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ABSTRACT: The current work mainly focuses on the innovative
nature of nano-gallium-substituted hydroxyapatite (nGa-HAp)/
Pergularia daemia fiber extract (PDFE)/poly(N-vinylcarbazole)
(PVK) biocomposite coating on titanium (Ti) metal in an eco-
friendly and low-cost way through electrophoretic deposition for
metallic implant applications. Detailed analysis of this nGa-HAp/
PDFE/PVK biocomposite coating revealed many encouraging
functional properties like structure and uniformity of the coating.
Furthermore, gallium and fruit extract of PDFE-incorporated
biocomposite enhance the in vitro antimicrobial, cell viability, and
bioactivity studies. In addition, the mechanical and anticorrosion
tests of the biocomposite material proved improved adhesion,
hardness, and corrosion resistance properties, which were found to be attributed to the presence of PDFE and PVK. Also, the
swelling and degradation behaviors of the as-developed material were evaluated in simulated body fluids (SBF) solution. The results
revealed that the as-developed composite exhibited superior swelling and lower degradation properties, which evidences the stability
of composite in the SBF solution. Overall, the results of the present study indicate that these nGa-HAp/PDFE/PVK biocomposite
materials with improved mechanical, corrosion resistance, antibacterial, cell viability, and bioactivity properties appear as promising
materials for biomedical applications.

■ INTRODUCTION

Developing novel bioactive materials with multifunctionality
for orthopedic application is one of the most important
dynamic research areas in the materials science field for
scientific growth in the 21st century.1,2 During the last few
decades, artificial orthopedic substitutes gained more impor-
tance due to the increase in bone defects and joint degradation
because of the aging population in the world.3 The
requirement for the fabrication of metallic implants for load-
bearing orthopedic applications is increased. Ti and its alloys
are widely used metallic implant materials for orthopedic
applications due to their commendable fatigue properties, high
strength, low wear rate, nontoxicity, and biocompatibility.4,5

However, owing to its lack of osteoconductive and
osteoinductive properties and also inherent bioinertness,
dynamic research was mainly focused on the surface
modification of the Ti metal implants using HAp-based
bioceramic coating.6

In recent years, HAp-based coatings have been appraised
and developed as the most potential material for orthopedic
applications.7 HAp is one of the most popular biomaterials,
and it is mainly used in various biomedical applications due to

its high osteoconductivity and excellent biodegradability.8

Owing to its immense properties and similarity to natural
bone, biomaterials based on HAp are widely used in various
biomedical applications in the form of bone fillers, coating
material for metallic implants, etc.
However, most of them were found to have potential toxicity

issues in this area. The investigation of the bioactive and
biocompatible materials such as HAp for various health care
applications are still going on as a combined effort of chemists,
biologists, physicists, and engineers.9,10 The cost of production
is the main issue for the chemical syntheses of HAp as it
involves using expensive chemicals. Hence, to reduce the
production cost for the synthesis of HAp, different biogenic
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materials such as coral, eggshells, seashells, freshwater shells,
and bovine bones are widely used as calcium sources.11

Among the above-mentioned biogenic waste, Gastropoda
shells are easily available in nature and are found to contain
plenty of calcium carbonate, which can be used as a calcium
source for the synthesis of HAp. Further, it has been also
shown that natural HAp obtained from the natural source has
better bioactivity compared to chemically synthesized HAp
bioceramic materials.12,13 In addition to this, some biological/
structural performances of pure HAp such as implantation
efficacy, osseointegration ability, in vivo degradation rate, and
antibacterial properties were improved by modifying the
composition through substitution or doping small amounts
of foreign ions for a variety of applications.14 However,
nanosized synthetic HAp particles are very closely similar to
the HAp crystals in human natural bone.15

Inspired by the limitation of pure HAp and benefits of
nanosized HAp particles, we undertook this research. The
employment of plant extract for the fabrication of nano
synthetic HAp has received increasing attention owing to the
absence of toxic chemicals.16,17 In the last few years, a growing
number of plants have been mainly used for rapid extracellular
and efficient synthesis of HAp.18−20 Among the plant extracts,
the extracts of Chomelia asiatica, Sida acuta, Azadirachta indica,
and Gmelina asiatica are cheap and eco-friendly. Among the
plant extracts, Azadirachta indica gum was used as the template
for the synthesis of nano HAp biomaterials.21 On the other
hand, the antibacterial property of pure HAp is limited.
Generally, the infection usually occurs after surgery and can
lead to implant rejection. Hence, the antibacterial property of
HAp is modified through a small amount of substituting (or)
doping of ions for various applications. Recently, several ions
have been incorporated in HAp, such as La3+, Ce3+, Yt3+, Ga3+,
etc., which were subjected to Ca2+ substitution within the HAp
matrix.22−26

These trivalent ions can affect the biocompatibility, cell
attachment toward the biological cells, and antibacterial
property. Among the trivalent metal ions, gallium (Ga3+) is
the most beneficial trace ion, which decreases the bacterial
infections of the human body. Hence, these more interesting
facts triggered the recent research of substituting Ga3+ with
HAp.27,28

Apatite-containing Ga3+ has exhibited antibacterial effects
under both in vivo and in vitro conditions. Moreover, Ga3+ is
the most beneficial trace ion due to its strong affinity to bone
tissues and inhibits bone resorption, which is mainly used in
biomedical applications.29,30 In addition, Ga3+ exhibits out-
standing antibacterial activity and is supposed to play a vital
role in the acceptance of orthopedic implants.30 Furthermore,
it has been proposed that substitution of Ga3+ in HAp
composition has an important result over pure HAp. The
biological properties of Ga-substituted HAp (Ga-HAp) can be
further enhanced by the addition of suitable reinforcing
material. For this purpose, recently, young researchers are
working on the reinforcing of different natural and synthetic
fibers.31 The employment of plant extract has received
increasing attention over chemical- and microbial-based
materials because it involves using exclusive chemicals.32,33

Generally, plants and plant extracts have long been used in
medical applications mainly due to the presence of bioactive
polyphenolic compounds, which may be stored in plant parts
such as leaves, roots, fruits, and seeds. Hence, different plants
have been studied using recent scientific approaches to classify

various biological compounds of these medicinal plants.34,35

Pergularia daemia (forsk, family Asclepiadaceae) is native to
Asia, and it grows in plains of hotter regions of India, which is
commonly known as “Veliparuthi” in Tamil Nadu. The
excellent antidiabetic, hepatoprotective, anti-inflammatory,
and cardiovascular effects of this natural medicinal plant have
been reported in Ayurvedic and folk medicine.36,37 Since there
is no individual bioactive material available to fulfill all of the
essential requirements for biomedical applications, fabrication
of composite as an attractive for human bone issues has
become mandatory. Hence, these attractive facts triggered the
recent work, which focuses on the (PDFE) combined with
nGa-HAp material. Recent research is mainly directed toward
the mixing of polymers with inorganic materials, which exhibit
outstanding features with homogeneous mechanical properties.
The addition of an electroactive polymer to the nGa-HAp/
PDFE at an ambient temperature reduces its brittleness.
Alternatively, nGa-HAp/PDFE composite combined with

electroactive polymers offers better dispersion and can
prospectively enhance (or) maintain the same bioactive and
antibacterial properties of the nGa-HAp/PDFE composite
material, while providing a mechanical, broad range of
structural and degradation properties. Unfortunately, a handful
of studies about the mechanical behavior of electroactive
polymer in nGa-HAp/PDFE composite are available. None of
them have investigated the possibility of using these ternary
composites as robust coating materials to resist biofilm
formation on metallic implants. Generally, electroactive
polymers are an excellent selection for such composite owing
to their anticorrosion properties.38−40 Among the electroactive
polymers, poly(N-vinylcarbazole) (PVK) is an excellent
candidate because of its superior mechanical and thermal
properties.40 Inspired by the limitations of other polymers and
benefits of PVK, we undertake this research work. Hence, in
this paper, we report on the fabrication of nGa-HAp/PDFE/
PVK composite on Ti by electrophoretic deposition method
and the investigation of its structural, morphological,
mechanical, and corrosion stability, as well as in vitro
biocompatibility. Multifunctional Ti implant surface that
simultaneously suppresses bacteria growth and enhances
biocompatibility as well as mechanical strength may be
achieved by combining the components such as nGa-HAp,
PDFE, and PVK in composite coatings. This approach has
been used recently to develop composite coating using pulsed
laser deposition, electrophoretic deposition, plasma spray,
electrodeposition, etc.41−45

Among these techniques, electrophoretic deposition (EPD)
is an intensively used technique to deposit composite coating
on Ti implant since it is the most established technique
compared to others deposition techniques. The EPD technique
recommends the attractive prospect to produce homogeneous
and dense polymer, fiber, ceramic, and composite coatings at a
reduced cost and high mechanical strength for biomedical
applications. The electrophoretic deposition technique pro-
vides suspension stability, and the result of these approaches is
a nGa-HAp/PDFE/PVK composite coating that either has
PDFE extract and PVK dispersed in a surrounding nGa-HAp
matrix. With this in mind, we fabricated multifunctional nGa-
HAp/PDFE/PVK composite from an eco-friendly and low-
cost material acting as the main source with outstanding
antibacterial activity, biocompatibility, and enhanced mechan-
ical properties for biomedical applications.
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■ RESULTS AND DISCUSSION
FT-IR Analysis. The FT-IR spectra of HAp, Ga-HAp, nGa-

HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/PVK coating on
Ti samples are shown in Figure 1a−e. The illustrative peaks

observed in Figure 1b correspond to Ga-HAp coating, in which
the absorption peaks are clearly observed at 540, 591, 885, and
1006 cm−1 that correspond to the phosphate (PO4

3−) groups.
Further, the presence of stretching mode of hydroxyl (OH−)
group was confirmed at 631 cm−1.15 The FT-IR peaks for Ga-
HAp showed a slight shift in the peak positions (Figure 1b)
compared with the standard peaks for pure HAp (Figure 1a),15

which evidences the substitution of Ga3+ into the Ca2+ lattice
in pure HAp sample. The FT-IR peaks observed for the nGa-
HAp coating (Figure 1c) showed that mediated synthesis does
not influence any major changes in PO4

3− and OH− groups
except the slight variation of peaks in Ga-HAp coating. Apart
from the typical nGa-HAp peaks, the absorption peaks
appearing at 3016 and 1458 cm−1 are attributed to the
stretching of C−H and CC groups in the PDFE (Figure 1d),
respectively.37 All of these characteristic peaks clearly evidence
the formation of both nGa-HAp and PDFE units in the nGa-
HAp/PDFE composite. The spectrum obtained at PVK
incorporated into nGa-HAp/PDFE composite coating is
shown in Figure 1e. The FT-IR spectrum shows the peaks
attributable to the nGa-HAp/PDFE composite coating, and in
addition, the characteristic peak at 1818 cm−1 reveals the
stretching of the C−N group, indicating the presence of PVK
polymer in the nGa-HAp/PDFE matrix.38

All of the above illustrative peaks imply that the nGa-HAp/
PDFE/PVK composite coatings contain both the PDFE and
PVK units. Thus, in this FT-IR study, the presence of both the
PDFE and PVK units strongly reveals the formation of nGa-
HAp/PDFE/PVK composite coatings on Ti sample (Figure
1e).
XRD Analysis. Phase analysis of the HAp, Ga-HAp, nGa-

HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/PVK coating on
Ti samples was carried out by XRD, as depicted in Figure 2a−
e. The representative XRD pattern of Ga-HAp sample is
depicted in Figure 2b, where the peaks appearing at 2θ values
of 25.78, 31.52, 32.7, 35.9, 39.64, 46.52, 49.34, and 53.4° were
found in the Ga-HAp matrix. The peaks identified for Ga-HAp

are matching well with the International Centre for Diffraction
Data (ICDD card no. 09-0432) of pure HAp sample (Figure
2a).15,23 Hence, the formed Ga-HAp sample has a hexagonal
crystal structure. In the case of substitution of ions, the ionic
radius of gallium ions (0.62 Å) is low compared to that of Ca2+

(0.99 Å), and hence it can more easily substitute Ca2+ and take
part in the formation of a compound in the HAp matrix with
electrostatic interactions. It is also more evident that there is a
nonexistence of any other secondary phases, which are
generally seen during the formation of the Ga-HAp matrix.
Hence, the substitution of Ca2+ by Ga3+ takes place more

simply and effectively without changing the crystal structure of
the HAp matrix. The XRD peaks observed for the nGa-HAp
coating (Figure 2c) showed slight variation of peaks in Ga-
HAp coating. The Azadirachta indica gum mediator does not
change the 2θ values of the nGa-HAp coating appreciably.
Hence, similar XRD peaks have been obtained for nGa-HAp
and Ga-HAp coating (Figure 2b,c). The illustrative broad and
intense peaks (Figure 2d) are observed at 2θ values of 25.66,
31.7, 38.94, 46.26, 49.22, and 53.4°, which strongly designates
the formation of nGa-HAp/PDFE composite.34,35

In the XRD patterns for the nGa-HAp/PDFE/PVK
composite sample (Figure 2e), a broad peak and amorphous
nature of nGa-HAp/PDFE/PVK composite exist along with
the diffraction peaks for PVK, which clearly shows that the
nGa-HAp/PDFE/PVK composite had a more ordered
arrangement than the single compound due to the presence
of Ga-HAp. Moreover, strong diffraction peaks were located at
a 2θ value of 21.76°, which revealed face-to-face ordered
structure of PVK present in the nGa-HAp/PDFE/PVK
composite.38 In addition to this, XRD patterns show that the
nGa-HAp coating strongly influenced the crystalline behavior
of the nGa-HAp/PDFE/PVK composite. As shown in Figure
2e, the XRD patterns of the nGa-HAp/PDFE/PVK composite
show that no significant typical interfacial phases were formed
or lost with the addition of PDFE and PVK, which strongly
advocates the successful formation of nGa-HAp/PDFE/PVK
composite sample.

HRSEM Analysis. The properties of nGa-HAp, PDFE, and
PVK samples are strongly dependent on their structure and
morphology. Representative HRSEM micrographs of HAp,
Ga-HAp, nGa-HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/

Figure 1. FT-IR spectra of (a) HAp, (b) Ga-HAp, (c) nGa-HAp, (d)
nGa-HAp/PDFE, and (e) nGa-HAp/PDFE/PVK composites.

Figure 2. XRD spectra of (a) HAp, (b) Ga-HAp, (c) nGa-HAp, (d)
nGa-HAp/PDFE, and (e) nGa-HAp/PDFE/PVK composites.
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PVK coating on Ti samples are displayed in Figure 3a−e, and
their corresponding elemental compositions are more clearly
depicted in Figure 3a′−e′. The surface morphology of the

HAp-coated Ti (Figure 3a) exhibited the formation of irregular
agglomerated granular-like structure. The Ga-HAp coating
obtained without PDFE and PVK, shown in Figure 3b, display

Figure 3. HRSEM morphology and elemental composition of (a, a′) HAp, (b, b′) Ga-HAp, (c, c′) nGa-HAp, (d, d′) nGa-HAp/PDFE, and (e, e′)
nGa-HAp/PDFE/PVK composite coating on Ti.
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the granular-like morphology with irregular pores, and thus the
coating was rough and irregular in nature. Figure 3c represents
the morphology of nGa-HAp-coated Ti, which displays the
formation of nanorods. After PDFE were introduced into the
nGa-HAp/PDFE composite coating, the typical intercon-
nected and agglomerated rod-like morphology still dominated
in the nGa-HAp/PDFE composite coatings as seen from
Figure 3d.
The HRSEM micrographs of nGa-HAp/PDFE composite

coatings revealed a slight difference with incorporation of
PDFE in the nGa-HAp unit. It is inferred that the presence
PDFE in nGa-HAp/PDFE composite matrix causes the
fabrication of a uniform composite coating with less porous
and finer morphology, leading to increasing compactness of the
nGa-HAp coatings. It has been reported that the growth of

white spherical grains was the result of PDFE interaction with
the nGa-HAp during the electrophoretic deposition.
Further, the reinforcement of PVK in the nGa-HAp/PDFE

composite matrix clearly shows that the nGa-HAp/PDFE/
PVK composite-coated Ti surface (Figure 3e) exhibited a
uniform and more compact morphology with rod and white
spherical grain morphology all over the Ti surface without any
pores in nature.
The EDS analysis of the HAp, Ga-HAp, nGa-HAp, nGa-

HAp/PDFE, and nGa-HAp/PDFE/PVK coating on Ti
samples is shown in Figure 3a′−e′. In Figure 3a′, the HAp
coatings on Ti reveals the presence of Ca, O, P, N, and Ti. The
intense peaks for Ga, Ca, P, Ti, and O (Figure 3b′,c′) confirm
the formation of Ga-HAp and nGa-HAp, whereas the nGa-
HAp/PDFE composite coating (Figure 3d′) showed the
presence of Ga, Ca, P, N, O, and Ti. Figure 3e′ shows the

Figure 4. Elemental mapping images of the distribution of (a) C, (b) N, (c) O, (d) P, (e) Ca, (f) Ga, and (g) Ti ions for nGa-HAp/PDFE/PVK
coating on Ti.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02186
ACS Omega 2021, 6, 22537−22550

22541

https://pubs.acs.org/doi/10.1021/acsomega.1c02186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02186?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


EDS spectrum of the nGa-HAp/PDFE/PVK composite-coated
sample, which reveals the presence of C, N, O, P, Ca, and Ga,
thereby confirming the existence of nGa-HAp/PDFE/PVK
composite coating on Ti.
Figure 4a−g shows the elemental mapping of nGa-HAp/

PDFE/PVK composite coating on Ti, which indicated the
presence of C, N, O, P, Ca, Ga, and Ti ions. The homogeneous
distribution of mineral ions was supported by the elemental
mapping results.
Vickers Micro-Hardness. Any metallic implant that is to

be used for orthopedic implant application must be tested for
its hardness, which is the most significant parameter to be
followed before implantation. The Vickers micro-hardness
(Hv) gives significant information about load-bearing tendency
when it is implanted into the human body. The Hv values
obtained for the as-developed HAp, Ga-HAp, nGa-HAp, nGa-
HAp/PDFE, and nGa-HAp/PDFE/PVK composite-coated Ti
samples using the Vickers micro-hardness test are depicted in
Figure 5a−e. The Hv values observed for the HAp, Ga-HAp,
and nGa-HAp are found to be 341.4, 345.6, and 348.2Hv,
respectively.

However, when PDFE is incorporated, the Hv value is found
to be slightly higher (354.5Hv) than the other HAp coatings.
Similarly, the nGa-HAp/PDFE/PVK composite sample
showed 360.4Hv which is greater than that of the nGa-HAp/
PDFE-, nGa-HAp-, Ga-HAp-, and HAp-coated Ti samples. An
interesting observation is that the hardness increased upon the
incorporation of PDFE and PVK. The hardness value may also
be attributed due to the uniform and more compact coating
morphology of the composite. Thus, the obtained hardness
value for nGa-HAp/PDFE/PVK composite-coated Ti will
make it suitable for load-bearing orthopedic applications.
Potentiodynamic Polarization Studies. The corrosion

protection performance of the blank Ti, Ga-HAp, nGa-HAp,
nGa-HAp/PDFE, and nGa-HAp/PDFE/PVK composite-
coated Ti samples was studied for long-term applications. To
reveal the protection ability of the nGa-HAp/PDFE/PVK
composite coating, a polarization study was performed in SBF
medium, and the corresponding polarization curve is presented
in Figure 6. From the recorded polarization curves, the Tafel
region was identified and extrapolated to corrosion potential
(Ecorr) to get corrosion current (icorr), and the obtained
corrosion parameters are given in Table 1.

The polarization curves of Ga-HAp- and nGa-HAp-coated
Ti exhibited Ecorr values of −596.6 ± 3.2 and −545.0 ± 4.4
mV, respectively, which was found to have a higher
electropositive value compared to the Ecorr value of blank Ti
(−618.7 ± 5.1 mV). However, the polarization curves of
composite (nGa-HAp/PDFE and nGa-HAp/PDFE/PVK)-
coated Ti showed a slight shift toward more positive direction
(i.e., −496.2 ± 8.2 and −452.4 ± 6.3 mV) than the Ga-HAp-
and nGa-HAp-coated Ti. Thus, among the attained polar-
ization curves, nGa-HAp/PDFE/PVK composite-coated Ti
exhibited a maximum shift of corrosion potential (Ecorr =
−452.4 ± 6.3 mV), which clearly reveals the higher corrosion
protection performance of Ti. Similarly, the current density
(icorr = 0.10 ± 0.06 μA/cm2) for nGa-HAp/PDFE/PVK
composite-coated Ti was found to decreased (Table 1) in the
following order:
Blank (Ti) > Ga-HAp > nGa-HAp > nGa-HAp/PDFE >

nGa-HAp/PDFE/PVK.
Among the coatings, the composite-coated Ti with compact

grainlike morphology over the Ti proves to be more corrosion
resistant than other coatings. Thus, from the polarization
curves, it is evident that the nGa-HAp/PDFE/PVK composite-
coated Ti has the noblest corrosion potential value and the
lowest corrosion current density, which reports the greater
stability of the composite-coated Ti. Thus, the investigation of
polarization plots showed a maximum shift of corrosion values
for nGa-HAp/PDFE/PVK composite-coated Ti toward the
noble direction, which strongly indicates that the composite-
coated Ti revealed the maximum corrosion protection ability
in SBF solution, i.e., composite-coated Ti is stable in
physiological solution and enhance the lifetime of the implant
for long-term orthopedic applications.

Figure 5. Vickers micro-hardness of (a) HAp, (b) Ga-HAp, (c) nGa-
HAp, (d) nGa-HAp/PDFE, and (e) nGa-HAp/PDFE/PVK compo-
site-coated Ti sample.

Figure 6. Potentiodynamic polarization curves of blank (Ti) and Ga-
HAp, nGa-HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/PVK coat-
ing on Ti samples obtained in SBF solution.

Table 1. Electrochemical Parameters of the Blank (Ti) and
Ga-HAp-, nGa-HAp-, nGa-HAp/PDFE-, and nGa-HAp/
PDFE/PVK-Coated Ti in SBF Solution

sample code Ecorr (mV vs SCE) icorr (μA/cm
2)

blank (Ti) −618.7 ± 5.1 2.51 ± 0.9
Ga-HAp −596.6 ± 3.2 1.32 ± 0.5
nGa-HAp −545.0 ± 4.4 0.38 ± 0.09
nGa-HAp/PDFE −496.2 ± 8.2 0.25 ± 0.04
nGa-HAp/PDFE/PVK −452.4 ± 6.3 0.10 ± 0.06
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Antibacterial Activity. The antibacterial performance of
Ga-HAp, nGa-HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/
PVK composite samples was tested against Gram-negative
strain P. aeruginosa and Gram-positive strain S. aureus that are
responsible for implant-related infections. The inhibition zones
of the as-developed materials at 50 and 100 μL against P.
aeruginosa and S. aureus are shown in Figure 7. Among the
samples, the nGa-HAp/PDFE/PVK composite sample ex-
hibited a higher zone of inhibition against P. aeruginosa and S.
aureus, i.e., 13 and 17 mm for 50 μL, and 17 and 19 mm for
100 μL volumes, respectively. The results exhibited that the
presence of Ga in HAp and PDFE in the composite is
responsible for the antibacterial property of the composite
(Table 2).
The mechanism involves the interaction of the nGa-HAp/

PDFE/PVK composite with proteins and enzymes of bacteria.
Due to this interaction, there occur structural damages in the
cell wall and bacterial membrane, thereby preventing bacterial
reproduction. Also, from the result (Figure 7), it is observed
that the zone of inhibition obtained for the composite sample
against P. aeruginosa (Figure 7a−d) is higher than that
obtained for S. aureus (Figure 7a′−d′), which may be due to
the structural difference of cell wall membrane of Gram-
negative and Gram-positive bacteria.

These structural differences show a substantial increase in
permeability, making the organism incompetent of regular
functions and, finally, causing cell death.

In Vitro Cell Viability Test. The viabilities of MG-63
osteoblast cells on the nGa-HAp/PDFE/PVK composite
determined using MTT assay at different concentrations of
0.5, 5, 50, 100, and 150 μg are shown in Figure 8. The bar
diagram indicates that the nGa-HAp/PDFE/PVK composite
exhibited a statistically significant increase in the cellular

Figure 7. Antibacterial activity of (a, a′) Ga-HAp, (b, b′) nGa-HAp, (c, c′) nGa-HAp/PDFE, and (d, d′) nGa-HAp/PDFE/PVK composites at 50
and 100 μg against P. aeruginosa and S. aureus bacteria.

Table 2. Antibacterial Activity of Ga-HAp, nGa-HAp, nGa-
HAp/PDFE, and nGa-HAp/PDFE/PVK Composites at 50
and 100 μg against P. aeruginosa and S. aureus

inhibition zone (mm)

bacterial
strain sample

mean ± SD
(50 μg)

mean ± SD
(100 μg)

P.
aeruginosa

Ga-HAp 5.66 ± 1.52 8.33 ± 1.15
nGa-HAp 7.66 ± 1.52 9.66 ± 0.57
nGa-HAp/PDFE 9 ± 1.73 12 ± 1
nGa-HAp/PDFE/PVK 13.33 ± 0.57 17.33 ± 1.52

S. aureus Ga-HAp 9 ± 1 11.33 ± 1.15
nGa-HAp 11.33 ± 0.57 13 ± 1
nGa-HAp/PDFE 12.33 ± 1.15 14.66 ± 0.57
nGa-HAp/PDFE/PVK 17.33 ± 0.57 19.33 ± 0.57
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viability with increasing concentration of the samples from 0.5
to 150 μg compared with the control (p < 0.05). However, the
increase in the viability of the cells over the nGa-HAp/PDFE/
PVK composite-coated sample above 90% implied a higher
proliferation rate of the cells, which may be due to the
presence of Ga3+ in the composite sample. The obtained bar
diagram is in good agreement with the optical microscopic
images.
The optical microscopic cell viabilities of MG-63 osteoblast

cells on the nGa-HAp/PDFE/PVK composite determined

using MTT assay at various concentrations of 0.5, 5, 50, 100,
and 150 μg are shown in Figure 8b−f. As verified by MTT
assay, the proliferation of MG-63 cells increased appreciably at
different concentrations. From Figure 8c, more viable cells
were observed on 5 μg of the nGa-HAp/PDFE/PVK
composite sample while comparing the cell viability on the
composite at 0.5 μg. On increasing the concentration from 0.5
to 100 μg, the viability of MG-63 osteoblast cells was higher at
the 100 μg concentration of nGa-HAp/PDFE/PVK composite
coatings.

Figure 8. % Cell viability and optical microscopic images of MG63 cells on the nGa-HAp/PDFE/PVK composite coating at (a) control, (b) 0.5 μg,
(c) 5 μg, (d) 50 μg, (e) 100 μg, and (f) 150 μg.
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Correspondingly, the % of MG-63 viable cells were
extensively increased for 150 μg on the nGa-HAp/PDFE/
PVK composite. For all of the concentrations, the examined %
cell viability nGa-HAp/PDFE/PVK composite was exhibiting
superior growth similar to the control owing to the compact
morphology of the sample, and this supports the nontoxic
scenery of the nGa-HAp/PDFE/PVK composite. Thus, the as-
developed nGa-HAp/PDFE/PVK composite is imperative for
the enhancement of the cell viability nature on the Ti implant.
In Vitro Bioactivity. The in vitro apatite ability of the nGa-

HAp/PDFE/PVK composite-coated Ti samples after 7 and 14
days of immersion in SBF is shown in Figure 9a,b. The surface
of the nGa-HAp/PDFE/PVK composite-coated samples
exhibited apatite formation at 7 and 14 days of immersion in
SBF, but the surface coverage and the growth of apatite
formation differ each day. On day 7, the apatite formation on
the surface is found as granule-like apatite structure, which is
well clear from Figure 9a. On increasing the immersion period
to 14 days (Figure 9b), an improved formation of dense apatite
layer with more granule-like morphology was observed on the
nGa-HAp/PDFE/PVK composite-coated Ti surface.
As a result, the surfaces were completely covered with dense

HAp and the formation increased with days from 7 to 14 days,
which strongly evidences that the nGa-HAp/PDFE/PVK
composite-coated samples accelerate the biomineralization
process in the SBF solution. Generally, the Ca-rich positively
charged surface can be easily attracted by the negatively
charged (OH− and PO4

3−) ions in the SBF to form amorphous
Ca-poor apatite layer, which leads to the formation of apatite
layer on the nGa-HAp/PDFE/PVK composite-coated Ti
samples. Thus, from the FESEM morphologies, it is clearly
manifested that the apatite-forming ability at 7 and 14 days of
immersion and the resultant nGa-HAp/PDFE/PVK composite
coating exhibited the enhanced bioactivity in SBF solution.
Swelling and Degradation Behaviors in SBF. To widen

the application of the as-developed composite in the field of
medicine, the swelling and degradation behaviors were
observed in SBF solution. Also to ensure the nontoxic and
bioactive nature of the as-developed composite, the swelling
was performed in SBF, which is similar to human blood
plasma.
It is also very important to note that if any material is too

stiff, there occurs the lack of adherence between the composite
coating and the implant. In general, the presence of HAP in the
composite provides superiority on the swelling behavior. The

swelling behavior of all of the samples is shown in Figure 10.
The results indicated that the swelling percentage increased up

to 25% for HAp, 32% for Ga-HAp, 39% for nGa-HAp, 51% for
nGa-HAp/PDFE, and 52% for nGa-HAp/PDFE/PVK compo-
site during 14 days of immersion and then no significant
changes were observed. From the swelling curves, it is inferred
that in the presence of neem gum-mediated HAp, the swelling
behavior of the composite sample is more significant. The
swelling property also increases the surface-to-volume ratio,
thus allowing the proliferation of cells and thereby promoting
bone growth. It is because of the fact that the swelling property
allows the sample to utilize the nutrients from the medium and
promote more adhesion property.
Consequently, the degradation behaviors of the as-

developed samples (HAp, Ga-HAp, nGa-HAp, nGa-HAp/
PDFE, and nGa-HAp/PDFE/PVK composites) are presented
in Figure 11. From the result observed, the percentage of
degradation for the as-developed nGa-HAp/PDFE/PVK
composite was significantly low. It is prominent to note that
there occurred an interface between nGa-HAp and PVK, which
significantly lowers the degradation ability, thereby ensuring
the stability of the composite.
Thus, the as-developed nGa-HAp/PDFE/PVK composite

had an optimal property of fair swelling and low degradation,

Figure 9. FESEM images of SBF growth on nGa-HAp/PDFE/PVK composite coating on Ti at (a) 7 days and (b) 14 days.

Figure 10. Swelling ratios of (a) HAp, (b) Ga-HAp, (c) nGa-HAp,
(d) nGa-HAp/PDFE, and (e) nGa-HAp/PDFE/PVK composites at
0, 2, 4, 6, 8, 10, 12, and 14 days of immersion in SBF.
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which will be suitable for biomedical applications especially in
the field of orthopedics.

■ CONCLUSIONS
Biocomposite coating based on the nGa-HAp/PDFE/PVK
composite over Ti was developed for biomedical applications.
The as-developed coating was evaluated for its physiochemical,
morphological, mechanical, and biological properties by an
array of characterization techniques. The formation of the
nGa-HAp/PDFE/PVK composite is well evident from the FT-
IR and XRD studies. It is investigated from the HRSEM
technique that the biocomposite coating exhibited a uniform,
compact morphology with spherical grainlike structures over
the surface, which will be an ideal platform for the cell
proliferation, whereas the composition of the composite is
apparent from the EDS analysis. The hardness value (Hv)

observed for the nGa-HAp/PDFE/PVK composite showed
high mechanical strength of the as-developed composite, which
is due to the presence of the PVK polymer. The higher
corrosion potential and lower corrosion current obtained for
nGa-HAp/PDFE/PVK composite-coated Ti revealed the
corrosion protection performance in the SBF solution. The
composite coating exhibited strong activity against Gram-
negative bacterial strain P. aeruginosa. The presence of Ga3+ in
the composite plays a key role in providing the antibacterial
property. Furthermore, the nontoxic nature of the as-
developed nGa-HAp/PDFE/PVK composite coating was
tested toward the MG 63 cells and the % cell viability
exceeded to 90%, which shows the biocompatible nature of the
composite coating. The bioactive nature of the composite-
coated Ti is evaluated in physiological body fluid (SBF
solution) for 7 and 14 days of immersion, and the formation of
apatite at 14 days of incubation reveals the bioactive nature of
the as-developed composite coating on Ti. The PDFE aids in
improving the bioactive nature of the composite. On
considering the obtained results and findings, it can be clearly
stated that the as-developed nGa-HAp/PDFE/PVK compo-
site-coated Ti is expected to be a primary choice for bone
implant application in the field of orthopedics. Further
research on this work is needed for its possible application
in clinical trials. Overall, the structural, mechanical, and
biological stabilities need to be investigated further on
considering the long-term stability of the implants for
biomedical applications.

■ EXPERIMENTAL SECTION

Materials. Biowaste Gastropoda shells, fresh neem
(Azadirachta indica) gum, gallium nitrate hexahydrate (Ga-
(NO3)3 ·6H2O), diammonium hydrogen phosphate
((NH4)2HPO4), poly(N-vinylcarbazole) (PVK), ethyl acetate

Figure 11. Percent degradation of (a) HAp, (b) Ga-HAp, (c) nGa-
HAp, (d) nGa-HAp/PDFE, and (e) nGa-HAp/PDFE/PVK compo-
sites at 0, 2, 4, 6, 8, 10, 12, and 14 days of immersion in SBF.

Scheme 1. Sustainable Route for the Synthesis of nGa-HAp Powder
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(CH3COOC2H5), methanol (CH3OH), and sodium hydroxide
(NaOH) as analytical-grade chemicals were purchased from
Aldrich Chemicals, India. All of the chemicals and reagents
used for these investigations were used as such without any
further purification.
Preparation of Plant Fruit Extracts. Healthy and fresh

fruits of Pergularia daemia (Forsk) were collected from the
university campus of Periyar University, Salem District, Tamil
Nadu, India. The fruits of Pergularia daemia were dried in the
shade. The extraction of Pergularia daemia from the fruits was
carried out according to the standard protocol. In brief, the
fruit fiber material was defatted using petroleum ether and then
extracted by mixing ethyl acetate and methanol using a Soxhlet
apparatus at 40 °C for 72 h. The residue was consequently
filtered through Whatman no. 1 filter paper. The ethyl acetate
and methanolic extracts of Pergularia daemia were further
concentrated under vaccum in a rotary vaccum evaporator at
40 °C, and the extract was stored in an amber-colored airtight
bottle at 4 °C for further use of composite.
Preparation of PVK Solution. PVK (0.5 g) was dissolved

in acetone under magnetic stirring at 80 °C for 1 h and then
kept aside for the composite preparation.
Synthesis of nGa-HAp. The synthesis of nGa-HAp using

Azadirachta indica gum mediator with 0.045 M calcium oxide
(CaO), 0.005 M Ga(NO3)2·4H2O, and 0.03 M (NH4)2HPO4
aqueous solutions under magnetic stirring to produce the
target (Ca + Ga)/P ratio of 1.67 at room temperature. The
synthesis procedure of nGa-HAp is as follows: Azadirachta
indica gum mediator21 with 0.045 M CaO was added to 0.005
M Ga(NO3)2·4H2O solution and stirred for 3 h. After this step,
0.03 M (NH4)2HPO4 solution was added dropwise into the Ca
and Ga solution under vigorous magnetic stirring for 24 h and
maintained at pH 9 using aqueous ammonia solution, thus
yielding a white precipitate.
Then, the acquired white precipitate was reserved in an

ultrasonicator at 45 °C for 2 h to ensure the identical mixture,
and the sample was dried in a hot-air oven at 80 °C for 3 h.
Finally, the dried nGa-HAp powder was washed five times with
ethanol and deionized water to eliminate the impurities.
Finally, the dried sample of nGa-HAp was then calcined for 24
h and sintered at 700 °C for 5 h and then ground into a fine
powder for the preparation of composite (Scheme 1).
Synthesis of the nGa-HAp/PDFE Composite. The nGa-

HAp/PDFE composite was prepared through the ultra-
sonication process using an ultrasonicator (EN-60US (Micro-
plus) at the frequency of 28 kHz and 150 W) in the ratio of 2 g
of nGa-HAp in 20 mL of ethanol−water mixture and 20 mL of
PDF extract. This mixture was ultrasonicated for 5 h to
confirm the excellent dispersion. Finally, the resultant solution
is then clearly filtered, washed, and dried for 5 h at 60 °C and
then ground to form a powder.
Synthesis of the nGa-HAp/PDFE/PVK Composite. The

electrolyte for the electrophoretic deposition was prepared
using three different concentrations (0−3 wt %) of the PVK
solution and gradually added to a solution of 2 wt % nGa-
HAp/PDFE composite in 40 mL of ethanol−water mixture
under constant stirring for 5 h. Before deposition, the final
mixture of the nGa-HAp/PDFE/PVK composite (0−3 wt % of
PVK) was subjected to a strong ultrasonic treatment for 0.5 h
to ensure a clear dispersion of the composite into the
electrolyte. They were filtered, washed, and dried at 80 °C
for 12 h and then ground into a fine powder.

Specimen Preparation. The Ti (with a size of 10 × 10 ×
3 mm) sample, which was used as the substrate for the
fabrication of the nGa-HAp/PDFE/PVK composite via the
electrophoretic deposition technique. Before the deposition, all
of the Ti samples were treated with abrasive papers (SiC) from
400 to 1500 grits and polishing suspensions. Finally, the
polished Ti samples were cleaned by ultrasonication using
distilled water followed by washing with acetone and ethanol
mixture for 15 min and drying at room temperature, which was
used for the nGa-HAp/PDFE/PVK composite-coating EPD
technique.9

Electrophoretic Deposition of the nGa-HAp/PDFE/
PVK Composite on Ti. During the EPD, a platinum electrode
was used as the anode, and the cleaned Ti was used as a
cathode (working electrode). The anode and working
electrodes were immersed in 100 mL of the nGa-HAp/
PDFE/PVK composite suspension while being place parallel to
one another with a distance of 4 cm apart. The electrolyte
solution for the nGa-HAp/PDFE/PVK composite (0−3 wt %
of PVK) deposition was prepared by mixing 3 g of the as-
prepared trinary composite in 30 mL of ethanol−water mixture
under constant magnetic stirring for 1 h and further uniformly
dispersed ultrasonically for about 1 h to obtain a clear
dispersion of the electrolyte at room temperature. The
electrophoretic deposition of a submicron, homogeneous
thick nGa-HAp/PDFE/PVK composite (0−3 wt % of PVK)
on the Ti cathode was performed at a constant voltage of 30 V
for 10 min using a direct current power supply system. After
every successive deposition of composites, the samples were
cautiously dragged out of the electrolyte, rinsed with deionized
water, dried for 24 h, and kept in a desiccator at room
temperature.

Physical Characterizations. Generally, the phase and
functional groups of the coating were observed by scraping off
the coated material from Ti sample under identical conditions
and investigating the resulting powder sample. Fourier
transform infrared (FTIR) spectroscopy was employed to
determine the presence of various functional groups in HAp,
Ga-HAp, nGa-HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/
PVK spectra from 3500 to 500 cm−1 using an Impact 400D
Nicolet spectrometer by the KBr pellet method.
X-ray diffraction (XRD) patterns of HAp, Ga-HAp, nGa-

HAp, nGa-HAp/PDFE, and nGa-HAp/PDFE/PVK were
analyzed to confirm the phase compositions using an X-ray
diffractometer (XRD, Seifert), and the data were compiled by
the International Centre for Diffraction Data (ICDD).
A high-resolution scanning electron microscope (HRSEM,

JEOL JSM-6400, Japan) attached with an EDS analyzer was
applied to investigate the morphology and presence of
elemental composition in the HAp-, Ga-HAp-, nGa-HAp-,
nGa-HAp/PDFE-, and nGa-HAp/PDFE/PVK-coated Ti
samples.

Vickers Micro-Hardness Test. The micro-hardness of the
HAp, Ga-HAp, nGa-HAp, nGa-HAp/PDFE, and nGa-HAp/
PDFE/PVK composite-coated Ti samples, respectively, was
measured using an Akashi AAV-500 series hardness tester
(load 490.3 mN for a dwell time of 20 s, Kanagawa, Japan).
The Vickers micro-hardness (Hv) measurements were
performed for each sample by taking average of five
measurements made at various sites.

Corrosion Resistance of the Coatings. The corrosion
tests of blank and Ga-HAp-, nGa-HAp-, nGa-HAp/PDFE-, and
nGa-HAp/PDFE/PVK-coated Ti samples were carried out in
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simulated body fluid (SBF) solution at room temperature (37
°C) by the potentiodynamic polarization technique. For this
investigation, a characteristic Ti sample, a saturated calomel
electrode (SCE), and a platinum plate were used as the
working, reference, and counter electrodes, respectively, which
was used to perform the corrosion experiments using the
electrochemical workstation CHI 760C (CH Instruments).
The polarization curves were recorded at the open-circuit

potential (OCP), after 1 h of immersion of the blank Ti metal
in the SBF solution, and the time to reach a stable open-circuit
potential was limited to 1 h owing to the fact that Ti surface
may be changed within a longer duration. The potentiody-
namic polarization studies of blank and Ga-HAp-, nGa-HAp-,
nGa-HAp/PDFE-, and nGa-HAp/PDFE/PVK-coated Ti
samples were performed under OCP condition from −0.8 to
0.4 V at a constant scan rate of 1 mV/s. To confirm the
reproducibility and reliability of the polarization results, the
test was carried out three times and plots were recorded using
CHI 760C software.
Antibacterial Activity. The in vitro antibacterial activity of

the as-developed Ga-HAp, nGa-HAp, nGa-HAp/PDFE, and
nGa-HAp/PDFE/PVK composite samples were evaluated
against two bacterial species, Gram-negative strain Pseudomo-
nas aeruginosa (P. aeruginosa) and Gram-positive strain
Staphylococcus aureus (S. aureus), using the agar disk-diffusion
technique and minimum inhibitory concentration (MIC). P.
aeruginosa and S. aureus are the most common pathogens
associated with biomaterial-centered infections. The stock
solution for both the organisms (1 × 108 CFU/mL) was
prepared by mixing 1 mL of bacterial solution separately with 9
mL of broth (Luria−Bertani) and then incubated with shaking
at 250 rpm for 24 h at 37 °C. The nutrient agar plates were
prepared, and the cultures were inoculated for disk-diffusion
technique. The sterile paper disks with 5 mm diameter were
dipped in Ga-HAp, nGa-HAp, nGa-HAp/PDFE, and nGa-
HAp/PDFE/PVK composite samples. Each sample was taken
at concentrations of 50 and 100 μg/mL and placed in the agar
plate and incubated at 37 °C for a period of 24 h. After the
incubation period, the Petri plates were observed for
antimicrobial activity based on the width of zone around the
disks of each sample.
In Vitro Cell Viability Test. Human osteosarcoma MG63

cells (HOS MG63, ATCC CRL-1427TM) were cultivated in
sterile tissue culture flasks containing extraction medium,
Dulbecco’s modified Eagle’s medium (DMEM) supplied with
1% penicillin-streptomycin, and 10% fetal bovine serum at 37
°C in a humidified atmosphere containing 5% CO2, and the
MG 63 cells were passaged by trypsinization before confluence.
The measurements were performed using an indirect method
in which the immersion extracts were used to culture for the
investigation of cell viability of the nGa-HAp/PDFE/PVK-
coated Ti samples. Before the measurements, nGa-HAp/
PDFE/PVK-coated Ti samples were sterilized under ultraviolet
light during the cross-linking process.
To evaluate the cytotoxicity of the nGa-HAp/PDFE/PVK-

coated Ti samples, HOS MG63 cells were seeded in 12-well
plates at 104 cells/mL by measuring the mitochondrial
dehydrogenase activity using a modified 3-(4,5-dimethyl-2-
tiazolyl)-2,5-diphenyl-2-tetrazolium bromide (MTT) assay.
The immersion extracts were collected from 20 mL of
DMEM in a humidified atmosphere with 5% CO2 at 37 °C
at different concentrations for 0.5, 5, 50, 100, and 150 μg.
MG63 cells were seeded in 12-well plates with a density of at

104 cells per well in 50 μL of medium. For all samples, viability
images were taken from at least three to five different locations
to attain an overview of the cell attachments on the nGa-HAp/
PDFE/PVK composite-coated Ti samples. The absorbance of
the samples was measured with a multimode detector at a
wavelength of 570 nm, and the cell viability (%) of the nGa-
HAp/PDFE/PVK-coated Ti samples was calculated with
respect to control wells using the following formula

= [ ] [ ] ×% cell viability A test/ A control 100

In Vitro Bioactivity in SBF. The in vitro bioactivity of the
nGa-HAp/PDFE/PVK composite-coated Ti samples was
tested by soaking in 30 mL of Kokubo’s simulated body
fluid46 (SBF) in a beaker with an airtight lid for 7 and 14 days
at 37 °C. After the formation of apatite layer at time periods of
7 and 14 days, the immersed samples were taken out and
gently rinsed in deionized water. The bonelike apatite formed
on the nGa-HAp/PDFE/PVK composite-coated Ti samples
was air-dried before the investigation by FESEM analysis.

Swelling Behaviors in SBF. Absorption is the most
significant process, and for this purpose, the swelling study is
performed, which reveals the stability of the samples. The as-
developed samples (HAp, Ga-HAp, nGa-HAp, nGa-HAp/
PDFE, and nGa-HAp/PDFE/PVK composites) were sub-
jected to swelling test. The samples were soaked in 10 mL of
SBF solution, which was prepared according to Kokubo’s
protocol.46 The swelling test was performed for all of the
samples on different days (0, 2, 4, 6, 8, 10, 12, and 14 days) of
immersion. All of the samples were weighed before and after
immersion. The immersed samples were removed, and the
adsorbed solution was removed by air drying at 36 °C, and
then the samples were weighed. The difference in the weight of
the samples before and after immersion was calculated in terms
of swelling percentage (%) as follows:47

=
−

×
W W

W
swelling ratio (%) 100w d

d

where Ww and Wd are the wet and dry weights of the samples,
respectively. The experiment was performed in triplicate to
estimate the swelling behavior, and the average was taken.

Degradation Behaviors in SBF. The as-developed
samples were immersed in SBF solution for different days (0,
2, 4, 6, 8, 10, 12, and 14 days) to investigate its degradation
behavior. The weight of each sample was measured before the
immersion and noted. After the specific time period, the
samples were carefully removed and weighed. The degradation
ability of the samples was calculated by adopting the following
equation:47

= ×
W
W

degradation(%) 100d

o

where D is the degradation ability in %, andWo andWd are the
weights of the sample before and after degradation,
respectively. The test was performed three times and the
average of the obtained values was taken.

Statistical Analysis. The biological data are evaluated
using statistical analysis by one-way analysis of variance
(ANOVA, Tukey’s test for a post hoc examination). The
antibacterial activity data are represented as mean ± standard
deviation. The difference observed between samples was
considered to be statistically significant probability values of
P < 0.05.
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