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Abstract: This study investigates the biogenic synthesis of nano-hydroxyapatite (nHAP) using Bacillus licheniformis,
Bacillus subtilis, and Pseudomonas fluorescens, followed by comprehensive characterization to assess their physicochemical
and structural properties. UV-Vis spectroscopy confirmed nanoparticle formation with absorption peaks at 238 and 280 nm
(B. licheniformis), 241 and 278 nm (B. subtilis), and 245 and 281 nm (P. fluorescens), suggesting nucleation and presence of
organic moieties. Spectral shoulders in B. subtilis and P. fluorescens indicated biomolecular interaction, unlike the sharper
profile of B. licheniformis. FTIR analysis showed characteristic phosphate (PO,37) bands (~1040 and 560-565 c¢cm™),
hydroxy| groups (~3570 cm™), and minor carbonate (~1450 cm™) in all samples. Strong amide | (~1640 cm™) and Il (~1540
cm™1) bands in B. subtilis and P. fluorescens pointed to proteinaceous capping and biogenic origin, whereas B. licheniformis
had sharper phosphate peaks and minimal organic signatures, indicating higher crystallinity. EDX confirmed elemental
composition with Ca/P ratios near the ideal 1.67. B. licheniformis (1.61) produced the most stoichiometric and pure nHAP,
followed by B. subtilis (1.59) and P. fluorescens (1.58), aligning with FTIR observations. DLS and zeta potential results
showed B. licheniformis synthesized the smallest (32.4 + 1.2 nm), most monodisperse (PDI 0.186), and stable (—34.2 £ 1.7
mV) particles. In contrast, P. fluorescens-derived nHAP was larger (39.3 + 1.9 nm), more polydisperse (PDI 0.264), and less
stable (—26.5 + 2.2 mV).In conclusion, all three strains synthesized nHAP, but only B. subtilis and P. fluorescens exhibited
strong biogenic characteristics. B. licheniformis yielded highly crystalline, near-stoichiometric nHAP, resembling chemically
synthesized material, making it ideal for high-purity applications such as agriculture.
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INTRODUCTION

hosphorus (P) is a vital macronutrient required

for wvarious physiological and biochemical
processes in plants, including photosynthesis, energy
transfer, signal transduction, and macromolecular
biosynthesis. Despite its importance, phosphorus is
one of the least mobile and most limiting nutrients in
many agricultural soils due to its strong fixation with
iron, aluminum, and calcium compounds.
Consequently, phosphate fertilizers are extensively
used to meet crop demands. However, conventional
phosphorus fertilizers, such as superphosphate and
diammonium phosphate, are often inefficient—only
10-25% of applied phosphorus is absorbed by plants,
with the remainder contributing to environmental
issues such as eutrophication and groundwater
contamination (Jupp et al., 2021).
In recent years, nano-hydroxyapatite (Caio
(PO4)6(OH) ) has attracted considerable interest as a
sustainable and efficient phosphorus fertilizer. Its
nanoscale dimension increases surface area and
solubility, allowing for controlled and targeted
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nutrient release. Studies have shown that nHAP can
serveas a slow-release phosphorus source, enhancing
nutrient use efficiency while reducing the risk of
leaching and runoff in agricultural systems (Noruzi et
al., 2023). Furthermore, nano-HA may also improve
soil structure and interact positively with soil
microbiota, contributing to long-term soil health.
Despite its advantages, traditional chemical synthesis
methods for nHAP are often energy-intensive,
expensive, and involve hazardous chemicals. To
address these limitations, biogenic synthesis, also
known as microbial synthesis, is being explored as a
green and sustainable alternative.  Certain
microorganisms, especially phosphate-solubilizing
bacteria (PSB), can biologically precipitate calcium
phosphate nanoparticles under ambient conditions
through  metabolic  processes involving the
production of organic acids, phosphatases, and
exopolysaccharides. These natural metabolites create
a localized environment that favors nucleation and
growth of hydroxyapatite crystals (Fishman et al.,
2018).
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Among these microbes, Bacillus subtilis, Bacillus
licheniformis, and Pseudomonas fluorescens are
especially noteworthy. These strains are widely
recognized as plant growth-promoting rhizobacteria
(PGPR), with well-documented capabilities in
phosphorus  solubilization,  nitrogen  fixation,
production of indole-3-acetic acid (IAA), and
biological control of pathogens. Moreover, these
microbes thrive in diverse soil environments and
have been effectively used in biofertilizer
formulations (Ng et al., 2022). Their use in
synthesizing nHAP offers a dual advantage—
enhancing nutrient availability through
nanotechnology while also improving soil microbial
health and crop resilience.

Incorporating biogenically synthesized nHAP into
agricultural practices offers a unique intersection of
biotechnology and sustainable farming. Compared to
chemically synthesized counterparts, bio-nHAP may
possess surface-bound biomolecules that improve
biocompatibility and interaction with soil-root
systems. However, detailed comparative studies on
the synthesis efficiency and nanoparticle
characteristics among different PGPR strains are
limited.

This study explores the biogenic synthesis of nHAp
using three agriculturally relevant bacterial strain i.e.,

Bacillus subtilis, Bacillus licheniformis, and
Pseudomonas fluorescens and evaluates their
efficiency in  producing nanoparticles. The

synthesized nHAP particles were subjected to
comprehensive  physicochemical characterization
using XRD, SEM, FTIR, and zeta potential analysis
to know their physicochemical properties.
Understanding these properties is crucial, as they
influence the nanoparticles' solubility,
bioavailability, and interaction with soil and plant
systems. The findings could pave the way for
scalable, eco-friendly nanomaterial-based solutions
to address global challenges in food security and
environmental sustainability.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals used in this study were of analytical
grade and used without further purification. Calcium
chloride dihydrate (CaCl,-2H,0) and Di-Pottasium
Hydrogen Phosphate (K HPO,), required for
hydroxyapatite synthesis, were purchased from
Sigma-Aldrich. Sodium hydroxide (NaOH), ethanol,
and nutrient broth components were procured from
HiMedia Laboratories (India). Double distilled
deionized water was used throughout the
experiments to ensure purity and prevent
contamination.

Microorganism Selection and Cultivation

Pure cultures of Bacillus subtilis (MTCC 1305),
Bacillus licheniformis (MTCC 3212),were obtained
from the Microbial Type Culture Collection

(MTCC), Institute of Microbial Technology
(IMTECH), Chandigarh, and  Pseudomonas
fluorescence (IIHR-PF-2) from India and Indian
institute of Horticulture Research.

Each bacterial strain was revived in sterile nutrient
broth and incubated at 37°C for 24 hours under
shaking conditions (120 rpm) to ensure proper
aeration and exponential growth. After incubation,
the optical density (ODggg) of the cultures was
monitored to confirm the active growth phase,
typically reaching an ODgqo 0of 0.8-1.0 before further
processing.

Biosynthesis of Nano-Hydroxyapatite (nHAp)

In this investigation, nano-hydroxyapatite (nHAP)
was biologically synthesized using three bacterial
strains: Bacillus subtilis (MTCC 1305), Bacillus
licheniformis (MTCC 3212), and Pseudomonas
fluorescens (IIHR-PF-2) from India and Indian
institute of Horticulture Research. For inoculum
preparation, nutrient broth (NB) was sterilized by
autoclaving (20 minutes at 15 psiand 121 +1°C). A
single colony of each bacterial strain was aseptically
introduced into 10 mL of this sterilized medium and
incubated for 12 hours at 37°C with constant
shaking at 200 rpm using a shaker incubator (REMI-
CIS-18 Pulse).

To initiate the synthesis of nHAP, 1% (v/v) of this
preculture was inoculated into 100 mL of fresh NB,
supplemented with 3% (w/v) K,HPO,. This whole
process was conducted in three separate experimental
replicates, each incubated under identical conditions
(37 °C, 200 rpm) for 24 hours. Following incubation,
the cultures were centrifuged at 10,000 rpm and
25°C for 15 minutes (Eppendorf 5804 R, Rotor F-
34-6-38). The resulting supernatants were carefully
collected for phosphate analysis. Subsequently,
CaCl, was added to each supernatant to achieve a
final calcium-to-phosphorus (Ca/P) molar ratio of
53.

The resulting mixtures were incubated once more
under the same conditions (37 °C, 200 rpm for 24
hours), after which a second centrifugation step was
carried out under identical parameters to recover the
precipitates. These pellets were washed three times
with double-distilled water and air-dried. The dried
material was then sterilized via autoclaving (20
minutes, 15 psi, 121 + 1 °C), followed by calcination
at 500 °C for 6 hours in a muffle furnace (SHI-205,
Shivam Instruments, Delhi, India), using a heating
rate of 10°C per minute. The final product was
collected and stored for subsequent characterization.
Characterization of Synthesized nHAP

The synthesized nano-hydroxyapatite (nHAp) was
subjected to detailed physicochemical
characterization using the following methods:
UV-Visible Spectroscopy: The optical properties
and initial confirmation of nanoparticle formation
were evaluated using a UV-Vis spectrophotometer
(Shimadzu, UV-VIS, 1900i). The absorbance spectra
were recorded in the range of 200-400 nm.
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Fourier  Transform Infrared  Spectroscopy
(FTIR): FTIR analysis was performed using a Jasco
FTIR-4X FTIR Spectrometer in the range of 400-
4000 cm™. The presence of functional groups such
as phosphate (PO437), hydroxyl (OH") and carbonate
(CO3%) was identified to confirm the formation of
hydroxyapatite.

Energy-Dispersive  X-ray Spectroscopy (EDX):
Elemental composition of the nanoparticles was
determined using EDX (Oxford Instruments X-act)
attached to the SEM instrument (ZEISS EVO 18).
Peaks corresponding to calcium (Ca), phosphorus
(P), and oxygen (O) confirmed the purity of
hydroxyapatite.

Dynamic Light Scattering (DLS) and Zeta
Potential Analysis: Particle size distribution and
surface charge of the synthesized nHAp were
measured using a Zeta Sizer Nano ZS (Malvern
Instruments). DLS  provided the average
hydrodynamic diameter of the nanoparticles, while
zeta potential analysis assessed the surface charge,
indicating the stability of the nanoparticle
suspension.

Statistical Analysis

All experiments were performed in triplicate. The
mean values and standard deviations were calculated
using Microsoft Excel. Where applicable, statistical
significance between groups was determined using
one-way ANOVA, with p< 0.05 -considered
statistically significant.

RESULTS AND DISCUSSION

Synthesis and UV-Visible Spectroscopic Analysis
of nHAp

The biosynthesis of nano-hydroxyapatite (nHAp)
was  successfully achieved using Bacillus
licheniformis, Bacillus subtilis, and Pseudomonas
fluorescens. The formation of a white precipitate in
the bacterial culture supernatants after incubation
indicated successful nanoparticle synthesis. To
confirm and monitor this process, UV-Visible
spectrophotometry was performed.

The UV-Visible spectroscopic analysis of nano-
hydroxyapatite (nHAP) synthesized using Bacillus
licheniformis, Bacillus subtilis and Pseudomonas
fluorescens revealed distinct absorbance patterns,
reflecting differences in nanoparticle formation
across the bacterial strains (Fig. 1). All three samples
showed a strong peak between 230 and 250 nm,
confirming the presence of phosphate groups and the
successful formation of hydroxyapatite (Abraham et
al., 2024).

Among the three, the nHAP synthesized by Bacillus
licheniformis showed the highest absorbance
intensity with a sharp peak near 240 nm, suggesting
the formation of smaller, well-dispersed, and highly
crystalline nanoparticles (Silva-Holguin et al., 2020).
Additionally, a weak shoulder peak around 280 nm
was observed, possibly due to the presence of

organic residues associated with the particles as
capping agents that naturally stabilize the
nanoparticles (Podila et al., 2012).

In contrast, the nHAP produced by Bacillus subtilis
exhibited a slightly red-shifted peak around 245 nm
with moderate absorbance intensity. This may be
indicative of slightly larger particle size or lower
crystallinity compared to those formed by B.
licheniformis. Additionally, a weak shoulder peak
around 280 nm was observed, possibly due to the
presence of bacterial metabolites or protein-based
capping agents that naturally stabilize the
nanoparticles (Podila et al., 2012). Similarly, the
NHAP synthesized using Pseudomonas fluorescens
displayed the weaker absorbance intensity with the
main peak appearing near 250 nm and a more
pronounced shoulder peak around 280 nm. This
suggests the formation of relatively larger or less
crystalline particles and greater involvement of
organic compounds. The broader peak profile also
points to a wider size distribution, which is consistent
with higher polydispersity values obtained from Zeta
sizer measurements.

Overall, the UV-Vis spectra confirm the successful
biosynthesis of nano-hydroxyapatite by all three
bacterial strains.

FTIR Spectral Analysis

Fourier Transform Infrared Spectroscopy (FTIR) was
employed to confirm the functional groups and
assess the structural features of the nano-
hydroxyapatite (nHAP) synthesized using Bacillus
licheniformis, Bacillus subtilis, and Pseudomonas
fluorescens. The spectra of all three samples revealed
characteristic phosphate and hydroxyl vibrations
confirming successful formation of hydroxyapatite,
with variations reflecting differences in crystallinity
and organic content (Fig. 2).

The nHAP synthesized by Bacillus licheniformis
exhibited sharp and strong phosphate peaks at 1045
cm™ (asymmetric stretching) and 565 cm™ (bending
vibration), which are typical of well-crystallized
hydroxyapatite (Rey et al., 1991; Termine& Posner,
1966). A weak but distinct O-H stretching band
around ~3570 cm™ confirmed the presence of
structural hydroxyl groups within the apatite lattice
(Koutsopoulos, 2002). A minor band near ~1450
cm™ was attributed to H-O—H bending or traces of
carbonate, possibly due to atmospheric CO,
adsorption. A minor band near ~1540 cm™ was
attributed to N-H amide bands suggested interaction
from biological residues.

In comparison, the FTIR spectrum of Bacillus
subtilis-mediated nHAP showed a slightly broadened
phosphate stretching band at 1041 cm™ and bending
mode at 560 cm™, suggesting a degree of lattice
disorder and reduced crystallinity (Copete, et al.,
2024). The O-H band at ~3570 cm™ was more
prominent, confirming hydroxyl group incorporation.
Importantly, an additional absorption near ~1640
cm™, corresponding to Amide | vibrations (C=0
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stretching of peptide bonds), indicated the presence
of residual proteins or capping agents from bacterial
origin (Socrates, 2004; Paramasivan et al., 2023a).
This was further supported by slightly distorted
phosphate peaks and a weak carbonate-related band
near ~1450 cm™.

The FTIR spectrum of nHAP synthesized using
Pseudomonas fluorescens showed broader and less
intense peaks for phosphate stretching (1030 cm™)
and bending (560 cm™), consistent with low
crystallinity. A moderately intense O-H stretch at
~3565 cm™ confirmed hydroxyl group presence.
Stronger Amide | and Il bands near 1638 cm™ were
clearly observed, indicating significant organic or
bacterial residue, commonly seen in biogenic apatite
(Gheisari et al., 2015; Rey et al., 1991). Furthermore,
a distinct peak at 874 cm™ was assigned to type B
carbonate substitution (COs% replacing PO,3Y),
which is often characteristic of biologically derived
apatite (Fleet, 2009). Minimal bending around ~1450
cm™ further confirmed weak adsorbed water or
carbonate presence.

In summary (Table 1), FTIR analysis confirmed the
formation of hydroxyapatite in all three samples.
Bacillus licheniformis produced the most crystalline
and pure form, while Bacillus subtilis and
Pseudomonasfluorescens showed increasing degrees
of organic association and carbonate substitution,
characteristic of biomimetic synthesis routes.
Energy-Dispersive  X-ray Spectroscopy (EDX)
Analysis

The elemental composition of the synthesized nano-
hydroxyapatite (nHAP) was determined using
Energy-Dispersive X-ray Spectroscopy (EDX) to
confirm the presence of key elements involved in
hydroxyapatite structure. All three samples—
synthesized using Bacillus licheniformis, Bacillus
subtilis and Pseudomonas fluorescens—showed
strong characteristic peaks corresponding to calcium
(Ca), phosphorus (P), and oxygen (O) which are the
primary components of hydroxyapatite (Cayo
(PO4)e(OH) ;)  (Dorozhkin, 2010; Kokubo
&Takadama, 2006).

Among the three (Table 2), the EDX spectrum of the
nHAP synthesized by Bacillus licheniformis
displayed well-defined and intense peaks for Ca and
P, with a Ca/P atomic ratio of 1.61 close to the ideal
value of 1.67. This ratio is widely accepted as
indicative of high purity which correlates with
enhanced crystallinity and bioactivity (Hou et al.,
2022). This observation aligns with the UV-Vis
results showing a sharp peak near 240 nm,
suggesting highly crystalline and well-formed
particles (Ganta et al., 2022). The observed near 280
nm, possibly belongs to capping agent i.e.., bacterial
proteins or other organic stabilizers (Paramasivan et
al., 2023b).

In the case of Bacillus subtilis-mediated nHAP, the
EDX spectrum revealed the presence of Ca, P, and

O, but with slightly broader peaks and a marginally
lower Ca/P ratio than the B. licheniformis sample.
Deviations from the ideal Ca/P ratio often indicate
partial substitution or defects, which can reduce
crystallinity and alter biological performance
(Ramesh et al., 2007). This corresponds with the red-
shifted UV peak around 245 nm and the observed
shoulder near 280 nm, possibly due to capping by
bacterial proteins or other organic stabilizers that
slightly alter the elemental purity or structure
(Alorku et al., 2020).

For the nHAP synthesized by Pseudomonas
fluorescens, the EDX spectra showed relatively
lower intensity peaks and a Ca/P ratio deviating
further from the stoichiometric value, indicating
either non-stoichiometric HAP formation or the
presence of additional elements, likely from
extracellular polymeric  substances or bacterial
metabolites (Priyam et al., 2019). This is consistent
with the lower absorbance and broader shoulder peak
in the UV-Vis spectrum near 280 nm, suggesting
lower crystallinity and greater organic association
(Viju etal., 2018).

These EDX findings further validate the UV-Vis
spectral analysis, demonstrating that the bacterial
strain used significantly influences the elemental
composition, crystallinity, and purity of the resulting
nHAP nanoparticles (Paramasivan et al., 2023a;
Ramesh et al., 2007).

Dynamic Light Scattering
Potential Analysis

The particle size distribution and surface charge of
nano-hydroxyapatite (nHAp) synthesized using
different bacterial strains were evaluated using
Dynamic Light Scattering (DLS) and zeta potential
analysis (Table 3). The Z-average particle size of
nHAp varied depending on the bacterial strain used.
Bacillus licheniformis-mediated synthesis resulted in
the smallest average particle size of 32.4 + 1.2 nm,
followed by Bacillus subtilis (35.7 £ 1.6 nm), and
Pseudomonas fluorescens (39.3 £ 1.9 nm).

The Polydispersity Index (PDI) values for all
samples were below 0.3, indicating a narrow and
uniform size distribution. Specifically, the PDI
values were 0.186 + 0.010 for B. subtilis, 0.221 *
0.014 for B. licheniformis, and 0.264 + 0.017 for P.
fluorescens, reflecting good nanoparticle
homogeneity (Eltarahony et al., 2018).

The zeta potential measurements showed that all the
synthesized nanoparticles carried a negative surface
charge, which is critical for colloidal stability. The
zeta potential values were —34.2 + 1.7 mV for B.
subtilis-derived nHAp, -30.8 + 1.9 mV for B.
licheniformis, and —26.5 + 2.2 mV for P. fluorescens.
These values suggest that the nanoparticles possessed
good electrostatic stability in suspension, with B.
subtilis-derived particles showing the highest
stability (Sahba et al., 2018).

(DLS) and Zeta
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Table 1. Functional groups represented by the corresponding wavenumbers and interpretations regarding

properties of nHAP

carbonate trace

Microbial Wawvenumber . N .
. _ Functional Group / Vibration Interpretation
Strain (cm™)
3570 O-H stretching (from hydroxyl in | Weak  but  present;  confirms
HAP) hydroxyapatite structure
= - - — -
Bacillus 1045 PO, z.asymmetrlc and symmetric | Sharp and strong; indicates well
licheniformis stretching formed phosphate groups
565 PO,3” bending vibrations Clear, sharp peaks; high crystallinity
H-O-H bending / weak | Very minimal — could be adsorbed
~1450 .
carbonate trace water or atmospheric CO,
. . Confirms biological or protein-based
~1540 Amide Il bands (N-H banding) | . © blofog P
interaction
. Slightl int ; fi
~3570 (weak) O-H stretching ghtly. ~more , ntense, - continms
hydroxyl group in structure
1041 PO,3" asymmetric and symmetric | Slightly broadened; mild structural
stretching disorder
Bacillus 1450 H-O-H bending / weak | Very minimal — could be adsorbed
subtilis carbonate trace water or atmospheric CO,
. Lo P t but | h th B.
560 PO,3" bending vibrations .reserT u ess sharpthan
licheniformis
. . . Indicate presence of organic cappin
~1640 Amide | bands (protein residues) ! P ganic capping
agents
3565 O_H stretching Moderate intensity; confirms
hydroxyl presence
1030 PO,3" asymmetric and symmetric | Broadened and less intense; lower
stretching crystallinity
. I Present but broader compared to
560 PO,*" bending vibrations P
Pseudomonas other samples
fluorescens 1638 Amide 1and Il bands Stronger band.s; clelar indication of
organic/bacterial residues
I Clear carbonate substitution likel
874 CO52” substitution bands . ] ! |_u ! e
due to biogenic synthesis route
1450 H-O-H bending / weak | Very minimal — could be adsorbed

water or atmospheric CO,

Table 2. EDX Elemental Composition of Synthesized nHAP Samples

Microbial Strain Element Atomic % Remarks
Ca 39.4% Strong, sharp peak; high intensity
P 23.3% Strong, sharp peak
Bacillus licheniformis 0] 36.2% Consistent with hydroxyapatite formula
Others Traces (>2%) indicates negligible structural deviation
) Near ideal stoichiometric ratio; suggests
Ca/P ratio | 1.61 ) ) o
high purity and crystallinity
Bacillus subtilis Ca 38.1% Moderate peak; slightly broader
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P 24.5% Moderate peak
0] 35.2% Within expected range
Others Trace (<2%) Possible organic residues (e.g., C, N)
Ca/P ratio 1.59 indicates minor structural deviation
Ca 36.4% Peaks less intense; broader
P 23.1% Slightly lower intensity
Pseudomonas fluorescens 0 37.8% Typical of hydroxyapatite
Others Minor (<3%) Trace of organic/stabilizing components
CalP ratio 158 Slightly off ideal; moderate purity and
crystallinity

Table 3. Zetasizer Analysis of Nano-Hydroxyapatite Synthesized Using Different Bacterial Strains (Mean % SD,

n=3)
Bacterial Strain Z-Awerage Particle Size | Polydispersity Index | Zeta Potential
(nm) (PDI) (mV)
Bacillus licheniformis 324 +1.2 0.186 + 0.010 342 + 1.7
Bacillus subtilis 357 +1.6 0.221 +0.014 -30.8 £ 1.9
Pseudomonas fluorescence 393 +1.9 0.264 + 0.017 —26.5 £22
Bacillus licheniformis (238nm,280nm)
’\/ Bacillus subtilis (241, 278nm)
P
r o\
I =
roy
!5 A __——" Pseudomonas fluorescens
A (245, 281nm)
1 |
i 3
o i 1
c ’l' s \
1] N
o ]
— 1
@] i’ \
_8 ;".'. 1
< :l‘ ‘
oE A
N EY
":i' ";\\ ﬁ"?\
AN A
\\‘-..:" ,.f '-'_':.:.‘" B \\
..‘&.-', . \.____________-—_.__..---.._.._.-_--——----
200 220 240 260 280 300 320 340 360 380 400

Wavelength (nm)
Fig. 1. UV spectrumof nHAP synthesized using different strains
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Fig. 2. FTIR Spectrum of nHAP synthesized using different strain (A) Bacillus licheniformis (B) Bacillus

subtilis and (C) Pseudomonas fluorescens
CONCLUSION

With notable differences in nanoparticle size, purity,
and degree of organic interaction depending on the
microbial species used. Bacillus licheniformis
emerged as the most effective strain in producing

stable, well-crystallized nHAP suitable for
applications in agriculture, ideal for applications
where  long-term  nutrient  supply, structural

consistency, and minimal environmental risk are
priorities—especially in precision farming or
commercial fertilizer formulations.
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