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ARTICLE INFO ABSTRACT

Keywords: The present study aims to synthesized biomaterial that has antibacterial properties. Currently the surgical im-
Biomaterials plants associated infections are a major cause of implant failure. Synthesis of silver doped hydroxyapatite as an
Hydrox)’apaﬁte antibacterial agent has potential importance to overcome post-surgical infections in a variety of clinical appli-
Silver cations. Five silver doped hydroxyapatite Ca;o_Ag,(PO4)s(OH), (x = 0, 0.1, 0.3, 0.5, 0.7 M) samples were

Antibacterial activity

synthesized by precipitation method and sintered at 900 °C to obtain well crystallized structure. No minor phase

developed with silver addition, hexagonal hydroxyapatite (JCPDS# 09-432) was the single phase identified in all
silver doped hydroxyapatite samples. The lattice parameter a and ¢ changed with increase in silver concentra-
tion. The results of in vitro bioactivity revealed the bone bonding ability of silver doped hydroxyapatite samples.
The antibacterial test showed that silver doped hydroxyapatite was sensitive to Staphylococcus aureus bacteria.
Addition of silver significantly (P < 0.005) increased the antibacterial activity.

1. Introduction

Bioceramics is a new class of biomaterials that is used to replace
damaged tissues and bones. These bioceramic materials have the ability
of direct bonding with host bone tissues [1,2]. Synthetic hydroxyapatite
(Cajp (PO4)6(OH),) (HA) among these ceramics has been widely used
for bone tissue engineering. Bones consist of 22% protein, 70% hy-
droxyapatite and 8% water. Natural bones are composed of hydro-
xyapatite nanoparticles having needle-like or rod-like shapes [3,4].
Chemical structure of HA is similar to human bone and it is widely used
as coating for metal prosthesis, bone graft, drug [5] and antibiotics
[6,7] carrier in bone-implant interface to reduce the bacterial infec-
tions. HA crystal is composed of OH™, Ca* and PO, 2 groups, which
are closely packed in hexagonal arrangement and had space group of
P63,,, with lattice parameter a = b = 9.423 A° and ¢ = 6.875A° [8].
Although, hydroxyapatite is the most osteoconductive and biocompa-
tible material among other calcium phosphates, but it has limited an-
tibacterial resistance [9]. Bacterial infections are the main cause of
implant failure [10]. To overcome this problem Ag™ is introduced to
HA, since past silver has been recognized as strong inhibitor to bacterial
growth [5]. Silver exhibits good thermal stability, low volatility, is
biocompatible and non-toxic to human cell at low concentration along
with superior antibacterial characteristics [11]. Previously, Ag™ doped
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HA had been synthesized by several precipitation methods [12], mi-
crowave refluxing method [3], sol-gel method [13] ultrasonic pre-
cipitation method [14] electrostatic spray-pyrolysis process [6] and
sintered at different temperatures from 800 to 1200 °C to obtain
monophasic fully crystallized silver doped hydroxyapatite. When larger
ionic radius (1.28 }o\) Ag™ is substituted to smaller ionic radius Cat?
(0.99 &) in hydroxyapatite lattice it provokes stress and strain in crystal
structure [15]. These strains cause a stability problem in crystal struc-
ture. The theoretical limit of the Ag* substituting Ca*? is 20% [16],
but the practical limit is much lower than this. It is essential to optimize
the concentration of dopant and sintering temperature to obtain
monophasic hydroxyapatite, previous study show that < 3% con-
centration of silver [5,6] did not alter the crystalline structure of hy-
droxyapatite. The aim of the study is to use optimize temperature and
dopant concentration to obtain monophasic hydroxyapatite structure.
In the present study the inexpensive and conventional precipitation
method has been selected to synthesize silver doped hydroxyapatite. To
evaluate the antibacterial properties of HA by incorporating Ag* while
maintaining bioactivity, and to demonstrate effects of Ag* concentra-
tion on crystallite size, crystallinity and lattice parameters.
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2. Materials and methods
2.1. Synthesis of Ag doped HA

Precipitation method was used to synthesize silver-substituted hy-
droxyapatite nanoparticles expressed as follows (Eq. (1)):

0 - x)Ca(NO3)2]-4H20 + XAgNO, + 6(NH,),HPO,

NH4OH
— Cayo_xAg, (PO4)s(OH),
pH=10

x = 0.0, 0.1, 0.3, 0.5and 0.7 M @

Silver nitrate (AgNO3), calcium nitrate (Ca(NO3),)-4H>0) and di-
ammonium hydrogen phosphate ((NH4),HPO,) were used as the
sources of Ag, Ca and P respectively. Ammonium hydroxide (NH,OH)
was used as a precursor to adjust the pH. Ag doped HA was synthesized
by substituting Ca with Ag (x = 0.0, 0.1, 0.3, 0.5 and 0.7) while
maintaining the molar ratio [Ca + Ag]:P to 1.67. Calcium and silver
nitrate solution was prepared in 200 ml distilled water to obtain
[Ca+(1—-x) Agl (x=0, 0.1, 0.3, 0.5, 0.7) molar solutions.
Subsequently, 0.6 M phosphate solution prepared in distilled water was
added drop wise to [Ca + (1 — x) Ag] solution under continuous stir-
ring at 240 rpm and 50 °C temperature. The pH was maintained at 10 by
adding ammonium hydroxide in the solution. The solution was con-
tinuously stirred for several hours until white precipitates of Ag doped
HA were formed. These precipitates were then filtered and dried
overnight at 100 °C. After drying the synthesized samples were sintered
at 900 °C for 3h. A schematic flowchart of precipitation method to
synthesize Ag doped HA is as follows (Fig. 1).

2.2. Characterization

Five Ag doped HA samples were synthesized in this study. The X-ray
Diffraction method (Bruker D8 Advance X-ray diffractometer using Cu
Ka) was used to identify the crystalline phases developed after sin-
tering. Phases were identified by matching the experimental XRD
graphs to Joint Committee on Powder Diffraction Standards (JCPDS)

Ca(NO3)2).4H20
+
AgNO3

(NH4)HPOq4

Dissolved in distilled water

Mixed solution

(Ca+Ag):P~167 '
molar ratio  |»H =10 using NH«OH
\

Precipitation

Filtering & drying

\

Sintering (900°C)

Fig. 1. Schematic flowchart of precipitation method.
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files. Scherer's formula [16] was used to determine crystallite size of the
samples and lattice parameter ‘a’ and ‘c’ was calculated by the formula:
1

d2
performed by Fourier transform Infrared spectroscopy (Midac M2000)
recorded in 600 to 2400 cm ~ ! region. Raman spectroscopy (Advantage
532 Raman spectrometer) was performed to confirm the monophasic
crystalline structure of samples as it is considered to be more sensitive
to secondary phase as compared to XRD [15]. Raman spectra was re-
corded at 514 nm laser excitation wavelength. Bioactivity of the sam-
ples were examined by soaking the compacted samples in simulated
body fluid [17] for one week incubated at 37 °C temperature under
static condition.

Well diffusion method [18] was employed to determine the anti-
bacterial activity of Ag doped HA against Staphylococcus aureus pro-
cured from the microbiology department of Post Graduate Medical In-
stitute (PGMI), Lahore. The pure bacteria culture was first sub-cultured
overnight in Nutrient broth (Merck, Germany) at 35 °C, then diluted
100 times in sterile water. The bacteria (~10° CFU) was inoculated on
Nutrient agar (Merck, Germany) solidified on a sterilized petri dish and
having four wells of 10 mm. For antibacterial test four different dilu-
tions of each sample prepared in sterile distilled water, all measure-
ments were performed in triplicate. One-way ANOVA test was per-
formed to statistically analyze the antibacterial activity at P < 0.05
significance level.

= [ g(h2 + k% + hk) + I (:—j)]a% The functional group analysis was

3. Results and discussion

Fig. 2 demonstrates the X-ray Diffraction pattern of the silver doped
hydroxyapatite samples sintered at 900 °C for 3 h. The peaks identified
of (002), (102), (211), (300), (131), (222), (213), (004), (313), (034)
and (520) reflections in all samples correspond to hexagonal hydro-
xyapatite crystalline phase (JCPDS#9-432). Absence of any secondary
phase like CaO, AgzPO,4 or B-TCP indicates that silver ions have suc-
cessfully substituted calcium ions without disturbing crystal lattice of
hydroxyapatite. This result is in agreement with previous studies of
Prekajsi et al. [19]. The diffraction peaks became sharp, well resolved
and intensity increases with substitution of Ag* ions with Ca*? ions
indicating that hydroxyapatite phase developed is well crystallized and
crystal growth increases with increase in Ag* content respectively. The
peak reflections from (211), (300), (213) and (313) showed a slight
peak shift. This may be attributed to changes in lattice parameter due to
the smaller ionic radius of Ag* (1.28 A) substituting Ca*2 (0.99 A) or
might be due to the presence of residual stresses and defect
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Fig. 2. XRD pattern of Cajo-xAgx(PO4)s(OH). sintered at 900 °C.
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Table 1
Crystallite size, lattice parameter, volume of unit cell.
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Sample Cayo—xAgx(PO4)6(OH), Crystallite size (nm) 20 hkl Lattice parameter (A°) Volume of cell
Name Degree a c c/a
0AgHA x=0 21.5012 47.68 222 9.533 6.3551 0.666642 500.1491
0.1AgHA x=0.1 52.4452 47.66 222 9.537 6.3575 0.666614 500.7579
0.3AgHA x=0.3 66.8237 47.64 222 9.541 6.3607 0.66667 501.4303
0.5AgHA x=0.5 75.0575 47.64 222 9.546 6.3606 0.66631 501.9481
0.7AgHA x=0.7 83.4048 47.79 222 9.551 6.3621 0.666119 502.5926
7500
1 x=0 v ) .
7000 - x=0.1 ' vq symmetric stretching of P-O
1 x=0.3 vg asymmetric stretching of P-O

[~y

(6]
stretching

Transmission %

x=0

x=0.1
x=0.3
x=0.5
x=0.7
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Fig. 3. FTIR pattern of Ca;o_xAgx(PO4)s(OH), (x = 0, 0.1, 0.3, 0.5, 0.7).

concentration, and sometimes due to misplacement of sample in X-ray
instrument also result in shifting of peaks [20]. The average crystallite
size (see Table 1) determined from (211), (300), (222) and (034) pro-
minent peaks, increase in crystallite size was observed to increase in
Ag* substitution. This increase in crystallite size results from an in-
crease in nucleation site previously reported by Jadalannagari et al.
[21].

An expansion of lattice parameter a and ¢ (shown in Table 1) may
cause due to substitution of larger ionic radius Ag® (0. 128 nm) to
smaller ionic radius Ca*? (0.099 nm) in hydroxyapatite crystal lattice.
Previously it had been reported by Stanic et al. [7] that Ag™ ion may
not completely or partially replace Ca*? ion it has the possibility to
modify the crystalline environment as Ag™ ion may occupy either lat-
tice site or interstitial site depending on amount of Ag™ incorporated
[22]. The volume of the cell also expanded due to increase of lattice
parameter. It was also observed that lattice parameter a and c increases
with increase in Ag* concentration, however the c/a ratio remained
constant. This result is in agreement with findings of Omer Kaygili et al.
[23] that reported the change in lattice parameter is attributed to dif-
ference in ionic radius of Ag* substituting Ca*? ions in the

Table 2
FTIR and Raman vibrational bands for silver doped hydroxyapatite.

Raman Intensity

T T T T T T T T T T
1000 900 800 700 600 500

T
1100

Raman wave (cm”)

Fig. 4. Raman spectra of Ca;o_,Agx(PO4)s(OH), (x = 0, 0.1, 0.3, 0.5, 0.7).

hydroxyapatite crystal lattice.

Fig. 3 shows FTIR spectra of silver doped hydroxyapatite samples
sintered at 900 °C. FTIR spectra (Fig. 3) for all silver doped hydro-
xyapatite samples shows six bands corresponding to various vibrational
modes originated from same or different functional groups (tabulated in
Table 2). A sharp intense transmission band observed in FTIR spectra of
OAgHA at 921.51 cm ™' correspond to symmetric stretching mode of
P—O in PO,>". The same transmission band was observed at 932.45,
941.71, 943.39, 945.38cm™! for 0.1AgHA, 0.3AgHA, 0.5AgHA,
0.7AgHA samples respectively. Several other transmission bands (see
Table 2 for detail) appeared in 1060-1161 cm ™' range was observed in
all samples is attributed to the asymmetric stretching mode of PO,>~.
Transmission bands appeared at 1687.44, 1685.39, 1695.61, 1692.54,
1692.52cm ™' for 0.1AgHA, 0.3AgHA, 0.5AgHA, 0.7AgHA samples,
respectively, attributed to bending mode of H-O-H, and same broad
band observed at 3740.92 cm ™! for all samples is originated from hy-
droxyl group. No additional bands were observed, indicates that no
impurity or secondary phase due to silver doping.

Raman spectra for silver doped hydroxyapatite samples are shown
in Fig. 4 below. Raman spectroscopy is more sensitive against

FTIR bands (cm ™) Raman bands (cm ™) Band assignment

x=0 x=0.1 x=0.3 x=0.5 x=0.7 x=0 x=0.1 x=0.3 x=0.5 x=0.7

724.58 724.58 725.05 756.21 - - - - - - Stretching mode of hydroxyl vibration
921.51 932.45 941.71 943.39 945.38 955.05 904.51 904.51 904.51 904.51 Symmetric stretching mode of P—O in PO4>~
1060.15 1073.43 1079.41 - - 1044.01 993.46 992.53 1043.07 994.55 Asymmetric stretching of P—0 in PO,>~
1144.95 1158.23 - 1161.74 - - - - - - Asymmetric stretching of P—0 in PO4>~
1687.44 1685.39 1695.61 1692.54 1692.52 - - - - - Bending mode of H—O—H in H,0

3740.92 3740.92 3740.92 3740.92 3740.92 - - - - - Symmetric stretching mode of the OH™

310



M. Riaz et al.

Materials Science & Engineering C 90 (2018) 308-313

Fig. 5. SEM images of Cajo—_xAgx(PO4)s(OH), (x = 0, 0.1, 0.3, 0.5, 0.7 from left to right) before (Fig (a), (b), (c), (d) and (e)) and after (Fig (f), (g), (h), (i) and (j))

immersion in SBF for 7 days.

Fig. 6. Photographs of antibacterial test result of Ca;g-xAgx(PO4)s(OH), (x = 0, 0.1, 0.3, 0.5, 0.7) against Staphylococcus aureus bacteria.

secondary phase as compared to other two techniques, i.e. XRD and
FTIR [20]. Careful examination of Raman spectra revealed a strong
band at 955.05 cm ~ ! for undoped sample corresponding to a symmetric
stretching vibrational mode of PO,°~ tetrahedral, same symmetric
stretching band of PO,>~ was observed at 904.51 cm ™" for all silver
doped hydroxyapatite samples (0.1AgHA, 0.3AgHA, 0.5AgHA and
0.7AgHA). Other active band observed at 1044.01, 993.46, 992.53,
1043.07 and 994.55cm ™! for 0AgHA, 0.1AgHA, 0.3AgHA, 0.5AgHA
and 0.7AgHA sample respectively is attributed to asymmetric stretching
of P—O. According to studies of Mishra et al. [20], Prekajski et al. [16]
and Fowler [25] these characteristic stretching bands of PO,3~ con-
firms the formation of hexagonal hydroxyapatite. According to previous
studies [20,24], the presence of these characteristic vibrational bands of
PO,>~ and the hydroxyl group confirms the formation of pure hex-
agonal hydroxyapatite. Both FTIR and Raman spectroscopy results

confirmed the formation of monophasic hydroxyapatite, and the ab-
sence of any secondary phase revealed that Ag* had successfully in-
corporated into the crystal lattice of hydroxyapatite without disturbing
the crystal lattice.

Fig. 5(a, b, ¢, d and e) shows SEM images of 0AgHA, 0.1AgHA,
0.3AgHA, 0.5AgHA and 0.7AgHA respectively synthesized by pre-
cipitation method and sintered at 900 °C before soaking in simulated
body fluid (SBF) [17], while Fig. 5(f, g, h, i and j) shows SEM images of
0AgHA, 0.1AgHA, 0.3AgHA, 0.5AgHA and 0.7AgHA respectively after
immersion in SBF for 7days at 37°C. According to Kokubo [17]
bioactivity or bone-bonding ability is often evaluated by the ability of
any specimen to form an apatite layer on the surface in SBF. It is
thought that this test is useful in predicting the in vivo bioactivity of
specimen. The SEM images Fig. 5(f, g, h, i and j) after immersion in SBF
reveals the formation of apatite crystals on the sample surface. With
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Table 3
One-way ANOVA test: a statistical analysis of antibacterial activity against
Staphylococcus aureus.

Pair-wise mean comparison Mean difference Significance®

0.3M 0.1AgHA 0AgHA 20 1
0.3AgHA OAgHA 24 1
0.3AgHA 0.1AgHA 4 1
0.5AgHA 0AgHA 25 1
0.5AgHA 0.1AgHA 1
0.5AgHA 0.3AgHA 1 1
0.7AgHA 0AgHA 28 1
0.7AgHA 0.1AgHA 8 1
0.7AgHA 0.3AgHA 4 1
0.7AgHA 0.5AgHA 3 1
0.7M 0.1AgHA 0AgHA 25 1
0.3AgHA 0AgHA 28 1
0.3AgHA 0.1AgHA 3 1
0.5AgHA 0AgHA 30 1
0.5AgHA 0.1AgHA 5 1
0.5AgHA 0.3AgHA 2 1
0.7AgHA 0AgHA 34 1
0.7AgHA 0.1AgHA 9 1
0.7AgHA 0.3AgHA 6 1
0.7AgHA 0.5AgHA 4 1
11M 0.1AgHA 0AgHA 16 1
0.3AgHA OAgHA 19 1
0.3AgHA 0.1AgHA 3 1
0.5AgHA 0AgHA 21 1
0.5AgHA 0.1AgHA 5 1
0.5AgHA 0.3AgHA 2 1
0.7AgHA 0AgHA 25 1
0.7AgHA 0.1AgHA 9 1
0.7AgHA 0.3AgHA 6 1
0.7AgHA 0.5AgHA 4 1
1.5M 0.1AgHA 0AgHA 14 1
0.3AgHA OAgHA 17 1
0.3AgHA 0.1AgHA 3 1
0.5AgHA 0AgHA 19 1
0.5AgHA 0.1AgHA 5 1
0.5AgHA 0.3AgHA 2 1
0.7AgHA 0AgHA 20 1
0.7AgHA 0.1AgHA 6 1
0.7AgHA 0.3AgHA 3 1
0.7AgHA 0.5AgHA 1 1

@ Significance equal to 1 indicates that the means difference is significant and
equal to 0 indicates that the means difference is not significant at the 0.05 level.

addition of Ag® more precipitation of apatite crystal was observed.

Fig. 6 shows the antibacterial activity test of Ag doped HA samples
against gram positive bacteria Staphylococcus aureus. Staphylococcus
aureus is considered to be one of the most common pathogenic or-
ganism that cause postsurgical wound infections. These infections are
great risk because of their increasing frequency and high resistant be-
havior against antibiotic that ultimately result in failure of implant
[10,26-28].

The antibacterial activity of samples was determined by measuring
the diameter of the zone of inhibition. Four different dilutions 0.3 M,
0.7M, 1.1 M and 1.5M of each sample was prepared in 100 pl sterile
distilled water. For undoped sample (0AgHA) no zone of inhibition was
seen for low concentration 0.3 M and 0.7 M but for high concentration
1.1 M and 1.5 M the zone of inhibition was measured to be 11 = 0.41
and 17 *= 0.51 mm respectively. Thus, undoped sample 0AgHA
showed limited antibacterial activity. The antibacterial activity of hy-
droxyapatite (OAgHA) is attributed to either Ca™? alkaline earth metal
ions, Yuntao et al. [29] reported that Ca*? ion is active membrane
bactericide it destabilize cell membrane and kill stationary phase Sta-
phylococcus aureus, or hydroxyl ions, according to findings of Siqueira
et al. [30] hydroxyl ions are highly reactive oxidant free radicals that
produce a lethal effect on bacterial cell, but both Ca and hydroxyl ions
have limited antibacterial spectrum. The result (see Fig. 6) illustrates
that the antibacterial activity significantly increased with increase in
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concentration of the Ag* doping agent. There was a bacterial inhibitory
effect for all concentrations (0.3, 0.7, 1.1 and 1.5M) of 0.1AgHA,
0.3AgHA, 0.5AgHA and 0.7AgHA silver doped HA samples. To de-
termine the significance level of antibacterial activity for all samples
one-way ANOVA statistical analysis (Table 3) was performed. P < 0.05
was selected level of significance for pair-wise mean comparison, it was
found that all samples showed statistically significant antibacterial ac-
tivity.

The 0.7AgHA sample showed the strongest antibacterial activity;
measuring largest zone of inhibition. It can be assumed that release of
Ag* ions from hydroxyapatite lattice is responsible for bactericidal
effect. Silver is regarded as broad spectrum antibacterial agent [31-33].
N. Igbal et al. [3] and Mocanu et al. [34] suggested that the Ag™ ions
interact with protein and enzymes of bacteria which result in structural
damage of the cell membrane and death of bacterial cells, Ag* ion also
disrupt the reproduction of bacteria it penetrates into the cell mem-
brane bind itself to bacteria DNA and RNs and inhibits bacterial re-
plication.

4. Conclusion

Monophasic silver doped hydroxyapatite was successfully synthe-
sized by precipitation method and it was confirmed by XRD, FTIR and
Raman spectroscopy. The analysis showed that a single phase of hex-
agonal hydroxyapatite was identified in all silver doped hydroxyapatite
specimens with no minor phase, which indicates that Ag* was well
substituted in lattice without disturbing the crystal structure. It was
observed that 7% (0.7 M) of Ag* substituting in the Ca*? site and
sintering at 900 °C are the optimum limit to obtain monophasic hy-
droxyapatite crystalline structure. In vitro bioactivity test in SBF con-
firmed the bone-bonding ability of silver doped hydroxyapatite. The
antibacterial assays showed that all silver doped hydroxyapatite sam-
ples had the bacteria inhibition ability and antibacterial activity in-
creases significantly with increase in concentration of Ag*. The un-
doped sample had limited antibacterial activity against Staphylococcus
aureus while addition of Ag™* enhanced antibacterial activity. From the
present study it can be suggested that silver doped hydroxyapatite
possessing antibacterial activity is a potentially good biomaterial for
bone tissue engineering that can limit the risk of post-surgical infections
caused by bacteria colonization.
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