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The hydrothermal synthesis of hydroxyapatite nanoparticles (HANPs) followed by comprehensive characterization using XRD, SEM, 

TEM, XPS, FTIR, Raman spectroscopy, and cytotoxicity analysis, enabling systematic evaluation of the effects of hydrothermal 

processing and post-synthesis heat treatment on the structural properties and biological response of HANPs were carried out. In this work, 

calcium nitrate tetrahydrate, ammonium dihydrogen phosphate, and ammonia solution were used as precursors. The synthesized HANPs 

were subsequently heat-treated at 200 ºC, 300 ºC and 400 ºC, and the treated samples were evaluated for phase composition, structural 

morphology and cytotoxicity. The synthesized HANPs exhibited a hexagonal crystal structure with an average crystallite size of 24.87 

nm and the cytotoxicity results confirmed their biocompatibility. These structural and biological characteristics indicate that HANPs 

prepared through this method are promising biomaterials for potential biomedical applications, while the synthesis approach remains 

simple and cost-effective. 
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INTRODUCTION 

 Hydroxyapatite (HA) [Ca5(PO4)3(OH) or Ca10(PO4)6(OH)2] 

represents the highly stable form of calcium phosphate in a 

physiological environment [1]. Besides its relevance in many 

commercial utilities, it has numerous biomedical applications, 

such as dentistry and orthopedics [2]. Due to its diverse bio-

medical applications, biocompatibility, biodegradability, osteo-

conductivity and osteoinductivity, which support bone forma-

tion and remodelling, particularly in orthopedic treatments many 

researchers have extensively studied [3-9]. The compositional 

similarity of hydroxyapatite to human bone is a significant 

factor in this growing interest. Moreover, HA can chemically 

interact with natural bone due to its compositional similarity. 

In stoichiometric HA, the calcium-to-phosphorus (Ca:P) ratio 

is 1.67, although achieving this exact ratio is often challen-

ging, leading to the formation of non-stoichiometric phases 
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such as oxy-HA, calcium-deficient HA and carbonated HA. 

Despite having a density of approximately 3.16 g cm–3, the 

brittle nature of HA limits its use in load-bearing applica-

tions. Consequently, it is commonly employed as a coating 

material for biomedical implants to enhance surface bio-

activity and bone integration [10-13]. 

 Several synthesis methods have been explored for obtain 

hydroxyapatite nanoparticles (HANPs), broadly classified into 

dry methods, wet methods and high-temperature processes. 

Among these, wet methods include techniques such as chemi-

cal precipitation, emulsion, hydrolysis, sol-gel, sonochemical 

and hydrothermal synthesis [14-23]. Among these, the hydro-

thermal technique is the most often utilised approach for syn-

thesising HANPs. The reaction is carried out in an autoclave 

at elevated temperature and pressure, this facilitates the form-

ation of highly crystalline HANPs [24]. 

   

Asian Journal of Chemistry; Vol. 38, No. 3 (2026), 747-754 

 

 
 

https://doi.org/10.14233/ajchem.2026.35315 

 

https://orcid.org/0000-0002-7034-9983
https://orcid.org/0000-0002-0498-8162
https://orcid.org/0000-0003-4573-2478


748 Chavan et al.  Asian J. Chem. 

 The hydrothermal method is widely used for synthesising 

hydroxyapatite nanoparticles (HANPs) at the nanometer 

scale. The process begins with the pre-paration of suitable 

precursors containing the core elements of HA, calcium (Ca) 

and phosphorus (P). Common calcium sources include 

calcium nitrate, calcium chloride and calcium hydroxide, 

while phosphorus is typically supplied by phosp-horic acid 

or ammonium phosphate [21-28]. In current inves-tigation, 

calcium nitrate tetrahydrate has been utilised as a source of Ca 

and ammonium phosphate monobasic as a P source. The 

obtained HANPs were subjected to investigation of physio-

chemical characteristics and the biocompatibility analysis 

were also reported. 

EXPERIMENTAL 

 Preparation of hydroxyapatite nanoparticles (HANPs): 

All the reagents used were of analytical grade and procured 

from Sigma-Aldrich, USA. In brief, 0.085 M calcium pre-

cursor solution (Ca(NO3)2·4H2O) was prepared in deionized 

water, followed by dropwise addition of 2.355 M NH4OH 

under continuous stirring. Separately, 0.051 M NH4H2PO4 

solution was prepared and gradually added to the calcium 

containing solution while stirring for 30 min until the pH 

reached approximately 12. The resulting mixture was trans-

ferred into a Teflon-lined autoclave and subjected to hydro-

thermal treatment at 150 ºC for 24 h. After cooling, the pro-

duct was filtered, washed with ethanol and deionized water, 

and dried at 60 ºC for 6 h. The dried material was then ground 

into a fine powder and calcined at 300 ºC for 3 h to obtain 

HANPs.  

 Characterisation: The obtained HANPs were analysed 

for the phase composition, structural morphology and biocom-

patibility. The phase composition was characterised via X-ray 

diffraction (XRD) (AXS-D8-Advance, Bruker Ltd.), empl-

oying CuK radiation ( = 1.54 Å). All the measurements 

were executed over a 2θ span of 10º to 90º with an increment 

of 0.002º. The crystallite size (D) was calculated following 

the Scherrer equation (eqn. 1):  

  
0.9

D
cos


=
 

  (1) 

here  represents the wavelength of electromagnetic radiation 

(0.154 nm);  is the full width at half-maximum of the peak 

being analysed and  corresponds to the Bragg’s angle of the 

highest intensity diffracted peak. 

 Scanning electron microscope (SEM, JEOL, JSM IT-200) 

imaging of the microstructure was executed in high vacuum 

conditions at 20 kV of accelerating voltage. The information 

on the crystal orientation of HANPs was obtained by transmi-

ssion electron microscope (TEM, JEM 2100 PLUS, JEOL 

Asia PTE Ltd). An acceleration voltage of 200 kV was used 

for the acquisition of TEM micrographs. X-ray photoelectron 

spectroscopy (XPS) analysis of HANPs was performed on 

XPS, JPS 9030, JEOL Asia PTE Ltd. The test was executed 

under high vacuum conditions, ranging from 10–6 to 10–7 Pa. 

Raman spectrum in the 100 to 4000 cm–1 range was recorded 

using Renishaw INVIA 0120-02, UK. The diode laser source 

( = 532 nm) with spectral resolution 0.5 cm–1 was used for 

analysis. The FTIR analysis (Alpha, Bruker) was carried out 

in the 4000-400 cm–1 region to identified the functional groups 

and characterised the covalent bonding information of HANPs. 

 Cytotoxicity studies: The MTT assay was employed to 

determine the cytotoxicity of the HANPs sample using L929 

(normal fibroblast) cells. The L929 cell suspension media 

utilised in the analysis contained DMEM with high glucose 

(HiMedia), FBS (Gibco) and antibiotic-antimycotic 100X 

solution (Thermo-Fisher Scientific). The cell suspension was 

introduced consistently at a density of 104 cells per well in 

triplicate into a 96-well plate and maintained for 24 h in 

humidified conditions with 5% CO2 at 37 ºC. The cells were 

exposed to HANPs and the standard (fluorouracil, 5-FU) at 

five different concentrations ranging from 20 to 100 g/mL. 

Control wells, consisting of cells incubated with 0.2% DMSO 

in PBS (phosphate-buffered saline), were served to establish 

baseline cell viability. The culture medium was then removed 

after treatment and 20 L of MTT reagent (5 mg/mL in PBS) 

was subsequently added. The plates went through an addi-

tional 4 h incubation at 37 ºC in a CO2 incubator to enable the 

formation of formazan crystals. The medium was then dis-

carded, followed by the addition of 200 L of DMSO to 

solubilize the formazan crystals. Incubation of the plates was 

continued at 37 ºC in dark for an additional 10 min. The 

absorbance at 550 nm was captured using a microplate reader 

and the resulting data was used to evaluate cell viability by 

the absorbance differences between treated samples and the 

control.  

RESULTS AND DISCUSSION 

 XRD studies: The crystalline structure and phase charac-

teristics of HANPs [Ca5(PO4)3(OH)], before and after calci-

nation, were evaluated with the help of XRD technique. The 

XRD diffractograms of HANPs with and without calcination 

are illustrated in Fig. 1. The signals on XRD patterns of HANPs 

show the hexagonal crystal system with the space group P63/m. 

Further, it revealed the polycrystalline nature of HANPs with 

the preferred orientation along the (121) plane.  

 

 
Fig. 1. XRD patterns of HANPs, with and without calcination 
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It can also be observed that the HANPs without calci-

nation show low crystallinity as compared with the calcinated 

HANPs. The most prominent signals for HANPs are the 

peaks at 31.80º and 32.90º, attributed to the crystallisation 

planes (121) and (300), respectively. The index Miller peaks 

(002), (202), (310) and (222) further extended the concurr-

ence of the results and consistent with previous reports 

[29,30]. Furthermore, the crystallite size of 27.18 nm was 

obtained using the Scherrer equation (eqn. 1). The obtained 

patterns are also in good consistency with the characteristic 

patterns of pure-HA as in the reference ICDD-01-084-1998 

(Fig. 2). It is obviously observed that calcination of HANPs 

increased their crystallinity, as evidenced by sharper and more 

intense XRD peaks compared to uncalcined sample, consis-

tent with previous reports [31-34]. Therefore, calcined HANPs 

were used for further analysis. 

 Rietveld refinement generated lattice parameters of hydro-

thermally synthesised HANPs as a = b = 9.41 Å, c = 6.88 Å, 

 =  = 90º and  = 120º. These parameters corroborated the 

hexagonal phase of HANPs [10]. Fig. 3 depicts the crystal 

structure of HANPs. 

 

 
Fig. 3. Crystal structure of calcinated HANPs 

 

 Surface morphology: The images obtained from the SEM 

of calcinated HANPs are displayed in Fig. 4a-b. These images 

mirrored a high degree of agglomeration in the HANPs. The 

spherical particles of HANPs exhibiting clumped distributions 

are visible, which is potential indicator of Ostwald ripening 

contributing to the observed agglomeration [35]. Fig. 4c shows 

the EDX spectrum of hydrothermally synthesised HANPs. 

The spectrum confirms the presence of Ca, P and O, with 

atomic percentages of 19.24, 12.00 and 68.75, respectively, 

yielding a Ca/P ratio of 1.60, which is close to the stoichio-

metric value. 

 TEM image (Fig. 5a) revealed a cylindrical morphology 

of the nanoparticles, with an average particle diameter of 

approximately 28.1 nm, indicating that the size and morpho-

logy of the synthesized HANPs are comparable to those of bone 

hydroxyapatite [34]. Fig. 5b shows the elemental mapping of 

different constituent elements of HANPs and it is inferred 

that the distribution of elements such as Ca, O and P is uniform. 

This characteristic, with its abundance of active sites, is expe-

cted to enhance the efficacy of the HANPs in various applica-

tions. 

 XPS studies: The survey and narrow scan spectra of the 

HANPs sample are displayed in Figs. 6 and 7, respectively. 

Table-1 shows the elements, their binding energy and respec-

tive XPS narrow scan analysis assignments. Fig. 6 shows 

characteristic XPS peaks corresponding to C 1s, O 1s, P 2p, 

Ca 2p, Ca 3p, Ca 3s and Ca LMM, confirming the presence 

of the primary constituent elements of hydroxyapatite, namely 

Ca, P and O [36]. The C 1s peak at approximately 285 eV is 

commonly attributed to adventitious carbon contamination, a 

typical feature in XPS spectra [36], thereby supporting the 

identification of HA in the sample. 

 Fig. 7 presents the high-resolution XPS spectra used to 

examine the chemical states of Ca, P, O and C in the sample. 

The Ca 2p spectrum (Fig. 7a) shows peaks at 348.37 eV (Ca 

2p3/2) and 351.85 eV (Ca 2p1/2), with a splitting of 3.48 eV, 

confirming the +2 oxidation state of calcium [36-40]. The  

P 2p spectrum (Fig. 7b) displays a peak at 134.30 eV, corres-

ponding to phosphate (PO4
3–) and indicating P5+ in hydroxy-

apatite [36,39]. The O 1s spectrum (Fig. 7c) shows a peak 

centered at ≈532 eV, attributed to oxygen in phosphate and 

hydroxyl groups [37-39,41]. The C 1s spectrum (Fig. 7d) 

exhibits a peak at 285 eV, typically associated with extrane-

ous carbon used as a charge reference [37,39,42]. Thus, the 

binding-energy values of Ca 2p, P 2p, and O 1s are consistent 

with stoichiometric hydroxyapatite, confirming the formation 

of a well-defined HA phase. 

 

Fig. 2. (a) Rietveld refinement of HANPs and (b) Stick pattern of calcinated HANPs 



750 Chavan et al.  Asian J. Chem. 

 Raman spectral studies: Raman spectrum of hydro-

thermally synthesised HANPs is shown in Fig. 8. A high-

intensity band at 960 cm–1 correspond to the symmetric 

stretching mode (ν1) of phosphate, which is a distinctive peak 

of HA [12,43-47]. The asymmetric stretching mode (ν3) of 

PO4
3– was detected in the 1095-1020 cm–1 range, whereas the 

symmetric bending mode (ν2) of PO4
3– ion was appeared in 

the 490-400 cm–1 region [12,44]. On the other hand, the asy-

mmetric bending mode (ν4) of PO4
3– and its components was 

observed between 625 and 570 cm–1. Furthermore, the OH– 

stretching vibrations appeared weak at 3572 cm–1 [43,48] 

(Table-2). Thus, the peaks stretching vibrations of the PO4
3– 

ion and OH– ion affirm the formation of HANPs. 

TABLE-2 

RAMAN BAND POSITIONS AND VIBRATIONAL 

ASSIGNMENT OF CALCINATED HANPs 

Wavenumber (cm–1) Band assignment 

962 1 Symmetric stretching mode of PO4
3– 

434 2 (PO4
3– internal modes) 

598 4 (PO4
3– internal modes) 

1051 3 (PO4
3– internal modes) 

3572 OH stretch 

  

 FTIR spectral studies: Fig. 9 shows the FTIR spec-

trum of HANPs calcinated at 300 ºC for 3 h. The inset of the 

figure further illustrates the band assignment of the HANPs  

 

Fig. 4. (a) SEM images of calcinated HANPs at 500x, (b) SEM images of calcinated HANPs at 2000x, (c) EDS spectrum of calcinated HANPs 

 
TABLE-1 

ELEMENTS, BINDING ENERGY AND ASSIGNMENTS OF XPS NARROW SCAN ANALYSIS OF CALCINATED HANPs 

Element Narrow scan Binding energy (eV) Assignment Ref. 

Ca Ca 2p Ca 2p3/2-348.37 eV +2 oxidation state of Ca [36] 

Ca 2p1/2-351.85 eV [37] 

P P 2p 134.30 +5 oxidation of phosphorus [36,39] 

O O 1s 532 Presence of oxygen in phosphate (PO4
3–) and hydroxyl (OH–) group [37,39,41] 

C C 1s 285 Adventitious carbon indicating C-C bonds [37,42] 
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Fig. 5. (a) TEM image of calcinated HANPs, (b) Elemental mapping of the 

constituent elements of HANPs 

 
Fig. 6. Survey scan spectrum of HANPs 

 

over the 1200-400 cm–1 region. The O–H stretching band at 

3572 cm–1 is characteristic of structural hydroxyl groups in 

hydroxyapatite (HA), confirming their presence in the crys-

talline HA lattice [49,50]. The PO4
3– vibrational bands obser- 

 

Fig. 7. Narrow scan spectrum of (a) Ca 2p (b) P 2p (c) O 1s (d) C 1s 
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Fig. 8. Raman spectrum of hydrothermally synthesised HANPs 

 

 
Fig. 9. FTIR spectrum of calcinated HANPs 

 

ved at 1035 cm–1 (ν3 asymmetric stretching), 962 cm–1 (ν1 

symmetric stretching), and 603 and 565 cm–1 (ν4 bending 

modes) represent the principal stretching and bending vibra-

tions of PO4
3– groups, thereby confirming the presence of 

PO4
3– units in the HANPs sample. The absence of significant 

CO3
2– bands (~1420 cm–1, 870 cm–1) proposes low or no 

CO3
2– substitution, meaning the HA is not significantly car-

bonated [51]. Thus, the FTIR spectrum strongly suggests HA 

as the primary phase, with good crystallinity. 

 Cytotoxicity studies: The MTT assay method was emp-

loyed to evaluate the in vitro cytotoxicity of HANPs [52,53]. 

The microscopic images, observed with the inverted phase 

contrast microscope of L929 fibroblast cells cultured along 

with control, standard and HANPs in a 96-well plate for 24 h 

are shown in Fig. 10. In Fig. 11, the graphical representation 

depicts the viability of L929 fibroblast cells after exposure to 

the varying HANPs dosages (20, 40, 60, 80, 100 g/mL) for 

24 h. The results demonstrated a dose-dependent increase in 

cytotoxicity, wherein higher HANP concentrations caused a 

gradual rise in cell inhibition and a corresponding drop in cell 

viability [54,55]. 

 

 
Fig. 11. Viability data of L929 fibroblast cells after exposure to different 

concentrations of HANPs for 24 h 

 

 Materials demonstrating less than 30% cell inhibition are 

generally considered cytocompatible according to ISO 10993-5 

[56,57]. Across the tested concentration range, the HANPs 

showed acceptable variation in inhibition against the normal 

fibroblast cell line, with cell viability consistently above 70%, 

indicating the acceptable cytocompatibility under the studied 

conditions. 

 

 

Fig. 10. Microscopic images of L929 fibroblast cells cultured in 96-well plate (a) control, (b) standard and (c) HANPs 
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Conclusion 

 In this study, hydroxyapatite nanoparticles (HANPs) were 

successfully synthesised using the hydrothermal method and 

characterised. The XRD analysis revealed the polycrystalline 

nature of HANPs with phase purity. SEM and TEM analysis 

demonstrated that the HANPs have well-defined morph-

ology. The cylindrical morphology of HANPs, with an average 

diameter of 28.1 nm, gives a high surface-to-volume ratio. 

XPS further substantiated the chemical composition, ensuring 

the key elements in the expected oxidation states are present. 

The binding energies of P 2p, O 1s and Ca 2p closely corres-

pond to those of stoichiometric HA, confirming the formation 

of a well-structured HA phase. FTIR and Raman analyses 

confirmed the featured functional groups and vibrational 

modes of HA, reinforcing the structural integrity of HANPs. 

The biological evaluation through cytotoxicity assessment 

using L929 fibroblast cells and the MTT assay proved that 

the grown HANPs are non-toxic. Thus, based on these resi;ts, 

the structural and biological properties of HANPs support 

medical applications, while future studies may focus on in 

vivo evaluation and functionalization for clinical use. 
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