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ABSTRACT 

 

Calcium based Bio ceramics are potentially attractive a wide range of medical applications. The effect of Silver substitution on the 

biocompatibility of hydroxyapatite (HA) under the physiochemical conditions has been investigated. Various samples of Silver doped 

hydroxyapatite (Ag-HA) with different concentration (0, 0.5, 1.0, 1.5, 2.0, 2.5 mol%) were successfully synthesized by solution 

combustion method and characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron 

microscopy (SEM), and thermal analysis techniques. XRD and TEM results reveal uniform and crystalline Ag-HA nanoparticles. 
 
Keywords: Solution combustion processes, Apatite composites, Antibacterial, Biomedical applications  

 

INTRODUCTION 

 

During recent years, there have been efforts in developing Nanocrystaline Calcium orthophosphate to enhance their biological and 

mechanical properties for use in biomedical applications. Calcium orthophosphate based inorganic bio ceramic materials have a wide 

range of biomedical applications [1]. Bioresorbable and Bioactive phases of calcium phosphate bioceramic materials are choice for 

bone-tissue engineering application because of their similar inorganic composition with the mineral phases of natural bone, excellent 

biocompatibility and osteoconductivity [2,3]. In 1920 it is reported the first successful medical application of calcium phosphate in 

humans [4]. Recently most widely-used bioresorbable and bioactive ceramics include calcium orthophosphates (CaP). They are 

present in bones, teeth and the tendons of mammals, giving these organs hardness and stability. They are known as non-ion-

substituted calcium orthophosphates with a Ca/P molar ratio between 0.5 and 2.0. The most widely used member of the family of 

CaPs is hydroxyapatite (HA) [5]. Among different forms of calcium phosphate, hydroxyapatite (HA) is one of the most promising 

inorganic biomaterials. HA is the principal mineral constituents of natural bones and teeth [6].  
 
Hydroxyapatite (HA) has been widely used as a biomaterial in orthopedics, bioengineering and dentistry, because of its good 

biocompatibility [7]. Synthetic Hydroxyapatite (HA) is the most promising because of good cation exchange rate with metals, 

excellent biocompatibility and high affinity for the pathogenic microorganisms [8-10]. It is reported that around 70-80% of implants 

are made of biocompatible metals [11]. With the introduction of a transient metal ion such as silver HA can be effective in 

controlling microorganisms Due to its ion-exchange capabilities [12].  
 
Synthetic HA with metal doping for Biomedical applications has gained lot of attention because of the high flexibility and stability of 

apatite structure, a great number of cationic substitution are of potential application in the Biomedical field. There are many reports 

of the occupying of Ca sites by various divalent ( Mg2+, Sr2+, Cd2+, Ba2+) and Trivalent cations (Al3+, Fe3+) [13]. However, now days 

the biggest current problem in the biomedical field is post-surgical infections arising from recent-implanted synthetic biomaterials, 

because these provide sites for potential bacterial adhesion [14]. However, there are some limitations of these bioceramic materials 

involving the possible release of harmful metal ions through wear and corrosion processes when they are exposed to aggressive body 

environment [15-17].  
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The metal release of toxic ions might cause adverse effects to the surrounding cells [18-20]. Silver has been known as a disinfectant 

for many years and has a broad spectrum of antimicrobial activity while exhibiting low toxicity towards mammalian cells. Various 

studies reported that the silver ions doped in the HA coatings play an important role in preventing or minimizing bacterial adhesion 

[21]. Furthermore, the reactivity of silver is high efficient when used in Nano sized particles due to their better contact with 

microorganisms [22]. higher concentration of Ag more than 300 ppb in human blood can cause side-effects in the form of 

leukopenia, Kidney and liver damage [23]. Therefore, optimization of Ag concentration in HA is critical to guarantee Ag/HA optimal 

antimicrobial ability without cytotoxicity [24]. 
 
Nano sized HA have been synthesized by many routes, including co-precipitation [25], sol-gel synthesis [26], emulsion methods 

[27], microwave precipitation [28] and mechano chemical methods [29]. Solution combustion synthesis (SCS) is invented in 1986, a 

large number of research efforts have been focused toward the preparation of important materials, mostly oxides, with improved 

properties [30]. In solution combustion synthesis, aqueous reactive solutions are used, where the precursors are mixed on the 

molecular level. The advantage of this process has been demonstrated by the use of different fuels and oxidizers, varying the 

oxidizer/fuel ratio and ignition sources, as well as combination of various synthesis approaches [31]. 
 
In the present investigation, Nano crystalline HA were prepared by a facile Solution combustion method. This work aims to study the 

effect of Ag on the Bioactivity of Nanocrystalline Hydroxyapatite (HA) under the physiological Conditions. Antibacterial effect was 

evaluated quantitatively against Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli. The cytotoxicity 

assessments have been utilized to evaluated the bio-compability of nanocrystalline HA and Ag-HA with different concentration. 

Cytotoxicity of the prepared material has been studied by utilizing L929 (mouse Fibroblast) cell line for 12 and 24 h. For this trypan 

blue dye exclusion (TBDE) and MTT assays were performed to identify the possible toxicity of nanoparticles. The ultra-trace Ag 

doped HA nanocrystals may provide new opportunities in non-cytotoxic implant with antibacterial ability in bone tissue Engineering. 

 

EXPERIMENTAL 

Materials 
 
Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), and di-Ammonium hydrogen orthophosphate (NH4)2HPO4 were purchased from 

Sigma-Aldrich and Silver nitrate (AgNO3) were purchased from Thomas Baker. All chemicals used here were of analytical grade and 

used without further purification. 

 

Synthesis of Ag-doped hydroxyapatite 
  
Ag-doped hydroxyapatite (Ag-HA) with different concentration (0, 0.5, 1.0, 1.5, 2.0, 2.5 mol%) were prepared by modifying solution 

combustion method. For this, polyvinyl alcohol (PVA) was used as a fuel. In brief, the stoichiometric amounts of the nitrate 

precursors Ca(NO3)2.4H2O, AgNO3 and phosphate precursor (NH4)2HPO4 were dissolved in double distilled water to form the 

solution of 0.1 M. The equimolar solution of PVA was prepared in double distilled water. The mixture of oxidants and fuel was 

placed onto a magnetic stirrer for 30 min. to get uniform mixing. Evaporation of water to form a gel of precursors was carried out at 

100ºC and then the gel was heated at 300ºC to obtain a powder. The obtained powder of Ag-HA was then annealed at 950ºC for 6 h 

to remove carbon residues and then used for further analysis. The atomic ratio of (Ag+Ca)/P in the precursor were fixed at 1.67 in all 

of the cases. The dried mixture possesses the characteristics of combustion and can be ignited to start combustion reaction using 

muffle furnace. Various Ag-doped hydroxyapatite samples containing Ag content 0, 0.5, 1.0, 1.5, 2.0, 2.5 mol% were denoted as HA, 

Ag-HA-1, Ag-HA-2, Ag-HA-3, Ag-HA-4, Ag-HA-5, respectively. 

 

Characterizations 
 
Structural and morphological studies 
 
The structural and morphological studies of the samples were studied using Thermo gravimetric analysis (TGA), X-ray 

Diffractometer (XRD), Fourier Transform Infrared spectroscopy (FTIR), Scanning Electron Microscopy and Transmission Electron 

Microscopy (TEM) and. Phase identification and structural analysis of Ag-HA were studied using X-ray diffraction (Philip-3710) 

with Cu-Kα radiation in the 2θ range from 10ºC to 80ºC. The all patterns were analysed by X-pert high score plus software and 

compared with the Joint Committee on Powder Diffraction Standards (JCPDS) (JCDPS card No. 01-074-0565 and 01-074-1743). 

The surface morphology and particles sizes of the Ag-HA were determined by using transmission electron microscope (Philips CM 

200 model) with an operating voltage of 20-200 kV and a resolution of 2.4 Å. The compositional analysis was done by energy 

dispersive spectroscopy (EDS, JEOL JSM 6360). A Perkin-Elmer spectrometer (Model No-783 USA) was used to obtain FTIR 

spectra of Al-HA samples in the range of 450-4000 cm-1 using KBr pellets. 

 

Biocompatibility study 
  
Antibacterial activity assay 
 
The antibacterial ability of Nanocrystaline HA, Ag-HA-1, Ag-HA-2, Ag-HA-3, Ag-HA-4, Ag-HA-5 was carried out at 0.2, 0.4, 0.6, 

0.8, 1.0 ppm by bacteriological plate counting methods using Gram negative Escherichia coli (E. coli, ATCC 8739) and Gram-

positive Staphylococcus aureus (S. aureus, ATCC 6538). The bacterial strains were purchased from National Chemical laboratory, 

Pune. The bacteria were cultured in liquid nutrient broth medium at 35-37ºC for 12 h and adjusted to a concentration of about 107 

CFU/mL. All used laboratory supplies below were sterilized in an autoclave at 121ºC for 20 min. Briefly, 0.5 g of each sterile 

Sample was dispersed in centrifugal tube containing Buffered sodium chloride peptone (BECP) (9 mL) and bacteria suspension (1 

mL) and incubated at 30-35ºC for 4, 8, 12, 16, 32, 48 and 72 h. For subsequent bacteria counting, 100 μL of suspension 

was extracted from centrifugal tube and inoculated into solid nutrient agar medium followed by 24 h incubation at 35ºC. The 

bacterial colonies were counted. The antibacterial rates (R %) were calculated based on the formula which is already Reported 

elsewhere [32,33].  
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RESULTS AND DISCUSSION 

 

Thermogravimetric analysis 
 
TGA curve of pure HA and the representative Ag-HA-5 are shown in Figure 1. In TGA curve, five different stages were observed 

during the total weight loss. The first stage of weight loss is in between room temperature to 250ºC, which is due to the loss of 

physically adsorbed water. The second stage of weight loss is from 250 to 450ºC and this is due to loss of chemisorbed water, 

organic groups and solvent attached to the sample. The third stage is from 450 to 650ºC, The fourth stage is from 650 to 870ºC and 

the last fifth stage is from 870ºC the weight loss is less than 0.65%. Taking into consideration of TGA studies, all the samples are 

calcinated at 950ºC for their further characterization. 

 

 

 
 

                      Figure 1: TGA pattern of pure HA and Ag-HA5 nanoparticles 

 

 

 

XRD analysis 
 
XRD patterns of the pure HA and Ag-HA samples are shown in Figure 2. The main phase in all samples was identified as 

hydroxyapatite (JCDPS No.01-074-0566) while the secondary phases of Ag (JCDPS No. 01-074-1743) were observed for doped 

samples with small percentage. HA showing space group P63/m with a hexagonal structure. It can be seen that, the lattice parameters 

of the prepared samples are in excellent agreement with standard data a=9.4240 Å, c=6.8790 Å and a=5.8500 Å, c=5.5000 Å for HA 

and Ag-HA, respectively. Gaussian fit of the most intense peak (211) was used to calculate the full width at half maxima for the 

determination of crystallite size (D) by using Scherrer equation:  

 

  
    

     
      (2) 

 

Where,   is the crystallite size, λ is the wavelength of Cu-Kα radiations (λ=1.5405 Å), θ is the corresponding Braggs diffraction 

angle and β is full width at half maxima of the most intense peak (211). The average crystallite sizes of HA and Ag-HA were found 

to be 28.50 nm and 22.12 nm, respectively. About pure HA similar result and phase purity were observed in our previous researcher 

[34]. The reflection peaks are quite broad, suggesting their Nanocrystallinity. 

 

 
 
                                                                       Figure 2: XRD patterns of pure HA and Ag-HA nanoparticles 
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SEM analysis 
 
SEM technique was used to observe and analyse the agglomeration, microstructure and grain sizes of Ag-HA. SEM micrographs of 

HA and Ag-HA samples are depicted in Figure 3. SEM micrographs of samples are shown similar agglomerates that are consisting 

of fine crystallites and small size. It has been reported that crystal size distribution of bone plays an important role in bone fracture 

[35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: SEM images of (a) pure HA, (b) Ag-HA-1, (c) Ag-HA-2, (d) Ag-HA-3, (e) Ag-HA-4, and (f) Ag-HA-5 

 

The EDS spectra was used for quantitative elemental analysis of the HA and Al-HA samples. Figure 4 shows EDS spectra of HA and 

a representative Al-HA sample. The EDS spectra indicate that samples are consistent with their elemental signals and stoichiometry 

is as expected. In the case of pure HA, the corresponding peaks are due to the presence of calcium (Ca), phosphor (P), and oxygen 

(O) while for Al-HA samples the observed peaks corresponds with aluminum (Al), calcium (Ca), phosphor (P), oxygen (O). This 

implies that the prepared samples are pure in nature. The elemental composition estimated from EDS analysis is tabulated in Table 1.  

 
Table 1: The elemental composition estimated from EDS analysis 

 
Sample  Atomic % composition 

Ag Ca P O 

HA - 32.33 19.52 48.15 

Ag-HA-1 1.02 28.89 19.03 51.06 

Ag-HA-2 1.51 28.13 18.97 51.40 

Ag-HA-3 3.27 26.97 18.40 57.68 

Ag-HA-4 4.48 23.12 15.93 58.29 

Ag-HA-5 6.07 21.90 15.33 60.21 

 

The Ca/P atomic ratios for pure Nanocrystalline HA are 1.66 which is in adjacent agreement with the standard Ca/P atomic ratio 

1.67. The Ca/P atomic ratios (1.51, 1.48, 1.46.1.45, 1.42) for Ag-HA samples are little smaller than that of the standard. From Table 

1, it is observed that there is a decrease in Ca/P atomic ratio in the Ag-HA samples. This can be attributed due to the proper 

substitution of Ca with metal ion during the preparation process. It has been reported that Ca deficient apatite (Ca/P atomic ratios 

between 1.33-1.55) could be very beneficial to the formation of new bone in vivo [36]. Thus, Ag-doped HA could be beneficial for 

the formation of new bone in vivo. Atomic ratios suggest the obtained samples are stoichiometric. 

 

 
 

Figure 4: EDS spectrum of (a) pure HA, (b) Ag-HA-1, (c) Ag-HA-2, (d) Ag-HA-3, (e) Ag-HA-4, and (f) Ag-HA-5 
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TEM studies 
 
Moreover, the size and shape of HA and Ag-HA were estimated from TEM analysis. Figure 5 shows TEM images of HA and Ag-

HA-5. The HA nanoparticles were cylindrical rod-like shape with homogeneous microstructure, around 100 nm in diameter and 

several particles seem to aggregates. However, the particle sizes of Al-HA-5 about 100 nm and decreased significantly with the 

existence of Al element. The diameters of particles are slightly larger than the observed crystal sizes obtained from XRD, due to the 

presence of Nano crystalline surface layers as well as high temperature calcinations (950°C) which causes the grain growth. The 

selected area of electron diffraction patterns (SAED) of HA and Ag-HA5 shows in inset of Figures 6a and 6b. The bright ring 

patterns indicating the polycrystalline nature of nanoparticles. 

  

  
 

Figure 5: TEM images of (a) HA, (b) Ag-HA-5. (Inset: corresponding SAED pattern) 

 

Antimicrobial activity evolution 
 
To evaluate the Antibacterial effect, the bacteria were cultivated with various Nano crystals for a series of time and re-cultivated on 

agar according to the bacteria counting method. The percentage of Bacterial survival for E. coli and S. aureus as a function of time 

are shown in Figure 6. The bacteria reduction of Ag-HA nanocrystals exhibit dose-concentration and time-dependent features. The 

antibacterial rates of Ag-HA (0.05 ppm) are enhanced from 40% to 63% when the incubation time extended from 2.5 h to 15 h. 

Moreover, the antibacterial rate increases from 70% to 99% after 15 h incubation when the Ag doping concentration is enhanced 

from 0.05 ppm to 190 ppm. The effective antibacterial ability is defined as a percentage of bacteria reduction above 70% for S. 

aureus and E. coli.  
 

a     b 

 

 
        c 
 

 
 

Figure 6a: Percentage of bacteria survival for Escherichia coli as a function of time for (a) Ag-HA-1, (b) Ag-HA-3, (c) (b) Ag-HA-5 

Staphylococcus aureus 
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Antibacterial results shows that the antibacterial rates are 85% and 93% when 0.30 ppm and 2.3 ppm Ag-HA Nano crystals are come 

in contact with bacteria. The maximum Concentration that exhibits effective antibacterial 2.3 ppm. The effective antibacterial 

activity of ultra-trace Ag-HA reveals that high doping concentration of Ag-HA is not necessary to achieve effective antibacterial 

activity for HA, appropriate amount of ultra-trace silver doping can also be adopted as an ideal option. 

 

      a     b 

 

 
  

        c 

 
Figure 6b: Percentage of bacteria survival for Staphylococcus aureus as a function of time for (a) Ag-HA-1, (b) Ag-HA-3, (c) (b) Ag-HA-5 

 

The physical and chemical characteristics such as morphology, chemical composition and surface properties of surrounding medium 

can be affect the viability of Bacteria [37]. Previous research have been revealed that antibacterial activity of Ag-HA, it is resulted 

from the release of Ag+ [38]. The released of Ag+ will bind to proteins on the membrane, thereby causing structural changes and 

damage to the membranes [39]. It was reported that release Ag+ penetrates into cells and interacts with nucleic acids, preventing 

proliferation process and causing bacteria death [40]. 
 
In present research work Ag-HA (2.3 ppm) and Ag-HA (190 ppm), the bacteria were 90% and 99% reduced with the accumulated 

Ag+-release amount. However, the ultra-trace Ag-HA (0.30 ppm) also exhibited 82% bacteria reduction with Ag+ release. It may be 

due to the contact antibacterial process that causes bacteria death at the surface of Ag-HA nanoparticles. When the bacteria contact 

Ag-HA nanoparticles, the bacteria were killed due to the high concentration of Ag+ at Ag-HA surface. 
 
When the Ag concentration is 0.05 ppm accompanied by 63% antibacterial ratio upon further adding the doping concentration 2.3 

ppm, the antibacterial activity was enhanced unceasingly to 83%. When Ag concentration comes to 190 ppm, 99% of bacteria were 

killed. The two curves come into an intersection between 0.30 ppm and 2.3 ppm Ag-HA, which exhibited 85% antibacterial activity. 

It has been reported that the antibacterial properties of Ag were dose-dependent [32,41-43]. Ag-HA-5 shows good antibacterial 

activity at low concentration and in appropriate time.  

 

CONCLUSION 

 

In present work The structural, composition and cytotoxic properties of the pure HA and Ag-HA nanoparticles with different 

stoichiometric ratios prepared by a modified solution combustion technique have been studied in great detail. The physicochemical 

properties of the pure HA have been affected with the existence of Silver. The pure HA and Ag-HA nanoparticles having pure phase 

and almost identical particle sizes. EDS analysis confirmed the presence of pure HA and Ag-HA with stoichiometric ratio and this 

material could be applicable for the formation of new bone in vivo. HA nanoparticles doped with Ag possess effective antibacterial 

activity and in vitro noncytotoxicity. The antibacterial rate increases from 65% to 99% while the cell viability decreases from 97% to 

75% when the Ag-doping concentration varies from 0.05 to 190 ppm. The optimal properties with excellent cytocompatibility and 

antibacterial ability can be achieved when the Ag-doping concentration is between 0.30 ppm and 2.3 ppm. The antibacterial HA with  

Ag is non-toxicity to living cells and tissues even if the particles are internalized by cells. Hence, it is revealed that Taken together, 

Ag-HA nanocrystals are potentially applicable as bone substitution materials in tissue engineering. Ag-HA is an excellent candidate 

in the biomedical field.  
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