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ABSTRACT
Background: Periodontal disease, which is characterized by inflammation and the breakdown of periodontal tissues,
requires effective regeneration treatments. A bioceramic alloplast called hydroxyapatite (hydroxyapatite), which
resembles natural bone chemically and structurally, has potential for bone regeneration. However, its applicability is
hampered by its limitations in resorption rate and mechanical strength. The structural and biological performance of
hydroxyapatite may be improved by doping it with rare earth elements like praseodymium (Pr), which are recognized
for their osteogenic qualities and biocompatibility.

Aims and Objectives: This study aimed to synthesize praseodymium-doped hydroxyapatite (Pr-hydroxyapatite) using
a wet chemical precipitation method and evaluate its structural, morphological, and toxicological properties to assess its
potential for periodontal regeneration.

Materials and Methods: Pr-hydroxyapatite was synthesized by incorporating praseodymium ions into the
hydroxyapatite lattice through a wet chemical precipitation process. Characterization was performed using Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) analysis, Attenuated Total Reflectance Infrared
Spectroscopy (ATR-IR), and X-ray Diffraction (XRD). Toxicological analysis was conducted using a zebrafish embryo
toxicity test at various Pr-hydroxyapatite concentrations (4—-200 pg/ml).

Results: SEM revealed well-formed crystals with rough, layered morphologies, while EDX confirmed the presence of
praseodymium at 2.5% incorporation. ATR-IR and XRD demonstrated successful integration of Pr3" ions into the
hydroxyapatite lattice without compromising crystallinity or phase purity. Toxicity studies indicated dose-dependent
effects, with 4 pug/ml identified as a safe concentration for biological applications.

Conclusion: Pr-hydroxyapatite exhibits improved structural and physicochemical properties, supporting its potential in
promoting osteogenesis, angiogenesis, and antibacterial activity. Its optical properties further enable bioimaging and
antimicrobial photodynamic therapy applications. Despite its promise, additional in vitro and in vivo studies are
required to optimize dosage, evaluate resorption rates, and confirm long-term safety and efficacy in clinical
apnolications
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Periodontal disease, a commonly encountered issue in
oral health, manifests through inflammation and
infection in the tissues surrounding the teeth, such as the
gums, periodontal ligament (PDL), and alveolar bone.
Its main etiology is the buildup of bacterial plague and
tartar, which gradually erodes the supportive structures
of the teeth. Untreated periodontal disease can have
serious repercussions, from tooth loss to potential
systemic health issues, underscoring the importance of
managing it promptly and effectively . The existing
treatment modalities focus on removing the prime
etiology by scaling and root planing, antimicrobial
therapy, host modulation followed by regeneration of
the lost structures through guided bone and tissue
regeneration G357, Although regeneration could be
achieved through autografts, allografts and xenografts,
the invasive surgical procedure involved in procurement
of autografts necessitating an additional surgical site, the
sensitive manufacturing process and potential immune
or graft rejection reactions of allografts and xenografts
are certain constraints faced during regeneration
procedures. In order to overcome these limitations,
synthetic alloplasts that closely resemble human bone in
both composition and biology have been developed ¢,
Hydroxyapatite (hydroxyapatite) is the most commonly
utilized bioceramic material for bone grafting. Their
structural and chemical similarity to natural bone makes
them biocompatible and elicits no immune reaction.
Their osteoconductive qualities, permits osteoblast
apposition and migration to the defective site. Direct
bonding is established between HA and bone surface
(71019 However, the hydroxyapatite also has
disadvantages with its slower rate of resorption and
inferior mechanical strength which can hinder bone
remodeling 9.

To overcome this disadvantage, doping of various
elements into hydroxyapatite had been tested without
causing a major modification in hydroxyapatite lattice.
Rare earth materials due to it’s optical, physicochemical,
and biocompatible qualities, have been explored for its
strong therapeutic potential ™. Lanthanide ions’ ability
to incorporate into the crystal matrix of hydroxyapatite
have been shown to improve mechanical properties of
hydroxyapatite. It also improves biocompatibility and
cellular proliferation and adhesion 9. Also its
stimulatory action on bone-building osteoblasts and its
lowering effect on osteoclast production have made
them a preferred substitute in hydroxyapatite lattice @7,
Praseodymium, third light group member of the
lanthanides has the ability to replace calcium without
causing a functional substitution in proteins and cell
membranes. The similar ionic radii  between
praseodymium and calcium ions has caused increased
affinity “®. Thus considering advantages brought about
by mild structural and chemical alteration of

hydroxyapatite with praseodymium, this study aimed at
synthesising hydroxyapatite doped with praseodymium
and assessment of its physical and biological properties.

Preparation of praseodymium doped hydroxyapatite:

Using calcium nitrate tetrahydrate (Ca(NO3)2
4H20, Merck), diammonium hydrogen phosphate
((NH4)2HPO4, Merck), praseodymium nitrate, and
analytical-grade ammonia solution, the hydroxyapatite
and praseodymium co-doped hydroxyapatite powder was
created via a wet-chemical precipitation method. Triple-
distilled water was used to create diammonium hydrogen
phosphate at zero point six molar mass. Praseodymium
nitrate was combined in different molar concentrations
(0.05 M) with one point zero molar of calcium nitrate.
Using a magnetic stirrer, the produced reaction mixtures
(Ca:Pr) were vigorously stirred for three hours as they
were added dropwise to 0.6 M of (NH4)2HPO4 in a 1:1
volume ratio. The agqueous ammonia solution kept the pH
of the mixture at 10. The solution was then subjected to
ultrasonication for 1 h, using a Sonics-Vibra-Cell VCX
750 (750 W) probe ultrasonicator. The slurry of the
mixture was washed with deionized water and dried at
801C in air. Pellets of the samples with 8 mm diameter
and 1 mm thickness were prepared by applying a
pressure of 2 t using a hydraulic press.

Scanning electron microscope:

SEM was employed for analysis. The samples
were placed and assessed using the FEI Quanta FEG 650
SEM (JSM IT-800, JEOL Ltd., Akishima, Tokyo, Japan),
operating at an accelerating voltage of 2,000 kV.
Photographs were captured of both the membrane's
surface and cross-sections, at magnifications of 500x. It
can be employed for imaging samples with a resolution
of up to 0.5 nm. Additionally, it comes equipped with an
assortment of detectors suitable for tasks such as
elemental mapping, crystallographic analysis, and more.
EDS analysis on the selected areas was done to obtain the
elemental composition of the sample.

ATR-IR:

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-IR) (Bruker Alpha IlI, Bruker,
Billerica, MA, United States) was used to characterize
praseodymium-doped hydroxyapatite. The samples of
praseodymium doped hydroxyapatite are introduced onto
the ATR crystal . An infrared beam is focused onto the
crystal during the ATR-IR examination, and it enters the
sample a short distance before undergoing total internal
reflection. An absorption spectrum that reveals details
about the molecular vibrations and chemical bonds found
in the praseodymium-doped hydroxyapatite is produced
when the evanescent wave produced at the crystal-sample
interface interacts with the sample.
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X-RAY DIFFRACTION:

After being properly placed on a sample holder, the
powdered samples are put through an X-ray diffraction
analysis. The sample is exposed to an X-ray beam
during the XRD analysis, causing the atoms in the
sample to diffract the X-rays. The crystal structure,
phase composition, and crystallite size of the
praseodymium-doped hydroxyapatite are ascertained by
recording and analyzing the ensuing diffraction pattern.
Shifts in the diffraction peaks caused by the presence of
praseodymium ions can reveal information on the
incorporation of praseodymium into the hydroxyapatite
lattice and any ensuing modifications to the crystal
structure.

TOXICITY:

Fish embryo acute toxicity test:

The in vitro toxicity study was carried out against
zebrafish embryos by using the obtained praseodymium
doped hydroxyapatite . On the basis of the OECD-203
protocol, the toxicity was assessed using 25 marked
zebrafish eggs at different ratios (4 pg/ml and 8 pg/ml)
of the synthesized praseodymium doped hydroxyapatite
in Hank’s solution. The eggs were then moved into
individual wells for further development, such as tails ,
head, and eyes, which were clearly identified using a 40
x microscope every 24 h. While performing the assay,
the water was constantly maintained at room

L

temperature and the dead and live fish were monitored for
every 24 h to restrict any contamination in the solution.
Every 24 h, the hatching and mortality rates of embryos
were calculated.

SEM:

Figure 1: SEM analysis of the praseodymium doped
hydroxyapatite

The 5,000x magnification SEM image captured the
micrometer-scale intricacies of the crystal structure with
exceptional contrast, resolution, and edge definition
displays well-formed hydroxyapatite crystals with a rough
surface, distinct grain boundaries, and a layered, plate-like
shydroxyapatitee (Figure 1).
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Figure 1. SEM analysis of the praseodymium doped hydroxyapatite

EDX:
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Figure 2. EDX quantitative analysis of elements in the praseodymium doped hydroxyapatite

The elemental composition of praseodymium-doped hydroxyapatite is confirmed by the EDS spectrum image (Figure 2),
which shows prominent peaks for praseodymium (2.5%), calcium (28.7%), phosphorus (18.7%), and oxygen (50.1%).
These components align with the anticipated elements of hydroxyapatite, where praseodymium doping could improve
characteristics of hydroxyapatite.
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Figure 3. ATR-IR spectrum of praseodymium doped hydroxyapatite Vibration peaks were observed at various
wave numbers
A well-crystallized structure is indicated by the praseodymium-doped hydroxyapatite spectrum, which displays
distinctive bands for the phosphate (PO4*") and carbonate (CO3*") groups. These bands include peaks at 1135
cm! (HPO4%*), 1069 cm™ (CO3? substitution), and additional phosphate peaks at 1027, 921, 719, 607, and 564
cm! (Figure 3).

XRD:
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Figure 4. XRD analysis of praseodymium doped hydroxyapatite
Diffraction patterns obtained in the 20 range from 10 to 75 degrees

The XRD pattern displays distinctive hydroxyapatite peaks, with the greatest peak at approximately 32° and the
predominant peaks around 26 = 30-35°, suggesting excellent crystallinity (Figure 4).
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Figure 5. Graphic illustration of embryo viability of praseodymium-doped hydroxyapatite in a dose-dependent manner.

Figure 5 illustrates the viaility of the tested groups - Control (Water), 4 pg/ml and 8 pg/ml of prepared praseodymium-
doped hydroxyapatite samples. All groups are very viable at 24 hours, but the control group stays higher the entire time.
The 8 pug/ml group has the lowest survivability at 96 and 120 hours, indicating increased toxicity. The viability of 8
pg/ml is less when compared to the 4 pg/ml group except at 96th hour. The viability of the 4 pg/ml group gradually
decreased and remained stable after 96th hour. Variability with some group overlap is shown by error bars.
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Periodontitis which causes attachment loss eventually
induces resorption of the periodontal ligament (PDL)
and bundle bone. The goal of periodontal regeneration is
development of supporting structures , such as alveolar
bone, PDL, and cementum. Open flap debridement
combined with physiologically active biomaterials
which can promote bone regeneration and prevent long
junctional epithelial repair can accomplish the goal of
periodontal regeneration . This resulted in development
of biomaterials that can promote osteogenesis by
stabilizing the clot and keep the soft tissues from
collapsing into the defect thus accelerating the
restoration of destroyed structures, hence improving the
function of tooth supporting structures. The quest for
search of a biomaterial which provides a less morbid
approach unlike autografts or has less immunogenicity
and least potential risks for infectious diseases than
allografts and xenografts had led to synthesis of artificial
bioceramics or alloplasts which resembles natural
human bone in its components and structure had been
developed and been in use.

Hydroxyapatite is one of the bioceramic alloplastic bone
graft materials which possess a similar chemical
composition to natural bone and has a Ca:P ratio of 1.67
which imparts a good stability and biocompatibility thus
rendering it a most suitable material for bone
regeneration ¥, However its slower rate of resorption
and inferior mechanical strength can hinder bone
remodeling. This major setback could be overcome by
structural alteration through doping with ionic
substitutes. Extensive research has been undertaken to
incorporate lanthanide ions into hydroxyapatite.
Lanthanides are biocompatible with good optical and
absorption properties. Its affinity towards calcium ions
and its ability to cause no functional changes to the
incorporated material have made lanthanides an ideal
candidate for doping with hydroxyapatite 419,

This study focused on doping praseodymium
into hydroxyapatite using a wet chemical precipitation
method. The prepared material was subjected to
physical characterisation tests and toxicity was tested.
SEM analysis revealed the crystals' angular and uneven
pattern with interconnected shydroxyapatitee and mixed
orientations which indicated a successful incorporation
of praseodymium. The praseodymium doping affected
crystal formation, resulting in asymmetrical sizes and
forms. EDX showed alignment with the anticipated
elements of hydroxyapatite, where praseodymium
doping (2.5%) could improve characteristics of
hydroxyapatite with only minor chemical modification.
ATIR-IR showed apatite phase development with intact
phosphate structure which is confirmed by modest peak
shifts (1027, 921, 719, 607, and 564 cm™') that imply
Pr** integration, while carbonate and hydrogen
phosphate bands at 1135 cm™" and 1069 cm™' indicate

structural replacements suggesting successful
incorporation of praseodymium into the hydroxyapatite
lattice and potentially changing the characteristics of
hydroxyapatite. XRD results revealed consistent peak
locations with the hexagonal hydroxyapatite structure
and the absence of secondary phases which verify
praseodymium doping. Phase-pure Pr-doped
hydroxyapatite is confirmed by peaks that range 10-60°
with a stable baseline and no impurities, matching
standard hydroxyapatite. The toxicity analysis inferred
decreased viability with increasing concentrations over
time, indicating dose-dependent toxicity. The viability at
a dosage of 4 ug/ml could be used safely as the embryo
survivability was better than the control group and was
also stable after 96th hour. However further cytotoxicity
and drug release pattern analysis are required to
determine the safety dosage.

Praseodymium doped hydroxyapatite had been proved to
promote osteogenesis as well as enhance tissue response
through its cellular and immunomodulatory actions. Also
it possess antibacterial properties ™®. It’s angiogenesis
activity is stimulated by endothelial cell proliferation
which can promote wound healing post periodontal
surgery . It could be further incorporated into scaffolds
for prompting regeneration in periodontal Intra bony
defects and for arresting the periodontal disease
progression and restoring the subgingival micro iota
balance >9. Additionally the optical property of
praseodymium helps in bio imaging which could help
study the resorption rate of various bone graft materials
thus determining the prognosis of periodontal disease ).
It could also be used for diagnosis by determining the
pocket depth and also locating and measuring depth of
bony defects *®. Moreover, the capacity to transform
visible emission light from near-infrared (NIR) excitation
light could enable the material to be wused for
antimicrobial photodynamic therapy (aPDT) @°,

Despite the promising potential, additional studies are
warranted in gingival fibroblast cell line and osteoblast
cell line for cytotoxicity and regeneration potential.
Resorption rate should also be evaluated. Optimal dosage
should be determined to avoid adverse tissue response.
The therapeutic and diagnostic potential should be
substantiated by further animal studies and large scale
clinical trials.

The synthesis of praseodymium-doped hydroxyapatite
(Pr-hydroxyapatite) was accomplished, indicating the
promise of this material for bone regeneration,
especially in periodontal therapy. Characterization
verified that the praseodymium was successfully
incorporated, improving the physicochemical and
structural characteristics. According to toxicological
investigation, a safe dose of 4 ug/ml was found, and
Pr-hydroxyapatite showed promising osteogenesis,
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angiogenesis, and antimicrobial activities. Its optical
characteristics make it a promising candidate for
antimicrobial ~ photodynamic  treatment  and
bioimaging.To assess resorption rates, improve
dosage, and confirm therapeutic efficacy through
extensive clinical trials, more research is required.
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