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Abstract

Antimicrobial hydroxyapatite (HAp) nanoparticles with different concentrations (0, 3, and 6 mol%) of zinc were prepared by the

ultrasonication process. The prepared nanoparticles and chitosan (CTS) composite were coated on 316L stainless steel implant by spin

coating technique. The powder samples were characterised by particle size analyser, X-ray fluorescence, and X-ray diffraction studies.

The morphology of the coating was investigated by scanning electron microscopy. The diameter of the particle size decreased with

increase in the concentration of zinc in HAp structure. The structure of the coated implant was found to be uniform without any cracks

and pores. Antimicrobial activity of the composites against Bacillus subtilis, Staphylococcus aureus, Klebsiella pneumonia, Salmonella

typhi and Pseudomonas aeruginosa was analysed. The results showed that the increase in the concentration of zinc enhances the

antimicrobial properties of 316L stainless steel implant. The stability of the implant in physiological environment was characterised by

electrochemical impedance spectroscopy and polarisation analysis. The higher concentration of the ZnHAp/CTS composite shows

higher corrosion resistance than that of the HAp/CTS-coated implant. This study shows that the coating provides corrosion resistance

to the stainless steel substrate in simulated body fluid (SBF). The in vitro bioactivity study of the coated samples immersed in SBF

solution confirms the formation of bone-like apatite layer on the surface of the implant. Thus, highly biocompatible ZnHAp/CTS-coated

materials could be very useful in the long-term stability of the biomedical applications.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

316L stainless steel (SS) is used for restoration of
anatomical structure because of its high mechanical
strength, good biocompatibility and cost effective. It is
widely used in the orthopaedic surgeries such as joint
replacement and fracture fixation [1]. The corrosion rate of
metallic implant in the human body must be negligible.
Over the past two decades, the ion release and corrosion
properties of metallic implant materials under physiologi-
cal conditions have been extensively studied under physio-
logical conditions [2]. The release of iron, nickel and
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chromium from the implant leads to unwanted reaction
around the implanted area, which may cause permanent
implant failure. Thus, the corrosion-resistant coating and
surface modification of the implant are required [3,4].
Coating of bioactive materials using hydroxyapatite
(HAp) in the metallic implant has many advantages,
including improved corrosion resistance of implant surface
and enhanced biointeraction with the surrounding tissues
[5]. HAp is one of the naturally available biocompatible
and bioactive materials that show the ability to interact
with surrounding bone [6]. Low tensile strength, low
mechanical properties and high dissolution rate of HAp
limit its role in biomedical applications [7]. HAp contains
trace amount of cations (Mn, Mg, Zn and Sr) and anions
(SiO4, H3PO4, and CO3), which influence its physical
properties [8]. The apatite structure has great flexibility
ll rights reserved.
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in accepting substitution. The introduction of small quan-
tities of ions to HAp structure improves the quality of the
clinical applications [9].

Majority of the infections after orthopaedic implanta-
tion occur mainly due to the microorganisms present in the
implanted materials, leading to permanent implant failure
[10]. Coating of several antimicrobial ions such as copper,
zinc and silver minimises bacterial load on the implant
surface. The small amount of zinc is essential for metabolic
processes and DNA replication, whereas its increased
concentration is potentially toxic to the living organisms
[11]. Zinc substitution on HAp has important implications
because natural bone and teeth enamel are composed of
trace amount of zinc in HAp structure [12]. The incorpora-
tion of small quantities of zinc in HAp lattice promotes
bone formation around the implant and enhances mechan-
ical strength [13]. Owing to extremely low solubility of
HAp, the release of Zn ion is slow in the ZnHAp and this
enhances the bone formation (osteoblast activity) around
the implant [14].

To develop a homogeneous coating with high mechan-
ical properties, we prepared an organic–inorganic compo-
site by dispersing ceramic nanoparticles in polymer matrix
[15,16]. Chitosan (CTS) is one of the highly biocompatible
natural polymers that provide temporary mechanical
strength to the cell in-growth [17]. Thus, its addition
improves osteoblast mineralisation. Owing to this unique
property, CTS has attracted great attention in the field of
orthopaedic surgery. The coating of HAp ceramics with
CTS at low temperature imparts chemical stability, bio-
compatibility and antimicrobial properties without degrad-
ing the mechanical properties of the SS substrate [18].

The aim of this study was to prepare HAp and ZnHAp
nanoparticles to enhance antimicrobial properties by the
ultrasonication method. The developed HAp and ZnHAp
nanoparticles were mixed with CTS and coated on the
316L SS substrate by spin coating technique. Elemental
composition, particle size and the functional group of the
ZnHAp were determined. The corrosion stability of the
HAp and ZnHAp/CTS composites coated on the SS plate
in prepared simulated body fluid (SBF) was examined. The
antimicrobial activity of the ZnHAp/CTS composites
against bacterial strains was also analysed. In addition,
using SBF, the Zn-coated samples were further analysed
for its in vitro bioactivity.
2. Experimental procedure

2.1. Materials

Calcium nitrate (Ca(NO3)2; 99.9%; Merck AR), dia-
mmonium hydrogen phosphate ((NH4)2HPO4; 99.9%;
Merck AR), ammonium hydroxide (25%; Merck
GR), and zinc nitrate (99.8%; Merck GR) were used as
precursors. All the chemicals were used as such without
any further purification. Ultrapure water (Arium 611
Ultrafilter; Sartorius AG, Germany) was used throughout
the experiment.

2.2. HAp and ZnHAp nanocomposite preparation

HAp nanocomposites doped with different concentra-
tions (0, 3 and 6 mol%) of zinc with a stoichiometric ratio
of 1.67 were prepared through the ultrasonication process
using a sonochemical reactor (VC 505; Sonics, USA).
In this process, Ca(NO3)2 was dissolved in ultrapure water
at room temperature under sonication at 30 kHz. After
15 min, zinc nitrate with different concentrations was
added to the solution. To achieve the stoichiometric ratio,
(NH4)2HPO4 solution was added dropwise into Ca(NO3)2
solution. The pH of the solution was adjusted to 10.2 using
ammonium hydroxide solution and the ultrasonication
process was continued for 1 h. The HAp nanocomposites
containing different mole percentages of zinc (i.e., 0, 3 and
6 mol%; hereafter termed HAp, Zn3HAp and Zn6HAp,
respectively) were then filtered, washed and dried at 353 K
for 12 h. Once dried, the precipitates of pure and zinc-
doped HAp samples of all compositions were ground into
a fine powder.

2.3. ZnHAp/CTS composite coating on the 316L SS

substrate

Prepared HAp and ZnHAp powders (1 g) were indivi-
dually mixed with 5% acetic acid solution containing
1 wt% CTS. The composites were ultrasonicated for
30 min at 30 kHz for uniform and complete dispersion.
The dispersed polymer composites were coated on the
316L SS plate by spin coating technique. Before the
coating, 10� 7 mm2 SS specimens were mechanically
polished using series silicon carbide papers (50–1600 grits).
Then, the specimens were washed three times with acetone
followed by distilled water. Two to three drops of the
uniformly dispersed polymer composite solution contain-
ing ZnHAp were placed on the prepared 316L SS plate,
which was then spin coated at 2500 rpm. The coated plate
was then dried in a hot-air oven at 353 K. The coating and
drying processes were repeated thrice for a better, thick
and uniform coating. Finally, the coated plate was dried at
353 K for 12 h.

2.4. Characterisation

2.4.1. Size and composition measurement

The diameter of the HAp and ZnHAp samples was
measured using dynamic light scattering (DLS; Nanophox;
Sympatec, Germany) in the range of 1–500 nm with the
scattering angle of 901. The light source used was HeNe
laser with a maximum intensity of 10 mW. Elemental
composition of the prepared HAp and ZnHAp samples
was determined using an X-ray fluorescence (XRF) spec-
trometer (EDX-720; Shimadzu, Japan). The Ca/P/Zn ratio
in the HAp structure was measured.



Fig. 1. Particle size distribution of HAp and Zn-doped HAp dispersed

in water.
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2.4.2. Phase analysis

The phase purity and structural nature of the prepared
HAp and ZnHAp samples were assessed using X-ray
powder diffraction (XRD; X0Pert PRO; PANalytical, the
Netherlands) with monochromatic Cu Ka as the radiation
source (l¼1.540 Å). The scan was performed over a
2y range of 20–801 with a scanning rate of 101/min.
To identify the position of the peak, the observed results
were compared with the standard JCPDS file.

2.4.3. Functional group and morphological characterisation

The functional group characterisation of the prepared
samples was verified using Fourier transform infrared
spectroscopy (FTIR; Spectrum 100; PerkinElmer, USA)
with the wave number range of 4000–400 cm�1 in the
resolution of 1 cm�1. The pellet for FTIR analysis was
prepared by the KBr pellet method. The morphology of
the coated plates was determined using scanning electron
microscopy (SEM; model JSM 6390 LV; JEOL, Japan).

2.5. Electrochemical linear polarisation and impedance

studies

Electrochemical polarisation and impedance spectro-
scopy studies of zinc-doped HAp samples were carried
out using electrochemical workstation (PGSTAT302N;
Metrohm Autolab, the Netherlands). A standard three-
electrode cell assembly was used as a working cell with
saturated calomel and a platinum electrode as a reference
and a working electrode, respectively. The SBF with the
ionic concentrations nearly equal to the human blood
plasma was prepared using Kokubo method [19]. The
prepared body fluid was used as the electrolyte for the
corrosion study, the exposed area of the coated plates was
0.5 cm2 and the remaining area was covered using an
insulating tape. The electrochemical analysis was per-
formed by immersing the electrodes in the electrolyte
solutions. The corrosion current density, corrosion poten-
tial, rate of corrosion and impedance parameters were
calculated on the basis of the polarisation graph.

2.6. Antimicrobial activity

Antimicrobial activity of the HAp and ZnHAp/CTS
nanocomposites with microorganisms was measured using
Kirby–Bauer disc diffusion method [20]. Various gram-
positive (Bacillus subtilis and Staphylococcus aureus) and
gram-negative (Klebsiella pneumonia, Salmonella typhi and
Pseudomonas aeruginosa) microorganisms obtained from
National Collection of Industrial Microorganisms
(National Chemical Laboratory, Pune, India) were used
to analyse the antimicrobial activity. The bacterial strains
were subcultured and incubated at 310 K for 1 h. The
antimicrobial tests were performed on the previously
prepared, solidified and sterilised Mueller–Hinton agar
plates. The discs were loaded with different concentra-
tions of zinc-containing composites, that is, HAp/CTS,
Zn3HAp/CTS and Zn6HAp/CTS, and incubated at 310 K
for 24 h. After the incubation period, the inhibitory zone
was measured and a graph was plotted. The bacteriological
tests were performed in duplicate for better reproducibility
of the results. The microbial resistance of the composites
was measured from the inhibitory zone formed around
the disc.

2.7. Bioactivity analysis

In vitro bioactivity of the HAp and ZnHAp/CTS
composite-coated SS implant in physiological environment
was determined by immersing the implant in SBF for 3
weeks incubation at 310 K in a water bath shaker. After
incubation, the plates were washed using ultrapure water
and dried at 373 K. The bone-like apatite layer formation
on the surface of the coated implant was analysed using
XRF and SEM analyses.

3. Results and discussions

3.1. Size and structure of ZnHAp nanocomposite

Fig. 1 shows the unimodal particle size distribution of
pure and zinc-doped HAp samples. The size of individual
nanoparticle is determined by the DLS method. The
particle diameters of HAp, Zn3HAp and Zn6HAp are
found to be 54.3, 34.6 and 17.2 nm, respectively. From the
results, it is observed that as the concentration of zinc
increases the plot shifts to smaller particle diameter,
indicating the decrease in particle size with the distribution
of average mean size. It is clear that the incorporation of
zinc in HAp strongly influences the particle size. From this
result, it is confirmed that the zinc ions are incorporated in
the HAp structure. Fig. 2 presents the XRD pattern of the
0–6 mol% zinc-substituted HAp samples. The observed
pattern shows pure apatite phase without any additional
phase (calcium phosphate or zinc phosphate). The intense



Fig. 2. X-ray diffraction pattern of the as-synthesised HAp and Zn-doped

HAp nanoparticles.

Fig. 3. Infrared spectra of the HAp and Zn-doped HAp nanoparticles.

Fig. 4. Potentiodynamic polarisation curve of the HAp and Zn-doped

HAp/CTS composite-coated 316L SS plate in SBF solution.
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diffraction peaks corresponding to HAp at the diffracted
angles 25.711, 31.951, 32.881, 34.11, 39.991 and 46.691
indicate crystalline nature of the HAp synthesised using
the ultrasonication process [21]. However, the introduction
of zinc ion in the HAp structure clearly reduces the
crystalline peak intensity with wider distribution. From
this observation, it is clear that the incorporation of zinc in
the HAp structure influences the degree of crystallinity.
The increase in the concentration of zinc highly reduces the
crystallinity of the HAp crystal, because higher concentra-
tion of zinc inhibits the apatite crystal growth by separat-
ing the grain boundaries.

The infrared spectrum in Fig. 3 shows the complex
nature of the ZnHAp/CTS composite. All spectra show
similar peaks corresponding to the HAp crystals and
several common peaks due to the presence of CTS polymer
in the composite. The intense broad absorption band
observed in the range of 3000–3400 cm�1 corresponds to
the stretching vibration of OH� ions in the structure. The
multiplets located around 1000 cm�1 are developed by
phosphate modes. The absorption bands observed in the
regions of 560 and 1060 cm�1 correspond to the stretching
vibration of PO4

3� ions [22]. The absorption peaks
observed at 875 and 1425 cm�1 correspond to the air-
absorbed CO3

2� ions. The band observed at 602 cm�1

corresponds to O–P–O bending and symmetric P–O
stretching vibrations [23]. The weak absorption bands
observed at 2925 and 2846 cm�1 correspond to asymme-
trical and symmetrical stretching vibrations of C–CH2.
The peak observed at 1580 cm�1 corresponds to the
bending vibration of primary amine of CTS molecule
[24]. Apart from the peaks absorbed for HAp and CTS,
no additional peak is found in the spectrum, confirming
the absence of interbonding between HAp and CTS.

3.2. Electrochemical evaluation of the coating

The surface resistivity and protective properties of the
HAp with different concentrations of the ZnHAp/CTS
composite-coated implant in SBF are evaluated through
potentiodynamic polarisation studies. The results obtained
are shown in Fig. 4. The polarisation curve for the ZnHAp/
CTS composite-coated SS substrate is substantially different
from that of the HAp/CTS composite-coated substrate.
During electrochemical analysis, the SS plate coated with
HAp and ZnHAp composites influences the corrosion
properties. From the potentiodynamic polarisation analysis,
it is observed that the ZnHAp/CTS composite-coated SS
plate shows a high shift in the potential than that of the
HAp/CTS composite coated implant. However, increase in
zinc percentage in HAp composition increases the break-
down potential in the noble direction.



Table 1

Corrosion parameters of HAp and ZnHAp/CTS coated 316L SS implant in simulated body fluid.

Sample

code

Corrosion current

density (icorr� 10�5)

Corrosion potential

(Ecorr� 10�3)

Polarisation resistance

(Rp� 103 O cm2)

Rate of corrosion

(mm/year� 10�2)

HAp/CTS 1.82 �516.52 1.6502 21.10

Zn3HAp/CTS 1.1 �512.15 1.9837 12.79

Zn6HAp/CTS 0.833 �422.47 2.0891 9.806

Fig. 5. Nyquist impedance curves for the HAp and Zn-doped HAp/CTS

composite-coated 316L SS plate in SBF solution.
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The corrosion current density (icorr), corrosion potential
(Ecorr), polarisation resistance (Rp) and rate of corrosion
(millimetre/year) obtained from the polarisation curve are
shown in Table 1. The ZnHAp/CTS composite coating
reduces the corrosion current density (icorr) more than the
HAp/CTS composite-coated substrate and acts as an
efficacious passive layer that effectively reduces the active
surface area. The breakdown potential of the ZnHAp/CTS
coating was more than that of the HAp/CTS coatings. The
observed results indicate that the composite having zinc
ions in its structure acts as a protective layer, inhibiting the
corrosion rate of the coated implant. The extracted graph
shows that the corrosion current density (icorr) of the HAp/
CTS composite-coated 316L SS plate was 1.8� 10�5,
whereas that for the 3 and 6 mol% ZnHAp/CTS
composite-coated 316L SS plates was 1.1� 10�5 and
8.33� 10�6, respectively. The corrosion current density
(icorr) decreases with increase in the percentage of zinc in
HAp layer composition, leading to an increase in corrosion
resistance of the ZnHAp composite-coated implant.

Fig. 5 shows the impedance graph of the HAp and
ZnHAp/CTS composite-coated 316L SS implant in the
SBF. Generally, Nyquist plots show a semicircle for all the
coatings, the diameter of which increases with respect to
the increase in the polarisation resistance, as shown in
Fig. 5. The polarisation resistance (Rp) values of the coated
implant extracted from the graph are shown in Table 1.
It is clear that the polarisation resistance of the 6 mol%
ZnHAp/CTS composite-coated 316L SS implant is more
than that of the HAp/CTS composite-coated implant. The
higher Rp values show higher corrosion resistance, which is
increased nearly 2.6584� 104 with respect to the concen-
tration of zinc. The ZnHAp composite coating acts as a
barrier against attack of anions, effectively improve the
corrosion resistance of the 316L SS implant. The samples
coated with higher zinc percentage show that zinc can act
as a protective layer against corrosion in the physiological
environment. The increase in corrosion resistance with the
increase in zinc concentration may be due to the uniform
coating of passive layer on the surface of the 316L SS
plate. These results show that the ZnHAp/CTS composite
is a better alternative anticorrosion coating for implant
applications.

3.3. Antimicrobial activity

Antimicrobial activity of the HAp and ZnHAp/CTS
composites against the gram-positive and gram-negative
bacterial strains such as B. subtilis, S. aureus, K. pneumonia,
S. typhi and P. aeruginosa is investigated using the disc
diffusion method. The inhibitory zone of the bacterial
strain with respect to the zinc concentration in HAp is
analysed. The nanocomposites show significant amount of
antimicrobial activity, as shown in Fig. 6. The HAp
shows maximum antimicrobial activity of 0.9 mm diameter
zone against gram-positive bacterial strains than against
the gram-negative ones. However, it is clear that the
incorporation of zinc ions in the HAp lattice improves
its antimicrobial properties. The maximum concentration
of zinc shows maximum inhibition zone of 15 mm against
the gram-negative bacterial strains Klebsilla sp. and
Pseudomonas sp. Thus, the increase in antimicrobial
activity against the bacterial strains may be due to the
interaction between the nanocomposites and the bacterial
cell membrane via the electrostatic attraction. This
attraction leads to bacterial adhesion on the apatite
surfaces. Similarly, the increase in bacterial adhesion with
increasing zinc concentration leads to the inhibition of
bacterial growth.

3.4. In vitro analysis of the coating

Microstructure and morphology of the coating before
and after immersion in SBF for 21 days are examined
using SEM. Fig. 7(a–c) presents the SEM morphologies of
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the HAp, Zn3HAp/CTS and Zn6HAp/CTS composite-
coated implants obtained by spin coating technique. It can
be seen from Fig. 7(a) that the HAp/CTS coating leads to
the changes on the surface, whereas introduction of zinc
ion into the HAp lattice improves uniformity of the
coating, without any cracks or microspores. There are
obvious differences between the undoped and zinc-doped
HAp coatings. When the zinc concentration reaches
6 mol%, the area of the coated plate is almost absolutely
covered by the ZnHAp/CTS composite and uniform coat-
ing is achieved because of the small particle diameter of
Zn6HAp. To evaluate the formation of bone-like apatite
layer, we performed SEM investigation on the surface of
Fig. 6. Antimicrobial activity of the HAp and Zn-doped HAp/CTS

composites with various gram-positive and gram-negative bacterial strains.

Fig. 7. SEM image of the 316L SS implant surface coated with (a)
the implant after immersion in SBF for 21 days, as shown
in Fig. 8(a–c). From the figure, it is observed that the
microstructure of the implant immersed in SBF is totally
different from that of the coated implant before and after
immersion in SBF. The image obtained after 21 days
indicates newly formed apatite on the surface of the
implant in the form of white agglomerates. The formation
of apatite layer increases with increase in zinc concentra-
tion in the HAp structure. The maximum apatite layer
formation is observed for the HAp-coated implant with
6 mol% of zinc.
The formation of apatite layer on the surface of the

ZnHAp/CTS composite is further confirmed by XRF
analysis. The XRF results indicate that the obtained 0,
3 and 6 mol% ZnHAp nanoparticles are in the stoichio-
metric ratio of 1.68, 1.63 and 1.65, respectively. Further, it
is observed that the plates immersed in SBF the content
and ratio of the Ca and P ions increased in the surface of
the implant to 1.72, 1.69 and 1.73. However, a slight
decrease in Zn content is also observed for the 316L SS
implant coated with ZnHAp/CTS containing 3 and
6 mol% of zinc. The decrease in Zn concentration during
the in vitro analysis may be due to dissolution of the
ZnHAp sample in coating and also because of the thick
apatite layer formation above the coated implant. Thus,
it is confirmed that the ZnHAp/CTS composite improves
the formation of bioactive HAp layer on the surface of
the coated implant. However, the Zn6HAp/CTS coated
sample shows higher HAp formation. From all the
above studies, it is concluded that the Zn-doped HAp/
CTS composites show excellent bioactivity with enhanced
HAp/CTS, (b) Zn3HAp/CTS and (c) Zn6HAp/CTS composites.



Fig. 8. SEM images of the 316L SS plate coated with (a) HAp/CTS, (b) Zn3HAp/CTS, and (c) Zn6HAp/CTS composites after immersion in SBF

for 21 days.
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antimicrobial activity and corrosion resistance. The
implant coated with Zn-doped HAp/CTS is a better
alternate in biomedical implant applications because of
effective antimicrobial properties.
4. Conclusion

HAp and ZnHAp powders with nanometer range were
obtained through the ultrasonication process. The HAp
and ZnHAp/CTS composite coating on the SS plate was
carried out using spin coating technique. Their elemental
composition analysed by XRF shows the stoichiometric
ratio of the prepared HAp. Functional group analysis
from FTIR confirms the presence of the HAp/CTS
composite. The electrochemical polarisation and impe-
dance spectroscopy analyses of the HAp and ZnHAp/
CTS composite-coated implant were carried out in SBF.
These analyses confirm the significant increase in the
surface properties of the 316L SS plate. An increase in
the zinc concentration in the HAp structure significantly
increases the resistivity of the SS implant. The observed
results indicate that the coating of HAp with 6 mol% of
zinc has the highest corrosion resistivity in the physiological
solution. In addition, the enhanced antimicrobial property of
HAp was observed with the high zinc concentration. The
increased formation of apatite layer on the surface of the
implant is observed for Zn6HAp/CTS. Thus, it is clear that
ZnHAp/CTS will be a better material for active coating for
lifetime implant application.
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