structure of cerium
oxide (CeO2-x) nanoparticles (NPs), the autoregenerative redox mecha-
nism between Ce3+ and Ce4+ oxidation states is utilized as a biological
trigger for designing a drug delivery system (mesoporous silica based)
[18]. The role of cerium oxide nanocrystals to reduce ROS in human
mesenchymal stem cells and human dermal fibroblasts exposed to H2O2
has been demonstrated [19,20]. Ceria NPs have now been reported to
offer enzyme mimetic properties, like superoxide oxidase, oxidase and
catalase; hence can be used in biomedicine [21], drug delivery [22],
bioanalysis [23,24] and bio-scaffolds [25,26]. Ceria NPs are able to
show ocular [27], neuronal [28], and radioprotection [29], in addition
to a defense to heart from inflammatory and oxidative injury [30]. Lit-
erature reports the use of glass (lanthanide- doped; Ce/La; 2.5wt%) in
combination with HA (97.5wt%), wherein a passable biocompatibility
(improvement in cell adhesion and proliferation) was seen, indicating
its potential application in bone tissue engineering [31]. Primary mouse
embryonic fibroblast proliferation was stimulated by citrate-stabilized
ceria NPs by decreasing intracellular ROS [32]. 3D glass foam scaf-
folds containing tailor made ceria NPs (synthesized in water as medium)
could improve the osteoblastic differentiation of human mesenchymal
stem cells by enhancing collagen formation [19,33]. A nanocomposite
system composed of galantamine, ceria and HA species was found to be
an effective anti-Alzheimer agent by removing hazardous ROS and help-
ing in nerve cell repair [34]. In combination with poly (d,l-lactic-co-gly-
colic acid), ceria NPs leads to increase in elastic modulus and ultimate
tensile strength, and also cardiac stem cells and mesenchymal stem cells
viability with enhanced proliferation [35]. Though the precise physio-
logical effect of cerium is still unknown, but it is understood that ceria
NPs facilitates metabolism and protects tissues (as antioxidant). It has
been observed that addition of 1, 5, 10wt% of ceria to bovine-HA ma-
trix, sintered at 1200 to 1300°C gave rise to enhanced micro-hardness
from 564 to 583 HV, respectively, with highest compression strength
~107MPa (for 5, 10wt% ceria addition) [16].

Another major problem leading to implant failures is post-implant
infections, majorly due to bacteria adhesion [13,36,37]. A significant
decrease in bacterial counts (~65–90%) has been observed in HA and/
or CNT-based composites reinforced with 2.5–10wt% nano Ag [13,38],
thus, drawing the conclusion that Ag-reinforced HA matrix can serve as
potential antibacterial biocomposites (with 2.5wt% as the most cyto-
compatibile, and also moderately anti-bacterial).

With respect to the aforementioned criteria, to the best of the in-
formation available, the novelty of this work resides in the fabrication
of HA biocomposite, synergistically reinforced with ceria and Ag NPs,
to develop composites for orthopedic applications (either as a bio-coat-
ing on metal substrates [12,39] for femoral stem [40] or as free stand-
ing porous scaffold [41]), intended to, thereby, fulfilling the following
objectives: (i) antioxidant activity imparted by ceria NPs (scavenging

ROS), (ii) Ag NPs to stamp out the bacterial infections, and (iii) enhanc-
ing mechanical and cytocompatible properties with cooperative ceria
NPs and Ag NPs reinforcement.

2. Materials and methods

2.1. Materials

Starting powders, Ag NPs, purity 99.95%, particle size ~65nm, were
purchased from Inframat Advanced Materials, US; ceria (CeO2) NPs,
particle size ~15–30nm, purchased from Nanostructured & Amorphous
Materials Inc., US; and ZnO NPs, purity >99.99%, from Sigma-Aldrich,
India.

2.2. Synthesis of hydroxyapatite and processing of composites

Suspension-precipitation method was used to synthesize HA powder
[42]. Initially, CaO (18.6gL−1) was dispersed in distilled water, which
was heated and stirred by a magnetic stirrer. Further, 0.17M (Ca/P ra-
tio same as HA) of H3PO4 was added drop wise to CaO medium, which
was stirred for 3–4h at 80°C. In order to maintain the pH of the solution
to 10, concentrated NH4OH was then added drop wise, and the solution
was stirred at 80°C for 1h. Then, the solution was left at room temper-
ature for 24h and the precipitate was collected by a filter paper, which
was oven dried at 100°C for 24h, and crushed by an agate mortar to ob-
tain powdered form of the material. The powders were calcined for 2h
at 800°C and the calcined powders were further ball milled in ethanol
for 16h using agate jar and ball, with a ball-powder ratio of 4:1 at a
speed of 300r.p.m. The dried HA powder was sieved using ASTM 270
(53μm) to achieve homogeneous particle size. Four different composi-
tions of powder mixtures were prepared: (i) Hydroxyapatite (HA), (ii)
Hydroxyapatite with 5wt% ceria NPs (HA-5C), (iii) HA with 2.5wt% Ag
NPs (HA-2.5Ag), (iv) Hydroxyapatite with 5wt% ceria NPs and 2.5wt%
Ag NPs (HA-5C-2.5Ag). The mixed powders were blended and homog-
enized in ethanol as a medium and oven dried at 80°C. The powders
were processed by spark plasma sintering (SPS, Dr. Sinter, Japan) in a
cylindrical graphite die. Sintering was performed at 950°C (ramp rate
of 100°C/min) and keeping the dwell time of 5min with uniaxial pres-
sure of 30MPa in vacuum (~6Pa) to obtain dense pellets of ~15mm
diameter and ~3mm thickness.

2.3. Physical, phase and microstructural characterization

Archimedes' principle was used to measure the density of the pellets
using distilled water as an immersion media. The theoretical and experi-
mental density of HA based composites (CeO2 and/or Ag reinforced) are
mentioned in the Table 1.

The pellets were cloth polished using final alumina suspension (of
particle size 1μm). The phase analysis was performed with X-ray dif-
fraction technique; XRD Rich-Seifert, 2000D diffractometer, operated
at 25kV and 15mA with CuKα (λ=1.541Å) radiation scanned at scan
rate of 0.5°/min, with a step size of 0.02°. The fractured surface of the

Table 1
Nomenclature and density of the hydroxyapatite-based SPS pellets.

Sample type Nomenclature Th. density(g/cm 3) Archimedes density(g/cm 3) % relative th. densification

HA HA 3.16 3.01 95.3±0.05%
HA-5CeO2 HA-5C 3.25 3.02 92.9±0.04%
HA-2.5Ag HA-2.5Ag 3.21 3.11 96.9±0.02%
HA-5CeO2-2.5Ag HA-5C-2.5Ag 3.31 3.12 94.3±0.04%
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samples was examined via Field Emission Scanning Electron Microscopy
(FESEM; Nova NanoSEM 450).

2.4. Nanomechanical property evaluation

Nanoindentation of the pellets was performed using a Hysitron® TI
750-D Ubi-1 model, enabled with the Berkovich indenter tip having the
radius of curvature ~150nm with elastic modulus (Ei) of 1141GPa and
Poisson's ratio (νi) of 0.07 [43]. Instrument was calibrated with a stan-
dard fused silica having modulus of 69.6GPa and hardness 9.25GPa. For
each sample, around 20 indents were made at a peak load of 2mN with
loading rate of 0.4mN/s and holding of 2s at peak load. Elastic modulus
and hardness were calculated by using the method proposed by Oliver
and Pharr [43]. An average of ten indents was taken to provide the av-
erage value.

2.5. Water contact angle measurement

The wettability of the surface plays a key role regulating protein
and initial cell response, which was measured by the water contact an-
gle [44] on sample surfaces (n=3), using contact angle goniometer
(Data-Physics Contact Angle System OCA). The measurement on each
sample was repeated ten times.

2.6. Antimicrobial test

The antibacterial activity of the samples was assessed using
Gram-negative (E. coli; MTCC2079) and Gram-positive (S. aureus; MTC-
C2043) bacteria. In a typical experiment, samples were polished and
ultrasonicated for 15min, autoclaved, washed with ethanol and rinsed
with 1× PBS prior to seeding. In a 24 well plate, 200μl suspension of
each of the bacterial solutions (0.1 optical density) was seeded onto the
samples (triplicate samples tested three times). Post-seeding, the sam-
ples were incubated for 4h at 37°C. The non-adhered bacterial cells
were removed by thoroughly rinsing the samples with 1XPBS. Then,
bacteria cultured samples were analyzed qualitatively (SEM imaging)
and quantitatively (MTT assay). The attached bacterial cells were fixed
with 3% glutaraldehyde, 0.1M sodium cacodylate, and 0.1M sucrose,
for 20, 15 and 15min, respectively. After thorough rinsing with 1XPBS,
samples were dehydrated in gradient alcohol series for 10min each and
subjected to critical point drying using hexamethyldisilazane (HMDS).
The samples were then sputter-coated with gold for SEM analysis (SEM;
SUPRA40VP, Carl Zeiss NTS GmbH, Germany).

For determining the metabolic activity of bacterial cells, and, hence,
number of viable bacterial cells, MTT assay [MTT: (3(4, 5-dimethylthia-
zol-2-yl)-2, 5-diphenyl tetrazolium bromide), Amresco, Life Science Re-
search Product & Biochemicals, US] was performed. MTT: PBS in the ra-
tio of 1:10 was added to each of bacteria cultured sample, and incubated
for 2h at 37°C. Reacting with the viable bacterial cells, MTT forms
the formazan crystals which are dissolved using dimethyl sulphoxide
(DSMO) developing purple color. The absorbance of dissolved formazan
crystals was determined at 570nm wavelength, by ELISA plate reader
(ultraviolet-vis BioTek, USA) [45].

2.7. Antioxidant activity determination

The antioxidant activity of ceria has been quantified observing the
bacterial growth in presence of ZnO (ROS generator [42]), and ceria
NPs (ROS scavenger/antioxidant). In this process, ZnO utilizes ROS to
kill bacteria and on the other hand ceria NPs scavenges ROS and hence
bacterial growth is increased. This difference in the bacterial viability
i.e. increased bacterial growth is proportional to the ROS scavenged,

which quantifies the antioxidant activity of the ceria NPs. Therefore, a
novel technique is introduced for the antioxidant activity determination.
In a typical experiment, (i) Luria Broth used as growth medium supple-
mented with ZnO (1.47mM or 120μg/ml) and ceria NPs (0, 140, 280,
420, 560, 700μM or 24, 48, 72, 96, 120μg/ml) (ii) The ceria NPs rein-
forced composites (HA-5C and HA-5C-2.5Ag; n=3) in LB supplemented
with ZnO (1.47mM or 120μg/ml). As mentioned, the bioapplication of
cerium oxide as a ROS scavenger/antioxidant strongly depends on the
Ce4+/Ce3+ ratio [46] where the high Ce3+/Ce4+ ratio was beneficial,
due to the Ce3+ free radicals scavenging action and conversion to its
oxidized form, of Ce4+, according to the Eq. (1) (conversion of H2O2 to
OH°), 2 (oxidation of Ce3+ to Ce4+) and 3 (reduction of Ce4+ to Ce3+)
which usually takes place in a period over ten days [47]:

(1)

(2)

(3)

Therefore, in-order to determine the chemical states (ratio of
Ce4+/Ce3+), X-ray photoelectron spectroscopy (XPS) was conducted on
the samples (HA-5C and HA-5C-2.5Ag). For this, a PHI 5000 versa probe
II (FEI Inc., Ulvac-PHI Inc., Japan) was used, operated at 25W (15kV)
with a spatial resolution of ~10mm (minimum probe size), 1h scan and
an energy resolution of ~0.5eV.

2.8. Protein adsorption and cell culture

The most abundant protein found in the blood is serum albumin
[48], therefore an appropriate understanding of albumin adsorption to
sample surface is essential, which is evaluated by bovine serum albumin
(BSA) adsorption used as a model protein. The quantitative analysis of
the protein adsorption behavior was measured using standard protein
adsorption protocol as per the bicinchoninic acid protein quantification
assay kit (Cat. #786-570,786-571, G-biosciences). Protein concentration
of 2mg/ml was introduced on each sample (n=3) in a 24 well plate,
which was incubated for 24h at 37°C. After incubation, non-adhered
proteins were removed by thorough rinsing with PBS. The concentration
of adsorbed protein on the sample was evaluated at an absorbance of
540nm, by ELISA plate reader, as per standard bicinchoninic acid proto-
col instructions. The surface roughness of the samples was measured by
Optical surface profilometer (Bruker-3D optical profilometer), in-order
to relate the effect of surface topography (here roughness) with adsorp-
tion behavior of the proteins and cells.

The human fetal osteoblasts (hFOBs) have been chosen for conduct-
ing in vitro tests (as it has minimal chromosomal abnormalities, im-
mortal- non transformed cell line), for determining osteogenic responses
of materials [49]. The hFOB cell line (hFOB 1.19 ATCC, CRL-11372)
was purchased from Promochem, Bangalore, India. The cells were ex-
panded in complete medium comprising of Dulbecco's modified eagles
medium/nutrient mixture (F-12 Ham, 1:1 mixture Cat no. AL187A, Hi-
media, India) with 10% FBS (Biological Industries, Cat no. 04-121-1A)
and 3μg/ml geneticin (Cat no. 10131035, Invitrogen) at 33.5°C in
a 95% humidity and 5% CO2. For the experiment, samples (n=3)
were seeded at a density 2×104cells/ml in 24 well culture
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plate and allowed to culture for 7days. The protein adsorption and the
MTT assay experiments were repeated three times.

For fluorescence microscopy, the samples were fixed with 3.7% for-
malin for 15min, washed carefully with PBS followed by permeabi-
lization using 0.1% TritonX100 for 10min. Subsequently, samples were
blocked with 1% bovine serum albumin for 1h and stained with Alexa
Fluor® 568 Phalloidin (Cat. No. A12380, Invitrogen) for actin staining
for 1h. Hoechst 33,342 dye (Cat. No. H3570, Invitrogen) was used for
staining the nucleus. The stained cells were viewed under a confocal and
multiphoton microscope system (LSM780NLO, Carl Zeiss GmbH). Cell
morphology was imaged via scanning electron micrographs of
hFOB-seeded samples. At 1, 3 and 7days, cellular metabolic activity was
quantified by MTT assay.

2.9. Statistical analysis

The experiments were conducted (n=3) in triplicates (i.e. a total
of nine measurements), unless otherwise mentioned, and the average
value was calculated with the standard deviation, which was statis-
tically analyzed by Student's t-test (with >95 percentage confidence
level; p<0.05).

3. Results and discussions

3.1. Physical, phase and microstructural analysis of spark plasma sintered
hydroxyapatite-based samples

The theoretical and Archimedes' density, and the nomenclature used
of HA based composites have been reported in Table 1. The XRD pat-
tern of the sintered pellets is shown in Fig. 1. The pattern reveals the
characteristic peaks of HA, confirming the occurrence of no new phase
formation. The peaks for ceria are observed at 2θ value of 28.61, 47.59,
and 56.48° corresponding to (111), (220), and (311) planes, and for sil-
ver at 38.23° corresponding to (111) plane. In comparison to powder,
the peaks obtained in the composites are sharper with more defined re-
flections due to increased crystallinity, thereby suppressing some of the
lower intensity peaks (making them absent after sintering).

Fig. 2a–d shows the fractured surface of the sintered pellets, which
indicate an effective densification, highlighting the importance para-
meters chosen during spark plasma sintering technique. According to
Table 1, the HA pellet shows a densification corresponding to the rel-
ative density of 95.3%, which, after addition of ceria NPs decreases to
92.9% (HA-5C), portraying highest porosity amongst the pellets. This
decrement in relative density, may be attributed to the low interfacial

Fig. 1. XRD pattern of powder and composite pellets: HA, HA-5C, HA-2.5Ag,
HA-5C-2.5Ag.

bonding of ceria with HA (due to the high melting temperature of ce-
ria, 2400°C), leading to the formation of pores in HA. The EDS mapping
(Fig. 2e) of the HA-5C-2.5Ag composite shows a uniform distribution of
the reinforcements Ceria and Ag.

The incorporation of silver in HA leads to an increase in the relative
density as much as 96.9% (HA-2.5Ag pellet) when compared to that of
HA. However, the incorporation of ceria along-with silver leads to slight
decrease in relative densification (from 92.9 to 94.3%) illustrating the
effect of silver in densification which may be due to the action of molten
silver (at 950°C sintering temperature), which may spread evenly, fill-
ing the pores in the HA matrix [13]. Therefore, an enhanced mechanical
property is expected in composites (HA-2.5Ag and HA-5C-2.5Ag) when
compared to that of HA.

3.2. Nanomechanical properties evaluation of hydroxyapatite-based SPS
pellets

The nanomechanical properties of composite pellets are reported in
Table 2. The Ag NPs reinforcement to HA results in an increase of the
hardness (H) from 7.7GPa (in HA) to 10.7GPa (in HA-2.5Ag). Also, the
addition of ceria alone or in combination with Ag NPs did not signifi-
cantly affect the hardness of the material.

The elastic modulus (Er) was found to be maximum for HA-2.5Ag:
132.5GPa, followed by HA-5C-2.5Ag (128.3GPa) and HA-5C
(121.0GPa) when compared to that of HA (99GPa). The increased me-
chanical property (modulus) was due to the combined effect of compos-
ite strengthening, chemistry, and porosity of the pellets. When consid-
ering the chemistry of samples, elastic modulus of CeO2 was found to
be 190–264GPa [50]. Besides, Afzal et al. reported that there was an
enhancement in mechanical properties, hardness (by 15.5%) and mod-
ulus (4.5%) of HA-Ag composite in comparison to HA [13]. Therefore,
the inherent property of reinforcements (due to the chemical compo-
sition) significantly resulted in enhanced mechanical properties (par-
ticularly E). Yet, another role by densification (porosity) of the pel-
lets contributed significantly in the enhanced mechanical property (with
increase in relative densification, porosity decreases, resulting in in-
creased hardness and modulus). It was observed that relative densifica-
tion (Table 1) decreases in the case of HA-5C and HA-5C-2.5Ag (thereby
increased porosity), in comparison to HA and HA-2.5Ag (maximum rel-
ative densification), and yet an increased elastic modulus is observed
relative to HA (Table 2).

It is evident from the load-displacement curve (Fig. 3) that in case of
ceria and Ag NPs reinforced pellets, a smaller displacement or deforma-
tion (hmax<100nm) resulted in bigger fraction of elastic recovery (plas-
ticity index, re of 0.50) and consequently smaller energy of dissipation
(resistance to elastic recovery, rd of 0.50) in comparison to HA pellet (re
of 0.47, rd of 0.53). It can be concluded that the addition of ceria and
Ag NPs lead to a significant enhancement in the mechanical properties
of HA, hence imparting a superior load-bearing capacity as an implant
material.

3.3. Change in wettability with ceria and silver reinforcement

Table 3 summarizes the water contact angles (WCA) measured on
composite pellets. It is found that the contact angle on HA-5C increased
up to ~101° depicting increased hydrophobicity due to the incorpo-
ration of ceria NPs. Rare earth metal oxides (REOs) or lanthanides
transition metal oxides inherently possesses hydrophobic properties be-
cause of the shielding effect (decreasing water interaction) caused due
to unique electronic structure (unfilled inner, 4f orbital is shielded by
an outer 5s2p6 shell which forms a complete octet) [51–53]. Therefore,
the measured water contact angle (~101°) for HA reinforced with ceria
NPs was in accordance with previous reports [53]. When considering
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Fig. 2. FESEM images of fractured surface of a) HA, b) HA-5C, c) HA-2.5Ag, d) HA-5C-2.5Ag, and e) EDS of HA-5C-2.5Ag sintered composites.

Table 2
The nanomechanical properties of hydroxyapatite-based SPS pellets.

Sample H (GPa) Er (GPa) hf (nm) hmax (nm) re (hmax – hf)/hmax rd (hf/hmax)

HA 7.7±1.0 98.9±2.5 52.7 100.1 0.47 0.53
HA-5C 8.6±0.9 121.0±8.1 44.4 88.6 0.50 0.50
HA-2.5Ag 10.7±1.3 132.5±8.0 39.1 82.7 0.53 0.47
HA-5C-2.5Ag 8.3±0.6 128.3±10.1 43.0 85.6 0.50 0.50

HA-2.5Ag and HA-5C-2.5Ag surface, the contact angle is found to fol-
low a similar trend on ceria addition, increasing from ~85° to 98°, re-
spectively. The surface containing Ag NPs (HA-2.5Ag), was also found

to be hydrophobic in comparison to HA, with the contact angle value
of 85.3°, in line with the literature reported [54]. The protein and ini-
tial cell adhesion (discussed in the following sections) greatly depends
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Fig. 3. Load-displacement curves of HA, HA-5C, HA-2.5Ag, HA-5C-2.5Ag sintered com-
posites.

Table 3
Obtained values of roughness, WCA and protein adsorption on sintered pellets (⁎ indicates
significant difference of mean, p value <0.003 of composites in comparison to HA).

Sample type
Roughness
(μm)

Contact angle
(degree)

Protein adsorption
(μg/mm2)

HA 0.25±0.02

74.0°±2.0

9±0.21

HA-5C 0.33±0.04

101.0°±3.1

3.07±0.16⁎

HA-2.5Ag 0.33±0.03

85.0°±1.7

3.25±0.13⁎

HA-5C-2.5Ag 0.44±0.09

94.0°±1.7

4.34±0.12⁎

on wettability of the material and is expected to increase with hy-
drophobicity obtained in the composites [55].

3.4. Antibacterial role of silver reinforcement in hydroxyapatite-based
composites

After 4h incubation, the adhesion of E. coli and S. aureus shown in
Fig. 4a–d and e–h, respectively, represents the almost similar adhesion
on HA (control) and HA-5C. However, samples incorporated with sil-
ver, revealed minimal bacterial density attributed to the role of silver as
a bactericidal agent. The Ag ions attack the -SH groups of various en-
zymes, thereby, hindering protein synthesis; also the Ag ions are found
to denature the bacterial DNA, leading to their bactericidal property
[13].

The MTT results for S. aureus and E. coli were seen to follow a
similar trend as observed in SEM images (Fig. 4i and j). The bacter-
ial viability on HA-2.5Ag was found to be 39.33±1.76% for E. coli and
46.70±2.11% for S. aureus and on HA-5C-2.5Ag, as 41.12±1.72% for
E. coli and 49.70±1.01% for S. aureus. The viability of both bacterial
cultures were similar in samples without silver impregnated i.e. HA and
HA-5C, albeit it was significantly lower (~40–50%) in silver-incorpo-
rated group. The results match the findings where the inert/bacterio

static behavior of ceria NPs towards E. coli is reported [56,57] and a
similar non-toxic nature towards S. aureus [58].

3.5. Antioxidant activity of reinforced ceria

The antioxidant activity of Ceria NPs is achieved in the following
steps (Fig. 5a, b): (i) Bacterial growth is encouraged in presence of ZnO
and in absence of ceria NPs. ZnO produces Zn2+ and ROS, utilizing it
to kill bacteria [59], (ii) To assess the antioxidant activity of ceria NP,
bacterial growth is observed both in presence of ZnO and Ceria NP,
(iii) Addition of ceria NPs scavenges/kills the ROS (decreasing the total
ROS), but the Zn2+ ions remain constant (due to similar concentration
of ZnO), (iv) Therefore, an increase in the bacterial viability in pres-
ence of ceria NPs is observed, which is directly proportional to scav-
enged ROS by ceria NP. This, in turn, determines the antioxidant ac-
tivity (AO) of ceria NPs. Using relation stated in (iv), antioxidant activ-
ity of ceria NPs has been plotted against concentration of ceria NPs as
shown in Fig. 5a and b. The antioxidant activity of ~40% is achieved
by addition of ~140μM ceria NPs or in other words 2% by ~1μg/ml
of ceria, relative to that of that without ceria content. Similarly, for the
composites, a significant increase in bacterial density is expected upon
addition of ceria NPs. From Fig. 5c, it can be seen that in the presence
of E. coli, the antioxidant nature (% ∆AO) of HA-5C and HA-5C-2.5Ag
was found to be 36.87±5.47% and 30.67±1.67% more than that of HA
and HA-2.5Ag, respectively. Along the same line, the antioxidant ac-
tivity of 34.34±2.52% and 29.59±3.40% was obtained for HA-5C and
HA-5C-2.5Ag pellet when compared to monolithic HA and HA-2.5Ag
composite (Fig. 5d), in the presence of S. aureus.

The HA-5C and HA-5C-2.5Ag pellet exhibited ~36% (36±4%) and
~30% (30±3%) antioxidant activity, and the scavenging action for the
free radicals was found to be almost similar in both Gram positive and
Gram negative bacteria, clearly indicating the inert/bacteriostatic na-
ture of ceria towards the bacteria. Furthermore, it can also be elucidated
from Fig. 5c and d that the HA-5C-2.5Ag represents as much as ~30%
antibacterial nature (represented as % ∆ AB) with a simultaneous action
of ROS reduction (~30%), thereby portraying a non-compromised resis-
tance (of the construct) to bacteria in addition to antioxidant activity.
This depicts the synergy between the reinforcements (ceria, for antioxi-
dant and Ag, for antibacterial nature) in the HA matrix. The properties
imparted to the HA based material would help in allowing rapid heal-
ing upon implantation and the reducing the damage caused (signaling
mechanisms mediated apoptosis of osteoblasts, and activation of osteo-
clasts, leading to bone resorption) by the oxidative stress created in the
vicinity while synergistically rendering bacterial reduction.

In order to evaluate the scavenging action of ceria exhibited by the
samples, high-resolution Ce 3d XPS spectra for HA-5C and HA-5C-2.5Ag
samples were recorded for the as-sintered pellets and those following
ROS exposure. The peaks for Ce3+ and Ce4+ are represented in the spec-
tra (Fig. 5e–h) and the calculated area under the peak (according to the
procedure by Korsvik et al. [60]) for Ce3+ in the as-sintered pellets was
found to be 64.4% and 59.0% in HA-5C and HA-5C-2.5Ag, respectively,
which reduced to 32.3% and 33.6% after the exposure to ZnO generated
ROS as shown in Table 4. This clearly corroborated the antioxidant ac-
tivity (reduction in ROS/oxidation of Ce3+ to Ce4+) obtained as 36±4%
for HA-5C and 30±3% for HA-5C-2.5Ag pellet.

3.6. Protein adsorption on hydroxyapatite-based SPS pellets

From the protein adsorption data reported in Table 3, it is clear that
for HA-5C surface, the adsorption was found to be 3.07μg/mm2, which
was more than that of HA 1.13μg/mm2. The extent of adsorption is

6



UN
CO

RR
EC

TE
D

PR
OO

F

A. Pandey et al. Materials Science & Engineering C xxx (2018) xxx-xxx

Fig. 4. Scanning electron micrographs (a–h) and quantitative estimation (i, j) of E. coli and S. aureus on HA-based sintered composites; ⁎ indicates p value <0.001of mean of HA-2.5Ag
and HA-5C-2.5Ag when compared to that of HA.

significantly affected by surface properties of the material; particularly,
surface charge and hydrophobicity [61]. This increase by 2.7 fold ac-
counts for the hydrophobic surface of ceria NPs [53], which relates to
its high contact angle of ~101° in HA-5C when compared to that of HA.
As per the literature, it is observed that highest BSA adsorption is ob-
served on hydrophobic surface [55]. This may explain the reason for
the high adsorption of BSA (incubation time of 24h) on the surfaces
containing hydrophobic ceria NPs, as it can also be seen in the case
of HA-2.5Ag pellet i.e. 3.2μg/mm2, when compared with HA-5C-2.5Ag
pellet (4.34μg/mm2), increasing by 1.34 fold, ruling out the effect of Ag
NPs (due to different chemistry).

When discussing the effect of Ag NPs in protein adsorption, pro-
teins spontaneously adsorb onto a silver coated implant surface [62,63].
The plausible mechanism for BSA adsorption onto ceria and/or Ag rein-
forced material surface represented in Scheme 1. The figure explains the
hydrophobic effect coming into action between the BSA protein mole-
cule and Ag/ceria NPs, and the Ag-sulphydryl complex formation. The
hydrophobic interactions strengthen upon incubation period of 24h due
to protein unfolding and relaxing upon aging, leading to the surface-ex-
posure of hydrophobic protein residues, thereby leading to more of seg-
ment-surface contacts [61]. In addition, as per the literature, the nega-
tive ΔG° values and the occurrence of thermodynamically favored reac-
tions in the binding of the two entities, relate to hydrophobicity [48].
The BSA‑silver binding may be justified by the complex (Ag-sulphydryl)
formed between sulfur (from a cysteine residue of disulfide bond) and
silver, as reported [64,65].

The highest contact angle (most hydrophobic) is obtained for HA-5C
(Table 3), which can be a debatable concern, though. However, consid-
ering the BSA‑silver complex formation and the negative Gibbs free en-
ergy change, it can be explained for the almost equal binding of the BSA
to HA-2.5Ag and HA-5C surface. It may be concluded that protein ad-
sorption is found to be maximum (4.34μg/mm2) for the HA-5C-2.5Ag
composite due to the cumulative properties imparted by the ceria and
Ag NPs; a lag of 3.84 fold adsorbed protein is achieved for the HA pellet
in comparison to that of HA-5C-2.5Ag. Therefore, an increase in the cell
adhesion is expected on the composites when compared to HA surface.

3.7. Change in cell morphology upon ceria and silver reinforcement

The destined cell behavior on the substratum surface is monitored
morphologically by the confocal image analysis of the actin cytoskele-
ton filaments. After 7days of incubation, hFOBs were found to be promi-
nently adhered on material surface and well distributed across the sur-
face. Conspicuous expression of the actin filaments was evident (Fig.
6a–d). On visual examination, the number of cells observed on the
surface of HA appeared relatively lesser compared to other groups.
On the contrary, confluent sheath of cells was observed on the ce-
ria and silver containing constructs (HA-5C and HA-2.5Ag), covering
the underlying material surface. As seen in Fig. 6d, actin stress fibres,
prominent junctions, and distinctive filopodia-like structures emerged
from the growth cone edges of the cells on HA-5C-2.5Ag surface. On
the HA-5C-2.5Ag surface, the filopodia-like extensions display profound
lengths in the range of 60–160μm. These extensions, apparently,
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Fig. 5. Determination of antioxidant activity of ceria NPs in powder form (a, b) and in pellet: as % ∆AO (c, d) in presence of E. coli and S. aureus, with 1.47mM ZnO as the ROS source,
and XPS spectra of ceria reinforced as-sintered and post-exposure of HA-5C (e, f) and HA-5C-2.5Ag (g, h) pellets.

suggest the spreading of cell body, thereby indicating a contact inti-
macy with the surface. They find a role in migrating cells, wherein
filopodia formation and extension probe modify extra cellular matrix
(ECM) in the surrounding, thus interacting with the cells in the vicinity
and facilitating cell-to-cell communications [66]. The cell-to-cell inter-
connectivity was very conspicuous and marked by the abundant actin

filaments, especially on the surfaces containing ceria and Ag NPs, show-
ing a synergy of the reinforcements.

The scanning electron micrograph (Fig. 6e–h) showed irregular
shaped cells across different regions of the HA surface. Moreover,
cell-matrix interactions were not very prominent as cells were com-
pletely lacking any filopodial extensions. The HA-5C composite de-
picted high cell growth leading to cell secreted material-like depo-
sition, whereas
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Table 4
Ce3+ and Ce4+ concentration calculated from the XPS spectra.

Sample type As-sintered Post-ROS exposure % change from XPS % ROS scavenged (from experiment)

% Ce3+ % Ce4+ % Ce3+ % Ce4+

HA-5C 64.4 35.6 32.3 67.7 32.1 36±4
HA-5C-2.5Ag 59.0 41.0 33.6 66.4 25.4 30±3

Scheme 1. Plausible mechanism of protein adsorption on ceria/Ag reinforced sintered composite.

Fig. 6. Representative confocal microscopy images (a–d) and scanning electron micrographs (e–h) of cultured hFOBs on sintered composites for HA, HA-5C, HA-2.5Ag, HA-5C-2.5Ag, and
HA-5C-2.5Ag, respectively.

highly proliferated cells with organized cytoskeletal arrangements was
found on the HA-2.5Ag surface (Fig. 6g). The ceria and silver contain-
ing construct (HA-5C-2.5Ag) in Fig. 6h represents synergistic effect of
the reinforcements, which is evident both by cell-to-cell and cell-ma-
trix interactions, and filopodial extensions. Some regions demonstrated
cell synthesized extracellular matrix mesh-like microenvironment on
HA-5C-2.5Ag surface (Fig. 6h), which was not observed in the other
compositions. Cytoplasmic prolongation and reorganization, and cell

synthesized matrix-like deposition can serve as a tool to study cell be-
havior (adhesion, proliferation, differentiation). It also serves as an indi-
cator of physiological conditions of cell (movement and residing of cell
to a tissue-specific location, forming rigorous cytoplasmic connections/
elongations in response to the environmental stimuli) [67]. Material sur-
face appeared rough as also observed by the roughness values Ra when
compared to that of HA (Table 3).
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3.8. Effect of ceria and silver reinforcement on in vitro cell adhesion and
metabolic activity

The quantitative analysis of the metabolic activity/viabiltiy of hFOBs
on each of the substratum surface was evaluated by the MTT assay (also
an indication of the obtained cell proliferation), after 1, 3 and 7days of
seeding (Fig. 7). Based on the structure-property relationship between
the material surface and the cells, the plausible explanation for the ad-
hesion and growth on biomaterials is elaborated further.

After 24h incubation, maximum cell adhesion was observed on
HA-5C-2.5Ag, followed by comparable values on HA-5C and HA-2.5Ag
surfaces, with the least on HA pellet; a trend similar to that of the BSA
adsorption data obtained (Table 3). The obtained cell viability values
(on day 1) onto each surface defends the principle of protein adsorp-
tion (governing the cell adhesion, i.e. directly proportional to adsorbed
protein), which occurred during the overnight incubation of samples in
DMEM media (containing FBS protein) prior to seeding, and the inter-
relation instigates the process of receptor-ligand mediated cell adhesion
(despite its higher hydrophobicity, now being ruled-out by the adhered
protein, in turn, helping in cell adhesion). However, the process of pro-
tein adsorption occurs only up to a maximum of 48h beyond which,
the actual cell interaction without the proteins (most of them, then des-
orbed) takes place [68]. Cell quantification at day 3 revealed the role of
material surface properties indicating cell substratum interaction. It can
be elucidated that, by day 3, no significant difference was observed in
hFOB metabolic activity for samples; HA, HA-2.5Ag, and HA-5C-2.5Ag,
while there is a significant reduction in the cell metabolic activity ob-
tained for HA-5C (1.5 fold lesser than day 1 HA-5C). This was most
likely due to the hydrophobic ceria NPs, which were unable to attach
hFOBs without prior protein adsorption.

As per the reported data, at time>72h falling in the post-mitotic
period, the substrate surface properties may not affect cell adhesion or
proliferation due to the expression of physiological activities (ECM min-
eralization) of cells. The time required for hFOBs to recover from hy-
drophobic surfaces is within 6days of culture [69]. It can be witnessed
from the data obtained on day 7 of culture period that the cell num-
ber increased considerably, especially in the hydrophobic HA-5C sam-
ple as compared to day 1 (1.4 fold) and day 3 (2.1 fold), hence dis-
counting the effects of substrate hydrophobicity. The increase in the
cell activity of all the samples with respect to HA with increasing time

Fig. 7. hFOB metabolic activity on HA, HA-5C, HA-2.5Ag, HA-5C-2.5Ag sintered compos-
ites. (⁎,⁎⁎, ♣ indicates p values of mean of cell density at day 7 composites in comparison
to that of day 7 HA control: <0.001, those of day 7 in comparison to the same on day 1:
<0.04 and day 3 HA-5C in comparison to that of day 1: <0.001, respectively).

confirms the cytocompatibility of the samples with osteoblast growth
and activity. While, it is clear the metabolic activity of cultured hFOBs
increases with time in all the samples, however, HA-5C-2.5Ag demon-
strated drastically increased value (6.7 fold higher than HA on day 7),
which indicates the cytocompatibility of the synergistic effects of ceria
and Ag NPs.

It is believed that the as-suggested chemical similarity of Ce3+ to the
bivalent calcium, and its capacity to bind with the calcium ions [70] re-
sult in extensive matrix deposition with 7days as seen in Fig. 6h. This
resemblance may be the primary reason responsible for its definite bio-
logical activity, and may be responsible for increasing intracellular cal-
cium ions (ubiquitous intracellular messenger) by activation of Ca2+ re-
ceptor found in the membranes [71], up-regulating signaling pathways
(for instance Ca2+/CaM related signaling) speeding up the adhesion and
proliferation of osteoblasts [72] (ceria NPs helps in metabolism, though
its physiological effect is not known). It is known Ag NPs in higher con-
centration are toxic to cells, but at a lower concentration, are found to
support cell growth [38,73], which could also help in accelerating the
metabolic activity, as seen in our study.

This suggests the synergistic properties of ceria and silver aiding in
an increased response towards hFOBs, observed in the form of signifi-
cantly improved cell metabolic activity towards HA-5C-2.5Ag compos-
ite, along-with the formation of intracellular junctions (filopodia and its
extensions) and the matrix-like deposition. It can be concluded that HA
reinforcement with ceria and Ag NPs promotes cell adhesion, survival
and growth which could serve as a remarkable biocompatible surface.

The various stages of the after effects of implantation (HA, HA-5C,
HA-2.5Ag, HA-5C-2.5Ag implant) following a bone fracture (ROS
level>Antioxidant defense: AO) is shown in Scheme 2a–d. It can be
seen in the Scheme 2a that when the HA implant material (normal case)
substitutes a fractured bone, the high ROS levels create a condition of
oxidative stress, thereby, leading to increased bone resorption by acti-
vated osteoclasts and decreasing the bone formation. Furthermore, the
bacterial attack leads to infections. The Scheme 2b shows the HA-2.5Ag
implant material which decreases the bacterial attack (~50–60%) due
to the action of reinforced Ag NPs, while the ROS levels do not sub-
side. On the other hand, the HA-5C composite lead to decrement in
ROS (~36%), but the bacterial infections remain, as seen in Scheme
2c. The cell response to the material increases with Ag and silver rein-
forcement both (Scheme 2b and c), justifying the cytocompatibility as-
pect. The novelty of the study is highlighted in the Scheme 2d, wherein,
HA-5C-2.5Ag biocomposite depicts a perfect synergy established by the
reinforcements in: (i) reducing the ROS level, ~30% due to the antioxi-
dant activity of the ceria which would reduce bone resorption (by osteo-
clasts), (ii) downfall of bacterial attack by 50–60%, thereby reducing the
risk of post-implant infections, due to the role of Ag, and (iii) enhanced
osteoblast growth, leading to improved healing and superior bone for-
mation due to ceria and Ag incorporation.

HA-5C-2.5Ag composite can be used either as a free-standing porous
scaffold which can be utilized for internal fixation via surgical means, or
as antibacterial bioactive coating on femoral stem (during fabrication of
implant) for total hip-replacement. The improved and accelerated tissue
healing or fracture fixation (osseointegration) aspect may be expected
due to the radical scavenging by ceria.

4. Conclusions

This study aimed at the development of hydroxyapatite based com-
posites, ceria and silver reinforced, in contemplation of encountering
the oxidative stress caused in the vicinity of implants (causing apopto-
sis, delayed healing and implant loosening), and the bacterial fatal in-
fections leading to implant failure. According to the as-obtained data,
the incorporation of ceria and Ag NPs in HA matrix was found to be ef
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Scheme 2. Representation of after effects of HA, HA-5C, HA-2.5Ag, HA-5C-2.5Ag implants, substituting a fractured bone.

fective in reducing the ROS levels, demonstrating an antibacterial effi-
cacy without compromising the cytocompatibiltiy. The antioxidant ac-
tivity of ceria reinforced pellets, HA-5C and HA-5C-2.5Ag was found to
be ~36 and 30%, respectively. The HA-Ag pellet depicted a bacterial re-
sistance of ~61% for E. coli and ~53% for S. aureus, while HA-5C-2.5Ag
showed a decrement of ~59% for E. coli and ~50% for S. aureus. The
hFOB culture depicted a significant increase on all pellets by day 7,
with HA-5C-2.5Ag showing highest values (6.7 times higher than that
on HA). The prominent expression of actin filaments, filopodia devel-
oping into filopodia-like-extensions, and the formation of matrix like
deposition (from morphological analysis) may be attributed to the syn-
ergistic effect of ceria (resemblance with calcium ions, hence mediat-
ing signaling cascades) and Ag NPs (in low concentration) for enhanced
adhesion and metabolic activity supporting cytocompatibility. In addi-
tion, the composites showed enhanced mechanical property in compar-
ison to HA (Er ~121–133GPa). Therefore, the HA-5C-2.5Ag biocompos-
ite may be used as promising candidates for bone substitute (either as a
free-standing porous scaffold which can be utilized for internal fixation
via surgical means, or as antibacterial bioactive coating on femoral stem
(during fabrication of implant) for total hip-replacement) because it pro-
vides ROS scavenging (by Ce3+ of ceria NPs) and promotes rapid heal-
ing (reduced oxidative stress in the implant vicinity, and enhanced os-
teoblast adhesion and proliferation), with antibacterial properties (of Ag
NPs), enhanced mechanical properties, and improved cell growth and
cytocompatibility.
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