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Abstract: This research focuses on developing multi-substituted hydroxyapatite (HA) nanopowders
with enhanced antimicrobial properties and biocompatibility. Through a wet precipitation process,
magnesium (Mg) and zinc (Zn) ions were incorporated into carbonated hydroxyapatite (CHA) to create
Mg, Zn, and COs; multi-substituted hydroxyapatite (MgZnCHA). Physicochemical properties were
thoroughly characterized using ICP-OES, XRD, FTIR, and FESEM-EDS. The results indicated that the
optimal concentrations for Mg and Zn are 1.78-1.997 mole% and 2.94-8.17 mole%, respectively.
Notably, a single multi-substituted HA phase was primarily formed at higher Zn concentrations
(MgZnCHAG6.5%), avoiding the secondary phase (-TCP) found at lower concentrations. Antimicrobial
efficacy was tested using a well-diffusion method, with the best results observed for MgZnCHA
containing 1.78 mole% Mg and 6.22 mole% Zn. Cytotoxicity was evaluated in vitro using the BJ1
human fibroblast cell line. Multi-doped powders containing 1.997 mole% Mg and 8.17 mole% Zn have
significantly improved cell survival. These multi-substituted HA nanopowders hold significant promise
for therapeutic applications in bone and dental regeneration.
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1. Introduction

Biological apatite is a nonstoichiometric carbonated HA (CHA). The COs*
concentration of natural apatite varies from 3 to 8 wt.% [1] according to the anionic
substitutions based on the age and species. Young bone has a variable quantity of carbonate
group, with a larger content of B-type (the CO3s? group substitutes the PO4> position) compared
to the A-type (the CO3? group substitutes in the OH" position) of the apatite crystals [2]. It may
contain other ions such as Mg?*, Zn2*, Mn?*, and F". During the early phases of osteogenesis,
cartilage and natural bone tissue have higher Mg concentrations than mature bone. Human bone
typically contains 5.8 and 0.55 wt.% of carbonate and Mg ions, respectively [3], whereas dentin
contains an Mg amount of 1.3 wt.% [4].
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While synthetic biomimetic apatites have shown promise in enhancing degradation and
biological activity [5-11], the optimal incorporation of multiple ions to achieve synergistic
benefits in both antimicrobial activity and biocompatibility remains a key challenge. MgO is
the most significant cationic substitution, making about 6-7 mole% of the total bone mass. This
favors the mechanical and biological features of HA but does not significantly alter its
crystallographic characteristics [3]. It promotes osteoblast growth during the initial phases of
osteogenesis, acting similarly to a growth factor that stimulates bone formation [12]. Moreover,
synthetic magnesium-doped hydroxyapatites are highly resorbable and provide a source of
magnesium, which has a detrimental effect on skeletal metabolism and bone fragility [13,14].
Therefore, it can be utilized to treat magnesium deficiency. It has already been demonstrated
that bone fillers containing Mg-substituted HA enhance the interaction of cells and form new
bone [15,16]. Yet, the substitution of Mg ion in the apatite is limited as greater amounts cause
its dissociation to Mg-tri-calcium phosphate. But it can be enhanced by co-substituting COs*
ions with Mg ions [15]. Also, Zinc is important to the bone tissue biochemistry and the most
prevalent trace metal element identified in bone [17,18]. Hydroxyapatite improves osteoblast
cell adhesion, proliferation, and differentiation when combined with zinc ions [19,20].
Moreover, enzymes important for bone metabolism require zinc ions as cofactors. Zinc-doped
HA is also well-known for its antibacterial properties against common bone and dental
infection-related bacteria and fungi [21-29]. Zn?* ions are released, preventing the infection by
fungi. A percent of 3% of zinc may lead to a 72-hour drop in C. albicans biofilm [30]; similarly,
the cell counts considerably dropped in the dark and at a lower concentration (1%) of Zn2* ion
[31]. Moreover, zinc doping inhibits bacterial plaque growth on tooth enamel; on the other
hand, it enhances its remineralization. ZnHA (1%) enhanced osteoblast proliferation and their
antibacterial properties. On the other hand, ZnHA (2%) reduced biocompatibility at high doses,
yet it readily combats the bacteria of enamel (Streptococcus sobrinus, Lactobacillaceae, and
Streptococcus mutans).

Most of the recorded studies [23,25,26,30,32] found that HA includes 0.1-4% zinc
substitution. Maximum levels of biocompatibility, osteoconductivity, and antibacterial
capability are observed when the Zn?* ion content is between 1 and 2% [23,24,27]. It was found
that ZnHA, compared with pure HA, hastens the formation of newly formed bone after
implantation in rats and rabbits for 1 month and 2 months [33,34]. Despite the individual
benefits of Mg and Zn doping, there is a research gap in systematically exploring the synergistic
effects of multi-substituting HA with Mg, Zn, and COs ions simultaneously, particularly
concerning their combined impact on phase formation, antimicrobial efficacy, and cellular
biocompatibility.

Several methods are employed in the production of monovalent- and divalent-doped
hydroxyapatite, including microwave hydrothermal synthesis, co-precipitation, solid-state
reaction, reversed microemulsion, sol-gel method, and mechanochemical technique [35-37].
The Mg, Zn-containing HA nanoparticles can be prepared using a low-cost, simple wet
precipitation approach that incorporates CO3 ions to form multi-substituted hydroxyapatite
resembling natural apatite. A thorough study is needed on the apatite phase formed, including
the determination of the extent of substitution of Mg, Zn, and CO3z modified hydroxyapatites,
as well as a review of their biocompatibility characteristics based on zinc content.
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2. Materials and Methods

2.1. Materials preparation of hydroxyapatite powders.

Hydroxyapatite nanopowders were made using a wet precipitation method [38-40].
Precursors used included: CaCOz (Merck, 98.5-100.5%), HNO;s (S.D.Fine-Chem Ltd.),
(NHa4),HPO4 (Merck, >99.0%), NaHCO3; (VWR Chemicals BDH)) and Mg(NOs), x 6H,0 and
Zn(NO3s)2 x 6H,0, both are purchased from Alpha Chemika, 99% and 98 or 96%, respectively;
the molar concentrations and ratios are shown in Tables 1 and 2. Ca(NOs), as well as
(NH4);HPO. solution stocks were prepared: estimated proportions from CaCOs; and HNO3
acid, as well as (NH4);HPOa, were individually dissolved in distilled water. The different
additions were added while stirring at room temperature, and a pH of 8.33 was maintained. The
mixture was then allowed to digest for 24 h at 40°C before being aged for another 24 hours at
room temperature. Finally, the obtained precipitates were rinsed with distilled water, then
centrifuged, and further calcined at 400 and 600°C.

Table 1. The elemental proportion in moles in the produced powders.

Sample Constituent mole concentration Ca/P molar ratio
Ca P Mg Zn COs
HA 5 3 === === === 1.67
MgZnCHA3% 4.525 2.55 0.325 0.15 0.45 1.77
MgZnCHA5% 4.425 2.55 0.325 0.25 0.45 1.73
MgZnCHAG6.5% 4.35 2.55 0.325 0.325 0.45 1.7
Table 2. Molar percentage of the constituents of the prepared powders.
sample Mg/(Ca+Mg+Zn) Zn/(Ca+Mg+Zn) CO3/(P+CO3)
(%) (%) (%)

HA
MgZnCHA3% 6.5 3 15
MgZnCHA5% 6.5 5 15

MgZnCHAG.5% 6.5 6.5 15

2.2. Powders characterization.

The produced powders were analyzed by ICP-OES (inductively coupled plasma-optical
emission spectrometry) using the Agilent 5100 Synchronous Vertical Dual View (SVDV)
model. The values of the substituted ion concentrations were used to calculate the respective
calcium-to-phosphorus molar ratios. The phase composition was determined using an XRD
Bruker D8 Discover (Germany) at a wavelength of 1.54 A and radiation operating at 40 kV.
The FTIR-ATR Brucker Vertex 80 V equipment was used to determine the different
constituting groups in the 400 to 4000 cm™* range. The agglomeration, morphology, and the
Ca, P, Mg, and Zn content of the samples were determined with a scanning electron microscope
(SEM), the instrument QUANTA EFG 250 scanning electron microscope equipped with
energy-dispersive X-ray spectroscopy (EDS). The samples were coated with a thin layer of
gold.

2.3. Antimicrobial activity study.

The antimicrobial effect of prepared apatites was evaluated using the pathogenic
microorganisms, Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 25922),
Helicobacter pylori (ATCC 43526), and Candida albicans (ATCC 10231). These
microorganisms were chosen for their relevance to bone and tooth infections: S. aureus and E.
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coli are common in bone infections, S. aureus and C. albicans are associated with dental
infections [41-43], and H. pylori is linked to bone density loss (osteoporosis) rather than direct
infections [44].

The microbe “inoculum” with a size of 1.5 x 108 CFU /mL was produced in broth at
37°C overnight. 100 pL of the material in DMSO (dimethyl sulfoxide) at a 50 mg/mL
concentration was placed into each well in each trial. The samples after cooling and solidifying
the media were separately placed into 0.9 cm wells of previously prepared infected agar dishes
[45]. The plates were refrigerated for 1 hour to promote sample diffusion, then incubated for
24 hours at 37°C. Zonal inhibition (ZI) was measured and reported in millimeters (mm). DMSO
as a blank was tested with different microorganisms under the same conditions. Gentamicin
(10 pg, standard antibiotic disc) and Miconazole (10 pg, standard antifungal disc) were used
as controls for comparison to evaluate the efficacy of the tested samples against both bacterial
and fungal pathogenic strains.

2.4. In vitro biocompatibility study.

To determine cell viability, the yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) was reduced to formazan, a purple product [46]. The following
procedures were all completed in a sterile environment inside a Baker, SG403INT (Sanford,
ME, USA) biosafety class Il level Laminar flow cabinet. Cells (BJ1 cell line, purchased from
ATCC) were in suspension in DMEM-F12 media, 1% antibiotic-antimycotic combination
(10000 g/mL streptomycin sulfate, 10000 U/mL potassium penicillin, and 25 pg/mL
amphotericin B), and 1% I-glutamine under 5% CO, at 37°C. Cells were grown in 96-well
microtiter plastic plates (Sheldon, TC2323, Cornelius, OR, USA) for 10 days before being
seeded at a density of 10 x 102 cells per well in fresh complete growth medium. Experiments
were conducted in triplicate, with three wells per sample concentration for each independent
experiment. Cells were either cultivated alone (negative control) or with samples in
concentrations ranging from 0.78 - 100 pg/mL. After 48 hours of incubation, the medium was
withdrawn, and an amount of MTT salt (40 pL) was added to each well. The wells were then
incubated for an additional 4 h under 5% CO; and at 37°C. 200 pL of 10% SDS (sodium
dodecyl sulfate) in de-ionized water was added to each well to stop the reaction and dissolve
the formed crystals. A positive control, DOX, was used under the same circumstances, as 100
pg/ml results in 100% mortality [47]. A microplate multi-well reader (Bio-Rad Laboratories
Inc., model 3350, Hercules, USA) was used to measure the absorbance at 595 nm with a
reference wavelength of 620 nm. Statistical analysis was performed using one-way ANOVA,
followed by the Holm Comparison Test and Bonferroni's Multiple Post-Test, with significance
setat p <0.05.

3. Results and Discussion

The results obtained by ICP-OES examination of the apatite powders calcined at 400°C
are shown in Table 3. There is a noticeable discrepancy between the calculated dopant ratios
(Tables 1 and 2) and the measured dopant ratios for the powders produced in Table 3.
Accordingly, not all the amount of the dopants added participated in the structure of the HA.
The amount of Mg introduced in the HA lattice was around ~1.78-1.997 mole% out of the
calculated value (6.5 mole%). In contrast, the amount of Zn entered in the HA lattice is slightly
more or less than the calculated values. This may be attributed to a kind of competition between
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the Mg and Zn in partially substituting the Ca?* sites in the HA. Thus, it tends to allow more
Zn?* than Mg?* to enter the lattice. Increasing the Zn mole% doping allows a higher percentage
of Mg into the HA lattice (MgZnCHA®G6.5%). Kojima et al. [48] reported that the Zn
incorporated percentages were identical to those in the feed, while the Mg loading values were
only about half as high. This is explained by the variation in the ionic radius values of Mg,
which is ~0.66 A, i.e., less than Zn (~0.74 A), and Ca (~0.99 A) ions. It's probable that only
minuscule amounts of Mg replaced Ca ions in the structure of the HA crystal [48].

Table 3. Elemental composition of different powders calcined at 400°C measured by ICP-OES.

sample Mg/(Ca+Mg+Zn) Zn/(Ca+Mg+Zn) (Ca+Mg+Zn)/P Ca/P )
(%) (%) Molar ratio Molar ratio
HA --- --- 1.58 1.58
MgZnCHA3% 181 2.94 1.69 1.61
MgZnCHA5% 1.78 6.22 1.53 141
MgZnCHA6.5% 1.997 8.17 1.65 1.48

The XRD patterns in Figure 1 are of pure and ion-substituted HA nanopowders. They
correspond to the primary peaks of the HA as specified by the ICDD standard (JCPDS 09-432).
Simultaneous doping of Mg and Zn in the HA lattice showed the presence of B-TCP in the
calcined samples, whereas at a higher Zn doping percentage (about 8.17 mole%),
hydroxyapatite was the phase predominantly formed. This means that, in the presence of Mg,
the Zn occupied most of the Ca sites, avoiding the decomposition of HA when calcined at 400
and 600°C. Moreover, the intensities of the XRD peaks decreased with increasing Zn mole%.
The characteristic peaks of MgZnCHAG6.5% became broader. The introduction of Mg?* with
Zn?* caused a reduction in the crystallite size of HA. This might indicate a degree of distortion
of the crystal structure somewhat accompanying the variation in the smaller Mg?* and Zn?*
ionic radii compared to the Ca* ionic radius [49].
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Figure 1. XRD patterns of produced powders that had been calcined at (a) 400°C; (b) 600°C, showing
dominant HA phases (JCPDS 09-432) and 3-TCP formation (*) at specific compositions.

Apart of the previously reported FTIR spectra [39], (Figure 2), The prepared apatite
powders displayed the typical absorption bands associated with the phosphate (v, bending at
~473 cm™; v4 bending at ~562 cm™ and ~600 cm™; vi symmetric stretch at ~962 cm™; v3
asymmetric stretch at ~1024-1090 cm™) and hydroxyl (vibrational at ~630 cm—1; stretch at
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~3571 cm™ 1) modes. Depending on their concentration, particularly in the substituted HA, the
substitution of COs in the HA lattice changed the appearance and/or existence of specific
phosphate bands. Phosphate bands at 562 and 962 cm™ moved to ~552 and 953 cm™ in
MgZnCHA3% and MgZnCHAS5%, respectively. While the band at 962 cm—1 diminished in
the higher Zn substituted one (MgZnCHAG6.5%). Whereas the band at ~1090 cm~* disappeared
in all substituted HA. Both the hydroxyl bands at ~630 and 3571 cm™ diminished or
disappeared in all substituted HA, confirming that the dopants occupied the CO3 and the OH
site beside the POs site, or otherwise the B-TCP is formed. An additional symmetric stretching
band of PO4 of B-TCP at ~1003 cm™* [50] was observed in the spectra of MgZnCHA3%,
indicating the B-TCP formation in high percentage, beside the HPO4 band at 990 cm™ [50].
The produced powders' spectra showed bands (v2 bending, ~877 cm™2; v; stretching, ~1410 and
1444 cm™) linked to carbonate in the B position [51]. Comparing the substituted HA powders
to the pure phase, the carbonate bands in the substituted HA powders, especially in
MgZnCHAG.5%, were more pronounced. The spectra of HA showed a short band at 1550 cm™
that indicated A-carbonation at the hydroxyl site as well. As a result, these powders were
primarily classified as B-carbonated types. The water bands were observed at 1640 cm™ and
at 3000-3700 cm™ [51,52]. ZnO bands, found at 406-430 cm™ in all the Zn-containing HA,
are the result of the tetrahedral ZnO4 and ZnO bonded to phosphate groups [53].

I}[anCHAﬁ.S"/o
430

i} MgZnCHAS%
406
——
5
W
L=l
=
o
£ f} MgZnCHA3%
5 418
=
£
=
h s
a53
a7r |- 5%2

’
164077 &
1550 #1410

1444

1090

BSUr
600

!

562

1024

4000 3500 3000 2500 2000 1500 1000 500 O
Wavenumber (cm™)

Figure 2. FTIR Spectra of lyophilized powders: HA, MgZnCHA3%, MgZnCHA5%, MgZnCHA6.5%.

There is an ongoing debate over how much Mg can replace Ca. Magnesium has been
reported to be able to replace calcium in the full spectrum of compositions by Patel et al (1980)
[54]. According to Bigi et al. [55], the HA crystal structure at most contained magnesium
amounts of around 7 at.%. According to Fadeev et al. [56] and Fuzeng et al. [57], the addition
of 5 at.% Mg?* caused a whitlockite and a tiny particle, defect-rich HA to develop.

The obtained results showed that magnesium could be introduced in a very limited
percentage (1.997 mole%) in the HA structure after increasing the amount of Zn
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(MgZnCHAG6.5%), which allowed the highest percentage of both Mg and Zn doping on the
HA, and that avoiding the formation of secondary phase after calcination at 400 and 600°C.
The FESEM images at 30.00 KX magnification revealed that the hydroxyapatite
powders are made of clusters of tiny, non-uniform particles (Figure 3). Additionally, upon ion
doping, more microscale aggregates were observed. This is likely due to ion exchange within
the material, leading to coarsening of crystallite size and the formation of denser microscale
aggregates. The proportions of Ca, P, Mg, and Zn determined by EDS in MgZnCHA

agglomerates are in good agreement with the ICP-OES results (Table 3).
FESEM EDS

Element Weight % Atomic %
4.5
oK . 59.1

PK
CaK

HA

w0
Energy-keV

]
H

Intensity

MgZnCHA3%

0
Energy-keV

MgZnCHA5%

MgZnCHAG.5%

0
Energy-keV

Figure 3. FESEM iages of powders calcined at 40°C: HA, MgZnCHA3%, MgZnCHA5%,
MgZnCHAG6.5%, at the magnification of 30.00 KX. EDS analysis for powders showed their elemental
composition.

The antimicrobial efficacy of calcined powder samples at 400°C was tested against four
microbes. The measured zones of inhibition are shown in Table 4. The inhibitory impact of the
samples was compared based on these results. All apatite samples were more effective against
Candida albicans compared to the control. MgZnCHA5% showed the highest effectiveness of
the apatite sample against all tested bacterium species, Staphylococcus aureus, Escherichia

coli, and Helicobacter pylori (Figure 4). At the same time, MgZnCHA®6.5% was less effective.
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Moreover, the microstructure and variations in crystal structure resulting from secondary
phases formed at calcination temperatures had a significant impact on the antibacterial activity
[58]. MgZnCHAG6.5% sample exhibited almost pure phase of HA, while MgZnCHA5%
exhibited mixed B-TCP and HA phases. Among the tested apatite powders, MgZnCHA5% has
the highest antibacterial effect against all microbes. This is explained by the reason that
MgZnCHA5% has a high Zn?* concentration (6.22 mole%) and also contains B-TCP, which
contributes to the solubility and bioresorbability of Mg?*, Zn?*, and COs®> and leads to
enhanced antibacterial activity [59,60]. The increased solubility is caused by the low negative
logarithm of the solubility product of B-TCP (pKsp =28.90) in comparison to that of HA (pKsp
= 116.80) [61]. This multi-doping strategy with specific ion ratios and mixed phases appears
more effective than systems incorporating single dopants, such as Sr- or Ag-doped HA, which
primarily rely on ion release for antimicrobial effects but may lack the synergistic benefits
observed here with complex compositions and phase mixtures [6,27]. Future studies should
explore the incorporation of copper into Mg-substituted HA systems, leveraging Cu?"'s potent
antimicrobial properties to develop next-generation multi-ion platforms with enhanced
infection control and osteogenic functionality.

Table 4. Inhibition zone diameter (mm) of calcined powders (HA, MgZnCHA3%, MgZnCHA5%, and
MgZnCHAG6.5%) against different pathogenic strains.

Inhibition zone diameter (mm)

Sample Staphylococcus aureus Escherichia coli Helicobacter pylori Candida albicans
HA 15 16 13 17
MgZnCHA3% 17 17 12 16
MgZnCHA5% 16 20 15 19
MgZnCHAB6.5% 15 13 14 16
CN 21 14 21
MIZ 14
DMSO nz nz nz nz

CN= Gentamicin (10 pg, disc), MIZ= Miconazole (10 pg, disc), and DMSO= dimethyl sulfoxide. nz= no
recorded zone.

H. pylori

St. aureus E. coli

C. albicans

Samples

Figure 4. Images of the antimicrobial effects of apatite samples that were calcined at 400°C on different microbes
after 24 h of incubation. HA, (3) MgZnCHA3%, (5) MgZnCHA3%, (6) MgZnCHA6.5%, the positive control is
located in the center.

Cell viability tests were conducted on calcined powders at 400°C using the BJ1
fibroblast cell line after 48 hours of incubation. The negative control (cells cultivated alone)
exhibited 0% cytotoxicity. The MTT assay indicated that Mg, Zn, and COs multi-substituted
hydroxyapatite, MgZnCHAG6.5% (with measured Zn=8.17 mole%), decreased the cytotoxicity
on BJ1 cells as compared to pure HA (p<0.05) (Figure 5). This may be due to the high Zn
release besides the Mg. The presence of Zn, Mg, and COs is advantageous for cellular
metabolism. The particle size has a significant impact on cytotoxicity. The particle size reduced
as the concentration of Zn?* ions in HA increased to 8.17 mole%, as seen by the broadening of
XRD peaks in Figure 1. The percentage of live cells was greater with measured 6.22 mole%
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Zn containing HA nanoparticles than with cells cultivated with measured 2.94 mole% Zn
containing HA nanoparticles under the same conditions. The MgZnZnCHAHA3%, containing
B-TCP in high percentage, showed the highest cytotoxicity percentage (A significant difference
(p<0.01) was detected between MgZnZnCHAHA3% and all other samples), in contrast to
MgZnCHA®B.5%, which is mostly HA phase with multi-ionic substitution. Natesan et al. have
previously reported that tri-calcium phosphate is more toxic than HA [49].
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Figure 5. MTT assay showing the percentage of cytotoxicity of the powders that were calcined at 400°C after
being incubated with the BJ1 cell line for 48 hours at a concentration of 100 pg/mL. * p<0.05, ** p<0.01.

4. Conclusions

In summary, Mg, Zn, and CO3z multi-substituted HA nanopowders were successfully
synthesized via a cost-effective wet precipitation method. Characterization techniques
confirmed the successful, albeit limited, substitution of Ca by Mg (approx. 1.78-1.997 mole%)
and Zn (approx. 2.94-8.17 mole%) within the HA structure. While lower Zn concentrations
resulted in mixed phases, increasing the Zn content led to the formation of a predominantly
multi-substituted HA phase with higher Mg and Zn incorporation, minimizing secondary
products and exhibiting reduced crystallinity. The presence of B-type COz-doping further
enhances the biomimetic nature and solubility of the synthetic apatite at physiological pH [62].
Optimal antimicrobial activity was achieved with MgZnCHA containing 1.78 mole% Mg and
6.22 mole% Zn, demonstrating superior efficacy against common pathogenic strains relevant
to bone and dental infections. Furthermore, the unique physicochemical properties of the doped
powders significantly enhanced the viability of BJ1 fibroblast cells, particularly with the (1.997
mole% Mg + 8.17 mole% Zn) multi-substituted apatite powder, indicating improved
biocompatibility.

The manufactured nanopowders have been useful to the sector, and their optimal
composition was developed to deliver a distinctive multi-doped hydroxyapatite phase with very
high purity or TCP. These biomaterials may be appropriate for biomedical applications, such
as implanting or coating metallic implants for tooth and bone regeneration. However, future
work should investigate the long-term in vivo performance and degradation Kinetics of these
materials. Additionally, exploring the scalability of this wet precipitation synthesis method for
large-scale production would be a critical next step towards clinical translation.
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