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Abstract

One of the main challenges in hydroxyapatite research is to develop cost-effective synthe-
sis methods that consistently produce materials closely resembling natural bone, while
maintaining high biocompatibility, phase purity, and mechanical stability for biomedical ap-
plications. Traditional synthetic techniques frequently fail to provide desirable mechanical
characteristics and antibacterial activity, necessitating the development of novel strategies
based on natural precursors and selective ion doping. The present study aims to explore the
possibility of synthesizing hydroxyapatite through the co-precipitation method, followed
by a microwave-assisted hydrothermal maturation process. The main CaO sources selected
for this study are eggshells and mussel shells. Cu?* and Sr?* ions were added into the
hydroxyapatite structure at concentrations of 1% and 5% to investigate their potential for
biomedical applications. Furthermore, the morpho-structural and biological properties
have been investigated. Results demonstrated the success of hydroxyapatite synthesis and
ion incorporation into its chemical structure. Moreover, HAp samples exhibited significant
antimicrobial properties, especially the samples doped with 5% Cu and Sr. Additionally, all
samples presented good biological activity on MC3T3-E1 osteoblast cells, demonstrating
good cellular viability of all samples. Therefore, by correlating the results, it could be
concluded that the undoped and doped hydroxyapatite samples are suitable biomaterials
to be further applied in orthopedic applications.

Keywords: hydroxyapatite; doping; strontium; copper; biological activity; morpho-
structural properties

1. Introduction

In the last decade, studies focused on the most problematic issue concerning hard
tissue engineering, namely the enhancement of osseous tissue regeneration for tissue
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damage generated by accidents or diseases. While the human body possesses the capacity
to produce new osseous tissue, this ability is highly influenced by the size of the damaged
area. In this regard, various solutions have been investigated to avoid any secondary
surgeries by applying innovative materials to develop bone scaffolds or implants for tissue
regeneration enhancement. Moreover, the selected materials should also possess increased
biocompatibility and good antibacterial capacity to prevent bacterial infections [1,2].

Hydroxyapatite (HAp), with the chemical composition Ca1o(PO4)s(OH),, is known as
the main component of the native tissue and the mineral part of the bone. In this direction,
HAp is preferred in hard tissue applications for its biocompatibility, non-toxicity, and
osteogenic properties. Its good osteoconductivity and osteoinductivity favor HAp to be
applied for the enhancement of bone formation. Further, researchers demonstrated that
HAp led to an increase in local Ca?*. HAp is also known to activate osteoblast proliferation,
promoting the growth and differentiation of mesenchymal stem cells (MSCs). Until this
moment, this ceramic material has been widely applied as pure HAp, ion-doped, or intro-
duced into polymer composites. However, pure HAp presents poor mechanical properties,
fragility, and a tendency to aggregate [3]. Researchers have focused on optimizing different
synthesis strategies to increase HAp’s low mechanical properties and poor antibacterial
properties [4]. In this regard, HAp can be obtained from not only synthetic but also natu-
ral sources. By considering the chemical synthesis route, the synthesized HAp presents
brittleness, an unbalanced stoichiometric ratio, and uses hazardous chemicals [5].

On the other side, HAp obtained by using biogenic sources is free from contamination,
presents great crystallinity, and is eco-friendly. Studies have shown that synthetic HAp has
decreased biodegradability compared to natural-based HAp. Natural-source HAp has been
considered for bone grafts, implants, coatings, and composite materials, demonstrating
superior biocompatibility and mechanical properties when compared to synthetic HAp.
Additionally, HAp obtained from natural sources demonstrated enhanced biocompatibility
and antibacterial characteristics, recommending it for biomedical applications [6]. In
this regard, Cursaru [7] demonstrated promising potential for biomedical applications,
particularly in bone implants. The material exhibits enhanced mechanical properties,
including high hardness and compressive strength, which exceed those of natural bone,
as well as favorable wear resistance. Furthermore, the observed increase in cell viability
and proliferation confirms its biocompatibility, making it a strong candidate for use in bone
repair and replacement devices. Further, Wu et al. [8] confirmed that nano-HAp produced
from oyster shells using the hydrothermal technique has great potential for orthopedic
and biological applications. The developed materials improved fracture toughness and
microhardness while incorporating beneficial trace elements, indicating a high potential
for usage in bone repair, regeneration, and implantable devices. Furthermore, using oyster
shells as a sustainable CaO source promotes the production of biomedical materials that
are both environmentally friendly and cost-effective. At the same time, Pon-On et al. [9]
mentioned that naturally derived HAp exhibited enhanced cell adhesion, proliferation,
and differentiation, but also high non-toxicity compared to synthetic HAp. Moreover,
Nam et al. [10] highlighted that the biological HAp presents various trace elements in its
structure, such as Mg2+, K*, Zn%*, Na™*, Sr?*, etc., which are essential in bone formation,
regeneration, and remodeling processes. Moreover, new hybrid materials integrate bio-
HAp with synthetic HAp nanoparticles to benefit from the advantages of both types of
materials, such as increased cell interaction and osteogenic potential [11].

Besides the synthesis methods, the mechanical and biological properties of HAp can
also be improved by modifying its crystallographic structure [12]. A versatile structure
permits the substitution of anions and cations to change numerous properties of the ob-
tained material but also expands the functionality of HAp in hard tissue engineering.
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This substitution can be performed in three different sites in the crystal structure, such as
Ca?* ions, PO,3~ ions, or at the OH ™ site [13,14]. Furthermore, natural HAp was proven
to efficiently substitute anions (COgZ’, PO, 3, F~, Cl-, and SiO44’) or cations (C02+,
Ni2+, Ag*, Sr2t, ZnZt, Mg2+, and Fe3*) because of its ingrained calcium deficiency [15-17].
Additionally, by doping the material with other metals, thermal stability, lattice parame-
ters, crystallinity, and morphology are influenced, significantly shaping the solubility of
doped HAp in the physiological environment. Therefore, the structure of the obtained
biomaterial offers suitable support for angiogenesis and bone tissue growth on implanted
sites [18,19]. At the same time, different types of ion doping agents can also enhance the
biological characteristics of HAp, such as anti-tumor activity, antibacterial properties, and
bone induction [20].

Ion-doping of HAp with metallic ions was proven to be a promising path to mimic
the biological apatite, but also to stimulate a definite biological response in the human
body, such as increased antimicrobial activity, cell proliferation, osteogenesis, and angio-
genesis [21]. To confirm this, Dorcioman et al. [22] reported on the effective synthesis of
HAp-based thin film coatings obtained from marine biowaste, such as salmon fish bones
and seashells, via pulsed laser deposition. The developed coatings, both undoped and
doped, demonstrated outstanding adhesion, bioactivity, cytocompatibility, and antibac-
terial properties, all of which are important for biomedical applications. These findings
suggest that sustainable marine-derived HAp coatings are extremely appealing possibili-
ties for next-generation dental and orthopedic implant surfaces, providing both biological
performance and resistance to microbial colonization. Further, Singh et al. [23] mentioned
that metal ions doping into the structure of HAp led to cell proliferation and differentia-
tion, enhancing bone formation. In this direction, strontium (Sr?*) ions present a similar
structure to Ca®* ions, being a trace element generally found in the human body, with
high importance for bone development, showing great efficacy in inducing osteoblast
activity [24,25]. Sr can promote osseous tissue formation and reduce bone self-absorption
while exhibiting an effective ability to increase osteoblast differentiation and at the same
time inhibit osteoclast activity. The similarity between Ca?* and Sr?* ions enables the
possibility for Sr to substitute Ca in the HAp structure. This modification demonstrated an
improved biological effect for the ceramic material. Hence, the use of Sr-doped HAp in
hard tissue engineering is, without doubt, an ideal solution to improve the efficiency of
bone regeneration [26]. Zhu's research group [27] also mentioned that Sr-substituted HAp
exhibited enhanced biocompatibility, bioactivity, osteoconduction, degradation rate, and
mechanical performance. Additionally, small doses of Sr were demonstrated to play an
important role in bone formation, the control of bone resorption, bone cancer treatment,
and bone pain relief, illustrating its importance for the incorporation into the structure of
HAp materials.

Another doping ion highly recommended for the substitution into the HAp structure
is represented by copper (Cu), which can also be found in the human body. Besides its
antibacterial effect, it possesses an important role in the cross-linking of bone elastin and
collagen, exhibiting limited cytotoxicity [28,29]. The substitution of HAp with Cu?* induces
the antibacterial capacity of HAp materials, by reducing the risk of inflammation after
its application in biomedical applications. Furthermore, these doping ions encourage
osteogenic differentiation, protein absorption, and bone-like apatite nucleation and growth
at the implantation site. All these effects accelerate the healing process and the growth of
novel osseous tissue [30].

Lately, most studies have focused on the effects of synthesis methods of HAp using
biogenic sources without affecting the chemical composition. In this regard, Irfa’l et al.
also confirmed that the development of HAp from biogenic sources has been the most
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challenging aspect, since biological appetites have a more nonstoichiometric and less
crystalline structure [31].

To surpass this issue, subsequent treatments are needed to obtain the stoichiometric
Ca/P ratio of 1.67 and improved crystallinity.

Unlike previous studies that mainly focused on the use of synthetic sources for HAp
production, this research aims to explore the utilization of naturally derived materials.
Likewise, an additional aspect of novelty is represented by doping of the obtained HAp
material. The biological potential of the synthesized doped HAp has not been extensively
explored in previous research, while the purpose of this study is to demonstrate the combi-
nation of the use of natural sources for HAp synthesis and ion substitution. This innovative
approach was introduced as having significant potential to advance future applications
in biomedical engineering. This study aimed to obtain HAp by using biogenic sources
(eggshells and mussel shells), doped with different metal ions in different concentrations.
For ion substitution, Cu and Sr were selected. Further, the obtained samples were investi-
gated considering their morpho-structural properties and biological activity, namely the
cellular viability and antimicrobial effect.

2. Materials and Methods
2.1. Materials

Mussel shells and eggshells were procured from a local restaurant to be used as
calcium oxide sources. For the synthesis of doped HAp, the following precursors were
used: (NH4),HPOy4 (98%), NH4OH, Sr(NOj3); (98%), Cu(NO3), x 2.5H,0 from Sigma-—
Aldrich, Saint Luis, MO, USA, and distilled water. Nutrient broth No 2, Sabouraud broth,
agar, methanol, crystal violet, and acetic acid (Sigma—-Aldrich, Saint Luis, MO, USA)
were utilized for antimicrobial assays. Additionally, the strains tested in this study are
standard reference strains obtained from the American Type Culture Collection (ATCC)—
Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, Candida albicans ATCC 10231, and Candida
parapsilosis ATCC 22019—and are part of the Microorganisms Collection of the Department
of Science and Engineering of Oxide Materials and Nanomaterials. Further, fetal bovine
serum, DMEM medium (Sigma-Aldrich, Saint Luis, MO, USA), and XTT reagent (2,3-
Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) (Thermo Fischer
Scientific, Waltham, MA, USA) were used for the XTT Cell Viability Assay.

2.2. CaO Preparation

The obtained mussel shells were cleansed with boiled water to remove the impurities
attached to the shells. Further, the shells were washed with distilled water and introduced
into the ultrasonic bath to remove any residues left. After washing, shells were dried
in the oven at 60 °C for 48 h and ground until a fine powder had been obtained. The
resulting powder was heat-treated at 1000 °C for 3 h. As for the eggshells, their membrane
was first removed by immersing them in a 0.5 M HCl solution. After the removal of
the organic parts, the same process used for mussel shells was applied. The rigorous
cleaning and heat treatment approach used in this study was specifically designed to
effectively remove organic and inorganic contaminants from natural sources. Our prior
study by the same research group [32] confirmed the efficacy of this purification method
using complete elemental analysis. As demonstrated in our previous study, the final
CaO products derived from both eggshells and mussel shells following this treatment
approach included negligible contaminants, with trace elements remaining significantly
below detection limits or within acceptable levels for biomedical applications.
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2.3. Undoped HA and Cu/Sr-Doped Hydroxyapatite Synthesis Method from Biogenic Sources

HAp synthesis was performed through the co-precipitation method, followed by a
microwave-assisted hydrothermal maturation process with the aid of the synthWAVE
equipment (Milestone Srl, Sorisole, Bergamo, Italy). This method was selected due to
its capacity to change the nucleation and crystal growth in specific conditions, such as
controlled pressure and increased temperature. Researchers reported that with the aid of
microwaves, the synthesis process is fast and more effective. Furthermore, the obtained
materials present good dispersibility and crystallinity [33-35].

For the co-precipitation, a solution of (NH4),HPO,4 was prepared by dissolving
11.04 g in 200 mL of distilled water, while 7.8 g of CaO was dispersed in 200 mL of
distilled water. For the experiments, both CaO obtained from eggshells and mussel shells
were used. The phosphate solution was added dropwise into the Ca?* dispersion under
magnetic stirring at room temperature. During the precipitation, the pH was set at around
9-10. After obtaining the desired pH value, the mixture was transferred into the vessel of
microwave-assisted equipment and subjected to hydrothermal maturation.

The microwave-assisted hydrothermal synthesis method was set up in specific condi-
tions, with an initial pressure of 2 bars; in 2 min, the temperature increased to 120 °C and
remained constant for the following 10 min. After the maturation process, the resulting
precipitates were filtered and washed with distilled water until a neutral pH was reached,
and then dried in the oven at 60 °C for 48 h. For the Sr/Cu-doped HAp, the process was
similar to undoped HAp synthesis. The only difference is presented by the addition of the
substituents precursors: Sr(NO3), or Cu(NO3),. To obtain Sr-doped HAp and Cu-doped
HAp, various quantities of precursors were used corresponding to different Ca* substitu-
tion molar ratios (1% and 5%). Based on findings in the literature [36-38] 1% and 5% molar
concentrations of Sr>* and Cu®* were chosen. According to research, higher concentrations
of Sr can cause cytotoxicity, and concentrations between 1% and 3% have been demon-
strated to efficiently increase osteoblast activity while preserving biocompatibility [39]. For
Cu, concentrations above 5% can be toxic, whereas suitable concentrations of Cu (<1%)
have demonstrated optimum antibacterial properties without causing any negative side
effects [40-42]. Both 1% and 5% are frequently used in the literature to find a balance
between functional modification and structural stability. Furthermore, these are strong
enough to generate identifiable changes in physical properties (particle size, band gap, or
catalytic activity), but sufficiently small to preserve the primary crystallographic phase
of the material while preventing disadvantages such as agglomeration or metallic cluster
formation [43]. Separate solutions of corresponding precursors were added to the CaO
dispersion, under magnetic stirring, before the addition of phosphate solution. The ob-
tained solutions followed the same process of hydrothermal maturation in the microwave
field. Based on the source of the natural source and doping ion, the samples were named
as mentioned in Table 1.

Table 1. Codification of the synthesized samples (1% and 5% represent the concentrations of the
doping ions).

Source Code

HAp_C
HAp_Cu_1_C
Eggshell (C) I;ip_(sfu_f_((:?
por_1_
HAp_Sr_ 5_C
HAp_S
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Table 1. Cont.

Source Code
HAp_Cu_1_S

Mussel shells (S) Ii_IIl:I;_(Sj;l_f_SS
HAp_Sr_5_S

2.4. Characterization Methods
2.4.1. X-Ray Diffraction (XRD)

The phase composition, crystallinity, and unit cell parameters investigation of the
obtained samples were extracted from X-ray diffraction patterns performed using CuKo
radiation-provided PANalytical Empyrean equipment (PANalytical, Almelo, The Nether-
lands). The obtained diffractograms were acquired between the 26 angle values of 20 and
80°, with a 0.0256° step size and 255 s time per step. Further, the diffractograms were
fitted using the Rietveld refinement algorithm, using a polynomial function for background
approximation, a pseudo-Voigt function for peak profile, and a Caglioti function for peak
width approximation with the aid of the HighScore Plus software (version 3.0, PANalytical,
Almelo, The Netherlands) and the ICDD PDF4+ 2022 database. For the refinement of the
obtained diffractograms, a goodness of fit < 4 was considered acceptable to determine
the structural parameters and the crystallinity of each sample. Thus, quantitative phase
composition, unit cell parameters, and crystallinity were obtained.

2.4.2. Scanning Electron Microscopy (SEM)

To investigate the morphology of the obtained samples, a QUANTA INSPECT F50
scanning electron microscope (Thermo Fisher, Eindhoven, The Netherlands) was used for
scanning electron microscopy (SEM). The microscope was equipped with a field electron
emission gun (FEG), with a resolution of 1.2 nm, and an EDS (Energy Dispersive Spec-
troscopy) (Thermo Fisher, Eindhoven, The Netherlands). detector, with a resolution at MnK
of 133 eV. The powder samples were fixed on a carbon-bearing slide and introduced into
an analysis chamber. The HAp particle size distribution was investigated with the use of
Image] software (Version 1.53e, National Institutes of Health, Bethesda, MD, USA).

2.4.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) analyses were performed using a Titan
Themis 200 microscope (Thermo Fisher, Eindhoven, The Netherlands), operating at an
accelerating voltage of 200 kV. This advanced instrument is equipped with a high-brightness
X-FEG Schottky field emission gun and integrates a Super-X EDX detector system for rapid
and sensitive elemental mapping, complemented by an Enfinium electron energy loss
spectroscopy (EELS) detector for detailed chemical state analysis, including light elements.

2.4.4. Fourier-Transform Infrared Spectroscopy (FT-IR)

A Thermo Scientific Nicolet iS50 (Thermo Fischer Scientific, Waltham, MA, USA)
spectrometer was used for the acquisition of IR spectra to assess the functional groups
present in the obtained materials. The acquisitions were made at room temperature, with a

resolution of 4 cm™1, 64 scans for each sample, at the 4000-400 cm™!

wavenumber range.
It was able to record the data obtained by connecting the spectrometer to a data collection

and processing device using the Omnic work program. (Thermo Nicolet, Version 8.2).

2.4.5. Inductively Coupled Plasma—-Mass Spectrometry (ICP-MS)

The elemental analysis of the obtained HAp powders from natural sources was per-
formed using an Agilent 8800 Triple Quadrupole ICP-MS (Agilent Technologies, Tokyo,
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Japan), equipped with an ASX500 autosampler (Agilent Technologies, Tokyo, Japan), Mi-
croMist concentric nebulizer (Agilent Technologies, Tokyo, Japan), Peltier cooling spray-
chamber (Agilent Technologies, Tokyo, Japan) set at a temperature of 2 °C, a torch with
an internal diameter of 2.5 mm, and Ni sampler and skimmer cones. The equipment was
adjusted following the specifications provided by the manufacturer and calibrated using
a set of five calibration standards, having a concentration range between 1 and 100 ug/L
for each investigated element. The analysis was performed to detect the presence of other
traces of metals existing in the HAp powder from the biogenic sources used in the synthesis,
but also the doping of the biogenic-based HAp. The calibration curves for all the metals of
interest confirmed a strong linear relationship, as indicated by the correlation coefficients
(R?) exceeding 0.999. Therefore, using the same calibration in the 1-100 pg/L range, the
amounts of Li, Be, Al, V, Co, Ni, Cr, Mn, Co, Ni, Zn, As, Cd, and Pb were assessed.

2.4.6. Biological Evaluation
Antimicrobial Assays

The antimicrobial properties of the developed materials were quantitatively assessed
using the minimum inhibitory concentration (MIC) method described in a previous
study [44] and according to M100-Performance Standards for Antimicrobial Susceptibility
Testing 35st Edition [45]. MIC evaluation was made via the decimal microdilution method
in Nutrient Broth and Sabouraud broth. Microbial cell suspensions were made in a sterile
physiological buffer using fresh cultures with 1.5 x 108 CFU/mL. Decimal dilutions were
made from each nanoparticle suspension, followed by inoculation with a standard micro-
bial suspension (medium liquid volumetric ratio/microbial suspension = 10:1). Following,
the same steps were performed on the blank/control (C) samples for sterility and microbial
growth. The 96-well plates were incubated at 37 °C for 24 h. The MIC values were deter-
mined by spectrophotometric measurements of absorbance at 620 nm with a FilterMax F5
Multi-mode microplate Reader (Molecular Devices, San Jose, CA, USA) [44].

The microtiter broth assay was performed to evaluate biofilm development on the inert
substrate using the same microdilution method presented in a previous study [44]. After 24
h of incubation, the liquid medium from 96-well plates (containing binary dilution of the
samples tested) was discarded, the wells were washed three times with sterile physiological
buffer, and the bacterial cells adhered to the walls were fixed with cold methanol for 5
min, followed by staining with 1% crystal violet solution for 15 min. The dyed biofilm
was resuspended in 33% acetic acid solution, and the absorbance of the blue solution was
measured at 490 nm [44].

Biocompatibility Assay

Considering the biological activity of the synthesized undoped and doped HA samples,
the biocompatibility was investigated using XTT reagent (2,3-Bis-(2-Methoxy-4-Nitro-5-
Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) according to the manufacturer’s protocol
(CyQUANT™ XTT Cell Viability Assay Kit, Thermo Fischer Scientific, Waltham, MA, USA).
In the assay kit, it is included also the Electron Coupling Reagent and XTT reagent. The
XTT reagent is represented by a tetrazolium-based compound sensitive to the cellular
redox potential. The water-soluble XTT compound is converted by the actively viable cells
into an orange-colored formazan product. The consistency and sensitivity of the analysis
were substantially amplified when it was used with the Electron Coupling Reagent. The
MC3T3 cell line was grown in DMEM medium (Sigma-Aldrich, Saint Luis, MO, USA)
supplemented with 1% antibiotics (penicillin and streptomycin) and 10% fetal bovine
serum (Sigma-Aldrich, Saint Luis, MO, USA), which was changed twice a week. The cells
were put in 96-well plates, at a density of 3000 cells/well in the presence of undoped and
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doped HA samples for 24 h and 48 h. Further, the control samples were represented only
by cells cultivated in identical conditions, but without the presence of synthesized samples.
Subsequently, 70 pL of XTT solution was added to the cells, followed by incubation at 37
°C for 4 h. After vigorous homogenization of formazan crystals, the absorbance was read
at 450 nm using a spectrophotometer.

2.5. Statistical Analysis

The data were statistically analyzed using GraphPad Prism, version 10.4, from Graph-
Pad Software (San Diego, CA, USA). All experiments were performed in three independent
determinations. The results are expressed as =SD (standard deviation) and analyzed using
a one-way analysis of variance (one-way ANOVA) followed by a multiple comparisons
assay according to the experimental method. The differences between groups/samples
were considered statistically significant when the p-value was <0.05.

3. Results
3.1. X-Ray Diffraction (XRD)

Figure 1 shows the diffraction patterns of the obtained samples through the microwave-
assisted hydrothermal treatment process. The resulting diffraction data of the undoped
sample using eggshells as CaO precursor demonstrated the success of HAp synthesis
(ICDD PDF4 + 96-900-2215), with a very small amount of the Ca(OH), as secondary
phase (ICDD PDF4 + 96-100-0046), while the sample using mussel shells as CaO precursor
confirmed HAp synthesis (ICDD PDF4+ 96-900-2214). All doped samples confirmed in their
diffraction data the successful synthesis of HAp (Table 1), in agreement with the standard
data. In all diffraction patterns for the samples based on eggshells, HAp in the hexagonal
crystallization system has been identified, with a P63 /m space group. Therefore, for all the
obtained samples, the principal and sharp diffraction peaks are recognized at 26 values of
25.82,31.69, 46.71, and 49.42, corresponding to (00 2), (21 1), (22 2), and (2 1 3) diffraction
planes. Similarly, the samples based on mussel shells presenting broader diffraction peaks
are highlighted at 26 values of 25.81, 31.99, 46.76, and 49.39, which correspond to (0 0 2),
(211),(222), and (2 1 3) diffraction planes. The high similarity to the XRD patterns
between undoped and doped HAp samples demonstrates Sr>* and Cu?* substitution in
the lattice of the apatite without influencing the chemical structure [46].

Considering the doping ions, through the substitution of Cu?* into the HAp lattice, it
has been clearly shown that the crystallinity of the samples decreases, as the peaks broaden
and the intensity of the diffraction peaks decreases. This could correspond to the valency
of Cu®* when compared with that of phosphorus. The peaks highlighted a small shift
towards higher angles in the XRD pattern associated with the modification of the unit cell
parameters (Table 2). These parameters are altered due to the doping concentration [47].
As for Sr** substitution of Ca?* into HAp, the diffraction peaks of doped samples slightly
increased, leading to an increase in the crystallinity. However, it was observed that the
synthesized materials are well-crystallized compounds. Moreover, it was concluded that,
as the dopant concentration increases, the peak intensity decreases significantly, with a
slight peak shift of all major peaks. Ion substitutions determine a decrease in the average
crystallite size, as shown in Table 3. For eggshell-derived samples, Cu doping showed
variable effects on crystallite size, whereas Sr doping resulted in smaller crystallites. Similar
trends were observed in mussel shell-derived samples; however, Sr doping gave more
variable results. Overall, Sr doping reduced crystallite size relative to undoped samples,
while Cu doping had concentration-dependent effects. Furthermore, Sr- and Cu-doping
reduces average crystallite size in host lattices by distorting the lattice, increasing strain, and
inhibiting grain development. The 1% and 5% molar doping concentrations are commonly
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regarded as ideal and safe for such research. They consistently change the crystallite
structure and characteristics, while preventing excess trap or cluster formation [43].

= ——HAp_C
E —— HAp_Cu_1_C
a —— HAp_Cu_5 C
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Figure 1. XRD patterns of the doped samples compared to undoped HAp: (a) HAp obtained from
eggshells, doped with 1% and 5% Cu and Sr; (b) HAp obtained from mussel shells, doped with 1%
and 5% Cu and Sr. *—Ca(OH),, *—Ca1o(PO4)¢(OH),.
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Table 2. Structural parameters of the crystalline HAp phase present in the synthesized samples,
obtained by Rietveld Refinement.

R Values Lattice Parameters
Code GOF Rewe (%) R %) R. (%) UnitCella  Unit Cell c Unit Cell
exp 170 wp 1 P (A) (A) Volume (A%)
HAp_C 2.657 8.596 14.013 11.616 9.429 6.880 529.762
HAp_Cu_1.C 1.062 13.308 13.718 11.275 9.434 6.877 530.176
HAp_Cu_5_C 0.965 12.698 12.480 10.272 9.435 6.874 530.076
HAp_Sr_1_C 2.242 7.892 11.818 9.707 9.430 6.889 530.657
HAp_Sr 5_C 1.600 6.725 8.508 6.754 9.454 6.898 534.699
HAp_S 3.069 8.494 14.882 12.218 9.395 6.918 528.933
HAp_Cu_1_S 1.013 13.257 13.348 10.947 9.436 6.880 530.546
HAp_Cu_5_S 1.059 12.710 13.082 10.632 9.454 6.878 532.480
HAp_Sr_1_S 3.481 7.851 14.651 11.315 9.437 6.886 531.137
HAp_Sr_5_S 1.919 6.888 9.543 7.678 9.453 6.897 534.638
Table 3. Phase content, crystal system, space group, crystallinity, and crystallite size of the obtained
samples resulted after Rietveld Refinement.
0,
Code Phase Content (%) Crystal System Space Group Crystallinity Averag'e Crystallite
HAp Ca(OH), (%) Size (nm)
HAp_C 92.2 7.8 Hexagonal P63/m 50.6 34.4
HAp_Cu_1_C 100 - Hexagonal P63/m 36.22 23.3
HAp_Cu_5_C 100 - Hexagonal P63/m 41.92 36.6
HAp_Sr_1_C 100 - Hexagonal P63/m 52.08 21.9
HAp_Sr 5_C 100 - Hexagonal P63/m 54.53 242
HAp_S 100 - Hexagonal P63/m 49.92 35.4
HAp_Cu_1_S 100 - Hexagonal P63/m 344 28.1
HAp_Cu_5_S 100 - Hexagonal P63/m 30.4 35.5
HAp_Sr_1_S 80.9 19.1 Hexagonal P63/m 51.53 57.3
HAp_Sr_5_S 100 - Hexagonal P63/m 52.68 25.6

To investigate the lattice parameters and agreement indices of the undoped and doped
HAp samples, Rietveld analysis was performed, as shown in Table 3. In this direction, the
modifications of unit cell parameters could be observed, as shown in Figure 2, without any
changes in the crystal arrangement of the hexagonal structure. Related to the doping ion,
the samples doped with Sr>* exhibited increases in the lattice parameters (unit a, ¢, and unit
cell volume) depending on the doping concentration, which confirms their incorporation
into the HAp structure into the Ca(1) or Ca(2) site. Peak shifting is also correlated with
the increase in lattice parameters. As stated by other researchers, the ionic radii of Sr*
(0.117 nm) are bigger than Ca®* (0.099 nm), inducing strain in the lattice and leading to the
shifting of peaks towards decreased diffraction angles [48].

Similarly, Cu?* incorporation into the HAp structure also alters the crystal structure,
leading to a reduction of sample crystallization, thus decreasing the crystallinity degree.
In all substituted samples, lattice parameters present an increase without disrupting the
hexagonal structure. This can also be correlated to the substitution of Ca?* with doping
ions that possess a smaller ion radius than the dopant [30]. Unabia et al. [49] explained
that Cu®* substitution into Ca sites cannot be performed due to the significant difference
between the ionic radii of Cu (0.73 nm) and Ca?* (0.099 nm). As the unit cell presents
the most significant modifications, Cu?* is highly likely to be introduced into the HAp
structure in interstitial positions along the hexagonal channel.
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Figure 2. Lattice parameter variations of unsubstituted and ion-substituted HAp samples synthesized
from eggshells (C) and mussel shells (S): (a) unit cell parameter a, (b) unit cell parameter ¢, and
(c) unit cell volume. Data corresponds to the values presented in Table 2. Blue bars represent
undoped samples, orange bars represent 1% doping concentration, and green bars represent 5%
doping concentration.

3.2. Scanning Electron Microscopy (SEM)

The morpho-structural characteristic of the obtained samples was determined with the
aid of SEM analysis, as shown in Figure 3. SEM micrographs illustrate the elongated shapes
of particles. Further, as the doping concentration was increased, the nanoparticles presented
an increased tendency to agglomerate. In addition, the morphology of the nanoparticles is
modified with the increase in doping concentration. Furthermore, depending on the source
of CaO precursor, HAp obtained from eggshells exhibited dimensions between 6 and
25 nm, while HAp obtained from mussel shells presented dimensions between 3 and
17 nm.

The influence of the type of substitute ion and its concentration on HAp samples
can also be demonstrated by analyzing the histograms of the synthesized samples. A
comprehensive visual and statistical examination of the particle size distributions suggests
a predominantly Gaussian (normal) distribution pattern across different doping conditions.
From Figure 4, the particle size distributions can be observed. The results demonstrated
a predominantly Gaussian distribution pattern across different doping conditions. The
undoped samples presented an average particle size of 14.75 &+ 1.36 nm for the samples
obtained from eggshells and 14.82 & 1.44 nm for the samples obtained from mussel shells.
Also, the particle size decreased by incorporating Cu?* and Sr?* into the HAp lattice.
Further, by increasing the ion concentration, the average particle size was reduced. On
the other hand, the type of substituting ion also shows a considerable influence on the
dimension of the nanoparticle. The Cu?* led to a decrease up to 13.35 + 1.30 nm and
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13.56 + 1.36 nm, and the increase in doping ion concentration reduced the average particle
size up t09.81 = 1.41 nm and 11.17 + 0.83 nm, respectively. Alternatively, St?* incorporation
showed a higher influence on the particle size and morphology. For the samples obtained
using eggshells as a CaO source, Sr incorporation decreased the average particle size to
9.03 £ 1.33 nm, while the samples obtained using mussel shells as a CaO source presented
an average particle size of 9.53 + 1.31 nm. Moreover, the higher concentration of Sr** further
reduced the particle size. All these modifications in the particle size of the ion-substituted
samples increased the tendency for particle agglomeration.

The consistency of the near-Gaussian distribution of different doping concentrations
indicates a progressive reduction in particle size and distribution width. Further, the ion
substituted into the HAp lattice proved to control nanoparticle formation and potentially
disrupt crystal growth or induce lattice strains. All doped samples demonstrated a decrease
in particle size by increasing ion concentration and creating more uniformly sized nanopar-
ticles. This phenomenon is particularly highlighted for the Sr-doped samples, possessing a
significant impact on particle size reduction compared to Cu-doped samples.
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Figure 3. Cont.
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Figure 3. SEM micrographs of the obtained samples: (a) HAp_C, (b) HAp_S, (c) HAp_Cu_1_C,
(d) HAp_Cu_5.C, (e) HAp_Sr_1.C, (f) HAp_Sr 5. C, (g) HAp_Cu_1_S, (h) HAp_Cu 5_S,
(i), HAp_Sr_1_S, (j) HAp_Sr_5_S.
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Figure 4. The histogram of the particle size and average nanoparticle size of the obtained samples:
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3.3. Transmission Electron Microscopy (TEM)

TEM analysis was conducted on 5% doped samples to evaluate nanoscale morphol-

ogy and elemental distribution under maximum dopant loading. This concentration

was selected as representing the maximum concentration of dopant incorporation while

maintaining the structural integrity of the HAp lattice, as proven by XRD analysis. This con-

centration represents the optimal balance between significant morphological modification

and maintained crystalline structure, providing the most pronounced nanoscale differences

necessary for comprehensive structural characterization and elemental mapping analysis.
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The TEM micrographs in Figure 5 show the nanoscale morphology and structural
properties of both undoped and doped HAp samples. The undoped HAp samples have
well-defined crystalline structures with rod-like and needle-like morphologies similar to
HAp nanoparticles. For the 5% Cu?* doping ion incorporation, the particles retain their
elongated morphology but exhibit enhanced surface roughness and aggregation, with some
particles having less uniform, faceted edges. The Sr?*-doped samples show more pronounced
morphological changes, including shorter, more compact rod-like structures with higher
width-to-length ratios and increased inter-particle clustering. The doped samples demonstrate
an increased agglomeration tendency and slightly altered particle morphologies compared to
the undoped samples, with the production of bigger aggregated clusters.

(a) HAp_C (b) HAp_S

() HAp_Sr_5_C (f HAp_Sr_5_S

Figure 5. TEM micrographs of the obtained samples: (a) HAp_C, (b) HAp_S, (c) HAp_Cu_5_C,
(d) HAp_Cu_5_S, (e) HAp_Sr_5_C, (f) HAp_Sr_1_S.
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HAp Cu 5 S
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The elemental mapping analysis (Figure 6) indicates that the dopant ions were suc-
cessfully incorporated into the HAp structure. The mapping demonstrates a homogenous
distribution of calcium (Ca), phosphorus (P), and oxygen (O) across all samples, as expected
for the HAp matrix. The Cu trace in Cu-doped samples is equally distributed among the
particles, indicating good substitution inside the crystal lattice. Similarly, the Sr distribution
in the Sr-doped samples is uniform, indicating that Sr>* ions were effectively incorporated

into the HAp structure without phase separation.

| 3
P
P

Ca P

Figure 6. Elemental mapping of 5% Cu/Sr doped HAp samples.

Moreover, the TEM investigation confirms the XRD results, demonstrating that the
doping technique preserves the overall structural integrity of HAp while introducing
controlled compositional modifications. The mapping images show a consistent elemen-
tal distribution, which supports the conclusion that Cu?* and Sr?* ions are successfully
incorporated into the HAp lattice rather than producing distinct phases.

3.4. Fourier-Transform Infrared Spectroscopy (FI-IR)

Fourier-transform infrared (FT-IR) spectra of undoped and doped HAp samples are
presented in Figure 7. After investigating the materials obtained, the principal functional
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groups that correspond to HAp have been observed in all samples. According to the
literature, the bands 590600 cm ! correspond to the v1 symmetric stretching PO4>~, and
1018-1021 cm ™! correspond to the v3 asymmetric stretching PO4>~ groups. Further, in
all samples could be detected the v2 vibration bands, but also the v3 vibration bands of
CO52~ at 1413-1420 cm ! and 1451-1537 cm ™!, respectively. Additionally, the broad peaks
between 1640 and 1651 confirm the OH-bending vibrations, which are associated with the
presence of the adsorbed water in the sample. Moreover, the stretching vibration of OH
can also be identified around 3460-3500 cm !, specific for HAp [48,50].
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Figure 7. FT-IR spectrum of the doped samples compared to undoped HAp: (a) HAp obtained from
eggshells, doped with 1% and 5% Cu and Sr, (b) HAp obtained from mussel shells, doped with 1%
and 5% Cu and Sr.

All obtained materials presented the corresponding functional groups of HAp, while
the incorporation of doping agents led to several modifications of the peaks. Considering
Cu?* or Sr** doping, ion substitution into the HAp lattice did not cause any modification
of the functional groups; however, the intensity of OH groups decreased slightly with the
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doping of Sr or Cu. This is generated by the substitution of Ca?* in the structure of HAp,
confirming the results from XRD [49,51].

3.5. Inductively Coupled Plasma—Mass Spectrometry (ICP-MS)

Elemental analysis was performed to detect the trace elements found in the synthesized
samples from their natural sources, mussel shells, and eggshells. As stated in Section 2.4.4,
the amounts of Li, Be, Al, V, Co, Ni, Cr, Mn, Co, Ni, Zn, As, Cd, and Pb were also assessed.
Moreover, this analysis confirms the success of Ca?* substitutions with Cu?* and Sr* ions.
With the aid of ICP-MS, all HAp powders presented microelements, such as Sr, which are
essential in the normal functions of the human body, especially in bone formation and
regeneration. As shown in Table 4, it can be observed that all samples presented in their
composition Sr. Further, it can also be observed that the substitution of Ca?* with Cu?* and
Sr?* occurs in the chemical composition of the developed samples.

Table 4. List of elements determined by ICP-MS for the obtained hydroxyapatite powders (1% and
5% represent the concentrations of the doping ions).

Cu Sr

Sample

(wt. %) (wt. %)

HAp_C n.d. 0.03
HAp_S n.d. 0.08
HAp_Cu_1_C 0.76 0.03
HAp_Cu_1_S 0.77 0.10
HAp_Cu_5_C 3.29 0.03
HAp_Cu_5_S 3.58 0.09
HAp_Sr_1_C n.d. 1.04
HAp_Sr_1_S n.d. 1.23
HAp_Sr 5_C n.d. 6.34
HAp_Sr_5_S n.d. 5.48

n.d.: not detected.

Considering the natural source, mussel shells and eggshells used in the synthesis of
HAp materials are known for their capacity to maintain specific trace elements, which
lead to the enhancement of the biological activity of the obtained materials. In this regard,
Sr is linked directly with the mineralization of calcified tissues, stimulating osteoblast
proliferation and bone formation [52,53].

At the same time, Sr presents a higher significance in promoting bone regeneration,
relating to the inhibition of osteoclast activity and stimulation of osteoblasts, which leads
to new bone formation and decreased bone resorption. Moreover, researchers reported that
Sr has a great influence on bone density, thus improving the bioactivity of the developed
material [54,55]. As for the other metals, the concentrations were below the minimum
limit of quantitation of 1 pug/L or undetectable even for the most concentrated stock
sample solutions.

3.6. Biological Evaluation
Antimicrobial Analysis

Firstly, quantitative antimicrobial assessment involves establishing the MIC values,
which are represented by the lowest concentration of the HAp samples that inhibits
the growth of microbial strains. The MIC results are displayed in Figure 8 and are
expressed as pg/pL.
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Figure 8. MIC values determined for HAp samples. The scale bar displays variations in the sensitivity
of the strains from the highest (orange) to the lowest (light orange).

The lowest MIC values highlighted in Figure 8 represent the significant inhibitory
effects of the HAp samples. The sensitivity of the strains is linked to the concentration
of the doping agent (Cu and Sr), and the highest inhibitory effects are observed for HAp
samples with 5% Cu. Moreover, the Gram-positive bacteria and Candida sp. tested strains

are the most susceptible to the action of HAp samples.

Secondly, the MIC assay was followed by microbial adherence to the inert substratum
analysis. The HAp samples’ influence on the selected strains’ adherence is shown in
Figure 9 and represents the minimal biofilm eradication concentration (MBEC) values.

MBEC (pg/mL)

E. faecalis-
S. aureus
E. coli

P. aeruginosa-

C. albicans+

C. parapsilosis1

Figure 9. MBEC values determined for HAp samples. The scale bar displays variations in the
sensitivity of the strains from the highest (blue) to the lowest (light blue).

The MBEC values (Figure 9) confirm the MIC results (Figure 6), which are associated
with the dosage of Cu and Sr. Consequently, E. faecalis, S. aureus, C. parapsilosis, and C.
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Cell viablity (% of control)

albicans depicted the highest sensitivity in the presence of HAp-doped samples. The MBEC
values ranged from 0.31 to 2.5 ug/uL for samples with 5% Cu or Sr. Also, significant
antibiofilm effects were observed against Gram-negative bacterial strains. Our results
indicated that the antimicrobial properties of the HAp samples are dose-dependent with
Cu and Sr concentration, which follows previous studies [56-59].

Biocompatibility Assay

To investigate the biological activity of undoped and doped HAp samples, MC3T3-
E1 osteoblast cells were used for the XTT assay. Duplicate experiments were performed
for each sample, and the results of each obtained material are shown in Figure 10. Af-
ter performing the in vitro experiments, only the samples containing 5% Sr presented a
decreased cellular viability after 24 h. This decrease is influenced by the release of ion ki-
netics associated with increasing Sr concentrations. At 5% doping concentration, the initial
burst release of Sr>* ions may create a temporally increased ionic environment, causing
osmotic stress and metabolic disturbance in osteoblast cells during this initial transition pe-
riod [60,61]. These results are consistent with dose-dependent cellular responses, in which
higher concentrations of bioactive ions require longer adjusting times for cells to achieve
homeostatic balance [62].

E
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Figure 10. Cell viability results of undoped and doped HAp samples. The bars represent the standard
deviations of the absorbances obtained, *—p < 0.05.

From Figure 10, the superior cellular viability for the eggshell and mussel shell-derived
HAp could be observed, highlighting once again the importance of biomaterial origin.
These results emphasized how the chemical compositions and structural characteristics of
the developed samples influenced the material performance. At the same time, cell viability
increased exponentially for almost all samples, as shown in Figure 10. The 1% Sr-doped
samples showed statistically significant stable biocompatibility, representing a remarkable
discovery. This observation not only aligns with the existing literature on strontium’s role
in bone metabolism but also provides good evidence of the doping dosage, which can
potentially stimulate bone formation while minimizing adverse cellular responses.

Furthermore, Cu-doped samples demonstrated good potential for enhancing cellular
response. The ANOVA analysis revealed not just simple variations, but statistically signifi-
cant results that recommend them as important approaches as biomaterials for bone tissue
engineering. Considering these results, all doped /undoped HAp materials proved their
efficiency due to their capacity to be biocompatible substrates to support osteoblast cell
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proliferation. Additionally, doping ions are known for their beneficial activities in osseous
regeneration. In this regard, Sr is known for its capacity to increase osteoblasts and decrease
the quantity and activity of osteoclasts. Further, this doping ion is acknowledged for the
enhancement of bone strength and mass, and at the same time, to inhibit bone resorption
and improve bone formation [63]. Simultaneously, Cu ions are also recommended for their
ability to promote osteogenic differentiation and enhance antibacterial activity without the
appearance of toxic effects [64].

4. Discussion

The present study introduces a novel approach to synthesizing HAp by using and
comparing two distinct biogenic sources—eggshells and mussel shells—as CaO precursors
through a microwave-assisted hydrothermal treatment. While previous studies have
explored these materials separately, this work uniquely demonstrates the comparative
advantages of both sources with the same synthesis route, exploring their distinct impacts
on the HAp properties. Additionally, this study further investigated the effects of Sr**
and Cu?* ion substitutions, providing new insights about how the CaO sources interact
with dopants to influence crystallinity, morphology, and biological performance. This
comprehensive approach not only expands our understanding of biogenic HAp synthesis
but also establishes a sustainable and efficient pathway for developing tailored bioceramics
with enhanced properties for specific biomedical applications.

Firstly, the successful synthesis of HAp was demonstrated using natural CaO sources
derived from eggshells and mussel shells. This was confirmed by the diffraction patterns
shown in Figure 1. The use of both precursors enabled the synthesis of HAp, with a
small amount of Ca(OH), detected as a secondary phase in the samples obtained by using
eggshells as CaO precursors. Considering this, the microwave-assisted hydrothermal
treatment successfully promoted the formation of HAp regardless of the CaO source. Both
unsubstituted and substituted samples confirmed the desired crystal structure, as indicated
by the diffraction patterns and corresponding ICDD specifications. Furthermore, the use
of Sr?* and Cu?* ions could be observed from the slight modification in crystallinity [65].
While Sr?* ions led to a slight increase in crystallinity, as observed by sharper diffraction
peaks, Cu®* substitution generated a reduction in crystallinity, as evidenced by a decrease
in the intensity of the diffraction peaks. Begam [66] also reported a contraction of the lattice
parameters, generated by the decrease of the unit cell volume, thus leading to a decrease in
crystallinity. Nevertheless, studies such as the one performed by Huang et al. [67] confirmed
that the incorporation of substitution ions leads to diffraction peaks shifting to the left.
Additionally, the shift of diffraction peaks towards lower angles further supports these
modifications, highlighting that the incorporation of dopants significantly influences the
structural characteristics of HAp. Furthermore, ion substitution has also been confirmed
from the Rietveld refinement analysis, as the unit cell parameters showed measurable
changes. Specifically, Sr?* substitution increased the lattice parameters, indicating its
integration within the HAp lattice. On the other hand, Cu?* ions have been demonstrated
to fill interstitial positions rather than substituting directly for Ca*, given the substantial
difference in ionic radii [68,69]. In this direction, Klinkla et al. [70] confirmed an increase in
the cell volume due to the ionic atomic relaxation, which was also reported extensively in
the literature.

The incorporation of substitute ions also shows a significant influence on the morpho-
logical properties of the nanoparticles. While substituting ion concentration increased, the
tendency of nanoparticles to agglomerate also increased. Furthermore, the source used for
CaO precursors also affected the size distribution. Pal et al. [71] and Sinulingga et al. [72]
demonstrated that by increasing the doping ion concentration, the particle size distribution
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also decreased, which is also consistent with the results obtained in Figure 3. This size
difference could be associated with the inherent characteristics of the natural precursors, as
well as the influence of dopants on particle growth. Moreover, the influence of Sr>* and
Cu?* substitution on crystallite size is a significant structural modification that influences
the biological performance of the material. To support these findings, TEM analysis further
confirmed these structural changes, showing that Cu?*-doped samples had less uniform
particle edges and increased surface roughness, which was in line with the reduced crys-
tallinity shown in XRD patterns. Sr2+—doped samples, on the other hand, demonstrated
more compact morphologies while retaining structural integrity, confirming the successful
lattice incorporation evidence provided by XRD.

According to our XRD study and Rietveld refinement results (Table 3), both dopants
considerably altered crystallite size via separate methods. Sr?* doping lowered the average
crystallite size, whereas Cu?* doping resulted in more complex crystallite sizes. The
incorporation of Sr?* reduces crystallite size due to structural distortions induced by lattice
strain. This limits crystal development and promotes the formation of smaller crystallites.
At the same time, Cu?* doping alters the usual crystal lattice structure, creating strain
fields that affect crystallite growth kinetics. These crystallite size modifications are essential
for biomedical applications because smaller crystallites have a higher surface area, faster
dissolution rates, and increased bioactivity, all of which can improve bone integration and
remodeling processes.

Likewise, FT-IR analysis further confirmed the successful incorporation of Sr?* and
Cu?* ions within the HAp lattice without modifying the primary functional groups associ-
ated with HAp. Oladipupo et al. [73] also confirmed the potential of using natural sources
as CaO precursors to obtain HAp by identifying the main functional groups. The functional
groups remained stable across all synthesized samples, confirming that ion substitution
did not alter the chemical integrity of HAp. Moreover, the elemental analysis highlighted
the presence of trace elements such as Mg and Sr. The eggshell-derived samples exhibited
higher Mg content, while the mussel shell-derived HAp showed increased Sr content. This
indicated that natural sources of CaO influence the final composition of the synthesized
HAp, beneficial for potential biomedical applications. In this regard, Cestari et al. [74]
also confirmed a similar presence of cations for the developed samples using eggshells
(increased Mg2+ content) and mussel shells (increased Sr>* content) as CaO precursor.

The development of multifunctional HAp materials with enhanced antibacterial char-
acteristics has received a lot of interest as researchers become more concerned about
implant-associated infections and antimicrobial resistance. Cu doping emerged as a promis-
ing strategy for increasing antimicrobial efficacy, with Cu ions exhibiting broad-spectrum
activity through a variety of mechanisms, including membrane disruption, the generation
of reactive oxygen species (ROS), and interference with essential protein and enzyme
activities in microbial cells [75,76]. Furthermore, Sr ions offer an antimicrobial impact by
modifying bacterial cell wall permeability and interfering with metabolic pathways, as
demonstrated by their antibacterial activity against Bacillus subtilis and Pseudomonas
aeruginosa strains [77]. The antimicrobial evaluation revealed significant dose-dependent
activity, with 5% Cu-doped samples having the lowest MIC values of all tested bacteria.
Cu?* ions effectively disrupt cell membranes and generate reactive oxygen species, result-
ing in increased sensitivity in Gram-positive bacteria (E. faecalis, S. aureus) and Candida. The
most effective compositions have MBEC values ranging from 0.31 to 2.5 ug/pL, indicating
excellent biofilm removal potential. This addresses a critical barrier in implant-associated
infections, as biofilms are extremely difficult to treat and often necessitate implant removal.

Related to the biological evaluation, MC3T3-E1 osteoblast cells were used to investi-
gate the biocompatibility of the developed biomaterials. The obtained results proved that
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all synthesized HAp samples exhibited adequate biocompatibility. The decrease observed
in cell viability for 5% Sr*-doped samples at 24 h can be explained by various intercon-
nected mechanisms associated with ion release kinetics and cellular adaptation. Studies
demonstrated that fast Sr* release increases ionic strength, leading to osmotic imbalances
that can impact cell membrane integrity and intracellular water balance. Furthermore, the
metabolic pathways responsible for Sr absorption into cellular functions may become satu-
rated, resulting in transient metabolic stress and diminished viability after 24 h. This effect
is a common dose-dependent response in which larger concentrations necessitate longer
adaptation times for cells to achieve a new homeostatic equilibrium. Cell proliferation
improves and rises over time in these samples, indicating that this is a transitory effect
rather than constant cytotoxicity [78]. This understanding is critical for clinical translation,
as it shows that 5% Sr>* doping may require controlled release mechanisms to decrease
initial cellular stress while maintaining long-term benefits of Sr absorption [61,79].

However, cell proliferation increased over time for all remaining samples, particularly
those substituted with 1% Sr?*, maintaining a consistent biocompatibility. In addition,
Cu?* substitution has also proven good potential for enhancing osteogenic differentiation,
without inducing toxicity, suggesting its dual role in promoting bone regeneration and
providing antibacterial activity. Alashi et al. [80] stated that ion incorporation promotes
continuous ion release during the osseous remodeling process, enhancing the biological
activity. Considering the use of biogenic sources, Li et al. [81] further confirmed that the
presence of trace elements in biogenic sources can result in bioceramic materials similar
to the mineral phase of natural osseous tissue, improving the osteogenic properties of the
material and increasing the success rate of implantation.

5. Conclusions

In this work, undoped and Cu and Sr-doped HAp samples were synthesized through
the co-precipitation synthesis method, followed by a microwave-assisted hydrothermal
maturation process, while using biogenic sources as CaO precursors. The study has demon-
strated successful synthesis of HAp through XRD analysis. Further, by performing the
Rietveld refinement, the quantitative phase composition, structural parameters, and crys-
tallinity were extracted to determine the influence of the dopant’s concentration. All
synthesized samples have been identified as HAp, with a hexagonal crystalline system. Ion
substitution did not lead to any modifications of the crystal system, while the lattice param-
eters were modified. When speaking about the unit cell volume, their increasing values
confirmed the incorporation of Cu?* and Sr?*. Regarding the morphological properties
of the obtained samples, it could be observed that by increasing the doping concentra-
tion, the shape of the nanoparticles was modified, with a higher tendency to agglomerate.
Furthermore, HAp obtained from mussel shells presents smaller nanoparticle dimensions
compared to the ones obtained from eggshells.

Additionally, the HAp doping leads to modifications of sample crystallinity and crys-
tallite size. With the aid of FT-IR analysis, the synthesis of HAp was once again confirmed
by the corresponding functional groups. At the same time, ion substitution did not affect
the bands of the main groups, while there was a slight decrease in their absorbance, which
corresponded to the OH groups, generated by the substitution of Ca* in the structure of
HAp. The presence of Cu?>* and Sr?* was also proven by ICP-MS and elemental mapping,
as well as the presence of trace elements from the mussel shells and eggshells. Furthermore,
the biological evaluation demonstrated promising antibacterial and biocompatibility charac-
teristics. Cu-doped samples presented good dose-dependent antimicrobial activity, with 5%
Cu-doped HAp having the lowest MIC values (especially effective against Gram-positive
bacteria and Candida species) and exceptional antibiofilm capabilities, with MBEC values
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ranging from 0.31 to 2.5 ug/uL. At the same time, biocompatibility testing on MC3T3-E1
osteoblast cells revealed that all samples maintained acceptable cell viability, with 1%
Sr-doped samples exhibiting notably stable biocompatibility and Cu-doped samples im-
proving cellular response. Shortly, more biological studies regarding osteogenesis should
be performed to investigate its suitability and applicability in biomedical applications.
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