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Abstract

This study investigates the conversion of human and cattle (goat and cow) teeth into bioactive
hydroxyapatite-based composites and presents a detailed comparative evaluation of these biogenic
materials with laboratory-synthesised (synthetic) hydroxyapatite (HAp). In this work, hydroxyapatite
was extracted from human and bovine teeth through controlled calcination and milling, while synthetic
HAp was prepared using a standard wet chemical precipitation route. All materials were subsequently
sintered at 900 °C and fabricated into pellets for physical and biological analysis. X-ray diffraction
(XRD) analysis confirmed that all samples—synthetic and biogenic—possessed crystalline structures
consistent with stoichiometric hexagonal hydroxyapatite. FTIR spectra revealed characteristic
phosphate, hydroxyl, and carbonate functional groups, with biogenic samples showing slightly higher
carbonate substitution. Physical characterization demonstrated comparable hardness, shrinkage
behaviour, densification, and porosity among the samples, with only minor variations attributable to
natural ionic substitutions present in biological apatite. SEM analysis revealed interconnected porous
microstructures favourable for osteoconduction, while pore-size distribution remained consistent
across all groups. A strong negative correlation between porosity and hardness (r = —0.996) affirmed
the influence of pore architecture on mechanical properties. Biological evaluations validated the
suitability of the materials for biomedical use. MTT cytotoxicity assays demonstrated high cell viability
(>95%) for all samples, indicating excellent cytocompatibility. Haemolysis percentages remained
below the ASTM threshold of 5%, confirming hemocompatibility. Simulated Body Fluid (SBF)
immersion studies showed enhanced apatite formation in biogenic HAp compared to synthetic HAp,
highlighting superior bioactivity due to natural trace ions and surface reactivity. The findings establish
human and cattle teeth as promising, sustainable resources for producing high-quality hydroxyapatite
suitable for applications in bone regeneration, implant coatings, and other biomedical domains.
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Many natural materials [2, 3] and diverse waste
products [4] were investigated by different
researchers for multiple applications [5]. Different
modifications [6] have been made to these wastes to
improve their performance and make them suitable
for practical and value-added purposes. One big
concern today is that the daily generation of
biomedical waste from hospitals, clinics, and
slaughterhouses presents serious environmental
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challenges, particularly when waste management practices are inefficient. Among these wastes,
discarded teeth represent a unique concern [7]. Biomedical waste is not only an ecological hazard but
also a potential source of pathogen contamination, making effective management and reduction strategies
essential. Interestingly, teeth—Ilargely composed of calcium-based compounds such as hydroxyapatite
(Caw(PO4)s(OH)2)—offer potential value as raw material for bioactive ceramic-based composite
substances [8].

Since Professor Hideki Aoki first reported the bioactive and bioresorbable properties of
hydroxyapatite in 1972, extensive research has explored its biomedical applications [9-12]. Various
synthesis techniques, including hydrothermal processing [13, 14] chemical precipitation [15], sol-gel
methods [16], multiple emulsions [17, 18], biomimetic deposition, and electrodeposition, [ 19] have been
employed to produce hydroxyapatite. In addition, natural biological sources such as shells and bones [20,
21] have been investigated as sustainable alternatives for hydroxyapatite production. The use of low-cost
natural sources for ion-doped hydroxyapatite (HA) has attracted considerable attention. Materials such
as mammalian and fish bones [22, 23], eggshells [24, 25], corals [26] animal bones [27], seashells, and
even certain plants [28] provide abundant calcium and phosphate, while also offering opportunities for
ion doping to enhance HAp properties. These sources represent a cost-effective and environmentally
sustainable approach to HAp synthesis, with applications spanning biomedicine, tissue engineering, and
environmental remediation.

Efficient extraction and processing of such materials can drive innovation in material science,
improving the accessibility of HAp for practical use. For instance, Ruksudjarit et al. [29] successfully
synthesized nanocrystalline HAp powder from bovine bone using vibro-milling, while Jaber et al[27]
demonstrated HAp production from Camelus bone, highlighting the versatility of bone-derived HAp.
Despite significant progress in synthetic methods and bone-based sources, teeth—though a primary
natural reservoir of hydroxyapatite—remain underexplored. As a form of biomedical waste, discarded
teeth present a sustainable opportunity to produce nanocrystalline HAp, while simultaneously reducing
environmental pollution and providing a viable material for bone graft applications. This study, therefore,
aims to develop bioactive biomaterials derived from waste teeth collected from diverse sources, with a
focus on comparing the properties of materials synthesized from human and bovine teeth.

MATERIALS & METHODS
Collection and Preparation of Biological Composite Samples

Human teeth extracted for clinical or surgical purposes were collected from hospitals and dental
clinics, while cattle teeth were sourced from local slaughterhouses. All samples were initially rinsed
thoroughly under running tap water to remove surface debris. Subsequently, the teeth were cleaned with
boiled water and treated with analytical-grade ethyl alcohol (LR grade, >99% assay, MERCK India) to
eliminate residual organic matter, including fats and proteins.

The cleaned teeth were then subjected to calcination in a high-temperature furnace at 800 °C for 2.5
hours to remove residual organic components and convert the mineral phase into a crystalline
hydroxyapatite-based composite. After calcination, the material was ground using a ball mill for 2 hours
to obtain a fine powder. The ground material was further processed using a sequential mechanical sieve
shaker, and the finest fraction was collected as biogenic hydroxyapatite (HAp).

Synthesis of Laboratory-Grade Hydroxyapatite

Synthetic hydroxyapatite was produced using a standard wet-chemical precipitation method [30]. In
this procedure, ortho-phosphoric acid (HsPO.) was slowly added to a stirred suspension of calcium
hydroxide [Ca(OH):], allowing controlled nucleation and precipitation of hydroxyapatite. The reaction
was carried out at a temperature range of 75—80 °C, and the pH of the mixture was maintained between
11 and 12, which is essential for promoting hydroxyapatite crystal formation. Continuous stirring
ensured uniform mixing and particle growth throughout the reaction.
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Fabrication and Sintering of Hydroxyapatite based composite Samples

The hydroxyapatite powders were compacted into cylindrical pellets using a hydraulic press (PEECO
Pvt. Ltd., Kolkata, India). Uniaxial compression was performed in a steel die with an internal diameter
of 8 mm, applying a load corresponding to 150 MPa for a duration of 3 minutes[31]. The green ceramic
bodies obtained after compaction were assessed for green density based on their mass-to-volume (m/v)
ratio.

Following initial characterization, the green pellets were sintered in a muffle furnace at 900 °C for
2 hours, with a constant heating rate of 6 °C/min. The sintering process facilitated densification and
enhanced crystalline development within the material. The sintered specimens were subsequently
examined using Scanning Electron Microscopy (SEM) to evaluate their surface morphology and
microstructural features.

Pore Size Analysis

The pore dimensions of the synthetic hydroxyapatite and the biogenic HAp samples were evaluated
by examining fractured surfaces of the sintered pellets. Each pellet was manually broken to expose the
internal microstructure, and the fractured cross-sections were observed under a Scanning Electron
Microscope (SEM). Pore diameters were measured using Perfect Screen Ruler software. For each
sample type, five SEM micrographs were captured at comparable magnifications, and the pore sizes
obtained from these images were averaged to obtain a representative pore dimension for reporting.

Phase Composition Analysis

The phase composition, crystallinity, and lattice parameters of the synthesized hydroxyapatite
powders were evaluated using X-ray diffraction (XRD) analysis. All samples were indexed assuming a
hexagonal crystal system, consistent with the structure of stoichiometric hydroxyapatite. The lattice
constants were calculated using the major diffraction peaks and applying the standard interplanar
spacing relation for a hexagonal lattice:

1 _4<h2+hk+k2>+lz

2 3 a2 2

where Miller indices of a plane are h,k,1. A= 2dSin6, where d is taken as the distance between next
adjacent planes in the conventional set of Miller indices (h k 1) and A =1.54056. Fourier-transform
infrared spectroscopy (FTIR) was also conducted to confirm the presence of functional groups on the
powdered samples.

Hardness Study

The mechanical integrity of porous biomaterials is critical, as the implanted structure must possess
adequate strength to withstand physiological tissue pressures. In this study, the hardness of the sintered
samples was evaluated using a Vickers hardness testing machine (VM-50, Instr. &Engg., India). A
diamond indenter was employed, having the geometry of a square-based pyramid with an angle of 136°
between opposite faces (equivalent to 22° between the indenter face and the sample surface).

The Vickers hardness value (HV) was determined using the standard relation:

HV = F
A
where F is the applied load, A is the surface area of the indentation, and d represents the average

diagonal length of the imprint produced by the indenter. The hardness values are expressed in GPa.

Bioresorption Analysis
A Dbioresorption study was conducted to evaluate the dissolution behaviour of the sintered
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hydroxyapatite samples in a biologically relevant environment. Simulated Body Fluid (SBF), prepared
according to the Kokubo protocol [32] was used as the test medium and maintained at a physiological
pH of 7.4.

The sintered pellets were fully immersed in the SBF solution and kept under controlled laboratory
conditions (37°C). To ensure ionic stability and prevent saturation effects, the SBF solution was
replaced every three days. The experiment was continued for a total duration of one month to allow
sufficient time for dissolution and possible reprecipitation processes. After completion of the immersion
period, the surfaces of the samples were examined using Scanning Electron Microscopy (SEM) to
analyze apatite layer formation and to assess the extent of bioresorption and mineral deposition on the
pellet surfaces.

Cytotoxicity Assessment (MTT Assay)

The cytotoxicity of the synthesized synthetic HAp and biogenic HAp samples was evaluated using
the MTT assay performed on Peripheral Blood Mononuclear Cells (PBMCs) obtained from NCCS,
Pune. Cells were seeded into 24-well plates at a density of 5 x 10* cells/cm? and allowed to adhere. The
cells were then treated separately with each of the prepared HAp samples and incubated for 24 hours.

Following incubation, MTT solution was added to each well, gently shaken for 15 minutes, and
further incubated for 4 hours to allow the formation of formazan crystals. After removing the
supernatant, DMSO was added to dissolve the crystals, yielding a purple solution whose colour intensity
corresponds to the number of viable cells. The absorbance of each well was measured at 545 nm using
a microplate reader. The assay was performed in triplicate, and the average values were used for
analysis.

The percentage cell viability was calculated based on the optical density relative to the untreated
control.

The OD of the untreated control group is considered 100% viability, and all other OD readings are
compared to it. Percentage cell viability is calculated using:

D sample

0
Cell Viability (%) = x 100

control

Haemolysis Study

An in vitro haemocompatibility assessment was performed using human blood following the
guidelines provided in ASTM standards [33]. Fresh human blood was collected and mixed with 3.8%
sodium citrate solution (as an anticoagulant) in a 10:1 ratio. To further dilute the anticoagulated blood,
normal saline was added in a 4:5 ratio.

For the test group, 10 mL of normal saline was placed in test tubes, and the HAp sample pellets were
immersed and incubated at 37°C for 30 minutes. Subsequently, 0.2 mL of the diluted blood was added
to each test tube and incubated again at 37°C for 1 hour. Positive control was prepared by taking 10 mL
of 0.1% sodium carbonate solution ,0.2 mL diluted blood and incubated at 37°C for 1 hour.

Negative control was prepared byl0 mL normal saline, 0.2 mL diluted blood and incubated under
identical conditions. After incubation, all tubes were centrifuged at 500 g for 5 minutes, and the
supernatant was collected to measure the optical density (OD) at 545 nm using a UV—-Vis
spectrophotometer (Elico India, SL-177). The percentage haemolysis was calculated by using the
standard formula:

ODsample - ODnegative control

Haemolysis(%) = x 100

ODpositive control ODnegative control
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Statistical Analysis
For each experimental condition, measurements were collected in triplicate (n = 3), and the data were
expressed as mean + standard deviation (SD).

RESULTS & DISCUSSION
Physical Properties

The physical characteristics of porous specimens (sintered at 900°C) of dimension (8 x 6 mm?) are
presented below in Table 1.

Table 1. The data of different physical properties.

Sample Hardness (GPa) | Green density (g/cc) Sintered density(g/cc) | Apparent porosity (%)
Synthetic HAp 3.85+0.04 2.504+0.020736 2.91+0.03 20.74+2.09
Cow Teeth HAp 3.79+0.15 2.628+0.013038 2.86+0.07 23.53+2.45
Goat Teeth HAp 3.76+0.11 2.596+0.011402 2.83£0.13 25.29+3.74
Human Teeth HAp 3.66+0.23 2.602+0.008367 2.81+0.02 28.97+3.02

The experimental data indicate that the hardness values and sintered density of hydroxyapatite across
various tooth specimens are relatively consistent and exhibit values closely aligning with the hardness
of synthetic HAp. This observation underscores a significant similarity in hardness properties between
the natural and synthetic forms of HAp. This value closely aligns with the findings reported by Hoepfner
and Case [34], P. Bhattacharjee et al., [35], and Acharjee et al. [36], thereby reinforcing the consistency
and reliability of the observed hardness values in comparison to previous studies.

Across all groups, the synthetic HAp exhibits the highest hardness and sintered density, along with

the lowest apparent porosity (Figure 1). Conversely, human-teeth HAp shows the lowest hardness,
lowest sintered density, and highest porosity.
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Figure 1. (a)(d) Diagrammatic representation of the physical properties of hydroxyapatite (HAp)
obtained from synthetic and biogenic sources (cow, goat, and human teeth) sintered at 900 °C, showing
variations in hardness, green density, sintered density, and apparent porosity.

Although Cow HAp had the highest green density (2.628 g cm™), the Synthetic HAp achieved the
largest densification gain upon sintering. The percent increase from green to sintered density was
Synthetic HAp (+16.21%) ,Cow HAp( +8.83%), Goat HAp( +9.01%) and Human HAp ( +7.99%).This
indicates that the synthetic powder likely possessed higher sintering activity (e.g., due to finer particle
size distribution, higher purity, or narrower particle size distribution), which enabled greater
densification at 900 °C. In contrast, the biogenic powders densified less under identical conditions—
consistent with typical impurity/defect-mediated inhibition of diffusion and neck growth in calcium
phosphate ceramics. This reduced densification manifests as higher residual porosity, as evident from
below.

To know the relationship between the mechanical response of the hydroxyapatite specimens and their
pore construction, a Pearson correlation analysis was performed between the hardness values and the
corresponding apparent porosities of the four sample groups. The Pearson correlation coefficient (1)
quantifies the degree of linear association between two variables and is calculated using the standard
expression:

I - R%-D)
VIX = X)X (Y, - ¥)?

where X;and Y;denote the hardness and porosity measurements, respectively, and Xand Yrepresent
their mean values.
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Table 2. Diametric, linear, and volumetric shrinkage data of specimens during sintering.

Compositions % Diametric shrinkage |% Linear Shrinkage % Volumetric Shrinkage
Synthetic HAp 19.20 21.02 47.92
Cow Teeth HAp 19.33 21.23 48.96
Goat Teeth HAp 19.38 21.43 49.25
Human Teeth HAp 19.28 20.95 47.63

Using the experimentally obtained hardness values (3.85, 3.79, 3.76, 3.66 GPa) and porosities
(20.74%, 23.53%, 25.29%, 28.97%) for the synthetic, cow-derived, goat-derived, and human-derived
HAp samples, a Pearson correlation coefficient of r = —0.996 was obtained. This value, being extremely
close to —1, indicates an almost perfect negative linear relationship between hardness and porosity. In
practical terms, this implies that as the pore volume increases, the hardness of the material decreases in
a highly predictable and linear manner.

This strong negative correlation is consistent with the expected mechanical behavior of porous
ceramics. Pores act as microstructural defects that reduce the effective load-bearing area and promote
localized stress concentration during indentation. Consequently, materials with higher porosity
inherently exhibit lower resistance to deformation. The nearly linear trend observed in the present study
indicates that the porosity differences among the four hydroxyapatite sources are the dominant factor
governing their hardness response at the sintering temperature of 900 °C.

These findings reaffirm the established understanding that densification and pore elimination play a
critical role in enhancing the mechanical integrity of HAp-based biomaterials. Moreover, the close
agreement of the experimental data with a near-ideal negative linear trend underscores the reliability of
the sample preparation and measurement protocols used in this study.

The porosity values suggest the presence of a substantial void area within the matrix, which is
favorable for bone integration. Notably, the human teeth-derived HAp samples exhibit a larger
internodular space compared to Synthetic or other derived hydroxyapatite, highlighting their potential
advantage in facilitating bone tissue growth and integration. The percentage of porosity is higher in
tooth-derived samples, which may be due to their biogenic nature and the huge amount of carbonate
present. The percentage of diametric, linear, and volumetric shrinkage of different specimens at
sintering temperature of 900 °C is expressed in Table 2.

The shrinkage behavior—diametric, linear, and volumetric—of hydroxyapatite during sintering
arises from grain rearrangement, neck growth, pore elimination, and diffusion-driven densification.
Shrinkage values (~19-21% linear/diametric and ~47-49% volumetric) are consistent with typical
densification ranges for HAp ceramics reported in controlled sintering studies [37]. The small
differences between Synthetic, Cow, Goat, and Human HAp reflect slight variations in ion substitution,
carbonate levels, crystallinity, and particle morphology, all of which influence shrinkage kinetics.
Biogenic HAP (cow, goat, human teeth) naturally contains carbonate and trace elements (e.g., Mg*',
Na', F7). These influence Crystal lattice distortions. Carbonate-substituted HAP has slightly lower
thermal stability and a lower sintering onset temperature, leading to slightly higher shrinkage as reported
in some literature. Biogenic HAp typically has finer crystallites and more irregular surfaces, which
promote enhanced mass transport and densification, explaining the slightly higher shrinkage in Goat
and Cow HAp .

Phase Characterization and Crystal Structure Analysis

The X-ray diffraction (XRD) patterns obtained for hydroxyapatite derived from synthetic, cow-teeth,
goat-teeth, and human-teeth sources exhibit well-defined diffraction peaks characteristic of the
hexagonal HAp phase. Prominent reflections corresponding to the (002), (211), (202), (300), (212), and
(222) crystallographic planes were observed, aligning closely with the standard JCPDS card 09-0432
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for stoichiometric hydroxyapatite. The strongest peak located at approximately 20 =~ 32.02°,
corresponding to the (211) reflection, further supports the formation of a single-phase HAP structure
with no detectable secondary calcium phosphate phases.

The XRD profiles (Figure 2) across all samples display highly similar diffraction peak positions and
shapes, indicating that theHAp lattice structure remains preserved regardless of biological source. This
structural uniformity suggests that the sintering conditions effectively homogenized the microstructure
and eliminated most residual organic phases or amorphous components typically present in biogenic
apatite.

The lattice parameters are presented in Table 3 below.

The regions below 20° and above 50° exhibited negligible diffraction intensities in the uploaded
curve, confirming the absence of non-apatitic phases and validating the decision to present only the 20—
50° range, where the characteristic HAp peaks are concentrated. This range contains the essential
information needed for crystallographic assessment of hydroxyapatite.

1650 (211) —— Synthetic-HAP
I (202)
1100 (002) (300)
550
0
2040 (211) —— Human Teeth-HAP
(202)
1360 (300)
> 222
S 680 @12) (222)
$ L
= 0
Z 1710 - @211) Goat Teeth-HAP
2 (202)
{=]
= 1140 (300)
570 | 212) @22)
0
1650 Cow Teeth-HAP
I (202)
1100 (300)
550 | (212) (222)
0 1 1 1 1 1
20 25 30 35 40 45 50
26 (°)

Figure 2. XRD of prepared HAp from different sources. No significant diffraction peaks were
observed in the 0-20° and 50—80° ranges; therefore, the data within the 20—50° range are presented.

Table 3. Lattice parameters data of tested specimens.

Sample a axis (A) caxis (A) | Unit cell volume(A3) | Crystallite size(A) | %Crystallinity
Synthetic HAp 9.241+.0.076 | 6.693 £0.152 494.98+22.54 3.3681+11.57 82.41+4.12
CowTeethHAp 9.205+0.33 6.651 £0.330 488.05+18.29 3.3291+14.77 84.01+5.76
Goat Teeth HAp 9.27+0.35 6.761+0.31 503.15+16.29 3.4121+£8.02 82.47+6.82
Human Teeth HAp 9.27+0.22 6.691+0.36 497.94+19.16 3.3912+11.12 88.46+4.02
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The calculated lattice parameters (a-axis, c-axis), unit cell volumes, crystallite sizes, and crystallinity
percentages (Table 2) showed only minor variations among the samples. Such subtle deviations are
expected and can be attributed to ionic substitutions naturally present in biological apatite, including
carbonate (COs*"), magnesium (Mg?"), sodium (Na"), and fluoride (F~). Carbonate substitution is one
of the most common chemical modifications in biological hydroxyapatite. Natural bone and teeth
contain 4-8 wt% carbonate, incorporated into the HAP crystal lattice during biological mineralization.
When HAp is synthesized from biogenic sources (cow, goat, human teeth), this substitution remains
even after calcination and sintering, influencing structural, mechanical, and thermal behavior.Carbonate
ions (COs*") can replace either the hydroxyl (OH") or phosphate (PO+*") groups in the HAP lattice.

These substitutions can induce small distortions in the apatite crystal lattice due to differences in
ionic radii, leading to the slight expansion or contraction of the a and c lattice parameters observed.

Analysis of Functional Groups

The FTIR spectra of all four samples as shown in Figure 3 display the characteristic phosphate
vibrations of hydroxyapatite, including the strong vs band at 1030-1090 cm™, the sharper vi peak near
960 cm™, and the v4 bending doublet at 560—565 cm™ and 601-605 cm™, confirming the formation of
crystalline stoichiometric HAp in each case. The hydroxyl-related peaks at ~3570 cm™ (stretching) and
~630 cm™ (libration) further indicate that the structural OH™ channels remain intact across all samples,
with no evidence of high-temperature decomposition. Weak carbonate bands at 1410-1450 cm™ and
~873 cm™ reveal B-type COs?" substitution, more pronounced in the biogenic samples (cow, goat, and
human) than in synthetic HAp. Among the four, synthetic HAp shows slightly sharper phosphate and
hydroxyl peaks, reflecting higher crystallinity and lower carbonate content, while cow and goat Hap
exhibit broader bands due to greater lattice disorder from natural ionic substitutions. Human HAp falls
between these extremes, showing moderate carbonate substitution but relatively sharper peaks
compared to other biogenic samples, indicating better crystallinity. Overall, the FTIR comparison
highlights subtle but consistent differences between synthetic and biogenic HAp, driven mainly by
carbonate substitution levels and natural trace-element incorporation.

SEM and EDX Study
SEM images of different samples are shown in Figure 4, which clearly reveal pores, indicating that
the prepared samples possess sufficient porosity, which is essential for bone tissue ingrowth.
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Figure 3. FTIR curve for all samples.
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(o) IR (d)
Figure 4. Scanning electron microscopic images: (a)Synthetic HAp (b)CowTeeth derived HAp (c)
Goat teeth derived HAp (d) Human teeth derived HAp.

The variation in pore size across the four hydroxyapatite specimens—Synthetic, Cow Teeth, Goat
Teeth, and Human Teeth—results from a combination of composition-dependent factors, ionic
substitution, powder morphology, and sintering behavior. These factors directly influence densification,
grain bonding, and the persistence or collapse of pores during thermal treatment. Biogenic HAps
naturally contain carbonate (COs*"), Mg?', Na’, and trace elements, which substitute into the apatite
lattice and produce lattice disorder. This disorder lowers the sintering efficiency, resulting in larger and
more irregular pores in the Goat and Human samples compared to synthetic HAp. Teeth-derived HAp
originates from biological mineral with past organic matrix. Even though calcined, micro-voids from
collagen removal can leave larger pore templates that persist after sintering.

BIOLOGICAL CHARACTERIZATION
MTT Assay Analysis

The MTT results are presented in Figure 5 as a bar diagram. It demonstrates that all four
hydroxyapatite samples—Synthetic, Cow-derived, Goat-derived, and Human Teeth HAp—exhibited
high levels of cell viability, with values consistently close to 100%. This indicates that none of the tested
materials induced cytotoxic effects under the experimental conditions. The absorbance values (converted
to % viability) suggest that the cells retained normal metabolic activity when exposed to each HAp
variant.

Among the groups, Synthetic HAp showed the highest viability, slightly above the 100% control level,
suggesting excellent cytocompatibility, likely due to its higher phase purity, lower carbonate substitution,
and more uniform microstructure. Cow and Goat Teeth HAp displayed viability very similar to the
control, indicating that their biogenic origin and trace ionic substitutions do not negatively impact cell
metabolism. Human Teeth HAp also maintained high viability, only marginally lower than the synthetic
sample but still well above accepted cytocompatibility thresholds.
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Figure 5. Diagrammatic representation of MTT assay result.

Since MTT viability above 70-80% is considered non-cytotoxic, all four materials clearly meet
biocompatibility requirements. The small differences among the samples can be attributed to
source-dependent compositional variations (e.g., carbonate content, ionic substitution, and crystallinity),
but these variations are not large enough to impair metabolic activity.

Overall, the MTT assay confirms that all prepared HAp powders are cytocompatible, with Synthetic
HAp performing slightly better, and the three biogenic HAp showing excellent and comparable cell
viability, making them suitable candidates for biomedical applications such as bone regeneration and
implant coatings.

Simulated Body Fluid Study

The surface morphology of the samples after immersion in Simulated Body Fluid (SBF) was
investigated using Scanning Electron Microscopy (SEM). As shown in Figure 6 (a—d), all samples exhibit
the presence of nucleated calcium phosphate (CaP) deposits distributed across the surface (highlighted
by red arrows). These precipitates appear as globular or flake-like structures typical of early-stage apatite
formation under biomimetic mineralization conditions.

In Sample (a), which corresponds to synthetic hydroxyapatite, the surface shows relatively sparse and
loosely bound CaP clusters. The limited quantity of apatite deposition suggests lower bioactivity
compared to the biological HAp samples. Synthetic HAp typically lacks the natural trace ions and
structural imperfections present in biological apatite, which serve as nucleation accelerators; therefore,
its apatite formation rate is inherently lower.

In contrast, Sample (b) derived from cow-bone hydroxyapatite exhibits a significantly denser and more
continuous CaP layer. The higher degree of mineral deposition reflects the superior bioactivity of bovine-
derived HAp, attributed to its natural carbonate substitution, residual organic components, and
crystallinity closer to human bone. These features enhance surface reactivity and strongly promote apatite
nucleation in SBF.

Sample (c), representing goat-bone hydroxyapatite, also shows substantial CaP formation, though
slightly less pronounced than that of the cow HAp sample. The deposit distribution indicates good
bioactivity, yet the nucleation density and aggregate size suggest moderate reactivity relative to bovine
HAp. Finally, Sample (d), corresponding to human-derived hydroxyapatite, shows improved CaP
formation over synthetic HAp but generally lower than goat and cow HAp. Although chemically similar
to natural bone mineral, processing steps such as high-temperature calcination may reduce surface
reactivity and diminish available nucleation sites.
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A l} ; oo
Figure 6. Formation of apatite layers on sintered pellets in SBF solution: (a) Synthetic HAp (b) Cow
teeth-derived HAp (c) Goat teeth-derived HAp (d) Human teeth-derived HAp. The red arrow shows the
apatite formation area.
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Table 4. A set of haemolysis data.

Composition Wavelength | Avg. O.D. of Test 0.D. (+) ve 0.D. (-) ve % Haemolysis
(nm) sample control control
Synthetic HAp 0.069 1.90
CowTeethHAp 0.078 4.05
545 0.48 0.061
Goat Teeth HAp 0.081 4.52
Human Teeth HAp 0.077 3.81

Haemolysis Study

The hemocompatibility assessment of hydroxyapatite (HAp) derived from different sources revealed
that all tested samples exhibited hemolysis percentages below 5%. According to ASTM F756-17,
materials with hemolysis values less than 5% are considered highly hemocompatible, thereby confirming
the suitability of these samples for biomedical applications involving direct blood contact. This
classification is consistent with prior studies that have established hydroxyapatite as a biocompatible and
hemocompatible material widely used in bone grafts, coatings, and dental implants. Among the tested
compositions, synthetic HAp and cow teeth-derived HAp demonstrated the lowest hemolysis values
(1.90% and 4.05%, respectively), indicating superior hemocompatibility compared to goat and human
teeth-derived HAp. This observation aligns with reports that synthetic hydroxyapatite, due to its
controlled crystallinity and purity, often exhibits enhanced hemocompatibility compared to biologically
derived variants. Similarly, cow teeth-derived HAp has been shown to possess favorable
physicochemical properties, including high crystallinity and Ca/P ratios close to stoichiometric
hydroxyapatite, which contribute to its blood compatibility.The slightly higher hemolysis percentages
observed in goat (4.52%) and human teeth-derived HAp (3.81%) may be attributed to variations in
mineral content, crystallinity, and trace organic residues inherent to biological sources. Previous studies
have noted that such compositional differences can influence surface interactions with erythrocytes,
thereby affecting hemolysis outcomes. Nevertheless, these values remain well within the ASTM
threshold, confirming their safety for biomedical use. Among the different compositions, pure HAp and
Cow teeth HAp have shown the maximum haemocompatibility. A set of haemolysis data is presented in
Table 4 below.
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CONCLUSION

This study demonstrates that human and cattle dental waste represent viable, sustainable, and efficient
raw materials for the production of biogenic hydroxyapatite suitable for biomedical applications.
Comprehensive physicochemical analyses—including XRD, FTIR, SEM, hardness testing, and porosity
assessment—confirmed that HAp derived from human, cow, and goat teeth exhibits structural and
functional characteristics comparable to conventional laboratory-synthesized HAp. All biogenic samples
displayed well-defined apatite crystal phases, characteristic phosphate and hydroxyl functional groups,
and microstructures conducive to osteoconductivity. Minor variations observed in lattice parameters,
crystallinity, and functional group intensities were attributed primarily to natural ionic substitutions such
as carbonate, magnesium, sodium, and fluoride inherent to biological sources. Mechanical
characterization revealed consistent hardness, densification behavior, and shrinkage patterns across all
samples, with a nearly perfect negative correlation (r =—0.996) between porosity and hardness, affirming
that pore architecture strongly governs mechanical performance. The higher porosity observed in
biogenic HAp, particularly human teeth-derived samples, may be advantageous for bone ingrowth,
nutrient diffusion, and vascularization in implant applications. Biological assays further established the
biomedical safety of all samples. MTT viability values remained near or above 100%, confirming
excellent cytocompatibility and absence of cytotoxic effects. Hemolysis percentages for all compositions
were below the ASTM F756-17 threshold of 5%, classifying them as highly hemocompatible.
Importantly, SBF immersion studies revealed enhanced apatite nucleation in biogenic HAp compared to
synthetic HAp, underscoring their superior bioactivity—largely influenced by natural trace ions and
microstructural irregularities that promote surface reactivity. The findings validate the concept of
converting human and cattle dental waste into high-quality, functional hydroxyapatite biomaterials with
strong potential for use in bone regeneration, implant coatings, and other clinical applications.
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