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In the current study, 10% zinc substituted hydroxyapatite coating was formed on titanium surface and
subsequently phosphatidylethanolamine was incorporated into the coating to study the osteogenic
and antibacterial behavior of the coated surface. X-ray diffraction analysis showed the formation of zinc
substituted hydroxyapatite on titanium while energy dispersive X-ray spectrometry substantiated the
coating to be calcium deficient. Phosphatidylethanolamine incorporated coating on titanium showed
higher cell viability and antibacterial property as compared to the control. The superior cell activities
on this surface may be attributed to the presence of phosphatidylethanolamine in the coating.
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Infections at the implant sites are caused due to bacteria forma-
tion on the surface of bioimplants and subsequent biofilm forma-
tion. Biofilms are highly resistant to both immune system and
antibiotics. It is critical to inhibit bacterial adhesion in order to pre-
vent infection at implant sites (Kaviyarasu et al., 2017). To prevent
infection during surgery, applying prophylactic antibiotics has
been shown to be most effective. Titanium (Ti) has been exten-
sively used as medical implants (Rautray et al., 2010) because of
its biocompatible properties. To further improve its biocompatibil-
ity to be used as an osseointegrative implant material, it is neces-
sary to coat a hydroxyapatite (HA) layer on Ti surface (Qiu et al.,
2010; Qiu et al., 2011; Bir et al., 2012). Because of its slow rate
of interactions with the bone tissues, application of HA on implant
materials seek some biocompatible elemental substitution in the
calcium (Ca) site of HA (Rautray et al.,, 2011).

It has been found that HA shows great flexibility in accepting
divalent ions such as Mg?*, Mn?*, Co?*, Cu?*, Zn?*, Sr**, monovalent
ions such as Na*, K, Ag" and trivalent ions such as Bi**, Ln®" in the
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Ca site (Pereiro et al., 2012; Bodhak et al., 2011). From among the
divalent ions, Zn has been proven to be beneficial in bone growth
for which an attempt to substitute Zn in the Ca site of HA was
undertaken (Qiu et al., 2010, 2011). The most important property
of Zn for which it has been used by researchers, is its anti bacterial
property (Kaviyarasu et al., 2017a,b). But it has also been found
that Zn shows other properties such as its function in synthesis
of DNA, enzymatic and hormonal activities and moreover it shows
anabolic effects on bone mineralization (Nagata et al., 2011; Miao
et al., 2011), helps in promoting osteoblast marker gene expression
and deposition of Ca on mesenchymal stem cells (MSCs). For all
these properties and also for inhibiting bone resorption and anti-
inflammatory properties (Kaviyarasu et al., 2017c), Zn is used by
biological community (Laquerriere et al., 2006; Rutkovskiy et al.,
2016).

Because of the lack of better mechanical properties, biocompat-
ible and bioactive HA is coated on metallicimplants to provide
strength to human bone. Various techniques have been used to
coat HA on implant surface that include cathodic deposition,
plasma spraying, chemical vapor deposition and ion implantation.
But when compared with other techniques, cathodic deposition
method displays better control over crystallinity with short reac-
tion times. Moreover, a film thickness of about 1 um is achieved
that is beneficial for resistance to delamination (Narayanan et al.,
2006).

A biomimetic approach to strengthen the bone-to-implant con-
tact is by incorporating phospholipids in the implants. Although
eukaryotic membranes have many compositions, 40% of their dry
weight is lipids and from among these lipids, phospholipids are
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the most abundant and are heterogeneously spread in the plasma
membranes. The major phospholipids responsible for this asym-
metric distribution are phosphatidylserine (PS) and phos-
phatidylethaolamine (PE) which are located in the
phosphatidylcholine (PC), glycosphingolipids and sphingomyelin.
Lipids are generally involved in cell signaling and have major role
in cell compartmentalisation and required curvature for mitosis.
However, PE has been shown to inhibit bacteria cells and increase
osteoblast cells in biomedicine (Irie et al., 2017).

The cell viability and antibacterial properties of PE impregnated
Zn-HA on Ti surface were studied in this work on the basis of PE
incorporation in Zn substituted HA.

2. Materials and methods

All the biological and chemical reagents used in this study were
procured commercially.

2.1. Preparation of Zn-HA on Ti substrate

The divalent ion Zn was substituted by 10 atom. % in the Ca site
of HA by cathodic deposition on commercially pure Grade 2 Ti
(2 x 1cm?). The Ti substrate was polished with 600 and 1200
grit-sized SiC papers. The Ti substrate was then washed with ace-
tone and deionized water and ultrasonicated. An etchant with a
composition of 1 part 50% HF, 4 parts 1 N HCl and 5 parts deionized
water was used to eliminate the air-formed TiO, layer. The elec-
trolyte contained (NH,4),HPO,4, Ca(NOs),-4H,0 and Zn(NOs3),-6H,0
in a composition such that the molar ratio of (Zn:Ca) was 1:9
and (Ca+Zn)/P ratio was 1.67. The electrolyte maintained at pH
4.2 was continuously stirred using a magnetic stirrer kept at room
temperature. The coating was performed using a two electrode
system taking Ti as cathode and Pt as anode (Swain et al., 2016).
The Zn substituted HA coating of Ti was carried out for 30 min
(El-Wassefy et al., 2017; Zhong et al., 2017) and after the cathodic
deposition the substrate was rinsed again with deionized water
and oven dried till incorporation of PE.

2.2. Incorporation of PE in Zn-HA coating

The Zn-HA coated Ti substrate was dipped in a solution of 1-pal
mitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE, Avanti
Polar Lipids, USA) dissolved in chloroform: methanol (80:20 v/v)
for 2 h. After the incorporation of POPE in Zn-HA coated Ti, the sub-
strate was dried at room temperature and taken for further analy-
sis (Zhu et al., 2016).

2.3. Surface characterization

X-ray diffractometer (XRD; X'pert-APD, Philips, Netherlands)
was employed to determine the structure of coatings by using Cu
Ko radiation in the 26 range of 15-80° (Gibson et al., 2002). Field
emission scanning electron microscopy (FE-SEM; JSM-6700, JEOL,
Tokyo, Japan) was employed to observe the surface morphology
and thickness of coating layer and Energy dispersive X-ray (EDX)
spectrometry was used for the elemental analysis of the coatings
(Rautray et al., 2010a). To verify the presence of PE in the PE-Zn-
HA coating, High Performance Liquid Chromatography (HPLC)
technique was employed as described elsewhere (Brouwers et al.,
1999). Zn-HA being the undissolved inorganic component was
not involved in the proves of PE estimation. Surface roughness
measuring instrument (SURFTEST, Mitutoyo, Japan) was used to
measure the roughness (Ra) of the coating. Coating wettability or
hydrophilicity was measured by using a contact angle detection
system (OCA15 Plus, Dataphysics, Germany), and it was measured

by using drops of ultrapure distilled water (0.6 pl) and by captur-
ing the image with delivery span of 10 s. By using a universal test-
ing machine (Instron; 4202) under tension mode in accordance
with ASTM C633-79, tensile pull-off adhesion strength was esti-
mated (Narayanan et al., 2009). Ti (diameter 3 mm) was used as
a stub and was pasted to the coating side.

2.4. Cell viability study using MTT assay

The cell viability study was performed by culturing the cells on
the Zn-HA and PE-Zn-HA samples for eight days. MTT assay test [3-
(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide]
depicted a measure of the activity of mitochondria present in the
cells which was that could be associated to the viability and count
of cells during culture. Tetrazolium salt transformed its color to a
dark-blue insoluble form that is the formazan product by mito-
chondrial succinic dehydrogenase of viable cells. MTT solution
(5 mg/mL, Sigma Aldrich) was added to each well, and cells were
incubated at 37 °C for 4 h. Following total removal of the culture
medium, dimethylsulfoxide (DMSO) was supplemented to each
well to dissolve the cells. Then cell viability was measured based
on the optical density of the sample in the solution using a UV-
VIS spectrophotometer (Mettler Toledo) set at 540 nm. The blank
reference was taken from wells without cells. The collected data
were analyzed using SPSS 24.0. The cell viability between these
two specimens were performed three times in duplicate and the
data were statistically analyzed using a t-test (o = 0.05, p < 0.05).
MTT cytotoxicity assays showed statistically significant difference
between the Zn-HA and PE-Zn-HA samples.

2.5. Antibacterial activities in solid agar medium

The antibacterial test was performed in Petri-dishes with
90 mm diameter that contained Nutrient agar medium (15 ml).
Subsequent to the renewal of culture of bacterial for 24 h., freshly
prepared bacterial inoculums were mopped over the whole surface
of the medium three times following rotation of the agar plate by
60° after each mopping by using cotton swab to uniformly spread
bacteria over the plate surfaces. Wells of 6 mm diameter each was
bored in the medium for individual plates and filled with 50 pl of
the suspension of the sample. Plates were left for 45 min at 25 °C
to allow proper spreading of the extract. The plates were then incu-
bated at 37 °C for 24 h after which the diameters of zones of inhi-
bition were measured. Inhibition zones of bacterial growth were
measured. All the measurements were performed in triplicate
and the reported data corresponds to average values = SD. Nine
Gram negative and one Gram positive bacterial strains were cho-
sen to study the anti-bacterial activities.

3. Results and discussion

XRD of the coatings is shown in Fig. 1. Ti peaks from the coated
Ti substrate is evident in the XRD pattern. Peaks of Zn were
observed in the PE incorporated Zn-HA (PE-Zn-HA) deposited Ti
substrate. The lattice cell parameters of the as-formed PE-Zn-HA
coating by Rietveld refinement is depicted in Table 1. After the sub-
stitution of Zn?* ions into the HA structure, the lattice parameters
were observed. It can be seen that the a- and c-axes decreased with
the substitution of Zn?* ions that agrees with literature values
(Thian et al., 2013). The results found in this study are congruent
in the fact that the ionic radius of Ca%* (0.099 nm) is higher than
Zn?* (0.074 nm).

SEM micrographs of the as-formed Zn-HA and PE-Zn-HA are
depicted in Figs. 2 and 3 respectively. SEM morphologies of the
samples showed bead like particles that were uniformly deposited
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Fig. 1. XRD pattern of PE-Zn-HA on Ti substrate.

Table 1
Lattice cell parameters of PE-Zn-HA.
Sample Cell parameters
a (nm) ¢ (nm)
HA 0.9418 0.6884
ZnHA 0.9395 +4 0.6870 £ 4

Fig. 3. SEM morphology showing PE-Zn-HA on Ti substrate.

throughout the Ti substrate having hexagonal structure. EDX spec-
troscopic technique was used for the elemental analysis that
showed the presence of Zn in the coatings. PE was observed at
about 5.8 min of HPLC analysis as depicted in Fig. 4. Although
many studies in past have been performed to understand the
osteogenic and antibacterial properties using either PE in HA or
Zn in HA, the current study sheds light on the potential of PE in
Zn-HA coated Ti implants.

Properties of the coatings are given in Table 2. It has been
known that more the surface roughness, more is the osteoblast
adhesion and thus they enhance bioactivity on the surface. Rough-
ened surfaces are more suitable for bone anchoring and biome-
chanical stability. Surface profile is one of the most important
parameters when producing HA coatings. Surface roughness can
be described by various measures such as Ra, Rz and Rmax. In
biomedical applications, roughness is often described by the
parameter Ra (absolute roughness). As compared to control HA
surface, surface roughness (Ra) on the Zn-HA surface was higher
indicating better osteoblast adhesion on its surface. The water wet-
ting angle measurement showed that the PE-Zn-HA surface is more
hydrophilic than the control Zn-HA surface. Literature cites that
hydrophilic surfaces favor better bioactivity (Elayaraja et al.,
2012; Narayanan et al., 2009). Hence PE-Zn-HA coating is supposed
to be a better bioimplant surface as far as hydrophilicity is con-
cerned. The (Ca +Zn)/P ratio of the coatings was found to be cal-
cium deficient and it is 1.62 i.e. lower than the standard
stoichiometric value of 1.67 (Ca/P) of HA.

Adhesion strength is a very important characteristic because
the low strength coatings delaminate and show micromotion with
respect to bone-to-implant contact. PE-Zn-HA with 9.5 MPa
showed better adhesion strength than the control HA surface. It
has been specified that the pull off strengths of the HA coatings
used as implants should have at least 18 MPa but as low as
10 MPa of adhesion strength of HA coatings were also reported
using plasma spray technique (Narayanan et al., 2009).

Fig. 5 shows the cell viability of PE-Zn-HA coated Ti with Zn-HA
as control. It was found that there was 19% increase in cell num-
bers as compared to the control Zn-HA coating. Hence it can be
suggested that incorporation of PE in the Zn-HA coating resulted
in enhancing the osteoblast activities on coated Ti substrate.

Based on previous studies, substitution of Ca by Ag, Mg and Zn
is limited, which may be attributed to the dissimilar size between
these divalent cations and Ca?* that results in HA lattice distortion
and simultaneously altering their solubility and biodegradable
properties in physiological conditions.
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Fig. 4. HPLC chromatogram showing presence of PE in PE-Zn-HA samples.
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Table 2
Properties of coatings.

Surface roughness Contact angle’ Adhesion strength’

(Ra) (um) (degrees) (MPa)
Zn-HA 0.64+£0.10 62 +0.87 82+1.1
PE-Zn-HA 0.71+0.11 55+0.79 9.5+13

" average of five measurements, p < 0.05.
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Fig. 5. MTT assay of (a) Zn-HA deposited Ti and (b) PE-Zn-HA deposited Ti
(p<0.05).

Pathogenic microorganisms, such as gram-positive bacteria S.
aureus and S. epidermidis, have been found to be associated with
about 90% of implant failure cases (Irie et al., 2017). Gram-
negative bacteria such as E. coli and Pseudomonas aeruginosa and
other bacteria such as P. mirabilis and P. vulgaris have also been
associated with the infections in implants. From the antimicrobial
results, it was found that PE-Zn-HA coated Ti showed higher
amount of antibacterial activity of the sample. Fig. 6 depicts the
antibacterial activities on the coated Ti substrate. It was found that
PE-Zn-HA sample is resistant to bacteria with 27-mm inhibition
zone (Rath et al., 2017).

Three main methodologies used for anti bacterial coatings are
(i) contact killing of bacteria, (ii) antibacterial agent release and
(iii) anti-adhesion or bacteria-repelling technique. In the current
study, Zn acts as the agent for contact killing of bacteria while PE
acts as an antibacterial agent by anti-adhesion by increasing osteo-
blast activities. PE consists of a phosphate group (PO%") that is

Fig. 6. Antibacterial activities on the PE-Zn-HA on Ti substrate.

bonded to another small molecule. Despite their clinical applica-
tions, liposomes exhibit many drawbacks such as their low stabil-
ity, low solubility and sterilization issues. Natural phospholipids
are less stable than the synthetic phospholipids produced from
natural lipids (Hirsch et al., 1992). But since the present study aims
to decrease bacterial activities by anti-adhesion through increase
in osteoblast number, chemical stability of PE was not a serious
concern in fulfilling the objective of the study. Delamination of
PE was compensated by the presence of Zn-HA coating subse-
quently providing osteogenic and antibacterial activities.

Zn plays a key role in various body functions such as regulating
nucleic acid metabolism, maintenance of membrane structure,
hormonal activity and is an enzyme cofactor in more than 300
enzymes involved in bone metabolism. Zn also stimulates bone
formation and mineralisation by inhibiting osteoclast differentia-
tion and enhancing osteoblast activity, while it has been also
shown that it can stimulate bone resorption at higher concentra-
tions. Zn is well known for its inhibitory effect on HA crystal
growth, but it has been shown that it can be quantitatively substi-
tuted in the HA lattice at concentrations of up to 20 atom. %
(Boanini et al., 2010).

The mechanism underlying the antibacterial effect of Zn substi-
tuted HA is yet to be understood fully. However, it is proposed that
strong bonds are developed between Zn ions with carboxylic group
of proteins, thiolic, imidazole and amine that creates structural
deformation by affecting the membrane permeability and trans-
port resulting in cell death. It is also shown that Zn ions can dam-
age the enzymatic activity and DNA and RNA of bacteria with
similar results. In addition to its role as an antibacterial agent,
Zn-HA ceramics are used to regulate other biological functions.
Kawamura et al. (2000) used composite ceramics of Zn-TCP/HA
as implants in the femor of New Zealand white rabbits for 4 weeks
and reported increasing rates of bone formation at concentrations
of 0.316 wt¥%. Laquerriere et al. (2006) reported, that the addition of
Zn-HA decreased the inflammatory reaction following the implan-
tation of HA based prosthesis by increasing the production of cyto-
kines. Li et al. (2008) suggested that Zn-HA can be used as a next
generation material in the field of biomedical research.

It was found from antimicrobial studies that PE-Zn-HA reduced
bacteria number by more than 50% by enhancing osteoblast cell
number. Hence incorporation of PE resulted in increased cell count
in the PE-Zn-HA as compared to the Zn-HA control.

4. Conclusions

The cell viability studies showed that there was 19% increase in
osteoblast cell numbers as compared to the control Zn-HA coating.
It may be inferred that presence of PE in Zn-HA coating enhances
the osteoblast activities on coated Ti substrate thereby decreasing
the bacterial activities. Having better mechanical strength, surface
roughness, hydrophilicity, osteogenic and antibacterial properties,
PE-Zn-HA coated Ti may be used as a next generation bioimplants
in the field of bone tissue engineering.
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