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Abstract

This study investigates the synthesis and characterization of hydroxyapatite (HAp) ceramic biomaterials doped with
silver (Ag) and pyrocatechol. HAp, commonly utilized in the treatment of hard tissues including teeth and bones, was
produced and analyzed to assess the structural, morphological, elemental, and thermal properties of the materials. The
phase and crystal structures of the synthesized HAp biomaterials were examined using X-ray diffraction (XRD), reveal-
ing that the incorporation of Ag and pyrocatechol influenced the crystallinity and lattice parameters. Fourier transform
infrared (FT-IR) spectroscopy verified the presence of the characteristic OH- and PO,* groups of HAp, while scanning
electron microscopy (SEM) displayed consistent morphologies across all samples, free of residues or impurities. Elemen-
tal compositions were determined by energy dispersive X-ray (EDX) spectroscopy, and thermal stability was assessed
through differential thermal analysis (DTA) and thermogravimetric analysis (TGA). Additionally, computational studies
using density functional theory (DFT) were conducted to further investigate the electronic and structural properties of
0.44% Ag-doped HAp. The DFT calculations revealed that Ag atoms replace calcium (Cal and Ca2) positions in the lat-
tice, leading to slight distortions in the lattice structure and changes in the electronic density distribution. Minor changes
were observed in the band structure and electronic properties, indicating the stability and tunability of the doped system.
A small amount of B-tricalcium phosphate (B-TCP) phase was also detected alongside the main HAp phase. These results
underscore the importance of incorporating pyrocatechol and silver doping into HAp for biomedical applications. The
resulting biomaterials exhibit enhanced structural, thermal, and electronic properties, with improved biocompatibility and
antimicrobial activity.
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Introduction

Biochemical materials play crucial roles in biological sys-
tems, and the field of medical inorganic compounds focuses
on utilizing these materials to diagnose and treat disorders.
The human body is composed of numerous chemical ele-
ments, most of which are concentrated in bones, teeth, and
other organs. These elements are essential for nourishing
and supporting the body’s functions [1, 2]. Bioceramics are
ceramic materials with biological compatibility, designed to
heal and regenerate damaged tissues. These materials are
essential in the field of regenerative medicine due to their
ability to integrate with living tissue, promoting healing and
recovery. Among the various types of bioceramics, synthetic
osteoconductive bone graft materials represent the majority
of ceramic biomaterials currently available for use in hard
tissue replacement and healing treatments. These osteocon-
ductive materials support the growth of new bone tissue by
facilitating the attachment and proliferation of osteoblasts,
which are critical for bone regeneration. Due to their excel-
lent mechanical properties, biocompatibility, and ability to
mimic the natural bone structure, synthetic bone grafts made
from bioceramics have become invaluable in treating bone
defects, fractures, and other skeletal system disorders [3, 4].

Hydroxyapatite (HAp) is an artificial biomaterial that
is analogous to the composition of mammalian hard tis-
sue. As a result, it is commonly used as a material for bone
grafts, and as a scaffold for hard tissue engineering. HAp is
a member of the apatite family and exhibits several advan-
tageous properties, particularly in terms of its composition
and characteristics. These properties include biocompat-
ibility, antibacterial activity, flexibility, dielectric and dia-
magnetic behavior, osteoconductivity, biological activity,
non-toxicity, as well as thermal and optical properties [5-9].
Additionally, the advancement of in vitro testing, a key
medical application of biomaterials used in cancer research,
is crucial for the biological applications of cancer treat-
ments. This improvement also offers a more accurate under-
standing of pharmacological strategies and drug-delivery
methods [7, 10]. It has the chemical structure of apatite:
Y,o(PO,)s % 5, where Y indicates (calcium, Ca®"), and X
refers to (hydroxide, OH"), with the standard formula being
Ca,((PO,)¢(OH),, and Ca: P molecular ratio 1.67 [5, 6, 11,
12]. Both artificial and natural HAp crystal structure in the
hexagonal form with the space group symmetry P6,/m, with
a structured arrangement of Ca®>" and (PO4)3_ ions around
OH' ion columns [7, 13]. These bioactive HAp materials are
synthesized using various methods, including dry processes,
hydrolysis, hydrothermal treatment, sol-gel processes, and
wet chemical methods [7, 10, 14]. The wet approach is
preferred over the dry method due to several advantages,
including its higher purity, safety, cost-effectiveness, and
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ease of use. Additionally, the wet process operates at lower
temperatures, typically below 100 °C, making it more
energy-efficient and suitable for a wider range of applica-
tions. These factors contribute to the wet method’s popu-
larity in the synthesis of bioactive materials, as it ensures
better control over material properties while maintaining
economic and environmental benefits [10].

To enhance the chemical and physical properties, includ-
ing bonding, dielectric and diamagnetic behavior, biological
activity, and mechanical characteristics of HAp and other
ceramics, various anions and cations can be doped or co-
doped using different additives. The common cationic spe-
cies are (Mn?", Zn*", Li**, Ce**, Na*, Cu*', Co?*, K', Ag",
Sr¥, Er¥t, Gd*', La*", AP*, Mg?*, Yb*" and etc., along with
the anionic species like (CO327, SiO447, Cl',and F) [7, 8,
15, 16]. Additionally, the cation conversion rate of HAp is
quite high with heavy elements or risky ions such as Pb*",
Cd*, Cu*", Mn**, Ag", Co*' etc., due to the interactions
between complexation processes, surface adsorption, pre-
cipitation, and ion exchange [17]. Silver (Ag") nanoparticles
exhibit unique optical properties, excellent biocompatibil-
ity, sufficient stability, as well as strong antibacterial and
catalytic capabilities. These remarkable characteristics stem
from their nanoscale size, which can be precisely controlled
through adjustments to their physical and chemical prop-
erties. The small size of the nanoparticles enhances their
reactivity, surface area, and interaction with biological sys-
tems, making them highly effective for various applications,
including medical treatments, environmental remediation,
and industrial catalysis [18, 19].

Ag has been shown to possess antibacterial properties,
low volatility, and resistance to bacterial infections. It also
exhibits thermal stability, is non-toxic to human cells at low
doses, and maintains minimal cytotoxicity [9, 12, 14, 19,
20]. It has been established that increasing the Ag content in
the material enhances its antibacterial effects, but this also
leads to a rise in cytotoxicity. Cytotoxicity refers to the abil-
ity of a material or process to damage or kill cells [21]. It has
been found that a high concentration of Ag" ions>1.6 ppm,
is cytotoxic, impacting the fundamental metabolic cellular
activities of mammalian cells [22]. Ag" ions are absorbed
from the solution and transferred into the Ca*" site of HAp
based on the apatite structure’s capacity for ion exchange
[22]. Substituting the greater ionic radius (1.28 A) of Ag”
with the shorter ionic radius (0.99 A) of Ca*? in the HAp
lattice allows stress and strain in the crystal structure [12].

Based on the findings of Jacobs et al. [23], Ag-doped HAp
demonstrates significant bactericidal efficacy and exhibits
a notable release rate and kinetics within the human body.
Research has shown that materials combining the antibacte-
rial properties of silver with the bioactivity, biocompatibil-
ity, and osteoconductivity of HAp create a substance that
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is both biocompatible and effective against bacterial infec-
tions [24-27]. The literatures indicate that Ag/HAp exhibits
potent antibacterial activity against both gram-negative and
gram-positive bacteria, with its efficacy strongly dependent
on the concentration of Ag ions incorporated [17, 22, 27,
28]. Many studies have proven that physical, chemical and
biological characteristics of HAp samples are positively
affected when they are doped with Ag [29-31]. There are
also studies showing that the corrosion resistance and bio-
compatibility of Ag-doped HAp samples increase with Ag
doping [32, 33].

Pyrocatechol, a chemical compound with the molecular
formula C¢H,(OH),, is also known as catechol or 1,2-dihy-
droxybenzene. It exhibits both prooxidant and antioxidant
properties. Potential therapeutic applications of pyrocat-
echol have been explored in various areas, including neuro-
protection, anti-inflammatory effects, and cancer prevention.
Additionally, pyrocatechol serves as a model compound for
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Fig. 1 Flowchart of the synthesis steps of the samples

lignin in plants and aromatic substances found in wastewa-
ter [34]. The antioxidant effects of pyrocatechol stem from
its ability to scavenge free radicals and reactive oxygen spe-
cies, a property that is likely related to its chemical char-
acteristics [35]. Pyrocatechol is capable of undergoing a
wide range of reactions, including complex formation and
redox processes [36]. It can interact with metal ions to form
complexes and participate in electron transfer reactions.
Additionally, pyrocatechol can be enzymatically produced
with peroxidase as a catalyst in aqueous dioxane solutions
or reverse micellar systems [36].

Recent studies suggest that the incorporation of pyro-
catechol into silver-doped hydroxyapatite (Ag-HAp) plays
three key roles: modulation of its spectroscopic properties,
enhancement of its electrochemical sensing performance
and possible enhancement of its antibacterial efficacy
through synergistic interactions with the doped silver ions.
The presence of silver doping appears to impart distinct
characteristics to pyrocatechol-containing materials, affect-
ing their structural and functional properties.

This study investigates the effect of pyrocatechol content
on the synthesis of Ag-doped hydroxyapatite (Ag-HAp),
with particular emphasis on its structural, thermal and spec-
troscopic properties. The incorporation of pyrocatechol
induces significant shifts in characteristic vibrational bands,
particularly in the hydroxyl (OH") and phosphate (PO,*")
stretching regions. These spectral variations will be anal-
ysed using FT-IR spectroscopy to confirm the molecular
level interactions between pyrocatechol and Ag-HAp.

Materials and methods
Synthesis

Hydroxyapatite (HAp) samples were synthesized using
a wet chemical method with high-purity precursors: cal-
cium nitrate tetrahydrate (Ca(NO;), 4H,0), silver nitrate
(AgNO;), diammonium hydrogen phosphate (NH,),HPO,,
DAP), and pyrocatechol, all sourced from Sigma-Aldrich.
The synthesis was carried out with an atomic calcium
(Ca) content of 99.56% and an atomic silver (Ag) content
of 0.44%. The synthesis process is given in a flowchart in
Fig. 1.

During the synthesis, varying volumes (0, 5, 10, and
15 mL) of 0.05 M pyrocatechol solution were introduced
into the reaction mixture to investigate its effects on the
final material properties. The required amount of pyro-
catechol was first dissolved in deionized water to ensure
homogeneity.

The synthesis process began with dissolving the appro-
priate amount of DAP in deionized water using a volumetric
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flask. Separately, Ca(NO;),"4H,0 and AgNO; were dis-
solved in deionized water in another volumetric flask. The
resulting calcium-silver solution was then added dropwise
to the DAP solution while continuously stirring on a heated
magnetic stirrer. Subsequently, the designated volume of
pyrocatechol was introduced dropwise into the final reac-
tion mixture.

The resulting mixture was stirred at 90 °C for 4.5 h until
a gel-like consistency was achieved. Following this, the
samples were dried in an oven at 210 °C for 23 h to remove
residual moisture. The dried materials were then transferred
to porcelain crucibles and subjected to calcination in a
muffle furnace at 950 °C for 4 h. This process yielded HAp
samples in the form of white powder.

The synthesized samples were designated as P1, P2, P3,
and P4, corresponding to the increasing concentrations of
pyrocatechol incorporated during synthesis.
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Fig. 2 XRD plots of the as-produced HAps
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Characterization

The structural, morphological, elemental, and thermal prop-
erties of the synthesized hydroxyapatite (HAp) samples
were characterized using various analytical techniques.

X-ray diffraction (XRD)

The crystalline structure of the HAp samples was ana-
lyzed using X-ray diffraction (XRD) with CuKa radiation
(A=0.15406 nm) on a Rigaku RadB-Dmax II diffractometer
operating at 40 kV and 40 mA in the 26 range from 20° to
60° using the steps of 0.02°.

Fourier transform infrared (FT-IR) spectroscopy

Functional group analysis was performed using Fourier
transform infrared (FT-IR) spectroscopy on a PerkinElmer
Spectrum One spectrometer within the spectral range of
400—4000 cm™. The KBr pellet technique was employed to
prepare the samples for analysis.

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) spectroscopy

The surface morphology of the synthesized HAp samples
was examined using a Zeiss EVO-MA10 scanning electron
microscope (SEM). The elemental composition of selected
regions was determined using an energy dispersive X-ray
(EDX) Bruker XFlash detector.

Thermal analysis (DTA/TGA)

The thermal stability and decomposition behavior of the
synthesized HAp biomaterials were evaluated using dif-
ferential thermal analysis (DTA) and thermogravimetric
analysis (TGA). These measurements were conducted on
Shimadzu DTA-50 and TGA-50 instruments, respectively.
For both analyses, the min~!. The DTA and TGA measure-
ments were performed from room temperature to 900 °C
with a heating rate was 10 °C.

Results and discussion

Experimental results

XRD analysis

The X-ray diffraction (XRD) analysis results of the synthe-

sized hydroxyapatite (HAp) samples are presented in Fig. 2.
In all samples, the dominant crystalline phase was identified
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as HAp, corresponding to the standard reference pattern
(JCPDS PDF No: 09-0432), while the secondary phase was
detected as f-tricalcium phosphate (f-TCP), matching the
reference pattern (JCPDS PDF No: 09-0169).

A detailed examination of the diffraction patterns reveals
the influence of both pyrocatechol and silver (Ag) doping
on phase composition and crystallinity. The incorporation
of Ag and pyrocatechol appears to induce subtle changes
in peak intensities and shifts, suggesting modifications in
lattice parameters and crystallinity percentages. These alter-
ations may be attributed to ionic substitution, structural dis-
tortions, or interactions between the dopants and the HAp
matrix.

Furthermore, the presence of the f-TCP phase, albeit in
minor quantities, indicates partial decomposition or phase
transformation, which could be influenced by the dopant
concentrations and synthesis conditions. Notable, even
sample P1, which contains 0% pyrocatechol, shows traces
of f-TCP. This suggests that the formation of f-TCP is not
solely dependent on the incorporation of pyrocatechol, but
may result from inherent factors such as precursor selection,
synthesis parameters and thermal treatment.

From Fig. 2, the XRD analysis confirms the presence of
the S-TCP phase in sample P1, suggesting that phase trans-
formation may have occurred due to the calcination temper-
ature (950 °C). At high temperatures, hydroxyapatite (HAp)
can undergo thermal decomposition into S-TCP, especially
under conditions of slight calcium deficiency or non-stoi-
chiometric synthesis. In addition, the possible volatilisation
of hydroxyl (OH") groups during high temperature process-
ing may contribute to this phase transition. These results are
consistent with previous reports [37, 38] that f-TCP forma-
tion can result from factors such as prolonged heating times,
partial dehydroxylation of HAp and variations in the Ca/P
ratio. Therefore, the observed f-TCP in sample P1 may be
an intrinsic consequence of the synthesis and calcination

Table 1 The calculated values related to the XRD analysis

process rather than an effect of pyrocatechol incorporation
alone.

The crystallite size (D) of all samples was calculated by
the Scherrer equation [39]:

0.9 :
"~ Bcosh @

In Eq. (1), S represents the maximum half peak width; 1
represents the X-ray wavelength; 0 represents the Bragg
angle. The D value for the diffraction patterns of the sam-
ples was calculated separately as D, and D, for the (002)
and (300) planes, respectively, and the obtained values are
shown in Table 1.

Both the lattice parameters (a¢ and c¢) and the unit cell
volume (V) were calculated using the following equations,
respectively [39].

1 4 (W +hk+E +ﬁ 5
dz2 " 3 a? c? 2
V = 0.866a%c (3)

In the above equations, the letters %, k and / represent Miller
indices.

The crystallization percentages (Xc%) of the samples
were determined using the following equation, as reported
by Landi et al. [40]:

v
Xc% = (1 - ”2/300) x 100 4)
I300

In this equation, V530, represents the intensity of the
trough between the (112) and (300) reflections, and /5, rep-
resents the intensity of the reflection belonging to the (300)
plane [41]. All the parameters calculated by the analysis of
XRD data and mentioned above are presented in Table 1.

Pl P2 P3 P4

Experimental results HAp phase (%) 86.0 85.8 87.1 87.0

p-TCP phase (%) 14.0 14.2 12.9 13.0

X% 80.2 84.5 77.7 81.3

D (nm) 40.63 45.76 33.13 36.37

a (nm) 0.9423 0.9412 0.9351 0.9384

¢ (nm) 0.6885 0.6875 0.6818 0.6843

¥ (nm)? 0.5294 0.5274 0.5163 0.5218
Theoretical results For Cal site a (nm) 0.9469

¢ (nm) 0.6790

¥V (nm)® 0.5272

For Ca?2 site a (nm) 0.9402
¢ (nm) 0.6827
V (nm)? 0.5226
@ Springer
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An analysis of the data presented in Table 1 reveals that
the incorporation of both pyrocatechol and silver (Ag) sig-
nificantly influences the structural parameters of the synthe-
sized hydroxyapatite (HAp) samples. The lattice parameters
(a and c) exhibit notable variations, suggesting that the dop-
ants induce structural modifications within the HAp lattice.
The crystallinity percentages of the samples range between
77.7% and 84.5%, indicating that the degree of crystalliza-
tion is influenced by the presence of Ag and pyrocatechol.
The degree of crystallization in the synthesized samples is
influenced by both Ag doping and pyrocatechol incorpora-
tion. However, in sample P1, which lacks pyrocatechol, the
observed crystallization behavior is primarily attributed to
the influence of Ag doping and synthesis conditions. The
variation in crystallinity across all samples suggests that Ag
incorporation alone can modify the structural properties of
hydroxyapatite by inducing lattice distortions and affect-
ing nucleation kinetics. Furthermore, in samples contain-
ing pyrocatechol (P2-P4), additional interactions with the
hydroxyapatite lattice may contribute to further changes in
crystallinity. The structural changes induced by pyrocat-
echol could result from coordination interactions, surface
adsorption or molecular level bonding effects, leading to
variations in lattice parameters and crystallinity percent-
ages. The comparative analysis of Pl (Ag-doped HAp
without pyrocatechol) and the other samples (Ag-HAp with
pyrocatechol) supports the conclusion that while Ag doping
alone influences crystallinity, the combined presence of Ag
and pyrocatechol introduces additional structural effects.

The relative phase composition of the samples further
demonstrates the impact of these dopants. The HAp phase
percentages follow the order: P3 (87.1%)>P4 (87.0%)>P1
(86.0%)>P2 (85.8%), while the B-TCP phase percentages
are reported as P1 (14.2%)>P2 (14.0%)>P4 (13.0%)>P3
(12.9%).

The -TCP phase percentage was determined using X-ray
diffraction (XRD) analysis by evaluating the relative inten-
sities of specific diffraction peaks corresponding to 3-TCP
and hydroxyapatite (HAp) phases. The primary peak used
for f-TCP quantification is the (0210) reflection, located
around 20~31.0-31.2°, as identified in the standard JCPDS
reference pattern (JCPDS PDF No: 09-0169). The phase
fraction was calculated using the intensity ratio method,
where the proportion of S-TCP in each sample was esti-
mated relative to the sum of major HAp and S-TCP peaks.

These results suggest that the phase stability and dis-
tribution are dependent on the specific doping conditions
employed during synthesis.

A comparison with literature data supports these findings.
Kaygili et al. [42] reported that the crystallization percent-
ages of Ag-doped HAp samples ranged from 88.3 to 90.2%,
with the HAp phase varying between 94.7% and 96.9%, and

@ Springer

the B-TCP phase constituting 3.1-5.3%. Similarly, Aqib et
al. [43] demonstrated that Ag* doping influences the crystal-
lographic parameters of brushite samples, as confirmed by
XRD analysis.

Further studies have also investigated the variations in
lattice parameters due to Ag incorporation. Makarova et al.
[44] reported that the lattice parameters of Ag-doped HAp
samples varied within the range of @~0.94371-0.94673 nm
and ¢~0.68912-0.69124 nm, highlighting the structural
modifications induced by Ag doping. Additionally, Sahin
et al. [45] demonstrated that doping HAp with Ag, Pr, and
Zn significantly affects crystallinity, crystallite size, lattice
parameters, and unit cell volume, further supporting the
present findings.

Adhitiyan et al. [46] determined that Ag-doped HAp
samples produced by green synthesis using the microwave
method had functional and structural HAp characteristics as
aresult of FTIR and XRD analyses.

Moreover, Hossain et al. [47] determined that the crystal-
lite size of HAp samples doped with 0.25%, 0.5%, 1.0%,
and 2.5% Ag ranged from D=75.2-91.2 nm, with HAp
phase content varying between 52.49% and 85.53%, and
S-TCP phase content ranging from 15.47 to 47.51%. The
reported lattice parameters for these Ag-doped HAp sam-
ples fell within a~0.93794-0.94594 nm and ¢~0.68362—
0.68796 nm. Similarly, Mendez-Lozano et al. [48] found
that the crystallite size of Ag-doped HAp samples ranged
from D=~47.51-48.34 nm, with lattice parameters between
a~0.921-0.925 nm and ¢=0.677-0.679 nm.

These comparative studies emphasize that Ag and pyro-
catechol doping induce measurable changes in the crystal-
lographic properties of HAp, affecting its structural stability
and phase composition. The observed variations in lattice
parameters, crystallinity, and phase distribution highlight
the tunability of Ag-doped HAp for potential biomedical
applications.

FT-IR analyses

The FT-IR spectra of 0.44% Ag-doped hydroxyapatite
(HAp) samples containing varying concentrations of pyro-
catechol (0, 5, 10, and 15 mL) are depicted in Fig. 3. The
characteristic vibrational bands corresponding to the phos-
phate (PO,*") group were observed at 473, 565, 600, 962,
1031, and 1089 cm™ for all samples (P1, P2, P3, and P4)
[41, 49]. These bands are indicative of the fundamental
structural units of the hydroxyapatite lattice.

The presence of the hydroxyl (OH") group was confirmed
by distinct absorption bands at 630 and 3642 cm™, which
are characteristic of the stretching and librational vibrations
of OH™ ions in HAp [50]. Additionally, the characteristic
absorption bands corresponding to the carbonate (CO5*)
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Fig.3 FTIR spectra of the as-prepared HAps

group were detected at 875, 1412, and 1463 cm™ for all
samples, suggesting partial carbonate substitution within
the HAp structure, likely due to atmospheric CO, incorpo-
ration during synthesis [51].

A comparative analysis with existing literature highlights
consistent findings in Ag-doped HAp and other calcium
phosphate (CaP) compounds. Aqib et al. [43] reported char-
acteristic vibrational modes for CaP compounds, including
PO-bending at 573 cm™', P-O(H) stretching at 872 cm™,
PO-stretching at 980 and 1225 cm™, H,O bending at
1652 cm™, and O—H stretching at 3540 cm™, in Ag*-doped
brushite samples.

Similarly, Makarova et al. [44] identified O—P—O bending
vibrations at 572 and 602 cm™, P-O stretching vibrations
at 960, 1048, and 1091 cm™, OH™ oscillation at 630 cm™,
and OH™ stretching at 3571 cm™ in Ag-doped HAp samples
(0.2,0.5,1.0, 1.5, and 2.0 mol Ag). Their study also detected
absorption bands at 876, 1418, and 1472 cm™, attributed to
carbonate ions formed due to direct CO, capture from ambi-
ent air, reinforcing the findings of the present study.

Moreover, Mendez-Lozano et al. in 2023 [48] demon-
strated that 0.05, 0.1, and 0.2 mol Ag-doped HAp samples
retained the characteristic FT-IR peaks of the HAp struc-
ture, indicating that Ag incorporation does not significantly
alter the fundamental vibrational properties of the material.
Rajan et al. in 2024 [52] further confirmed the presence of
phosphate groups (PO,*) in Ag-doped HAp samples and
identified hydroxyl groups at 3569 and 631 cm™ and car-
bonate species at 1410, 870, and 1460 cm™. Their study
concluded that these absorption bands represent the funda-
mental structure of HAp and that Ag doping does not induce
structural disruptions in the HAp lattice.

Taken together, these results indicate that Ag doping in
conjunction with pyrocatechol does not significantly alter
the fundamental spectral features of hydroxyapatite (HAp),
as confirmed by the retention of characteristic phosphate

40 — -
—P1
—P2
—P3
— P4

204

Heat flow (uV)
o

-20 4

40

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig.4 DTA plots of the pyrocatechol containing HAps

(PO,*") and hydroxyl (OH-) vibrational bands in the FT-IR
spectra. However, the incorporation of Ag and pyrocatechol
may introduce additional functionalities through antibacte-
rial activity and improved biocompatibility. Ag" ions are
well documented to have strong antimicrobial properties,
mainly through their interaction with bacterial cell mem-
branes, generation of reactive oxygen species (ROS) and
disruption of DNA replication pathways [17, 27]. In addi-
tion, the incorporation of Ag into HAp has been shown
to enhance osteoblast adhesion and proliferation, thereby
improving biocompatibility in biomedical applications [21,
22]. Furthermore, pyrocatechol is known for its redox activ-
ity and metal chelating properties, which may contribute to
improved biological performance by stabilising Ag" ions
and modulating surface interactions with biological systems
[35]. Previous studies have shown that catechol-containing
compounds can enhance bioactivity, antimicrobial efficacy
and tissue integration in composite biomaterials [53].

Therefore, while Ag and pyrocatechol do not induce
major structural perturbations in HAp, their presence poten-
tially enhances functional properties, including antibacterial
activity and biocompatibility, making the material a promis-
ing candidate for bone grafts, dental coatings and antimicro-
bial surfaces.

Thermal analysis

The Differential Thermal Analysis (DTA) curves, recorded
over a temperature range from room temperature to 1000 °C,
as depicted in Fig. 4, indicate that all the synthesized sam-
ples exhibit thermal stability within this interval [54, 55].
However, as shown in Fig. 5, mass losses are observed for
all samples within the same temperature range. Specifically,
the mass losses are quantified as 4.96%, 3.60%, 3.10%,
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Fig. 5 TGA graphs of the pyrocathecol containing HAp samples

and 4.48% for samples P1, P2, P3, and P4, respectively.
The observed variations in mass loss suggest that both Ag
and pyrocatechol influence thermal stability. Pyrocatechol
incorporation appears to increase resistance to degradation
(P2, P3), while higher pyrocatechol content (P4) results
in additional mass loss due to organic degradation. These
results suggest a potential synergistic effect between Ag and
pyrocatechol, which could be beneficial in the design of
thermally stable biomaterials for biomedical applications.
The thermal degradation occurring between 200 °C and
600 °C is attributed primarily to dehydroxylation and the
elimination of lattice water, which is consistent with find-
ings reported in previous studies [56, 57].

A review of the existing literature reveals that while
hydroxyapatite (HAp) biomaterials doped with silver
(Ag) and pyrocatechol have been synthesized separately,
no studies have reported the fabrication of HAp materials
co-doped with both Ag and pyrocatechol. In the context of
related investigations, Lima et al. [53] demonstrated that
catechol-derived polymers facilitate mineral deposition on
demineralized dentin surfaces, highlighting their potential
in dental applications. Similarly, Kaygili et al. [58] reported
that Ag/Gd-doped HAp samples possess high thermal sta-
bility and favorable dielectric properties, suggesting their
applicability in bone regeneration. The antimicrobial and
bone regenerative potential of Ag and pyrocatechol doped
hydroxyapatite (HAp) is based on the well-documented
biological effects of its individual components. Silver (Ag)
is widely recognized for its antibacterial properties, as it
disrupts bacterial cell membranes, interferes with DNA
replication and generates reactive oxygen species (ROS),
making it effective against a wide range of pathogens [17,
27]. Pyrocatechol, a phenolic compound, has been shown
to enhance redox activity and bio functionality, potentially

@ Springer

contributing to antibacterial effects and osteoblast adhesion
[53]. In addition, hydroxyapatite itself is a well-established
biomaterial for bone regeneration due to its chemical simi-
larity to natural bone mineral and its ability to promote cell
attachment and proliferation [59]. Although no direct in
vitro antibacterial or osteogenic assays were performed in
this study, the observed structural stability, controlled Ag
incorporation and presence of bioactive functional groups
suggest potential applications in biomedical coatings and
bone repair materials. Future work will focus on evaluat-
ing cytotoxicity, osteoblast response and bacterial inhibition
assays to confirm these effects experimentally.

Furthermore, Makarova et al. [44] investigated the ther-
mal behavior of Ag-doped HAp samples and found that
increasing silver substitution levels (0.2, 0.5, 1.0, 1.5, and
2.0 mol) led to a progressive decline in thermal stability.
These findings underscore the necessity of further research
to assess the structural, thermal, and functional implications
of co-doping HAp with Ag and pyrocatechol, which could
open new avenues for biomedical applications.

SEM and EDX analysis

Figure 6 presents the scanning electron microscope (SEM)
images of all synthesized samples alongside the correspond-
ing energy-dispersive X-ray (EDX) spectra obtained from
the analyzed regions. Examination of these spectra and
micrographs confirms the successful incorporation of the
intended dopant elements in each sample, with no detect-
able impurities. Morphological analysis further reveals that
all samples exhibit a granular structure, characterized by
small, closely packed grains with interspersed pores, indica-
tive of a porous microstructure.

Quantitative elemental analysis based on EDX mea-
surements yields (Ca+Ag)/P molar ratios of 3.555, 2.177,
2.013, and 1.484 for samples P1, P2, P3, and P4, respec-
tively. These values deviate from the stoichiometric ratio of
1.67, which is characteristic of pure hydroxyapatite (HAp),
thereby confirming the presence of a calcium-deficient HAp
phase [40, 41]. The observed Ca deficiency could influence
the physicochemical properties of the material, potentially
affecting its bioactivity, dissolution behavior, and structural
integrity. Such deviations from stoichiometry are commonly
reported in doped HAp systems and are known to play a
crucial role in tailoring the material’s performance for bio-
medical applications. EDX analysis primarily confirms the
incorporation of silver (Ag) in Ag-HAp samples. However,
due to its organic nature, pyrocatechol cannot be directly
identified by EDX. While an increase in carbon content may
indicate the presence of pyrocatechol, such results must
be interpreted with caution as carbon contamination from
the environment or sample preparation may also contribute
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to the signal. FT-IR spectroscopy was used to validate the
incorporation of pyrocatechol, showing distinct absorption
bands associated with hydroxyl (-OH) and aromatic C=C
vibrations. In addition, thermogravimetric analysis (TGA)
provided evidence of pyrocatechol decomposition, further
confirming its presence in the Ag-HAp system.

Further investigations, including phase analysis and in-
depth structural characterization, would be beneficial to elu-
cidate the implications of this compositional variation on
the thermal stability and functional properties of the synthe-
sized materials.

Theoretical results

In this study, density functional theory (DFT) was used
to investigate the structural and electronic properties of
hydroxyapatite (HAp) doped with 0.44% silver (Ag), where
Ag atoms replace the calcium (Cal and Ca2) positions in
the lattice and due to its similar ionic radius makes slight
lattice distortions as shown in Fig. 7. The lattice parameters
for the Ca2 site were determined to be a=b=0.9402 nm
and ¢=0.6827 nm with a cell volume of 0.5226 nm?, while
for the Cal site the parameters were a=b=0.9469 nm, and
¢=0.6790 nm with a cell volume of 0.5272 nm?. Both struc-
tures retained hexagonal symmetry with a space group of
P6,;/m and point group symmetry of C64, indicating only
minor lattice distortions upon Ag doping. These small
structural changes are attributed to the larger ionic radius
and higher electronegativity of Ag compared to Ca, which
slightly redistribute the electron density within the lattice.

The system was treated as metallic during the electronic
minimization process, employing density mixing techniques
with Gaussian smearing to optimize the electron density
distribution. The theoretical framework and computational
methodology have been detailed in our previous works [37,
38]; however, a brief explanation is provided here.

To ensure an accurate representation of the electronic
wave functions and potential energy surfaces, a smearing

width of 0.1 eV was applied, and a plane wave basis set cut-
off of 700 eV was used. The electronic structure calculations
were performed using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional within the framework of
the Generalized Gradient Approximation (GGA), which
offers a balance between computational efficiency and accu-
racy. This approach provides a reliable description of the
system’s electronic properties while maintaining computa-
tional feasibility.

The convergence criteria were strictly enforced, with
the total energy per atom and the eigenenergies converg-
ing to 0.2x107° eV and 0.46x10°% eV, respectively. A
Monkhorst-Pack lattice with 2x2x4 k-point sampling
was used for Brillouin zone integration, effectively captur-
ing the periodicity and electronic interactions in the lattice
and. The Generalized Gradient Approximation (GGA-PBE)
functional was used for the exchange-correlation interac-
tions, with ultrasoft pseudopotentials (USP) to describe the
nuclear-valence interactions. The band structure and density
of states (DOS) calculations, as presented in Fig. 7, reveal
subtle modifications to the electronic band edges, indica-
tive of changes in the electronic density distribution that
may influence the bandgap of the material. Specifically, Ag
doping reduces the bandgap from 4.011 eV for the Cal site
to 3.763 eV for the Ca2 site, as illustrated in Fig. 8. This
bandgap reduction, along with the emergence of localized
states near the conduction band edge, is expected to enhance
redox activity and contribute to the antimicrobial efficacy of
the material.

Furthermore, the system retained all 12 symmetry opera-
tions in the absence of ionic constraints or external pressure,
confirming its structural stability upon Ag incorporation.
The observed electronic and structural modifications sug-
gest that Ag doping facilitates electron delocalization,
which may enhance the electrical conductivity of the mate-
rial while introducing redox-active centers. These character-
istics are particularly relevant for biomedical applications,
where the bioactivity of silver can improve antimicrobial

Fig.7 Geometry structure for: (a) Ag occupying the Cal site, (b) Ag occupying the Ca2 site. Color legend: Red: Oxygen, Green: Calcium, Purple:

Phosphorus
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performance, and for catalytic applications, where redox-
active sites can promote oxidation-reduction reactions.

The ability to modulate the structural and electronic
properties through Ag doping underscores the versatility of
this modified HAp system. The minor lattice distortions and
band structure adjustments observed in this study suggest
that Ag-doped HAp holds significant promise as a multi-
functional material for advanced technological applications,
including biomedical implants, antimicrobial coatings, and
catalysis.

The DFT calculations provide insight into the structural
and electronic effects of Ag substitution at the Ca sites in
hydroxyapatite (HAp). The computational results predict
small lattice distortions upon Ag incorporation, which
should be reflected in the experimental XRD and FTIR
data. The DFT predictions are in good agreement with the
XRD and FTIR experimental results, confirming that the Ag
incorporation induces only minor structural changes while
preserving the hexagonal HAp framework. The slight band-
gap reduction predicted by the DFT calculations suggests a
potential improvement in charge transport properties, which
should be further validated in future electrical and dielectric
studies.

Conclusions

In this study, hydroxyapatite (HAp) biomaterials co-doped
with pyrocatechol and silver (Ag) were successfully synthe-
sized using a wet chemical method. Their crystal structures,
elemental compositions, functional groups, and morpholo-
gies were comprehensively analyzed. The findings demon-
strate that the dual-doping approach is an effective strategy
for enhancing the bioactivity and biocompatibility of HAp

Energy (eV)

-10

10

AHK G M L'
Brillouin zone points

0 10 20 30 40 50 60 70 G
Density of states (electrons/eV)

while maintaining cost efficiency, making it a promising
candidate for biomedical applications.

The synergistic effects of pyrocatechol and Ag doping
were found to significantly influence the lattice parameters
and crystallinity of the HAp samples, as confirmed by both
experimental characterization and computational analy-
ses. Structural investigations, including SEM and EDX,
revealed that the synthesized HAp biomaterials exhibited
homogeneous morphologies and were free from impurities
or undesired residues, further confirming the effectiveness
of the synthesis process.

Complementary density functional theory (DFT) calcu-
lations provided additional insights into the electronic and
structural modifications induced by Ag doping. The substi-
tution of Cal and Ca2 sites by Ag atoms led to slight lat-
tice distortions and changes in the electronic band structure,
thereby introducing tunable properties that could be lever-
aged for specific biomedical and technological applications.
Notably, the doped HAp systems retained their structural
integrity while exhibiting improved electronic characteris-
tics, which may enhance their performance in various func-
tional roles.

Overall, this study highlights the feasibility of synthe-
sizing pyrocatechol- and Ag-doped HAp as cost-effective,
biocompatible biomaterials with enhanced structural and
electronic properties. These findings suggest that such
modified HAp systems hold significant potential for bio-
medical applications, including bone regeneration, den-
tal treatments, wound healing, biomarker detection, and
targeted drug delivery. Future research should focus on in
vivo biocompatibility assessments and further optimization
of the doping strategy to expand the applicability of these
materials in clinical settings.
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