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A B S T R A C T   

The efficacy of hydroxyapatite (HAp) in a specific application depends on certain characteristics such as crys-
tallographic parameters, phase, morphology, dimensional anisotropy, particle size, etc. The calcination tem-
perature plays a crucial role in these properties, and selecting the optimum temperature for the intended 
application is very crucial. In this study, HAp was produced using eggshell of chicken, a type of poultry waste. 
The synthesis was carried out using the solid-state method. Subsequently, the material was subjected to calci-
nation at three different temperatures: 750 ◦C, 850 ◦C, and 950 ◦C. The prepared S-HAp samples underwent 
characterization through XRD, FTIR, Raman, FESEM, EDX, DLS particle size (hydrodynamic diameter), and zeta 
potential. Crystallographic parameters, such as crystallite size (CS), degree of crystallinity (CI), lattice mea-
surements, density of dislocations, micro-strain, and the proportions of β-TCP in terms of percentage and volume, 
were also calculated. CS was calculated using five methods and CI was estimated using XRD, FTIR and Raman 
data. The biomedical competency of S-HAp samples in terms of cytotoxicity, hemolysis, antibacterial activity and 
bioactivity was investigated. Variance in crystallographic parameters with respect to calcination temperature 
was observed, although variance in biomedical competency was insignificant. The S-HAp samples synthesized 
using poultry waste were found to be highly biocompatible, bioactive, and antibacterial as well.   

1. Introduction 

The endeavor of deciphering the construction of natural bone started 
centenaries aback, followed by gradual understanding and success upon 
exploration. Calcium phosphates, the hierarchical building blocks of the 
bone, are structured in a lamellar or layer-by-layer manner [1]. The 
applicability of calcium phosphate ceramics was first proposed in 1920 
by Albee and Morrison, who observed rapid bone growth while treating 
bone defects [2,3]. Six years later, in 1926, Dejong identified the mineral 
phase of hydroxyapatite (HAp) as the constituent of bone, which pio-
neered the exploration of synthetic HAp as a replacement for bone as 
well as other biomedical applications [4,5]. In 1958, Posner et al. made 
significant advancements in terms of the crystallographic structure 
determination of HAp acquired from chemical precipitation [6]. 
Analyzing the HAp crystallographic properties is a very ancient yet 

crucial approach. 
HAp, the major inorganic constituent that accounts for 65–70 % of 

bone, has gained the terminology of ``bio-material’’ on account of its 
sublime bio-compatibility and excellent interaction with bone, even 
under sluggish conditions [7]. Owing to such, HAp has generated sig-
nificant attention in the field of biomedicine, i.e., implantation or 
prostheses in orthopedics, maxillofacial and dental surgery, reparation 
or substitution of hard tissues [8–10]. Apart from biomedical applica-
tions, HAp is also used in areas such as chromatography, catalysis, gas 
sensing, environmental remediation, etc. [11–13]. The synthesis of 
high-quality HAp with appropriate biocompatible qualities is currently 
the subject of extensive research, as is the hunt for cost-effective, 
non-polluting production techniques [14]. The processes that are 
frequently employed for HAp synthesis include chemical precipitation 
[15], sol–gel [16], hydrothermal [17], solid-state [18], microwave 
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irradiation [19], UV radiation [20], gamma radiation [21]. All these 
reported techniques have their own demerits; for instance, chemical 
precipitation entails a specific pH value, which is usually high; potential 
for phosphate hydrolysis and the costly nature of raw materials are two 
disadvantages of the sol–gel process; limited implementation of the 
hydrothermal process due to inadequate morphology control [22]. 
Conversely, the solid-state technique is commonly employed to produce 
a diverse array of materials through the interaction of powdered sub-
stances with high-energy ceramic grinding media within mills. Due to its 
rapid reaction time, relatively low temperature demands, and potential 
to yield materials with distinct characteristics, this approach has been 
utilized for many years to generate metastable crystalline and amor-
phous phases, along with nanostructured materials. Such outcomes are 
unattainable with traditional methods [23]. 

Waste-utilized synthesis of HAp is a well-known technique that is 
widely accepted in the scientific community. The major wastes that are 
being utilized for HAp synthesis include mammalian (bovine, camel, 
horse, pig bone, etc.), marine (fish bone and scale), shells (egg, mussel, 
clam shell, etc.), etc. [24]. HAp synthesized from these origins offers the 
advantage of being cost-effective and readily available. Additionally, it 
contains minerals like Mg, K, Na, and Zn, enhancing its bioactivity, 
osteoconductivity and osseointegration of bone regeneration [25,26]. 
Among these wastes, eggshell is the 15th biggest food industry pollution 
issue, and improper disposal of this waste poses a health risk owing to 
fungal growth on the eggshells [27]. About 9–12 % of an egg’s weight is 
made up of its shell, and this shell contains about 94–97 % of CaCO3, 
which makes it an excellent source of Ca for the synthesis of HAp [12]. 

Herein, solid-state synthesis of HAp was carried out utilizing waste 
chicken eggshell (WCE), and calcination was done at three different 
temperatures. The impact of varying calcination temperatures on 
properties, particularly crystallographic parameters, was examined. 
Furthermore, the influence of temperature on the biomedical perfor-
mance of the synthesized S-HAp samples, including cytotoxicity, he-
molysis, bioactivity, and antibacterial activity, was studied. All samples 
exhibited noteworthy biomedical effectiveness with minor distinctions, 
rendering them suitable for use in biomedical applications. 

2. Materials and methods 

2.1. Materials 

As a source of Ca, WCE was chosen and only the white WCEs were 
collected, washed, boiled, membrane separated and dried. The dried 
WCEs were then ball milled to produce fine powder. Di-ammonium 
hydrogen phosphate (DAHP) was procured form E. Merck, Germany. 
All the chemicals utilized were of analytical quality and were employed 
without any additional processing. 

2.2. Methods 

2.2.1. Synthesis of hydroxyapatite 
Solid-state route was followed for the synthesis of HAp as reported in 

our previous works [12,13,28]. The quantity of Ca and P precursors 
relies on achieving the theoretical Ca/P ratio of 1.67. Considering that 
the batch of WCE contained 95 % CaCO3, a mixture of 40 g of WCE 
powder and 30 g of DAHP was used based on this composition. This 
mixture underwent ball milling at a speed of 450 revolutions per minute 
for a duration of 6 h. The ball milled powder was split into three seg-
ments, each of which underwent calcination at temperatures of 750 ◦C, 
850 ◦C, and 950 ◦C for 30 min, with a gradual temperature increase of 
5 ◦C per minute. The S-HAp samples were labelled as S-HAp750, 
S-HAp850, S-HAp950 and stored air tightly. The reaction involving the 
solid-state route is shown below and the synthesis procedure is illus-
trated in Fig. 1. 

10 CaCO3 + 6 (NH4)2HPO4 →Calcination
(1 − x)Ca10(PO4)2(OH)2

+ 3xCa3(PO4)2 (1)  

2.2.2. Characterization techniques 
Different characterization techniques were employed to assess the 

characteristics of the synthesized S-HAp samples (S-HAp750, S-HAp850 
and S-HAp950). Firstly, confirmation of HAp phase was done with X-ray 
powder diffractometry (Rigaku Smart Lab XRD, scan range 5◦ to 70◦, 
scanning rate 30◦/min, CuKα radiation with wavelength of 1.54060 Å, 
voltage and current of 40 kV and 50 mA respectively and the fixing step 
was 0.01◦). FTIR (Fourier-transform infrared spectroscopy using an IR 
Prestige21 instrument with MIRacle10 ATR) and Raman spectroscopy 
(performed using the HORIBA Macro-RAM™ system) were conducted to 
analyze functional groups. Examination of morphology and elemental 
composition were done with field-emission scanning electron micro-
scopy (FESEM) and energy-dispersive X-ray spectroscopy (EDX) (oper-
ating conditions: accelerating voltage 15 kV; probe current 1 nA and 
energy range 0–20 keV) with a JEOL JSM-7610F instrument. For 
assessing hydrodynamic diameter and zeta potential, dynamic light 
scattering (DLS) was performed using a Malvern Panalytical Zetasizer 
Ultra particle size analyzer. 

2.2.3. Determination of crystallite size (CS) 
For crystalline materials, the distinction between ``crystallite size’’ 

and ̀ `particle size’’ is crucial. XRD is regarded as an effective and potent 
instrument for determining the size of crystallites [29]. Four different 
methods based on the XRD data was exploited for determining the CS of 
the synthesized S-HAp samples [30]. Table 1 represents the methods, 
equations and the calculation techniques for CS. 

2.2.4. Determination of crystallinity index (CI) 
Crystallinity is an important property to consider when selecting 

HAp for biomedical applications, since it is directly related to the 
bioactive response. CI gives the quantitative measurement of crystal-
linity and hence, the crystallinity index of S-HAp750, S-HAp850 and S- 
HAp950 was measured. CI was measured using three techniques: XRD, 
FTIR and Raman data and the calculations were based on the following 
equations [34,35], 

CI = Xs =

(
Ka

β(211)

)3

(2)  

CI = CIXRD =
∑H(2 0 2) + H(3 0 0) + H(1 1 2)

H(1 2 1)
(3)  

Fig. 1. Synthesis procedure of HAp by solid-state route.  
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CI = XC = 1 −
V112/300

I300
(4)  

CI = CIFTIR− Height =
A603 + A567

A590
(5)  

CI = CIFTIR− Absorbance =
Ab1030

Ab1020
(6)  

CI = CIRaman = FWHM960 (7) 

Here, Ka = constant = 0.24, β(211) indicates full width half maximum 
(FWHM) at the (211) plane. The heights of the peaks at the (202), (300), 
(112), and (121) planes are represented by H(2 0 2), H(3 0 0), H(1 1 2), and 
H(1 2 1) respectively. V112/300 stands for the intensity in the valley be-
tween the (112) and (300) planes. The intensity of the (300) plane is 
designated as I300. Furthermore, A603, A567, and A590 signify the absor-
bance of FTIR peaks at wavenumber positions 603, 567, and 590 cm− 1. 
Ab1030 and Ab1020 refer to the absorbance of FTIR peaks at positions 
1020 and 1030 cm− 1. Lastly, FWHM960 corresponds to the FWHM at the 
Raman shift of 960 cm− 1. 

2.2.5. Bioactivity study 
The assessment of the bioactivity of the produced S-HAp750, S- 

HAp850, and S-HAp950 was conducted by observing the development 
of apatite within simulated body fluid (SBF). The process entails placing 
the S-HAp samples into a simulated body fluid (SBF) solution and 
keeping them at 37 ◦C within an incubator for a duration of 21 days. 
Prior to and subsequent to immersion in SBF, FESEM images were 
captured. The SBF solution, with a pH of 7.4, was prepared using the 
method previously documented. [36]. 

2.2.6. Cytotoxicity test 
The cytocompatibility of the S-HAp samples were assessed following 

the Trypan blue exclusion test reported elsewhere [20,21,37]. The 
cytotoxic response of hydroxyapatite was observed in Vero Cell line (CLS 
605372, Germany) of kidney epithelial cell (African green monkey). Cell 
culture was done with Dulbecco’s Modified Eagles Medium (DMEM) 
which was made with 10 % (v/v) fetal bovine serum, 1 % penicillin – 
streptomycin (100 U mL− 1) and 0.1 mg mL− 1 of neomycin; incubation 
temperature was maintained at 37 ◦C with 5 % (v/v) CO2. The S-HAp 

samples underwent steam sterilization, and an evaluation was per-
formed using the cultured cell line at three distinct concentrations for 
each sample (50, 100, and 200 μg/mL). The response of the cell line to 
the S-HAp samples was monitored over a 72-h period, after which the 
cell count was performed using an automated cell counter (LUNA-II™, 
Analytikjena). The identical experiment was repeated three times for 
every sample, and cell viability was quantified using the subsequent 
equation, 

Cell viability =
Number of live cells
Total number of cells

× 100 % (8)  

2.2.7. Hemolysis assay 
The hemolysis assay of the S-HAp samples was carried out by 

following the procedure reported by Padmanabhan et al. [38]. With the 
aid of anti-coagulant heparin, human blood samples were collected and 
incubated at 37 ◦C for 1 h. Three concentrations (50, 100 and 200 
µg/ml) were chosen for each S-HAp sample and solutions were prepared 
using sterilized phosphate buffer saline (PBS). All these 9 samples were 
then mixed with the incubated blood samples (0.4 ml each) and sub-
jected to further incubation for 1 h. Similar procedure was followed 
except no S-HAp samples were added. In this case, the PBS acted as the 
negative control and de-ionized water was the positive control. 
Following the incubation period, the specimens underwent centrifuga-
tion at a speed of 5000 rpm for 5 min, and the resulting liquid above the 
sediment was gathered. Absorbance measurements of these collected 
liquids were taken at 545 nm using a UV–vis spectrophotometer. This 
absorbance data depicts the release of hemoglobin as a result of red 
blood cell lysis and using this phenomenon, following equation helps in 
calculating the% of hemolysis [39], 

% Hemolysis =
Dt− Dnc

Dpc − Dnc
× 100 (9) 

Here, Dt = absorbances of S-HAp test samples, Dnc = negative control 
and Dpc = positive control. 

2.2.8. Antibacterial study 
The antibacterial activity of the S-HAp samples was evaluated 

against Staphylococcus aureus (ATCC 9144) and Escherichia coli (ATCC 
11303) following the well diffusion method described earlier [40]. 
Briefly, Mueller–Hinton Broth (MHB) was used for bacterial colony 
culture where 4 wells of 6 mm diameter were made with sterile 
micropipette tips. Three of the wells were loaded with 400 µg/ml of 
S-HAp samples and 5 % dimethyl sulfoxide (DMSO) was put in the 
remaining well. Kanamycin (30 µg) was also introduced as a positive 
control. After 24 hrs of incubation, zone of inhibition was calculated. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

Phase composition analysis of the S-HAp samples were conducted 
using X-ray diffraction. This analysis helped in determining the purity of 
the HAp phase and its crystallographic as well as structural properties. 
Fig. 2 depicts the XRD patterns of S-HAp750, S-HAp850, and S-HAp950. 
The XRD patterns of all the specimens indicated the existence of the HAp 
phase, as evidenced by the characteristic peaks at 31.8◦ (211), 32.2◦

(112), and 32.9◦ (300). However, a secondary peak was also observed at 
around 31.06◦ for S-HAp750, 31.07◦ for S-HAp850 and 31.10◦ for S- 
HAp950, all correspond to the (0210) plane is indicative of the presence 
of β-tricalcium phosphate (β-TCP) (ICDD PDF card no: 04-006-9376) 
[28,41]. Upon examining the X-ray diffraction patterns, it became 
apparent that as the sample was subjected to heating up to 950 ◦C, the 
intensity of the HAp peaks progressively amplified. This suggests that 
the quantity and dimensions of the hexagonal-dipyramidal nanocrystals 
within the powdered particles expanded with the rising temperature 

Table 1 
Crystallite size calculation of S-HAp750, S-HAp850, S-HAp950 by four different 
methods.  

No. Method Equation 
(rearranged) 

Plot CS 
calculation 

Ref. 

1. Monshi–Scherrer 
(M–S) 

lnβ = ln
kλ
D

+

ln
1

cosθ 

ln
1

cosθ 
(x 

axis) 
lnβ (y axis) 

ln
kλ
D

=

Intercept 
[31] 

2. Halder–Wagner 
(H–W) 

( β
tanθ

)2
=

Kλ
D

βcosθ
sin2θ

+

16ε2 

βcosθ
sin2θ 

(x 

axis) 
( β
tanθ

)2
(y 

axis) 

Kλ
D

= Slope [32] 

3. Williamson–Hall 
(W–H) 

β.cosθ =
Kλ
D

+

4εsinθ 

4sinθ (x 
axis) 
β . cosθ (y 
axis) 

Kλ
D

=

Intercept 
[33] 

4. Size-strain plot 
(SSP) 

(dβcosθ)2
=

Kλ
D

×

(d2βcosθ) +
ε2

4  

d2βcosθ (x 
axis) 
(dβcosθ)2 

(y axis) 

Kλ
D

= Slope  [32] 

Here, β = full width half maxima (FWHM); K = Scherrer’s constant also known 
as shape factor (0.9); λ is the wavelength of X-ray (0.154060 nm); D = crystallite 
size (nm); d = interplanar distance or d-spacing; ε = micro-strain. 
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[42]. The experimental results were juxtaposed with the established 
JCPDS dataset (card no: 01-084-1998) [43,44]. 

Using the data acquired from XRD, crucial crystallographic param-
eters including lattice dimensions, volume of the hexagonal unit cell, 
average crystallite size, density of dislocations, micro-strain, proportion 
of HAp and β-TCP, and volume fraction of β-TCP can be computed 
through the following Eqs. (10)–(17), 

1
d2 =

4
3

(
h2 + hk + k2

a2

)

+
l2

c2 (10)  

V =
√3
2

a2c (11)  

D =
kλ

βcosθ
(12)  

δ =
1

D2 (13)  

ε =
β

4tanθ
(14)  

% of HAp =
IHAp (2 1 1)

IHAp (2 1 1)+ Iβ− TCP (0 2 10)

× 100 (15)  

% of β − TCP =
Iβ− TCP (0 2 10)

IHAp (2 1 1)+ Iβ− TCP (0 2 10)

× 100 (16)  

XB =
PWB

1 + (P − 1)WB
(17) 

The expressions for the aforementioned equations can be stated as 
follows: d denotes the inter planar distance; a, b, c represent the di-
mensions of the unit cell; h, k, l symbolize the Miller indices; V stands for 
the volume of the hexagonal HAp unit cell; δ corresponds to the density 
of dislocations; ε represents the micro-strain; IHAp(211) signifies the in-
tensity of the peak at the (211) plane of HAp, while Iβ-TCP(0210) signifies 
the intensity of the peak at the (0210) plane of β-TCP. XB denotes the 

proportion of the volume occupied by β-TCP; p is a constant (2.275); WB 
represents the calculated percentage of β-TCP. Lattice parameters and 
JCPDS values are summarized in Table 2, while Table 3 provides the 
calculated crystallographic values for S-HAp750, S-HAp850, and S- 
HAp950. 

According to Table 3, with increasing calcination temperature, 
crystallite size, dislocation density and micro-strain decreases. On the 
other hand, % of HAp increases with decreased volume fraction of 
β-TCP. The decrease in micro-strain as calcination temperature increases 
can be attributed to several factors. Higher temperatures promote 
improved crystallinity by reducing structural defects and lattice distor-
tions, leading to a more ordered crystal structure. The process also en-
courages the removal of imperfections within the lattice and facilitates 
the growth of larger crystallites, thereby reducing strain at grain 
boundaries. Thermal annealing effects during calcination help relieve 
internal stresses and stabilize the crystal lattice [45,46]. 

3.2. FTIR analysis 

The FTIR analysis verified the existence of significant functional 
groups in S-HAp, namely PO4

3- and OH− . In some cases where carbonate 
containing compounds are used as a precursor, detection of CO3

2- group 
is also important as it reflects the integrity of synthesized HAp. The FTIR 
spectrum of S-HAp750, S-HAp850 and S-HAp950 are presented in Fig. 3. 
The verification of HAp formation is mainly established through the 
detection of PO4

3− group which had three main bands in the infrared 
spectrum; at around 560 cm− 1, 600 cm− 1 and 1000–1100 cm− 1 [22]. 
The band observed at approximately 1022 cm− 1 aligned with the 
asymmetric stretching vibration (ν3), while the bands ranging from 560 
to 600 cm− 1 matched the bending vibration (ν4) of the PO4

3− group [28]. 
Less intense band was observed at around 960 cm− 1 which corresponds 
to the symmetric stretching vibration (ν1) of PO4

3- group [22]. 
At higher wavenumber region, all the three S-HAp samples showed 

bands at 3572 cm− 1 which can be assigned to the bending mode of OH−

group. Conversely, within the lower wavenumber range, a band at 630 
cm− 1 was detected in all samples with varying intensity, aligning with 
the bending vibration of the OH− group [47]. The presence of CO3

2− was 

Fig. 2. X-ray diffraction patterns of synthesized S-HAp750, S-HAp850 and S-HAp950.  
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observed by the detection of bands at the wavenumbers of ~1420 cm− 1 

(B type) and ~873 cm− 1 (A type) which are denoted as the carbonyl 
stretching modes from the CO3

2− group [48,49]. Although presence of 
such minute scale of CO3

2− is hard to detect through XRD, existence of 
such increases the solubility of HAp which has been observed via in-vivo 
and in-vitro experiments [22]. No broad bands were observed at the 
wavenumber region 3300–3600 cm− 1 for all the three samples, meaning 
the absence of adsorbed H2O. 

3.3. Raman analysis 

Raman spectroscopy was exploited to analyze the S-HAp samples 
which had been calcined at three different temperatures. The objective 
of the analysis was to investigate the Raman spectral shifts of the 
functional groups within the sample and to confirm the presence of 
apatite phase. In addition, the crystallinity of materials which have been 
produced under different reaction conditions, especially for HAp, can be 
evaluated using this spectroscopic technique. This data can be utilized to 
comprehend the influence of reaction conditions on the material’s 
structure and characteristics [50]. 

Fig. 4 shows the Raman spectrum of the synthesized S-HAp samples 
(calcined at 750, 850 and 950 ◦C). The most intense and sharpest peak 
which is typical for the apatite phase was detected at ~965 cm− 1 for all 
three samples. This peak is attributed to the symmetric stretching vi-
bration (ν1) of the PO4

3− group. The intensity of this peak grew alongside 
the rise in calcination temperature, a trend that has been documented in 
earlier literature as well [51]. The stretching vibration of asymmetric 
P-O bonds (ν3) was identified within the range of approximately 1049 to 
1079 cm− 1 [52,53]. The other peaks to be mentioned are O-P-O sym-
metrical bending (ν2) found at around ~435 cm− 1 and triplet degenerate 
vibration, also termed as anti-symmetrical bending (ν4) vibrations 
observed within 581 cm− 1 to 611 cm− 1 [54–56]. 

Table 2 
Lattice parameters of synthesized S-HAp750, S-HAp850 and S-HAp950.  

Material Lattice dimension (ICDD reference code 01-084-1998) Lattice dimension (Experimental) 

S-HAp750 a = b = 9.42 Å 
c = 6.87 Å 
V = 527.91 Å3 

a = b = 9.42 Å 
c = 6.88 Å 
V = 527.99 Å3 

S-HAp850 a = b = 9.41 Å 
c = 6.87 Å 
V = 527.11 Å3 

S-HAp950 a = b = 9.40 Å 
c = 6.86 Å 
V = 525.84 Å3  

Table 3 
Crystallographic parameters of S-HAp750, S-HAp850 and S-HAp950.  

Parameters S- 
HAp750 

S- 
HAp850 

S- 
HAp950 

Crystallite size (nm) 
For HAp 56.97 90.77 101.74 
For β-TCP 57.66 65.96 64.93 
Average Crystallite size: HAp + β-TCP 

(nm) 
57.32 78.37 83.34 

Dislocation Density (×10− 3 lines/nm2) 0.29 0.12 0.09 
Micro-strain 0.13 0.08 0.07 
% of HAp 57.55 70.40 79.52 
% of β-TCP 42.45 29.60 20.48 
Volume fraction of β-TCP 2.11 1.08 0.63  

Fig. 3. FTIR spectrum of synthesized S-HAp750, S-HAp850 and S-HAp950.  
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3.4. CS estimation 

Typically, the term "crystallite size" refers to the coherent volume of 
a substance for a particular diffraction peak. It also relates to the grain 
size for a powdered sample, and to the thickness for polycrystalline thin 
films [57]. The size of the crystallites is a significant aspect that impacts 
the physical attributes of materials, particularly nano-materials. CS must 
be carefully controlled when creating materials with certain qualities. 
Since CS is correlated with the broadening of the diffraction peak, in-
formation on CS can be obtained using XRD technique [58]. The use of 
the Scherrer equation (shown in Eq. (12)) is the most well-known 
technique for determining the CS. Apart from Scherrer equation, four 
different methods were used to determine the CS of S-HAp samples: 
Monshi–Scherrer (M–S), Halder–Wagner (H–W), Williamson–Hall 
(W–H) and Size-Strain Plot (SSP) method. Table 1 represents the cor-
responding equations and crystallite size calculation techniques of these 
methods. Details about this estimation is available in our earlier publi-
cations [28,30,59]. 

Plots of the exploited methods is presented in Fig. 5 and the values 
obtained are tabulated in table 4. 

Different XRD based methods typically yield different CS, and it is 
unclear whether or not the reported deviations are meaningful. Simul-
taneously, there is no consensus on the benefits and drawbacks of 
various XRD techniques for determining the CS [58]. So, for picking the 
best method for CS estimation, the highest value of correlation coeffi-
cient (R2) was considered (except for the Scherrer equation). The 
Halder-Wagner (H-W) method had the highest R2 value for CS deter-
mination for all three S-HAp samples. Based on H-W approximation, the 
crystallite sizes of S-HAp750, S-HAp850, and S-HAp950 were deter-
mined to be 52 nm, 55 nm, and 66 nm, respectively, indicating an in-
crease in crystallite size corresponding to the calcination temperature. 
Previous studies extensively investigated the impact of calcination 
temperature on the physical-chemical properties and the transition in 
size from nano to micro of these crystals [60,61]. The observed increase 
in crystallite size with temperature in HAp derived from bovine bone 
was attributed to a coalescence phenomenon, supported by XRD, TEM, 
and SEM analyses [62]. 

3.5. CI valuation by XRD, FTIR and Raman 

The level of arrangement within a crystal, referred to as crystallinity, 
holds significance in the biomedical uses of HAp. The reduced degree of 
crystallinity in HAp contributes to enhanced solubility and the capacity 
to bind proteins, offering potential advantages for applications like bone 
regeneration and various medical purposes. The degree of crystallinity 
in a material affects its hardness and density. This implies that alter-
ations in crystallinity can exert a notable influence on the material’s 
mechanical characteristics. When considering HAp, alterations in its 
crystallinity can result in significant variations in mechanical charac-
teristics of scaffolds [34,63]. CI represents a numerical measure of 
crystallinity, meaning that it can be used to compare the crystallinity of 
different materials or the same material under different conditions. It is 
calculated as the proportion of the crystalline component within a 
particular sample. Earlier studies have demonstrated that XRD, FTIR and 
Raman spectroscopy are all methods capable of determining CI [35]. 
However, biomineralization is an evolving process, leading to fluctua-
tions in the mineral CI over time. Consequently, an examination of the 
precision, effectiveness, and uniformity of these methods in estimating 
HAp crystallinity indices across varying mineralization phases is war-
ranted. This will enable researchers to select the most suitable method 
for their particular experimental subjects. To fulfill this objective, it is 
necessary to create HAp samples with different CI. CI of the synthesized 
S-HAp samples were calculated according to Eqs. (2)–(7) and the ob-
tained values are presented in Table 5. 

A relationship was made with the average crystallite size (HAp 
calcined at 750, 850 and 950 ◦C) and the CI calculated by six different 
methods (Fig. 6). Except for CIFTIR-Absorbance and CIRaman, linear fitting of 
all the relationships had correlation coefficient (R2) greater than 0.9. 
The R2 of linear fitting of average crystallite size vs CIFTIR-Absorbance and 
average crystallite size vs CIRaman was 0.609 and 0.591 respectively. 

3.6. FESEM analysis 

The morphology of the synthesized S-HAp samples was investigated 
in terms of FESEM analysis and is illustrated in Fig. 7(a, d and g). As 

Fig. 4. Raman spectra of the synthesized S-HAp samples.  
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visualized in the images, S-HAp750 (Fig. 7(a)) has the highest degree of 
agglomeration and aggregation compared to S-HAp850 (Fig. 7(d)) and 
S-HAp950 (Fig. 7(g)). All the samples were mainly comprised of plate- 
shaped flat-type particles as well as irregularly shaped particles. With 
increasing calcination temperature, the agglomeration as well as ag-
gregation is seen to decrease and particles were more visually separable. 
This aided in calculating the size (diameter) of the particles using 

imageJ software following our previously reported procedure [30]. 
Particles which have visually clear edges were selected for size mea-
surements and shown in Fig. 7(b, e and h). The average particle size for 
S-HAp750, S-HAp850 and S-HAp950 was found 114±35 nm, 142±38 
nm and 190 ± 73 nm. Fig. 7(c, f and i) represents the particle size his-
tograms of the S-HAp samples. 

Fig. 5. Crystallite size estimation using Monshi–Scherrer (M–S), Halder–Wagner (H–W), Williamson–Hall (W–H) and Size-Strain Plot (SSP) method respectively: S- 
HAp750 (a–d); S-HAp850 (e–h); S-HAp950 (i–l). 
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3.7. EDX analysis 

Fig. 8 provides a visual representation of the elemental composition 
of S-HAp samples, as determined by EDX analysis. The spectrum illus-
trates the proportional presence of individual elements, while the mass 
and weight percentages offer quantifiable details about the conforma-
tion. The major elements, Ca (Ka and Kb), P (Ka), and O (Ka), were 
detected and quantified. The additional peaks in the spectrum were due 
to the platinum coating and carbon tape substrate, which were not 
included in the quantification process. The Ca/P ratio was found to be 
highest for S-HAp750 (1.93) while S-HAp850 and S-HAp950 showed a 
ratio of 1.49 and 1.76 respectively. These values are 15 % higher for S- 
HAp750, 10 % lower for S-HAp850 and 5 % higher for S-HAp950 
compared to the theoretical Ca/P ratio of HAp which is 1.67. The 
variation in the Ca/P ratio could arise from the partial substitution of 
PO4

3- and OH− ions within the HAp lattice with CO3
2− ions. This is a 

common occurrence in solid-state and hydrothermal synthesis processes 
[64]. 

3.8. DLS hydrodynamic diameter and zeta potential 

The hydrodynamic diameter and zeta potential (Fig. 9) of the pro-
duced S-HAp samples were measured using a DLS particle size analyzer. 
The samples were sonicated for one hour in DI water with the solution’s 
natural pH before analysis to lessen the agglomeration of the particles. 
With an average hydrodynamic diameter of 363 nm, S-HAp750 had the 
smallest particles, followed by S-HAp850 (441 nm) and S-HAp950 (533 
nm). This result is consistent with the FESEM image-based particle size 
estimation, where S-HAp950 had the largest particle size (190 nm), 
followed by S-HAp850 (142 nm), and S-HAp750 (114 nm), which had 
the smallest particle size. The observations show that the hydrodynamic 
diameter increases with particle size. The zeta potential (also known as 
electrokinetic potential) of the S-HAp samples were examined to un-
derstand the stability of the particles in solution. All the samples showed 
negative zeta potential value but at different magnitude. The reason 
behind negative value might be due to the higher sample’s pH than their 
corresponding isoelectric point (pHIEP) or point of zero charge (pHPZC) 
[65]. Zeta potential was highest for S-HAp950 (− 19.28 mV), followed 
by S-HAp850 (− 17.95 mV) and S-HAp750 (− 11.11 mV). 

3.9. In-vitro studies 

3.9.1. Cytotoxicity test 
Cytotoxicity refers to a substance’s capability to harm or eliminate 

cells. When a cell encounters a cytotoxic substance, it can undergo 
different pathways of cell demise, including apoptosis (regulated cell 
death) and necrosis (cell death due to injury). The results of cytotoxicity 
assessments are used to determine whether HAp is safe for use in med-
ical applications [66,67]. Fig. 10 represents the cytotoxic response of the 

Table 4 
Crystallite size estimation using various methods.  

No. Method S-HAp750 S-HAp850 S-HAp950 

C.S (nm) R2 C.S (nm) R2 C.S (nm) R2 

1. Scherrer 56 – 90 – 101 – 
2. Monshi–Scherrer (M–S) 56 0.07447 64 0.02042 70 0.04324 
3. Halder–Wagner (H–W) 52 0.99545 55 0.96942 66 0.98121 
4. Williamson–Hall (W–H) 65 0.01769 54 0.0469 56 0.02668 
5. Size-strain plot (SSP) 40 0.86824 32 0.88929 56 0.66548  

Table 5 
Crystallinity Indices of the S-HAp samples calculated based on XRD, FTIR and 
Raman spectroscopy.  

Sample Crystallinity index (CI) 

Xs Xc CIXRD CIFTIR-Height CIFTIR-Absorbance CIRaman 

S-HAp750 4.53 0.63 1.36 2.99 0.99 9.06 
S-HAp850 18.34 0.81 1.18 3.55 1.01 8.60 
S-HAp950 24.98 0.86 1.13 3.82 1.04 7.88  

Fig. 6. Relation between average crystallite size and CI calculated by six different methods.  
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synthesized S-HAp samples. The response was observed for three con-
centrations of each sample and also the control which only contained 5 
% DMSO. The utilization of Eq. (8) facilitated the assessment of cell 
viability in the samples. The produced S-HAp samples exhibited cellular 
compatibility, as their cell viability exceeded 94 %. This is well above 
the threshold of 70 % cell viability, which is considered to be the min-
imum for a material to be considered non-toxic, according to ISO 
10993-5:200 [68]. Therefore, the synthesized S-HAp samples are highly 
cytocompatible. Comparative display of cytotoxic effects (in terms of 
cell viability %) of S-HAp samples at different concentrations is shown in 
Fig. 11(a). 

3.9.2. Hemolysis assay 
Hemocompatibility refers to the appropriateness of a material 

intended for direct interaction with blood [69]. The hemocompatibility 
of the synthesized S-HAp samples was evaluated and presented in Fig. 11 
(b). Three concentrations of each S-HAp sample were tested against 
blood sample. The results show that, highest% of hemolysis was only 
4.4 % exhibited by 200 µg/mL of S-HAp950. The ASTM standard sets a 
hemolysis rate of less than 5 % as the threshold for highly hemocom-
patible materials [70]. This result signifies the hemocompatible nature 
of the S-HAp samples when used in physiological condition and in direct 
contact with blood. 

3.9.3. Bio-activity study 
Materials like HAp intended for biomaterial applications, such as 

bone repair, HAp must be able to form apatite in contact with body fluid. 
The emergence of apatite demonstrates the capacity of the biomaterial 
to adhere to bone. In this investigation, the bioactivity of S-HAp samples 
was assessed through their immersion in SBF for a duration of 3 weeks. 
The FESEM images (Fig. 12) revealed the presence of apatite formation 
on the surfaces of all samples. Following a 3-week immersion period, the 
apatite layer was observed to envelop and completely coat the distinct 
particles across all the samples. This was due to the interaction of the 
positive and negative charges on the HAp particles and the SBF ions. The 
combination of these charges led to the nucleation of apatite, which 
eventually resulted in the supersaturation of the HAp particles with 
apatite [71]. In simpler terms, the HAp samples were able to bond to the 
SBF solution and form an apatite layer. This suggests that the HAp 
samples could be employed as materials for mending bones. 

3.9.4. Antibacterial activity study 
HAp is a gold standard biomaterial with well-documented antibac-

terial properties. These properties make HAp a valuable material for a 
variety of medical applications, including implants, wound dressings, 
and drug delivery systems [21,72–74]. Fig. 13 illustrates antibacterial 
effectiveness of S-HAp samples against Staphylococcus aureus (gram +
ve) and E. coli (gram -ve), assessed using the well diffusion technique. 

Fig. 7. FESEM image, corresponding particle size selection and particle size histogram of S-HAp750 (a, b and C); S-HAp850 (d, e and f) and S-HAp950 (g, h and i).  

M. Bin Mobarak et al.                                                                                                                                                                                                                         



Journal of Molecular Structure 1301 (2024) 137321

10

Significant antibacterial activity was shown by the prepared S-HAp 
samples (400 µg/ml in DMSO) against S. aureus, while no discernible 
activity was observed against E. coli. S-HAp750, S-HAp850, and S- 
HAp950 all had zones of inhibition (ZOI) that were larger than those of 
the reference (positive control), Kanamycin (30 µg), which had a ZOI of 
18 mm. Since S. aureus’s infectious effects are mostly responsible for 
osteomyelitis and other bone-related diseases, S-HAp is a better choice 
for this treatment due to its anti-S. aureus activity [75,76]. 

4. Conclusion 

This work focused on synthesizing HAp by utilizing a waste material 
through solid-state reaction route. Three different calcination temper-
ature were selected from 750 to 950 ◦C with an increment of 100 ◦C and 
in-vitro studies e.g., cytotoxicity, hemolysis, antibacterial activity and 

bioactivity of these samples were carried out. This synthesis protocol 
begets biphasic HAp with varying % of β-TCP alongside. Based on the 
results obtained, with increasing calcination temperature the % of HAp 
increases while the % of β-TCP decreases. The CS increased with tem-
perature based on Scherrer (most widely accepted) and Halder-Wagner 
(best fitted method with R2 > 0.9) estimation. CI also increased with 
temperature except for CIXRD and CIRaman technique which may not be 
suitable for this approximation. The particle size based on FESEM image 
and the DLS hydrodynamic diameter both increased with increasing 
temperature. According to our investigation, variance in CS, CI and 
particle size have little impact on the biomedical competency of the 
synthesized S-HAp750, S-HAp850 and S-HAp950. All the samples were 
found to be highly cell viable and hemocompatible. In addition to that, 
the 3 weeks immersion in SBF caused the formation of apatite layer, 
indicating their bioactivity in physiological conditions. The 

Fig. 8. EDX analysis of (a) S-HAp750, (b) S-HAp850 and (c) S-HAp950.  

Fig. 9. (a) DLS particle size (hydrodynamic diameter) distribution and (b) zeta potential analysis of S-HAp samples. (solvent = DI water; pH = solution’s natural, 
concentration = 10 µg/ml). 
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antibacterial assessment demonstrated noteworthy antibacterial effects 
against the gram-positive bacterium S. aureus, while there was no 
observed impact against the gram-negative bacterium E. coli. 

Funding 
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Fig. 10. Microscopic images of Vero Cell line cultured with S-HAp samples at 50, 100 and 200 μg/mL concentration and incubated for 24 h.  

Fig. 11. (a) % of cell viability and (b) % of hemolysis of S-HAp samples at 50, 100 and 200 μg/mL concentration.  
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